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10:30 AM *B101.01.01
Materials Education and the Need for Modular, Flexible Textbooks M. Stanley Whittingham; Binghamton University, The State University of New
York, United States

A challenge in teaching materials science is the rapid pace at which the field is changing and the different audiences that want educated. Two decades ago
Binghamton planned an MS in MS&E that could be taken on-line with all the material on-line and could be taken at the student’s pace. Today, there are
continuous demands for a materials primer for advanced materials in the energy field, or for biomaterials. To satisfy those audiences an open-source
textbook that could be readily modified and where modules could be plucked out to suit the audience level is needed. At Binghamton, we have begun such
an effort in the areas of materials for energy storage and for electronics packaging. However, to achieve success a coordinated effort across several
universities is necessary.

11:00 AM BI101.02.01

Spotlight Talk—Integrating Interactive Computing Experiences into Materials Science and Engineering Curricula Using Open-Source Jupyter
Authoring Tools Enze Chen?, Michelle H. Wilkerson! and Mark Asta®?; tUniversity of California, Berkeley, United States; 2Lawrence Berkeley National
Laboratory, United States

The ability for computational models and informatics techniques to rapidly provide scientific insights has led to their adoption across all areas of materials
research, and there now exists tremendous opportunity to integrate these tools into materials science curricula [1]. However, even as advances in computing
have made such tools accessible for teaching and learning, barriers to integration still exist partly due to the incoherent interface between research software
(e.g., C++, Python, Julia) and curriculum design platforms (e.g., HTML, JavaScript, Microsoft Office). We show how the Jupyter Book platform [2] can be
used to bridge this divide and create a digital textbook that synthesizes multiple sources of content, including rich computational narratives in Jupyter
notebooks [3] that are widely used in the materials research community. The software is open source and the final textbook is accessible for not only
readers, who engage with it dynamically in an internet browser or statically as a PDF, but also authors, who compile it directly from familiar file formats
like Markdown and Jupyter notebooks.

We share our experience using Jupyter Book to design an open-source, introductory materials informatics curriculum [4] for a remote summer research
internship at Lawrence Berkeley National Laboratory for UC Berkeley undergraduates in engineering. To accommodate their relative inexperience with
programming and materials science, we support the Python programming exercises with prose, graphics, slides, polls, and discussion questions, all of
which are seamlessly embedded into a common web interface as a digital textbook. In this way, the textbook is a one-stop-shop where the course
information can be easily organized, accessed, and perused, which facilitates remote learning, user experience, and expansion to larger audiences. Most
prominently, Jupyter Books have interactive programming capabilities, which we enable through the JupyterHub cloud infrastructure [5], that provide
active learning opportunities in these digital spaces for students to interrogate the code, test their own hypotheses, and deepen their comprehension of the
material. Through a combination of group-based exercises and self-directed research projects on data-driven design of photoactive materials, students are
engaged in authentic learning experiences that demonstrate the broad utility of the Jupyter ecosystem in sustaining the growth of materials science
education into new frontiers.

[1] Radl A. Enrique, Mark Asta, and Katsuyo Thornton. “Computational materials science and engineering education: An updated survey of trends and
needs,” JOM, 70, 9, 2018, pp. 1644-1651.

[2] Executable Books Community. Jupyter Book, v0.10, 2020. Zenodo. DOI:10.5281/zenod0.4539666

[3] Thomas Kluyver et al. “Jupyter Notebooks - a publishing format for reproducible computational workflows,” in Positioning and power in academic
publishing: Players, agents and agendas (IOS Press, Netherlands), 2016, pp. 87-90.

[4] Enze Chen and Mark Asta. Introduction to Materials Informatics. 2021. Retrieved from https://enze-chen.github.io/mi-book

[5] Division of Computing, Data Science, and Society. DataHub. 2020. Retrieved from https://datahub.berkeley.edu/

11:05 AM B101.02.02



Spotlight Talk—Interactive, Reactive, Web-Based Media for Sharing and Exploring Materials Knowledge Michael Deagen and Linda Schadler;
University of Vermont, United States

An open-source digital textbook presents an opportunity to envision dynamic, model-based representations of materials knowledge unbounded by many of
the limitations of traditional print media. With an emphasis on reactive computational notebooks that run in-browser, we discuss the ideation and
development of supplementary modules, exercises, and other learning activities for students entering the field of materials science and engineering in the
21%t century. Authors of these notebooks—which blend code, prose, and other digital media—can demonstrate foundational concepts with parameterized
explanations that allow readers to actively delve into models through embedded interactive elements. By facilitating exploration of domain models through
a combination of enactive, iconic, and symbolic representations (Bruner, 1966), these interactive environments promote the formation of robust mental
models around a given topic. While platforms such as Observable illustrate the state-of-the-art, they embody a decades-long trend toward literate
programming, computational essays, “exploranations,” and other forms of dynamic expression with computational media. In addition to the pedagogical
advantages of this approach with respect to reproducibility and modularity, we examine some of the practical considerations around managing scope,
editorial quality, and maintenance of these notebooks.

SESSION BI101.02: Poster Session |
Tuesday Afternoon, November 30, 2021
8:00 PM - 10:00 PM
Hynes, Level 1, Hall B

B101.02.01

Spotlight Talk—Integrating Interactive Computing Experiences into Materials Science and Engineering Curricula Using Open-Source Jupyter
Authoring Tools Enze Chen?, Michelle H. Wilkerson! and Mark Asta®?; ‘University of California, Berkeley, United States; 2Lawrence Berkeley National
Laboratory, United States

The ability for computational models and informatics techniques to rapidly provide scientific insights has led to their adoption across all areas of materials
research, and there now exists tremendous opportunity to integrate these tools into materials science curricula [1]. However, even as advances in computing
have made such tools accessible for teaching and learning, barriers to integration still exist partly due to the incoherent interface between research software
(e.g., C++, Python, Julia) and curriculum design platforms (e.g., HTML, JavaScript, Microsoft Office). We show how the Jupyter Book platform [2] can be
used to bridge this divide and create a digital textbook that synthesizes multiple sources of content, including rich computational narratives in Jupyter
notebooks [3] that are widely used in the materials research community. The software is open source and the final textbook is accessible for not only
readers, who engage with it dynamically in an internet browser or statically as a PDF, but also authors, who compile it directly from familiar file formats
like Markdown and Jupyter notebooks.

We share our experience using Jupyter Book to design an open-source, introductory materials informatics curriculum [4] for a remote summer research
internship at Lawrence Berkeley National Laboratory for UC Berkeley undergraduates in engineering. To accommaodate their relative inexperience with
programming and materials science, we support the Python programming exercises with prose, graphics, slides, polls, and discussion questions, all of
which are seamlessly embedded into a common web interface as a digital textbook. In this way, the textbook is a one-stop-shop where the course
information can be easily organized, accessed, and perused, which facilitates remote learning, user experience, and expansion to larger audiences. Most
prominently, Jupyter Books have interactive programming capabilities, which we enable through the JupyterHub cloud infrastructure [5], that provide
active learning opportunities in these digital spaces for students to interrogate the code, test their own hypotheses, and deepen their comprehension of the
material. Through a combination of group-based exercises and self-directed research projects on data-driven design of photoactive materials, students are
engaged in authentic learning experiences that demonstrate the broad utility of the Jupyter ecosystem in sustaining the growth of materials science
education into new frontiers.

[1] Radl A. Enrique, Mark Asta, and Katsuyo Thornton. “Computational materials science and engineering education: An updated survey of trends and
needs,” JOM, 70, 9, 2018, pp. 1644-1651.

[2] Executable Books Community. Jupyter Book, v0.10, 2020. Zenodo. DOI:10.5281/zenod0.4539666

[3] Thomas Kluyver et al. “Jupyter Notebooks - a publishing format for reproducible computational workflows,” in Positioning and power in academic
publishing: Players, agents and agendas (IOS Press, Netherlands), 2016, pp. 87-90.

[4] Enze Chen and Mark Asta. Introduction to Materials Informatics. 2021. Retrieved from https://enze-chen.github.io/mi-book

[5] Division of Computing, Data Science, and Society. DataHub. 2020. Retrieved from https://datahub.berkeley.edu/

B101.02.02
Spotlight Talk—Interactive, Reactive, Web-Based Media for Sharing and Exploring Materials Knowledge Michael Deagen and Linda Schadler;
University of Vermont, United States

An open-source digital textbook presents an opportunity to envision dynamic, model-based representations of materials knowledge unbounded by many of
the limitations of traditional print media. With an emphasis on reactive computational notebooks that run in-browser, we discuss the ideation and
development of supplementary modules, exercises, and other learning activities for students entering the field of materials science and engineering in the
21%t century. Authors of these notebooks—which blend code, prose, and other digital media—can demonstrate foundational concepts with parameterized
explanations that allow readers to actively delve into models through embedded interactive elements. By facilitating exploration of domain models through
a combination of enactive, iconic, and symbolic representations (Bruner, 1966), these interactive environments promote the formation of robust mental
models around a given topic. While platforms such as Observable illustrate the state-of-the-art, they embody a decades-long trend toward literate
programming, computational essays, “exploranations,” and other forms of dynamic expression with computational media. In addition to the pedagogical
advantages of this approach with respect to reproducibility and modularity, we examine some of the practical considerations around managing scope,
editorial quality, and maintenance of these notebooks.

B101.02.03
Functional Materials—Electronic, Magnetic, Optic, Thermal and Elastic Scott Beckman; Washington State University, United States

The purpose of this session is to discuss the administrative and academic details needed to coordinate writing a chapter addressing functional materials,



which may include the electronic, magnetic, optic, thermal, and elastic properties and their cross-interactions. Our goal is to organize a working group that
can engage in the writing and editing of content and create a rough outline for the chapter that will guide the development of content.

B101.02.04
Teaching Materials Science Concepts Using a Web-Based Force-Directed Graph Framework George Varnavides, Amina Matt and W. C. Carter;
Massachusetts Institute of Technology, United States

Recent developments in just-in-time compilers for dynamic languages have significantly improved the performance of web-based physics engines.
Combined with the prevalence of interactive visualizations and the level of maturity of Document Object Model (DOM) manipulation libraries?, this
provides a unique opportunity to leverage such client-side physics engines for education. Force-directed graph layouts describe a broad class of algorithms
which attempt to visualize the relationships between nodes in undirected graphs and hierarchical trees, via means of a physical simulation2. Such graph
layouts have recently enjoyed increased popularity in the domain of information visualization, given the rise of interactive visualizations and advancements
in just-in-time compilers for Javascript*.

In this talk, we explore the use of physical simulations interactively on the client-side in the context of undergraduate education. We present an extension
module to a popular open-source force-directed graph layout library which uses energy-conserving velocity Verlet integration to teach materials science
concepts based on the Lennard Jones interatomic potential®. We find the ability to seamlessly integrate our numerical integrator with interaction techniques
familiar to users, such as clicking, dragging, and brushing to improve the pedagogy of the simulations. The interactive exposition is deployed using a
reactive notebook environment, which effectively intertwines textual explanations with multiple interactive visualizations®.

1 M. Bostock, V. Ogievetsky, and J. Heer, IEEE (Proc. InfoVis) 2011

2\W.T. Tutte Proc London Math Soc. s3-13(1) 1963

3 P. Eades Congressus Numerantium 42:149-160 1984

4 B. Hackett and S. Guo Sigplan Not. 47(6):239-250 2012

5 https://imww.npmjs.com/package/d3-force-md

8 https://observablehg.com/@gvarnavi/teaching-materials-science-concepts-using-the-d3-force

B101.02.08
Materials—A More Central Science llija Rasovic; University of Birmingham, United Kingdom

Chemistry has long rested on its laurels as “the central science”: the fulcrum about which all scientific endeavours pivot. Yet this view is based on the
(arguably outdated) delineation of long-established traditional scientific disciplines and their associated epistemological hierarchy. This is limiting, for it
doesn’t take into account the technological dimension of scientific research (not to mention the final element of the Aristotelian triumvirate: phronesis).
Were we to do so, | contend that Materials Science and Engineering (MSE) would be a more viable candidate for “the central science”. This is not only
important for raising the profile of the subject, but also for shaping what should be included in an undergraduate introductory text.

MSE, as a formalised subject with dedicated university departments, is a young discipline. It emerged out of the chaos of the Second World War to become
the primary innovation and technology driver, with the recognition that the material realisation of advanced scientific, technological and, indeed, societal
visions could not be achieved without dedicated research on understanding materials themselves. This understanding fundamentally boils down to the
relationship between processing, structure and properties. As such, the subject inherently demands an intimate relationship with a vast array of
characterisation techniques. It covers a huge range of length scales and spans all technology readiness levels. It is this explicit link between fundamental
scientific understanding (episteme) and technological implementation (techne)—and the complete embedding of the subject in the tangible,

physical, material world—that sets MSE apart from all other physical sciences.

This research endeavour unified scientists and engineers from across disciplines—physics; chemistry; mineralogy; chemical, mechanical and electrical
engineering—giving rise to a highly interdisciplinary field that continues to this day to sprawl across boundaries. Indeed, it now defines itself adjacent to a
plethora of even more diverse disciplines—computer science, medicine, the life sciences, sustainability, conservation, archaeology, and more—and its
methodologies are propelling the establishment of a crucial new discipline in its own right: nanoscience and nanotechnology.

None of the above is news to an audience of materials science researchers and academic staff. But it would be remiss to assume that undergraduates had
such a holistic overview and appreciation of the centrality of MSE in the networks of modern scientific research and contemporary human existence. This
is especially true when considering audiences such as first-generation students and those majoring in other disciplines but who might require knowledge of
some aspect of MSE. | anticipate that such knowledge would help all students to understand better their chosen subject and succeed in their MSE
education. As such, | would like to take this opportunity to provoke discussion around how an open-access introductory undergraduate textbook can best
incorporate such insights. | will offer some initial thoughts on how this might be achieved through, for example, the structure and content of the text, as
well as embedding examples and problems.

SESSION BI01.03: Morning Session—Flexible Textbooks for the Materials Community 11/Panel Discussion, Needs and Best Practices
Session Chairs: Kevin Jones and Steven Yalisove
Tuesday Morning, December 7, 2021
BI01-Virtual

8:30 AM *B101.03.01
Materials Education and the Need for Modular, Flexible Textbooks M. Stanley Whittingham; Binghamton University, The State University of New
York, United States

A challenge in teaching materials science is the rapid pace at which the field is changing and the different audiences that want educated. Two decades ago
Binghamton planned an MS in MS&E that could be taken on-line with all the material on-line and could be taken at the student’s pace. Today, there are
continuous demands for a materials primer for advanced materials in the energy field, or for biomaterials. To satisfy those audiences an open-source
textbook that could be readily modified and where modules could be plucked out to suit the audience level is needed. At Binghamton, we have begun such
an effort in the areas of materials for energy storage and for electronics packaging. However, to achieve success a coordinated effort across several



universities is necessary.

9:00 AM *B101.03.02
Vision Panel Discussion Amy Moll!, Marc De Graef?, Kevin Jones® and Steven M. Yalisove*; 'Boise State University, United States; 2Carnegie Mellon
University, United States; University of Florida, United States; “University of Michigan, United States

Vision Panel Discussion

9:30 AM *B101.04.01
University Materials Council: MSE Department Chairs' Perspective on Open Source Test Book Amit Misra; University of Michigan—Ann Arbor,
United States

Not available.

9:50 AM *B101.04.02
Open Source Presentation of Topics in Electronic Properties of Materials and Their Applications Angus Rockett; Colorado School of Mines, United
States

A key element of materials is their electronic properties. However, this topic is rarely covered in detail in conventional introductory materials textbooks
and there is a general lack of good coverage even in more advanced books. The topic as covered in Materials departments but without good textbook
support includes the following: fundamental concepts in electronic structure, conduction (electricity, light, heat, ions, superconductivity, etc), magnetism
and magnetic properties, dielectric properties, and semiconductors. These should be accompanied by applications of each of these concepts. A particular
advantage of an open source textbook is that additional background can be added as needed. This is particularly important to the topic of electronic
properties as it relies significantly on physics and chemistry concepts.

10:10 AM BREAK

10:30 AM *B101.04.03
Filling the Capability Gap in Materials, Processing and Manufacturing Glenn Daehn; The Ohio State University, United States

Critical issues of supply chain, sustainability and jobs are all directly tied to the United States’ ability to manufacture what it needs and uses. Its widely
recognized that even if through economic means like tariffs and taxes US-based manufacturing were completely competitive with overseas manufacturing,
the US does not have the talent needed to rapidly ramp up manufacturing. The inability to execute an effective manufacturing policy have led to a shortage
of essential workers in welding, machining, equipment maintenance and installation, leading to bottlenecks in new technology deployment and innovation
in the US. Multiple studies and technical society initiatives have focused on this problem, but with only modest success.

There are bright spots that we will focus on. The ASM Materials Education Foundation has successfully provided professional development to K-12
teachers at scale, leading to many new materials courses in high schools, and the broader problem is well understood. I will issue a call to action to bring
together the stakeholders, largely through the technical societies to coordinate on one roadmap and use collective action to plow through the roadblocks.

10:50 AM *B101.04.05
Growing Materials Science in Africa Samuel Chigome; Botswana Institute for Technology Research and Innovation, Botswana

Africa is the world’s second largest and second most populous continent in the world. Generally, it has a rich concentration of a wide range of natural
resources such as oil, copper, diamonds, bauxite, lithium, gold, graphite, iron ore, coal, hardwood forests, tropical fruits among others. It is estimated that
30% of the earth's mineral resources are found in Africa. However, there is underutilization of the resources partly because materials science has not been
embraced effectively across the continent. This is evidenced by the fact that there some countries that do not have materials science programmes at any of
their Universities.

The presentation will give an overview of the status of materials science in Africa, the efforts of the African Materials Research Society to close the
materials science development gaps and the need for open access to materials science literature.

11:10 AM *B101.04.06
Open Course Material Development, Distribution, and Usage Anthony Palmiotto; Rice University, United States

Not available.

11:30 AM *B101.04.07
Recap - All Speakers Steven M. Yalisove; University of Michigan, United States

A recap of the day including a chance for Q&A with the Speakers.

SESSION BI01.05: Afternoon Session—Working Groups, Working Groups Breakout Rooms and Logistics, Version Control and Server Needs
Session Chairs: Kevin Jones and Amy Moll
Tuesday Afternoon, December 7, 2021
BI01-Virtual

1:30 PM *B101.05.01
Taking a Scientific Approach to Science Education Carl Wieman; Stanford University, United States

Not available.



2:00 PM *B101.05.02
Working Groups Fundamentals Anton Van der Ven; University of California, Santa Barbara, United States

An overview of what will be done in the five Working Groups:

Math and Computation—Michael Falk

Inorganic Functional Materials and Electronic Properties—Scott Beckman
Structural Materials and Mechanical Properties—Amy Clark

Organic Functional Materials—Dave Martin

Characteriazation—Marc DeGraef

3:00 PM BREAK

3:15 PM *B101.05.03

Working Groups Breakout Rooms Math and Computation—Michael Falk Inorganic Functional Materials and Electronic Properties—Scott
Beckman Structural Materials and Mechanical Properties—Amy Clark Organic Functional Materials—Dave Martin Characteriazation—Marc
DeGraef Michael L. Falk!, Scott Beckman?, David Martin®, Amy Clarke* and Marc De Graef®; Johns Hopkins University, United States; 2Washington
State University, United States; 3University of Delaware, United States; “Colorado School of Mines, United States; *Carnegie Mellon University, United
States

Not available.
4:15 PM BREAK

4:30 PM B101.06.01
Approaches for Data Management and Version Control in Materials Science Marcus D. Hanwell; Brookhaven National Laboratory, United States

Research in materials science in the modern age involves far more data and software code than ever before. This makes it ever more important that
researchers in materials science develop a good grasp of approaches for data management for their data and version control for their software code, scripts
and other artifacts. There are also circumstances where data itself may need to be version controlled which presents unique challenges, along with the
challenges of expressing the interplay between data and the software code/scripts used to analyze it.

An overview of some of the existing approaches to data management will be presented, along with discussions of the use of metadata, data, and
programming interfaces that can be used to expose these things to the wider world. Approaches for small, medium and large data will be discussed
including how data management approaches can document the links between raw data, reduced data and analyzed/derived data. The use of licenses to
encourage sharing will be discussed along with the pros and cons of different licensing schemes.

Approaches to version control will look at pragmatic approaches to version control using mainstream version control projects, command-line, graphical
interfaces and some embedded integrations in code editors. The interplay of version control and data along with some practical advice on different
approaches there, along with the importance of licensing, documentation, and using standard development practices. Some discussion of licensing,
distribution, archiving and the generation of digital object identifiers and similar using integrations with platforms/minting of identifiers to increase the
citability of data and code.

Organizations to encourage better data management are an important component of the community, along with those that encourage better coding practices
in the sciences and alternative career paths to better address these areas. It is important to consider how the community can better scope proposals and
projects in order to fully cover not only the capital equipment costs, but also the data management and software/coding requirements to fully support
instruments/projects is an important emerging area.

4:50 PM *B101.06.02
OpenChapters—How an Open Source Textbook Might Work Marc De Graef; Carnegie Mellon University, United States

Not available.

5:10 PM *B101.06.03
Recap—All Speakers Steven M. Yalisove; University of Michigan, United States

A group discussion with the speakers of the session.

SESSION BI101.07: Poster Session 11
Session Chairs: Amy Moll and Steven Yalisove
Tuesday Afternoon, December 7, 2021
B101-Virtual

9:00 PM BI101.07.01
Materials Science—Who Cares? Why Should You? Mark Atwater; Liberty University, United States

I had no plan to be a materials science educator and researcher. It was only after seeing, experiencing, and applying the concepts that | even became
interested. Too often we assume others have the natural inclinations we have to study and be motivated by the fundamentals of materials, and we under
emphasize the reasons we became interested and still are. As an educator in manufacturing, mechanical, and materials engineering, | have sought to
incorporate the principles of materials science within broader contexts so that there is reason for each of my students to care. Distilling concepts to ensure
the weakest student understands and highlighting current research to give the strongest student opportunity for growth is a difficult but valuable approach



to presenting such a diverse topic. This presentation has three suggestions for future materials education: 1) It should be relatable, 2) it should be unique,
and 3) it should accommodate both the student and professor. The basis for these aspects comes from my own experience writing an introductory materials
and manufacturing textbook including more than 500 figures of original artwork and photography. | will share the struggles and successes | encountered
along the way, and how that may help shape open-source materials education initiatives.

9:05 PM B101.07.02
A Text Book on Materials Degradation on Earth and Outer Space Kalathur S. Santhanam; Rochester Institute of Technology, United States

The development of innumerable number of technologies of the twenty first century is based on the knowledge generated through the subject of Materials
Science and Engineering, paving the way for our comfortable living. The materials are classified into the following categories. a) Metals b) Ceramics c)
Polymers and d) Composites. A number of books (1-4) have been written on these materials for teaching undergraduate and graduate level courses. Our
understanding of their behavior has been increasing over the years by constant research activities; this has resulted in the discovery and development of
nanomaterials. The planned text book is an e-book with power point illustrations with vocal lectures. The book addresses a basic question on the stability of
the materials; do they remain in the same virgin state over a long period of time or degrade with time. If they do not remain in virgin state, what are the
causes for the change and how to overcome this problem. Our curiosity has driven us to explore interstellar planets which requires utilization of the above
mentioned materials driving us to understand the behavior of materials in different atmospheric conditions. Will their behavior on our planet (earth)
different from outer interstellar space due to the presence of meteorites and high energy radiation such as X-rays, g-rays and ultraviolet rays. On earth, we
have besides moisture, atmospheric gases like oxygen, nitrogen and carbon dioxide and sunlight that are free from high energy radiation except for small
quantities of ultra violet, visible and infra red radiations. In addition, there is hydrodynamical and mechanical effects that would be imposed on the
materials. With metals, there has been well focused degradation processes (3,4) that are based on electrochemical theories providing solutions to greater
stability of metals. Today, we have durable materials starting from microelectronics chips to large scale industrial processes for the betterment of humanity.
Polymers fall into a different class and the degradation occurs by a) swelling and distortion b) bond rupture caused by radiation/chemical/thermal processes
¢) weathering d) mechanical oxidation and €) biodegradation. The mechanism of degradation is complex and contrasts metals and ceramics. The
composites provide unique answers to many of the problems faced with metals and polymers; here composites with nanomaterials appear to offer
distinctive advantages (5). Overall, the text book amalgamates the behavior of materials on earth and in outer space, in a combined fashion to bring the
relative merits of the earth and outer space.

1. W.D. Callister Jr., D.G. Rethwisch, Materials Science and Engineering: An Introduction,Wiley PLUS, 10" Edition, 2018; ISBN-13: 978-1119721772.
2. Donald R. Askeland (Author), Wendelin J. Wright, The Science and Engineering of Materials, 7th Edition, CENGAGE learning, 2015.

3. M.G. Fontana, Corrosion Engineering, 3Ed, Mc Graw Hill India, (2005);ISBN-13

978-0070607446

4. R.W. Revie and H.H. Uhling, Corrosion and Corrosion Control, John Wiley and sons, 2008; ISBN 978-0-471-73279-2

5. Book review: K.S.V. Santhanam,"Graphene: Preparations, Properties, Applications, and Prospects Kazuyuki Takai, Seiya Tsujimura, Feiyu Kang, and
Michio Inagaki Elsevier, 2019,." Rev. of Graphene, by Kazuyuki Takai, Seiya Tsujimura, Feiyu Kang, and Michio Inagaki. Materials Research Society
Bulletin,15 Oct. 2020

9:10 PM B101.07.03
Late News: Incorporating nanoHUB’s Free Simulation Apps for Materials Science Education into an Open Source Online Textbook Tanya A.
Faltens and Alejandro Strachan; Purdue University, United States

Simulation plays a valuable role in engineering education, allowing students to explore phenomena and gain a greater comprehension of physical systems.
Cloud-based simulation can also level the playing field by making powerful simulation tools available to students across a variety of institutions. nanoHUB
provides free access to a wide range of simulation tools and computational resources that can be accessed online by users from around the world. Via easy-
to-use nanoHUB apps, computational scientists can put powerful scientific software in the hands of instructors and students. This frictionless access lowers
access barriers and accelerates innovation. Importantly, nanoHUB apps can be accessed via a standard web-browser and run in the cloud, so no
downloading or installation of software for classroom use is required. With recent developments, nanoHUB apps can now be consumed as a web-service
and be seamlessly incorporated into online courses and textbooks.

While many powerful, research-grade computational engines such as LAMMPS, OOF2 and Quantum Espresso are installed and available in nanoHUB,
they are made accessible to a wide range of users, from beginner to advanced, through apps that are designed with interactive graphical user interfaces.
Students can select input parameters and generate engaging images, atomic-level visualizations, graphs, trajectories, animations, and other types of data to
explore and analyze, and thus engage more interactively in their learning. There are nanoHUB apps designed to explore a wide range of materials science
topics, including, but not limited to: bonding, crystal and electronic structure, polymer structures, tensile testing, dislocations, plastic deformation, crack
propagation, thermal transport, phase transformations, phase diagrams, microstructural analysis, optical properties, and magnetic properties.

nanoHUB provides instructor-friendly features such as the ability to share a simulation session with an entire class, or smaller groups within a class, and
assign control of the shared simulation to any student. Caching of simulation runs allows the rapid retrieval of simulation results if a specific set of inputs
has previously been run, significantly reducing the time required. Jupyter notebooks in nanoHUB come with a wide range of libraries and packages to
provide a powerful platform for interactive computing. These tools have been used to deploy learning modules in data science and machine learning in the
field of materials.

This presentation will demonstrate some of the interactive nanoHUB apps that have been used to teach materials science skills and concepts, illustrate
nanoHUB features that are beneficial for the classroom use of simulation apps, and show how nanoHUB apps can be incorporated into an online electronic
materials science textbook.

9:15 PM BI101.07.04
Teaching Basic Crystallography and Diffraction Using Open Access Structure Visualization Software Matt Beekman; California Polytechnic State
University, United States

The understanding of basic concepts in crystallography and diffraction is foundational for the study of solid-state physics, chemistry, and materials science.
In this talk, | will describe how open access structure visualization software, such as VESTA (https://jp-minerals.org/vesta/en/), can be used to help make
learning the fundamentals of crystallography and X-ray diffraction active, engaging, and effective. The ability for 3D visualization of crystal structures,
bonding, lattice planes, and simulation of powder X-ray diffraction patterns in a single software package allows students to discover and explore important
concepts such as Bragg’s law, symmetry, Miller indices, systematic absences, and the relation between the location and type of atoms in the unit cell
influence and relative intensity in the diffraction pattern. Learning modules using such open access software give students familiarity with tools that are
also used in authentic research and could be readily integrated with an open access introductory textbook.

9:25 PM ADDITIONAL POSTER PRESENTATION RECORDING



SYMPOSIUM BI102

Women in Materials Science—Pioneers and a Vision for a More Inclusive Future
November 30 - December 7, 2021

Symposium Organizers
Raffaella Buonsanti, Ecole Polytechnique Federale de Lausanne
Betar Gallant, Massachusetts Institute of Technology
Jennifer Hollingsworth, Los Alamos National Laboratory
Fang Liu, University of California, Los Angeles

Symposium Support
Silver
Science Advances | AAAS

Bronze
APL Materials | AIP Publishing

* Invited Paper

SESSION BI102.01: Women in Materials Science |
Session Chair: Jennifer Hollingsworth
Tuesday Morning, November 30, 2021

Hynes, Level 1, Room 107

10:30 AM *B102.01.01
The Importance of Being a ""Bad Scientist—Towards a More Inclusive Future for Women in Materials Science Julia R. Greer*?; 'California
Institute of Technology, United States; 2Kavli Nanoscience Institute, United States

| am a Professor of Mat Sci, Mechanics, and Medical Engineering at Caltech, and apparently | am a bad scientist. At least that’s what my advisor told me
when | was a Master’s student at Stanford. Is there anything you are bad at? Because it turns out that sometimes being told that you are bad at something
can make you excel at that very thing. I finished my Ph.D. degree at Stanford and spent a couple of years working at Intel, after which | had decided that if
| were a bad scientist, at the very least | should be one with a Ph.D. | was lucky enough to become a Ph.D. student at Stanford in a research group of Prof.
William D. Nix, affectionately known as “the Boss.” At that time, Stanford's Materials Science department did not have a single woman faculty member.
Together with the Boss we discovered that tiny little crystals of common metals — like gold, copper, and nickel, which we know to be quite malleable —
become exceptionally strong when their dimensions are reduced to ~ 200nm, or ~1000™ of your hair diameter. We coined this phenomenon a “smaller is
stronger” size effect. Working with Bill Nix had a tremendous impact on my life; to this day, he is quite possibly the most influential person in my
professional career — he saw me transform from being a young “bad scientist” into a decent thinker. Most importantly, he believed in me, as he did in all of
his graduate students, many of whom were women. And we rose to the occasion.

At the end of my third year in graduate school, | did everything backwards: | first had two faculty interviews for professorships at Caltech and MIT, | then
interviewed for a post-doc, and finally defended my Ph.D. dissertation on May 16, 2005.

I built my professorial career at Caltech in Materials Science "option" (in the Division of Engineering and Applied Sciences) to study all things nano
(materials and architectures) — much because of our discovery during my Ph.D. that materials behave differently at nano-scale. In the back of my mind, |
had always wondered if there was a way to somehow harness these unique properties offered by nanomaterials and proliferate them onto larger scale so
that we can have materials that behave as though they were nanomaterials but they look like our regular, macroscopic objects.

Fast forward a decade — | am now an endowed, chaired professor at Caltech, having accumulated multiple national and international recognitions and
awards. | run a research group with 20+ incredibly smart, talented, and motivated Ph.D. students, undergraduate students, and post-docs. In the course of
my career, have graduated 29 Ph.D. students, 7 of whom are tenure-track professors at US universities (not counting post-docs). And what gets me going
every morning is that | know that my work, in part, that in the world where our children will live there will be no need for hearing aids because we will be
able to synthetically “write” the cochlear bone directly into the ear, where the batteries their iPhone 83’s will be able to hold charge for a year without
needing re-charging, where balloons will not have to be filled up with He or any other gas but instead will be evacuated to make vacuum balloons, and
where chocolate will have 100% taste, 99.9% air, and 0.01% calories. My success comes *from* being a woman, not *in spite* of being a woman. One of
my key missions in life is to inspire as many young women to pursue a career in science, and especially in materials science, through mentoring,
encouragement, and passing on the legacy of Bill Nix.

11:00 AM *B102.01.02
Perspectives on a Career in Electrochemistry and Hydrogen—Translating R&D into Commercial Products Katherine Ayers; Nel Hydrogen, United



States

To reach global sustainability goals, renewable sources of hydrogen are urgently needed. Regardless of the debate over various electrochemical energy
solutions and the end mix for the electrical and transportation sectors, even decarbonizing many existing chemical manufacturing processes is a large
challenge directly related to existing hydrogen generation. Most industrially produced hydrogen is used for manufacturing chemicals such as ammonia,
methanol, ethylene, and other hydrocarbons, and this hydrogen currently comes from fossil sources. Any effort to convert this industrial hydrogen stream
to a fully renewable resource at scale will involve significant deployment of existing commercial technologies in the near term (5-10 years), while
emerging technologies may play a larger role in the future.

Both liquid alkaline and proton exchange membrane-based electrolyzers have been scaled to multi-megawatt systems and are growing business segments.
Both also have continued room for cost reduction and efficiency improvements, especially the PEM technology. However, fundamental understanding and
process development are required to get to the targets. While most of the cell stack materials in fuel cells have been optimized for the application,
electrolyzers still largely adapt existing materials for hydrogen generation. In addition, significant work has been done in developing roll to roll
manufacturing methods and related quality control for PEM fuel cells, which has not yet been translated to electrolysis. Much of the learning from fuel
cells can be leveraged, but needs to be applied to electrolyzer specific requirements and materials.

Collaborations will be a major element in this transition. At this stage of development, close interaction between the supply chain, electrolyzer
manufacturers, and project developers all contribute to advancing towards the needed cost and performance levels. Fundamental research conducted by
academia and National Labs also play a critical role. Leveraging contacts and networks built over several years in electrochemical technologies helps to
bring these partners together. As a female in the field, understanding partners that value diversity and teamwork is an especially important part of this
network building.

Major areas of research and development for PEM electrolysis include the polymer membrane, catalyst thrifting, automated component fabrication and
assembly, and porous transport layer development. In this talk, some historical perspective on development of alkaline and PEM electrolysis will be
described, with details presented on paths forward, especially in the PEM systems. Career experiences in the electrochemistry field including how to
manage obstacles and opportunities from the perspective of a female scientist will also be discussed.

SESSION BI102.02: Women in Materials Science 11
Session Chair: Betar Gallant
Tuesday Afternoon, November 30, 2021
Hynes, Level 1, Room 107

1:30 PM *B102.02.01
Superprotonic Solid Acids for Sustainable Energy Technologies Sossina M. Haile; Northwestern University, United States

The compound CsH,PO4 (cesium dihydrogen phosphate) has emerged as a viable electrolyte for intermediate temperature electrochemical cells, devices for
interconversion between electricity and value-added chemical compounds. Cesium dihydrogen phosphate is a member of the general class of materials
known as solid acids or acid salts, in which polyanion groups are linked together via hydrogen bonds and monoatomic cations provide overall charge
balance. Several such solid acids display a superprotonic transition, at which the material transforms to a high conductivity phase with a high degree of
polyanion rotational disorder. At the transition the conductivity jumps by as much as 5 orders of magnitude and the activation energy for proton transport
drops to 0.35 eV or less. In the case of CsH,POy, the transition occurs at 228 °C and the conductivity reaches ~ 102 S/cm at 240 °C, enabling
electrochemical device operation at temperatures between 230 and 260 °C. The physical characteristics of CsH,PO4 imply a number of realized and
potential advantages for their application in fuel cells, electrolyzers, and electrochemical hydrogen pumps relative to polymer, solid oxide, and liquid
electrolyte alternatives. We present here an overview of the transport characteristics of superprotonic solid acids and the current status of electrochemical
technologies based on these electrolytes.

2:00 PM *B102.02.02
Becomeing WISE—Women In Science and Engineering Y. Shirley Meng; University of California, San Diego, United States

1 will share my personal perspective on the challenge and joy of being a woman in science and engineering. High energy long life rechargeable battery is
considered as key enabling technology for deep de-carbonization. Energy storage in the electrochemical form is attractive because of its high efficiency and
fast response time. Besides the technological importance, electrochemical devices also provide a unique platform for fundamental and applied materials
research since ion movement is often accompanied by inherent complex phenomena related to phase changes, electronic structure changes and defect
generation. In this seminar, | will discuss a few new perspectives for energy storage materials including new fast ion conductors, new intercalation
compounds and their interfacial engineering. With recent advances in characterization tools and computational methods, we are able to explore ionic
mobility, charge transfer and phase transformations in electrode materials in-operando, and map out the structure-properties relations in functional
materials for next generation energy storage and conversion. Moreover, | will discuss a few future priority research directions for electrochemical energy
storage.

2:30 PM *B102.02.03
Nucleating a New Culture in STEM Debra R. Rolison; U.S. Naval Research Laboratory, United States

The research-intensive STEM (science/technology/engineering/math) environment—for all its renowned innovation and productivity—has only glacially
incorporated the STEM talent endemic to humankind. And science really is too important to be left just to men [1]. Besides, we have never run the control
experiment to assess just how well science and society will be served by inclusion, retention, and celebration of the STEM talent endemic to humankind. In
short: we need a better culture. We have four mechanistic levers to work the problem: Revolution (such as when | proposed Title IX assessments of STEM
departments in 2000 [2,3] and the General Accountability Office agreed in 2004); Subversion (always in fashion); Climate Change (creating a human-
centric, innovative microclimate); and Market Forces (steering the talent and the funds to healthy, productive microclimates). Our team at the U.S. Naval
Research Laboratory* has created such a microclimate. A key component of our success (recognized by awards and eager collaborators) is inclusion of
full-time undergraduate researchers who step away from campus to spend six-to-twelve months working with a scrum (because we love disordered
materials) of Ph.D. staff and postdoctoral associates on frontier research in nanomaterials, energy storage and conversion, catalysis, and chemical threat



mitigation. And we have great fun doing so.

* Rolison heads the Advanced Electrochemical Materials Section at the U.S. Naval Research Laboratory (NRL). The views are those of the author and are
not necessarily those of the NRL or the U. S. Department of Defense.

[1] D.R. Rolison in L.D. Madsen: Successful Women Ceramic and Glass Scientists and Engineers: 100 Inspirational Profiles, Wiley (2016), pp. 467-472.
[2] D.R. Rolison, C&EN 2000, 78(11), 5 (13 March).

[3] D.R. Rolison, “A “Title IX’ challenge to academic chemistry... or... Isn’t a millennium of affirmative action for white men sufficient??” in Women in
the Chemical Workforce, National Academy Press (2000), Ch. 6, pp. 74-88.

3:00 PM *B102.02.04
Understanding Dynamics at Solid-Solid and Solid-Liquid Interfaces for Separations and Energy Storage Kelsey B. Hatzell; Princeton University,
United States

Understanding transport mechanisms in geometrically confined layered conducting inorganic membranes and solid electrolytes is paramount for next
generation batteries and separation application. lon transport is widely studied in an array of applications from batteries, to colloid science, to biological
applications, and separations. Each of these applications rely on ion mobility in confined regions where the pore sizes are comparable to the Debye
screening length. At these dimensions, biophysicists have observed efficient transport and selectivity mechanisms. Yet, it is still not understood how water
and ions move in structural domains between 1-10 nm. Electrically tunable solid-state nanochannels may offer additional pathways for tailoring transport
and controlling fundamental interactions that govern separations processes (desolvation, adsorption, selectivity, etc.). This talk intends to describe the role
long-range mirostructural (tortuosity, constriction, etc.) and short-range (electric double layer, confined water) structural properties impact transport in
solid electrolytes and separation membranes. To accomplish this goal, this talk will discuss a range of non-equilbrium techniques (spectroscopy, imaging,
etc.) to probe solid|liquid and solid-solid interfaces in order to directly observe water and ion transport processes. The talk will also give a broader lens on
women in engineering and tools to finding your community.

3:30 PM BREAK

SESSION BI102.03: Women in Materials Science 111
Session Chair: Fang Liu
Tuesday Afternoon, November 30, 2021
Hynes, Level 1, Room 107

4:00 PM *B102.03.01
Microwave Sintering Faux Moondust for NASA Holly Shulman®?; *Alfred University, United States; 2DrHollyShulman, LLC, United States

For the symposium subject of "Women in Materials Science", my experiences as a scientist contracting with NASA may be of interest. My first interaction
with NASA was through my previous company, Ceralink Inc., in 2010. | founded Ceralink in 2000 to provide feasibility and scale up studies for energy
saving processes, including the use of microwave energy. Ceralink demonstrated feasibility of microwave sintering for lunar and Martian regolith sintering
through SBIR grants (Small Business Innovative Research). Ceralink's work resulted in the largest dense samples of microwave sintered lunar simulant
(JSC-1A) to date. NASA is moving forward with construction on the moon and invited me to define a scope of work to lead the Microwave Sintering team.
In my current role as a Professor of Ceramic Engineering at Alfred University, | am engaging undergraduate and graduate engineering students in this
mission. This includes the development of synthetic lunar minerals, as well as process design for energy efficient and uniform microwave heating. | would
be delighted to share some stories of getting out of my own way, accepting my position as a world expert in microwave and materials and interactions, and
getting comfortable with how much I don't know and don't have to know to still be a valuable member of an amazing NASA team.

4:30 PM B102.03.02
A Sustainable Future for Materials Science and Engineering—Enabling Scalable Manufacturing of Polymer Nanocomposites and Addressing
Underrepresentation of Women in the Field Cecile Chazot and John Hart; Massachusetts Institute of Technology, United States

Polymer nanocomposites have been proposed as next-generation lightweight structural materials for applications ranging from aerospace to automotive and
sports equipment. However, their processing often requires high temperatures for hours (or sometimes days), contributing to their energy footprint.[1]
Additionally nanocomposite manufacturing techniques, such as dispersion of nanofillers in polymer solutions and resin infusion in nanoporous assemblies,
often result in composite systems with heterogeneous morphologies and therefore reduced mechanical properties. We present a scalable, low-temperature
nanocomposite manufacturing method called in-situ interfacial polymerization (ISIP), which is based on interfacial polycondensation of high-performance
polymers in nanoporous assemblies. For example, we demonstrate that dense carbon nanotube (CNT)-polymer composites can be obtained by ISIP within
CNT networks.[2] Uniform aramid-CNT composite sheets obtained by this method have a Young’s modulus of 31 GPa and a tensile strength of 776 MPa,
which is a two-fold increase compared to the pristine CNT sheets. We also present how ISIP can be extended to a broad range of polymers and matrices
including nanofiber mats and 3D printed lattices. A macrokinetics model describing the simultaneous fluid flow and polymerization reaction is used to
predict final composite morphology and performance. We also demonstrate the implementation of ISIP as a roll-to-roll process, where the nanoporous
substrate is continuously drawn through the series of liquid immersion steps to produce the final composite fiber.

We also share the personal experience of a woman in STEM and Materials Science and Engineering (MSE) from technical high school in France to
graduate school in the United States. While women represent 44% of the total workforce in the US, they constitute 39% of materials scientists and
chemists, and only 16% of materials engineers.[3,4] Notably, the proportion of women decreases with increasing degree level in higher education in MSE
in both France and the US. We will put the underrepresentation at the highest level of the field in relation with the social psychology topic of stereotype
threat: a type of social identity threat that occurs when one fears being judged in terms of a group-based stereotype.[5,6] Last, we will discuss current
ongoing initiatives at MIT targeted at mitigating stereotype threat and reducing these inequalities in the laboratory and the classroom.

[1] C. A. C. Chazot and A. J. Hart, “Understanding and control of interactions between carbon nanotubes and polymers for manufacturing of high-
performance composite materials,” Compos. Sci. Technol., vol. 183, p. 107795, Oct. 2019, doi: 10.1016/J.COMPSCITECH.2019.107795.
[2] C. A. C. Chazot, C. K. Jons, and A. J. Hart, “In Situ Interfacial Polymerization: A Technique for Rapid Formation of Highly Loaded Carbon Nanotube-



Polymer Composites,” Adv. Funct. Mater., vol. 30, no. 52, p. 2005499, Dec. 2020, doi: 10.1002/adfm.202005499.

[3] “A Report on the Workshop on Gender Equity in Materials Science and Engineering,” College Park, Maryland, 2008. Accessed: Jun. 15, 2021.
[Online]. Available: https://www.nsf.gov/mps/dmr/BroadeningPresentations/gewreport.pdf.

[4] C. Corbett and C. Hill, Solving the equation: The Variables for Women’s Success in Engineering and Computing. Washington, DC: American
Association for University Women, 2015.

[5] M. C. Murphy, C. M. Steele, and J. J. Gross, “Signaling threat: How situational cues affect women in math, science, and engineering settings,” Psychol.
Sci., vol. 18, no. 10, pp. 879-885, Oct. 2007, doi: 10.1111/j.1467-9280.2007.01995.x.

[6] S. J. Spencer, C. M. Steele, and D. M. Quinn, “Stereotype Threat and Women’s Math Performance,” J. Exp. Soc. Psychol., vol. 35, no. 1, pp. 4-28, Jan.
1999, doi: 10.1006/jesp.1998.1373.

SESSION BI02.04: Women in Materials Science IV
Session Chair: Fang Liu
Wednesday Morning, December 1, 2021
Hynes, Level 1, Room 107

10:30 AM *B102.04.01
Semiconductor Quantum Dots—A Journey from the Flask to Photonic Devices Jennifer Hollingsworth; Los Alamos National Laboratory, United
States

Solution-processed quantum dots (QDs) are finding real-world applications in a wide-range of technologies from displays and lighting to photovoltaics and
photodetectors. We take advantage of an expanded “structural toolbox” to synthesize QDs with novel and optimized photophysical properties relevant for
device implementation. We use advanced heterostructuring that employs interfacial alloying, bandgap engineering, thick (“giant”) or asymmetric shell
growth, etc. In this way, we have synthesized QDs for which non-radiative processes, such as blinking, Auger recombination and photobleaching, have
been suppressed or even “turned off” at room temperature,’” or at elevated temperatures while exposed to atmospheric oxygen.®° This has required
simultaneous development of new methods for evaluating correlations between synthesis, resulting nanostructure and realized functionality toward the
ideal of a materials-by-design approach to the next generation of useful QDs. In this talk, | will review highlights of our work in this area, as well as some
of the enabled device demonstrations. | will also discuss the integration of QDs with other functional nanomaterials for multifunctionality or emergent
properties, as well as into devices, especially scanning-probe-enabled fabrication of single-photon sources.

The journey from materials discovery to demonstrated application is long and complex, but equally so are the personal journeys of the scientists and
engineers pursuing this path. In the theme of this symposium, I will conclude my presentation with some observations, concerns and aspirations for women
in science made over the course of more than 20 years as a national lab technical staff member.

Krishnamurthy, S. et al. PbS/CdS Quantum Dot Room-Temperature Single-Emitter Spectroscopy Reaches the Telecom O and S Bands via an Engineered
Stability. ACS Nano 2021 15, 575.

McBride, J. R. et al. Role of shell composition and morphology in achieving single-emitter photostability for green-emitting “giant” quantum dots. J.
Chem. Phys. 2020, 152, 124713.

Dennis, A. M., et al. Role of Interface Chemistry in Opening New Radiative Pathways in InP/CdSe Giant Quantum Dots with Blinking-Suppressed Two-
Color Emission. Adv. Funct. Mater. 2019, 29, 1809111.

Hanson, C. J. et al. Giant PbSe/CdSe/CdSe Quantum Dots: Crystal-Structure-Defined Ultrastable Near-Infrared Photoluminescence from Single
Nanocrystals. J. Am. Chem. Soc. 2017, 139, 11081.

Mishra, N. et al. Using shape to turn off blinking for two-colour multiexciton emission in CdSe/CdS tetrapods. Nature Commun. 2017, 8, 15083.

Dennis, A. M. et al. Suppressed Blinking and Auger Recombination in Near-Infrared Type-Il InP/CdS Nanocrystal Quantum Dots. Nano Lett. 2012, 12,
5545.

Ghosh, Y. et al. New Insights into the Complexities of Shell Growth and the Strong Influence of Particle Volume in Non-Blinking “Giant” Core/Shell
Nanocrystal Quantum Dots. J. Am. Chem. Soc. 2012, 134, 9634.

11:00 AM *B102.04.02
Colloidal Semiconductor Nanocrystals—(Un)Conventional and Quantum Materials and Devices Cherie R. Kagan; University of Pennsylvania,
United States

Colloidal semiconductor nanocrystals (NCs) are typically 2-20 nm diameter fragments of the bulk solid. They are known as “artificial atoms” or quantum
dots since electrons, holes, and excitons are quantum-mechanically confined and occupy discrete electronic states. The research community has celebrated
>30 years of study of the synthesis, assembly, structure, properties, and applications of colloidal semiconductors NCs, and | have enjoyed the opportunity
to contribute to the field in my career. Advances in wet-chemical synthetic methods enable the preparation of NCs tailorable in size, shape, composition,
and surface chemistry. As colloids, these NCs are readily dispersed in solvents and deposited using solution-based methods. They can self-assemble to
form glassy or crystalline NC solids or be directed to assemble to deterministically position single or countable numbers of NCs. I will focus on routes to
design solid-state NC materials by manipulating the NC surface chemistry to strengthen electronic coupling, by exchanging the ligands used in synthesis
for more compact chemistries, and NC doping, by introducing atoms and ions that serve as impurities or modify stoichiometry. Ultimately, I will connect
NC material design to their physical properties and their application in (un)conventional electronic and optoelectronic devices. | will also give an outlook
on the opportunity to exploit NCs as platforms for quantum information science, in particular as optically addressable qubits.

11:30 AM B102.04.03
A Bioinspired, Bioinorganic Approach to Materials Design—Using Fe and V Coordination to Create Photoresponsive Materials Alexis D.
Ostrowski; Bowling Green State Univ, United States

In bioinorganic chemistry, metal ions play important roles in the structure and function of a variety of systems. Using this as inspiration, our approach is to
design materials that exploit metal coordination bonding to create materials with unique properties. Of particular interest, are materials that coordinate Fe
and V ions, since once coordinated, the metal-ligand bonding in the material can be controlled with light using photochemical processes Both Fe(l11) and
V(V) coordination in polysaccharide materials can be used to create hydrogels. Once irradiated, photo-induced charge transfer processes change the Fe and
V coordination environments in the gel, and disrupting the intermolecular forces in the material, changing the viscosity and modulus of the gels. These
photoresponsive materials can be used for a variety of applications, including encapsulation and delivery of bioactive molecules or nutrients.



11:45 AM BI102.04.04
Designing Nanoparticles for Self-Assembly of Novel Photonic Materials Rose K. Cersonsky'?, James Antonaglia®, Bradley D. Dice* and Sharon C.
Glotzer!; *University of Michigan, United States; 2Ecole Polytechnique Fédérale de Lausanne, Switzerland

The design of new materials has often relied on crystal structure as a primary source for design complexity and innovation, requiring new crystal structures
and new manners of constructing and synthesizing these structures. Within the photonics community, where the goal is a photonic crystal, i.e., a crystal that
reflects a range of wavelengths, the literature points to a handful of targets, most commonly the diamond or inverse opal structures. Nanoparticle self-
assembly, or the spontaneous emergence of order due to particle interactions, has been identified as a favorable synthesis route, as photonic nanocrystals
reflect wavelengths within the visible range due to the scale-covariance of photonic band structures. Yet, the effort to self-assemble photonic crystals has
been fraught with obstacles — from difficulty synthesizing diamond to the degradation of photonic band gaps based upon thermal noise within the
assembly. This begs the question: if we look beyond the known set of photonic crystal structures, which other structures are worth targeting? We discuss
the unexpectedly diverse range of crystallographic structures that will support a photonic band gap, as determined by more than 150,000 photonic band
structure calculations. These calculations identify nearly 300 previously unstudied targets for photonic crystals—including targets achievable via colloidal
self-assembly [1]. We demonstrate avenues to predict the polyhedral nanoparticles that can cleanly self-assemble these targets and the implications, both
good and bad, that small changes to nanoparticle shape have on the resulting crystal’s behavior [2-4].

Finally, we discuss the topic of scientific communication, which is fundamental in encouraging underrepresented populations in STEM by deterring the
imposter syndrome for those who may glean a sense of “otherness” from poorly communicated work. We will focus on two programs at the University of
Michigan to connect higher education institutions with primary and secondary school educators [5],[6]. These programs facilitate and promote discourse
between graduate students and K-12 STEM educators, pushing students to communicate and contextualize their research and extending access to cutting-
edge science to populations typically harder to reach via other outreach efforts.

[1] R. K. Cersonsky, J. Antonaglia, B. D. Dice, S. C. Glotzer, "Unexpected Diversity of Three-Dimensional Photonic Crystals,” (2021). Nature
Communications. https://www.nature.com/articles/s41467-021-22809-6

[2] R. K. Cersonsky, G. van Anders, P. M. Dodd, and S. C. Glotzer, "Relevance of Packing in Colloidal Self-Assembly," (2018). Proceedings of the
National Academy of Sciences. https://doi.org/10.1073/pnas.1720139115.

[3] R. K. Cersonsky, J. Dshemuchadse, J. Antonaglia, G. van Anders, S. C. Glotzer, "Pressure-Tunable Band Gap in an Entropic Crystal", (2018). Phys.
Rev. Mat. https://doi.org/10.1103/PhysRevMaterials.2.125201.

[4] Y. Zhou, R. K. Cersonsky, S. C. Glotzer, "A New Route to the Diamond Colloidal Crystal.” In preparation.

[5] R.K. Cersonsky, LL Foster, T Ahn, RJ Hall, HL Van Der Laan, TF Scott. “Augmenting Primary and Secondary Education with Polymer Science and
Engineering,” (2017). Journal of Chemical Education 94 (11), 1639-1646. https://pubs.acs.org/doi/full/10.1021/acs.jchemed.6b00805

[6] A Travitz, A Muniz, JK Beckwith, R.K. Cersonsky. “Bringing Science Education and Research together to REACT,” (2021). American Society for
Engineering Education, 1-13. https://doi.org/10.18260/1-2--35030

SESSION BI102.05: Women in Materials Science V
Session Chair: Jennifer Hollingsworth
Wednesday Afternoon, December 1, 2021
Hynes, Level 1, Room 107

1:30 PM *B102.05.02
Barriers to Electrons in Nanocrystal Films and Barriers Arising from Gender Stereotypes Delia Milliron; The University of Texas at Austin, United
States

Colloidal nanocrystals are attractive as solution-processable precursors to make conductive thin films for electronic and optoelectronic devices. However,
in most cases electrons move through nanocrystal films by thermally activated hopping, behaving as insulators even when the nanocrystals themselves are
metallic. We synthesize indium tin oxide transparent conducting nanocrystals to fabricate conductive thin films and show how the contact resistance
between them controls the metal-insulator transition. Our results establish a “phase diagram” for electron transport, mapping conditions for hopping,
thermally activated granular metallic, and classical metallic conduction.

From the perspective | now have — participating regularly in faculty recruiting, promotion, and mentorship — | have started to see experiences from my own
early career in a broader context. Reflecting on these, I’ll talk briefly about the ways that prevalent stereotypes present barriers to the development and
advancement of women and people from underrepresented groups in STEM.

2:00 PM *B102.05.03
Rethinking our Approach to Developing Inorganic Nanoparticles for In Vivo Imaging Allison M. Dennis; Boston University, United States

Although semiconductor quantum dots (QDs) are excellent fluorophores for biosensing and biomedical imaging, their translation to clinical applications is
stymied by toxicity concerns. While materials developed for optoelectronic applications such as displays and photovoltaics exhibit excellent photophysical
properties, their elemental composition is often contraindicated for use in human subjects. The current solution to elemental toxicity is to cap the core
nanoparticle in a shell, usually of zinc sulfide, to prevent the release of the offending elements into the biological environment. This sequestration approach
also results in the accumulation and persistence of the nanoparticles in the liver, an outcome that would preclude FDA approval for a diagnostic contrast
agent. This combination of toxic compositions and bioaccumulation is a persistent barrier to the clinical translation of semiconductor nanoparticles.

In our new approach to developing inorganic nanoparticles for biomedical imaging and in vivo biosensing applications, we have shifted our focus to
consider biological interactions first and optical properties second to identify the best materials for the application. Developing inorganic nanomaterials that
can be used as contrast agents in humans requires addressing issues of toxicity, bioaccumulation, and function. We are inspired by the composition of the
only FDA-approved inorganic nanoparticle: iron oxide. Iron oxide nanoparticles degrade in vivo into biocompatible and bioessential elements,
coincidentally treating the patient’s anemia. To develop biocompatible inorganic nanoparticles (bioNPs), we are synthesizing nanocrystals comprising
bioessential elements and assessing their optical properties, degradation, and nanotoxicity. These iron- and copper-based semiconductors are often
understudied with regards to both their optoelectronic properties and biocompatibility. For example, we have demonstrated that while copper indium



sulfide (CIS) QDs exhibit appropriate optical properties for in vivo luminescence imaging, ZnS shell-free CIS particles degrade rapidly with high toxicity
in mice. Alloying zinc into the particles (CISZ) improves their optical properties, maintains a reasonable degradation rate, and substantially reduces
toxicity. In comparison, copper iron sulfide nanoparticles (chalcopyrite or bornite; abbreviated CFS) biodegrade and exhibit localized surface plasmon
resonance (LSPR) in the NIR, showing promise for photoacoustic imaging and photothermal therapy applications. As we expand the compositions of the
bioNPs tested, we are developing a framework to relate the degradation rate and degradation products to toxicity. This information is being used together
with the optoelectronic properties of the new materials to change the way we develop semiconductor nanoparticles for in vivo applications.

SESSION BI102.06: Women in Materials Science VVI—Panel Discussion
Session Chairs: Betar Gallant, Jennifer Hollingsworth and Fang Liu
Wednesday Afternoon, December 1, 2021
Sheraton, 2nd Floor, Grand Ballroom

4:15 PM WOMEN IN MATERIALS SCIENCE VI—PANEL DISCUSSION

SESSION BI102.07: Women in Materials Science VII
Session Chair: Raffaella Buonsanti
Tuesday Morning, December 7, 2021
B102-Virtual

9:00 AM *B102.07.01
Advancement of Battery Technology for EVs Mei Cai; General Motors, United States

Despite the current battery technology evolution, battery chemistries have not changed much in the last two decades. Highly emerged EV market evokes
the demands on advanced batteries with high energy density. Among the future chemistries, lithium metal batteries have great advantages over state-of-the-
art lithium ion batteries in term of energy density and cost, which bring huge opportunity for long-range and low-cost electrical vehicles in the future.
However, automotive industry has critical requirements on specific characteristics of battery cells. In this talk, I will discuss the requirements for future
electrical vehicle application and the impact of Li-metal batteries on automotive industry. As a women scientist working in the automotive industry, I will
also describe the range of opportunities available to women in this field. Some concerns and challenges will also be discussed.

9:30 AM *B102.07.02
Using Multidisciplinary Science to Drive Healthcare Innovations Molly Stevens; Imperial College London, United Kingdom

This talk will provide an overview of our multidisciplinary approach to elucidate the interfaces between living and non-living matter, and how we use this
fundamental knowledge to design innovative materials and technologies with impactful applications in regenerative medicine, advanced therapeutic
delivery and disease diagnostics.

We engineer simple conceptually novel biosensing approaches using designer bio-nanomaterials for ultrasensitive diagnostic assays that are simple, cost-
effective and easy deploy to the point-of-care. We are exploiting the sensing capabilities of nanoparticles to engineer paper-based lateral flow
immunoassays (LFIAs) for the detection of infectious diseases such as HIV [2], Ebola, tuberculosis and Covid-19, and we can integrate our assays with
smartphone technology for patient self-monitoring, geographical tagging and epidemic surveillance [3]. Harnessing our knowledge of the bio-interfaces,
we also engineer complex 3D architectures with spatially arranged biochemical cues and cell interfacing nanoneedles for multiplexed intracellular
biosensing at sub-cellular resolution and modulation of biological processes [4].

1 will also speak about the breakthroughs, innovations and aspirations that shape who we are and what we do, and how we strive to create an inclusive and
stimulating environment where science and scientists flourish.

[1] P. D. Howes... M. M. Stevens. “Colloidal nanoparticles as advanced biological sensors.” Science. 2014. 346: 53-63.

[2] C. Loynachan... M. M. Stevens. “Platinum nanocatalyst amplification: redefining the gold standard for lateral flow immunoassays with ultra-broad
dynamic range.” ACS Nano. 2018. 12(1): 279-288.

[3] C. S. Wood... M. M. Stevens. “Taking connected mobile-health diagnostics of infectious diseases to the field.” Nature. 2019. 566: 467-474.

[4] C. Chiappini... M. M. Stevens, E. Tasciotti. “Biodegradable silicon nanoneedles delivering nucleic acids intracellularly induce localized in vivo
neovascularization.” Nature Materials. 2015. 14: 532-539.

SESSION BI02.08: Women in Materials Science VIII
Session Chair: Raffaella Buonsanti
Tuesday Morning, December 7, 2021
B102-Virtual

10:30 AM *B102.08.01
From Flexible Electronics to Skin Inspired Electronics a Personal Reflection Zhenan Bao; Stanford University, United States

In this talk, I will reflect on my journey working with flexible electronics from my early career to defining a new field of skin-inspired electronics. I will
talk about lessons learned through this journey.

11:00 AM *B102.08.02



Emerging Nanophotonic Platforms for Infectious Disease Diagnostics—Re-Imagining the Conventional Microbiology Toolkit Jennifer A. Dionne;
Stanford University, United States

We present our research, education, outreach, and translational work to control light at the nanoscale for infectious disease diagnostics, including detecting
bacteria at low concentration, screening for viral gene sequences, and visualizing in-vivo inter-cellular forces. First, we combine Raman spectroscopy and
deep learning to accurately classify bacteria by both species and antibiotic resistance in a single step. We design a convolutional neural network (CNN) for
spectral data and train it to identify 30 of the most common bacterial strains from single-cell Raman spectra, achieving antibiotic treatment identification
accuracies exceeding 99% and species identification accuracies similar to leading mass spectrometry identification techniques. Our combined Raman-CNN
system represents a proof-of-concept for rapid, culture-free identification of bacterial isolates and antibiotic resistance. Second, we describe resonant
nanophotonic surfaces, known as “metasurfaces” that enable multiplexed detection of SARS-CoV-2 gene sequences. Our metasurfaces utilize guided mode
resonances excited in high refractive index nanostructures. The high quality factor modes produce a large amplification of the electromagnetic field near
the nanostructures that increase the response to targeted binding of nucleic acids; simultaneously, the optical signal is beam-steered for multiplexed
detection. We describe how this platform can be manufactured at scale for portable, low-cost assays. Finally, we introduce a new class of in vivo optical
probes to monitor biological forces with high spatial resolution. Our design is based on upconverting nanoparticles that, when excited in the near-infrared,
emit light of a different color and intensity in response to nano-to-microNewton forces. The nanoparticles are sub-30nm in size, do not bleach or
photoblink, and can enable deep tissue imaging with minimal tissue autofluorescence. We present the design, synthesis, and characterization of these
nanoparticles both in vitro and in vivo, focusing on the forces generated by the roundworm C. elegans as it feeds and digests its bacterial food. Beyond the
rigor of research, I also describe how I am reliving my childhood with my two young sons, and exploring the country as an avid cyclist and long-distance
runner.

11:30 AM B102.08.03

A Computational Framework for Studying CoCrFeNiTi High Entropy Alloys—My Path to Computational Materials Science as a Young
Egyptian Woman Geraldine Anis, Mostafa Youssef!, Moataz Attallah? and Hanadi Salem*; *The American University in Cairo, Egypt; 2University of
Birmingham, United Kingdom

In my presentation, | will talk about my academic journey as a young Egyptian woman and the path that led me to studying and working in computational
materials science. | will describe our recent work on a multiscale modeling and simulation study of a high entropy alloy (HEA) system by combining
continuum level thermodynamic modeling, atomic scale quasi-random structures, and electronic structure density functional theory (DFT). The main aim
of this study is to provide a framework that can aid with and potentially accelerate the exploration of the massive HEA composition space through guiding
experimental efforts.

Computational phase diagrams of four subsystems of the CoCrFeNiTi HEA system were constructed using the calculation of phase diagrams (CALPHAD)
method. Our efforts were focused on the single phase face-centered cubic (FCC) regions in the obtained diagrams, due to the potentially favorable
properties of alloys with this structure. A thermodynamic analysis was also carried out, in which we studied the variations in the mixing enthalpies and
entropies within the studied systems. From our analysis, we were able to determine the main stabilizing factor (enthalpy vs. entropy) of the single FCC
phase as a function of temperature. Furthermore, we tested the possibility of changing the thermodynamic phase diagram of this alloy system upon
dissolution of impurities such as carbon and oxygen.

The constructed phase diagrams were then used to guide composition selection for an alloy to study its mechanical properties using first-principles DFT
calculations. The selected alloy with composition CoCrFeNiy 75 Tig 25 Was modeled using the special quasi-random structure (SQS) approach and DFT
calculations were used to determine the elastic constants matrix of this alloy composition in addition to its stress-strain response under a uniaxial load.
Additionally, we analyzed the hypothesis of sluggish diffusion in HEA via computing the formation energies of all possible vacancies in the alloy. Our
coupled CALPHAD-SQS-DFT approach provides a general methodology for understanding the thermodynamics and mechanics of non-equiatomic HEAs.

In addition to the technical aspects related to the HEA work, | will be sharing my experience and some aspects of my personal life, with an emphasis on the
things that have helped me overcome the obstacles that women in STEM face. My interest in materials science was sparked early on when | was still an
undergraduate student, which led me to volunteer as a research assistant on a project focused on synthesizing and characterizing aluminum-graphene
composites. Although | started my M.Sc. thesis as an experimentalist working on studying HEAs, the Covid-19 pandemic imposed a shift of my project to
a fully computational study, after which I successfully obtained my M.Sc. degree. Upon finishing my thesis and facing a delay in my PhD plans due to the
Covid-19 pandemic, | worked on a research project at the interface between materials science and biochemistry in which | employed molecular dynamics
simulations to study the effect of certain small molecules on the binding affinity of the SARS-CoV-2 virus to the ACE2 human enzyme.

Finally, I will conclude my presentation with a discussion of my future plans, which include obtaining a PhD degree in modeling of heterogeneous systems,
as well as how my goals have been shaped by my experiences and previous research.

11:45 AM BREAK

SESSION BI102.09: Women in Materials Science I1X
Session Chair: Fang Liu
Tuesday Afternoon, December 7, 2021
B102-Virtual

1:00 PM *B102.09.01
The Growing Role of Women in Materials Science—Personal Experiences and My Recent Research in Oxide Thin Films Judith L. MacManus-
Driscoll; University of Cambridge, United Kingdom

Women have, throughout history, played an important role in materials science. In recent times, our role has grown strongly and we have become more
prominent. So things are improving, but | believe we still face many challenges, some well recognized and spoken about openly, but others that are more
hidden and hence not addressed or spoken about. Based on my own experiences, | will try to address some of challenges | have faced and will discuss how
| have (or have tried to) overcome them. | will move on from here to show examples of my recent work demonstrating the important role of materials
science in the engineering of oxide electronic thin films for low power electronics and energy applications.



1:30 PM *B102.09.02
Imaging, Understanding and Controlling of Nanoscale Materials Transformations Haimei Zheng'?; ‘Lawrence Berkeley National Laboratory, United
States; 2University of California, Berkeley, United States

The development of liquid cells for transmission electron microscopy (TEM) has enabled breakthroughs in our ability to follow nanoscale structural,
morphological, or chemical changes during materials growth and applications. Time-resolved high-resolution imaging and chemical analysis through
liquids have opened the opportunity to capture nanoscale dynamic processes of materials, including reaction intermediates and the transformation
pathways. In this talk, | will present a series of work in my group on liquid cell developments and in situ liquid cell TEM study of nanocrystal growth and
transformations, lithium dendrite formation and suppression and using liquid cell TEM in other studies on materials dynamics. The understanding garnered
accelerates the discovery of novel materials for applications in energy storage, catalysis, and other functional devices.

2:00 PM *B102.09.03
Empowering Women's Leadership in the Energy Sector Mihrimah Ozkan; University of California, Riverside, United States

The Energy sector has low diversity and gender equality into its workspaces and boardrooms. Based on some statistics, only 14% of energy engineers are
women. This testifies that we need to take serious steps to improve the gender diversity in the energy sector. Women at leadership positions, in boardrooms
and in factory floors can be achieved in two ways: 1) male dominant hiring managers can help to promote women engineers for the leadership positions, 2)
mentoring and supporting younger women generations in engineering and helping them to become more visible and confident. In my presentation, I will
focus on my research about Li-ion batteries and their applications in electric vehicles and my journey as a women academic engineer being the first women
tenure-track faculty hired for the engineering college in 2001, and also being the only women full-professor in the engineering college today.

2:30 PM *B102.09.04
Engineering an Inclusive Future Aditi Risbud Bartl; Stanford University, United States

At the UC Davis College of Engineering, we've launched a new commmunications platform titled Engineering an Inclusive Future:
https://engineering.ucdavis.edu/engineering-inclusive-future. This new platform highlights how much we’ve done—and how much more we will be
doing—to move the College of Engineering toward “inclusion excellence,” in which all members of a community are encouraged and supported to work,
study and learn in a way that allows each of us to reach our full potential. For this effort, | wanted to take a chance and show not just our best work but
areas where we can improve, so we’ve employed first-person storytelling from our students, faculty, staff and postdocs. We post one to two stories a month
and share these on our social media channels. Sometimes these stories are less than rosy, but this transparency helps stimulate conversation and reveals a
deeper need to discuss challenges faced by women and underrepresented groups across our constituencies.

In addition, I've been part of a larger effort in collaboration with colleagues at the Northern California UC campuses (Davis, Berkeley, Santa Cruz, San
Francisco), as well as Berkeley Lab, titled Imagining an Anti-Racist UC: https://www.ucop.edu/human-resources/coro/2020_forms/coro_nor-
cal_2020_executive_summary.pdf. This effort aims to facilitate learning, reflection and performance assessment processes with respect to anti-racism
among UC supervisors/leaders. Despite being the third largest employer in California, the racial/ethnic demographics of our senior professionals and
management do not reflect the racial/ethnic demographics of the UC workforce, or our state.

To address this need, we developed an Anti-Racism Learning and Reflection Tool that establishes guiding anti-racism principles and practices that can be
applied uniformly across the UC system by leaders, supervisors and managers to better communicate and carry out anti-racist core values and cultivate a
climate of belonging for our staff. While each UC campus has a performance review process and evaluation tool that includes consideration of diversity,
equity and inclusion, these materials do not currently incorporate a focus on anti-racist principles and practices. This tool aims to support the life-long
learning of managers by offering a framework for them to advance racial equity principles and practices in hiring, performance review, promotion, and
workplace climates for staff. | will present this tool and share learnings from its implementation at UC Davis.
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SESSION Tutorial CHO1: Electrochemical Impedance Spectroscopy Applied to Interfacial Battery Investigation
Session Chairs: Sylvain Franger, Fabio La Mantia and Claire Villevieille
Monday Morning, November 29, 2021
Virtual

8:30 AM
Electrochemical Impedance Spectroscopy (EIS) Applied to Battery Characterization Sylvain Franger; Université Paris-Saclay, France

EIS is one of the most practical in situ analysis technique, which can discriminate electrochemical processes by their time constant. EIS gives information
from the electrode/electrolyte interface (MHz) to the bulk electrode (uHz). The frequency region scanned mainly concerns ionic mobility and is thus well
adapted to evidence matter transport limitations (both in electrolyte and in active materials).

In that way, EIS is particularly interesting to check the interface since it is a non-destructive investigation method, giving access to several electrochemical
parameters of major interest (charge transfer, passivation film, adsorption, corrosion, ionic diffusion...).

However, interpreting EIS data still requires specific attention.

For that purpose, in this tutorial, some fundamentals of Electrochemical Impedance Spectroscopy will be reminded.
Different examples (from liquid-based and solid-state batteries) will be shown in order to illustrate the tutorial’s theoretical aspects.

The goal of this tutorial is actually to give some keys for:

convenient experimental set-up in order to record unambiguous EIS data

use of adequate EIS signal (a special attention will be given to GEIS and PEIS)
data analysis through the use of both Nyquist and Bode diagrams
understanding the interest and limits of equivalent electrical circuit models

10:00 AM BREAK

10:15 AM
Dynamic Impedance Spectroscopy for Operando Battery Materials Characterization Fabio La Mantia; Universitat Bremen, Germany

Electrochemical impedance spectroscopy is a very powerful tool, however its actual implementation in standard electrochemical instrumentation does not
allow looking into the dynamic behavior of the electrochemical systems. For this reason, classic impedance spectroscopy fails for the investigation of aging
of materials, corrosion, self-oscillation, poisoning and others. In order to achieve an understanding of the effect of such degradation mechanisms on the
materials and their electrochemical properties, it is necessary to use a methodology, which is able to look at systems while they are changing. The tutorial
will start by introducing the concept of dynamic impedance and its connection to the Volterra series of the electrochemical system will be given. An
overview of the experimental methodologies for the measurement and extraction of dynamic impedance spectra will follow, accompanied by an analysis of
the experimental artefacts related to the electrochemical instrumentation. Different examples of dynamic impedance spectra acquired for different
electrochemical reactions will be shown: redox couple in solution; intercalation of ions in host structures; hydrogen evolution on platinum electrodes. The
data will be analyzed using at first a statistical approach based on the concept of Pade’ approximants, using as weighting factor the theoretical variance of
the admittance. The connection between equivalent circuits and Pade’ approximants will be explored, as well as their connection to the Kramers-Kronig
transformations. Finally, a physico-chemical model will be established in order to describe the phenomena occurring during the electrochemical reaction
and the dynamic impedance spectra will be fitted using such model, in order to quantify the kinetic constants of the reaction. The tutorial will close with an
summary of the main important points and an overview of the possible applications in the field of energy storage and energy conversion.

SESSION CHO01.01: Cathode Materials Investigation
Session Chairs: Joshua Gallaway and Brett Lucht
Tuesday Morning, November 30, 2021
Hynes, Level 3, Room 304

10:30 AM *CHO01.01.01
Nanostructure Formation as a Signature of Oxygen Redox in Li-Rich Cathodes Karena Chapman®, Antonin Grenier', Gabrielle Kamm?, Y. Shirley
Meng?, Yixuan Li? and Hyeseung Chung?; 'Stony Brook University, United States; 2University of California, San Diego, United States

Lithium-rich nickel manganese cobalt oxide (LRNMC) is being explored as an alternative to stoichiometric nickel manganese cobalt oxide (NMC) cathode
materials due to its higher, initially accessible, energy-storage capacity. This higher capacity has been associated with reversible O oxidation, however, the
mechanism through which the change in O chemistry is accommodated by the surrounding cathode structure remains incomplete, making it challenging to
design strategies to mitigate poor electrode performance resulting from extended cycling. Focusing on LRNMC cathodes, we identify nanoscale domains of
lower electron density within the cathode as a structural consequence of O oxidation using small-angle X-ray scattering (SAXS) and operando X-ray
diffraction (XRD). A feature observed in the small angle scattering region suggest the formation of nanopores, which first appear during O oxidation, and

is partially reversible. This feature is not present in traditional cathode materials, including stoichiometric NMC and lithium nickel cobalt aluminum oxide
(NCA), but appears to be common to other Li-rich systems tested here, Li,RuO3 and Li1 3Nbg 3sMng 4O-.

11:00 AM CHO01.01.02

Regeneration of Degraded Li-rich Layered Oxide Materials Through Heat Treatment-Induced Transition Metal Reordering Yixuan Lit, Mateusz
Zuba?, Shuang Bai!, Zachary Lebens-Higgins?, Bao Qiu?, Zhaoping Liu®, Minghao Zhang?, Louis Piper? and Y. Shirley Meng?; *University of California,
San Diego, United States; 2Binghamton University, United States; 3Ningbo Institute of Materials Technology and Engineering, Chinese Academy of
Sciences, China

Lithium-rich layered oxides (LRLO) have drawn great attention recently as a high energy density cathode material. However, the practical deployment of
these materials is hindered by voltage and capacity decay during electrochemical cycling. Applying mild thermal energy to cycled LRLO materials allows
to recover the voltage profile and to alleviate the voltage decay problem in the following cycling. In this work, a detailed mechanism study of the voltage



and structure recovery is conducted through various analytical tools. The recovery of the lattice structure is investigated through in-situ neutron powder
diffraction and synchrotron X-ray diffraction. The reordering of the transition metal environment is explored by in-situ extended X-ray absorption fine
structure and pair distribution function. A transition metal reordering pathway is proposed and evaluated through computation methodology. Heat treatment
provides the necessary energy for the transition metal to overcome the kinetic barrier to move from the honeycomb center to the honeycomb vertex and
recover the honeycomb ordering in the transition metal layer. An ambient-air relithiation using Li* molten salt was also conducted along with the heat
treatment to the cycled LRLO cathode and lead to a material regeneration in both the voltage and capacity. This work identifies the transition metal
reordering as the key factor under the structure recovery of degraded LRLO materials. It opens a door for promising strategies to mitigate the voltage and
capacity degradation problem in LRLO and provides the potential routes to recycle degraded LRLO materials.

11:15 AM CH01.01.04

Late News: Established and Emerging Methodologies for Operando X-Ray Total Scattering and Pair Distribution Function Analysis for
Rechargeable Batteries Martin A. Karlsen', Simon J. Billinge?® and Dorthe B. Ravnsbak?; *University of Southern Denmark, Denmark; 2Columbia
University, United States; *Brookhaven National Laboratory, United States

The inevitable and necessary green transition towards sustainable energy sources depends completely on the ability to store energy. One possibility is to
store the excess energy from renewable energy sources electrochemically in rechargeable batteries. A possibility that has also been realized for the
substitution of combustion engines in vehicles.

To develop the rechargeable batteries of tomorrow, fundamental understanding of relations between material structure and properties is essential.
Here, operando experiments are essential, as they provide insight into material behavior under the true dynamic conditions relevant for real applications.
For the material structure at the atomic and nano length scales, x-rays, neutrons, and electrons are excellent probes.

If materials are crystalline and well-ordered on the atomic and nano length scales, traditional diffraction methods are ideal to probe the long-range order of
the material structure, as the relevant information lies in the Bragg peaks. In recent years, it has been realized that crystallinity is not a given for all battery
materials at all states-of-charge or at all stages of a battery’s lifetime. However, for non-crystalline materials, whether they are nanocrystalline, disordered,
or even amorphous, the more traditional diffraction methods fall short. Now, the relevant information does not lie in the Bragg peaks but underneath them
in the diffuse scattering.

To probe the material structure of crystallographically challenged materials, total scattering experiments, which involve both the Bragg and diffuse
scattering, hold the key. From total scattering data, the reduced atomic pair distribution function (PDF) can be obtained, which takes the scattering data
from reciprocal space and into real space. The PDF can be thought of as a probability distribution of the interatomic distances in the material and the very
local structure down to nearest-neighbor distances in materials can now be probed. Everything is seen in the PDF, which is a blessing as well as a curse for
battery scientists, as batteries are multicomponent systems with complicated PDFs, which calls for battery-specific PDF methodologies.

This contribution will address how to obtain operando PDFs for battery materials during cycling and especially how to analyze data.

In our studies, we utilize model-dependent PDF analysis, sometimes referred to as ‘real-space Rietveld refinement’, via a least-square optimization method,
like Rietveld refinement, where an input model is refined against experimental data, such that the residual between the two is minimized. The user-friendly
PDFgui and the more versatile and advanced DiffPy Complex Modelling Interface (DiffPy-CMI) software are two examples on tools to conduct model-
dependent, quantitative PDF analysis. In addition, we employ novel tools for model-free PDF analysis.

During summer 2021, ‘PDF in the cloud’ (PDFitc) was launched at ‘pdfitc.org’, where multiple apps for PDF analysis are available to users. This includes
the model-free ‘similarityMapping’ app, which is a statistical analysis based on Pearson correlation. During fall 2021, another model-free statistical method
will become available as an app: non-negative matrix factorization (NMF), which is somewhat like principal component analysis (PCA). Automated
methods are also starting to enter the ballpark of PDF analysis. The ‘structureMining’, ‘spacegroupMining’, and ‘clusterMining’ apps at PDFitc mine
structural databases and guide users in their PDF analyses to enable the users to explore the atomic level structure of their materials.

11:30 AM CHO01.01.05

Operando Single Particle Diffraction of Nax[NisMn23]O2 Jason J. Huang?, Daniel B. Weinstock?, Hayley Hirsch?, Ryan Bouck?, Oleg Gorobtsov?,
Malia Okamura®, Ross Harder*, Wonsuk Cha*, Jacob Ruff!, Y. Shirley Meng? and Andrej Singer*; 1Cornell University, United States; 2University of
California, San Diego, United States; 3Carnegie Mellon University, United States; “Argonne National Laboratory, United States

The prevalence of both structural and sodium-ion ordering phase transitions in sodium-ion intercalation materials limits their useful cycle life. The
multitude of transitions creates complex phase behavior that is difficult to investigate, especially on the single nanoparticle scale and under operating
conditions. Here, we develop operando single particle x-ray diffraction to observe single particle rotation, interlayer spacing, and layer misorientation. We
apply the technique, during charge, to a model P2-type sodium ion cathode material, Nax[Ni1;sMn2;3]02 (NNMO), where 0<x<2/3, which exhibits the
detrimental P2-O2 transition. From operando observations of single particle misorientation and layer spacing changes, we propose a model for the phase
evolution of NNMO that includes a localized to correlated Jahn-Teller distortion phase transformation. Through this work, the proposed model can serve to
guide further characterization of NNMO and other materials with P2-O2 type transitions, and operando single particle x-ray diffraction has the
demonstrated potential to be used in other systems to reveal phase behavior at the nanoscale.

11:45 AM CH01.01.06
The Impact of Alkali-lon Intercalation on Redox Chemistry and Mechanical Deformations—Case Study on Intercalation of Li, Na and K lons
into FePO4 Cathode Bertan Ozdogru and Omer O. Capraz; Oklahoma State University, United States

Development of cathode structures suitable for Na-ion and K-ion batteries is still one of the major challenges on the way to the design of next-generation
alkali metal-ion batteries. Although Li, Na and K belong to the same alkali metal group with a single charge in their cation form, intercalation of Na* and
K* ions in electrodes is difficult since ionic radii of Na* (0.98 A) and K* (1.38 A) are larger than that of Li* (0.69A). Therefore, physical, and
electrochemical behavior of the cathode materials in response to Na* and K* ion intercalation is expected to be fundamentally different than the response to
Li* ion. However, there is not much known about how electrochemical reactions and transport of ions take place in cathode materials with different alkali
metal ions. There have been several studies focusing on electrochemical characterization and investigation of the structural changes in the electrode
materials. Lack of insight into these reaction-transport mechanisms limits the design of novel cathode materials for Na-ion and K-ion batteries.
Comparative studies between Li-ion, Na-ion and K-ion battery cathodes are critical to identify fundamental similarities and differences during
intercalation. Even modest expansions in brittle cathodes can cause particle fracturing in a larger crystalline-size scale. Intercalation of larger ions can
cause structural collapse and amorphization induced by continuous strains and distortions. Although the amorphization in the structure can be easily



identified by conventional diffraction or electron microscopy techniques, quantitative analysis of the physical changes in the structure during and after
amorphization while cycling the battery electrode is critical.

In the first part of the talk, we will first report the utilization of in situ digital image correlation and in-operando X-ray diffraction (XRD) techniques to
probe dynamic changes in the amorphous phase of iron phosphate during potassium intercalation®. A new experimental approach allows to monitor
dynamic physical and structural changes in the amorphous phase of the electrodes. In-operando XRD demonstrates amorphization in the electrode’s
nanostructure during the first charge / discharge cycle. In situ strain analysis detects the reversible deformations associated with redox reactions in the
amorphous phases. This method offers new insights to study mechanics of ion intercalation in the amorphous nanostructures.

In the second part of the talk, we will compare the electrochemical and mechanical response of the iron phosphate cathodes upon Li, Na and K ion
intercalation by using electrochemical techniques and in situ digital image correlation. Iron phosphate model electrodes were prepared by electrochemical
displacement technique in order to ensure identical morphology, structure and chemistry in the pristine iron phosphate electrodes. Strain evolution during
Li and Na intercalation results in more linear dependence on the state of charge / discharge. However, strains generated in the eletrode shows nonlinear
behavior during insertion / extraction of K ions. Interestingly, when the same amount of K and Na ions are intercalated, similar chemomechanical
expansions were observed. However, strain rate calculations showed that K ion intercalation results in a progressive increase in the strain rate, whereas Li
and Na intercalation induce nearly constant strain rates. Potential-dependent behaviors also demonstrate more sluggish redox reactions during K
intercalation, compared to the Li and Na intercalation. These observations provide a fundamental insight into the impact of alkali ions on the redox
chemistry and associated chemomechanical deformations.

Reference
1. B. Ozdogru, Y. Cha, V. Murugesan, M-K Song, O. Capraz. In Situ Probing Potassium-ion Intercalation-induced Amorphization in Crystalline Iron
Phosphate Cathode Materials. ChemRxiv. Cambridge: Cambridge Open Engage; 2021.

SESSION CH01.02: Electrolyte Characterization
Session Chair: Karena Chapman
Tuesday Afternoon, November 30, 2021
Hynes, Level 3, Room 304

1:30 PM *CH01.02.01
Electrolyte Oxidation and the Role of Acidic Fluorophosphates in Capacity Loss for Lithium—lon Batteries Brett Lucht; University of Rhode Island,
United States

Cycling lithiated metal oxides to high potential (>4.5 V vs Li) is of significant interest for the next generation of lithium ion batteries. Cathodes cycled to
high potential suffer from rapid capacity fade due to a combination of thickening of the anode solid electrolyte interphase (SEI) and impedance growth on
the cathode. While transition metal catalyzed degradation of the anode SEI has been widely proposed as a primary source of capacity loss, we propose a
related acid induced degradation of the anode SEI. A systematic investigation of LMO, LNMO, NMC622, and MNC811 cathodes will be presented. The
role of potential on the generation of soluble acidic fluorophosphates crossover species and the impact of these species on the structure and stability of the
SEI will be presented.

2:00 PM CH01.02.02
In Operando Visualization and Data-Driven Modeling of lon Transport in Electrolytes for Lithium Metal Batteries Yuan Yang; Columbia
University, United States

In-operando Visualization of ion transport in electrolyte provides fundamental understandings of electrolyte dynamics and electrolyte-electrode interaction,
shedding light on material designs to enhance device performance, such as batteries and fuel cells. However, this task is extremely challenging for existing
techniques, since it is difficult to capture the low ionic concentration (<1 M) and the fast dynamics (1-10 s) of the electrolyte. Here we show that an
emerging Stimulated Raman Scattering (SRS) microscopy offers the required spatial (sub-micrometer optical resolution), temporal (faster than 1 s per
frame) and chemical (around mM) sensitivities to address this challenge.

The SRS microscopy has been used to study ion depletion and lithium dendrite growth in both liquid and polymer electrolyte, and distinct behaviors are
observed. In liquid electrolyte, we observe a three-stage lithium deposition process, each corresponding to no-depletion, partial-depletion and full-depletion
regime of Li+, respectively. A positive feedback mechanism between the inhomogeneous growth of lithium and the local ionic concentration or flux. In
polymer electrolyte, we clearly see phase separation due to ion depletion and observe the accompanying transport of plasticizer inside, which was not
observed in the past. These new understanding also leads to new strategies to suppress lithium dendrites. Moreover, the high-speed image acquisition also
enables data-driven modeling to understand the relation between local material properties (e.g. salt concentration) and dendrite growth. A neural network
modeling is built to understand how different factors affect dendrite growth.

2:15 PM CH01.02.03
Operando AFM and Electrochemical Characterization of the Growth of the Solid Electrolyte Interphase Harry Thaman?, Che-Ning Yeh?, Justin
Rose! and William C. Chueh?; ‘Stanford University, United States; 2SLAC National Accelerator Laboratory, United States

Understanding the formation and operation of the solid electrolyte interphase (SEI) is critical to the development of lithium metal batteries because of the
continuous evolution of new surface area which necessitates a rapidly passivating SEI to minimize capacity loss. However, because of the highly sensitive,
heterogeneous, and continuously evolving nature of the SEI, it remains challenging to develop a fundamental understanding of how SEI morphology
relates to key metrics such as ionic conductivity and formation rate. To probe the role of these parameters in the SEI evolution, we combine operando
atomic force microscopy (AFM) with electrochemical characterization to extract the relationships between the SEI’s roughness and it’s efficacy at forming
a self-passivating layer.

Using a combination of electrochemical impedance spectroscopy (EIS) and capacity measurement during constant voltage holds, we observe formation
process in which the initially deposited SEI substantially increases the ionic impedance while subsequently grown SEI produces limited impedance
increases despite consuming significant amounts of lithium. These observations are supported by operando AFM measurements taken during the SEI
formation process. The AFM topography measurements reveal a two part SEI microstructure composed of a compact film interspersed with large nuclei



that make up a substantial fraction of the SEI volume but cover relatively little of the surface area. This observation matches our electrochemical
observation of SEI composed of both passivating and non-passivating components.

To further investigate the morphology and composition of the SEI layer, we leverage the AFM system to scrape away the soft outer layer of the solid
electrolyte interphase and quantify roughness and thickness properties of both the inner and outer layers of the SEI to further understand the role the SEI
components play in the previously measured EIS and SEI growth rate measurements. Ultimately, by relating electrochemical properties of the SEI - both in
steady state and EIS measurement modes - to its morphology and thickness we provide correlations between easily measured average electrochemical
properties and critical but hard-to-measure nanoscale properties that we hope will inform the development of advanced electrolytes and formation protocols
for anode free and lithium metal batteries.

2:30 PM CHO01.02.04
In Situ Characterization of Solid Liquid Interface by Infrared Nanospectroscopy Xiao Zhao'?, Yi-Hsien Lut and Miquel Salmeron?; *Lawrence
Berkeley National Laboratory, United States; 2University of California, Berkeley, United States

The solid-liquid interface plays a crucial role in many natural process and practical applications, such as corrosion, electrochemical catalysis and energy
storage. Fundamental insights of solid-liquid interface are necessary to understand these processes, but currently these studies are hampered by the shortage
of appropriate characterization tools. Extensive efforts have been made to develop or improve in-situ or operando characterization techniques to study the
information of solid phase near interface, while the knowledge on the liquid layers at interface, including ion concentration, double layer structure and
speciation, is still limited.

Here we present a new nondestructive methodology that enables molecular study of liquid layer near interface with nanoscale spatial resolution. It is based
on Fourier transform infrared nanospectroscopy (nano-FTIR), where the infrared (IR) field is plasmonically enhanced near the tip apex of an atomic force
microscope (AFM). Ultra-thin freestanding membrane (single layer graphene or 2-5nm thick metal oxide film grown by atomic layer deposition (ALD))
separates AFM tip and electrolyte while acting as working electrode. We illustrate this method by comparing interface-sensitive nano-FTIR spectra with
bulk-sensitive spectra obtained by ATR-FTIR and demonstrate its capability to determine changes in chemical composition and molecular structure near
solid-liquid interface under electrochemical condition. These membranes can be further functionalized with synthesized nanoparticles to study the catalytic
microenvironment under electrochemical condition. This platform developed and presented here will open up new avenues for the study of catalytic,
electrochemical, geochemical, and other reactions at interfaces in practical conditions.

2:45 PM CH01.02.05
Energy Dispersive X-Ray Diffraction (EDXRD) as a Synchrotron Technique for Spatially-Resolved Operando Study of Buried Materials and
Interfaces Within Batteries Joshua W. Gallaway; Northeastern University, United States

Energy dispersive X-ray diffraction (EDXRD) from a high energy source enables operando study of battery materials within their real-world form factor
and containment. This is thanks to the (a) use of a highly penetrating incident X-ray white beam (20-200 keV) and (b) placement of the detector and sample
to define a well-controlled diffraction gauge volume in space. The shape of this gauge volume allows spatial resolution of ten of microns when positioned
inside a battery, and movement of the battery along a scanning direction allows construction of diffraction profiles across electrodes, all with time
resolution of tens of seconds. This technique can identify formation of new phases as well as map fine changes in active material lattice parameters, the
latter of which is equivalent to obtaining spatially resolved state-of-charge information in the case of intercalation electrodes. Because development of both
high energy density and low cost batteries is enabled by designs with thick electrodes, the types of material profiles provided by EDXRD are highly
relevant for the present day thrust of battery engineering. Thick electrodes, while desirable, bring extra challenges because they can cause inhomogeneities
within the battery that lead to uneven active material utilization and/or battery failure. While the fundamental electrochemistry of battery active materials
can be known from laboratory experiments, system-level phenomena not necessarily inherent to the active materials can have an equally profound impact
on battery performance. EDXRD is a powerful tool for probing this information, with no need to adjust the cell construction, which could alter the resultant
electrochemistry. Due to its highly penetrating nature, EDXRD is also ideally suited for collecting operando data from within batteries at high temperature
or under high pressure. Some current solid-state battery designs require high cell compression to ensure good interfacial contact, and this makes operando
data collection challenging using techniques other than EDXRD.

This talk will address the fundamentals of EDXRD, as well as provide examples of its use to establish mechanistic knowledge in several types of batteries,
including (1) rechargeable alkaline batteries with electrodes of thicknesses of >1mm, (2) sulfide all solid-state batteries tested under high compression, and
(3) multivalant ion batteries tested at elevated temperature within unmodified coin cells. In alkaline rechargeable batteries, EDXRD was used to establish a
catalytic effect by Bi-containing additives to favor formation of rechargeable Mn(OH), over terminal Mn3Os. In all solid-state batteries, EDXRD
demonstrated a crystalline instability of a sulfide solid-state electrolyte, Lis6GeosSho4Ssl (LGSSI), which was observed only in the cathode and not
elsewhere in the cell. This was due to reduction of the LGSSI when in contact with active material and conductive carbon in the cathode during discharge.
It was also shown that this crystalline change was reversible if the cell lower voltage limit was correctly chosen. Finally, operando observation of the
intercalation reaction of both AI** and Zn?* was collected for Chevrel MosSg and MogSeg cathode hosts. This was accomplished from within unaltered,
sealed coin cells, which was important as previous literature has suggested that the fully intercalated species can be inadvertently oxidized during
destructive sample preparation.
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3:00 PM CH01.02.06
In Situ and Operando Characterization of Capacity and Efficiency Limiting Phenomena in Electrochemical Energy Storage Systems Amy
Marschilok!?, Esther S. Takeuchi®? and Kenneth Takeuchi®?; !Stony Brook University, United States; 2Brookhaven National Laboratory, United States

Parasitic side reactions can limit the capacity and efficiency of the energy storage system, via formation of resistive interfaces and consumption of redox
active material/s. Transport limitations can also impact functional capacity of systems, and can mainfest at different states of (dis)charge and as a function
of time over extended cycling. In this presentation, insights in elucidating and quantifying productive and parasitic processes from complementary in situ,
and operando spectroscopy, diffraction and electrochemistry studies will be highlighted.
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4:00 PM *CH01.03.01
Looking into Key Components for Next Generation Batteries with Operando X-Ray Tomography Aleksandar Matic, Matthew Sadd and Shizhao
Xiong; Chalmers University of Technology, Sweden

New configurations and chemistries for next generation batteries are currently in focus as a response to needs from sustainable energy technologies and
transport applications. The electrochemical mechanism for next generation batteries is often based on conversion reactions and transport of active material,
which is different from the “Rocking Chair” concept in current state-of-the-art, the Li-ion battery. To probe these processes operando computed X-ray
tomography is a powerful technique which allows nondestructive and quantitative imaging in 3D of materials and components during operation. A
particular advantage is the possibility to quantitatively correlate the 3D morphology to electrochemical data recorded simultaneously if the whole cell can
be within the field of view. With the high flux of 3 and 4™ generation synchrotron sources rapid acquisition (sub minute for a full tomogram with sub pm
resolution) opens the possibility for operando studies, even at high discharge rates.

In this contribution we show how X-ray tomography can be used to provide insights on processes in Li-sulfur (LiS) cells and the Li-plating process in Li-
metal batteries, two promising next generation battery concepts. In LiS-cells the electrochemical conversion of elemental sulfur delivers a very high
theoretical specific capacity (1672 mAh/g). The conversion takes place through a series of soluble intermediate polysulfide species (Li.S,) whereas the end
product, Li,S, is insoluble in the common electrolytes used [1]. This mechanism leads to continuous dissolution/precipitation processes during cycling
which are closely related to the difficulty in reaching a high specific capacity in practice due to poor active material utilization. This can be related to
elemental sulfur in the cathode not being converted, dissolved polysulfides diffusing out of the cathode and not being further converted, or Li,S forming a
continuous insulating layer that blocks access to the conducting part of the cathode matrix and stops the conversion reaction. With an operando X-ray
tomography experiment we are able to directly follow the dissolution/precipitation processes at discharge with the whole cathode within field of view using
a capillary operando cell. This enables us to quantitatively correlate the sulfur conversion/dissolution process to the charge delivered by the cell. In a multi-
modal approach we also follow the diffusion of polysulfides species in the electrolyte with an operando optical imaging experiment in the same cell.

Common for several of the high-capacity concepts is the use of Li-metal as the anode. However, preferred electrodeposition of Li-metal can lead to a
mossy or dendritic morphology, as a result of depletion of Li-ions at the electrode surface [2,3]. In combination with the high reactivity of Li this results in
a continuous breakdown of the electrolyte during cycling and the formation of “dead Li”, manifesting in a low coulombic efficiency. These phenomena are
accelerated at low operating temperatures, in dilute electrolytes or high applied current densities. To build an understanding of the plating process we

use operando X-ray tomography to reveal the 3D-geometry and kinetics of dendrite growth during cycling to build a connection between the properties of
the new electrolytes, and the microstructure formed on the Li-metal anode. These results are correlated to phase-field modelling to provide a mechanistic
understanding of the plating process.
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4:30 PM CH01.03.02

Unveiling the Relation Between Electrochemical Performance and Nanostructure of Fuel Cell Electrode Materials via Scanning SAXS and
Ptychographic X-Ray Nanotomography Christian Appel', Katharina Jeschonek?, Kai Brunnengriber?, Bastian J.M. Etzold?, Marianne Liebi®* and
Manuel Guizar-Sicairos!; *Paul Scherrer Institute, Switzerland; 2Technische Universitat Darmstadt, Germany; SEmpa—Swiss Federal Laboratories for
Materials Science and Technology, Switzerland; “Chalmers University of Technology, Sweden

Future energy solution require development of advanced composite materials. Such materials are for example catalyst layers of polymer electrolyte
membrane fuel cells (PEMFCs) where electricity is generated by electrochemical reactions that take place in a complex environment. These layers are
porous materials built up from three different components; chemically active sites, electron conducting support and proton conducting binder. This study
focusses on investigating Pt nanoparticles on carbon black support (PTC, HiSPEC 3000), spray-coated on a polymer membrane with varying amounts of
binder (PTFE - ionomer) but an equal loading of catalyst (mp = 0.2 mg/m?).

The meso and nanoscale structure of the catalyst is investigated by a correlative approach based on two techniques; scanning small-angle X-ray scattering
(SAXS) and ptychographic X-ray computed nanotomography (PXCT). From scanning SAXS we obtain statistical information about the nanostructure, in
the range of 1 to 300 nm, probed in local areas of 10x10 um? which correspond to the scanning step size over macroscopic areas of 1x1 mm?2. X-ray
fluorescence spectra were simultaneously collected, with which we can then map the Pt content in the layers based on the Pt-M, emission line at 2.05 keV.
2D maps of X-ray scattering and XRF, integrated over a specific g-range and energy-range, respectively, were processed and allow quantification of
sample homogeneity in terms of nanostructure and Pt distribution across the macroscopic length scale. This data was further used to choose specific
representative areas to mill out cylindrical 20 um sized pillars using FIB/SEM. These pillars were investigated under cryogenic temperatures to avoid
radiation damage with the OMNY setup at the cSAXS beamline to reveal the 3D nanostructure with PXCT down to a 3D half-period resolution of 26 nm.

PXCT measures the 3D electron density from 20 um down to 26 nm, which perfectly bridges the gap between the macroscopic domains probed by
scanning SAXS (1 mm to 10 um), and the statistically averaged information of the nanoscale probed by SAXS (1 nm to 300 nm) for local areas of 10x10
pm?2. PXCT measurements alone are already able to provide valuable information to distinguish structural features of the three different catalysts.
Threshold segmentation reveals differences in the pore size distribution as well as connectivity of pores. This information is crucial for a better
understanding of gas and liquid transport mechanisms within the catalyst. However PXCT cannot reveal the chemically active sites due to limitations in
spatial resolution, namely the Pt nanoparticles of 2-3 nm diameter where the electrochemical reaction takes place. In this work, we explore different
approaches to correlate the imaging data from PXCT with the statistical data from SAXS and XRF. Our vision is to generate 3D representative models for
catalyst layers based on its imaged structure by PXCT, but further complemented with statistical data from SAXS and XRF measured from the exact same
sample. Such models are strongly desired in flow simulations on PEMFCs to further understand limiting factors for their performance. In addition, our
study also explores novel routes in correlative data analysis combining imaging with scattering experiments. These insights may further lead to new
approaches and studies in investigating porous materials.

This project has received funding from the European Union’s Horizon 2020 research and innovation program under the Marie Sklodowska-Curie grant



agreement No 701647 (PSI-FELLOW:-I111-3i) and funding from the Chalmers initiative for advancement of neutron and x-ray techniques. The authors
acknowledge the funding from the European Research Council (ERC) under the European Union’s Horizon 2020 research and innovation program (grant
agreement No. 681719). We also acknowledge the Paul Scherrer Institut, Villigen, Switzerland for provision of synchrotron radiation beamtime at
beamline cSAXS of the SLS.

4:45 PM OPEN DISCUSSION

5:00 PM CH01.03.04
In Situ XANES of Non-Stoichiometric Vanadium Oxide During Electrochemical Cycling of Aqueous Zn-lon Battery Christopher J. Patridge;
D'youville College, United States

Multivalent ion batteries represent a unique approach to increasing energy capacity for electrochemical storage. While Li-ion batteries (LIB) are the
dominant technology that continues to advance with novel architectures and engineering, there still exists serious issues of thermal sensitivity and runaway.
Aqueous systems would significantly reduce these thermal concerns and also drop the economic costs associated with the organic solvents that compose
the electrolytes in LIBs. The Zn ion (+2) gives twice the capacity and the ionic radii (0.78 angstroms) matches closely to the Li ion. The increased
electronic/structural disruption imposed by intercalating a +2 ion finds some relief by co-intercalation of H,O along with sandwich layered structures often
associated with the multitude of vanadium oxide polymorphs.

Synchrotron work at NSLS-11 BM-6 looked at the XANES and EXAFS dependence on voltage. Using crystal structure data for the material, theoretical
XAFS scattering was compared to the experimental data to establish possible local site occupancy for the intercalated Zn ion. Further in-situ experiments
on both Zng 25205 and Cag 25V,0s were performed using a novel electrochemical cell. Both materials exhibit a clear change in the local geometry and
oxidation state of the vanadium in the active material with early cycle reversibility. Integrated XANES difference spectra are correlated with the
approximate shift of vanadium from a nominal oxidation state of +4.75 down to +4.00 if assuming an approximate fully discharged state stoichiometry of
Zn1V,0s5 or Cag 25V-0s.

5:15 PM CH01.03.07

Kelvin Probe Force Microscopy Provides New Insights into Electrochemical Reactions via Suspended Graphene Irit Rosenhek Goldian?, Salma
Khatun?, Sidney R. Cohen?, Sa'ar Shor Peled?, Robert S. Weatherup? and Baran Eren?; *Weizmann Institute of Science, Israel; 2University of Oxford,
United Kingdom

Probing processes at electrode-electrolyte interfaces promises new insights into electrochemical reactions, which are inherent to many sustainable energy
storage and conversion technologies.

Kelvin Probe Force Microscopy (KPFM) is widely used to map work function (surface potential) variations at the nanoscale in ambient or vacuum
conditions. KPFM could be of great importance for electrochemical systems, but is impractical in polar liquids due to screening and interference from
surrounding fluid. Capping a liquid-cell by free-standing single-layer graphene (SLG) serving as the working electrode, enables a stable KPFM
measurement on the SLG working electrode to monitor its Fermi-level shift and is sensitive to processes occurring at the liquid-solid interface. The
graphene-membrane physically separates the scanning tip from the conducting solution. With KPFM, localized information can be obtained for single SLG
regions, unlike techniques like cyclic voltammetry (CV), where the signal is averaged over the entire reactor-cell.

We have applied this approach to study small electrochemical cells of 500 nm diameter capped by SLG under electrochemical reaction conditions. We used
a polymer-free transfer method in order to avoid the presence of polymer residues that would alter the measured WF and the interfacial activity of the
graphene. Measurement at different alkaline pH values enabled investigation of the influence of the electrical double layer (edl). This method enabled us to
perform statistical measurements by monitoring several cells, following them through a few cycles while correlating the different signals recorded
simultaneously (Topography, phase, KPFM).

Our experimental results correlate well with a simple electrochemical gating model, shedding light on the interplay between electronic and electrochemical
doping (through redox of water) processes in the suspended graphene. The observed topographical changes in the suspended graphene in the form of
bulging are attributed to electro-wetting of graphene induced by charge-carrier doping.

The experimental approach and results presented here serve as a benchmark for future studies of the electrochemical behavior of two-dimensional materials
both in agqueous and organic electrolytes, and the underlying mechanisms of doping.

SESSION CHO01.04: Poster Session |
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CHO01.04.02

Li Deposition in a Highly Concentrated Electrolyte Studied by In Situ Neutron Reflectometry Josef Rizell*, Anton Zubayer?, Matthew Sadd*, Filippa
Lundin?, Nataliia Mozhzhukhina?, Alexei Vorobiev3#, Shizhao Xiong! and Aleksandar Matic®; *Chalmers University of Technology, Sweden; 2Linképing
University, Sweden; 3Uppsala University, Sweden; *Institut Laue-Langevin, France

Li-metal has a theoretical specific capacity of 3860 mAh/g, ten times larger than that of graphite (372 mAh/g). In combination with the low reduction
potential of Li, this entails Li-metal batteries (LMB) with significantly higher energy densities compared to Li-ion batteries. [1] However, the long-term
cycling of LMBs is hindered by several parasitic effects linked to Li deposition. In the worst case scenario, uncontrolled Li-plating results in dendrites that
can pierce the separator and short circuit the cell. Lithium plated in a dendritic morphology is also more prone to lose contact with the electrode, forming so
called dead Li, leading to loss of active material and poor columbic efficiency. Furthermore, uneven Li-morphologies expose more fresh Li to the
electrolyte, leading to continuous electrolyte consumption in side reactions.

To stabilize the Li-metal anode, one of several routes is to tune the electrolyte composition. Recently, we have shown that electrolytes with higher salt
concentrations can enable stable cycling and uniform Li-plating [2]. This improvement in electrochemical performance can be rationalized by (1) a
mitigated risk of Li-ion depletion at the electrode surface (Li-ion depletion would cause rapid dendrite growth) (2) the tendency for these electrolytes to
form a stable surface layer at the anode. However, more work is needed to fully understand the mechanism for the improved efficiency of Li-plating in
highly concentrated electrolytes.



Due to the very low potential of the anode during Li plating, the electrolyte will tend to decompose on the electrode surface to form a surface layer, the
solid electrolyte interphase (SEI). This layer is an important factor for efficient Li plating and stripping. [3] However, the sensitivity of the SEI makes
several characterization methods elusive. Any ex situ characterization, like x-ray photoelectron spectroscopy, is associated with large uncertainties
regarding the stability of the SEI under a change of environment.

Instead, in situ and operando characterization of the SEI layer becomes important for building a better understanding of its role in Li deposition. In this
contribution we report on a neutron reflectometry study of SEI formation and early stages of Li-metal plating, performed with the reflectometer
SuperADAM at ILL. Due to the weak interaction of neutrons with matter it is possible to build an in-situ sample environment where the neutron beam can
enter the cell through the back side of the working electrode. Using a custom made Li-Cu cell, we probe the formation of surface layers on the Cu working
electrode. By measuring the reflectivity as a function of momentum transfer, we detect the changes in the neutron scattering length density arising as a
result of a changing surface layer, thickness and composition, on the working electrode. In this study we compare Li deposition in a highly concentrated
electrolyte (4M salt concentration) with an electrolyte with conventional salt concentration (1M) and discuss how the electrode/electrolyte interface evolves
and influences the Li deposition.

[1] Li, L.; Basu, S.; Wang, Y.; Chen, Z.; Hundekar, P.; Wang, B.; Shi, J.; Shi, Y.; Narayanan, S.; Koratkar, N. Science 2018, 359 (6383), 1513-1516.
[2] Xu, X., Liu, Y., Hwang, J.-Y., Kapitanova, O. O., Song, Z., Sun, Y.-K., Matic, A., Xiong, S. Adv. Energy Mater. 2020, 2002390.
https://doi.org/10.1002/aenm.20200239

[3] Lin, D.; Liu, Y.; Cui, Y. Nat. Nanotechnol. 2017, 12 (3), 194-206.

CHO01.04.03
Direct Insight into Electrochemical Processes in Alkali-lon Cathodes from Operando Electron Spin Probes Howie Nguyen, Daniil Kitchaev, Emily
Foley, Allyson Ee, Yuefan Ji and Raphaele J. Clement; University of California, Santa Barbara, United States

Operando electron paramagnetic resonance (EPR) enables to monitor the evolution of the local crystal and electronic structure of lithium-ion electrodes in
real time, by following changes in EPR spectral linewidth and intensity.! These spectral changes are induced by the evolving magnetic-exchange
interactions between transition metal species in the electrode material during battery operation. However, ambiguities can still arise as to the exact
interpretation of operando EPR datasets since different charge-compensation reactions can lead to similar trends in linewidth and intensity. Additionally,
traditional EPR detection is limited to transition metal species with spin-allowed transitions (spin %2 species) and favorable spin relaxation times. We
address these shortcomings by conducting operando EPR in tandem with operando magnetometry, where the bulk magnetic susceptibility is used as an
additional filter to parse out different local redox processes. This combined operando electron spin probe approach is applied to the

LiNiosMng 0, cathode, and complemented with DFT calculations of magnetic J-couplings. EPR results show an evolving signal that disappears at high
potentials and Mn dissolution after the initial cycle. Operando magnetometry is used to decipher electrode changes during the regions of undetectable EPR.
Other applications of our operando magnetometry cell include probing reaction mechanisms and estimating irreversibility in the conversion-type

NasFeFg cathode. Magnetic susceptibility changes during cycling suggest Na-ion initially intercalates into carbon additives before the active material is
converted into NaF and Fe. The reaction products are unable to convert back to NasFeFs as indicated by an irreversible change in magnetic susceptibility.
Furthermore, the instability of this system is highlighted by a growing magnetic susceptibility during a relaxation period after cycling.

(1) Nguyen, H.; Clément, R. J. Rechargeable Batteries from the Perspective of the Electron Spin. ACS Energy Lett. 2020.
https://doi.org/10.1021/acsenergylett.0c02074.

CHO01.04.04

Isothermal Microcalorimetry Characterization of Lithium Battery Storage Materials and Mechanisms Wenzao Li!, Lisa Housel?, Calvin D. Quilty?,
Mallory Vilal, Lei Wang?, Christopher Tang?, David Bock?, Kenneth Takeuchi®?, Esther S. Takeuchi'? and Amy Marschilok?; 'Stony Brook University,
United States; 2Brookhaven National Laboratory, United States

Li ion batteries, one of the most popular energy conversion and storage devices, are widely applied as power sources for electronics, electric vehicles, and
medical devices. However, when current flows through Li ion batteries upon charge or discharge, heat is triggered and can lead to many undesirable
consequences: (1) heat is considered wasted energy that is typically not converted to useful electrical work; (2) heat could provoke a local temperature
increase within the battery that accelerates the ageing of electrodes and electrolyte for those with poor thermal stability; (3) the accumulation of heat,
especially in large-scale battery packs, may cause safety hazards. Therefore, monitoring thermal behavior of Li ion batteries under load currents is an
insightful way to understand electrochemical mechanisms, diagnose batteries’ failure mechanisms, and navigate safety management.

Operando isothermal microcalorimetry (IMC) is a precise characterization method that can measure the real-time heat flow dissipated from batteries while
cells are undergoing synchronous electrochemical cycling. We applied the IMC method to investigate multiple lithium storage systems covering both
conversion and insertion type electrode materials. Heat flow features visualized by the IMC provide information on the kinetics and thermodynamics of
electrode materials’ chemistry and electrode-electrolyte interactions. Among sources of cell’s heat generation, the heat flow associated with parasitic
reactions can be quantified as an indicator of interfacial reactions, mainly the formation and evolution of the SEI. Further, the structural change of electrode
materials was also found to be a factor governing the heat generation. These results inspire us to pave new ways of understanding phase evolution of Li
storage materials via thermodynamics.

SESSION CHO01.05: Multiscale Techniques
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10:30 AM *CHO01.05.01
Insights into Battery Processes from the Perspective of the Electron Spin Howie Nguyen, Emily Foley, Daniil Kitchaev, Allyson Ee, Yuefan
Ji and Raphaele J. Clement; University of California, Santa Barbara, United States

Advances in rechargeable batteries rely on the discovery of high power, high energy density electrode materials, but also on mitigating degradation
mechanisms. Understanding how a battery works and why it fails requires the development of cutting-edge characterization tools capable of monitoring
structural changes and redox reactions at the surface and in the bulk of the electrodes as the battery is (dis)charged. The fundamental insights thereby



gained are key to designing new compounds for high performance batteries.

Electron paramagnetic resonance (EPR) and magnetometry offer a rare perspective on structural and redox processes from the standpoint of electron spins
and magnetic interactions between redox-active species, holding promise for breakthroughs in our understanding of charge-discharge phenomena in battery
materials. Our group has recently developed operando EPR and magnetometry cells to investigate such processes in real time. In this talk, | will briefly
discuss when EPR and magnetometry are best used and how operando datasets are analyzed. Specifically, our recent work has shown that the interpretation
of the broad EPR spectra obtained on paramagnetically-concentrated electrodes is challenging and requires the tandem use of magnetometry.* 1 will also
present our recent (and preliminary) work on both intercalation and conversion electrodes using these powerful tools.

References
1. H. Nguyen and R. J. Clément, ACS Energy Letters, 5, 3848-3859 (2020).

11:00 AM CH01.05.02
Operando Surface Enhanced Raman Spectroelectrochemistry for Mechanistic Understanding of Energy Storage in Lithium/Sodium/Potassium
lon-Batteries Containing Few-Layered 2D Anodes Mariusz Radtke and Christian Hess; Technical University of Darmstadt, Germany

Reaction mechanisms underlying energy storage and intercalation in lithium/sodium/potassium-ion batteries (LIB, NIB, KIB) were investigated in few
layers 2D FeS,, SnS,, TiS; and MoS, by means of operando surface enhanced Raman spectroelectrochemistry (SERSEC).

The few-layers 2D materials were prepared by anodic exfoliation from bulk in mild K;SO, media and characterized by HRTEM, XPS, Raman and EDX.
Each sample exhibited similar Raman signature of two most prominent modes- Ayq and Eg, which were basis for the operando experiments. During

the operando SERSEC Ay mode in SnS; exhibited considerable red shift by 20 cm™ in the anodic oxidation scan, due to the generation of Sn-S-Li bond, as
evaluated by the post-mortem XPS after the reaction. On the contrary the intercalation of Li*-ion in FeS,, TiS, and MoS, was purely physical, as based on
ion insertion between the the layers of 2D materials.

All operando electrochemical and SERSEC measurements were performed in a specially-designed spectroelectrochemical cell equipped with borosilicate
windows modified with mercaptosilicate gold clusters of varying sizes attached covalently to the window, which were able to create hot-spots with
localized plasmon resonances (LPR). The clusters were designed to be electrochemically inert (silicate shell) and LPR Raman active (gold core), as proven
by the electrochemical DPV scan. The MALDI-TOF/TOF MS analysis has revealed that the gold clusters were created in mostly icosahedral shapes, as
based on m/z analysis. The electrochemically inert borosilicate windows have allowed for performing of highly precise operando experiments (analytical
enhancement factor: 4282).

In addition we discuss the potential of expanding SERSEC with the spectroscopic LPR windows by introduction of e.g. time-resolved operando 4D and 5D
electrochemical impedance spectroscopy (EIS) for exact Raman mapping of bulk RedOx reactions with spatial resolution at the Abbé limit.

References
C. Hess, Chem. Soc. Rev., 2021,50, 3519-3564

M. Radtke, C. Hess Operando Raman shift replaces current in Butler-Volmer analysis of Li-ion batteries: a comparative study (submitted) 2021

M. Radtke, C. Hess, K. Kopp Coupling long-range Raman with X-ray Photoelectron Spectroscopy for complementary bulk and surface characterization of
battery materials (submitted) 2021

11:15 AM CHO01.05.03

Elucidating the Role of Halides and Iron During Radiolysis Driven Oxidative Etching of Gold Nanocrystals Using Liquid Cell TEM and Pulse
Radiolysis Michelle Crook?, Christian Laube!, lvan Moreno-Hernandez?, Axel Kahnt?, Stefan Zahn?, Justin C. Ondry?, Aijia Liu® and A. Paul
Alivisatos'; tUniversity of California, Berkeley, United States; 2Leibniz Institute of Surface Engineering (IOM), Germany

Graphene liquid cell transmission electron microscopy (TEM) has enabled the observation of a variety of nanoscale transformations. Yet understanding the
chemistry of the liquid cell solution and its impact on the observed transformations remains an important step towards translating insights from liquid cell
TEM to bench-top chemistry. Gold nanocrystal etching can be used as a model system to probe the reactivity of the solution. FeCl; has been widely used to
promote gold oxidation in bulk and liquid cell TEM studies, but the roles of the halide and iron species have not been fully elucidated. In this work, we
observed the etching trajectories of gold nanocrystals in different iron halide solutions. We observed an increase in gold nanocrystal etch rate going from
ClI=- to Br- to I=-containing solutions. This is consistent with a mechanism in which the dominant role of halides is as complexation agents for oxidized
gold species. Additionally, the mechanism through which FeCls induces etching in liquid cell TEM remains unclear. Ground state bleaching of the Fe(lI1)
absorption band observed through pulse radiolysis indicates that iron may react with Cl,™ radicals to form an oxidized transient species under irradiation.
Complete active space self-consistent field (CASSCF) calculations indicate that the FeCl; complex is oxidized to an Fe species with an OH radical ligand.
Together our data indicates that an oxidized Fe species may be the active oxidant, while halides modulate the etch rate by tuning the reduction potential of
gold nanocrystals.

11:30 AM CHO01.05.04

Nanoscale Chemical and Structural Analysis During In Situ Scanning/Transmission Electron Microscopy in Liquids Rui F. Serra-Maia®, Pawan
Kumar!, Andrew C. Meng?, Alexandre Foucher?, Yijin Kang?, Deep M. Jariwala!, Khim Karki® and Eric A. Stach®?; *University of Pennsylvania, United
States; 2Northwestern University, United States; SHummingbird Scientific, United States

Liquid-cell scanning/transmission electron microscopy (S/TEM)has emerged as an effective in-situ / operando approach to characterize electrochemical
systems. This approach confines both the sample of interest, electrolyte and microfabricated electrodes between two silicon nitride membranes to allow
materials characterization in aqueous environments. While powerful, the thickness of the liquid layer and the nitride membranes inhibits high-resolution
characterization. We will show that it is possible to overcome these limits to a great extent by utilizing electrochemical water splitting to generate a gas
bubble that reduces the liquid to a film that is approximately 30 nm thick and which remains on the sample. This reduction in liquid thickness permits the
acquisition of atomically resolved S/TEM images, electron diffraction patterns, and electron energy loss spectra with sufficiently high signal to noise to
allow characterization of valence. After high-resolution characterization, the gas bubble can be eliminated by water oxidation. This allows us to alternate
between a full cell and thin-film condition so that we can obtain optimal electrochemical cycling (full cell) and intermittent, controllable analytical
characterization. We will show how we use this method to advance our understanding of several different electrochemically driven processes, including
dealloying of nanoporous AuAg alloys and CO2-driven shape changes in copper nanoparticle systems.
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1:30 PM *CHO01.06.01
Exploring Complex Oxide Structural Motifs in Lithium-lon Battery Anodes with Diffraction and Spectroscopy Kent J. Griffith, G. J. Snyder and
Kenneth R. Poeppelmeier; Northwestern University, United States

Complex early transition metal oxides have emerged as leading candidates for fast charging lithium-ion battery anode materials. Framework crystal
structures with frustrated topologies are good electrode candidates because they may intercalate large quantities of guest ions with minimal structural
response. Starting from the empty perovskite (ReOs) framework, shear planes and filled pentagonal columns are examples of motifs that decrease the
structural degrees of freedom. As a consequence, many early transition metal oxide shear and bronze structures do not readily undergo the tilts and
distortions that lead to phase transitions and/or the clamping of lithium diffusion pathways that occur in a purely corner-shared polyhedral network.

In this work, we explore the relationship between composition, crystal structure, and reduction pathway in a variety of mixed transition metal and main
group oxides. The electrochemical properties of a series of sodium and lithium niobates are studied as new fast-charging lithium-ion battery electrode
materials. High-resolution neutron diffraction is used to resolve structural questions in the host materials related to sodium disorder, space group subtleties,
lithium positions, and second-order Jahn-Teller distortions of the d® Nb>* redox centers. Structural evolution is followed in real-time at rapid
discharge/charge rates with operando synchrotron X-ray diffraction, collecting high-resolution diffraction patterns in a few seconds. The structure models
from diffraction are informed by the local structure perspective from solid-state NMR spectroscopy and operando X-ray absorption spectroscopy (XANES
and EXAFS), while the structural (meta)stability and ionic properties are probed through density functional theory (DFT) calculations. A comprehensive
picture of the charge storage mechanisms in these complex oxides are described. Prospects for tunability and implications for charge rate and structural
stability will be discussed.

2:00 PM CHO01.06.02

Quantifying Electron-Beam Induced Electrochemistry Using In Situ KPFM Evgheni Strelcov!?, William McGehee?, Vladimir Oleshko?, Nikolai
Zhitenev!, Jabez McClelland* and Andrei Kolmakov?; *National Institute of Standards and Technology, United States; 2University of Maryland, United
States

Nanoscale characterization of solid-state electrochemical devices is crucial for understanding functional mechanisms and limiting factors in device
operation. Many characterization techniques use electron microscopy and associated electron and X-ray spectroscopies, but these techniques are limited by
electron- or X-ray-radiation-induced modification of the device. While the standard solution to this problem is to limit the irradiation dose to a minimum,
we demonstrate the utility of some electron-beam-induced changes to probe nanoscale electrochemistry. Careful selection of electron beam parameters
allows the employment of the electron beam not just as a probe, but as an active electron source to create a nanoscopic virtual anode and cathode to

study in situ and in vacuo solid-state electrochemistry. We quantify electron-beam-induced variation in surface potential in electrochemical systems

using in situ Kelvin probe force microscopy. Correlation of the surface potential and material’s work function changes with the electron beam dose and
energy as well as with the amount of the reaction products, revealing details of the electrochemical transformation mechanisms. We compare local
oxidation and reduction in several systems, including lithiated silicon, a Li-ion conductor, metallic lithium, magnesium and platinum, to establish the
transformation mechanism.

2:15 PM CHO01.06.03
llluminating Porous Electrodes via 4D In Situ Fluorescent Electrochemical Microscopy Anton M. Graf', Thomas Cochard?, Meisam Bahari*, Shmuel
Rubinstein? and Michael Aziz!; *Harvard University, United States; 2The Hebrew University of Jerusalem, Israel

Porous electrodes are a crucial hardware for many sustainable electrochemical energy devices. They are broadly used in redox flow batteries and fuel cells
as well as in electrochemical synthesis and separation. Although porous electrodes with many different internal fibre architectures have been studied, there
is no clear consensus as to what structural features affect electrode performance. Recent results revealing heterogeneities on length scales an order of
magnitude greater than the pore size challenge the common assumption that transport in porous electrodes can be approximated by a homogeneous Darcy-
like permeability, particularly at the length scales relevant to many electrochemical systems. [1]

In this study, we investigate various porous electrodes with different fibre architectures by visualization of the electrolyte charging process via in-

situ confocal microscopy at length scales down to the single digit micron scale. We present fluorescent electrochemical microscopy, a strategy to couple
confocal fluorescence microscopy with electrochemical monitoring as a new analytical method to investigate electrochemical flow systems in operando.
The fluorescent signature of quinone electrolytes differs for the charged and discharged redox states, which enables us to map the local state of charge in
three spatial and one temporal dimension (4D imaging). In addition, we use 4D fluorescent particle tracking to evaluate local velocity fields, fluid
streamlines, and spatial heterogeneities. The correlation between flow fields and electrochemical concentration maps shows that not only the surface area
limits the electrode efficiency but also the fibre arrangement affecting the overall electrolyte flow.

Literature cited:

[1] A.A. Wong, S.M. Rubinstein and M.J. Aziz, “Direct visualization of electrochemical reactions and heterogeneous transport within porous electrodes in
operando by fluorescence microscopy” Cell Reports Phys. Sci. 2021, 100388; https://doi.org/10.1016/j.xcrp.2021.100388
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8:00 AM *CHO01.11.01
In Situ and Operando Neutron Powder Diffraction at the ILL on Li-lon Batteries—How Can We Help You? Emmanuelle Suard; Institut Laue
Langevin, France

Li-ion batteries structure and purity have been characterized ex-situ classically by neutron powder diffraction for a long time. More recently, there has been
a huge effort to provide scientists with a tool to study Li-ion batteries operando, in order to obtain better insights of the processes involved during charge
and discharge. Several electrochemical cells have been developed in various facilities [1]

At the ILL, we have designed our own custom-made electrochemical cell to respond to some specific requirements (cell fully transparent to neutrons,
sample amount between 100mg to 300mg, easy to use, extremely good quality neutron powder diffraction patterns) #ILLBAT1 [2].

We showed that this cell could function properly electrochemically, whilst enabling, at the same time, the acquisition of NPD patterns of high quality for
Rietveld structural refinements using D20 at the ILL. We have used this cell to study different classes of materials and it has proven very effective. We
therefore decided to give users access to this new, powerful tool.

The next step was the development of similar electrochemical cells for operando studies on all-solid-state lithium batteries. This cell #1LLBAT2 has a
similar design as the original one, the main difference being that it can be used at non-ambiant temperature (either high or low temperature) [3].

We are now still working on improving our cells in order to fullfill our users requests. ILLBAT#3 is a cell designed to work on ASSB as ILLBAT#2, but
its specificity is that it will be possible to maintain a high pressure on the sample while measuring. And finally a cylindrical cell will also be soon available.
All made in TiZy alloys. These two lasts cells are still prototypes but they will be soon available for our users community.

In parallel, in order to give more beamtime available for such studies we are developping the possibility to perform operando experiments using such cells
on D19 which is a single-crystal diffractometer with a large bi-dimensionnal detector. The results of the preliminary tests are extremely possitive and there
is no doubt that D19 will be a good alternative to D20.

Finaly, to give the best possible experimental conditions to our users, we are now building a Small Electrochemistry Laboratory (SEL) near D20, for the
purpose of preparing these cells in a clean environment.

Of course, Operando experiments are not the only measurements using NPD. In-situ experiments using furnaces, cryostats are also common to study phase
transformations or follow the phase diagram depending during the synthesis.

This conference is an opportunity to present the possibilities offered by the ILL to characterize the crystallographic structure and monitor the Li atoms
position and content either operando or in-situ in Li-ion batteries using Neutron Powder Diffraction

[1] L. Vitoux, M. Reichardt, S. Sallard, P. Novak, D. Sheptyakov, C. Villevieille Frontiers in Energy Research, 6 (2018).

[2] M. Bianchini, J.B. Leriche, J.L. Laborier, L. Gendrin, E. Suard, L. Croguennec, C. Masquelier, Journal of the Electrochemical Society, 160 (2013)
A2176-A2183.

[3] Tatiana Renzi PhD manuscript (in preparation)

8:30 AM *CHO01.11.02
CELLS-ALBA Synchrotron, a Versatile Facility Offering Wide Panel of In Situ and/or Operando Synchrotron Techniques Applied to
Electrochemical Systems Francois Fauth; CELLS-ALBA synchrotron, Spain

CELLS-ALBA is the Spanish synchrotron located in the Barcelona area. The facility started in 2011 and is now prospecting machine upgrade. Along last
years, several synchrotron techniques were applied using In Situ data collection on Operando electrochemical systems. Synchrotron X-ray Powder
Diffraction (SXRPD) performed on BL04-MSPD has been the most productive tool in the study of new electrode materials and in particular the realized
crystallographic phases settling in during (des-)insertion of alakline ions. Typical example is the NazV,(PO4).F3 system for which the high angular
resolution allowed whol structure determination of all occuring phases in the charge/discharge process [1]. The same system was studied using hard X-ray
Absorption (XAS) techniques on the BL22-CLEASS beamline highlighting the electronic configuration of the V pairs when desinserting two Na* [2]. The
presentation will cover selected examples for which both SXRPD and XAS has been applied to electrochemical systems as well an insight to the presently
commissioned BL16-NOTOS beamline principally offering the possibility to collect both SXRPD and XAS data "quasi" simultaneously. Soft X-ray
spectroscopy and Imaging techniques have been applied using the BL09-MISTRAL beamline in the study of Ca intercalation in TiS,. Differential
absorbtion tomography allowed reconstruction in direct space of Ca distribution at several steps of intercalation.[3] In the same trend of multivalent based
batteries, the identification, quantification and morphology of materials built at solid electrolyte interphase (SEI) has been tackled by InfraRed (IR)
spectroscopy techniques on BLO1-MIRAS beamline [4]. So far soft X-ray techniques are only availbale on Ex Situ prepared samples but development of In
Sltu cells is ongoing at ALBA. Deteils on devlopment will be presented.

The move towards All Solid State batteries focus now the search on solid electrolytes exhibiting high ionic conductivity and stable crystal structures.
Temperature dependent SXRPD sounds a valuable technique in the understanding of such materials as demonstrated in studies of NasPS, [5] and
LisZn(P20y), [6] performed on BL04-MSPD.

Another approach in optimization and better understanding of cathode material production involves In Situ synthesis studies as recently exemplified in
temperature dependent SXRPD under controlled gas atmosphere performed during synthesis of LiNiO, [7] and Ni-rich layered Li(NiCoMn)O, oxides [8].

[1] Bianchini et al, Comprehensive Investigation of the Na3V2(PO4)2F3-NaV2(P0O4)2F3 System by Operando High Resolution Synchrotron X-ray
Diffraction, 10.1021/acs.chemmater.5b00361

[2] Broux et al, VIV Disproportionation Upon Sodium Extraction From Na3V2(PO4)2F3 Observed by Operando X-ray Absorption Spectroscopy and
Solid-State NMR 10.1021/acs.jpcc.6b11413

[3] Tchitchekova et al, Electrochemical Intercalation of Calcium and Magnesium in TiS2: Fundamental Studies Related to Multivalent Battery
Applications, 10.1021/acs.chemmater.7b04406

[4] Forero-Saboya et al, Understanding the nature of the passivation layer enabling reversible calcium plating, 10.1039/d0ee02347¢

[5] Famprikis et al, A New Superionic Plastic Polymorph of the N** Conductor NazPS,, 10.1021/acsmaterialslett.9b00322

[6] Saha et al, Influence of Temperature-Driven Polymorphism and Disorder on lonic Conductivity in LigZn(P,07), 10.1021/acs.inorgchem.8b01800
[7]1 Bianchini et al, From LiNiO2 to Li2NiO3: Synthesis, Structures and Electrochemical Mechanisms in Li-Rich Nickel Oxides



10.1021/acs.chemmater.0c02880
[8] Wang et al, Kinetic Control of Long-Range Cationic Ordering in the Synthesis of Layered Ni-Rich Oxides, 10.1002/adfm.202009949

9:00 AM CH01.11.03

Resolving Structural Deterioration in Ni-Rich Layered Cathode Materials at Higher Operating Potentials in Operando Anastasiia Mikheenkova®,
Olof Gustafsson?, Casimir Misiewicz!, William Brant?, Matthew Lacey?, Maria Hahlin' and Erik Berg!; ‘Uppsala University, Sweden; Scania CV AB,
Sweden

Aiming for high capacity and high energy density batteries, combined with the strive to reduce the use of Co has resulted in significant demand for Ni-rich
cathode layered materials (Li[Niy-xCoyAl,]O,, so-called NCA, and Li[Ni;-xMn,Coy]O,, so-called NMC) on the EV market. Structure driven deterioration
together with mechanical degradation hinder the full potential of the NCA and NMC materials. During cycling to higher voltages (above 4.2 V) the layered
oxide materials exhibit significant reactivity of the active material with electrolyte with further gas evolution®. Along with studies demonstrating structural
fatigue facilitating rapid degradation while reaching high potentials, the high relevance of studies focused on the dependence of oxygen release and
structural degradation is justifyed?. We will present insights into the relation of structural changes coupled with gas evolution and advanced
electrochemical characterisation that expand understanding of the limits of Ni-rich cathode material and clarify strategies for surmounting these limits.
Specifically, the current study is focused on investigating the origins of NCA cathode material degradation at higher operating potentials in commercial
electrodes. We use a combination of intermittent current interruption technique® with operando XRD and operando gas analysis on electrodes extracted
from commercial cells (Tesla Model 3 18650 cylindrical cells). This work allows to expound the degradation processes in Ni-rich layered oxides at high
operating potentials.

1. Tao, Q. et al. Understanding the Ni-rich layered structure materials for high-energy density lithium-ion batteries. Materials Chemistry Frontiers 5,
2607-2622 (2021).

2. Xu, C. et al. Bulk fatigue induced by surface reconstruction in layered Ni-rich cathodes for Li-ion batteries. Nat. Mater. 20, 84-92 (2021).

3. Chien Y-C, Liu H, Menon AS, Brant WR, Brandell D, Lacey MJ. A fast alternative to the galvanostatic intermittent titration technique. ChemRxiv.
Cambridge: Cambridge Open Engage; 2021; This content is a preprint and has not been peer-reviewed.

9:15 AM CHO01.11.04
LixMoO2 and NaxMoO2 Systems Studied by Operando Pair Distribution Function Analysis During Lithium or Sodium Electrochemical
(De)lIntercalation Marie Guignard and Matthew Suchomel; Institute of Condensed Matter Chemistry of Bordeaux (ICMCB), France

For many years already, we have shown that the electrochemical intercalation and deintercalation of alkali ions in a battery is a very powerful technique for
determining phase diagrams in MO,-AMO; systems (where A is an alkali ion and M is a 3d or 4d transition metal ion) by combining in situ powder X-ray
diffraction and electrochemistry. In the molybdenum systems MoO,-LiM0O, and MoO,-NaMoO,, it has been found that many phase transitions occur
during the deintercalation of alkali ions without being able to determine the origin. We proposed that these phase transitions arose in part from the
rearrangement of molybdenum atoms in MoO, sheets formed of MoO6 octahedra.

In order to validate this hypothesis, we performed operando pair distribution function analysis (PDF) experiments during battery cycling using

Liz;sMo00; and Naz3MoO; phases as positive electrode materials in lithium batteries and sodium, respectively. These experiments were performed at the
XPDF beamline of the Diamond synchrotron using the electrochemical cells specifically dedicated to PDF analysis designed by Diamond. These
experiments confirmed that molybdenum atoms shifted slightly from the center of MoOg octahedra during electrochemical (de)intercalation of alkali ions
and thus formed short (approximately 2.5 A) and long (approximately 3.2 A) Mo-Mo bonds. The length and the distribution of the different Mo-Mo bonds
have been analyzed. We concluded that different geometries of molybdenum clusters can be observed in the LixMoO, and NayMoO, phases during the
alkali electrochemical deintercalation (for example, zig-zag chains or diamond-like chains).

9:30 AM *CHO01.11.05
Operando Characterization of Silicon-Based Battery Anodes by Neutron and Synchrotron Techniques Sandrine Lyonnard; CEA-IRIG, France

Understanding lithiation and ageing mechanisms in Li-ion batteries requires ad hoc tools to probe the real-time evolution of active materials during charge
and discharge of a battery. Neutron & synchrotron techniques have been widely employed to probe the structural, morphological and chemical changes
occurring in electrodes, as both high energy X-rays and neutrons can deeply penetrate into matter, therefore enabling to monitor key processes in realistic
devices with ultimate space and time resolutions. Recently, composite anodes made of (nano)silicon and graphite have attracted attention due to the high
specific capacity of silicon. However, these are extremely complex materials where the volume changes due to silicon alloying with lithium generate
ageing on the long-term, therefore hindering their potential use towards viable high energy density anodes. We will present in this talk a toolkit of
techniques employed to quantify strain in crystalline silicon by operando synchrotron XRD [1], nanoscale morphological changes in composite anodes by
synchrotron SAXS and SANS [2,3], 3D lithiation heterogeneities and microstructural ageing by SAXS/WAXS synchrotron tomography and synchrotron
mXCT [4]. These investigations established the details of core-shell lithiation mechanism as well as the correlations between electrochemistry, materials
design and ageing process, allowing to highlight the key features for a better engineering of novel silicon-based anodes.

[1] S. Tardif et al, ACS Nano, 2017, 11, 11306-11316.

[2] C. Berhaut et al, ACS Nano, 2019, 13, 10, 11538-11551.

[3] C. Berhaut et al, Energy Storage Materials, 2020, 29, 190-197.
[4] Vorauer et al, Comm. Chemistry, 2020, 3, 141.
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10:30 AM *CH01.12.01
Towards Holistic Understanding of Electrochemical Energy Conversion and Storage Systems Using High Energy X-Rays Jakub Drnec; ESRF,
France



Complete physico-chemical operando characterization of electrochemical devices in whole, or it’s constituent materials separately, is necessary to guide
the development and to improve the performance. High brilliance synchrotron X-ray sources play a crucial role in this respect as they act as a probe with
relatively high penetration power and low damage potential. Synchrotron sources will undergo major upgrades in next decade and will provide even higher
brilliance and, more importantly, coherence. These upgrades will be particularly advantageous for beamlines providing high energy X-rays as they will
allow use of advanced scattering techniques with highly penetrating probe. Therefore, the techniques typically used for ex-situ measurements or at lower
X-ray energies could be used on materials in liquid half-cells and operating electrochemical devices. In this contribution the new possibilities of using high
energy, high intensity, coherent X-rays to probe model systems and whole electrochemical devices will be presented. The focus will be on defects tracking,
local structure determination and correlative multimodal characterization using advanced WAXS, SAXS and surface scattering techniques.

To study fuel cells or batteries as a whole, elastic scattering techniques such as wide angle and small angle scattering are typically employed, as they can
provide important complementary information to more standard X-ray imaging and tomography. The advantage is that the chemical contrast and sensitivity
at atomic and nm scales is superior. Coupling these technique with the tomographic reconstruction (XRD-CT and SAXS-CT) is much less common as it
requires bright synchrotron sources, fast 2D detectors and advanced instrumentation [1]. However, such combination allows spatial reconstruction of
materials important atomic parameters in operando conditions. This will be demonstrated on imaging of standard 5 cm2 PEM fuel cell during operation.
Furthermore, local atomic and mesoscale structure, together with defect content, can also be determined by using Rietveld fitting, Pair Distribution
Function (PDF) analysis and advanced SAXS theory. This in principle allows holistic investigations of interfaces at the device level, specification of
defects’ role in catalysis and determination of interplay between different phases during operation. These are critical questions needed to be answered in
order to incorporate novel materials into the electrochemical devices. Examples will be given on studies of the defectous ORR catalysts [2,3] and
amorphous Li-ion anodes.

HESXRD (High Energy Surface X-ray Diffraction) [4] and TDS (Transmission Surface Diffraction) [5] provide ideal tools to study structural changes
during reaction conditions on single crystal model electrodes. The main advantage of both techniques is the possibility to follow the surface structural
changes precisely with atomic resolution. While HESXRD is ideally used to determine exact atomic position, the TSD is easier from experimental
perspective and allows studies with high spatial resolution. Advantages and disadvantages of both approaches will be discussed and examples of
measurements on ORR and OER catalysts will be given. The future possibility to use high energy coherent beams will open new opportunities for both
techniques to study single defects and surface dynamics in operando conditions.

References :

1) A. Vamvakeros et al., Nat. Commun., 9, 4751 (2018)

2) R. Chattot et al., Nat. Matter., 17(2018)

C.J. Gommes et al., J. Appl. Cryst., 52(2019)

J. Gustafson et al., Science 343, 758 (2014)

F. Reikowski et al., J. Phys. Chem. Lett., 5, 1067-1071 (2017)
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11:00 AM CH01.12.02
Advances in In Situ Liquid Phase TEM to Study Electrochemical Processes in Li-lon Batteries and Beyond Yevheniy Pivak, Hongyu Sun, Anne F.
Beker and Hugo H. Pérez Garza; Denssolutions, Netherlands

In situ liquid phase transmission electron microscopy (LPTEM) is a promising technique to visualize and study real-time dynamic processes happening
during electrochemical cycling of Li-, Zn-, Na- and other types of ion batteries. The in situ LPTEM allows to reveal morphological and structural changes
occuring in the sample in a liquid environemnt and to correlate it with the electrochemistry. On the other hand, this method has a number of drawbacks
which reduces its success rate and limits wide practical application. First of all, high resolution (~ nm scale) and analytical capabilities (Electron
Diffraction-ED, Energy Dispersive X-ray Spectroscopy-EDXS and Electron Energy Loss Spectroscopy-EELS) are substiantilly hindered by the uncotrlled
thick liquid layer (> 500 nm). Furthremore, the current designs of the liquid flow cells used for in situ liquid phase TEM have no direct control over the
liquid flow as they possess multiple fluidic pathways with considrably higher fluidic resistance in the sample area. This prevents measuring the flow rate
around the sample and studying the effect of the flow on the dendrite growth. Furthermore, bubbles, often created in the imaging area while performing
electrochemical cycling abort the whole experiment as these are impossible to remove from the current liquid cells.

To solve the above-mentioned limitations and to increase the success rate, we revolutionazed the design of the liquid cell. Unlike existing solutions, where
the liquid inlet and the outlet are located in the TEM holder, the new design has the liquid inlet/outlet directly in the liquid cell. The spacers inside the cell
guide the liquid from the inlet to the outlet, forming a fluidic channel that goes through the imaging area. This innovation made it possible to have a direct
flow control over the sample. In combination with a new type of liquid delivery system based on pressure-driven flow, the new liquid cell has a well-
defined flow direction, allows to control the pressure of the liquid inside the cell and thus the liquid thickness, enables quantification of liquid flow rates,
enables bubbles removal and much more.

In this work we are going to present the design of the new liquid cell together with the new liquid delivery setup and show how this new system can be
used to remove bubbles from the region of interst by means of the liquid flow or the liquid pressure, how it is possible to minimize the effect of the electron
beam with the flow, how to make high resolution imaging and enable elemental mapping in liquid and how to define the mass transport in the
electrochemical cell and to study kinetics of redox reactions.

11:15 AM *CHO01.12.03
Unriddling the Complex Battery Chemistry by Rationally Designed High-Performance Liquid Electrolytes Isidora Cekic-Laskovic; Helmholtz-
Institute Muenster, IEK-12 Forschungszentrum Juelich, Germany

Materials science in the field of batteries as dominating electrochemical energy storage systems is forced to follow a systems approach as the interactions
between active materials, the electrolyte, the separator and various inactive materials (binder, current collector, conductive fillers, cell housing, etc.), are of
similar or even higher importance as the properties and performance parameters of the individual materials. Successful operation of batteries relies
significantly on a series of interrelated mechanisms, some involving instability of the constituting components induced by charge/discharge cycles and
some also encompassing formation/reaction of metastable phases. With this in line, the ability to achieve long-term stability requires careful elucidation of
the physical and chemical processes governing charge/discharge cycling and storage. The key performance requirements of a battery for different
applications might look very similar at first sight, however, each application calls for different requirement prioritization. Frequently, they conflict with one
another and call for inevitable trade-offs. The objective of advanced battery research and development relates to obtaining the best compromise among the
determined goals, followed by a decision whether the balanced system should be implemented instead of a competing technology. In all types of batteries,
electrolyte as the only component in direct contact with all other active and inactive parts, plays a key role in terms of overall performance, life and safety.
Chemistry of liquid electrolytes and their interaction with anode and cathode materials is complex and yet not fully understood, thus representing a delicate
balance of various properties. Despite our limited knowledge, modern needs for battery electrolytes require the development of sophisticated electrolyte
solutions with multifunctional components, able to simultaneously fulfill several duties. Typical requirements include combined roles as salt dissolution



enhancers, viscosity decreasers, flame-retardants or effective electrolyte interphase formers at the electrodes. The introduction of these modern components
can be regarded as a paradigm shift in order to increase the efficiency and safety of lithium-based and post-lithium-based batteries, when compared with
nowadays technologies.

This talk is an invitation to a journey of the scientific development, technology as well as engineering of selected classes of advanced liquid electrolytes for
lithium-based batteries under systematic approach that allows to understand the structure-property-performance relationships of the selected
compounds/formulations, their impact on the overall battery chemistry, performance and safety, thus helping to further tailor relevant properties of
electrolyte components/formulations for targeted applications.

11:45 AM CH01.12.04
Operando GCMS Gas Analysis for Monitoring Complex Electrolyte Decomposition Products in Lithium—lon Batteries Jirgen Kahr?, Christiane
Groher?, Maria Antoniadou?, Erwin Rosenberg? and Marcus Jahn?; *AIT, Austria; 2Technische Universitat Wien, Austria

Lithium lon Batteries (LIB) find not only wide use in portable devices and consumer electronics, but also attract increasing attention in stationary energy
storage and the automotive sector. In this regard, LIBs play a significant role as intermediate energy storage due to their high volumetric and gravimetric
energy, high power density, and long cycle life. With respect to larger battery packs safety became a major concern and attracted increasing research
interest in this field.

To achieve the required performance, the interaction of novel anode and high-voltage cathode materials with the electrolyte is of paramount interest. Safety
and performance issues arise from degradation reactions of the conducting salt and electrolyte solvent, due to the formation of flammable, corrosive and
toxic gas species. Particularly, the safety must be assessed with respect to the formation of volatile and reactive species during cell operation which can
negatively alter cell components. Gas chromatography / mass spectroscopy (GC/MS) has proven to be a reliable tool for species detection. Unfortunately,
conventional GC systems lack time resolution for operando gas analysis regarding fast processes, for example battery failure. Therefore, developing
operando testing methods with improved time resolution is key to giving insight into electrolyte alterations during battery operation.

Here one of them, an operando GC/MS for LIBs is presented as a gas monitoring technique for volatile organic species arising from the decomposition of
conventional LIB electrolytes. The combination of a continuous sampling technique with GC/MS allows an increased time resolution for the analysis of
products from fast decomposition processes. Commercially produced NMC-based pouch cells and coin cell-sized batteries were monitored with respect to
evolving gas species during battery operation. Especially, the degradation products of organic carbonate- based electrolytes, such as derivatives that appear
in the presence of decomposed LiPFs, have been evaluated in respect to the cell potential.

The author gratefully acknowledges the FFG (Austrian Research Promotion Agency) for funding this research within project No. 879613.

12:00 PM *CHO01.12.05
Investigating Li Metal Anodes with Operando Neutron Depth Profiling and Solid-State NMR Marnix Wagemaker, Ming Liu, Qidi Wang, Chao
Wang, Tomas Verhallen and Swapna Ganapathy; Delft Univ of Technology, Netherlands

Li-metal is the ultimate anode for Li-batteries from the perspective of energy density. However, reversible cycling is challenged by dendrite formation and
the irreversible reactions with the electrolyte, a topic that is intensively investigated for many decades. Here we show the use of operando Neutron Depth
Profiling (NDP) and Solid State NMR to monitor the some of the espects of Li-metal deposition. Neutron Depth Profiling provides the Li density profile
perpendicular to the electrode place in modified pouch cells. Solid state NMR is able to monitor the evolution of dead Li metal in a full cell geometry, as
well as the nature of the deposited Li metal. Both techniques are applied to different solution strategies, such as electrolyte/solvent additives and a host
scaffold for Li metal plating. Operando NDP is employed on a regular LiPF6 EC/DMC electrolyte [1], to illustrate the NDP principle and the type of data
that can be extracted, as well as on an amide electrolyte [2], highlighting how this changes the Li metal plating and stripping. Operando 7Li solid state
NMR on full anodeless cells is performed [3], with and without a high dielectric scaffold that is intended to induce more compact Li metal growth. These
examples provide insight in the underlying mechanism of these strategies, illustrating the value of these operando techniques in Li metal studies.

[1] Operando monitoring the lithium spatial distribution of lithium metal anodes, S. Lv et al., https://doi.org/10.1038/s41467-018-04394-3
[2] Interface chemistry of an amide electrolyte for highly reversible lithium metal batteries, Q. Wang et al., https://doi.org/10.1038/s41467-020-17976-x
[3] Under review
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1:00 PM *CH01.13.01
Using X-Rays to Locate Chemical Phenomena in Battery Materials Jordi Cabana; University of Illinois at Chicago, United States

The evolution of local chemistry determines the performance of electrodes and electrolytes used in batteries because limitations can be tracked to slow
kinetics and transport, and irreversibilities in the storage reaction. Tools that provide insight into local chemistry are critical for identifying the
underpinnings of electrochemical function. This information must be resolved within architectures, from individual particles to microscale domains, to
pinpoint the relationship between local phenomena and their role in macroscopic metrics and degradation. Technical developments in X-ray microscopy
and mapping have built a flexible suite of tools that combine the desired spatial resolution and 3D capabilities with a suite of possible contrasts
mechanisms, such as diffraction and spectroscopy. In this talk, we will discuss our recent research that demonstrates the diversity of length scales at which
important chemical heterogeneity can be induced in battery electrodes. For this purpose, the systems of study will be the leading cathodes for Li-ion
batteries, but the insight is expected to be generalizable to “beyond” technologies, such as Na-ion or Mg. We will highlight the new fundamental insight
generated by the tools. The mechanisms of transformation will be related to their impact on material and architecture properties. Along the way, we will
also provide a glimpse into the future by showing how emerging synchrotron techniques can enhance the impact of X-ray microscopy in fundamental
battery science. Particularly, in the spirit of this Symposium, we will discuss the prospects of probing time-resolved phenomena using operando
measurements to avoid uncertainty due to relaxation under open circuit conditions.



1:30 PM CHO01.13.02

Imaging Phase Segregation in Nanostructured LixCoO:z Islands with Conductive Atomic Force Microscopy Elliot J. Fullert, David Ashby?, Celia
Polop?, Enrique Vasco?, Joshua Sugar® and A. A. Talin; *Sandia National Laboratories, United States; 2Universidad Auténoma de Madrid,

Spain; 3Instituto de Ciencia de Materiales de Madrid, Spain

LixCoO; (LCO) is a common battery cathode material that exhibits phase transformations that are significantly complicated by the coupling of correlated
electronic effects, strain and diffusional anisotropy. At compositions 0.96<x<1 LCO remains insulating, while at compositions x<0.75 it is metallic.
Between these two compositions, the insulating and metallic phases coexist. While the bulk phase diagram has been studied extensively [1, 2], it remains
unclear how the electronic and structural phases scale to nanometer particle dimensions, and the effects of strain and diffusional anisotropy on the phase
morphology [3]. We have investigated nanoscale, epitaxial LiCoO; islands grown by pulsed laser deposition onto SrTiOs substrates. After charge cycling
of the islands, conductive atomic force microscopy (c-AFM) is used to image the spatial distribution of conductive and insulating phases at various states
of charge and under strain conditions. Above island thicknesses of 25 nm, we resolve a diffusion-limited intercalation wavefront propagating along the Li-
planes. Thinner islands (~11nm) are found to exhibit a striping pattern which suggests the surface energy plays a critical role in the phase morphology
when particles are scaled below a critical dimension. The effects of strain are investigated through the application of force with the c-AFM tip. Above a
critical force threshold, the insulating regions of the islands are found to undergo an insulator-metal transition. The results suggest that the morphology of
phase segregation and strain play a critical role in charge-cycling of nanoscale particles.

[1] K. Mizushima, P.C. Jones, P.J. Wiseman and J.B. Good-enough, Mater. Res. Bull. 55, 783 (1980)
[2] A. Van der Ven, M.K. Aydinol and G. Ceder, Phys. Rev. B 58, 2975 (1998)
[3] Nadkarni et al., Adv. Funct. Mater., 29, 1902821 (2019)

1:45 PM CHO01.13.03
In Situ X-Ray Multimodal Characterization for Insights into Synthesis/Processing of High-Ni Cathode Materials Sizhan Liu, Jianming Bai and Feng
Wang; Brookhaven National Laboratory, United States

Driven by the increasing need for energy storage, especially for electric vehicles and electronic devices, the technological advancements of lithium-ion
batteries (LIBs) are urgently in demand to increase energy density while reducing the cost. Battery performance is largely determined by the phase
constitution and properties of electrodes and electrolytes and, therefore, can be advanced by synthesis/processing, in making certain phases with controlled
structure and material properties. This is particularly true for high-Ni layered oxides, LiNixMnyCo01..yO2 (NMC; x>0.7), the most promising low-cost, high
energy density cathodes for next-generation LIBs. In such cathode materials, the increasingly high Ni loading worsens the surface instability and,
consequently, lowers the cells’ lifespan and brings issues to materials production and storage, posing a practical challenge to their commercial deployment.
In this work, a multimodal in situ synchrotron X-ray characterization approach is employed to investigate the thermodynamic and kinetic pathways in the
synthesis/processing of high-Ni NMC materials. A combination of in situ X-ray diffraction, total scattering (coupled with pair distribution function
analysis), X-ray absorption spectroscopy, and imaging is applied to tracking structural/chemical evolution at short, intermediate, and long-range ordering of
intermediates in preparing NMC811, LiNiO,, and other layered oxides from their hydroxide counterparts. Results of our recent studies reveal the strong
composition dependence of the structure and morphology evolution as a result of the preferential oxidation of Mn/Co over Ni. We show Mn and Co play an
important role in facilitating Li/O incorporation, consequently leading to more continuous structural ordering and crystal growth in Mn/Co containing high-
Ni NMC compared to the pure LiNiO,. Those findings shed light on the rational design of synthesis/processing in preparing high-Ni layered cathodes of
optimized performance for next-generation LIBs.

2:00 PM CHO01.13.04

Advancing Nondestructive In Situ Characterizations of Buried Electrochemical Interfaces—Infrared Nanospectroscopy at Electrode/Liquid-
Electrolyte and Electrode/Polymer-Electrolyte Interfaces Jonathan Larson, Xin He, Hans Bechtel and Robert Kostecki; Lawrence Berkeley National
Laboratory, United States

Paving new pathways for in situ and/or operando characterizations of buried and intact electrochemical interfaces is critically important for, in the least, (i)
advancing basic energy storage science and for (ii) optimizing the efficacy of engineered interfaces/interphases in batteries. In this talk, we first present a
brief overview of near-field based infrared nanospectroscopy (true nanoscale Fourier transform infrared spectroscopy) and nanoimaging. We follow this by
sharing how we have demonstrated such techniques can be utilized to study graphene/liquid-electrolyte interfaces, with sensitivity to even species within
the electric double layer. Finally, we discuss our most recent data in which we extend such near-field methods to characterize buried and intact
electrode/electrolyte interface evolution in solid-state polymer battery (SPB) devices, in situ. The SPB devices are capped with graphene, which operates as
both infrared transparent window and current collector for Li plating and stripping (similar in function to anode-less batteries). In situ infrared imaging and
spectroscopic measurements are performed at pristine, heated, plated, and stripped interfaces, where we find that the interfacial solid-state polymer-
electrolyte (SPE) intrinsically possesses nanoscale heterogeneities that contribute to plating inhomogeneities on a similar length scale. Additionally, we
find that a mosaic-like solid-electrolyte interphase forms at the Li/SPE interface consisting of decomposition products amongst SPE. Our approach paves a
way for SPB optimization (or other chemistries), by providing a method for unprecedented nanoscale measurements of crystallinity, structure, conductivity,
and chemistry of intact and buried electrochemical interfaces in their native environments.

2:15PM CHO01.13.05

In Situ/Operando Soft X-Ray Absorption Spectroscopy Probing of the Electrode/Electrolyte Interfacial Dynamics Influenced by the Electrolyte
Anions and Cations Feipeng Yang®, Xuefei Feng?, Hui Li', Scott A. McClary?, Ana Sanz-Matias®, Nathan M. Hahn?, David Prendergast®, Kevin
Zavadil? and Jinghua Guo®; *Lawrence Berkeley National Laboratory, United States; 2Sandia National Laboratories, United States

There is considerable interest in the study of electrochemical processes in calcium batteries since the demonstration of room temperature plating and
stripping of calcium with high capacities and low polarization using Ca(BH,), as the electrolyte. The greater polarizability of Ca®* over Mg?* represents
greater configurational flexibility, facilitating ionic cluster formation and rapid delivery of Ca?* ions to the electrode interface. To promote the development
of calcium batteries, it is critical to probe the solvation and charge transfer mechanism at the electrode/electrolyte interface. It has been reported that when
Ca(BHy), is substituted by the weakly coordinated calcium hexafluoroisopropoxyborate (Ca(Bhfip),), ionic conductivity increases by an order of
magnitude, which demonstrates the strong coordination of BH,~ compared to Ca?* in THF. In this work, the coordination of Ca?* at this
electrolyte/electrode interface as a function of the type of anions is probed by the in-situ/operando soft X-ray absorption (XAS) spectroscopy under
operando electrochemical conditions. The total electron yield (TEY) mode XAS is sensitive to the interfacial speciation under in-situ and operando
conditions. It was observed that the Ca(Bhfip), in THF shows a small shoulder on the right side of the L,-edge and a pre-edge peak on the left side of the
L,-edge peak. A less prominent pre-edge peak is also observed on the left side of the Ls-edge peak. These signatures become more prominent when the
potential is swept negatively and are not reversible when the potential is swept positively in a cyclic voltammetry cycle. On the other hand, the Ca(BH,); in
THF is more reversible, and no shoulder peak on the right side of the L,-edge peak was observed. The effect of cations was also compared by investigation



of the calcium L-edge and fluorine K-edge TEY mode XAS from the 0.5M calcium bis(trifluoromethanesulfonyl)imide (Ca(TFSI),) in THF vs. 0.45M
Ca(TFSI), + 0.05M LiTFSI in THF. The TEY-XAS spectra from these operando studies indicate their differences in the Ca?* coordination chemistry at the
electrode/electrolyte interface as a result of the anions and cations, and will path the way for the future development of electrolytes for calcium batteries.

2:30 PM CH01.13.06
In Situ and Operando XPS Studies of the Si-Anode Solid-Electrolyte Interphase Sarah Frisco, Yeyoung Ha, David Moore, Andrew
Colclasure and Glenn Teeter; National Renewable Energy Laboratory, United States

Laboratory-based x-ray photoelectron spectroscopy (XPS) is a ubiquitous, powerful technique for analyzing surfaces and interfaces to reveal compositions
and chemical states. Beyond these typical applications, in recent years there has been growing interest around in situ and operando XPS approaches that
can elucidate dynamic interfacial phenomena, including charge- and mass-transfer processes relevant to renewable technologies including lithium-ion
batteries (LIBs). This presentation will discuss recent efforts to develop and apply in situ and operando approaches to probe interfacial charge transfer and
phase transformations relevant to the formation and evolution of the solid-electrolyte interphase (SEI) in silicon-anode LIBs. These experiments are
enabled by the so-called virtual electrode (VE) approach [1,2], in which electrochemical currents are driven during VE-XPS measurements on exposed
interfaces via a combination of low-energy Li*ion and electron guns and ultraviolet-based photoemission. Key recent findings that will be discussed
include: (i) conversion of native SiOy to Li,SiOx phases; (ii) lithium-induced band-alignment shifts at the SiOy|silicon interface; (iii) observed correlations
between lithium chemical potential (my;) and ionic vs. electronic conductivities of SEI constituent phases such as LiF and Li,COs; and (iv) in situ reduction
of ethylene carbonate (EC) on various model-system electrodes.

[1] K.N. Wood, K.X. Steirer, S.E. Hafner, C. Ban, S. Santhanagopalan, S.-H. Lee, G. Teeter, “Operando X-ray photoelectron spectroscopy of solid
electrolyte interphase formation and evolution in Li,S-P,Ss solid-state electrolytes,” Nature Communications 9, 2490 (2018).

[2] A.L. Davis, R. Garcia-Mendez, K.N. Wood, E. Kazyak, K.-H. Chen, G. Teeter, J. Sakamoto, N.P. Dasgupta, “Electro-chemo-mechanical evolution of
sulfide solid electrolyte/Li metal interfaces: operando analysis and ALD interlayer effects,” Journal of Materials Chemistry A 8, 6291 (2020).

2:45 PM CHO01.13.07

Operando Spectroscopic Ellipsometry—A Non-Destructive Optical Technique Offering Insights into Lithium Intercalation and Solid Electrolyte
Interphase Formation Juan Carlos Gonzalez-Rosillo?, Valerie Sillert, Marc Nufiez Eroles?, Michel Stchakovsky?, Alex Morata and Albert

Tarancon'?; 'Catalonia Institute of Energy Research, Spain; ZHORIBA Scientific, France; 2ICREA, Spain

Vast efforts have been devoted over the last decade to develop new techniques and approaches to obtain critical information about interfacial phenomena
during device operation to establish direct correlations towards their electrochemical performance. However, the sophistication of some of the most
powerful techniques, such as isotopic ion exchange methods, in situ TEM and synchrotron radiation based techniques, limits the routine access to essential
information for developing next-generation batteries. In addition, commonly available techniques have also been explored including X-ray diffraction,
atomic force microscopy, Raman spectroscopy and Fourier transform infrared (FTIR) spectroscopy showing different compromises between spatial and
time resolutions. Surprisingly, and despite the well-known capabilities of Spectroscopic Ellipsometry (SE) to infer the properties of thin film systems
(including multilayers), the use of this affordable, non-destructive technique in the field of Li-ion batteries is very limited. In short, SE measures the change
in the polarization state of a light beam reflected in the sample. By comparing with a suitable model, the relevant optical properties of the material, such as
the dielectric function and extinction coefficients, are extracted as a function of the wavelength. This technique is typically sensitive to parameters such as
crystallinity, materials ratio in mixtures, roughness, structure of the interfaces, etc

In this talk, we will discuss the basic theory and our implementation of Spectroscopic Ellipsometry to perform operando experiments thanks to its fast
response and the strong effect of the oxidation state on the optical properties of the films. We will exemplify the power of the technique with two examples.
First, we have used SE to monitor Li* transport properties through real-time tracking of the valence changes associated with lithium insertion and
extraction along LiMn,Oy, thin films and interfaces®. Second, we have employed SE to interrogate the formation of a Solid Electrolyte Interphase (SEI)
during the first cycle on spinel-based anode and cathodes over the extended voltage range. Here, we link the changes in the optical properties of the films
with the capacity losses associated with the first cycle, and provide guidelines for SEI-resistant coatings at the cathode and anode interfaces?.

References
1 A. Morata, V. Siller, F. Chiabrera, M. Nufiez, R. Trocoli, M. Stchakovsky and A. Tarancon, J. Mater. Chem. A, 2020, 8, 11538-11544.
2 J.C. Gonzalez-Rosillo, V. Siller, M. Nufiez, , M. Stchakovsky, A. Morata and A. Tarancon, In preparation
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4:00 PM *CHO01.14.01
Operando Studies of Lithium-lon Battery Electrodes Under Fast Charge Conditions Daniel Abraham; Argonne National Laboratory, United States

Fast charging of lithium-ion batteries (LIBs), being developed for electric vehicles, is needed to meet customer demands of time-parity with today’s
gasoline-powered cars. The U.S. Department of Energy (DOE) has set a target charging time of 15 minutes (4C rate) as a near-term goal, further indicating
that a 10-minute charge (6C rate) could be a long-term goal. This talk will present an overview of fast charge studies being conducted at Argonne National
Laboratory as part of projects funded by the U.S. DOE. In-situ and operando methods to examine electrode and cell behavior will be discussed: results
from cells containing layered oxide cathodes and graphite anodes will be highlighted. The use of a microprobe reference electrode to monitor the onset of
Li plating conditions and to determine develop cycling protocols that minimize cell performance degradation will be presented. X-ray methodologies to
characterize spatial distribution of the active materials and investigate lithium concentration gradients that develop in electrodes will be examined. The
heterogeneities that develop and persist in the electrodes cause non-uniform degradation across the electrodes thus making it a challenge to predict cell life.

4:30 PM CH01.14.03
In Situ Dynamic Measurements of TisC. MXene Thin Films During Voltage Cycling at Variable Sweep Rates Thomas Sobyra?, Tyler Mathis?, Yury



Gogotsi? and Paul Fenter'; *Argonne National Laboratory, United States; 2Drexel University, United States

X-ray reflectivity and crystal truncation rod measurements, performed at the Advanced Photon Source at Argonne National Laboratory, monitored
structural changes of TizC, MXene films as a function of applied potential between 0.3 and —0.7 V in an aqueous 0.1 M Li,SO4/H,0 electrolyte. Static
measurements show negative potential sweeps lead to a contraction in the interlayer spacing of 1.2 A upon Li insertion and a net loss of electron density
between the layers (Sobyra et al. ACS AMI, 2021, Under Review). The layer spacing changes continuously, except for an additional discrete contraction
that occurs near —0.35 V having the characteristics of a first-order transition. The continuous change in the MXene layer spacing is associated with the
capacitive charge, while the discrete change in structure correlated with the weak feature in the cyclic voltammogram at —0.35 V can be interpreted as
either a pseudocapacitive charging process or a potential-dependent change in capacity.

New dynamic in-situ measurements observe the change in lattice spacing and MXene layer widths in real-time as a function of sweep rate to provide
insight into the mechanisms of intercalation as the system is forced to respond to the rapidly changing environment. Potential sweep rates were varied from
1 mV/s to 500 mV/s. The TisC, MXene response at slow sweep rates, less than 10 mV/s is similar to the static charging, but at faster rates, the system
shows less contraction in the TisC, layer spacing as the Li insertion becomes transport limited.

Analysis of the MXene electrochemical response reveals a charging mechanism that is sweep rate-dependent and not diffusion-limited as the Li* ions
diffuse slower than the bulk diffusion rate through the interlayer spacing. These measurements with varying sweep rates, in conjunction with the dynamic
X-ray measurements, confirm the rapid change in layer spacing that occurs below —0.3 V is directly associated with the broad redox peak seen in the cyclic
voltammogram.

4:45 PM *CHO01.14.04

In Situ Magnetic Resonance Studies of Electrochemical Processes in Li-lon Cells Using Novel Probes Gillian R. Goward?, Kevin Sanders!, Amanda
A. Ciezki', Zoya Sadighi?, Annica Freytag', Andres Ramirez Aguilera? and Bruce J. Balcom?; *McMaster University, Canada; 2University of New
Brunswick, Canada

Magnetic resonance tools for in situ and in operando investigations of electrochemical processes have provided many new insights into electrochemical
processes in lithium ion batteries. We have recently reported the application of a parallel-plate NMR probe to monitor Li metal deposition on a graphite
anode during the charging of a single layer prismatic cell.[! The probe provides an enhanced sensitivity and an ideal orientation of the cell relative to the
applied electromagnetic fields, and allows the quantification of the lithiation of the graphite anode throughout the duration of cell charging.

A new version of this parallel-plate resonator for 7Li ion cell studies is introduced along with a removable cartridge-like electrochemical cell for studies of
LIBs.[ This geometry separates the RF probe from the electrochemical cell permitting charge/discharge of the cell outside the magnet and introduces the
possibility of multiplexing samples. The cell and RF probe dramatically increase the sample volume compared to traditional MR compatible battery
designs. The cell and RF probe may be employed for spectroscopy, imaging, and relaxation studies.

Here we report the application of this probe, together with a custom electrochemical cell assembly, to monitor Li plating on a graphite anode of a full-cell
LIB using in operando NMR spectroscopy and imaging. We are able to quantify the amount of Li metal deposited on the anode surface and correlate it to
the relative amounts of Li species within the graphite anode with high time resolution relative to the high charging rate of 1C. Our data demonstrate that
most of the Li metal deposited on the anode surface can be intercalated into graphite during rest periods when no current is applied, and that the formation
of Li metal correlates to the loss of capacity of the cell over multiple high-rate charge cycles. Moreover, we demonstrate that this methodology can be
extended to a variety of battery chemistries, with an emphasis on full-cell behaviour.

Finally, we demonstrate a magic-angle spinning (MAS) based in situ electrochemical NMR method that offers significantly improved resolution over
conventional static NMR experiments. We demonstrate that it is possible to monitor both the anode and cathode simultaneously making it possible to track
the Li distribution in a full cell.®! The state of charge, metallic Li plating and SEI formation was captured for the first charge/discharge cycle of a full
electrochemical cell using conventional liquid electrolytes. The use of a polymer electrolyte membrane offers improvements over the original design.

References:

[1] Krachkovskiy, S. A., Reza, M., Ramirez Aguilera, A. R., Halalay, I. C., Balcom, B. J., Goward, G. R. J. Electrochem Soc. 167(13), 130514 (2020)
[2] Ramirez Aguilera, A. MacMillan B., Krachkovskiy, S. Sanders, K.J. Alkhayri, F., Dyker, A., Goward, G.R., Balcom, B.J., J. Magn.

Reson. 325, 106943 (2021).

[3] Freytag, A, Pauric, A, Krachkovskiy, S, and Goward, GR. J. Am. Chem. Soc. 141 (35), 13758-13761 (2019).

5:15 PM CH01.14.05
Structural Dynamics of Metallic Nanocatalysts for Fuel Cells by In Situ Total X-Ray Scattering Valeri Petkov; Central Michigan University, United
States

Many catalysts for energy related applications, in particular metallic nanoalloys, undergo atomic-level changes during electrochemical reactions. The
nature and dynamics of the changes and their impact on the catalyst performance, however, are not well understood. This is largely because they are
studied on model nanocatalysts under controlled laboratory conditions. We will present results from recent studies [1, 2, 3] on the dynamic behavior of
metallic nanoalloy catalysts inside an operating proton exchange membrane fuel cell. Results show that the nanocatalyst change profoundly, from their
initial state to the active form and further along the cell operation. Their electrocatalytic activity also changes, as reflected by the cell’s performance. We
will also show that the rate and magnitude of the changes may be rationalized when the limits of traditional relationships used to connect the composition
and structure of nanoalloys with their electrocatalytic activity and stability, such as Vegard’s law, are taken into account. The new insight into the atomic-
level evolution of nanoalloy electrocatalysts is likely to inspire new efforts to stabilize transient structure states beneficial to their activity and stability
under operating conditions, if not synthesize them directly.

V. Petkov et al. Nanoscale 11, 5512 (2019).
Zh. Kong et al. J. Am. Chem. Soc. 142, 1287 (2020).
Z.-P. Wu et al. Nature Commun. 12, 8597 (2021)

5:30 PM CH01.14.06
In Operando Study of Electrochemical Strain and Charge Storage in Nanosheet Oxide Electrodes Scott T. Misture, Madeleine N. Flint, Peter Metz,
Peng Gao and Robert Koch; Alfred University, United States

MnO, nanosheets demonstrate an interesting response to reduction of Mn** to Mn®*, where Jahn-Teller distorted Mn* is displaced out of the plane of the
nanosheet forming a “surface Frenkel” defect. Atomic scale point defects enhance capacitance beyond 300F/g while lowering charge transfer resistance of
8-MnO; nanosheets by a factor of 10. X-ray total scattering was teamed with X-ray absorption spectroscopy and Raman spectroscopy probe the local



atomic structure, defect chemistry, and strain during electrochemical cycling. All methods employed in-situ or real-time in-operando study using custom
sample environment cells and porous agglomerated nanosheet active materials. Specimens prepared by exfoliation of pristine powder grains to form
nanosheet clusters with 2-5 individual layers were processed into nanosheet floccules, which are of high surface area (over 200 square meters per gram)
and can be deposited as thick films using electrophoretic deposition. The result of the studies is a description of the charging mechanism in high surface
area MnO2 nanosheet electrodes and related nanosheet oxides: in-plane strains of up to 0.7% occur during charging, accompanied by Mn reduction. The
initial number of Mn3+ defects determines the magnitude of the charge stored and consequently the electrochemical strain. In-situ XANES showed 16% of
the Mn in MnO;, reduced from Mn** to Mn®* during electrochemical cycling. In agreement, in-situ Raman spectra demonstrate an increase in the number of
Jahn-Teller distorted MnOg octahedra in the charged state as well as changes in the polarizability of vibrational modes that are affected by interlayer
cations and interlayer water, though there is only very limited restacking of a few nanosheets. The excellent cycling stability of the nanosheet electrodes vs.
bulk solids is attributed to the free space in the floccules that allows electrochemically-driven expansion and contraction without degrading the charge
transfer pathways and without microcracking the active electrode. Another new discovery is Mn3+ defects also induce enhanced mass transport, resulting
in formation of tunnel-like fragments which disrupt the sheet-like motif. Heat treatments expedite this layer-to-tunnel conversion which has a profound
impact on the electrochemical properties and cycling stability. At low scan rates the capacitance of 3-MnO; heat treated at 60°C is ~6 times larger than the
400°C samples indicating a change in the charge storage mechanism that cannot be detected by diffraction studies alone, and requires PDF analyses.
Kinetic analysis paired with PDF refinements demonstrate tunnel formation hinders the intercalative ion diffusion, reaching a percolation threshold around
25-30% tunnel structured MnO,.
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6:30 PM *CH01.15.01
Advanced Neutron Characterisation of Rechargeable Batteries Vanessa K. Peterson'?; XANSTO, Australia; 2University of Wollongong, Australia

The performance of rechargeable batteries is determined largely by materials structure- and dynamic-function relations. During battery function, materials
undergo change, such as the experienced by electrode materials during the compositional change that occurs during battery cycling. Robust characterization
methods that quantitatively and accurately capture structure- and dynamic-function relations across the relevant length and timescales for batteries are
essential to the strategic design of materials with superior function.

Neutrons have attributes that make them exceptionally useful for this purpose. The predominantly nuclear interaction of neutrons with matter results in
both high penetration, allowing the analysis of materials within whole commercial batteries, as well as an elemental sensitivity that is particularly well
suited to battery materials composition.

This talk will give examples of neutron characterization of rechargeable battery materials, with a focus on instrumentation at the Australian Centre for
Neutron Scattering, and much of which examines materials within whole batteries during operation. Examples using neutron powder diffraction,’* neutron
imaging,®’ small and ultra small angle neutron scattering,® and quasielastic neutron scattering,® will be presented.

1N. Sharma, V. K. Peterson, M. M. Elcombe, M. Avdeev, A. J. Studer, N. Blagojevic, R. Yusoff, N. Kamarulzaman, J. Power Sources, 2010.
2 C. Didier, W. K. Pang, Z. Guo, S. Schmid, V. K. Peterson, Chem. Mater., 2020.

3G. Liang, C. Didier, Z. Guo, W. K. Pang, V. K. Peterson, Adv. Mater., 2020.

4W. K. Pang, V. K. Peterson, N. Sharma, J. -J. Shiu, S. -h. Wu, Chem. Mater., 2014.

5W. K. Pang, V. K. Peterson, J. Appl. Cryst., 2015.

6 D. Petz, M. J. Mihlbauer, A. Schokel, K. Achterhold, F. Pfeiffer, T. Pirling, M. Hofmann, A. Senyshyn, Batteries & Supercaps, 2021.

7 D. Petz, M. J. Mihlbauer, V. Baran, M. Frost, A. Schikel, C. Paulmann, Y. Chen, D. Garcés, A. Senyshyn, J. Power Sources, 2020.

8 S. Seidlmayer, J. Hattendorff, 1. Buchberger, L. Karge, H. A. Gasteiger, R. Gilles, J. Electrochem. Soc. 2015

9 M. J. Klenk, S. E. Boeberitz, J. Dai, N. H. Jalarvo, V. K. Peterson, W. Lai, Solid State lonics, 2017

7:00 PM CHO01.15.02
In Situ TEM Corrosion Study and Anti-Corrosion Control of Pd@Pt Core-Shell Electrocatalysts Fenglei Shi; Shanghai Jiao Tong University, China

Platinum (Pt)-based electrocatalysts are widely used in many fields such as energy, environment, medicine, and so on. The activity can be improved by
composition, structure, morphology control while the performance degradation still occurs during the operation. Therefore, it is of great importance to
investigate the degradation mechanism of the Pt-based electrocatalysts. Herein, we chose Pd@Pt core-shell structure, a promising electrocatalyst toward
oxygen reduction reaction (ORR) as the study system. In-situ liquid cell transmission electron microscopy (LC-TEM) technique was utilized to explore the
nanoscale corrosion kinetics of the electrocatalysts. The corrosion of Pd@Pt core-shell nanoparticles with different morphology like cube and octahedra
were studied. The results indicate that the defects are the inducing factors of corrosion and the sequential corrosion process is controlled by both the local
strain and evolving curvature. Strain plays a major role in the early process, and the local curvature dominates gradually in the later process. In addition, the
sites with high surface energy like corners are the preferential etching areas. We sequentially designed and synthesized corner-protected Pd@Pt nanocubes
and small size octahedral nanoparticles with fewer defects and smaller strains based on these insights in nanoscale corrosion behaviors. Both in-situ LC-
TEM study and ex-situ stability tests confirmed that the newly designed electrocatalysts were much more corrosion-resistant.

References

1 Shi, F. et al. Nat. Commun. 9, 1011, 2018.

2 Shi, F. et al. Chem 6, 2257-2271, 2020.

3 Shi, F. et al. ChemNanoMat 5, 1439-1455, 2019.
4 Shi, F. et al. Adv. Mater. accepted, 2021.

7:15 PM CH01.15.03
Operando Visualization of Mass Transport Behavior in Electrolytes During Electrochemical Device Operation by Phase-Contrast X-Ray



Imaging Daiko Takamatsu, Akio Yoneyama and Jun Hayakawa; Hitachi, Ltd., Japan

A fundamental understanding of mass transport properties in electrolytes during electrochemical reaction is important for optimal operation and design of
energy conversion/storage devices, including batteries, fuel cells and water electrolysis. It is known that internal resistance of the lithium-ion batteries
(LIBs) temporarily rises by repeating high-rate charge/discharge cycles and that it decreases by stopping the battery operation and rest. Because such a
reversible resistance rise occurs only during the battery operation, this phenomenon is speculated to be related to the ion concentration distributions in the
electrolyte. Such ion concentration distributions in the electrolyte give also serious effect on the performance of lead-acid batteries (LABSs). The
development of a vertical ion concentration gradient of sulfuric acid is called electrolyte stratification, which causes inhomogeneous current distribution in
the vertical distribution of the electrodes by frequent charging-discharging, reducing the life of LABs. However, there are few techniques that can be used
to quantitatively characterize ion concentration distribution that arise in electrolytes during the battery operation.

Phase-contrast X-ray imaging is a technique that can be used to visualize density differences by detecting the X-ray phase shift caused by an X-ray passing
through a sample. The sensitivity of the phase-contrast X-ray imaging is about 1000 times higher than that of conventional X-ray absorption imaging in a
hard X-ray region for light elements. Since the electrolytes of batteries are composed of light elements, the phase-contrast X-ray imaging is expected to be
effective in visualizing small density differences in an electrolyte during battery operation. We have demonstrated that phase-contrast X-ray imaging
technique can quantitatively visualize ion concentration distributions that arise in electrolytes during battery operation (cf. LIBs [1], LABs [2]).

Recently, hydrogen energy systems that use hydrogen as an energy carrier, such as fuel cells (hydrogen-to-power) and water electrolysis cells (power-to-
hydrogen), is a growing interest to realize carbon emission-free energy technologies. Among the various types of hydrogen energy devices, the proton
exchange membrane fuel cell (PEFC) and water electrolysis (PEM-WE), which use solid polymer membrane as electrolyte, have been used in practical
applications. For further improvement of PEFC and PEM-WE performance, there are several obstacles to be solved include sluggish reaction kinetics,
complex water management, limited lifetime due to membrane degradation. However, characterization of mass transport phenomena (e.g., ion transport,
thermal transport, etc.) in polymer electrolyte membrane under device operating conditions remains insufficient because of the lack of suitable observation
techniques. We have demonstrated that phase-contrast X-ray imaging can visualize the behavior of the water distribution of polymer electrolyte membranes
during water electrolysis operations [3].

In this presentation, we will introduce operando phase-contrast X-ray imaging technique can quantitatively evaluate mass transport phenomena in the
electrolyte simultaneously during electrochemical device operation with high temporal (a few seconds) and spatial (a few microns) resolutions.

References: [1] Takamatsu, et al. J. Am. Chem. Soc., 140, 1608 (2018). [2] Takamatsu, et al. Chem. Commun., 56, 9553 (2020). [3] Takamatsu, et al.,
submitted.

7:30 PM *CHO01.15.04
Structural-Electrochemical Studies of Sodium-lon Battery Positive Electrodes Neeraj Sharma; UNSW, Australia

A significant challenge in sodium-ion batteries relative to lithium-ion batteries is the larger size of the sodium cation especially for host structures. An ideal
electrode should be able to reversibly insert/extract large quantities of sodium ions with minimal structural distortions or with distortions that can be
managed. The positive electrode active material is a significant source of the sodium ions during battery function and can be one of the most expensive and
toxic components. Layered transition metal (TM) oxides of the general formula, NaxTMO, have shown excellent electrochemical properties but are plagued
in part by the structural changes during battery function. Our work has utilized in situ and operando synchrotron X-ray diffraction to probe the relationship
between structure and electrochemistry during battery function in this class of materials with a variety of compositions.

Here, the focus will be on Mn-rich compositions which represent one of the cheapest and least toxic candidates for positive electrodes. The parameter space
covered in this talk will include the structural and phase evolution of - Mn-rich P2 NaysFe1.,MnyO, highlighting the differences based on composition, P2-
Naz3MnggMg1M’0102 (M = Zn, Fe and M’ = Cu, Al, Ti) showing how the choice of transition metals influences structural evolution, and P2/03-
Nag/sLio.18Mno sFeo 202 illustrating the role of a multi-component electrode.

8:00 PM *CHO01.15.05
Operando Analysis of Lithium-lon Battery Electrodes and Cells Featuring Neutron Diffraction Hajime Arai, Tetsuya Omiya and Atsunori Ikezawa;
Tokyo Institute of Technology, Japan

Operando analysis under both in-situ and non-equilibrium conditions offers information on how battery materials actually function during battery
operation. The behavior of interest includes not only continuous status changes during discharging and charging but relaxation phenomena and even
degradation.

The time resolutions of analytical methods limit their application to operando analysis; 6 min is required to observe each 10% change of battery materials
during 1C rate operation. Electrochemical analysis generally shows high time resolutions but offers only limited physico-chemical information of the
material. To support the phenomena observed by electrochemical analysis, a variety of operando methods have been proposed and applied such as X-ray
diffraction, X-ray absorption and neutron magnetic resonances.

Operando analysis of practical cells has been difficult due to the limited penetration depths of the analytical probes. Neutron analysis can be applied to look
through the practical cells while it generally lacks sufficient time resolutions. SPICA, a diffractometer installed at Material and Life Science Experimental
Facility of Japan Proton Accelerator Research Complex [1], uses strong neutron beam to enable operando analysis of 18650 cells during battery operation
up to 1C [2,3] to allow simultaneous observation of positive and negative electrodes.

In this study, we apply the operando neutron analysis to clarify the degradation behavior of commercially available 18650 lithium-ion cells under float-
charging, cycling and the mixture of them. We first anticipated that occasional cycling releases the cell from continuous float-charging to decrease side
reactions and thus prolong the life. Against our expectations, it turned out that there is a negative synergy effect on the cell life when the float-charging and
cycling were mixed. The dV/dQ curve [4] of the degraded cell was totally different from the original one, showing the limitation of the dV/dQ analysis to
clarify the origin of the degradation. Neutron diffraction analysis indicated that the serious degradation chiefly originated from the positive electrode side,
with its resistance increase. This is in contrast to the soft degradation caused by either float-charging or cycling, which can be attributed to loss of lithium
inventory due to side reactions at the negative electrode [5] (clarified by the dV/dQ curve analysis and the neutron diffraction).

It is noted that the degraded positive electrode showed reaction inhomogeneity during discharging, which has rarely been reported by neutron diffraction.
Such reaction inhomogeneity can be ascribed to the ion transportation limitation, as shown by X-ray diffraction [6] and optical measurement [7]. We
assume that the surface film formation caused by the float-charging was accelerated by the particle cracking due to cycling, and considerable ion
transportation limitation finally resulted in the high resistance of the positive electrode. These results prove that operando neutron analysis is a powerful
tool for clarifying the degradation mode of practical cells.

Acknowledgment
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10:30 AM *CHO01.16.01
Understanding the Interplay of Electrode Microstructure, Crystallography and Performance Using Advanced X-Ray and Correlative Imaging
Methods Paul Shearing®?; *University College London, United Kingdom; 2The Faraday Institution, United Kingdom

The past decade has seen the rapid development and proliferation of three-dimensional X-ray imaging tools applied to Li-ion batteries, providing a
framework to improve the understanding of electrode morphology and its influence on transport processes, electrochemistry and mechanical behaviour.
The non-destructive, and multi-scale characteristics of X-ray imaging tools provide benefits to quantify hierarchical complexity from the particle to the
electrode and device level. Through the application of image-based modelling tools, it has become possible to simulate a range of phenomena using a
computational framework derived directly from tomographic images. Here, we will review this progress and reflect on recent developments using multi-
modal methods to understand the performance of Li-batteries: this includes XRD-CT to reconcile chemical, crystallographic and morphological behaviour,
Bragg Coherent Diffraction Imaging to access sub-particle behaviour and complementary neutron and X-ray imaging techniques, leveraging the benefits of
the alternative contrast modes possible.

In concert, the portfolio of imaging and modelling tools provides a platform to explore the performance, degradation and failure of Li-ion batteries and post
Li-ion chemistries, including LiS and solid state batteries, which will also be presented here.

11:00 AM CH01.16.02
Revealing a Dissolution and Reprecipitation Process of Copper Catalysts During COz Reduction Reaction Jan Vavra, Tzu-Hsien Shen, Dragos
Stoian, Vasiliki Tileli and Raffaella Buonsanti; EPFL, Switzerland

Electrochemical CO, reduction reaction (CO,RR) aims at reusing waste CO, and turning it into fuels and chemical feedstock. Ongoing development of
catalysts focuses at reducing overpotentials and improving selectivity and stability. Cu is the most promising catalyst for multi-carbon products. Here, we
describe a mechanism responsible for evolution of a Cu-based catalyst during CO,RR by relying on in-situ techniques. Liquid cell electrochemical
transmission electron microscopy is complemented by x-ray absorption near edge structure.

Metallic Cu nanospheres were shown to evolve into larger particles selective for C2 products during CO,RR.* We describe a series of subsequent stages
responsible for the catalyst reconstruction. Initially, the catalyst oxidizes to Cu,O upon exposure to the cell environment at open circuit voltage, while
releasing Cu ions into the electrolyte. During the cell startup, the dissolved Cu ions redeposit, while the bulk of the catalyst is reduced back to metallic Cu.
Surprisingly, the catalyst dissolution and redeposition continues under cell operation at reductive potential, despite the absence of oxidized phases. We
exclude a previously proposed process of particle migration and coalescence by resolving individual particles in an operating CO2RR cell. The observed
process is instead similar to Ostwald ripening and proceeds through a soluble intermediate.?

The observed dissolution/reprecipitation process does rationalize the reported evidence of catalyst activation® as well as the loss of initial selectivity in
precision synthesized nanocrystals.® By understanding the processes responsible for CO,RR catalyst reconstruction, we direct the efforts in synthesis of
long-term stable catalysts and motivate future research aimed at controlling the redeposition to continuously refresh the catalysts active sites.

1. Kim, D. et al., Proc. Natl. Acad. Sci. 114, 10560-10565 (2017).
2. Vavra, J. et al., Angew. Chem. Int. Ed. 60, 1347-1354 (2021).
3. Huang, J. et al., Nat. Commun. 9, 3117 (2018).

11:15 AM *CHO01.16.03
Atoms in Motion—Operando M-lon Battery Monitoring Using X-Ray Techniques Damien Saurel, Marine Reynaud, Maria Jauregui, Montserrat
Galceran and Montserrat Casas-Cabanas; CIC Energigune, Spain

The use of operando methods for the study of electrochemical processes occurring in energy storage systems has become increasingly popular in recent
years. Operando experiments represent a powerful tool for the monitoring of internal processes upon battery cycling that provide valuable insights
regarding the fundamental electrochemical redox mechanisms and ageing phenomena in battery materials. Nevertheless, obtaining high-quality,
representative and exploitable data from operando measurements requires careful control of many experimental parameters (i.e. cell configuration,
electrode preparation, optical/goniometer geometry, data acquisition protocols and data interpretation methodology).

In this talk we aim to share our experience and draw the attention into several aspects that we consider important for effective data acquisition and
exploitation using both lab-scale and synchrotron powder X-ray diffraction (PXRD) and Small Angle X-ray Scattering (SAXS) instruments. The impact of
several key factors, related to the cell design, the experimental setup as well as the sample and experiment preparation, will be discussed.! Next, several
case studies will be shown to illustrate the effectiveness of operando experiments to understand the electrochemical signature of several Na-ion battery
materials,?2 including asymetric reaction mechanisms and order-disorder transitions.

1. Damien Saurel, Afshin Pendashteh, Maria Jauregui, Marine Reynaud, Marcus Fehse, Montserrat Galceran, Montse Casas-Cabanas, Experimental
Considerations for Operando Metal-lon Battery Monitoring using X-ray Techniques, Chemistry methods, 1(6), 249-260, 2021.
2. Damien Saurel, Montserrat Galceran, Marine Reynaud, Henri Anne, Montse Casas-Cabanas, Rate dependence of the reaction mechanism in olivine



NaFePO, Na-ion cathode material, Int. J. Energy Res., 42(10), 3258-3265, 2018.

3. Benoit Mortemard de Boisse, Marine Reynaud, Jiangtao Ma, Jun Kikkawa, Shin-ichi Nishimura, Montse Casas-Cabanas, Claude Delmas, Masashi
Okubo, Atsuo Yamada, Coulombic self-ordering upon charging a large-capacity layered cathode material for rechargeable batteries, Nat Commun 10,
2185, 2019.

11:45 AM *CH01.16.04
Visualizing Electrochemical Reactions at the Nano- and the Atomic Scale by In Situ TEM Huolin Xin, Chunyang Wang, Lili Han and Peichao Zou;
University of California, Irvine, United States

Over the past decade, we have witnessed a rapid growth in liquid and gas phase, heating and electrochemistry holders for transmission electron
microscopy. These holders have enabled direct imaging of material transformations in liquid and gaseous environments with submicron-scale to atomic-
scale spatial resolution under operando conditions. In particular, research regarding electrode materials in lithium ion batteries and nanocatalysts in
heterogeneous catalysis has greatly benefited from the emergence of these capabilities. In this talk, | will showcase the capability of direct nanoscale
visualization of electrochemical nucleation, growth and degradation of electrode materials and electrocatalysts utilizing operando and in-situ TEM
techniques and discuss the insights extracted from these experiments for improving the electrochemical devices.

12:15 PM CHO01.16.05

In Situ NMR Guided Electrochemical Regeneration of Anthraquinone Flow Batteries Yan Jing', Evan Wenbo Zhao?, Marc-antonio Goulet!, Meisam
Babharit, Eric Fell, Shijian Jin?, Erlendur Jonsson?, Ali Davoodit, Min Wu?, Clare Grey?, Roy Gordon! and Michael Aziz!; *Harvard University, United
States; 2University of Cambridge, United Kingdom

Organic molecules used for aqueous redox flow batteries hold great promise in significantly lowering levelized costs of electricity storage and potentially
outperforming their inorganic counterparts, representing one class of promising candidates for grid-scale electricity storage.[*] Short lifetime of aqueous
organic redox flow batteries, caused by the instability of organic molecules, has been considered the biggest obstacle for successful commercialization. In
situ NMR metrology offers a unique, non-invasive opportunity to observe dissolved redox-active organic molecules undergoing electrochemical reactions
in an operating flow battery.[2

2,6-Dihydroxyanthraquinone (DHAQ?) shows a fast instantaneous temporal fade rate (~5%/day) due to the instability of the reduced form (DHAQ*),
which disproportionates to 2,6-dihydroxyanthrone (DHA) along with its tautomer, 2,6-dihydroxyanthranol (DHAL), and DHAQ?.¥l In the present work,
we employ in situ NMR to observe reversible and irreversible reactions among these DHAQ-related species as we vary the cell voltage.

DHAQ (100 mM) was first charged at 30 mA/cm? and held at 1.7 V vs. Fe(CN)¢®+ (100 mM) in a full cell, then it was discharged at 30 mA/cm? while the
voltage decreased from 0.9 V to a cut-off voltage of 0.5 V, followed by a voltage hold at 0.5 V for 7.4 hours. During the voltage hold at 1.7 V, '"H NMR
signals of DHAQ* are visible; signals from DHA(L) were also observed. During discharge, the fast electron transfer between DHAQ?" radical and
DHAQ* anions causes the corresponding aromatic peak broadening, allowing the DHA?~ and DHAL?" signals to be revealed as they remain unaffected.
During the voltage hold at 0.5 V, aromatic peaks of DHAQ?" and the new signals at 6.36, 6.41, 7.40 and 7.41 ppm grow in, accompanied by the decrease of
signal intensities of DHA(L). The chemical shifts of these new signals were assigned to (DHA).. These results indicate that, at 0.5 VV, DHA(L) can be
electrochemically oxidized to (DHA)..

To determine whether (DHA), can be further oxidized, the cell voltage was decreased from 0.1 V to —0.3 V, stepping in decrements of 0.1 V, holding for 2
hours at each voltage step. The intensity of the (DHA), signals remains unchanged at 0.1 V and starts to decrease at 0 V, and the signals disappear
completely at —0.2 V, accompanied by the increase of signal intensities of DHAQ?". This observation indicates that (DHA), has been electrochemically
oxidized to DHAQ?".

The concentration of DHAQ?™ as a function of battery voltage has been quantified. It remains at 72 mM at 0.1 V, starts to increase to 80 mM, 95 mM and
100 mM at 0 V,—0.1 V and —0.2 V, respectively. A comparison of the initial concentration of DHAQ?" (i.e., 100.4 mM 0.25 mM) with the concentration
after electrochemical regeneration (i.e., 99.9 mM 0.44 mM) indicates complete regeneration within the experimental resolution. This result demonstrates
the circularity of the electrochemical reactions from DHAQ to DHA(L), to (DHA), and back to DHAQ at different potentials.

The electrochemical regeneration technique rejuvenates not only DHAQ, but also the positive electrolyte — rebalancing the states of charge of both
electrolytes without introducing extra ions. The strategy should extend to other water-soluble anthraquinones susceptible to anthrone formation; it may also
be applicable for other redox-active organic molecules. The strategy could permit redox-active organic molecules to reach the combination of performance,
cost, and lifetime necessary for AORFBs to become an attractive solution to the intermittent renewable electricity storage problem.

Reference:

[1] D. G. Kwabi, et al., Chem. Rev., 2020, 120, 6467-6489.

[2] E. W. Zhao, et al., Nature, 2020, 579, 224-228.
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1:00 PM *CH01.17.01
Fast X-Ray Operando Measurements “at Home” Jean-Noel Chotard, Vincent Seznec, Arina Nadeina, Tristan Lombard and Christian Masquelier; Lab
de Reactivite Chimie-Solides, France

One of the weak point of batteries is their low cycling rate. It takes tens of minutes to charge a mobile phone (in the best cases) and even hours to charge an
Electrical Vehicle and they fail delivering instant high power. High rate materials, i.e. materials able to be charge and discharge in the scale of the
minutes or seconds, are of most interest. Some cathode materials such as NazV2(PO4)2F3 (NVPF) can be cycled at high rate (10C) with a limited loss of
capacity [1]. A key point to develop such materials is the understanding of the cycling mechanisms involved. Fast operando measurements are thus
crucial. Such measurements on electrode materials can easily be performed thanks to the high photons brilliance provided by third generation synchrotron
light sources and the fast detection modes. In this field, the LRCS already demonstrated its ability to innovate by developing cells allowing concomitant
measurement of the electrochemical and structural properties of electrode materials. Since the first operando-cell developed 15 years ago (for Lab X-ray
diffraction), continuous improvements have been made. More recently, the cell was updated for transmission measurements in transmission mode [2]
successfully used at both SOLEIL (France) and ALBA (SPAIN) synchrotrons. Additionally, this cell can be utilized for both absorption



(EXAF/XANES) and diffraction measurements. In parallel, a cell suitable for neutron diffraction has also been developed (collaboration between LRCS,
the ICMCB in Bordeaux, France and the Laue Langevin Institute (ILL) in Grenoble) [3]. These various innovations shed lights on the reaction mechanism
as well as Li/Na diffusion paths into the electrode material as demonstrated by some of our experiences in ALBA [4].

However, it is not easy to access large-scale facilities and beam time is rare. Being able to perform x-ray diffraction measurements in the time scale of a
minute “at home” would indeed be a strong asset.

Thanks to a new diffractometer equipped with a Molybdenum rotating anode source, a highly efficient detector and a specific operando cell, those
measurements are now doable in laboratories.

As it will be shown in this talk, fast measurements (less than a minute per diagram) can be performed allowing following the different phase changes
during the charge or discharge of high rate electrode materials and identifying the formation of new metastable phases. Moreover, thanks to the high energy
of the molybdenum radiation, we can do X-Ray diffraction in transmission mode through full All Solid State Batteries and study at the same time the anode
and cathode.

1. Wang, M. et al. Synthesis and electrochemical performances of Na3V2(PO4)2F3/C composites as cathode materials for sodium ion batteries. RSC
Adv. 9, 30628-30636 (2019).

2. Leriche, J. B. et al. An electrochemical cell for operando study of lithium batteries using synchrotron radiation. J. Electrochem. Soc. 157, A606—-A610
(2010).

3. Bianchini, M. Spinel materials for Li-ion batteries: new insights obtained by operando neutron and synchrotron X-ray diffraction.

4. Bianchini, M. et al. Comprehensive Investigation of the Na3V2(PO4)2F3-NaV2(PO4)2F3 System by Operando High Resolution Synchrotron X-ray
Diffraction. Chem. Mater. 27, 3009-3020 (2015).

1:30 PM CHO01.17.02

Operando X-Ray Nano-CT Coupling with XANES for Monitoring the (De)L.ithiation Dynamics Inside NMC Secondary Particle Tuan-Tu Nguyen?,
Zeliang Su?, Vincent De Andrade?, Charles Delacourt* and Arnaud Demortiere!; 1CNRS RS2E/LRCS, France; 2Argonne National Laboratory, United
States

Over the last decades, with increasing energy demand along with the shift towards greener energy solutions, Li-ion batteries have gained attraction for
energy storage applications.™ Due to the high complexity in the hierarchical architecture of composite electrodes, it is extremely challenging to ensure a
homogenous electrode structure. The non-uniform distribution of phases, leading to microstructural heterogeneities, has been shown to induce a non-
uniform electrochemical behavior, which can deteriorate the performance, and cause macroscopic failures.[?3 Therefore, the identification of these
microstructural heterogeneities and understanding their effects on the dynamics of (de)lithiation is crucial to improve electrode design.

Lithium compositional distributions in composite electrodes can also be investigated using various techniques such as Raman microscopy,* X-ray
diffraction,® or 2D X-ray absorption near-edge structure spectroscopy (XANES).[®l However, these methods have been restricted to low spatial resolution
or spatially integrated signal along the depth direction and cannot accurately capture the spatial distributions and can lead to a limited interpretation of the
mechanism.

Several works have combined XANES and X-ray tomography "] to generate a rich data set that allows a direct correlation of the chemical information and
the microstructure. Meirer et al.[¥l used 3D XANES to probe the conversion of NiO to Ni metal in a partly reduced electrode. They found significant
inhomogeneities in terms of chemical states across particles as well as evidence of fracturing caused by volume expansion during the reaction. More
recently, Wang et al. ! collected a 46-point spectrum across the iron K-edge of a LiFePO, cathode particle and developed a run-out correction system to
enable automated tomography.

Here, we perform XANES coupled with transmission X-ray computed tomography at nanoscale in operando mode to investigate

LiNio5Mng3C00.02 (NMC) positive electrodes. In this work, we demonstrate that operando XANES-TXM nanoCT allows access to the Li distribution at
nanoscale within the LiB electrodes during the operation. We also proposed a method that relies on just three energy levels located at pre-edge, edge, post-
edge for minimization of radiation damage to the sample. Also, a specific electrochemical cell and a sample preparation process were introduced, which
make the use of electrodes typical to those used in real-life applications possible.

Our experimental results unveil the non-uniformity of the Li repartition throughout the LiB porous electrodes during operation. As a result, there are
regions being more active than the others as well as preference spots on the particle surface where the reactions are more likely to occur. The Li repartition
across the electrode depth is adequately uniform, which indicates a negligible effect from porous electrode. In addition, some of the reconstructed slices
also revealed that the lithiation process could also happen from internal pores of the AM particles. This observation also implies that the electrolyte along
with the carbon conductive can penetrate some internal pores through the AM grain boundaries and allow the (de)lithiation process to occur from the inside
of the NMC secondary particles. This multiscale insight can shed light to the optimization of the electrode design to improve the electrode performance.

[1] J. B. Goodenough, Energy Environ. Sci. 2014, 7, 14.

[2] Y. Yang, et al. Adv. Energy Mater. 2019, 9, 1900674.

[3] X. Lu, et al. Nat. Commun. 2020, 11, 1.
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[5] J. Liu, et al.J. Phys. Chem. Lett. 2010, 1, 2120.

[6] K. Chen, et al. J. Phys. Chem. C 2019, 123, 3292.

[7] D. P. Finegan, et al. Nat. Commun. 2020, DOI 10.1038/s41467-020-14467-X.
[8] Meirer, F et al. Journal of Synchrotron Radiation 2011, 18 (5), 773-781.

[9] Wang, J et al. J. Nature Communications 2016, 7, 1-7.

1:45 PM CHO01.17.03
Late News: Advances in Direct Detectors for In Situ Electron Microscopy Barnaby D. Levin; Direct Electron LP, United States

In situ transmission electron microscopy (TEM) experiments on electrochemical systems require highly sensitive detectors in order to minimize the
electron beam dose incident on the specimen, and thereby minimize the potential effects of electron beam damage. Highly sensitive detectors are also
advantageous for in situ and operando experiments that aim to observe phenomena on millisecond timescales, where electron beam dose per frame is
necessarily limited?.



Monolithic active pixel sensor (MAPS) based direct detectors such as the DE-12 and DE-16 offer higher detective quantum efficiency (DQE) and
sensitivity compared to conventional, scintillator-coupled detectors, and have been employed in a variety of in situ TEM experiments?*, including studies
of lithiation and delithiation®, sodium electrodeposition®, and CO, reduction’. More recently, Direct Electron has developed two new MAPS detectors,
Apollo and Celeritas, that offer significant advances in the capability of direct detectors with potential applications to in situ experiments.

The event-based Apollo detector provides a fast-imaging speed whilst operating in an electron counting mode. Although MAPS based detectors achieve
greater DQE than conventional TEM detectors when operating in charge integrating mode, DQE is further enhanced when performing electron counting.
For frame-based MAPS based detectors, electron counting requires a very sparse signal per frame (~1 electron per 50 pixels), meaning that many frames
must be summed to obtain interpretable images, effectively reducing imaging speed by one or two orders of magnitude. At the same time, enormous
computational power is required to identify and count sparse events in individual frames. Instead of generating frames of data, event-based detectors only
generate data from pixels in which an event occurs, causing intensity to exceed a threshold level. The generation of data from select pixels, rather than
entire frames means fewer computational resources are needed to generate interpretable data, yielding a potential increase in speed. In the Apollo detector,
events occur when pixels are excited by an electron hitting the sensor. These events are compiled into interpretable counting mode images, which are
output at a rate of 60 images per second in 8192 x 8192 super-resolution mode.

The Celeritas detector offers very fast frame rates compared to previous TEM detectors. The physical sensor is 1024 x 1024 pixels with a 15 pm pixel size.
At full frame size the frame rate exceeds 1950 fps, allowing phenomena to be observed with a time step of just 512 ps between images. With a reduced
sub-area of 256 x 64 pixels, a frame rate of up to 87,000 fps can be achieved. This allows the Celeritas detector to be used to collect in situ 4D STEM
datasets, where a time step of less than 0.2 seconds between entire 128 x 128 probe position datasets is possible. This is a comparable speed to
conventional 2D STEM imaging and is one to two orders of magnitude faster than is currently possible with typical 4D STEM detectors.

The speed and sensitivity of the Celeritas and Apollo detectors may be advantageous for in situ electrochemical TEM experiments, such as studies of
dendrite growth and formation, or of atomic structural fluctuations in electrocatalysts, where high-speed imaging will be valuable for understanding
fundamental mechanisms.
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2:00 PM CH01.17.04
Late News: Anisotropy of Lithium Metal Stripping Explored with Operando 3D Microscopy Adrian J. Sanchez, Eric Kazyak, Yuxin Chen, Jose
Lasso and Neil P. Dasgupta; University of Michigan, United States

A promising pathway to surpass the energy storage capabilities of Li-ion is to incorporate a Lithium (Li) metal anode into a rechargeable battery. However,
challenges, such as poor cycle life and safety concerns, severely hinder the performance of Li metal anodes. Dendritic growth has been shown to contribute
to poor cycle life, but the impact pit formation has performance is not fully understood. In our previous work, we implemented operando video microscopy
to study the nucleation of Li metal and demonstrated the impact pits have on Li metal cycling!. The edges of pits were observed to be “hot” spots for
dendrite nucleation®. Furthermore, the size of the pits was observed to influence the reversibility of dendrites when nucleation occurred in a pit’. However,
a mechanistic understanding of how pit formation influences dendrite nucleation and reversibility is lacking. To better understand how pits evolve and how
this evolution impacts dendrites, we have enabled focus variation microscopy in our operando visualization platform?. This technique captures the areal
surface topography of sample with sufficient temporal resolution for operando measurements.

Using this capability, we: (1) explore the morphological evolution of individual pits; (2) demonstrate the anisotropic expansion of pits; (3) correlate
electrode surface microstructure and crystallographic orientation with stripping anisotropy; and (4) demonstrate pit faceting. The results of this study
highlight the anisotropic nature of Li metal stripping and identify the critical role of electrode crystallographic orientation and microstructure on stripping.
Furthermore, this study illuminates how the observed anisotropic stripping can promote dead Li formation and suggests potential pathways to improve
reversibility.

A. J. Sanchez et al., ACS Energy Lett., 5, 994-1004 (2020).
A. J. Sanchez, E. Kazyak, Y. Chen, J. Lasso, and N. P. Dasgupta, J. Mater. Chem. A (2021).

2:15PM CHO01.17.05
Late News: In Situ Transmission Electron Microscopy of High-Temperature Corrosion by Chloride Salts Prachi Pragnya, Daniel Gall and Robert
Hull; Rensselaer Polytechnic Institute, United States

Understanding high temperature corrosion of molten salt containment materials is of great importance to improve energy-efficiency and reduce cost of
thermal energy storage systems used with concentrating solar power plants. We have developed and implemented an in situ high-temperature transmission
electron microscopy (TEM) diffraction and imaging approach to monitor corrosion of Inconel-625 alloy by molten eutectic MgCl,—NaCI-KCI with 3 + 1
nm spatial resolution and sub-second temporal resolution in real time. The experimental setup uses a micro-environmental cell (MEC) assembly inside a
TEM with a gas flow channel and substrate heating (25-1000 °C), manufactured by Hummingbird Scientific. We also developed procedures involving a
mobile vacuum transfer vessel and encapsulation in inert gas in a glove box to avoid incorporation of significant H,O and O, in a Mg-chloride based salt-
stack to be used for controlled corrosion studies. Quantitative in situ diffraction pattern analysis is implemented using a numerical clustering algorithm and
2D Gaussian fit functions to determine diffraction spot intensities as a function of space and time. This facilitates determination of overall corrosion rates
as well as quantitative observation of the evolution of individual grains, providing microscopic insight into the nucleation and growth of the corrosion
process. Multi-layered salt films (25 nm MgCl,, 13 nm NaCl, and 12 nm KCI) on50 nm-thick Inconel-625 layers on TEM heater-chips are assembled into a
MEC for corrosion experiments at various temperatures and ambients inside a TEM. The isothermal corrosion rate for an anhydrous, unoxidized salt-stack
is 25 £ 3 nm hr! (220 + 30 um year?) at 700 °C. It increases to 40 + 2 nm hr! (350 + 20 um year™') at 800 °C. The corrosion rate at 700 °C increases five-



fold to 114 + 19 nm hr (1000 £ 170 um year) when the salt stack is air-exposed. These isothermal corrosion rates indicate that the molten chloride
corrosion is significantly accelerated by salt hydration from air exposure. Real-time imaging of the microstructure suggests that corrosion is initiated at
grain-boundaries.

<svg id="zcomponents__svg" style="display: none;"></svg>

2:30 PM CH01.17.07
Reaction Rate Constant Parameterization Methods for Simplified Electrochemical Lithium-lon Models Alain Goussian?, Sylvain Franger?, Loic
Assaud* and Issam Baghdadi?; *Université Paris-Saclay, France; 2Stellantis, France

The modeling of lithium ion batteries (LIB) requires to fulfill two main aspects to: i) finding a system of relevant equations and ii) defining adequate
unambiguous parameters. Actually, the parameterization of an electrochemical LIB model could be time consuming and the choice of the inputs is thus
crucial. However, among all the parameters needed for an accurate model, the kinetic rate constants is often forgotten in the literature, when it comes to
identify its value and dependency, whereas it takes a major part in electrochemical processes. Moreover, this parameter is believed to have a huge
sensitivity over the entire model. Thus, our study is exploring, suggesting and comparing different approaches to estimate this reaction rate constant value
and its dependency over other state variables, in order to identify an efficient method to determine this important parameter while accelerating
parameterization phase and getting a more trustful result of the overall model.

2:35 PM CHO01.17.09

Solid-Liquid Interactions of Oxygen Evolving Oxide Catalysts Probed in Real-Time Tzu-Hsien Shen?, Liam Spillane?, Jiayu Peng?, Yang Shao-
Horn® and Vasiliki Tileli; ‘Ecole Polytechnique Federale de Lausanne, Switzerland; 2Gatan, United States; 3Massachusetts Institute of Technology, United
States

The improvement of the electrocatalyst performance for the oxygen evolution reaction (OER, 40H™ — O, + 2H,0 + 4e") requires fundamental
understanding of the active sites during operation [1]. Here, we use electrochemical liquid-phase transmission electron microscopy (TEM) in combination
with electron energy-loss spectroscopy (EELS) to probe solid-liquid interfacial interactions of the OER catalysts in real-time. The wetting behavior of Co-
oxide particles is revealed and the catalytic products during the oxygen evolution reaction are detected at a single particle level. Three different crystal
structures were evaluated: the rocksalt CoO, the spinel Co3O4, and the highly OER-active perovskite BagsSrosC00.sF€0.203-5 (BSCF) [2]. By analyzing the
contrast of sequences of TEM images, the oxide surfaces are found to switch from hydrophobic to hydrophilic character under anodic potential due to
electrowetting induced by OH- accumulation at the interface [3]. The process is fully reversible and the extent of its stability is linked to the underlying
Co%3* redox reaction as well as the oxyhydroxide phase transformation on the spinel surfaces [4]. At high anodic applied potential, the evolution of
molecular oxygen, probed site-specifically from areas surrounding the single particles, enhances the apparent hydrophilicity of the surfaces. These
observations, performed in real-time and at a single particle level, provide unique nanoscale insights into the solid-liquid interactions of catalysts in their
native environment.

[1] J. T. Mefford, A. R. Akbashev, M. Kang, C. L. Bentley, W. E. Gent, H. D. Deng, D. H. Alsem, Y. S. Yu, N. J. Salmon, D. A. Shapiro, P. R. Unwin, and
W. C. Chueh, Nature 593, 67 (2021).

[2] J. Suntivich, K. J. May, H. A. Gasteiger, J. B. Goodenough, Y. Shao-horn, F. Calle-vallejo, A. D. Oscar, M. J. Kolb, M. T. M. Koper, J. Suntivich, K. J.
May, H. A. Gasteiger, J. B. Goodenough, and Y. Shao-horn, Science (80-. ). 334, 2010 (2011).

[3] T. H. Shen, L. Spillane, J. Peng, Y. Shao-Horn, and V. Tileli, submitted (2021).

[4] T. H. Shen, L. Spillane, J. Vavra, T. H. M. Pham, J. Peng, Y. Shao-Horn, and V. Tileli, J. Am. Chem. Soc. 142, 15876 (2020).
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8:00 AM *CH01.18.01

Mapping Lithium with Operando Synchrotron X-Ray and Neutron Imaging Techniques Ingo Manke!, Markus Osenberg?, Nikolay Kardjilov!, Robert
Bradbury?, Wolfgang Zeier?, Ohno Saneyuki®, Alessandro Tengattini4, André Hilger?, Joachim Binder®, Kang Dong* and Fu Sun®; *Helmhotz-Zentrum
Berlin, Germany; 2University Minster, Germany; *Kyushu University, Japan; “Universite Grenoble, France; *Karlsruhe Institute of Technology,
Switzerland; éChinese Academy of Sciences, China

The three-dimensional structure and morphology of the electrode has a strong influence on the performance characteristics of a battery. Optimizing 3D
structure and morphology is one of the key issues in the development of battery materials. Good electrical conductivity and sufficient Li-ion transport must
be ensured at every point of the entire electrode at all times. Furthermore, changes of the 3D structure during cycling are often a main reason for capacity
fading. The 3D structure has to be stable over hundreds of cycles. Therefore, a well designed 3D structure is essential for improving storage capacities and
longevity. Radiographic and tomographic measurement techniques based on (synchrotron) X-rays and neutrons are ideally suited to obtain detailed
information on the electrode structures. If properly used these techniques are non-destructive and allow for operando studies of structural changes during
cycling in the cell.

This presentation will give an overview of recent developments in the field of operando imaging on batteries at Helmholtz-Zentrum Berlin (HZB) with a
special focus on lithium mapping. To study the distribution of lithium and/or the lithiation process in a battery electrode different imaging techniques are of
particular importance: 1. Synchrotron X-ray phase contrast imaging is well suited for analysis of lithium degradation when no strong X-ray absorbers are
nearby. The high spatial resolutions allow studying small effects at interfaces of Li anodes or inside of a separator material. Some examples for Li anode
degradation and Li dendrite formation will be shown. 2. X-ray absorption edge spectroscopic imaging at a synchrotron provides spatially resolved chemical
information on the lithiation process even inside strong X-ray absorbers like NMC particles. The high spatial resolution also allows the analysis of
individual battery particles. 3. Neutron imaging has a high sensitivity to lithium and allows studying in particular solid state electrolyte batteries during
cycling. Some results will be presented and the use of Li isotopes for contrast enhancement will be discussed.

Finally, the talk will give some insights into the use of machine learning tools and the training of neural networks for optimized data segmentation and data
analysis.



8:30 AM CH01.18.02

Operando Atomic Force Microscope-Scanning Electrochemical Microscopy (AFM-SECM) of pH Gradients at Gas Diffusion Electrodes Nathan T.
Nesbitt'2, Thomas Burdyny?, Divya Bohra?, Recep Kas*2 and Wilson Smith'32; INational Renewable Energy Laboratory, United States; 2TU Delft,
Netherlands; 2University of Colorado Boulder, United States

Electrochemical carbon dioxide reduction (CO2R) to renewable chemical feedstocks and fuels at high current density creates a high local concentration of
hydroxide near the cathode. Due to diffusion limitations of hydroxide and homogeneous carbonate/bicarbonate reactions being out of equilibrium, this
creates a pH gradient in the electrolyte between the cathode and the electrolyte bulk. Knowing this gradient is important for accurate analysis of CO,R
mechanisms, but it has yet to be measured in industrially relevant conditions. Using atomic force microscope-scanning electrochemical microscopy, we
have measured this pH gradient above a gas diffusion electrode (GDE) and compared it with different transport models to determine the models’ accuracy.

8:45 AM *CH01.18.03

Operando Kerr Gated Raman Spectroscopy to Investigate Ageing Processes on Lithium-lon Electrode Interfaces Laurence J. Hardwick®, Alex
Neale!, David Costa-Milan', Laura Cabo-Fernandez', Filipe Braga' and Igor Sazanovich?; *University of Liverpool, United Kingdom; 2Central Laser
Facility, United Kingdom

Ageing mechanisms have a great impact into batteries calendar life and performance. A better understanding of these complex processes is critical to
improve the lifetime of the battery. Electrolyte ageing plays a key role in the decrease of capacity since insoluble species and gas by-products are formed
during the electrochemical cycling of the battery. Fluorescent species are formed during cycling of lithium ion batteries as a result of electrolyte
decomposition due to the instability of the non-aqueous electrolytes and side reactions that occur at the electrode surface. The increase in the background
fluorescence due to the presence of these components makes it harder to analyse data due to the spectroscopic overlap of Raman scattering and
fluorescence. Herein we will demonstrate both ex situ and operando Kerr gated Raman spectroscopy as an effective technique for the isolation of the
scattering effect from the fluorescence. This enabled the collection of the Raman spectra of LiPFs salt and LiPFg-based organic carbonate electrolyte,
without the interference of the fluorescence component and the measurement of Raman bands of graphite carbon at high states of lithiation.

9:15 AM CHO01.18.04

Improved Operando Raman Cell Configuration for Commercially-Sourced Li-lon and Na-lon Battery Electrodes Andy Wain?, Tim Rosser?,
Edmund Dickinson?!, Rinaldo Raccichini', Katherine Hunter?, Andrew Searle?, Christopher Kavanagh?, Peter Curran?, Gareth Hinds! and Juyeon
Park?; 'National Physical Laboratory, United Kingdom; ?Deregallera Ltd, United Kingdom

Operando Raman spectroscopy is a powerful analytical technique for observing real-time chemical changes in energy storage materials under
electrochemical cycling conditions. However, the requirement for optical access to the sample surface of interest places constraints on cell geometry,
leading to an unavoidable trade-off between electrochemical performance and spectral data quality. This issue is particularly prominent in the case of
commercially-sourced electrode samples that have been densely processed onto metal foil current collectors, for which spectro-electrochemical cycling at
industrially relevant current densities is highly challenging.

In this work we present an improved configuration for performing operando Raman spectroscopy on commercially-sourced alkali-ion battery electrodes, in
which a spacer is used to alleviate electrolyte ion accessibility limitations and improve electrochemical cell performance compared to a previously
established spectro-electrochemical cell configuration. Electrochemical simulation predicts an improvement in lithiation homogeneity and electrochemical
cycling performance at higher specific currents, and this is corroborated experimentally for a foil-backed graphite Li-ion negative electrode. The wider
applicability of this configuration is also demonstrated by way of a case study of hard carbon Na-ion negative electrodes measured over 50 cycles. We
show that this approach enables reliable operando Raman spectroscopy on commercial battery electrodes under conditions of more practical relevance to
industry than previous cell configurations.

9:30 AM CH01.18.06
Revisiting the Ethylene Carbonate—Propylene Carbonate Mystery with Operando Characterization Tim Melin and Erik Berg; Uppsala University,
Sweden

The “EC-PC mystery” has puzzled electrochemists for decades. The historically persistent use of propylene carbonate (PC) rather than ethylene carbonate
(EC) as electrolyte solvent in lithium based batteries significantly delayed their realization. The additional methyl group in PC is surprisingly the root cause
of the failure of PC to form a stable solid electrolyte interphase (SEI) on the negative Li-ion electrode, but the underlying reason remains debated.* Several
explanations have been hypothesized, mostly based on ex situ measurements of electrolytes and electrodes.>? However, in order to obtain a detailed
mechanistic understanding of the highly elusive interphase formation, in situ and operando techniques are needed.

In the presented study, electrode interphases formed as a result of EC and PC reduction are analyzed by two state-of-the-art operando techniques, Online
Electrochemical Mass Spectroscopy (OEMS) and Electrochemical Quartz Crystal Microbalance with Dissipation monitoring (EQCM-D). OEMS and
EQCM-D are techniques highly dedicated for analyzing volatile species® as well as viscoelastic properties of electrode interphases during their formation in
operating Li-ion cells.* Both EC and PC based electrolytes show similar evolution profiles of H, and CO, while the extent of propylene (in the PC-based
electrolyte) was significantly larger than the corresponding amount of ethylene (in the EC-based electrolyte). The findings correlate well with the EQCM
measurements where a clear dissolution behavior of SEI in the PC-electrolyte was observed, while electrode mass deposition was irreversible when EC was
present. Clearly, solubility of the various SEI components (primarily the dicarbonate) leads to dramatic differences in performance of PC as opposed to
EC.! The presented study serves as a model for how operando techniques may provide deeper insights into well studied subjects, such as the EC-PC
mystery.

1. Xu, K. Whether EC and PC Differ in Interphasial Chemistry on Graphitic Anode and How. J. Electrochem. Soc. 156, A751 (2009).

2. Spahr, M. E. et al. Exfoliation of Graphite during Electrochemical Lithium Insertion in Ethylene Carbonate-Containing Electrolytes. J. Electrochem.
Soc. 151, A1383 (2004).

3. Lundstrém, R. & Berg, E. J. Design and validation of an online partial and total pressure measurement system for Li-ion cells. J. Power Sources 485,
(2021).

4. Kitz, P. G., Lacey, M. J., Novak, P. & Berg, E. J. Operando EQCM-D with Simultaneous in Situ EIS: New Insights into Interphase Formation in Li lon
Batteries. Anal. Chem. 91, 2296-2303 (2019).

9:45 AM CH01.19.05
Elucidating Performance-Limiting Side-Reactions in Large-Format Li-lon Cells with Operando Electrochemical Mass Spectrometry Casimir
Misiewicz; Uppsala University, Sweden



Advances in methodologies for real-time analysis of batteries have come an extraordinarily long way [1], especially with the development

of Operando Electrochemical Mass Spectrometry (OEMS) . These approaches allow for the determination of side reactions during battery cycling with
unprecedented selectivity and sensitivity, thus providing vital information necessary for determination of lifetime-limiting processes. However, the work
thus far has primarily been carried out on model battery systems, where cell configurations and atmospheres are largely tampered with (through continuous
flow [2] [3] in the open approach and purging [4] in the semi-closed approach [5]) and the operation conditions are therefore not comparable with real-life
situations. Herein, the development and validation of an entirely closed OEMS system adapted for readily available commercial batteries is showcased. We
provide a detailed description of two unique analysis designs with subsequent comparisons between them and other existing OEMS setups. Additionally,
time-resolution modelling is applied to the data to determine precise gas onset points, ultimately eliminating diffusion related time delays. The prospects of
utilizing OEMS for the study of commercially available rechargeable batteries after production or usage is evaluated.

[1] A. M. Tripathi, W. N. Su, and B. J. Hwang, “In situ analytical techniques for battery interface analysis,” Chem. Soc. Rev., vol. 47, no. 3, pp. 736-751,
2018, doi: 10.1039/c7cs00180k.

[2] P. Novék et al., “Advanced in situ characterization methods applied to carbonaceous materials,” J. Power Sources, vol. 146, no. 1-2, pp. 15-20, 2005,
doi: 10.1016/j.jpowsour.2005.03.129.

[3] N. Tsiouvaras, S. Meini, I. Buchberger, and H. A. Gasteiger, “ A Novel On-Line Mass Spectrometer Design for the Study of Multiple Charging Cycles
of a Li-O 2 Battery,” J. Electrochem. Soc., vol. 160, no. 3, pp. A471-A477, 2013, doi: 10.1149/2.042303jes.

[4] R. Lundstrém and E. J. Berg, “Design and validation of an online partial and total pressure measurement system for Li-ion cells,” J. Power Sources,
vol. 485, no. December 2020, 2021, doi: 10.1016/j.jpowsour.2020.229347.

[5] L. A. Kaufman and B. D. McCloskey, “Surface Lithium Carbonate Influences Electrolyte Degradation via Reactive Oxygen Attack in Lithium-Excess
Cathode Materials,” Chem. Mater., pp. 1-7, 2021, doi: 10.1021/acs.chemmater.1c00935.
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10:30 AM *CH01.19.01
Effective Transport in Li-S Solid-State Batteries Wolfgang Zeier; University of Muenster, Germany

The advent of solid-state batteries has spawned a recent increase in interest in lithium conducting solid electrolytes, especially in the lithium
thiophosphates. However, many open questions remain when trying to optimize electrolytes and understand solid state battery chemistries. Among the
interesting solid-state battery systems, the conversion reaction of sulfur has been recently of interest.

In this presentation, we will show how an understanding of the chemomechanical changes as well as the interfacial decomposition reactions in Li-S solid
state batteries help to better understand and design these systems.

Further, we will show that fast ionic conduction is paramount within solid state battery composites. Measuring the effective ionic transport in cathode
composites provides an avenue to explore transport and stability limitations that in turn provide better criteria for solid state battery performance

11:00 AM CH01.19.02
Operando Surface Enhanced Raman Spectroscopy of the Stepwise Formation of Solid Electrolyte Interphases in Li-lon Batteries Neeha Gogoi and
Erik Berg; Uppsala University, Sweden

Solid electrolyte interphase (SEI) formed due to the reductive decomposition of electrolytes on the graphite negative electrode is one of the most widely
studied phenomenon in Li-ion batteries[1]. Yet, no real consensus of the governing processes has been established due to their inherent complexity and
lack of dedicated characterisation techniques[2]. Herein we have employed Operando surface enhanced Raman spectroscopy (SERS) to investigate the SEI
formation in a model electrolyte based on Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) in ethylene carbonate (EC). We observe a stepwise
potential-dependent reaction process involving decomposition of both electrolyte impurities and the EC solvent. The SERS enhancement has enabled us to
also identify several metastable intermediates. For instance, Li,COs is observed as an interphasial component formed primarily due to the electrochemical
reduction of residual contaminants in the electrolyte. SERS provides a deeper understanding of the underlying processes during SEI formation and the
dynamics of the interfacial composition during the battery cycling. Challenges when analysing the SEI and prospects for development of this approach will
further be highlighted.

Reference:

[1] M. Winter, “The solid electrolyte interphase - The most important and the least understood solid electrolyte in rechargeable Li batteries,” Zeitschrift fur
Phys. Chemie, vol. 223, no. 10-11, pp. 1395-1406, 2009, doi: 10.1524/zpch.2009.6086.

[2] A.J. Cowan and L. J. Hardwick, “Advanced Spectroelectrochemical Techniques to Study Electrode Interfaces Within Lithium-lon and Lithium-
Oxygen Batteries,” Annu. Rev. Anal. Chem., vol. 12, pp. 323-346, 2019, doi: 10.1146/annurev-anchem-061318-115303.

11:15 AM CH01.19.03
The Effects of Residual Water in Li-lon Battery Model Systems Studied with Online Gas Analysis Robin Lundstrém and Erik Berg; Uppsala
University, Sweden

The solid electrolyte interphase (SEI) is key to battery performance. The composition of the SEI is an assortment of decomposition products, mainly from
reduced electrolyte species but also from residual contaminants, such as H,O. The SEI both forms and changes during operation of a Li-ion battery. A full
understanding of the SEI is challenging to attain with only post-mortem analysis. Therefore, analytical techniques monitoring the battery during operation,
or operando, are needed to deconvolute the SEI formation in Li-ion batteries.

Many side-reactions, including SEI formation, in Li-ion batteries have volatile species forming as some of the decomposition products. Online
Electrochemical Mass Spectrometry (OEMS) can sample the gas composition of a battery.! By sampling the volatile species from a battery cell during
operation, a voltage-dependent gas evolution profile is gained. The result is a holistic overview of side-reactions in Li-ion batteries.



In this presentation, we deepen the study of the SEI formation on carbon electrodes and demonstrate how it is impacted by residual H,O. Glassy carbon
electrodes in carbonate-based electrolyte are studied using OEMS. More H,O present in the battery cell has been linked to an increase? in CO, and decrease
in C,H, evolution®. We show that CO, and C,H, evolution are connected with a linear relationship in relative amounts depending on H,O content.

The thermal reaction between H,O and electrolyte components can result in HF forming over time. A high HF concentration in the electrolyte breaks the
linear relationship of CO, and C,H, gas evolution, as a new major decomposition reaction affects the SEI formation. Different stages of CO, evolution and
consumption during the formation cycle will be shown, where multiple processes are present. Unintended reactions taking place in the glassy carbon model
system will be shown to have a significant impact on the SEI composition.# The influence of H,O on the SEI formation in Li-ion battery systems and
especially in model systems are highlighted.

(1) Lundstrdm, R.; Berg, E. J. Design and Validation of an Online Partial and Total Pressure Measurement System for Li-lon Cells. J. Power

Sources 2021, 485, 229347.

(2) Bernhard, R.; Metzger, M.; Gasteiger, H. A. Gas Evolution at Graphite Anodes Depending on Electrolyte Water Content and SEI Quality Studied by
On-Line Electrochemical Mass Spectrometry. 2015, 162 (10), 1984-1989.

(3) Joho, F. et al. Key Factors for the Cycling Stability of Graphite Intercalation Electrodes for Lithium-lon Batteries. J. Power Sources 1999, 81-82, 243—
247.

(4) Lundstrém, R.; Berg, E. J. In manuscript.

11:30 AM *CH01.19.04
Using In Situ X-Ray Spectroscopy to Study Metal-Sulfur Batteries Lorenzo Stievano?; *Univ. Montpellier, France; 2RS2E, France

Metal-sulfur batteries have been proposed in the last years as a promising energy storage technology for the future, due to the high theoretical capacity,
remarkable energy density, and low cost. However, the major drawbacks of sulfur positive electrodes, such as the well known polysulfide shuttle effect and
the low electrical conductivity of elemental sulfur, add to those specific of each negative electrode, such as the side reactions between metal anodes and
electrolytes, are currently preventing their possible commercialization. All these effects are often interconnected, and strongly dependend upon the type and
the amount of electrolyte used in the cells. Therefore a thorough understanding of the mechanisms of all these processes, both in the bulk and at the
interfaces, during the lifetime of metal-sulfur batteries is necessary for mastering them and producing a viable metal-sulfur system.

Among the different technniques that have been developed for understanding these processes, in situ X-ray spectroscopies are among the most interesting
ones. For instance, sulfur K-edge X-ray absorption and X-ray emission spectroscopies have been used to follow the evolution and the dynamics of the
sulfur species in a working battery, while ex situ X-ray photoelectron spectroscopy was employed to study the evolution of the interfaces and the aging
mechanisms of the metal-sulfur cells.

In this presentation, an overview of the application of X-ray spectroscopy methods to the study of metal-sulfur batteries is presented. It will be shown how
these techniques together provide a unified view of metal-sulfur systems, suggesting possible strategies to circumvent their main drawbacks and thus
enabling their practical applications.

12:00 PM CH01.19.06

Operando X-Ray Scattering with Stochastic Modelling to Quantify the Nanoscale Phase Evolution in Post-Lithium-lon Batteries Christian Prehal®?,
Heinz Amenitsch?, Stefan A. Freunberger®2 and VVanessa Wood?; *ETH Zurich, Switzerland; 2Graz University of Technology, Austria; 3IST Austria
(Institute of Science and Technology Austria), Austria

Properties and function of beyond intercalation-type batteries are not only rooted in the chemistry but at least as much in the structure all the way from
atomic to sub-micrometer length scales. This concerns specifically complex transformations such as the electrodeposition of insulating materials in
conversion-type lithium-sulfur (Li-S) or lithium-air (Li-O,) battery electrodes. Substantial performance improvements, therefore, rely on a quantitative
physico-chemical understanding at all relevant length scales, which puts high demands on (operando) analytical techniques.

Here we present operando small and wide angle X-ray scattering (SAXS / WAXS) as a suitable method to study the nanoscale phase evolution of solid
Li»O, during charging and discharging a custom-built operando Li-O; cell. For data analysis, our recently developed method used for supercapacitors was
adapted [1] and synergistically combined with modelling of Li,O, nucleation and growth in a realistic 3D carbon pore model generated via stochastic
modelling. This allows visualizing the nanoscale product formation in real-time and distinguishing between Li,O, formed via disproportionation (solution
mechanism) or direct electroreduction (surface mechanism). Contrary to what current knowledge predicts, we find that Li,O; is formed to the widest extend
via solution mediated disproportionation of LiO,, even under conditions previously considered prototypical for Li,O surface growth [2]. Results were
backed up by hydrodynamic voltammetry, electron microscopy and numerical modelling, and question significant parts of the currently accepted reaction
model in Li-O; batteries [3].

Next to Li-O; batteries, the potential of the method is demonstrated by quantifying the reversible electrodeposition of solid reaction products during
charging and discharging a custom-built operando Li-S cell. In situ SAXS / WAXS data analysis was combined with stochastic modelling of the three-
phase nanostructure Li,S / Li,S, / electrolyte using the concept of PluriGaussian random fields [4]. The hierarchical Li,S, — Li,S composite nanostructures
formed during Li-S discharge indicate that Li,S forms via solid-state disproportionation of higher-order polysulfides rather than direct electroreduction at
the carbon-electrolyte interface. Structural information derived from X-ray scattering was complemented by cryo (scanning and transmission) electron
microscopy and small angle Neutron scattering. The found mechanism provides novel design criteria for improved capacities and improved cycle life in Li-
S batteries.

References:

1 Prehal, C., Koczwara, C. et al. Quantification of ion confinement and desolvation in nanoporous carbon supercapacitors with modelling and in situ X-ray
scattering. Nature Energy 2, 16215, (2017).

2 Aurbach, D., McCloskey, B. D., Nazar, L. F. & Bruce, P. G. Advances in understanding mechanisms underpinning lithium-air batteries. Nature

Energy 1, 16128, (2016).

3 Prehal, C., Samojlov, A. et al. In situ small angle X-ray scattering reveals solution phase discharge of Li-O2 batteries with weakly solvating

electrolytes. PNAS 118, e2021893118, (2021).

4 Prehal, C., Fitzek H. et al. Persistent and reversible solid iodine electrodeposition in nanoporous carbons. Nature Communications 11, 4838, (2020).

12:15 PM BREAK



SESSION CH01.20: Probing Interfaces
Session Chairs: Yixuan Li and Christian Masquelier
Wednesday Afternoon, December 8, 2021
CHO1-Virtual

1:00 PM *CH01.20.01
Probing Interface Stability and Charge Distribution in Solid-State Batteries via STEM Miaofang Chi; Oak Ridge National Laboratory, United States

Solid-state batteries hold the promise of safer, cheaper, and longer-lasting batteries. Its largest bottleneck lies in their interfaces, including both interfaces
with electrodes and internal grain boundaries. For example, many current solid electrolytes either involve concerning interfacial stability with electrodes
and/or an unexpected dendrite growth along their grain boundaries. The associated underlying origins however remain unknown. To understand the
interfacial mechanisms at play, the electrochemical stability, mechanical stability, and local potential variations, must be studied correlatively and ideally,
under simulated operation. In this talk, I will show several examples of elucidating the interface stability, overpotential, and dendrite growth mechanism in
model solid electrolytes, including lithium phosphorus oxynitride (LiPON), LixLay/3-x3TiO3 (LLTO) and Al- LizLazZr,012 (LLZO). This presentation will
also demonstrate the power of utilizing a suite of scanning transmission electron microscopy techniques, including cryogenic high-resolution imaging, in
situ biasing microscopy, differential phase-contrast imaging, and low loss electron energy loss spectroscopy (EELS) to probe features defining the function
of interfaces in solid-state batteries.

This research was supported by an Early Career project supported by the DOE Office of Science FWP #ERKCZ55. All microscopy technique development
was performed and supported by Oak Ridge National Laboratory’s (ORNL) Center for Nanophase Materials Sciences (CNMS), which is a DOE Office of
Science User Facility.

1:30 PM CHO01.20.04
Modelling X-Ray Absorption Spectra for Dynamic Interfaces in Multivalent Electrolytes Ana Sanz-Matias and David Prendergast; Lawrence
Berkeley National Laboratory, United States

The increasing demand of large-scale energy storage with improved performance, safety and sustainability for renewable variable energy sources drives the
search for post-Li-ion batteries based on multivalent cation chemistries (e.g., Mg, Zn and Ca). However, poor electrolyte stability against metal anodes and
high voltage cathodes has been so far one of many barriers to the development of multivalent cation rechargeable batteries. (Electro)chemistry at the
electrolyte-electrode interface is critical to battery performance. Multivalent cations are prone to complex formation with solvent molecules and anions,
leading to different interfacial species with characteristic (electro)chemical properties. Although multivalent cation solvation/complexation structures have
been investigated in the bulk, fundamental understanding of speciation at the interface is lacking.

Fluorinated anions are often used in multivalent and other post-Li-ion electrolytes. Fluorine K-edge X-ray Absorption Spectroscopy provides access to a
surprising level of detailed electronic structure information about the anion coordination and decomposition process, despite the relatively predictable
oxidation state and ionicity of the fluoride ion. In this work, we examine the sensitivity of the F K-edge to the fluorine bonding environment in solid, liquid
and interfacial species relevant to energy applications. Utilizing a combination of Molecular Dynamics simulations and a recently developed many-body
approach based on the $\Delta$SCF method, we calculate the X-ray absorption spectra of multiple fluoride salts using density functional theory. Thin films
and surfaces are also explored to establish whether they provide distinct spectral signatures that might be observable in the solid electrolyte interphase of
working electrodes. At last, the solid-liquid interface of non-aqueous, Mg based electrolytes with fluorinated anions are examined.

1:45 PM CHO01.04.01
Nucleation and Growth of Transition Metal Alloy Nanoparticles from Transition Metal Hydroxide Complexes Observed in Graphene Liquid
Cells Azadeh Amiri, Abhijit H. Phakatkar and Reza Shahbazian-Yassar; University of Illinois Chicago, United States

The nucleation and growth of crystalline nanoparticles is an important fundamental process of synthesis in many applications to better control and engineer
the properties of nanoparticles. In-situ studies of electron beam-induced formation of metal nanoparticles from the precursor solution in the liquid-cell
transmission electron microscopy (LCTEM) is one of the helpful methods to reveal the nucleation and growth mechanism.*2 Especially, employing
graphene liquid-cell (GLC) which encapsulates the liquid solution between thin graphene layers allows high-resolution imaging and better visualization of
the important steps of nanocrystals nucleation and growth.®# In this work, using the GLC microscopy technique, nucleation and growth of transition metal
alloys in an equimolar aqueous mixture of Mn, Fe, Ni, and Zn chloride salt precursor solution under electron beam is studied.

The radio-chemistry formation of metallic particles commonly involves three major steps of (1) production of metal atoms in solution by electron beam-
induced reduction of metal ions; (2) nucleation of solid-phase by atom clustering; and (3) growth of nucleated particles by monomer addition and particle
coalescing. Solvated electron () produced by the radiolysis of water is a very strong reducing agent to reduce the transition metal ions with negative
reduction potential to their zerovalent state. However, other ionic and radical species products of water radiolysis present in the solution can also react with
metal atoms and oxidize them back to positive valence ionic states. Polyvinylpyrrolidone (PVP) is added to precursor solution can act as a strict stabilizer
and a scavenger of OH radicals and minimize their oxidizing effect.

The transition metal salts dissolved in water were initially found as nanorod shape crystallin precipitates inside the GLC (Figure 1a). The analysis of

the fast Fourier transforms (FFT) diffraction pattern matches the monoclinic crystalline structure of used transition metal hydroxide (TM(OH),). (Figure
1b). The direct transformation of metal hydroxide nanorods to metal nanoparticles was observed by focusing the electron beam on a smaller screening area.
As a result of increasing the magnification, the electron dose increases, and metal ions are reduced to metal atoms. The nucleation of nanoparticles is
detected in few seconds at two sides of the long rods and they grow to 2 nm size particles in 10 s. Then 3-4 adjacent small particles start to coalescence and
make the bigger particles. The growth of particles is slowed down after reaching 5 nm in less than 60 s. (Figure 2). The in-situ formed nanoparticles have a
FFC crystalline structure close to the FCC structure of transition metals used which shows a single-phase multi-metallic alloy is formed in the solution and
at room temperature. (Figure 2c-d)
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1:50 PM CHO01.04.05
In Situ Transmission Electron Microscopy Studies of Multi-Elemental Nanoparticles Synthesis in Liquid Flow Cells Azadeh Amiri, Abhijit H.
Phakatkar and Reza Shahbazian-Yassar; University of Illinois Chicago, United States

Multi-element alloy nanoparticles are important materials for different catalysis and energy conversion applications due to the compositional complexity
and lattice distortion.[1-2] Yet, fabrication of homogenous multi-metallic particles composed of miscible and immiscible elements is challenging and needs
special kinetically controlled synthesis methods. [3-4]

In this work, we studied the in-situ colloidal synthesis of multi-element alloys through different equilibrium and non-equilibrium growth mechanisms. An
equimolar aqueous mixture of Au, Pt, Ir, Cu and Ni chloride is used as the precursor solution and polyvinylpyrrolidone (PVP) is added as a stabilizer. A
liquid flow holder integrated with microfluidic tubing is used to gradually inject the precursor solution into the liquid cell. The time-lapse series of TEM
images show the fast formation of particles in solution entered into the liquid cell by electron beam reduction of metal ions, followed by nucleation of and
growth id particle seeds. The crystalline phase structure, elemental composition and distribution of formed nanoparticles are identified by ex-situ
aberration-corrected scanning transmission electron microscopy (STEM), energy-dispersive X-ray spectroscopy (EDS) and high angle annular dark field
imaging (HAADF) characterization techniques.

Due to the difference in miscibility and reduction rate kinetics of metallic elements, particles formed in liquid cells have different sizes, morphologies, and
compositions. Three different types of particles are detected as AuCu alloy, PtCulrNi alloy and Ni@Cu core-shell nanoparticles. Larger particles with a
size of 20-30 nm are gold-rich AuCu alloy with near hexagonal morphologies. The second type of detected particles are Ni@Cu core-shell 8-10 nm in size.
Nickel has the lowest reduction potential and is more likely to be oxidized by oxidizing radicals and ions product of water radiolysis. The formation of
Ni@Cu core-shell nanoparticles can be explained by the slower reduction rate of transition metal elements compare to noble metals used in the mixture.
The third type of particle has the smallest size and most complex composition. The PtCulrNi particle are 2-3 nm in size and have a single FCC crystal
structure. The crystal of these multicomponent nanoparticles is composed of atoms with different size and binding energies which results in lattice
distortion and complex surface energies of lattice planes. This complex structure and surface energies of crystal facets hinder the fast coalesce of
nanoparticles and further growth of particles. This is n promising mechanism for the synthesis of small nanoparticles with increased surface area and highly
active surface sites for many catalysis applications.
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Operando XRD and Lattice Models as Tools to Determine Phase Diagrams—The Case of LiNiO2 Matteo Bianchini®?, Markus Mock?, Francois
Fauth®, Karsten Albe* and Sabrina Sicolo®; *BASF SE, Germany; 2Karlsruhe Institute of Technology, Germany; SALBA Synchrotron, Spain; “Technische
Universitat Darmstadt, Germany

Operando X-ray diffraction (XRD) is an established technique to observe cathode active materials (CAMSs) and their crystallographic transformations upon
Li (de)intercalation in Li-ion batteries.* With synchrotron radiation, high intensity and excellent temporal and angular resolution can be obtained, yielding
accurate Rietveld refinement results.? This allows tracking unit cell symmetry and volume, atomic positions and even site occupancy factors; in other
words it allows real-time investigations of compositional phase diagrams as a function of lithium content. In this respect, a complex and still debated CAM
is LiNiO,, which benefits nowadays of a wave of renewed interest fueled by the industry moving towards high-Ni layered CAMSs.? In this respect, it also
becomes important to study LNO with operando XRD in electrochemical setups resembling commercial applications, such as unmodified pouch cells.

In this presentation we will show that synchrotron XRD can indeed be used to measure pouch half cells in transmission mode to investigate CAMs, with a
focus on LiNiO,. Despite the fact that its phase diagram has been the object of numerous experimental and computational studies over the last two decades,
even between recent experimental studies inconsistencies emerge on the position and width of single- and two-phase fields*>. Modelling of the phase
diagram has always been a daunting task and resulted in the prediction of several stable Li phases that were not observed experimentally. Aiming at
resolving the sources of discrepancy among experiments and between experiments and theory, we combine operando synchrotron XRD and Rietveld
refinement with Monte-Carlo Simulation using a modified cluster expansion formalism at the Density Functional Theory (DFT) level®. A surrogate lattice
model pinpoints the influence of off-stoichiometry (Li;..Ni1+,O2) and elemental substitution on the phase diagram and yields an unprecedented match to
experimental ones. The dominant effect of both off-stoichiometry and elemental substitution is to disrupt Li ordering, suppressing phase transitions and
promoting solid-solution behavior and the corresponding smoothing of voltage curves. Our model is particularly effective at reproducing the monoclinic
domain and allows to draw a correspondence between electrochemical features (dx/dV curve) and Li-vacancy orderings (including the first identification of
a Lis;gNiO; superstructure). Deviations from experiments at both ends of the phase diagram are resolved and attributed to faulting and sluggish kinetics at
high and low state of charge, respectively. The formation of stacking faults, in particular, known from ex situ observations’, is investigated for the first time
under operando conditions.
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Structural Evolution of All-Solid-State Li-lon Battery Using Operando TEM and X-Ray Micro-CT Sorina Cretu*23, Martial Duchamp? and Arnaud
Demortiere-34; *Laboratoire de Réactivité et de Chimie des Solides, France; 2Nanyang Technological University, Singapore; *RS2E-French Research
Network on Electrochemical Energy Storage, France; ALISTORE- European Research Institute, France

Conventional lithium-ion batteries (LiB)* are the most efficient energy storage devices that triggered the transformation of our lifestyle into a digital nomad
with the revolution of portable electronics. Compare to conventional liquid electrolyte, inorganic solid-state electrolytes (SSE) represent a promising
alternative due to their nonflammable nature, broader temperature operating range and larger electrochemical window. Therefore, all-solid-state-batteries
(ASSB) made an important step toward new-generation in electrochemical energy storage systems2. However, several limitations still impact the
performances of ASSBs such as SSE ionic conductivity, chemical evolution of SSE/active-materials interface, lithium dendrite growth, grain boundary
conductivity and solid/solid interfacial resistance?.

To get a better insight into the limiting parameters of the performances of the ASSBs, a better quantification of the relationship between the structural and
electrochemical properties is strongly required. In this study, we propose an approach to carry out Operando Transmission Electron Microscopy (TEM)
measurements* and X-ray micro computed tomography (XCT)® to study the chemical and morphological modifications while operating the ASSB focusing
on the multiple solid/solid interfaces at a local scale using the TEM, but also having a general view using the XCT.

For this study ASSB using a oxide solid electrolyte, Li; sAlosGe15(PO4)3 (LAGP)® was used due to their high stability in the air. Different batteries
configuration was used for the operando TEM experiment and XCT. In the case of Operando TEM an LiFePO, (LFP)/LAGP/Li3V2(PO4); (LVP) battery
was studied where LFP was choose as cathode material due to its safety and price attractions. One of the most difficult part in the realization process of

the operando TEM experiment was represented by the production nanobattery process where the electrolyte layer must be thin enough (maximum 20 nm)
to allow a full battery to be connected to the chip which allows applying bias. In the case of operando XCT NMC/LAGP/Li metal battery was studied
where NMC and Li metal were chosen due to their high energy density.

A home-made electrochemical cell designed for tomography requirements has been used for monitoring Li dendrite, cracks formation, LAGP degradation
in real-time during (de)lithiation process. The contact between lithium metal and solid electrolyte generated the formation of an instable interface where
dendrites penetration in the solid electrolyte throw a delamination effect was spotted. Lithium exchange process produced extra stress and volume increase
in the material which generated the production of the cracks in the battery. Once the irreversible process of the cracks started, lithium metal penetrated
inside the cracks and slowly filled them, in the end producing the short-circuit the battery.

Operando TEM analysis allowed us a more local analysis where the solid/solid interface between cathode and solid electrolyte was studied at nanoscale.
The appearance of cracks while cycling that was noticed using XCT was confirmed also with the TEM analysis. The migration of the cathode elements
inside the solid electrolyte at the local scale upon cycling was noticed after the bias was applied offering us insights of the solid/solid interface in the ASSB
at a local scale. The quantification of the dynamics of Li dendrite formation and the morphological changes within ASSB open new opportunities to
attenuate failure processes occurring during the (de)lithiation mechanism.
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1:30 PM *CH02.01.01
Dynamically-Controlled Optoelectronic Behavior of Metal-Organic Materials Natalia Shustova; University of South Carolina, United States

Modulation of electronic properties as a function of external stimuli is driven by multifunctional device development. For instance, optical control over
material electronic structures offers a powerful approach for optical switch integration, memory device evolution, and photocatalyst development. Tailoring
electronic properties of metal-organic frameworks (MOFs) was previously achieved through metal node engineering, redox-active linker installation, or
guest incorporation. We coupled previously applied synthetic strategies in this research area with the possibility of dynamically modulating electronic
properties through integration of photoresponsive moieties within a framework.! In this presentation, a photophysics—electronics correlation will be
discussed as a function of external stimuli. Optical cycling, modeling of density of states near the Fermi edge, conductivity measurements, and
photoisomerization kinetics were employed to shed light on the process of tailoring MOF optoelectronic properties. This talk will also cover our recent
efforts for engineering the first photochromic MOF-based field-effect transistor, in which the field-effect response could be changed through light
exposure. As a demonstration, the change in current upon light exposure was sufficient to operate a two-LED fail-safe indicator circuit.!
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2:00 PM CHO02.01.02

Late News: Host-Guest Catalyst Systems for CO2 Conversion Using Transition Metal Complexes Encapsulated in Metal-Organic

Frameworks Jeffery Byers!, Chia-Kuang Tsung?, Zhehui Li*, Thomas Rayder'?, Enric Adillon3, Banruo Li* and William Thompson?; ‘Boston College,
United States; 2The Ohio State University, United States; *California Institute of Technology, United States

The construction of host-guest catalyst systems for CO, hydrogenation reactions is described wherein molecular ruthenium-based complexes are
encapsulated in the metal-organic framework (MOF) UiO-66. Encapsulation of the molecular complexes is made possible by utilizing an aperture-opening
methodology that capitalizes on the dissociative ligand exchange process that occurs for the UiO-66 MOF. Through this method, host-guest catalyst
constructs can be synthesized that decouple the synthesis of the transition metal complex, which serves as the catalytically active subunit, with the MOF
host material. This advantage was used to develop a variety of catalysts used for the hydrogenation of carbon dioxide to useful fuels, such as formic acid
and methanol. The method enables multicomponent catalytic systems that benefit from cascade catalysis. Additionally, the method is ammenable for
installing functional groups that modulate catalytic function through second-sphere intereactions, which come about through modifications made to the
MOF host material.

2:15 PM CH02.01.03
An Architectural Perspective on Heterogeneous Catalysis Debra R. Rolison, Paul A. DeSario, Catherine L. Pitman, Jeremy J. Pietron, Ashley M.
Pennington, Todd Brintlinger, Evan R. Glaser, Travis G. Novak, Rhonda Stroud and Michelle D. Johannes; U.S. Naval Research Laboratory, United States

Our team investigates transport functionality—ion, electron, and mass—using aerogels as an ultraporous mesoscale platform that innately wires in three
dimensions these three necessary mobilities for catalysis [1]. We track performance with a model bifunctional catalytic reaction: oxidation of carbon
monoxide at metal nanoparticles (NPs) supported on reducing oxides. We can use the flexibility of sol-gel routes to prepare oxide aerogels as a means to
site Au NPs either in the covalently bonded oxide network of TiO, or supported on the network using conventional routes to oxide-supported metals. We
find that Au||TiO; interfacial design strongly impacts charge carrier (electron and proton) transport over mesoscale distances in the metal guest—oxide host
architecture with implications for catalytic oxidations and controls the activity of CO oxidation under broadband illumination [2]. The intimacy of
interfacial contact between Cu NPs supported on either TiO, or CeO, aerogels maintains the Cu NPs in a sufficiently metallic state to sustain a plasmonic
response without ligand stabilization or during exposure to water/O, conditions or CO oxidation. The CeO, support also markedly increases activity for the
thermal catalysis of CO oxidation over that obtained for Cu NPs supported on titania aerogels enabling Cu-based rather than Au-based oxidative catalysis

B3I
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2:30 PM *CH02.01.05
Enhancing MOF Performance Through the Introduction of Polymer Guests Shuliang Yang, Daniel T. Sun, Li Peng, Vikram V. Karve, Natalia
Gasilova, Mehrdad Asgari, Emad Oveisi, Olga Trukhina and Wendy L. Queen; Ecole Polytechnique Fédérale de Lausanne (EPFL), Switzerland

Abstract: Among several classes of porous materials, metal-organic frameworks (MOFs) are particularly attractive due to their unprecedented internal
surface areas (up to 7800 m?/g),[* easy chemical tunability, and strong, selective binding of a host of guest species. Through judicious selection of MOF



building blocks, which include metal ions and organic ligands, one can readily modify their properties for a variety of potential applications. Despite these
attractive features, there are still challenges in the field that limit our ability to use MOFs as a solution for a wide range of industrial problems. For instance,
some MOFs have limited mechanical and chemical stability, particularly in highly humid, acidic or basic environments. Overcoming this problem could
lead to extended lifetimes and hence increased feasibility for their use in areas where such conditions are required.

In response to these needs, we have recently begun to combine MOFs and polymers in an effort to boost MOF performance and extend their stability. Our
recent work demonstrates that selected polymers can significantly enhance MOF performance in a number of important liquid and gas separations?-4 as
well as extend catalyst lifetimes in selected reactions.! In addition to this, controlled polymerization processes were employed to enhance the mechanical
stability!®! of large pore frameworks and extend the chemical stability of a number structurally diverse MOFs not only in humid environments, but also in
acidic and basic media.l”l We hope such work can help bring these frameworks a few steps closer to their deployment into a range of ecologically and
economically important applications. In this presentation, our recent work, devoted to the development of novel MOF polymer composites, will be
outlined.
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3:30 PM CH02.01.06
Clathrate Behavior from a Molten Hydrogen-Bonded Organic Framework Adam H. Slavney and Jarad A. Mason; Harvard University, United States

Solid-state framework materials represent a unique class of solids in which chemists are able to exercise fine control of the crystalline structure through a
carefully tuned combination of strong, directional bonding interactions and rigid organic struts. This level of control has enabled the design of highly
effective materials for uses as varied as ion transport and gas capture and storage. However, despite these achievements, normal liquids remain the media
of choice for many industrial adsorption applications as their fluidity greatly simplifies process design. As a means of bridging the liquid and solid
adsorption paradigms we are interested in investigating the molten phases of framework materials. Due to their strong bonds, most framework materials
decompose prior to melting. The few zeolitic imidazolate frameworks (ZIFs) which have been shown to melt do so at ~400 °C, temperatures too high to
observe appreciable physisorptive interactions with guest molecules. We hypothesized that replacing the strong metal-ligand coordination bonds used in
many frameworks with weaker hydrogen bonds would lead to significantly lowered melting points.

1 will discuss our work on creating hydrogen-bonded frameworks (HOFs) with low melting points. By borrowing anti-crystal engineering strategies from
the ionic liquid literature, we successfully lowered the melting point of a guanidinium sulfonate HOF from ~200 °C to as low as 70 °C. In fact, our molten
HOF is itself an ionic liquid, albeit a very viscous one. The melting point of the framework is strongly dependent on its interactions with physisorbed guest
species and can vary from 70 — 140 °C with different guests. In the absence of guests molecules, the HOF ionic liquid does not crystallize instead vitrifying
into a glassy state at 45 °C. This phase behavior is strongly reminiscent of the clathrate hydrates; where water crystallizes into a network of hydrogen-
bonded cages with encapsulated non-polar guests at low temperatures and high gas pressures. We demonstrate that the phase diagram of our HOF-guest
system is isomorphic with that of a typical clathrate hydrate, emphasizing this connection. We suspect that the clathrate-like behavior we observe in our
HOF may be a general phenomenon of molten frameworks at sufficiently low temperatures and this conceptual framework might be useful for future
studies on molten framework materials.
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3:45 PM *CH02.01.07
Reactivity and Catalysis with Hydride Compounds Yoji Kobayashi; King Abdullah University of Science and Technology, Saudi Arabia

Hydrogenations are an integral part of many catalytic reactions. It is also natural to ask, then, whether this reaction can be catalyzed by hydride compounds.
In solid state chemistry, the development of many new hydrides and related mixed-anion compounds has been reported; these advances form an excellent
basis for developing new catalysts. We are interested in how these hydrides interact with small molecules, and whether they can lead to novel catalytic
materials. Often, these are active as bulk materials, even without any supported metal. We will present how these materials can be used for ammonia
synthesis/decomposition and CO, hydrogenation, while examining how the bulk structure/composition is involved.
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10:30 AM *CH02.02.01
Dielectric Behavior to Identify New Electronic Materials David J. Singh?, Xin He?, Patsorn Boon-on®, Ming-Way Lee® and Lijun Zhang?; *University of
Missouri, United States; 2Jilin University, China; 3National Chung Hsing University, Taiwan

Dielectric screening plays an important role in reducing the strength of carrier scattering and trapping by point defects for many semiconductors such as the
halide perovskite solar materials. However, it was rarely considered as a screen to find new electronic semiconductors. We performed a material search
study using the dielectric properties as a screen to identify potential electronic materials in the class of metal—pnictide ternary sulfosalts, containing Bi or
Sh. These salts are basically ionic due to the electronegativity difference between the S and both the metal and pnictogen elements. However, we do find
significant cross-gap hybridization between the S p-derived

valence bands and pnictogen p-derived conduction bands in many of the materials. This leads to enhanced Born effective charges and, in several cases,
highly enhanced dielectric constants. We additionally find a series of compounds with low effective mass, high dielectric constant, and other properties that



suggest good performance as electronic materials and also several potential thermoelectric compounds.

11:00 AM CH02.02.02
Tuning La20s-Type Structure Magnetic Topological Candidates Madalynn Marshall*, Antonio Moreira dos Santos?, Huibo Cao? and Weiwei
Xie!; 'Rutgers, The State University of New Jersey, United States; 2Oak Ridge National Laboratory, United States

Within the condensed matter science community, interest in topological materials has grown rapidly. An exciting direction is the combination of
topological electronic states with additional quantum phases including magnetic topological materials, which have a range of applications including
spintronics, thermoelectric and photovoltaics. Previously, our group discovered the trigonal La,Os-type MgsBi, material to be a type-I1 nodal-line
semimetal. The strong spin orbit coupling (SOC) Bi layers in this structure create an ideal environment for the topological electronic states. To drive this
material even further magnetic elements can be introduced, potentially leading to a coupling between the magnetism and topological quasiparticles that can
be additionally enhanced through pressure techniques. Widely accepted as a beneficial clean tool, pressure has the ability to tune the electronic interactions
in quantum materials through the atomic distances. In this work we explore various La,Os-type structure magnetic topological candidates consisting of
either 3d or 4f magnetic elements. Various pressure techniques have been utilized to observe the intricate tuning of the magnetic and electronic properties
in these materials including high-pressure neutron diffraction, revealing evident nuclear and magnetic structure transitions. Manipulating these materials
will result in a further understanding of our ability to control the magnetic and topological properties.

11:15 AM CH02.02.03

Highly Improved Ferroelectricity and Reliability in HfosZrosO2 Films Using a HfOxNy Interfacial Layer Beom Yong Kim?, Hyeon Woo Park?, Yong
Bin Lee!, Suk Hyun Lee!, Minsik Oh?, Seung Kyu Ryoo?, In Soo Lee?, Doosup Shim!, Min Hyuk Park?! and Cheol Seong Hwang?; *Seoul National
University, Korea (the Republic of); 2Pusan National University, Korea (the Republic of)

Since the ferroelectric (FE) property was first reported in the fluorite-structured Si-doped HfO, thin film in 2011, numerous researches on this emerging
material have been conducted for memory and energy-related applications. The FE characteristic appears in the HfO, thin film because of the formation of
the polar orthorhombic (0) phase. Although the non-polar monoclinic (m) phase is a thermodynamically stable phase in bulk HfOy, it has been reported that
the o-phase can be formed in HfO, thin films by controlling various factors such as dopants, surface energy, mechanical encapsulation, oxygen vacancies,
and cooling rate. Meanwhile, the chemically reactive TiN bottom electrode (BE) has a tendency to induce a chemical reaction with the growing HfO, film,
which can cause defects in the film and produce an unwanted interfacial dielectric layer. The former could significantly degrade the reliability through a
leakage current flow and the eventual breakdown of the film during the endurance cycle tests, whereas the latter may degrade the remanent polarization
(Pr) by inducing the depolarization effect. In this regard, the nitride interfacial layers, especially HfNy (or HfO,Ny) and ZrNy (or ZrO4Ny), are noteworthy.
The inclusion of nitrogen may suppress the unwanted chemical between the (Hf, Zr)O, (HZO) film and the TiN BE, which could improve the reliability of
the HZO film and suppress the depolarization effect. Among the HfN, and ZrNy, HfNy could be more promising because it may suppress the in-situ
crystallization of the HZO film during its atomic layer deposition (ALD), which adversely interfere with the o-phase formation.

In this study, the enhancements in the FE performance of the HZO-based TiN/HZO/TiN device with the insertion of HfOq ¢1No 72 interfacial layer (IL) were
examined in detail. After optimizing the growth condition of the HfO4Ny layer by the reactive sputtering, a 2-nm-thick HfOg 61No 72 IL was deposited on the
TiN BE, which was oxidized in-situ to the HfO1,62No 34 during the subsequent ALD of the HZO thin film. The adoption of the 2-nm-thick HfOg 61No.72 IL
suppressed the uncontrolled growth of larger HZO grains during the subsequent rapid thermal annealing process, which was accompanied by a more than
60% decrease in the inclusion of the undesirable m-phase compared to the structure without the IL. This improvement resulted in a ~30% increase in

2P, without any change in the coercive field. Such improvement was maintained up to the HZO thickness of 20 nm. This could be ascribed to the formation
of an amorphous HfO1 62No .34 IL on the TiN BE, which suppressed the unwanted in-situ inclusion of the crystalline nuclei in the HZO film during the ALD
of the HZO film. Also, the slight inclusion of the nitrogen atoms at the bottom interface enhanced the reaction barrier property against the adverse chemical
reaction with the reactive TiN BE, which crucially improved the electrical reliability of the HZO film. As a result, the 10-nm-thick HZO film showed an
endurance cycle of 1.5x10 cycles with a 2P, value of 23.3 pC cm when the endurance cycle test was performed at 3.0 MV cm. This is among the
highest endurance performance levels even without cation doping. Therefore, HfOg 61No.72 IL was highly promising in various FE HfO,-based devices.

11:30 AM CH02.02.04

Low-Dimensional Magnetism with Triangular “CuV2” Motifs Yiran Wang', Masayuki Fukuda?, Romain Gautier!, Atsushi Miyake®, Sergey Nikolaev?,
Hena Das?, Masashi Tokunaga®, Masaki Azuma? and Kenneth R. Poeppelmeier’; *Northwestern University, United States; 2Tokyo Institute of Technology,
Japan; ¥The University of Tokyo, Japan

Owing to the interesting spin gap behavior, low-dimensional magnetic systems attract considerable attention. Transition metals, such as Cu?* and V** with
spin S =%, are often used to construct such systems. Recently, we synthesized two crystalline compounds which contain both Cu?* and VV** ions by the
hydrothermal pouch method. Single crystal X-ray diffraction reveals that triangular “CuV2” motifs with different arrangements forms in the infinite one-
dimensional chain compound [H3N(CH,)2NH3]Cu(H20)2[V202Fs] (1) and the molecular tetramer compound [Cu(H,0)(4,4’-dimethyl-2,2"-
bipyridyl)]o[V20,Fs] (2). Magnetization measurement in a pulsed high-magnetic field suggests a presence of a spin gap of 48.6 and 57.6 K in

compound 1 and compound 2, respectively. First-principles calculations indicate the presence of strong and weak antiferromagnetic interactions between
Cu?* and V*, and weak ferromagnetic interactions between V** and VV#* in both systems. As a result, the quasi-one-dimensional chain compound 1 can be
regarded as a chain of weakly coupled linear S = % spin trimers, and the molecular tetramer compound 2 can be decoupled into two weakly coupled S = %2
spin dimers.
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4:00 PM *CH02.04.01
Tuning Chemical Short Range Order in High-Entropy Oxide Perovskite and Spinel Lattices Katharine Page'?, Xin Wang?, Palani Raja Jothi* and Bo
Jiang?; 'The University of Tennessee, United States; 20ak Ridge National Laboratory, United States

Next generation materials of nearly every kind rely on chemical, electronic, and/or magnetic heterogeneity for creating, harnessing, and controlling
functionality. High entropy oxides (HEOs), materials exhibiting a single-phase crystal structure containing five or more different cations on single



crystallographic lattice sites, have attracted great interest in diverse fields because of their inherent opportunities to tailor and combine materials
functionalities. The control of local order/disorder in the class is by extension a grand challenge towards realizing their vast potential. We present detailed
investigation of the cation site preferences, chemical short range order, and magnetic and thermal properties achieved in specific transition metal-based
manganite perovskite and ferritic spinel HEO families through compositional tuning and variation in synthesis/processing conditions. A combination of
local to long-range electron, X-ray and neutron scattering probes are employed to investigate their complex configurational diversity and associated
structure-property trends. Experimentally derived models are supported by Density Functional Theory calculations and Metropolis Monte Carlo
simulations. This work hints at the exquisite level of detail that may be required in computational and experimental approaches to guide structure-property
tuning in emerging HEO materials.

4:30 PM CH02.04.02
Late News: Crystal Growth and Design of Defect Pyrochlores and Related High Entropy Oxides Lucas Pressley:!, Angela Torrejont, W A.
Phelan? and Tyrel McQueen**; YJohns Hopkins University, United States; 2Los Alamos National Laboratory, United States

A family of high entropy oxides with the formula Mg,TasLn3O14 (Ln = La, Pr, Nd, Sm, Eu, Gd) has been discovered and synthesized. Single crystals, 5 mm
OD x 2.5 cm, for Ln = Nd have been grown using the laser optical floating zone technique. Crystal orientations are confirmed by Laue diffraction, and
structure solutions were obtained via single crystal X-ray diffraction. The structure is found to be a partially disordered pyrochlore, space group Fd-3m,
fractional chemical formula (Mgo.2sNdo.75)2(Mdo.25 Tao.75)207. Magnetization measurements indicate ordinary paramagnetic behavior in all compounds
down to T = 2 K, except in the Eu variant which possesses Van Vleck paramagnetism. Specific heat measurements for Ln = Nd shows no phase transitions
between T =300 and 2 K. We demonstrate the ability to prepare magnetically disordered materials by substitution of Mg with Ni, Mn, and Co,
demonstrating the flexibility of this family in accommodating defects. The stabilization of these compounds could be due to the entropy gain associated
with defects, showcasing a “materials by design” approach by using disorder to stabilize novel magnetic and optical materials. Further work has been done
targeting high entropy versions of other families of oxides, with particular focus on the perovskite structure.

4:45 PM CHO02.04.04

Intermediate Twinning, Abnormal Grain Growth and Chemical Inhomogeneity—Challenges and Opportunities in Lead-Free

Ferroelectrics Patricia Pop-Ghe?, Monika Amundsen?, Niklas Wolff®, Amna Rubab?, Lorenz Kienle?, Anette Gunnas?, Eckhard Quandt® and Richard
James?; 'University of Minnesota, United States; 2University of Oslo, Norway; *Kiel University, Germany

Recently, changing political and environmental demands are being met by an intense growth of research on efficient, environmentally friendly and
ecological technologies. Among these technologies, lead-free ferroelectric ceramics have been widely studied, as possible applications range from the
substitution of lead-based materials in piezoelectric devices and innovative cooling technologies to energy harvesting and conversion applications.
However, their full potential remains unexploited for both bulk materials and thin films, the latter being a major driving force in today’s key technology
sectors. In this context, the ferroelectric potassium sodium niobate (KNN) ceramic is assumed to bear great potential ever since its discovery in the 1950°s
due to its combination of material properties i.e., its perovskite structure and correlated first-order phase transformations and ferroelectricity, as well as its
high Curie temperature. However, composition and microstructure control are major challenges due the material’s multi-scale chemical heterogeneity,
including high volatility, as well as varying diffusion constants and leading to an insufficient electrical performance as compared to lead derivatives.

The focus of this work is on the analysis, optimization and theory-guided synthesis of KNN, based on the geometrically nonlinear theory of martensite
(GNLTM). The latter gives precise rules for the minimization of structural fatigue, but its applicability to complex ceramic materials is unclear. For KNN a
major goal is the suppression of abnormal grain growth and the bimodal grain size distribution that lead to degradation of thermal and electronic properties.
We show that the GNLTM correctly predicts favorable lattice structures and thus improved material properties for the homogeneous ceramic in which
abnormal grain growth has been successfully suppressed. We achieve excellent thermal stability and repeatability of the tuned ceramic as seen from
temperature-dependent X-ray diffraction (XRD), temperature-dependent transmission electron microscopy (TEM), and energy dispersive X-ray
spectroscopy (EDS). These investigations reveal that the GNLTM together with advanced synthesis and characterization techniques provides a useful
strategy for the improvement of the reversibility and functionality of phase-change materials with complex chemistry and structure.
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CHO02.05.01

Toward Durable Multimetal Oxyhalide Intergrowths for Solar Water Splitting Kaustav Chatterjee’, Roberto dos Reis?, Jaye K. Harada?, Jette K.
Mathiesen?, Sandra L. Atehortua Bueno?, Kirsten M. Jensen3, James M. Rondinelli?, Vinayak Dravid? and Sara E. Skrabalak®; *Indiana University, United
States; 2Northwestern University, United States; 3University of Copenhagen, Denmark

Metal heteroanionic photocatalysts have gained attention for their visible-light absorption; however, they are also plagued by photocorrosion, which limits
their long-term use. Such photocorrosion occurs from the photooxidation of the less electronegative non-oxide ions, leading to decomposition of the
material’s lattice. In this presentation, new intergrowth oxyhalide photocatalysts composed of tantalum and gadolinium will be shown to be stable materials
under visible light for photocatalytic water splitting. These intergrowths were prepared using a halide flux method, with their crystal structures analyzed by
Rietveld refinement of powder X-ray diffraction data and scanning transmission electron microscopy. These analyses support intergrowth formation. The
Ta:Gd molar ratio was systematically varied in the intergrowths to rationalize the effect of charge separation and changes in band structure towards
photocatalytic water splitting activity. Furthermore, these intergrowths are capable of sustained overall water splitting in a Z-scheme with Ru/SrTiO3:Rh as
a hydrogen evolution catalyst. The high stability of these intergrowth materials is attributed to O 2p orbitals at the valance band edge rather than Cl 3p
orbitals, as discerned from electronic structure calculations. These results provide new strategies for designing durable artificial photosynthetic systems by
rational modulation of crystal and electronic structure.

CHO02.05.05
Stable Water-Soluble Complexes with Picolinamidine as a Solubilizing Ligand Raul Castafieda, Tatiana Kornilova, Michael S. Petronis and Tatiana
Timofeeva; New Mexico Highlands University, United States



In pursuit to obtain water-stable MRI contrast agents, the bidentate ligand picolinamidine (PiAm) was used to make complexes with copper, nickel, and
zinc. The bidentate coordination of PiAm is analogous to that observed in 2,2"-bipyridine, but PiAm has an additional nitrogen atom which can act as both
hydrogen bond donor, and acceptor, helping to improve the aqueous solubility of the target complexes. In this work seven different complexes with one, or
two PiAm ligands, as well different geometries were obtained with Cu'""Cl,, Cu"CIBr, Ni"'Cly, Ni'"2H,0 and Zn'"'CI. Interestingly these complexes are
water-soluble, and they can be promising for some applications such as aqueous polymerization, hydrogen splitting, and MRI contrast agents. The stability
of these complexes in water was tested using two different approaches: (i) using UV-vis, and (ii) by recovering the initial complex from an aqueous
solution after the evaporation of water. Both approaches lead us to conclude that PiAm remains coordinated to the metal ion in an aqueous environment,
although in some cases the chlorine ligands can be displaced. The geometry, chemistry, and similarities or differences in the crystal packing of these
complexes will be discussed in detail in this work. Finally, the accurate measure of solubility and the EPR data of these complexes are underway and will
be presented during the congress.

CHO02.05.06
CeO:2 Aerogel-Supported Nickel for Highly Active and Stable Oxidation of Carbon Monoxide Travis G. Novak, Paul A. DeSario, Todd Brintlinger,
Christopher N. Chervin, Rhonda Stroud and Debra R. Rolison; U.S. Naval Research Laboratory, United States

Nickel-based heterogeneous catalysts are widely researched as cost-effective alternatives to Pt or Au based materials for many reactions related to carbon
chemistry, with ongoing efforts focused on improving stability and specific activity. Dispersing Ni on or within a highly porous oxide — such as Al,Os,
TiO,, or CeO, — can improve performance by both exposing more active sites and promoting metal-support interactions. However, the surface chemistry
and stability of the active Ni phase is often unclear, as is the potential effect of the supporting oxide on the presence and persistence of certain phases. In
this work, we photodeposit nickel nanoparticles (NPs) onto CeO, aerogels, an architecture that provides high surface area and a mesoporous structure
allowing facile permeation of gas to interior active sites. Through ex-situ XPS analysis, we show that intimate contact between Ni and CeO; stabilizes Ni as
Ni(OH),, the highly active phase for CO oxidation, Conversion to NiO that occurs in higher weight loading with aggregated Ni is prevented. Activity for
Ni/CeO, aerogels is far greater than that of either unsupported Ni or Ni supported by structurally similar TiO, aerogels, indicating that this system benefits
from a unique interaction between CeO, and Ni rather than simply the high surface area of the aerogel. CeO, aerogels with 2.5 wt.% Ni have both higher
activity per mol of Ni and greater stability than higher weight loadings, with 95% CO conversion at 200 °C and no decline in activity after 12 h of
continuous reaction. Our results reveal CeO, aerogels serve as an ideal supporting oxide for Ni catalysts and provide important insights regarding the effect
of Ni phase for CO oxidation.

CHO02.05.09

In Situ Synchrotron XRD Studies of Microstructure Evolution During the Salt-Mediated Coarsening of Nanoporous Metals Adam A. Corrao?,
Gerard S. Mattei'?, Christopher M. Coaty?, Victoria Petrova®, Zhuo Li*2, Monty R. Cosby*?, Taewoo Kim?, David P. Fenning®3#, Ping Liu®3* and Peter
G. Khalifah'2; 1Stony Brook University, United States; 2Brookhaven National Laboratory, United States; University of California, San Diego, United
States; “University of California San Diego, United States

Conversion reaction synthesis (CRS) methods provide a scalable and versatile route to nanoporous metals (NPMs) of both noble and non-noble metals with
a morphology that is highly desirable for catalysis and other applications that benefit from a high surface area. CRS-derived NPMs can exhibit
enhancements in catalytic activity relative to conventional metal nanoparticles, though the optimal surface area will be system-specific and represents a
compromise between the demands for activity (higher surface areas are better) and stability (which the highest surface area morphologies may lack). For
this reason, it is important to gain both a fundamental understanding and practical control over processes that can be used to tune particle and pore sizes in
NPMs.

While thermal annealing is generally suitable for tuning porosity, it has been observed that CRS-prepared NPMs often collapse during heating, resulting in
the loss of surface area and particle interior accessibility. We have found that the collapse can be avoided by heating not the pure NPMs, but instead
heating the NPMs when they are in the form of a CRS intermediate nanocomposite phase in which salt (typically LiCl) fills the NPM pores. In

situ synchrotron X-ray diffraction studies with fine time resolution (~1 sec step size) have been used to quantitatively follow the rapid evolution in
microstructure that occurs when Fe, Co, and Cu NPM-salt nanocomposites are heated. Intriguingly, the most rapid growth in the metal particle size occurs
concurrently with a sharp reduction in lattice strain within the salt phase, indicating a non-innocent role of the solid salt in the coarsening process. This
work provides the first quantitative mechanistic insights into the coarsening behavior of CRS-prepared NPMs.

Work has also been carried out to extend the CRS methodology from simple homogeneous metal systems to more complex heterogeneous systems that can
have improved catalytic properties. One example of this is a ZnO-supported Co catalyst, which has an advantageous anisotropic morphology that provides
better access to the interior porosity of the nanoporous Co metal than traditional isotropic NPM morphologies. It was found that the combination of the
ZnO support and the anisotropic morphology led to a 3x improvement in H, production during the steam reformation of ethanol relative to chemically
analogous isotropic nanoparticles.

CHO02.05.10
Phase Transition Pathway by a Co-Operative Pseudo-Jahn Teller Effect Under Microwave Radiation Kelvin Dsouza and Daryoosh Vashaee; North
Carolina State University, United States

Microwave interaction in materials has been studied, debated, and extensively used for its exciting effects in the last two decades. Applications for
microwave processing have grown over the years, especially for material sintering, waste processing, organic and inorganic material synthesis, and the rate
enhancement of chemical reactions.

The intrinsic dielectric loss in a material can be explained by lifetime broadened two-phonon difference processes. At temperatures near phase transition,
this absorption due to phonon relaxation can result in different structural orientations of the crystal leading to order-disordered phases and phase retention
in the crystal structure.

In this work, we investigate the effect of microwave radiation on structural phase transitions and present the results for the case of bismuth oxide. Bismuth
oxide has numerous applications in solid oxide fuel cells, gas sensors, photocatalyst, and optoelectronics for its attractive properties of wide bandgap, ionic
conductor, and high refractive index. There have been five polymorphs of Bi,Os reported so far, including a, B, 3, v, and €, with a-Bi,O3 being the stable
phase at room temperature. However, under microwave radiation, we were able to synthesize the metastable 3 phases at room temperature. The sample is
characterized using X-ray diffraction, Raman spectroscopy, Differential Scanning Calorimetry, and UV-Vis spectroscopy to evaluate the structure and
different phases in the sample. These metastable states are structurally related, and different phases can emerge depending on the temperature and intensity
at which the sample is irradiated with the microwave. Lone pair activity plays a crucial role in the crystal structure, and the position and direction of these
lone pairs explain the orientation of the crystal. The underlying electronic phenomena can be attributed to the co-operative pseudo-Jahn teller effect, which
is the interaction of active pseudo-Jahn teller centers. By evaluating the symmetry descent in the crystal lattice for the phases adopted by bismuth oxide
through heat treatment, one can justify the hypothesis of a co-operative effect. As phonons carry the interaction between these centers, we hypothesize that



the intrinsic microwave absorption leads to multi-phonon relaxation, disrupting the interaction between the centers. To calculate the intrinsic microwave
absorption and support the hypothesis, we evaluate the phonon dispersion and the two phonon relaxation using first-principle calculations.

CH02.05.11

Tunable Novel Magnetic System in an Anti-CeColns Structure Type Ranuri S. Dissanayaka Mudiyanselage!, Chang-Jong Kang?, Kaya Wei?, Tai
Kong?, Gabriel Kotliar* and Weiwei Xie!; ‘Rutgers, The State University of New Jersey, United States; 2National High Magnetic Field Laboratory, United
States; 3The University of Arizona, United States

The materials science community is constantly striving to discover new critical materials that meet future technological demands. Exploring rare-earth free
magnetic materials is one direction, where Mn-based compounds have been identified as a promising candidate to replace the rare-earth elements. Here we
have designed and synthesized Mn-based novel rare-earth free magnetic materials in the anti-CeColns structure type by using chemical bonding concepts.
Physical property measurements have confirmed that the magnetic behavior of these compounds range from room temperature ferromagnetic to an
antiferromagnetic. Furthermore, theoretical assessments indicate that by including a strong spin orbit coupling and manipulating the lattice parameters, in
particular the c/a ratio, a magnetic transformation from antiferromagnetic to ferromagnetic state or vice versa can be observed. Various pressure dependent
techniques are being utilized to investigate this predicted behavior. Overall, these materials provide an ideal platform to enhance the understanding of
intricate structure-magnetic relationships. Fundamental knowledge on the manipulation of magnetic properties will accelerate the discovery of new critical
materials.

CH02.05.12
Structural Investigation of Cu-Pd, Cu-Pt, and Cu-Ru Nanoparticles Alexandre Foucher and Eric A. Stach; University of Pennsylvania, United States

Bimetallic structures are advantageous to reduce the use of precious metals and diminish the cost of catalysts for critical chemical reactions. For instance,
Pd is used for alkyne hydrogenation, Ru for the Fischer-Tropsch process, and Pt is an excellent catalyst for CO or methanol oxidation. However, these
metals are expensive, and monometallic particles are not always very stable. To this end, Pt, Pd, and Ru are often incorporated with Cu to create optimized
intermetallic or core-shell structures. The combination of these three expensive metals and Cu also yield a unique electronic configuration at the surface of
the particles. Alloying leads to increased stability, activity, and selectivity compared to monometallic compounds. However, dynamical restructuring
effects during chemical reactions may alter the property of the bimetallic nanocatalysts. Change in valence states, composition, and crystallography will
influence the physical properties of innovative alloys for catalysis.

In this study, three Cu-based alloys were synthesized and characterized. In-situ transmission electron microscopy (TEM) and electron energy-loss
spectroscopy (EELS) were performed to understand structural and compositional changes upon exposure to elevated temperatures and O,/H,. Modification
of the crystal structure at the surface of the nanoparticles and changes in the oxidation numbers can be correlated with increased or reduced chemical
properties. Differences between alloyed and monometallic systems are investigated with EELS and electron pair-distribution function (ePDF) analysis.
Results are also supported with density functional theory (DFT) calculations to understand the effect of crystallography, valence state, and composition on
reactions.

Hence, bimetallic nanocatalysts' chemical and physical properties can be described by a combination of innovative characterization techniques supported
by electronic structure calculation. This approach can be expanded to an extensive range of new materials to understand the origin of their properties.

CH02.05.13
Ternary Ti-Mo-Fe Nanotubes as Efficient Photoanodes for Solar-Assisted Water Splitting Nageh K. Allam; American University in Cairo, Egypt

Designing efficient and stable water splitting-photocatalysts is an intriguing challenge for energy conversion systems. We report on the optimal fabrication
of perfectly aligned nanotubes on trimetallic Ti-Mo-Fe alloy with different compositions prepared via the combination of metallurgical control and facile
electrochemical anodization in organic media. The X-ray diffraction (XRD) patterns revealed the presence of composite oxides of anatase TiO, and
magnetite FesO4 with better stability and crystallinity. With the optimal alloy composition Ti- (5.0 at.%) Mo- (5.0 at.%) Fe anodized for 16 h, enhanced
conductivity, improved photocatalytic performance, and remarkable stability were achieved in comparison with Ti- (3.0 at.%) Mo- (1.0 at.%) Fe samples.
Such optimized nanotube films attained an enhanced photocatalytic activity of ~0.272 mA/cm? at 0.9 Vscg, which is approximately four times compared to
the bare TiO, nanotubes fabricated under the same conditions (~0.041 mA/cm?at 0.9 Vscg). That was mainly correlated with the emergence of Mo and Fe
impurities within the lattice, providing excess charge carriers. Meanwhile, the nanotubes showed outstanding stability with a longer electron lifetime.
Moreover, carrier density variations, lower charge transfer resistance, and charge carriers dynamics features were demonstrated via the Mott-Schottky and
electrochemical impedance analyses.

CH02.05.14

Engineering Random Dielectric Nanoscale Strains on Silicon Surface to Enhance Light Emission Sufian Abedrabbo?, El Mostafa Benchafia®, Ahmad
Al-Qawasmeh?, Nuggehalli M. Ravindra? and Anthony T. T. Fiory?; *Khalifa University of Science and Technology, United Arab Emirates; 2New Jersey
Institute of Technology, United States; 3Integron Solutions, United States

Engineered materials and devices typically involve interfaces of various forms that introduce property modifications of interfaced materials by introduction
of stresses and strains. In this study, we focus on interfaces created in silicon associated with inhomogeneous stresses and specifically address their strong
effect on radiative properties of indirect bandgaps. In particular, attention is drawn to the sol-gel based dielectric coatings catalyzed by various acids on
silicon that modulates the indirect bandgap of Si favorably towards radiative recombination of free-carriers. A hypothesis on the role of random nanoscale
stresses is presented. Photoluminescence and strain levels properties of surface engineered interfaces via colloidal coatings is compared to those of thermal
and chemical deposited coatings. Appreciable improvements of band edge light emission is revealed. Other techniques and structures that results also in
inhomogeneous bulk strains and expected efficient radiative recombination properties will be presented. One of these include formation of ordered
nanoscale dislocation loops below the silicon surface.

CHO02.05.15

Na2FePO4F—A Computational Investigation into a Promising Cathode Material for Sodium-lon Batteries Daniel N. Sykes'?, Yong-Seok

Choi2 and David O. Scanlon2; tUniversity College London, United Kingdom; 2Faraday Institution, United Kingdom; Diamond Light Source, United
Kingdom

Long-term viability of Li-ion battery energy storage may be limited by global lithium reserves. Recently, sodium-ion batteries (NIBs) have garnered a great
deal of attention, partially because of sodium’s natural abundance, its more even distribution across the earth and it costs less than lithium. NIBs are
especially attractive for large-scale energy storage systems where cost and life cycle are essential. To this end, Na,FePO4F has been a material of interest as



a viable cathode material for sodium-ion storage due to the high discharge voltage and favourable theoretical capacity.! Recent work has shown the
potential for doping in Na,FePO4F cathodes to increase average voltage, reduce band gap and Na-ion diffusion barrier.?

In this work we will present work completed on computationally investigating Na,FePO4F using Density Functional Theory (DFT) with the periodic code,
VASP (Vienna Ab Initio Simulation Package), and the hybrid HSEO06 2 (Heyd-Scuseria-Ernzerhof) functional. Here we elucidated the bulk geometric
structure of the material through relaxation as well as the most stable magnetic configuration. The electronic structure of the material has also been
examined with a Density of States (DOS) and band structure being obtained. Furthermore, to examine the defect landscape of the material properly later,
the different stable phases of Na,FePO4F have been investigated. Calculating the phase stability of Na,FePO4F builds a foundation for a detailed
understanding of its defect chemistry at given chemical potentials.
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CHO02.05.16
Chemical Bonding Revisited—The Potential of Property Maps Carl-Friedrich Schén, Steffen van Bergerem, Christian Mattes, Leif Kobbelt, Martin
Grohe and Matthias Wuttig; RWTH Aachen University, Germany

Physicists and chemists share a common belief. The properties of solids are determined by the arrangement of its constituting atoms, which is governed by
the chemical bonding mechanism present in the material at hand. It should therefore be possible to revert this relation and infer from a material’s properties
which bonding mechanism is employed. This is no simple feat, as there is a multitude of physical properties which might be an indicator for the relevant
bonding mechanism in the corresponding solid. We therefore utilize means of computer science by using classification algorithms to sort a database of
materials to a priori arbitrary groups, which we aim to link to bonding mechanisms.

In our study, we have composed a database of elements and binary compounds, containing for example Aluminum, Gallium Arsenide, Diamond, Sodium
Chloride, Germanium Telluride etc. For all compounds in the database, the corresponding values of a set of properties were included. This set contains the
conductivity o, the Born Effective Charge Z*, the Effective Coordination Number (ECoN) and the Bandgap EG, the melting point Ty, the density p and the
atomic density pa. To further increase the size of the dataset, miscible compounds were alloyed and the parameters interpolated accordingly, resulting in a
total of about 330 compounds used for the classification.

A Gaussian mixture algorithm was utilized to separate the compounds in the database into n clusters, where each value from 2-6 was tested for the number
of allowed clusters n. For three clusters, the traditional separation into covalent, ionic and metallic compounds could be reproduced, as no compounds with
Hydrogen bonds or Van-der-Waals bonding were added to the database. Only few materials were wrongly classified, with the majority being mix-ups
between covalent and ionic compounds. Interestingly, with the number of allowed clusters n set to 4, exactly those materials that have recently been
proposed to utilize a novel chemical bond, named metavalent bond, are being assigned to the fourth cluster. We hence conclude, that our results support the
concept of metavalent bonding by an a priori computational method. More importantly, this classification provides a close link between chemical bonding
mechanisms and properties enabling novel routes to materials design.

CH02.05.17
Copper(l1) Metal-Organic Framework (MOF) with Excellent Antifungal Activity So-Hyeon Yang?, Mayura VVeerana?, Gyungsoon Park?, Youngmee
Kim?! and Sung-Jin Kim?; *Ewha Womans University, Korea (the Republic of); 2Kwangwoon University, Korea (the Republic of)

Metal-Organic Frameworks (MOFs) have been of great interest for decades due to their porosity and wide application possibilities, such as gas sorption,
separation, catalysis, luminescence sensing, and biomedical applications. Among them, MOFs have been utilized as materials with antimicrobial properties
against microorganisms. In this work, our group synthesized a Cu-MOF containing glutarate (Glu) and 4,4’-azopyridine (azpy) by solvothermal method.
We tested its antifungal activity against two fungi, C. albicans and A. niger, and found that the Cu-MOF shows great antifungal properties for these two
fungi. Based on this antifungal ability, it is expected that the material we synthesized can be used for purposes such as food storage and antifungal agents
used for various contamination and infection. Detailed results and mechanisms will be discussed.

SESSION CHO02.06: Materials for Energy and Environment
Session Chairs: Brent Melot and Sara Thoi
Wednesday Morning, December 1, 2021
Hynes, Level 3, Room 302

10:30 AM *CH02.06.01
Barocaloric Effects in Metal-Organic Materials for Solid-State Cooling Jarad A. Mason, Jinyoung Seo, Jason Braun, Ryan McGillicuddy, Adam
Slavney and Selena Zhang; Harvard University, United States

With more than 20% of the world’s electricity currently used for cooling and a growing population demanding more comfortable living conditions amid an
ever warming global climate, the need for sustainable cooling technologies is expected to increase dramatically over the next several decades. Most
commercial cooling systems rely on vapor-compression cycles of environmentally harmful refrigerants that are prone to leakage. As an alternative, caloric
effects can drive solid-state cooling cycles that feature a high energy efficiency and zero direct emissions, as well as faster start-up times, quieter operation,
easier recyclability, and greater amenability to miniaturization than conventional vapor-compression technologies. Here, we will describe how pressure-
induced thermal changes—barocaloric effects—mediated by order—disorder or spin-crossover phase transitions can be leveraged for solid-state cooling. In
particular, we will discuss the structural and chemical factors that contribute to entropy changes, sensitivity to hydrostatic pressure, and thermal hysteresis
in a series of metal-organic materials that exhibit large barocaloric effects.

11:00 AM *CH02.06.02
Design Strategies in Functional Porous Materials for Energy Storage Sara Thoi; Johns Hopkins Univ, United States

Despite their high theoretical specific energy of 2,600 Wh kg™, the commercialization of Li-S devices is hindered by irreversible capacity loss from the
dissolution of polysulfide intermediates in the electrolyte solution. Inspired by the rich chemistry in solid-state materials, we integrate molecular units
capable of tethering polysulfides into metal-organic frameworks (MOFs) to improve cycling stability and charge conductivity. Incorporation of redox-



active moieties in the framework further enable fast charge and discharge capabilities. Identification of structure-property-function relationships in tunable
molecular platforms provide a pathway for translatable strategies across materials types and battery technologies.

11:30 AM CH02.06.04
Looking for Glazer Tilts in the Local Structure of Perovskites Sandra Skjaervoe and Simon J. Billinge; Columbia University, United States

Crystallographically determined long-range ordered structures of materials are often taken for granted when investigating properties and functionalities.
Although this simplifies our lives, there is a growing awareness of the fact that short-range deviations from the long-range order is not only common but
also determining for many of the properties, such as bandgap and magnetic order. As an example, many oxides with the perovskite structure, ABOs, have
well-defined crystalline order, but their properties can in some cases be explained better if one accounts for the local disorder.

To be able to understand how properties are affected by the short-range deviations, or local structure, we first have to properly describe what that local
structure looks like. Just as with long-range ordered crystal structures, we can determine the local structure using scattering experiments and subsequently
fitting the data to models. To obtain the local structure, however, we must also analyze the diffuse scattering in addition to the Bragg scattering, which is
best done in real space as the pair distribution function (PDF). We build on the many already existing PDF studies on perovskites and constrain our
structure model further by taking advantage of the knowledge that the structure tends to distort in ways that keep its BOg octahedra intact. The resulting
distortions, collective or not, can therefore often be described by one of 23 unique tilting patterns of the rigid octahedra, identified by Glazer in the '70s [1].
In our implementation, fitting a model of any of the tilting patterns to scattering data requires refinement of no more than four variables at once — one
lattice parameter and a maximum of three tilt amplitudes. Here we present our PDF analysis of a selection of perovskites and determine their degree and
type of structural tilting disorder.

PDF analysis and modeling in the Billinge group was supported by the U.S. National Science Foundation through grant DMREF-1922234.

[1] Glazer, A. M. ‘The Classification of Tilted Octahedra in Perovskites’. Acta Cryst. B 28, no. 11 (1972): 3384-92.

SESSION CH02.07: Computational Characterization
Session Chairs: Craig Brown and Sean Kavanagh
Wednesday Afternoon, December 1, 2021
Hynes, Level 3, Room 302

4:00 PM *CHO02.07.01
Rutile Rules—Lessons on the Mott-Peierls Transitions James M. Rondinelli; Northwestern University, United States

Transition metal compounds based on the structurally simple rutile structure exhibit a range of collective electronic phenomena, including metal-insulator
transitions, superconductivity, and nontrivial fermions. The ability to manipulate such electronic states through structure is key to realizing new classes of
adaptive and low-power microelectronics. Here | briefly overview our progress in understanding the structural contributions to driving metal-insulator
transitions in binary and ternary rutile and trirutile compounds using electronic structure based methods. I will first describe our understanding of how
geometric and bonding constraints determine the crystallization of compounds in the trirutile structure as opposed to other ternary structures in this space.
Here, we predict several previously unreported candidate trirutile oxides, and one is successfully synthesized. | will then present results on vanadium-free
rutile and trirutile phases, focusing on the stability and transformations in the electronic structure of 4d and 5d compounds where strong electron-electron
interactions are expected to be weak. Our main finding is that one can control the conducting or insulating state by structural design through inductive
control over metal-metal interactions with multiple cations or anions. Last, | will describe our recent progress in utilizing this structure-function
understanding to automate the discovery process of electronic transitions with Bayesian optimization techniques.

This work was performed in collaboration with Ram Seshadri, Stephen Wilson, Emily Schueller, Kyle Miller, Jaye Harada, Lauren Walters, and Danilo
Puggioni and financially supported by the National Science Foundation under awards DMR-1729489, DMR-1729303, and DMR-2011208.

4:30 PM CH02.07.02

Late News: Identifying New Inorganic Solar Absorbers with Long Carrier Lifetime Using High-Throughput Computational Screening Geoffroy
Hautier'?, Diana Dahliah?, Guillaume Brunin?, Janine George?, Viet-Anh Ha? and Gian-Marco Rignanese?; *Dartmouth College, United States; 2University
Catholique de Louvain, Belgium

Current solar absorbers for thin film technologies (e.g., CIGS or perovskites) can show good efficiencies above 20% but show limitations in terms of
toxicity, earth-abundance or long-term stability. Finding new solar absorber is a cumbersome process involving complex synthesis and characterization
steps. Computational modeling using density functional theory (DFT) on the other hand offers an attractive way to speed up this process. Here, we will
report on a large scale high-throughput computational search for new solar absorbers among known inorganic materials. The originality of our approach
lies in the consideration of intrinsic defects that are essential in controlling carrier lifetime.[1] More precisely, we searched among 7,000 copper-based
known inorganic materials for materials presenting adequate band gap, transport (effective masses) and intrinsic defects (i.e., defects that will not act as
important non-radiative recombination centers). We will report on a series of candidates and identify the copper phosphides and especially the alkali copper
phosphides as very promising potential new solar absorbers. We will present the compounds of interest which have been synthesized before but have never
been considered for solar applications and discuss the intrinsic chemical reasons for their adequate PV properties.

[1] Dahliah D., Brunin G., George J., Ha V.-A., Rignanese G.-M., Hautier G., “High-throughput computational search for high carrier lifetime, defect-
tolerant solar absorbers”, Energy Environ. Sci., accepted (2021)

4:45 PM *CH02.07.03
A Super Fast and Efficient High-Throughput Search Method for Near Room Temperature Superconductors Under High Pressure Tianran
Chen*? and Taner Yildirim?; tUniversity of Maryland, United States; 2National Institute of Standards and Technologies, United States

Due to the low atomic mass and high phonon frequencies of hydrogen, hydride compounds under extreme pressures are most promising in the search for
near room temperature superconductors. First-principles based computational search has become extremely important not only predicting new materials but



also guiding high-pressure experimental measurements. However, the calculation of electron-phonon coupling and the corresponding T, for a given system
is usually computationally very expensive, limiting the application of computational search to a few numbers of candidate systems.

In this work, we have developed a super-efficient and fast high-throughput method for searching high-T. hydride superconductors. We introduce new
"metrics" that are strongly correlated to strong electron-phonon coupling and T but it is much faster to calculate them. Using our new method, we have
searched more than 100,000 binary hydride superconductors and discovered many new high-T. systems. Among them, we report our prediction of high-
temperature superconductivity at relatively low pressure of 50 GPa in a novel binary metal hydride which may break the current record. A detailed
mechanism of the superconductivity, phonons and electron-phonon coupling, anharmonicity, as well as the abnormal Tc-pressure dependence, will be also
discussed. Our work will not only greatly accelerate the discovery of new hydride superconductors but also give a detailed understanding of important
factors that yield superconductivity near room temperature at high pressures.

5:15 PM CH02.07.04
The Electronic Entropy Contribution to Some Congruent and Allotropic Phase Transitions Jonathan Paras and Antoine Allanore; Massachusetts
Institute of Technology, United States

Knowledge of the entropy change at a phase transition remains critical for engineering materials. For allotropic phase transformations in transition metals
and congruent transitions in intermetallic compounds, computation of the electronic structure, and by extension the entropy, has remained particularly
difficult. We introduce a formalism that links electronic transport properties with the state electronic entropy to circumvent these difficulties in compounds
like CuszAu and transition metals including Fe and Co. Our formalism connects materials chemistry and the partial molar entropy of electrons in solution,
opening the door for quantitative engineering of the phase transition entropy via chemistry. Application to allotropic phase transitions in some transition
metals at atmospheric pressure suggest a possible electron-driven origin of hexagonal close packed stability.

SESSION CH02.08: Poster Session 11
Wednesday Afternoon, December 1, 2021
8:00 PM - 10:00 PM
Hynes, Level 1, Hall B

CH02.08.01

Development of Sodium Hybrid Quasi-Solid Electrolytes Based on Porous NASICON and lonic Liquids C.S. Martinez-Cisneros!, B. Pandit!, B.
Levenfeld!, J.Y. Sanchez'? and Alejandro Varez'; *University Carlos 111 of Madrid, Spain; 2Univ. Grenoble Alpes, Univ. Savoie Mont Blanc, CNRS,
Grenoble INP, France

Sodium batteries emerge as an alternative to produce the new, so called, post-lithium batteries (1). In this study, we explore (i) the effect of sodium content
and sintering temperature in solid electrolytes based in NASICON-type compounds and (ii) the use of two methodologies to obtain porous NASICON
samples: application of natural substances and organic materials as pore-formers and freeze casting. The main purpose is the attainment of hybrid quasi-
solid state electrolytes (2), with enhanced room temperature conductivity, based on porous ceramic electrolyte layers infiltrated with ionic liquids. Using
this approach, porous samples with different microstructure and porous morphology and distribution were achieved, providing an enhancement in
conductivity (ranging from 0.45 to 0.96 mS cm-1 at 30°C) of one order of magnitude for infiltrated samples respect to pore-free samples. Preliminary
electrochemical test on thick electrode showed a specific capacity higher than 80% respect to the theoretical one, which is quite promising considering the
thickness of the electrolyte. According to these results the porous NASICON might be considered as a functional macroporous inorganic separator that can
act as a Na+ reservoir.

The authors would like to thank the Agencia Espafiola de Investigacion /Fondo Europeo de Desarrollo Regional (FEDER/UE) for funding the projects
P1D2019-106662RBC43. This work has also been supported by Comunidad de Madrid (Spain) - multiannual agreement with UC3M (“Excelencia para el
Profesorado Universitario” - EPUC3MO4) - Fifth regional research plan 2016-2020.

References

[1] N. Yabuuchi, K. Kubota, M. Dahbi, S. Komaba, Research development on sodium-ion batteries, Chem. Rev. 114 (2014) 11636-11682

[2] M. Keller, A. Varzi an S. Passerini, J. Power Sources, 392, (2018), 206-225

CH02.08.03
As-Synthesized Alkyne-Coated CdSe Quantum Dots for Site-Directed Nanoparticle-Substrate Chemical Linkage Lucas Tortella and J. S. Niezgoda;
Saint Joseph's University, United States

Site-directed and robust chemical binding of the nanocrystalline surface to a substrate is of utmost importance in the fields of printable electronics,
fluorescence assays and catalysis, among others. Historically, nanocrystal preparation methods have involved chemically inert ligands than are post-
synthetically exchanged from the surface of the crystal—whether in colloidal solution of in the solid film—to a more useful and/or fitting molecule for the
given application. Here, in line with the overarching theme of the Niezgoda lab, we present our findings on the development of a preparation for CdSe
quantum dots (QDs) prepared with a native terminal alkyne ligand, 10-undecynoic acid (UDYA), as the lone surface-bound molecule. Further, core/shell
architectures of these particles have been prepared with decent quantum yields in the visible spectrum. High-resolution TEM images with elemental
mapping show well-formed and monocrystalline particles, and the presence of the alkyne on the surface is verified with FTIR and NMR spectroscopies.
These first-of-their kind native alkyne-coated fluorescent QDs are immediately useful in alkyne-azide click chemistry applications, wherein the QDs can be
site-directed to any substrate decorated with azide moieties. Examples of colloidal, thin film and 3D-printed systems involving alkyne-azide click
cyclization of the novel QDs to substrate are shown as proof-of-principle demonstrations of the wide applicability of these particles. We emphasize that the
fundamental innovation of this project is that it effectively circumvents the need for a post-synthetic ligand exchange to accomplish robust QD-substrate
chemical linkage, while still providing QDs with suitable quantum yield and stability.

CHO02.08.04
High-Performance Supercapacitors by the Infiltration of Gel Polymer Electrolytes into Porous Electrodes Pado Kim, Min Guk Gu and Sung-Kon
Kim; Jeonbuk National University, Korea (the Republic of)

The development of materials used for electrodes brings advances in energy storage technology. In addition, research on how to maximize the efficiency of
electrodes with a combination with solid-state electrolytes, one of the key elements of energy storages. Polymer-based electrolytes such as solid polymer



electrolytes (SPEs) and gel polymer electrolytes (GPEs) are of great interest due to their flexibility in creating flexible energy storages. It also solves the
weakness of liquid electrolytes: liquid leakage, volatility, flammability, weak chemistry properties, and electrochemical properties. Herein, we demonstrate
a way to improve the electrochemical performances of the supercapacitor (SC) by infiltrating GPEs with high ion conductivity into electrode made of
multi-walled carbon nanotube (MWCNT). GPEs are synthesized through polymerization of poly(ethylene glycol) methyl ether acrylate (PEGMA) in the
presence of trimethylolpropane ethoxylate triacrylate (ETPTA) in LiPFs organic solution. By changing the chemical composition of PEGMA, ETPTA, and
lithium solution we can adjust the mechanical properties and ionic conductivity of GPEs. Electrode-infilling gel polymer electrolyte (EI-GPE) with high
ionic conductivity improves the characteristics of the electrode-electrolyte interface and creates a high-performance SCs. The SCs produced in this way
exhibit excellent performance in capacitance and energy density, and exhibit a long cycle life even under mechanical deformation.

CH02.08.05
Insights to Electronic and Nanoscale Structure of Durable Multimetal Oxychloride Intergrowth Photocatalysts Kaustav Chatterjee’, Roberto dos
Reis?, Jared Stanley', Vinayak Dravid? and Sara E. Skrabalak?; *Indiana University, United States; 2Northwestern University, United States

Structure-property connections are a key theme in heterogeneous catalysis such as photocatalytic water splitting. Bismuth-based layered perovskite
compounds such as BisMOgX (M=Nb, Ta; X=Cl, Br) have emerged as promising durable photocatalysts for visible-light driven water splitting. The unique
electronic structure of these oxyhalides in the valence band suppresses the self-oxidation of non-oxide anions by photogenerated holes. The unique
combination of electronic and optical properties in these oxyhalide perovskite materials lies in their rich structural complexity. In this study, the electronic
and nanoscale structure of multimetal oxyhalide intergrowth oxychloride: BisTaOgCl-Bi,GdO4Cl have been systematically investigated. We have varied
the amount of BisTaOsCl in the intergrowths to rationalize the effect changes in the local crystal and electronic structure. A combination of Ultraviolet
Photoelectron Spectroscopy, UV-Visible Diffuse Reflectance Spectroscopy and Electron Energy Loss Spectroscopy techniques were used to determine and
investigate the electronic structure of the oxyhalide intergrowths. The obtained conduction and valence band energy levels elucidate the possibility of
photocatalytic water splitting as well as carbon dioxide reduction. By virtue of aberration-corrected scanning transmission electron microscopy and
converged-beam electron diffraction (CBED), the nanoscale structure of the intergrowth materials was elucidated with atomic displacements at an accuracy
of several picometers. Based on the high-order Laue zone reflections of CBED patterns, the local symmetry and tilting of TaOg octahedra in the
intergrowth crystal structure were revealed. We believe our approach demonstrated here opens up opportunities for understanding the atomic-scale
structure-property phenomena of novel photocatalytic systems.

CHO02.08.06

High-Performance Microsupercapacitor Based on Laser-Induced Fluorinated Polyimide Films with Organic Gel Polymer Electrolytes Min Guk
Gut, Pado Kim?, Minsu Kim?, Byoung Gak Kim? and Sung-Kon Kim?; *Jeonbuk National University, Korea (the Republic of); 2?Korea Research Institute
of Chemical Technology, Korea (the Republic of)

Due to the need for small-scale electronic devices, many studies are in progress on energy storage devices. In particular, in the case of
microsupercapacitors (MSCs), they can be embedded in small electronic devices and are being used as energy storage devices that can temporarily supply
power to rechargeable batteries. For this reason, in this study, MSCs are fabricated by laser photothermal method of 3D porous laser-induced graphene
(LIG) electrodes. A fluorine-based polyimide (fPI) film is used as substrates for LIG electrode (LIG-fPI). During the graphitization process caused by the
laser, gaseous products including fluorine are released from fP1 to form a microporous structure, which can overcome the disadvantage of a small electrode
specific surface area seen in conventional LIGs, and increasing the specific surface area is a way to improve the energy density of MSCs. As the electrolyte
used in this study, we choose an organic gel polymer electrolyte (0-GPE). MSCs with 0-GPE are mechanically flexible and have excellent electrochemical
performance. For 0-GPE, poly(ethylene glycol) methyl ether methacrylate (PEGMA), trimethylol propane ethoxylate triacrylate (ETPTA) are used, and 2-
hydroxyl-2-methyl-1-phenyl-1-propanone (HMPP) is used as a photo-initiator. UV-cured 0o-GPE impregnated with a liquid electrolyte containing lithium
salt is made into a pouch cell with LIG-fPI1, which is flexible and bendable. It exhibits very high energy and power densities of 0.58 mW cm2 and 0.01
mWh cm~2, respectively, at a high voltage window of 3 V. The resulting LIG-fPI-MSC is promising for use in rechargeable power supplies in various
applications such as wearable microelectronics and the Internet of Things.

CHO02.08.08
Late News: Generation of Zinc Oxide Nanoparticles in Presence of Ethylene Glycol Kerianys N. Torres?, Veronica I. Nash-Montes?, Josian Luciano
Velazquez? and Sonia J. Bailon- Ruiz?; tUniversity of Puerto Rico at Ponce, United States; 2University of Puerto Rico at Mayagiiez, United States

Nanomaterials as zinc oxide have potential applications in nanomedicine, biosensors, catalysts and biomedical bio-imaging because of their intrinsic
optical properties. We report the synthesis and characterization of zinc oxide nanostructures in presence of ethylene glycol and the effect of the zinc
precursor on the particle. Zinc oxide nanoparticles were produced in presence of ethylene glycol and zinc precursors at 197 °C by using a reflux system.
The reaction time was ranged from two to six hours and the precursors evaluated were zinc sulphate heptahydrate (1) and zinc acetate dehydrated (I1). As-
synthesized nanostructures were characterized by Absorption and Photoluminescence spectroscopies. Besides, the presence of ethylene glycol on the ZnO
was corroborated by Infrared Spectroscopy. Results evidenced that nanostructures exhibited strong emission peaks at 400 nm which comes from the
recombination of their pars electron-hole. Whereas the absorption spectra exhibited shoulder peaks at approximately 360 nm which is attributed to the band
gap. Also, preliminary studies evidenced that ZnO nanostructures have catalytic properties to destroy contaminants in aqueous matrices.

CH02.08.09
Late News: Antiferro- and Meta-Magnetism in the S=7/2 Hollandite Analog EuGa2Sb2 Tanya Berry?, Sean R. Parkin? and Tyrel McQueen?; YJohns
Hopkins University, United States; 2University of Kentucky, United States

Recent work analyzing the impact of non-symmorphic symmetries on electronic states has given rise to the discovery of multiple types of topological
matter. Here we report the single crystal synthesis and magnetic properties of EuGa2Sh2, an Eu-based antiferromagnet structurally consisting of pseudo-1D
chains of Eu ions related by a non-symmorphic glide plane. We find the onset of antiferromagnetic order at TN = 8 K. Above TN; the magnetic
susceptibility is isotropic. Curie-Weiss analysis suggests competing ferromagnetic and antiferromagnetic interactions, with peff = 8.1puB as expected for
4f7 J =S =7/2 Eu2+ ions. Below TN and at low applied magnetic fields, an anisotropy develops linearly, reaching xL/x|l =6 at T = 2 K. There is
concomitant metamagnetic behavior along y/l, with a magnetic field of poH = 0.5T sufficient to suppress the anisotropy. Independent of crystal orientation,
there is a continuous evolution to a field polarized paramagnetic state with M=7 puB/Eu2+ at poH=2T as T—0 K. Specific heat measurements show a
recovered magnetic entropy of ASmag = 16.4 J.mol-1.K-1 from T ~ 0 K to T = TN, close to the expected value of RIn(8) for an S = 7/2 ion, indicating little
low dimensional spin fluctuations above TN. We find no evidence of unusual behaviors arising either from the dimensionality or the presence of the non-
symmorphic symmetries.

CH02.08.10
Late News: Effect of the Capping Agent on the Photocatalytic Performance of ZnS Nanostructures Veronica |. Nash-Montes?, Kevin Correa?,




Kerianys N. Torres?, Josian Luciano Velazquez? and Sonia J. Bailon- Ruiz'; tUniversity of Puerto Rico in Ponce, United States; 2University of Puerto Rico
at Mayagtiez, United States

Tons of pollutants from textile industries are lost to effluents every year due to the inefficiency of dyeing processes. In this regard, conventional techniques
as adsorption or coagulation have been used in water treatment to concentrate pollutants by transferring them to other phases. Alternative destructive
techniques are needed to obtain a fast destruction of pollutants in wastewater treatment. In this way, photo-catalysis is an advanced oxidation process that
includes a quick oxidation of the pollutant molecules, lack of production of polycyclic products, and final degradation of contaminants in the ppb range.
This technology is based on the activation of nanomaterials (i.e. semiconductors) in presence of electromagnetic radiation and subsequent generation of
radicals from water to directly oxidize many organic pollutants. Based on the above considerations, this research is an attempt at the use of Zn-based
nanomaterials (i.e. as ZnS and ZnO NPs) for the degradation of environmental pollutants from aqueous matrices. The specific goals of this project are: i)
Generate and characterize nanomaterials with photoactive properties, ii) Study the photochemical stability of photoactive nanomaterials, and iii)
Demonstrate the degradation of environmental pollutants in presence of photoactive nanomaterials and the reuse of the nanostructures. Optical properties
showed a luminescent peak at 420 nm and 442 nm and an absorption peak at 270 nm and 307 nm. Photodegrading capacities of quantum dots were
evaluated in presence of Acid Red 14 at different concentrations (250 ppm and 500 ppm). Bare ZnS nanomaterials degraded Acid Red 14 successfully
(75%) after 180 minutes.

CHO02.08.11

Late News: Theoretical and Experimental Properties of Ag2SeO4 and Ag2SeO3 for Photoluminescent and Photocatalytic Applications lvo M.
Pinatti'2, Ana C. Tello®, Marcio D. Teodoro?, leda L. Rosa®, Elson Longo®, Juan Andres? and Alexandre Z. Simdes?; *UNESP, Brazil; 2UJI,

Spain; *UFSCar, Brazil

Theoretical and experimental study of inorganic crystals is an interdisciplinary subject that is attracting intense research and development due to both
fundamental and applied scientific value. Metallic selenites present different chemical structures and advanced physical properties such as pyroelectricity,
ferroelectricity and piezoelectricity. Also, selenium-silver based matrices exhibit interesting structural, optical, and photoluminescent properties, which
accounts for potential materials in many research fields like physics, chemistry and materials science. Moreover, the chemistry of selenium and silver is
very prominent in biological systems, mainly because of their interactions with molecules like proteins. In this work, silver selenate (Ag.SeO.) and silver
selenite (Ag2SeOs) microcrystals were prepared by the sonochemistry (SC), ultrasonic probe (UP), coprecipitation (CP), and microwave assisted
hydrothermal (MH) methodologies. X-ray powder diffraction patterns results showed intense and sharp peaks related to the orthorhombic Ag,SeO, and
monoclinic Ag.SeOs structures, attesting that materials are crystalline and present structural long-range order. It was also observed experimental Raman
modes for both phase, which corroborated to the theoretical ones calculated indicating structural short-range order. The morphologies were confirmed by
FE-SEM microscopy and Wulff construction, showing distinct shapes of different width and length due to the different methodologies of synthesis. Optical
properties were attested by UV-vis spectroscopy which showed the characteristic semiconductor band gap value for both materials. Photoluminescence
spectroscopy showed an intense band in the visible region with maximum at around 700 nm for all samples. Further trapping experiments prove that the
holes and hydroxy! radical, in minor extent, are responsible for the photocatalytic degradation of dyes. The geometry, electronic properties of the bulk, and
surface energies of these materials were evaluated using first-principles quantum mechanical calculations based on the density functional theory
(DFT/B3LYP) to provide information at the atomic level. In this sense, experimental results were correlated to theoretical studies and enabled a deep
understanding between structure and property. Inspired by the above considerations, these materials may present superior characteristics for new
compounds with photoluminescent and photocatalytic applications.

CH02.08.12
Late News: Investigating Semiconductor Photocatalysts for C-C Bond Formation via First Principles Computations Arun Kumar Mannodi
Kanakkithodi, Shukai Yao, Jiagi Yang and Peilin Liao; Purdue University, United States

Semiconductor-based photocatalytic systems have been frequently used for small molecule activation and transformation reactions, such as water splitting
for H, and O; evolution, CO; reduction, and N, reduction. During photocatalysis, light-irradiation on semiconductors leads to the generation of excited
electrons which compete to recombine with co-generated excited holes, resulting in lower reaction yields. The simultaneous utilization of excited electrons
and holes, for example via a cross-coupling mechanism, is thus of critical importance for useful organic transformations, such as C-C bond forming
reactions. To realize cross-coupling for C-C bond formation, the redox potentials of carbonyls and alcohols must match the reduction (conduction band
minimum) and oxidation (valence band maximum) power of the semiconductor, respectively.

In this work, we perform first principles-based density functional theory (DFT) computations to rationally design semiconductors with proper band-edge
positions for photochemistry through varying facets and thicknesses, as well as introducing co-catalysts. We model surface slab structures with different
facets for several important semiconductors of interest, such as CdS, ZnIn,Ss, Cu,ZnSnS, and Ag,ZnSnS, (as well as related compounds with replacement
or mixing at cation/anion sites), with different thicknesses of the bulk region. Relative electronic band edges are thus computed for multiple pseudo-2D
semiconductors as a function of surface termination and thickness, and compared with redox potentials of relevant alcohols, carbonyls, amines and imines.
We further study the formation energies of intrinsic point defects as a function of chemical potential conditions and charge states in selected compounds,
namely Cu,ZnSnS, and Ag,ZnSnS,, and suggest strategies to suppress the formation of harmful anti-site defects. Finally, we model the adsorption of
organic molecules on selected semiconductor surfaces, and study photocatalytic coupling reaction mechanisms in the presence of H atoms or added
electrons and determine energy barriers using nudged elastic band (NEB) calculations. Complementary experimental synthesis and characterization of
ultrathin 2D semiconductor-based photocatalytic systems and the production of ketyl radicals from carbonyls are carried out by our collaborators. The
computational screening undertaken in this work reveals novel ways of tuning the photocatalytic properties of semiconductors via modification of slab
thickness and surface termination, composition engineering, and defect manipulation.

CH02.08.13

Late News: Enhancement of Thermoelectric Properties in CuCrSnS4/Cu2SnS3 Nanocomposite by Exchange Interaction of Itinerant Carrier and
Superparamagnetism of CuCrSnS4 Precipitation Sujin Kim?, Junphil Hwang?, Tae Soo You?, Mi-kyug Han?, Minju Lee* and Sung-Jin Kim?; *Ewha
Womans University, Korea (the Republic of); 2Chungbuk National University, Korea (the Republic of)

Thermoelectric materials have attracted considerable research attention in recent decades due to their ability of reversible conversion between heat and
electricity. The enhancement of thermoelectric performance is challenging due to the strong interrelation of Electrical conductivity and Seebeck coefficient.
In this work, we studied eco-friendly Cr-doped Cu,SnSs with CuCrSnS, nanoparticles. Our experiments and theoretical calculation(DFT) proved that
doping Cr atom in Sn site of Cu,SnSz enhanced electrical conductivity by modifying electron density of state. Moreover, by DFT calculation, it is found
that doping Cr atom in Sn site makes chemical bonding soften resulting in lattice thermal conductivity decrease. Using XRD analysis, the solubility limit of
Cr impurity in Cu,SnSs is around 5 at%. Doping Cr atom above the solubility limit induced the spinel CuCrSnS, nanoprecipitations. The
superparamagnetic fluctuation of spin angular momentum of spinel CuCrSnS, results in exchange interaction with itinerant carrier spin. The synergetic



effect of Cr doping made the power factor increase from 1.12 to 6.67 pW/cm/K2. The CuCrSnS, were verified that second phase in Cu,SnS; matrix by
XRD and TEM analysis. The size of CuCrSnS, confirmed that 50 nm. Finally, Cr-doped-Cu,SnS; with magnetic nanoparticles showed the highest zT value
of 0.8 at 723 K comparing with pristine zT of 0.08 at 723 K.

CH02.08.14
Gas Solubility in Water Confined within Microporous Materials Malia Wenny and Jarad A. Mason; Harvard University, United States

The solubility of gases in water—despite being relatively low compared to other solvents—is key to many biological and industrial processes. Bulk water's
highly structured hydrogen bonding arrangement is thought to impede the formation of transient voids large enough to accommodate gas molecules.
However, when water is confined to the nanoscale, such as in a protein cavity, a carbon nanotube, or a microporous material, its structure and properties
can differ dramatically from those observed in the bulk. In particular, the solubility of gases in confined water can be at least an order of magnitude higher
than in bulk water, possibly due to differences in the density and hydrogen bonding arrangement of confined water. Understanding the origin and extent of
this increase in gas solubility is important for biological and industrial gas-dependent processes that involve water, but experimental investigation of the
structure of confined water within micropores and its impact on gas solubility is limited. Microporous materials such as metal-organic frameworks and
zeolites provide excellent tools to study the structure and gas solubility of water confined to nanoscopic dimensions due to their chemical and structural
tunability and well-studied gas adsorption behavior. This work examines the impact of pore size, shape, and chemistry on the structure and gas solubility of
confined water, with particular emphasis on solid-state features such as the relative hydrophilicity of pore walls and the presence of open metal
coordination sites capable of binding water molecules.

CH02.08.15
Simple Technique to Generate Small Cerium Oxide Nanoparticles Natalie M. Lopés Velasco?, Eduardo Chaparro? and Sonia J. Baildn-
Ruiz!; *University of Puerto Rico at Ponce, Puerto Rico; 2University of Puerto Rico at Mayagtiez, Puerto Rico

The generation of small Cerium Oxide Nanoparticles (CeO, NPs) was performed by a simple precipitation method in the presence of CETAB
(hexadecyltrimethylammonium bromide), cerium nitrate hexahydrate ((Ce(NO3)s.6H,0)) and ammonium hydroxide solution (NH;sOH). An amount of
cerium precursor was added to CTAB and under constant agitation NH,OH was added until the pH was at a basic of 10.0. The colloidal solution was
heated in a reflux system at the range of 55 to 65 Celsius during 3 hours and 6 hours. The final solutions were purificated using the centrifugation system
twice for 15 minutes on 7,000 rpm using deionized water. High resolution transmission electron microscopy (HRTEM) studies evidenced mainly spherical-
shape and highly crystalline structures for both samples and average sizes of 6 nm and 8 nm for synthesis of 3 hours and 6 hours, respectively. The
presence of CTAB as surfactant material would be controlling the growth and particle size of the material. Electron diffraction (ED) patterns evidenced
cubic structures for both sizes in the (111), (200), (220), and (311) reflections which are indexes as face centered cubic (fcc) arrangements. Studies of
Energy dispersive X-ray Spectroscopy (EDX) indicated Ce (25.6%) and O (74.4%) in the synthesis of 6 hours, and Ce (29.2%) and O (70.8%) at the
synthesis of 3 hours. Generated nanoparticles because of their small sizes and high surface area will be evaluated in photodegradation studies to destroy
organic pollutants in aqueous matrices.

CHO02.08.16

Modeling Stabilization of Reactive Oxygen Species on Defect-Rich Ceria for Toxin Destruction Janna Domenico?, Nam Q. Le?, Travis G. Novak?,
Jeffrey Long? and Paul A. DeSario?; 1Johns Hopkins University Applied Physics Laboratory, United States; 2U.S. Naval Research Laboratory, United
States

Materials based on ceria (CeO,) show promising degradative activity towards a variety of pollutants and toxins including organophosphorus pesticides or
chemical warfare agents. CeOs is highly reducible, leading to oxygen vacancy defects that assist in the formation and stabilization of reactive oxygen
species (ROS). These persistent reactive species may later degrade toxic compounds over long timescales. We use density functional theory (DFT) to
calculate the energies of binding and formation of ROS at multiple types of defect sites on low-index surfaces of CeO,. Differences in the calculated
energies, which should correlate with ROS lifetimes, originate in the geometry and electronic structure of these surfaces. We compare the predicted trends
with the spectroscopic characterization of ROS at CeO, aerogels and defect-rich Gd-doped CeO; aerogels. The combined modeling and experimental
results suggest strategies to engineer longer ROS lifetimes for enhanced toxin destruction through controlled nanoparticle morphology and doping.

CHO02.08.17

The Coexistence or Absence of Magnetic Interactions and Superconductivity in Highly Doped YSr2CuzO7.¢ Cuprates—The Fe and Mo
Cases Miguel Angel Alario-Franco?, Xabier Martinez de Irujo-Labalde?, Sara A. Lopez-Paz* and Susana Garcia Martin?; *Universidad Complutense,
Spain; 2University of Oxford, United Kingdom

The total or even partial replacement of copper in the charge reservoir block in the well-known Y Sr,Cu30y7.4 cuprate by other transition metals (TM) allows
one to extend the hole doping range with respect to the conventional phase diagram (1). In particular, the introduction of highly valent cations such as TM=
Fe3*/Fe** or Mo®* results in unusually high nominal hole concentrations at the CuO, planes (2,3).

Quite interestingly, despite the elevated doping levels, superconductivity with relatively high critical temperatures of Tc = 83 and 70 K are observed in the
resulting Moo 3Cug 7Sr.TmCu,0;.s and FeSr,YCu,0;.s compounds, respectively. Besides the realization of unusually high hole doping levels, the chemical
modification of the charge reservoir blocks allows one the study of the effect of chemical disorder in the superconducting properties, providing interesting
structure-hole doping-Tc relations (4). Also, in the case of the iron by copper substitution, additional complexity arises from the coexistence of magnetic
and superconducting interactions (5). Here we present a broad outlook on the unusual properties of these TM substituted cuprates.
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CH02.08.18



Late News: TiO2/Ag Nanoparticles Synthesized by Self-Combustion Used as Alternatives for Postharvest Fruit Ripening Control Carlos Paucar,
Paula Nevado and Claudia Garcia; National University of Colombia, Colombia

Fruits reach its maturity several days after its harvest, this process is highly complex since it is associated with biochemical changes that increase the levels
of ethylene, which influences its maturation and quality parameters. Ethylene, in its role as an enzyme, is one of the variables with the greatest influence on
the ripening and deterioration process in avocado. However, there are also other pathologies and to face pathologies of biotic origin, its management is
made with products like imidazole which is toxic and is already banned in some countries. At present, materials such as TiO,, ZnO, Ag and

SiO, Nanopatrticles could give them the ability to intervene in the amount of free ethylene, and on the other hand they have been found to have
antimicrobial activity. TiO, nanoparticles are the most widely used at an industrial level due to their photocatalytic activity and properties such as
biocompatibility, corrosion resistance and zero toxicity, and Ag nanoparticles due to their photoactivity are promoted as an antimicrobial agents. This work
seeks to obtain TiO, / Ag nanoparticles by combustion synthesis to search for nanotechnology-based alternatives that can be used in the post-harvest
process. Considering the photocatalytic properties of TiO, and its relationship with the absorption of ethylene and the antimicrobial properties of Ag, its
potential for the postharvest process can be studied. TiO, nanoparticles with different concentrations of silver (0%, 0.75%, 1.5%, 3% and 4.5% mole
percentage) were obtained by the burning combustion solution method using titanium isopropoxide and silver nitrate as precursors, nitric acid as oxidizing
agent and glycine as fuel. Rhodamine-B dye degradation test was performed to verify its photocatalytic activity under visible light and it was observed that
indeed the particles obtained have photocatalytic activity. An FTIR study has also been performed on each type of particle and it is observed that there are
functional groups such as OH in a peak of 3452.5 cm™, which is vital for photocatalysis, there are peaks between 836.8 cm™ and 530 , 2 cm that
corresponds to vibrations of Ti-O and there is a peak that can be associated with the interaction of OH with AgNO3 between 1669.3 cm™ and 1313.4 cm-

L since it occurs only in the particles that were synthesized to obtain them with Ag . XRD has been performed to test anatase and rutile with Ag* inclusions
in crystallographic phases present after combustion synthesis. As results of this studyAg-TiO, particles were obtained by the burning combustion solution
method with photocatalytic activity under visible light and having ethylene absorption capacity . The presence of OH, Ti-O groups and the interaction of
OH with Ag* can be observed, thereby the presence of silver in the sample and its photocatalytic activity is higher in samples with OH peak is more
intense.

CH02.05.07
Mechanistic Investigation on the Solid-State Transformation of One-Dimensional Sb2Se3 Nanorods to SbSel Nanorods Eran Edri and Subila
Kurukkal Balakrishna; Ben-Gurion University of the Negev, Israel

Metal trichalcogenides and chalcohalides establishes a class of semiconducting materials with a quasi-one-dimensional crystal structure. These low-
symmetry semiconductors have shown favorable optoelectronic properties for photovoltaic and photoelectrocatalysis: an optical bandgap in the visible-NIR
region, and a relatively small electron affinity. However, there are limited synthetic strategies for nanostructured chalcohalides. Here we report a facile
route for transformation of Sh2Se3 to ShSel nanorods. The Sb2Se3 nanorods acted as templates to form small diameter SbSel nanorods. The aspect ratio of
ShSel nanorods could be varied by changing the aspect ratio of the template. A detailed investigation of the transformation process reveals favorable
thermodynamics and proceeds through a topotactic mechanism that may be suitable for other trichalcogenide-chalcohalide transformations. These 1D
materials show good charge transport and a bang gap (Eg) of 1.7 eV, which are suitable for photocathodes for hydrogen evolution reactions.

SESSION CH02.09: Chalcogenides
Session Chair: Brent Melot
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Hynes, Level 3, Room 302

10:30 AM *CH02.09.01
Chemistry of Chiral and Polar Transition Metal Silicon-Phosphides Kirill Kovnir?; *lowa State University, United States; 2US DOE Ames
Laboratory, United States

Non-centrosymmetric intermetallic compounds with antisymmetric spin-orbit coupling exhibit a plethora of emergent properties, such as unconventional
superconductivity, topologically non-trivial quantum properties, and quasiparticle behaviour. Chemical bonding preferences in the transition metal silicon-
phosphides T-S-P create the asymmetric environment around metal atoms resulting in high abundance of non-centrosymmetric chiral and polar crystal
structures. The synthesis of those phases is hampered by inertness of T and Si in contrast to high reactivity and vapor pressure of phosphorus. We
developed a comprehensive synthetic strategy allowing to produce single crystals and phase-pure polycrystalline samples of metal tetrel-pnictides. The
correlation between the crystal structure, chemical bonding, and optical and transport properties will be discussed.

11:00 AM CH02.09.02
Thermoelectric Transport and Crystal Morphology of the Quasi-1D Zintl CasM2Shs Alexandra Zevalkink; Michigan State University, United States

Zintl phases, with their vast range of structural patterns in non-cubic space groups and their excellent high-temperature thermoelectric performance, stand
out as an intriguing subject area for the study of transport anisotropy. The covalently-bonded polyanions exemplified by Zintl phases crystallize in a diverse
range of highly anisotropic sub-structures, including isolated moieties, 1D chains, 2D sheets and 3D networks. Despite ample theoretical evidence of light
band mass and enhanced thermoelectric efficiency in the covalently-bonded direction in Zintl phases, experimental confirmation is still largely lacking.
This knowledge gap is exacerbated by the difficulty of growing single crystals large enough for complete characterization of transport properties. In the
present study, we use a combination of theory and experiment to investigate the anisotropic electronic structure, transport properties, and growth habit of
CasM,Shs (M=All, Ga, In), which is characterized by anionic sub-structures resembling infinite 1D chains of corner-linked MSh, tetrahedra.

CasM,Sbs single crystals grown from an Sh-rich molten flux were found to form long, needle-like crystals oriented parallel to the polyanionic chains. Due
to the small cross-section of the crystals, characterization of transport properties in the direction perpendicular to the chains is challenging. For this
purpose, micro-ribbons were extracted from single crystals using focused ion beam milling, and laser photolithography was used to deposit contacts to
measure electrical resistivity and Hall coefficients. The resistivity measured parallel to the growth direction was found to be nearly 20 times higher than the
perpendicular direction, confirming predictions. In addition, to we investigated the surface energies of various terminations of CasGa,Shs, revealing that the
calcium content plays a central role in surface reconstruction, leading to the formation or breaking of surface covalent bonds. The relative surface energies
are a strong function of growth conditions (either Ca rich or Ca poor), suggesting that the flux composition can be used to tune the growth habit, perhaps
guiding future crystal growth of Zintl phases.



11:15 AM CH02.09.03

High-Pressure Structure and Bonding of AMg2Pn2 Thermoelectrics (A=Ca, Mg, Yb; Pn=Bi, Sb) Mario R. Calderon Cueva', Allison Pease!, Wanyue
Peng?, Jingxuan Ding?, Tyson Lanigan-Atkins?, Olivier Delaire?, Susannah Dorfman® and Alexandra Zevalkink®; *Michigan State University, United
States; 2Duke University, United States

Compounds in the structure type CaAl.Si,, in particular MgsSh, and MgsBi,, have attracted great interest in recent years for their remarkable
thermoelectric performance. Their impressive thermoelectric figure of merit (zT) stems, in part, from their anomalously low thermal conductivity. In the
present study, in situ high-pressure synchrotron X-ray diffraction was used to investigate the structure and bonding of binary and ternary AM,X, (A=Ca,
Mg, Yb; X=Bi, Sb) compounds at pressures up to 50 GPa. These experiments allowed us to develop trends between bond compressibility and cation size
and to study the stability of the CaAl,Si; structure type. Our results for binary compounds confirm prior predictions of isotropic in-plane and out-of-plane
compressibility but reveal large disparities between the bond strength of the two distinct Mg sites. We show that the octahedral Mg—Sh bonds are
significantly more compressible than the tetrahedral Mg—Sb bonds. Conversely, the discrepancy in the polyhedral compressibility for the ternaries is not as
pronounced as for the binaries. These results indicate that the bonds of the octahedrally-coordinated Mg are responsible for the ultralow MgsSh, and
MgsBi,. Further, we report the discovery of phases transitions above 4.0, 7.8, 11.3, and 18.0 GPa for MgsSh,, MgsBi,, YbMg;Bi,, and CaMg,Sh,,
respectively.

11:30 AM CHO02.09.04

Measurements of Thermal Conductivity of Materials at High Pressures and High Temperatures Using Flash Laser Heating Method with Pockels
Cell Irina Chuvashova'?, Zachary Geballe!, Sergey Lobanov?, Lukas Schifferle® and Alexander Goncharov'; 'Carnegie Science, United States; 2Florida
International University, United States; *Helmholtz Centre Potsdam, Germany

Thermal conductivity is the intrinsic property of a material that expresses its ability to conduct heat. The process of heat conduction depends on four basic
factors: the temperature gradient, the cross section of the materials involved, their path length, and the properties of those materials. There are two
categories of measurement techniques: steady-state and transient. Steady-state techniques infer the thermal conductivity from measurements on the state of
a material once a steady-state temperature profile has been reached, whereas transient techniques operate on the instantaneous state of a system during the
approach to steady state.

Thermal transport properties of minerals and melts at high pressures and temperatures is of central importance to the evolution and dynamics of planets.
The pressure of the Earth’s interior continuously increases with the depth from the surface of the Earth: several hundred MPa at the region of the crust, ~20
GPa at the upper mantle and ~130 GPa at the lower mantle. Precise data of thermal conductivity and/or thermal diffusivity for minerals at elevated
pressure make it possible to estimate the heat budget in the Earth.

Direct measurements of thermal conductivity of Earth minerals at extreme pressures and temperatures are very challenging; the available experimental data
are limited and inconclusive, causing geodynamical studies to rely on theoretical calculations and/or large extrapolations.

In the present work, we demonstrate the optimized technique to perform direct measurements of thermal conductivity of materials in diamond anvil cells at
high pressures and high temperature. We used a continuous 100-Watt infrared laser for heating sample from both sides to a desired temperature and a
pulsed 300-Watt infrared laser creating a microsecond long heat wave from one sample side. Thermal conductivity can be determined by measuring
temperature of sample radiometrically using a streak camera coupled to a spectrograph from both sample sides as a function of time and fitting the results
with FE calculations. KCI was used as PTM, Ir was used for absorption of the laser if the absorption of the sample was small. Pulse was shaped to a square
shape by a Pockels cell, which simplified and improved the accuracy of FE calculations. Furthermore, we significantly improved FE analysis by
introducing automatic procedures based on python codes enabling the fitting parameter optimization. Fast measurements of thermal emissions allowed us
to resolve the heating response through the sample enabling direct measurements of thermal conductivity of Earth’s lower mantle minerals and Fe alloys in
the core.

This complex system can be used for pressures in the range of 5 to 150 GPa for materials with any laser absorption properties. We used this system to
obtain the values of thermal conductivity of ferropericlase, bridgmanite, and iron-silicon alloys which correspond well with literature data albeit mainly
measured at room temperature.

11:45 AM CHO02.09.06

Exploring Ultralow Thermal Conductive Heteroanionic Materials Hydrothermal Synthesis Chi Zhang, Jiangang He, Rebecca McClain, Hongyao
Xie, Songting Cai, Lauren Walters, Jiahong Shen, James M. Rondinelli, Mercouri G. Kanatzidis, Christopher Wolverton, Vinayak Dravid and Kenneth R.
Poeppelmeier; Northwestern University, United States

Owing to large lattice anharmonicity from interface interactions between adjacent layers, layered heteroanionic materials have the potential to realize
ultralow thermal conductivity[1-3]. As an analog of well-known ultralow thermal conductive phase BiCuOSe, BiAgOSe has been predicted to be a better
ultralow thermal conductive material by DFT calculations[4,5]. Utilizing both DFT calculations and Pourbaix diagrams[6], we have optimized the
hydrothermal reaction conditions and developed an efficient, high yield synthesis to obtain the BiAgOSe phase. Moreover, we have investigated the
thermal transport behavior of BiAgOSe, and demonstrated that it has a lower lattice thermal conductivity compared to BiCuOSe. To study the origin of the
ultralow thermal conductivity of BiAgOSe, we combined lattice dynamic calculations and synchrotron x-ray diffraction measurements and found that the
low lattice thermal conductivity results from strong lattice anharmonicity and low phonon velocities which are associated with the vibrations of the silver
ions.
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1:30 PM CH02.10.01
Tetranuclear Copper(l) Clusters as Highly Efficient Blue Phosphors—Tunable Emissions via Remote Steric Effects Yuichiro Watanabe, Benjamin
Washer, Matthias Zeller, Sergei Savikhin, Lyudmila Slipchenko and Alexander Wei; Purdue University, United States

Flexible and lightweight optoelectronic displays depend on luminophores that emit brightly at red, green, and blue wavelengths, but access to the latter is
hindered by the limited availability or high cost of phosphors that can produce deep-blue emission. Here, we describe solid-state phosphorescence from a
series of tetranuclear copper(l)-pyrazolate (Cuspzs) clusters with high quantum yields and blue emission with color coordinates of [0.15, 0.11]. These
emissions are remarkably sensitive to structural effects far from the Cu, core: When 3,5-di-tert-butylpyrazoles are used as bridging ligands, adding a C4
substituent can cause a blueshift in photoluminescence by over 100 nm. X-ray crystal structures of several Cuspz, clusters reveal C4 substitution (H, F, Cl,
or Br) to have modest effects on solid-state geometries, yet structure-property trends and time-dependent density functional theory (TD-DFT) calculations
show the impact of these remote substituents on phosphorescence to be entirely steric in nature. The size of the C4 unit controls the conformations of
adjacent tert-butyl groups and can increase the rigidity of the Cuspz,4 metallacycle, which can diminish Jahn-Teller distortion and prevent the excited-state
structure from adopting lower energy states prior to photoluminescence. Such remote steric effects on photophysical processes are unprecedented, and may
offer a novel approach toward the design of molecular phosphors with tunable optoelectronic properties.

1:45 PM CHO02.10.02
Systematic Bandgap Tuning of 2D Silver Phenylselenide Derivatives Through Organic Modification Tomoaki Sakurada, Watcharaphol
Paritmongkol, Woo Seok Lee and William Tisdale; Massachusetts Institute of Technology, United States

Silver phenylselenide (AgSePh), a two-dimensional (2D) member of the broader class of hybrid organic-inorganic metal organochalcogenide (MOC)
family, has gained a renewed interest as a novel class of hybrid organic-inorganic 2D semiconductors. AgSePh features multiple exciting properties such as
narrow blue luminescence, in-plane anisotropy, large exciton binding energy, earth abundant elemental composition, and a scalable synthesis. In contrast to
2D layered perovskites and transition metal dichalcogenides, AgSePh has strong covalent bonding between organic and inorganic components. This unique
covalent interaction makes AgSePh a truly hybrid organic-inorganic semiconductor and opens a new door to control the properties of 2D semiconductors
through organic functionalization. In this presentation, we will show the unique bandgap tuning of AgSePh and its derivatives by systematically introduce
para-substituted functional groups with varied electron-donating and electron-withdrawing capabilities. These newly synthesized derivatives adopt 2D
layered structures and exhibit strong excitonic characteristics. We will discuss the effect of organic functionalization on the optical and electronic
properties, and show the application of this knowledge on designing new MOC compounds with excellent optical properties.

2:00 PM CH02.10.03
Interaction Between 1D Defects and Dopants in La-Doped BaSnOs and Its Impact on Material Properties Hwanhui Yun and Andre Mkhoyan;
University of Minnesota, United States

Interaction between lattice defects and dopants in crystalline materials has long been recognized, and its influence on the materials’ properties has been
evidenced in a wide range of materials(1). In thin-film semiconductors, significant density of 1D defects, from well-known dislocations to new types of line
defect(2), are formed and interact with dopants, and it has received increasing research interest as the interplay of the crystalline defects and solute atoms
can alter the electronic and optical properties of the thin films. Despite its significance, the study of the defect-dopant interaction has remained challenging
due to the atomic-scale defect structures and low concentration of dopants. Here, analytical scanning transmission electron microscopy (STEM) and ab
initio calculations are employed to directly examine the effects of dopants on 1D defects in promising perovskite La-doped BaSnOs(3, 4).

The local atomic and chemical configurations of two representative dislocations, single (b=a<100>) and dissociated (b=a<110>) dislocations, in La-doped
BaSnQs thin films are characterized via STEM imaging and energy dispersive X-ray (EDX) spectroscopy. In both single and dissociated dislocations, a
substantial amount of dopant segregation inside and outside dislocation cores as well as dopant-driven atomic re-arrangement is observed. Core-loss
electron energy-loss spectroscopy (EELS) analysis is used to probe the local chemical and electronic structure variation at the dislocations, and structural
optimization and electronic ground state calculations provide insight into the origin of the dopant-induced atomic and electronic modifications. Finally, the
dopant behavior at dislocations is compared with dopant segregation observed in unique Sn-core line defects in La-doped BaSnOs(2), highlighting the
complex but predictable nature of dopants at 1D defects and potential applications of these atomic-scale disorders(5).

La-doped BaSnOs films were grown on SrTiOs and LaAlOj3 substrates by hybrid molecular beam epitaxy method(6). Plan-view STEM samples were
prepared by mechanical polishing, and STEM experiments were carried out using an FEI Titan G2 60-300 (S)TEM equipped with EDX and EELS
detectors. Ab-initio calculations were performed using the Quantum Espresso package(7) for structural relaxation and WIEN2K code(8) for ground-state
calculations.
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2:15 PM CH02.10.04

Hidden Spontaneous Polarisation in the Chalcohalide Photovoltaic Absorber Sn2SbSz13 Sean R. Kavanagh?, Christopher Savory?, Aron Walsh® and
David O. Scanlon?; *University College London & Imperial College London, United Kingdom; 2University College London, United Kingdom; 2Imperial
College London, United Kingdom

Perovskite-inspired materials aim to replicate the optoelectronic performance of lead-halide perovskites, while eliminating issues with stability and
toxicity.-® Recently, chalcohalides of group IV/V elements have attracted attention, due to enhanced stability provided by stronger metal-chalcogen bonds,
alongside compositional flexibility and ns? lone pair cations — a performance-defining feature of halide perovskites.* A rigorous description of their
atomistic properties and performance potential is lacking, however.

Following the first experimental report of solution-grown tin-antimony sulfoiodide (Sn,SbS,l3) solar cells,® with power conversion efficiencies above 4%



(exceeding the first reported solar efficiency of methylammonium lead-iodide (MAPI)),® we assess the structural and electronic properties of this emerging
earth-abundant PV material.” We find that the experimentally reported centrosymmetric Cmcm crystal structure represents an average over multiple

polar Cmc2;configurations. The instability is confirmed through a combination of lattice dynamics and molecular dynamics simulations. We predict a large
spontaneous polarisation of 37 pC/cm? that could be active for electron-hole separation in operating solar cells. The resemblance of this dynamic crystal
structure and ferroelectric behavior to that of MAPI begs the question of its importance in high-performance defect-tolerant solar materials.

Moreover, using state-of-the-art ab-initio methods (hybrid Density Functional Theory including spin-orbit coupling effects), we rigorously assess the
efficiency limits of this material on the basis of its electronic structure and predicted defect behaviour, calculating nmax > 30 % for film thicknesses t > 0.5
pm.

The results shine a spotlight on the largely-unexplored class of A,BCh;X3; mixed-metal chalcohalides. These are candidates for solution-processed
ferroelectric and optoelectronic devices, with the substitutional flexibility for engineering band gaps, band energies, and lattice polarisation. Our work
provides insight regarding both the potential success of this emerging class of optoelectronic materials and structure-property relationships in perovskite-
inspired materials, guiding design strategies and expanding the compositional space of candidate materials.

1Y.-T. Huang, S. R. Kavanagh, D. O. Scanlon, A. Walsh and R. L. Z. Hoye, Nanotechnology, 2021, 32, 132004.

2 Z. Li, S. R. Kavanagh, M. Napari, R. G. Palgrave, M. Abdi-Jalebi, Z. Andaji-Garmaroudi, D. W. Davies, M. Laitinen, J. Julin, M. A. Isaacs, R. H. Friend,
D. O. Scanlon, A. Walsh and R. L. Z. Hoye, J. Mater. Chem. A, 2020, 8, 21780-21788.

3 M. Buchanan, Nature Physics, 2020, 16, 996-996.

4 R. Nie, R. R. Sumukam, S. H. Reddy, M. Banavoth and S. I. Seok, Energy Environ. Sci., 2020, 13, 2363-2385.

5R. Nie, K. S. Lee, M. Hu, M. J. Paik and S. I. Seok, Matter, 2020, S2590238520304471.

6 A. Kojima, K. Teshima, Y. Shirai and T. Miyasaka, Journal of the American Chemical Society, 2009, 131, 6050—-6051.

7 S. R. Kavanagh, C. N. Savory, D. O. Scanlon and A. Walsh, Materials Horizons, 2021 (Accepted).

2:30 PM CH02.10.05
Organohalide Precursors for the Continuous Production of Photocatalytic Bismuth Oxyhalide Nanoplates Matthew N. Gordon, Kaustav Chatterjee,
Alison L. Lambright, Sandra L. Atehortua Bueno and Sara E. Skrabalak; Indiana University, United States

Metal heteroanionic materials, such as oxyhalides, are promising photocatalysts in which band positions can be engineered for visible-light absorption by
changing the halide identity. Advancing the synthetic routes towards these materials, bismuth oxyhalides of the form BiOX (X = Cl, Br) have been
prepared using rapid and scalable ultrasonic spray synthesis (USS). Central to this advance was the identification of small organohalide molecules as halide
sources. When these precursors are spatially and temporally confined in the aerosol phase with molten salt fluxes, powders composed of single-crystalline
BiOX nanoplates can be produced continuously. A mechanism highlighting the in situ generation of halide ions is detailed. These materials can be used as
photocatalysts and provide proof-of-concept of USS as a route to more complex bismuth oxyhalide materials.

SESSION CHO02.18: On-Demand
Sunday Morning, December 5, 2021
On-Demand

8:00 AM CH02.18.01
An Insight into the Phase Dependent Photocatalytic Activity of Bulk and Exfoliated Defect-Controlled 2D Flakes of Copper Sulfide System Under
Simulated Solar Light Madina Telkhozhayeva, Rajashree Konar, Eti Teblum and Gilbert D. Nessim; Bar-1lan University, Israel

Sunlight-driven photocatalysis is an environmentally friendly approach to solve ecological issues and energy crisis. The development of simple, yet
sufficiently stable, photocatalytic materials responsible for harvesting full-spectrum light remains a significant challenge so far. With regard to the design
of advanced photocatalysts, low-dimensional materials show tremendous prospects due to their unique surface and electronic properties, which are not seen
in their bulk counterparts. Among the various inorganic semiconductors, copper sulfides (Cu,.S, 0 < x < 1) have attracted great interest in applications
linked to photovoltaic devices and photocatalysis due to their low cost, high element abundance, non-toxic nature, structural and compositional

versatility.! However, the properties of copper sulfides are sensitive to the Cu-S stoichiometry, which determines the density of copper vacancies, thus the
hole concentration; therefore it is critical to finely tune their phases for use in applications.

Herein, we first demonstrate the phase transformations of bulk copper sulfides from digenite (CugSs) to djurleite (Cus.97S) and low-chalcocite (Cu,S) by the
continuous reactive thermal annealing in ambient pressure chemical vapor deposition (CVD), followed by their top-down exfoliation. XRD, HRTEM, and
XPS analyses confirm that monoclinic Cu,S is primarily formed at higher temperatures or greater reaction times and using reducing atmosphere owing to
its lower free energy of formation and greater symmetry in its crystal structure. Although copper sulfide does not have a typical MX; structure common for
transition metal chalcogenides (TMCs), we successfully exfoliated it into 2D flakes using high-frequency liquid-phase exfoliation (LPE) due to its layered
morphology.? From AFM, we measured the average thickness of approximately 4 nm of the exfoliated flakes with relatively large lateral size up to 10 pm.
We tested the three phases of bulk copper sulfides and their exfoliated forms as photocatalysts for dye degradation under simulated solar light irradiation.
Exfoliated Cu,S flakes exhibited superior photocatalytic activity with a rate constant roughly twice higher than that of bulk chalcocite, which could be
predominantly attributed to their unique 2D structure and layered morphology, where the exfoliated flakes can provide an ultrahigh fraction of surface
atoms, which could serve as the active sites for dye photodegradation. In addition, the enhanced photocatalytic activity could be attributed to the 2D planar
defects such as stacking faults in different portions of exfoliated Cu,S that were introduced during the annealing in reducing atmosphere without altering its
structure and crystallinity. Furthermore, optical spectroscopy results demonstrate that the 2D Cu.S has sufficient bandgap energy for simultaneously
absorbing across the whole solar spectrum. Photocatalytic mechanism experiments and electron-spin resonance (ESR) data indicate that both superoxide
radicals and holes served as dominant active species during the photocatalytic reaction. Our study provides a better understanding of possible phase
transformations in the copper sulfide system and paves the way for developing next-generation 2D copper sulfide photocatalysts to capture a broad range of
the solar spectrum for environmental decontamination.

References
(1) Coughlan, C.; Ibafiez, M.; Dobrozhan, O.; Singh, A.; Cabot, A.; Ryan, K. M. Compound Copper Chalcogenide Nanocrystals. Chem. Rev. 2017, 117 (9),
5865-6109.
(2) Telkhozhayeva, M.; Teblum, E.; Konar, R.; Girshevitz, O.; Perelshtein, I.; Aviv, H.; Tischler, Y. R.; Nessim, G. D. Higher Ultrasonic Frequency Liquid



Phase Exfoliation Leads to Larger and Monolayer to Few-Layer Flakes of 2D Layered Materials. Langmuir 2021, 37, 15, 4504-4514.

8:15 AM CH02.01.09

Novel Metal-Organic Glasses and Liquids from Metal-Bis(acetamide) Frameworks with Low Melting Temperatures Mandy Liu?, Ryan
McGillicuddy?, Hung Vuong?, Songsheng Tao?, Adam Slavney*, Miguel I. Gonzalez!, Simon J. Billinge? and Jarad A. Mason?; *Harvard University,
United States; 2Columbia University, United States

Molten phases of metal-organic networks offer exciting opportunities for using coordination chemistry principles and reticular synthesis to access liquids
and glasses with unique and tunable structures and properties. Here, we discuss general thermodynamics strategies to design extended coordination solid
structures with an increased enthalpic and entropic driving force for reversible, low-temperature melting transitions and illustrate this approach through a
systematic study of novel bis(acetamide)-based networks with record-low melting temperatures. The low melting temperatures of these compounds are the
result of weak coordination bonds, conformationally flexible bridging ligands, and weak electrostatic interactions between spatially separated cations and
anions, which collectively reduce the enthalpy and increase the entropy of fusion.

Through a combination of crystallography, spectroscopy, and calorimetry, we demonstrate that trends in enthalpy of fusion are dictated by the strength of
coordination bonds and hydrogen bonds within each extended coordination solid, while trends in entropy of fusion are strongly influenced by the degree to
which residual motion and positional disorder are restricted in the crystalline state. Pair distribution function (PDF) and extended X-ray absorption fine
structure (EXAFS) analysis of Co(bba)s[CoCl4] [bba = N,N'-1,4-butylenebis(acetamide)], which features a record-low melting temperature for a three-
dimensional metal-organic network of 124 °C, provide evidence of metal-ligand coordination in the liquid phase, as well as intermediate- and extended-
range order that support its network-forming nature. Glass formation is observed from the metal-organic liquids with various chemical compositions, and
rheological measurements are used to rationalize differences in glass-forming ability and relaxation dynamics. These findings reveal exciting potential of
manipulating melting thermodynamics of extended coordination solids by controlling structural and chemical factors in their crystalline state, as well as
accessing metal-organic glass and liquid phases with unique structures and properties.
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8:00 AM *CH02.11.01
Chiral Organic Semiconductors—Predicting Molecules and Motifs Kim E. Jelfs; Imperial College London, United Kingdom

Recent years have seen a surge in interest throughout the materials science community in the rational design of crystal structures that maximise a material’s
suitability as an organic semiconductor. Predicting the spatial arrangement of molecules in the solid state and, therefore being able to compute the resulting
electronic properties, provides insights into structure-property relationships to guide the material design process. We have been predicting polymorphs and
charge mobilities for a myriad of [6]helicenes. Helicenes are a class of axially chiral twisted graphene-like molecules, with potential applications as organic
semiconductors. Due to their discernible molecular geometry, helicenes tend to pack in recurring structural motifs. The ubiquity of certain motifs across
polymorphs can be exploited to screen a vast pool of helicenes for the best charge transport material along a specific motif. We generated approximately
1400 different [6]helicene molecules, packing in the most frequently encountered translational dimer motif. We computed the transfer integral and inner
reorganisation energy to screen for good semiconductors. For the most promising [6]helicene molecules, a CSP search was performed and the lowest
energy polymorphs’ charge carrier mobility was computed. We observed very low inner reorganisation energies for symmetrically disubstituted
[6]helicenes containing side groups with a triple bond. The most promising candidates have been selected for full crystal structure prediction and are being
synthesised by our experimental collaborators. More recent work analysing the packing of helicenes on surfaces using coarse-graining methods will also be
discussed.

8:30 AM CHO02.11.07

Lone-Pair-Induced Structural Ordering in the Mixed-Valent 0D Metal-Halides RbzsBi'"'xSb'"'7.xSb"2Clss (0 < x < 7) Kyle M. McCall*2, Bogdan M.
Benin®?, Michael Woerle!, Dominique Borgeaud dit Advocat!, Thomas Vonderach?, Kostiantyn Sakhatskyi?, Sergii Yakunin®2, Detlef Guenther!? and
Maksym V. Kovalenko'?; 'ETH Zurich, Switzerland; 2Empa-Swiss Federal Laboratories for Materials Science and Technology, Switzerland

Mixed-valent solid-state compounds have long been known for their vibrant colors, and the pnictogen-halide semiconductors containing ns? lone pairs are
no exception, exhibiting intense absorption bands with unusual colors. In contrast, zero-dimensional (OD) ns?-based metal-chlorides without mixed-valency
are generally colorless but have recently demonstrated unique properties that are promising for optoelectronic applications such as broadband lighting,
thermometry, and radiation detection.

Here, a new family of mixed-valent alkali pnictogen halides with composition Rby3Bi'"',Sh'"';.4SbV,Cls4 (0 < x < 7) is discovered through solvothermal
synthesis. Single-crystal X-ray diffraction reveals that the deep red Rby3Sh'"';ShVY,Cls, crystallizes in an orthorhombic space group (Cmem) with a unique,
layered OD structure driven by the repulsion of the 5s? lone pairs of the Sh"''Cls octahedra. In contrast to the prototypical Cs4Sh''SbVCly, tetragonal
structure with highly symmetric octahedral environments, here the Sb"'Clg octahedra exhibit trigonal or disphenoidal distortion from the lone pair, yielding
layers with distinct orientations of the octahedra as these asymmetric units pack around the SbVCls octahedra. Partially or fully substituting Sb'" with
isoelectronic Bi'"' yields the series Rb3Bi'"'«Sb'"'7.4SbV,Cls4 (0 < x < 7), with a similar layered 0D structure but exhibiting rotational disorder that yields a
trigonal crystal system with a polar space group (R32). Second harmonic generation of 532 nm light from a 1064 nm laser using Rby3Bi'"';SbV,Clss powder
confirms the non-centrosymmetry of this compound. As with the prototypical mixed-valent pnictogen halides, the visible absorption bands of the
Rb,3Bi"'Sh'"'7.4SbV,Cls, family are the result of intervalent Sb"'-SbY and mixed-valent Bi'"'-SbV charge transfer bands, with a blueshift of the absorption
edge as Bi'""" substitution increases. No PL is observed from this family of semiconductors, but a crystal of Rby3Bi'"';SbY,Cls4 exhibits a high resistivity of
1.0 x 10'° Qcm and weak X-ray photoconductivity with a put product of 8.0 x 10> cm? s V-1, Beyond simply adding a new entry to the growing library of
0D metal halides, the unique 0D layered structures of the Rb3Bi'''Sb"'7.,SbV,Cls, family highlight the versatility of the ns? lone pair and offer ripe
opportunities for tuning and improving these materials; namely, the ability to tune both lone-pair expression as well as the charge transfer absorption band
characteristic of mixed-valent materials within the same structure.

8:35 AM CH02.11.02
Reversible Phase Transformations in Novel Dual-Phase Ce-Substituted Perovskite Oxide Composites for Solar Thermochemical CO2 Redox
Splitting J. Madhusudhan Naik?, Clemens Ritter?, Brendan Bulfin®, Aldo Steinfeld?, Rolf Erni* and Greta R. Patzke!; *University of Zurich,



Switzerland; 2Institut Laue-Langevin, France; SETH Zurich, Switzerland; “Empa-Swiss Federal Laboratories for Materials Science and Technology,
Switzerland

Solar thermochemical (STC) splitting of CO, and/or H,O via two-step metal oxide redox cycles is a promising approach to generate large-scale quantities
of synthetic liquid hydrocarbon fuels. STC pathway utilizes the enitre spectrum of solar radiation as a source of high-temperature process heat to split
CO; and/or H,0 into CO and/or H.[1 The CO and H, (syngas) produced may be directly used as a fuel or furthur processed into synthetic liquid
hydrocarbon fuels by the Fischer-Tropsch process. The two-step thermochemical temperature-swing cycle involves an endothermic reduction step of a
redox metal oxide at high temperatures (1300-1500 °C), generating lattice oxygen vacancies, followed by an exothermic re-oxidation step with CO, and
H,0 at low temperatures (800-1000 °C).[ Perovskite-type (ABOj3.5) oxides are being considered as an attractive redox material class alternative to the
state-of-the-art material ceria (CeOxs), due to their high structural and thermodynamic tunability. However, these advantages are offset by the unfavorable
re-oxidation equilibria due to their low entropy change compared to pure ceria, leading to lower mass specific fuel productivity under most conditions
relevant for STC cycles. This work reports a novel dual-phase Ce-substituted Mn-deficient perovskite oxide (LSC25M75),
La3*0485r%*052(Ce**0,06MN%*79) 255 (R-3¢, 70 %) and pyrochlore Ce**5gLa’*1 40628 (Fd-3m, 30 %) composite material, aiming to overcome individual
thermodynamic limitations of perovskite oxide and ceria based redox materials. Thermochemical CO, redox splitting and long-term cyclability of
LSC25M75 evaluated with a thermogravimetric analyzer and an IR furnace reactor over 100 consecutive redox cycles demonstrated a two-fold higher
CO; conversion extent than the current state-of-the-art perovskite oxide, Lag g0Sro.40MnOs.5 (LSM).

Improved understanding of the true phases and the structure-property relationship of materials under operational conditions is necessary for developing
high performance STC redox materials. The underlying reaction mechanism for the obtained high performance were elucidated for the first time using
complementary diffraction techniques. Based on in situ high temperature neutron, ex situ synchrotron X-ray and electron diffraction experiments, we
obtained an unprecedented structural insight into thermochemical perovskite oxide materials. We propose a novel CO; splitting reaction mechanism
involving a reversible temperature induced phase transition from the n = 1 Ruddlesden-Popper phase (Sr1.10La0.64Ce0.26)MnO3 gg (14/mmm, K;NiF,-type) at
reduction temperature (1350 °C) to the n = 2 Ruddlesden-Popper phase (Sr.g0La0.22C€0.18)Mn206.6 (14/mmm, Sr3Ti,O7-type) at re-oxidation temperature
(1000 °C) after the CO, splitting step. !
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[2] D. Marxer, P. Furler, M. Takacs, A. Steinfeld, Energy Environ. Sci. 2017, 10, 1142.
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8:40 AM CH02.11.03
Local Order—A New Control Parameter for Optimizing Material Properties Arkadiy Simonov and Yevheniia Kholina; ETH Zurich, Switzerland

Disorder is commonly used in chemistry for designing functional materials. For instance, preparation of solid solutions is nothing else than the introduction
of a controlled number of point defects in a crystal. Disordered systems, though, provide more degrees of freedom: not only the number of defects, but also
their distribution can be used to optimise the functional properties of materials, however up until now, defect distribution was hard to control and thus was
rarely used in practice.

In this talk we will show how to precisely tune distribution of point defects by changing various chemical parameters during crystal growth, and
characterise it with the single crystal diffuse scattering.

We will use Prussian Blue Analogues (PBAs) as our model system. PBAs is a class of cyanide materials with the general formula M[M’(CN)g]1-5 * XH.0
where M and M’ are transition metals. Depending on the nature of transition metals, PBAs can accommodate a large number of vacancies on the
M’(CN)g site (for instance 8=0.33 for M=Mn and M’=Co) which makes them highly porous and, as a result, attractive for hydrogen storage applications.
Distribution of M’(CN)s vacancies is important for the performance of this material, since more disordered vacancy configurations provide more diffusion
pathways through the structure, larger accessible volume, and easier transport.

8:45 AM CH02.11.05
Rare Earth Doped Nanoscale Upconverting Fluorides NaisYba sFe and SrF2 and Their Application for Dosimetry and Thermal
Supervision Michael Arnold, Julia Katzmann, Christiane Schuster and Thomas Hértling; Fraunhofer IKTS, Germany

A recent approach to measure electron radiation doses in the kGy range is the use of phosphors with an irradiation dose-dependent luminescence decay
time. NaYF,:Yb%+Er®* is limited as it shows pronounced fading. Therefore, in this work a modified synthesis of three fluorides is presented that the results
in nanoparticles co-doped Yb and Er, Ho or Tm that is shown to be a promising dosimeter material. Upon excitation with a 980 nm laser a typical
upconversion luminescence is observed. For all these materials a dose dependency of the luminescence decay time is observed. However, of the most
importance is the very low fading effect of the luminescence decay time. In the case of SrF, that is as low as 5 % in the 30 days after irradiation and
beyond. This makes this type of materials attractive for electron beam dosimetry in spite of lower upconversion intensity compared to NaYF, or BaYbFs.
In addition all two materials show Na; sYb; sFg and SrF, shows thermoluminescent properties.

Experimental: The precipitation (SrF2) [ is done with an ammonium fluoride solution (all Sigma Aldrich) in distilled water. The hydrothermal syntheses
of Na;5Yby1sF:RE run in a PTFE autoclave with a stainless steel envelop. All compounds were characterized by x-ray powder diffractometry and micro
structure photography. The samples were irradiated in an EBLab 200 electron irradiator (Comet) using 200 KV acceleration voltage. Doses of 5 kGy up to
50 kGy were applied to the samples. To measure luminescence decay curves, the phosphor samples were excited by a 1 ms light pulse from a 980 nm laser
diode (max. 80 mW, Roithner SPL980-100-105M-PD) and the temporal upconversion luminescence decay was recorded by a silicon photodiode (Osram
SFH2200). Ten consecutive curves were averaged and then exponentially fitted to obtain the decay time.

Results: After electron beam irradiation (200 keV) of a thin immobilized phosphor layer the luminescence decay time of the SrF,: 2%Er, 2...20%Yb
phosphor decreases from 1520 ps to values between 1250 ps and 1020 ps, depending on the irradiation dose as shown in Figure 1a. For samples irradiated
with 5, 10 and 20 kGy, respectively, the luminescence decay times were repeatedly measured until 50 days after irradiation (Figure 1b). The material
Nay5Yb1sFe:Ho,Yb shows a decay time dependence of the temperature (Figures 2a and 2b) in case of the radiated materials. The altered decay time after
electron beam radiation is similar low fading in 30 days than SrF,;Er,Yb.

Conclusion: In this work, a series of fluoride sub-micron powders co-doped with different amounts of Yb3* sensitizer and trivalent Er, Ho Tm activator
ions were synthesized. For SrF,:Er,Yb(2%/20%), a dose-dependent reduction of the material’s luminescence decay time after electron irradiation is
observed. This allows the use of the powder as a dosimeter material. Encouragingly, SrF:Er,Yb(2%/20%) shows reduced fading of the luminescence decay
time compared to the previously studied NaYF4:Yb3*, Er®*. The thermal response of the radiated Nay sYb; sFs:Ho,Yb make this material suitable for
temperature supervision [ on electronic boards e.g.



Figure 1: a) end point of the decay time (TCSPC) after different electron beam doses, b) fading of different radiated SrF,:Er Yb samples (a fifty days
storage shows the same)

Figure 2: thermal response of the decay time with radiated SrF,:Er Yb (a) and Nay5Yb sFs:Ho,Yb (b) by the same dose

[1] Kuznetsov, S.; Ermakova, Y.; Voronov, V.; Fedorov, P.; Busko, D.; Howard, I. A.; Richards, B. S.; Turshatov, A. Up-conversion quantum yields of
SrF,:Yb®* Er®* sub-micron particles prepared by precipitation from aqueous solution. Journal of Materials Chemistry C 2018, 6 (3), 598-604.

[2] Schuster, C.; Kuntz, F.; Strasser, A.; Hartling, T.; Dornich, K.; Richter, D. 3D relative dose measurement with a um thin dosimetric layer. Radiation
Physics and Chemistry 2020 (in submission).

8:50 AM CHO02.11.06
Doping by Design—Enhanced Thermoelectric Performance of GeSe-Based Alloys Through Metavalent Bonding Yuan Yu, Carl-Friedrich Schén,
Oana Cojocaru-Mirédin and Matthias Wuttig; RWTH Aachen University, Germany

For thermoelectrics doping is usually the first step to tailor the charge carrier concentration and concomitant properties. Doping should also turn GeSe,
which features intrinsically a low concentration, into a competitive thermoelectric. Yet, elemental doping fails to adjust the charge carrier concentration.
Doping with AgShSe;, on the contrary, works and causes a remarkable enhancement of thermoelectric performance. This improvement is closely related to
a change of bonding mechanism, as evidenced by sudden alterations of the optical dielectric constant €., the Born effective charge Z* and the bond
breaking mechanism. These property changes signal the formation of metavalent bonds. These bonds lead to an octahedral-like atomic arrangement and a
favorable band structure featuring small effective masses. A quantum-mechanical map distinguishes the different types of chemical bonding. It reveals that
orthorhombic GeSe is located in a map region where covalent bonding prevails, while cubic and rhombohedral GeSe are located in the region characterized
by metavalent bonding. These assignments are in line with the measured properties and thermoelectric performance of the different phases. Our work thus
redefines doping rules and provides a ‘treasure map’ to tailor thermoelectric properties of chalcogenides and related p-bonded materials.

8:55 AM *CH02.11.08

Towards Reversible High-Voltage Multi-Electron Reactions in Alkali-lon Batteries Using Vanadium Phosphate Positive Electrode
Materials Laurence Croguennec?, Edouard Boivin?!, Long H.B. Nguyen®?, Jacob Olchowka?, Dany Carlier!, Jean-Noel Chotard? and Christian
Masquelier?; XiICMCB, CNRS, Bordeaux Univ., Bordeaux INP, France; 2LRCS, Picardie Jules Verne Univ., France

Vanadium phosphate positive electrode materials attract great interest in the field of Alkali-ion (Li, Na and K-ion) batteries due to their ability to store
several electrons per transition metal. These multi-electron reactions (from V2* to VV5* ) combined with the high voltage of corresponding redox couples
(e.g., 4.0 V vs. Na*/Na for V3/V4* in NagV2(POy),F3) could allow the achievement of the 1 kWh/kg milestone at the positive electrode level in Alkali-ion
batteries. However, a massive divergence in the voltage reported for the V3/V4* and V*/V>* redox couples as a function of crystal structure is noticed.
Moreover, vanadium phosphates that operate at high V3*/V4* voltages are usually unable to reversibly exchange several electrons in a narrow enough
voltage range. During this talk, through the review of redox mechanisms and structural evolutions occuring upon electrochemical operation of selected
widely studied materials, we will identify the crystallographic origin of this trend: the distribution of PO4 groups around vanadium octahedra, that allows or
prevents the formation of the vanadyl distortion (O ... V#=0or O . .. V5*=0).:* While the vanadyl entity massively lowers the voltage of the

V3 V4 and V#/V5 couples, it considerably improves the reversibility of these redox reactions. Therefore, anionic substitutions, mainly O* by F-, have
been identified as a strategy allowing for combining the beneficial effect of the vanadyl distortion on the reversibility with the high voltage of vanadium
redox couples in fluorine rich environments.
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9:25 AM CH02.11.09
Understanding the Short-Range Order Preference in the Antiperovskite Cathode Material Li2FeSO Samuel W. Coles'?, Kit McColl*?, Alexander
Squirest?2, Conn O'Rourke!?, Saiful Islam2 and Benjamin J. Morgan'?; *University of Bath, United Kingdom; 2Faraday Institution, United Kingdom

In cation disordered cathode materials the presence of any short-range ordering of cations can have a strong influence on their function, in particular their
electrochemical behaviour on cycling[1]. The recently discovered anti-perovskite cathode material Li,FeSO has a promising theoretical capacity[2], but
still encounters issues with capacity fade and long-term structural degradation[3].

This theoretical study seeks to explore the short range ordering of cations in Li,FeSO by using a DFT+U based cluster expansion. It will be shown that
there is a strong preference for the formation of OLisFe, of oxygen octahedra, which we postulate is due to equidistribution of charge. More curiously we
find that the asymmetric arrangement of lithium and iron ions around the sulfur and oxygen anions is favoured versus symmetric arrangements. Subsequent
Wannier analysis of DFT calculations shows that this stabilisation has its origins in the generation of dipoles on the anions. We conclude that these anion
dipoles are not only the origins of the short-range order in Li,FeSO but also induce disorder in this material.

[1] A. Abdellahi, A. Urban, S. Dacek, and G. Ceder, Chem. Mater. 28, 5373.
[2] K. T. Lai, I. Antonyshyn, Y. Prots, and M. Valldor, J. Am. Chem. Soc. 139, 9645.
[3] M. V. Gorbunov, S. Carrocci, S. Maletti, M. Valldor, T. Doert, S. Hampel, I. G. G. Martinez, D. Mikhailova, and N. GréRler, Inorg. Chem. 59, 15626.

9:40 AM CHO02.11.10
Tunable Phase Transitions in a Two-Dimensional Superionic Conductor Alex Rettie; University College London, United Kingdom

Superionic conductors (SICs) possess liquid-like ionic diffusivity in the solid state, finding wide applicability from electrolytes in energy storage to



materials for thermoelectric energy conversion. Type | SICs, where high ionic diffusivity is linked to the crystal structure via a first-order transition and is
therefore either on or off, are attractive for energy storage and conversion applications providing the transition temperature can be controlled. However,
such SICs (e.g., Agl, Ag;Se, etc.) have been found exclusively in 3D crystal structures so far, limiting existing approaches to applied pressure and
nanoscale size effects — which affect the transition temperature in one direction — while the effects of chemical substitution cannot be easily decoupled from
3D ion-conducting pathways. Layered materials have spatially separated mobile and immobile sublattices, potentially facilitating wide tunability and
functioning as platforms to study two-dimensional superionic conduction.

We previously identified a first-order, order-disorder phase transition in 2D KAgsSe, — a dimensionally-reduced derivative of 3D Ag,Se — at ~695 K using
in-situ XRD and DSC [1]. Here, we use quasi-elastic neutron scattering and AIMD simulations reveal that a-KAgsSe; is a type | SIC with a highly
disordered Ag sublattice restricted to 4 A thick layers [2]. The superionic local structure was probed by in-situ XPDF analysis, confirming the defect
dynamics from AIMD simulations . Thermal analyses of cation-substituted AAgsSe; (A = Li-Cs) compounds indicate that the superionic transition
temperature can be tuned by the composition of the immobile charge-balancing layers. Future directions to design materials with tailored ionic
conductivities and phase transitions will be discussed.
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1:00 PM *CH02.12.01

Complex Halide Perovskites Kurt Lindquist?, Bridget Connor?, Michael Boles?, Stephanie Mack?3, Jeffrey Neaton?3 and Hemamala

Karunadasa®#; Stanford University, United States; 2UC Berkeley, United States; 3LBNL, United States; “SLAC National Accelerator Laboratory, United
States

1 will present our recent studies on further increasing the accessible electronic structures of the versatile family of halide perovskites by synthesizing
mixed-metal compositions. Our work on halide double perovskites has prompted us to explore still more complex perovskites. In particular, 1 will discuss
unusual new architectures that combine sublattices of different dimensionality and the consequences of incorporating three distinct stoichiometric metals in
the octahedral sites.

1:30 PM CHO02.12.02
Atomistic Investigation of Uranium Oxycarbide (UCO) Phase Stability, Point Defects and Fission Products Properties Ibrahim Cheik Njifon and
Edmanuel Torres; Canadian Nuclear Laboratories, Canada

We present atomistic modelling of uranium oxycarbide (UCO), a candidate fuel kernel for TRISO particles in the high temperature gas reactors (HTGRs).
The use of UCO aims at mitigating the formation and release of CO gas [1] which is associated with the TRISO particle failure. Under operation, UCO
microstructure evolves to form the high atomic mass UC(O) phase with rocksalt structure and the low atomic mass UO2(C) phase with fluorite structure [2,
3]. This study sheds light on phase stability, structural and thermodynamic quantities of both UCO phases. Defects stability, atomic self-diffusion and
fission products incorporation are also investigated in the UO2(C) phase. Our results demonstrate a strong dependence on carbon content, which may have
a significant impact on the fuel chemistry under operation, thereby playing an important role in the fuel performance properties such as fission products
retention and release in UCO fuel kernel of TRISO particles.

[1] J. W. McMurray, T. B. Lindemer, N. R. Brown, T. J. Reif, R. N. Morris, J. D. Hunn, Ann. Nucl. Energy 104 (2017) 237 — 242.
[2] I.J. Van Rooyen, Z. Fu, Y. Yang, T. Holesinger, M. Bachhav, in: Proceedings of HTR 2018, Warsaw, Poland.
[3] J. A. Phillips, S. G. Nagley, E. L. Shaber, Nucl. Eng. Des. 251 (2012) 261 -281

1:35 PM CH02.12.03
Development of Noble Metal Free Bi-Functional Electrocatalysts for Hydrogen Evolution Reaction on Porous Carbon Support and Performance
Study Sanju Gupta; University of Central Florida, United States

Developing bi-functional electrocatalysts for both oxygen reduction reaction (ORR) and hydrogen evolution reaction (HER) is crucial for enhancing the
energy transfer efficiency of metal-air batteries and fuel cells, as well as producing hydrogen with high purity. Herein, a series of Ni-Co alloyed
nanoparticles encapsulated in or decorated on activated charcoal and porous carbon support (BAX) synthesized using electrodeposition and employed as a
bifunctional electrocatalyst for both ORR and HER. The scanning electron microscopy measurements showed optimal loading of Ni-Co nanoparticles, with
a size of approximately 5-10 nm, which were uniformly dispersed on the nanoporous carbons support, with occasional aggregated of nanoparticles. The as-
prepared samples exhibited effective ORR activity in alkaline media and excellent HER activity in both alkaline and acid solutions. While the cobalt
nanoparticles showed an overpotential of 54 mV dec™, Ni-Cos.; showed higher current density and higher overpotential of 130 mV dec at 10 mA cm™2 in
1 M KOH, respectively suggesting Volmer-Tafel and VVolmer-Herovsky mechanism, respectively, for HER. Overall, Ni: Ni:Coz.1//BAX on graphite rod
samples displayed the best activity and stability among the series, which is comparable and superior to that of commercial 10% Pd/C. The strategy for
encapsulating bimetallic alloys within porous carbon materials is promising for fabricating sustainable energy toward electrocatalysts with multiple
electrocatalytic activities for alternative energy-related applications.

1:40 PM CHO02.12.04
Multimodal Structure Solution with **F NMR Crystallography of Spin Singlet Molybdenum Oxyfluorides Fenghua Ding, Kent J. Griffith and
Kenneth R. Poeppelmeier; Northwestern University, United States

Complex crystal structures with subtle atomic scale details are now routinely solved using complementary tools such as X-ray and/or neutron scattering
combined with electron diffraction and imaging. Identifying unambiguous atomic models for oxyfluorides, needed for materials design and structure—
property control, is often still a considerable challenge. In this work, NMR crystallography and single-crystal X-ray diffraction are combined for the



complete structure solution of three new compounds featuring a rare triangular early transition metal oxyfluoride cluster [Mo3zO4Fg]>~. After framework
identification by single-crystal X-ray diffraction, 1D and 2D solid-state *°F NMR spectroscopy supported by ab initio calculations are used to solve the
structures of (1) Ks[Mo3O4Fg]@3H>0, (2) Ks[M030,F9]®2H,0, and (3) K1s[M0304F],[TiFs]s®2H>0 and to assign the nine distinct fluorine sites in the
oxyfluoride clusters. Furthermore, 1°F NMR identifies selective fluorine dynamics in Ki5[Mo03O4Fo]2[TiFs]s@2H,0. These dual scattering and spectroscopy
methods are used to demonstrate the generality and sensitivity of 1°F shielding to small changes in bond length—on the order of 0.01 A or less—even in
the presence of hydrogen-bonding, metal-metal bonding, and electrostatic interactions. Starting from the structure models, the nature of chemical bonding
in the molybdates is explained from molecular orbital theory and electronic structure calculations. The average Mo—Mo distance of 2.505 A and
diamagnetism in (1), (2) and (3) are attributed to a metal-metal bond order of unity along with a 1a?1e* electronic ground state configuration for the
[Mo304F] cluster, leading to a rare trimeric spin singlet involving d?> Mo** ions. The approach to structure solution and bonding analysis is a powerful
strategy to understand the structures and chemical properties of complex fluorides and oxyfluorides.

1:45 PM CHO02.12.05
New Atomistic Framework for Identifying, Optimizing and Extrapolating Structure-Property Relationships in Inorganic Solids Olivier C.
Gagné! and Frank Hawthorne?; *Carnegie Institution for Science, United States; 2University of Manitoba, Canada

Growing interest in the design of functional materials with increasingly complex crystal structures calls for a more detailed understanding of structure-
property relationships in inorganic solids. Whereby functional material properties are often linked to irregular bond distances, deciphering the causal
mechanisms underlying bond-length variation, and the extent to which bond lengths vary in solids, has important implications in the design of new
materials and the optimization of their functional properties.

Investigation of the relation between bond-length variation and the expression of functional material properties begins with systematization of chemical-
bonding behavior via large-scale bond-length dispersion analysis. Completion of the largest bond-length dispersion analysis to date for inorganic solids
(177,446 bond lengths hand-picked from 9210 crystal-structure refinements for oxides; 6,770 bond lengths from 720 crystal-structure refinements for
nitrides ; 33,626 bond lengths from 1832 crystal-structure refinements for chalcogenides) recently enabled straightforward identification of anomalous (i.e.
irregular) bonding behavior for all ions of the periodic table observed bonding to 0%, N*, and S?/Se?/Te?. In addition to comprehensive description of
bond-length variations in inorganic solids, the large amount of data on anomalous coordination environments provided by this undertaking allows (1)
conclusive resolution of the causal mechanisms underlying bond-length variation in inorganic solids, and (2) quantification of the extent to which these
causal mechanisms result in bond-length variation.

In a sample of 266 highly irregular coordination polyhedra covering 85 transition-metal ion configurations bonded to O%, the most common cause of bond-
length variation is observed to be non-local bond-topological asymmetry — a widely overlooked phenomenon whose associated bond-length variation
results from asymmetric patterns of a priori bond valences — followed closely by the pseudo Jahn-Teller effect (PJTE). Two new indices, Atgpol and Acyyst,
calculated on the basis of crystallographic site, are proposed to quantify bond-length variation arising from bond-topological and crystallographic
mechanisms in extended solids; Awpor is defined as the mean weighted deviation between the bond valences of a given polyhedron and that of its regular
variant with equal bond lengths, while Acys Similarly quantifies the difference between a priori and observed bond valences. Bond-topological mechanisms
of bond-length variation are (1) non-local bond-topological asymmetry and (2) multiple-bond formation, while crystallographic mechanisms are (3)
electronic effects (e.g. vibronic mixing, lone-pair stereoactivity), and (4) crystal-structure effects (e.g. structural strain).

Comprehensive bond-length dispersion analyses for inorganic nitrides and chalcogenides reveal several “phenomenological gaps” compared to their oxide
counterparts, thus providing synthetic opportunities via the transposing of anomalously bonded coordination units bearing functional properties into new
compositional and/or structural spaces. Resolving the contribution of (static) bond-topological vs (tunable) crystallographic mechanisms of bond-length
variation via the Aypol and Acrys indices, combined with their spatial resolution within the coordination polyhedron and unit cell, is proposed to quantify

the effective tunable extent of a functional property for a given crystal structure, e.g. via alteration of the responsible coordination unit(s). The known extent
for which bond-topological and crystallographic mechanisms materialize into bond-length variations, provided by large-scale bond-length dispersion
analyses, guides optimization of these properties within the constraints of physically realistic crystal structures. Such information is essential to the design
of new materials with (1) increasingly complex crystal structures, and (2) superior functional properties.

1:50 PM CHO02.12.06

Photocatalytic Degradation of Lignin Using Gold Nanorod Immobilized TiO2 Photoanode Under Mild Conditions Hai Nguyen?, Shuya Li*, Saerona
Kim?, Gyu Leem?, Benjamin Sherman?, Chang G. Yoo* and Jingshun Zhuang?; *SUNY College of Environmental Science and Forestry, United

States; 2Texas Christian University, United States; 3The Michael M. Szwarc Polymer Research Institute, United States

Lignin is an alternative source of petroleum production, which consists of useful aromatic functional groups in lignocellulosic biomass. The aromatic-rich
fraction in lignin is converted to biofuel through fermentation. Past studies have focused on lignin valorization under harsh conditions such as high
temperature, pressure and/or additional oxidants. However, our research group has developed the dye-sensitized photoelectrochemical cells (DPECs)
system for visible light induced lignin degradation at room temperature. Here, we introduce DSPECs incorporated with gold nanorods (Au NRs) for the
application of lignin depolymerization. The Au NRs can be a promising candidate to increase the performance of the photocatalytic system and enhance
light-harvesting efficiency. The Au NRs are immobilized to TiO; electrodes by using bifunctional L-glutathione (GSH) featuring dicarboxylic acid and
thiol moieties. These moieties allow to anchor Au NRs to the surface of TiO,. The TiO-based photoanode incorporates a surface-bound Au NRs-based
photocatalyst and solution-dissolved nitroxyl mediators (e.g., 4-acetamido 2,2,6,6-tetramethylpiperidine-1-oxy) to perform solar-driven photocatalytic
oxidation of the lignin model compounds under aerobic conditions with simulated solar illumination.

1:55 PM CH02.12.08

Phase Analysis of Titanium Oxide Nanoparticles by the Application of Attenuated Crystal Models on X-Ray Pair Distribution

Functions Songsheng Tao?, Jonas Billet?, Jonathan De Roo® and Simon J. Billinge*#; *Columbia University, United States; *University of Ghent,
Belgium; SUniversity of Basel, Switzerland; “Brookhaven National Laboratory, United States

Metal oxide nanoparticles have a number of important technological applications in electronic devices. In particular, titanium(IV) oxide nanoparticles have
potential applications in lithium ion batteries. A particular synthesis challenge with titanium(IV) oxide nanoparticles is that it has multiple possible
structural phases. Differentiating between the various phases is particularly challenging when they are nanoparticles and it is crucial to be able to identify
the structural phases of synthesized nanoparticles. Beyond knowing the phase distribution in the sample, it is also important to study crystallite sizes and
shapes, as well as the presence of common defects, since these factors have an important impact on the functionalities. X-ray atomic pair distribution
function (PDF) analysis is an important and powerful tool to use for this purpose because it reveals the local structure on nanometer length-scales,
revealing quantitative information about the structural phase, particle morphology and defects in nanoparticulate materials, which is beyond the capability
of traditional x-ray diffraction methods when the nanoparticles are small (< 10nm in diameter). One of the common methods for studying nanoparticles



using PDF analysis is to use attenuated crystal model (ACM) to test candidate structures and extract quantitative information about them. Given the
growing importance of the PDF approach in nano-materials science and chemistry, we feel that it is helpful to the community to discuss the approach in a
pedagogical way. Here we address a gap in the literature and present a detailed workflow for applying ACM in a robust and accurate way, using
titanium(IV) oxide nanoparticles as an example. Using this approach we find that the nanoparticles contain the bronze phase as the major phase and the
anatase phase as the minor phase, obtain the structural parameters of both phases, and that the particle sizes of the major phase are probably following a
lognormal distribution. This work was supported by the U.S. Department of Energy, Office of Science, Office of Basic Energy Sciences (DOE-BES) under
contract No. DE-SC0012704.

2:00 PM CH02.12.09
Strength and Toughness Variation in Transition Metal Carbides Due to Electronic Structure and Hybridization Jenny G. Ziegler, Katelyn
Young and Zubaer M. Hossain; University of Delaware, United States

Ultra high temperature ceramics, or uthc have various applications, especially in aircrafts and spacecrafts. They must have outstanding refractory properties
at elevated temperatures. However a key limitation is in the toughness of these materials, which severely limits its applications. This is why they are used
to make rocket engine nozzles and thermal barrier coatings. The most common example of a uhtc is silicon carbide, SiC. SiC is an important uhtc since it
has a high melting temperature, high strength and is very lightweight. Yet it is still not perfect since it has low toughness like uhtcs. On the other hand
many transition metal carbides have very low melting temperatures, but they are extremely tough. One of the key differences between transition metal
carbides and SiC is the hybridization of the molecule. Using a combination of density function simulations and analytical analysis we examine the
toughness, strength,Young’s modulus of SiC with diamond-crystal structure and HfC, ZrC, TaC, TiC, VC, and NbC with rock-salt crystal structures under
symmetry-preserving and symmetry-breaking deformations. In this presentation we will discuss how certain electronic structures and hybridizations create
materials with variable toughness, young’s modulus, and strength. By examining the patterns in electron redistribution we will see how the type of orbital
(p,d,s) and hybridization (sp3, spd) affect the mechanical properties. By examining how mechanical properties are developed due to the electronic structure
we can find alternatives or supplements to SiC. This new understanding will help us create better materials for nozzles of rockets and other elements of
rockets.

2:05 PM *CH02.12.10
Reversible Sulfide Oxidation in Alkali-Rich Li-lon Battery Cathodes Kimberly A. See; California Institute of Technology, United States

Current Li-ion batteries store charge by intercalation and deintercalation of Li* into a host material such as a transition metal oxide. Capacities are typically
limited to less than one equivalent of Li* per transition metal and the charge compensation is largely localized on the transition metal. Utilizing the
electronic states of the anions represents an interesting way to increase the Li* that can be stored to reach so-called "Li-rich™ regimes in which greater than
one equivalent of Li* is stored per transition metal. We will discuss a family of Li-rich sulfides that undergo reversible multi-electron redox involving both
the transition metal (M) and the sulfide. Anion subsitution allows us to tune the covalency of the M-anion bond, systematically control the voltage of anion
oxidation, and control the distribution of eletroactive atoms in the material during the charge. Anion oxidation causes interesting strutural changes that will
be discussed, along with the structure-property relationships that control anion oxidation reversibility.

2:35 PM CH02.12.11
Electronic Phase Segregation in the Hexagonal Perovskite BasSrMo209 Struan Simpson and Abbie Mclaughlin; University of Aberdeen, United
Kingdom

Strongly correlated transition metal oxides are renowned for their ability to phase-segregate into multiple competing states with distinct electronic
properties. Prominent examples include colossal magnetoresistant (CMR) manganites, where chemical disorder mediates segregation into ferromagnetic
metallic and antiferromagnetic charge/orbital-ordered states'. This phenomenon has drawn considerable attention in oxides containing 3d transition metals,
yet reports are comparatively scarce for their 4d/5d counterparts.

In recent years, 6H-perovskites of the form BazB’M,Oq (B’ = rare earth, M = 4d/5d transition metal) have been investigated for their potential to exhibit
spin-liquid ground states?. This structure type is distinguished by bioctahedral M,Og dimers; short distances between the M cations, combined with spatially
diffuse 4d/5d orbitals, can facilitate the formation of quasi-molecular MOy clusters with spin-gapped excitations®. However, most

BasB’M,09 compositions feature magnetic moments localised on the M cations so that the formation of quasi-molecular clusters is suppressed.

We have observed an unprecedented electronic phase segregation (EPS) in the new 6H-perovskite BasSrMo,0,. This is the first report of a

BasB’M,04 composition where M = Mo. Below 230 K, BazSrMo,0g segregates into two electronically distinct phases: a hexagonal P63/m phase consisting
of weakly interacting Mo%*,0q spin dimers, and a monoclinic P2;/m phase containing a 50:50 mixture of quasi-molecular Mo®*,0q clusters and localised
Mo®* spins. We propose this segregation has a unique origin related to competition between direct Mo—Mo bonding and Mo-O-Mo superexchange. In
contrast to established electronic materials like CMR manganites, EPS appears to manifest without the aid of charge order or chemical disorder.
Accordingly, Ba;SrMo,0y comprises a seemingly unique electronic material.

References

[1] Y. Zhu et al., Nat. Commun., 2016, 7, 11260.
[2] A. Nag et al., Phys. Rev. Lett., 2016, 116, 097205.
[3]S. A. J. Kimber et al., Phys Rev. Lett., 2012, 108, 217205.

2:50 PM CH02.12.12

Unravelling the Effect of Superficial Rh Depletion on Shallow d-States of Gallium-Rhodium Liquid Metal Alloys Tzung-En Hsieh?!, Haiko
Wittkamper?, Johannes Frisch3, Mihaela Gorgoi'-3, Regan Wilks'?3, Christian Papp? and Marcus Baer*?4; ‘Helmholtz-Zentrum Berlin fir Materialien und
Energie GmbH (HZB), Germany; ?Friedrich-Alexander Universitat Erlangen-Nirnberg (FAU), Germany; *Helmholtz-Zentrum Berlin fir Materialien und
Energie GmbH, Germany; “Helmholtz Institute for Renewable Energy (HI ERN), Germany

In this study, we report on the investigation of the electronic and chemical structure of supported GaRh alloys as model systems for the active phase in
Supported Catalytically Active Liquid Metal Solutions (SCALMS). SCALMS is a novel class of single atom catalysts comprised of a liquid metal matrix
and a diluted catalytically active transition metal. We prepared a series of gallium-rhodium samples with different Ga/Rh molar ratios and tracked the
evolution of the surface electronic structure decreasing Rh concentration (from 100 % to 1 %). We employed Photoemission Spectroscopy (PES) to probe
the shallow core levels of the top layers of the GaRh alloys. Our results reveal a narrowing of the rhodium 4d-band and the formation of Ga-Rh
intermetallic compounds (IMCs). Furthermore, we discuss annealing and surface oxidation effects. We observe the dissolution of GaRh IMCs during



annealing and the incorporation of Rh into the formed gallium oxide (GaOx) layers as a result of surface oxidation. These results contribute to a more
fundamental understanding of the valence band structure of GaRh SCALMS and its relation to the catalytic reactivity.
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9:00 PM *CH02.13.01
Cyanide-Anion Based Dynamic Solid-State Materials Ryo Ohtani; Kyushu university, Japan

Our group investigates new materials synthesized by the anionic four-coordinate/penta-coordinate molecules with cyanides as building units, combined
with various metal ions or organic cations. They often exhibit interesting dynamic structural characteristics such as thermal expansion and melting.
Recently, we synthesized a cyanide-bridged three-dimensional framework FePd(CN), incorporating four-coordinate iron(l1) ions. FePd(CN), was
synthesized by a thermal treatment to remove waters from a two-dimensional six-coordinate iron(I1) coordination polymer Fe(H,0),Pd(CN)4.4H,0.
FePd(CN), consists of a two-fold interpenetrated PtS topology three-dimensional structure where four-coordinate iron(I1) ions has intermediate geometry
between tetrahedral and square planar geometries. FePd(CN), exhibits large anisotropic thermal expansion behavior including uniaxial colossal TE and
negative 2D-TE. Moreover, we are also focusing on the penta-coordinate mixed-anion units to construct polar skeletons. Such compounds achieved a
characteristic polarity switching via anion manipulation along polar axis in crystals.

9:30 PM *CH02.13.02
New Mixed-Anion Semiconductor Photocatalysts for Visible-Light-Induced Water Splitting Ryu Abe; Kyoto University, Japan

Photo-induced water splitting using semiconductor photocatalysts has attracted considerable attention for producing H2 as a clean energy carrier, while the
effective utilization of visible light is imperative to achieve the desired efficiency for practical applications.[1] Various mixed-anion compounds such as
oxynitrides, oxysulfides, and oxyhalides have been extensively studied as promising photocatalysts for visible light-induced water splitting, because their
valence band maximum (VBM) values are generally more negative than those of conventional oxides, due to the significant contribution of high-energy p
orbitals of the non-oxide anions (e.g., N-2p, S-3p, Br-4p, and I-5p) mixed with O-2p. Some tantalum oxynitrides (TaON and BaTaO2N) have been
successfully employed as a H2-evolving photocatalyst in Z-scheme water splitting systems, combined with another O2-evolving photocatalyst such as
WO3.[2] However, most of mixed-anion compounds suffer from facile self-oxidative deactivation of non-oxide anions by photogenerated holes, thereby
imposing surface modifications such as loading some cocatalysts to circumvent the oxidative deactivation. For example, we have demonstrated that the
loading of 1IrO2 or CoOx nanoparticles as a cocatalyst for water oxidation on such oxynitrides suppress the self-oxidative deactivation to some extent, and
thus enable us to employ such surface modified (oxy)nitrides (TaON and Ta3N5) as O2-evolving photocatalysts in Z-scheme systems with (103-/I-)
redox.[2] Such surface modification has been proven effective for the fabrication of (oxy)nitride-based photoanode. The porous tantalum oxynitrides
(TaON or BaTaO2N) electrode prepared on conducting substrates showed relatively stable O2 evolution with significantly high quantum efficiency in an
aqueous solution, after loading of effective cocatalyst nanoparticles for water oxidation.[3,4]

We have recently demonstrated that Sillén—Aurivillius type perovskite oxyhalides such as Bi4NbO8CI can stably and efficiently oxidize water to O2 under
visible light without any surface modifications, and also exhibits a stable Z-scheme water splitting[5] when coupled with a H2-evolving photocatalyst.[4] It
was revealed that the VBMs of these materials consist mainly of O-2p orbitals, instead of CI-3p (or Br-4p), but their positions are much more negative than
those of conventional oxides. Thus, they possess narrow bandgaps for visible light absorption as well as sufficiently negative CBMs for water reduction.
DFT calculation visualized a fairly strong hybridization between the Bi-6s and O-2p orbitals, which can explain why the O-2p orbitals are elevated in
energy, combined with the result on Madelung site potential analysis that can rationalize the origin of high energy of O-2p orbital in these materials.[6, 7]
Since O- anions are known to be relatively stable, photogenerated holes populated at the O-2p orbitals will not lead to self-decomposition but to oxidize
water. These results could provide new strategies for developing durable materials for water splitting under visible light, by manipulating the interaction
between post-transition metal s orbitals and O-2p orbitals.

[1] R. Abe, J. Photochem. Photobiol. C: Photochem. Rev. 2011, 11, 179.

[2] R. Abe, J. Tang et al. Chem. Rev. 2018, 118, 5201.

[3] M. Higashi, K. Domen, R. Abe, J. Am. Chem. Soc. 2012, 134, 6968.

[4] M. Higashi, K. Domen, R. Abe, J. Am. Chem. Soc. 2013, 135, 10238.

[5] H. Fujito, H. Kunioku, H. Kageyama, R. Abe et al., J. Am. Chem. Soc. 2016, 38, 2082.
[6] D. Kato, H. Kunioku, R. Abe, H. Kageyama et al. J. Am. Chem. Soc. 2017, 139, 18725.
[7] H. Kunioku, H. Kageyama, R. Abe et al., J. Mater. Chem. A 2018, 6, 3100.

10:00 PM CH02.13.03
Crystal Structure and Electronic Properties of Cation-Ordered Non-Cubic Pentavalent Fullerides Keisuke Matsui and Kosmas Prassides; Osaka
Prefecture University, Japan

Metal fullerides are molecule-based strongly correlated electron systems, whose properties can be tuned by both changes in bandfilling and bandwidth (or
equivalently interfullerene separation). The electronic properties of trivalent cubic fullerides, AsCego (A = alkali metal) vary with lattice volume, resulting in
a dome-shaped superconducting transition temperature (T) dependence adjacent to an antiferromagnetic (AFM) insulating phase - fingerprint of strong
electron correlations. As evidenced by the maximum T, ~ 38 K (highest among molecular superconductors) and upper critical magnetic field H, ~90 T
(highest among isotropic superconductors), fullerene is a unique materials platform in condensed matter physics. The flexible volume tunability of
fullerides by chemical/physical means has inspired the search for possible emergence of superconductivity at other bandfillings. Indeed, there are
superconducting fullerides in octavalent (BasCeo, Tc ~ 7.7 K) and nonavalent (AsBazCeo, Tc < 6 K) materials in which the Fermi level lies in

the t;g (LUMO+1)-derived band.

The properties of pentavalent fullerides M,ACgo (M = divalent cation) have not been explored systematically although some theories do suggest the
emergence of superconductivity. Two decades ago, studies showed that non-superconducting Ba;ACso (A = K, Rb, Cs) [1, 2] form a cation-ordered face-
centered-cubic (fcc) structure, in which Ba?* and A* ions occupy small tetrahedral and large octahedral holes, respectively. In particular, there was little
change in the lattice volume with changing the A* ion (= K, Rb, Cs) size in Ba,ACg because the octahedral holes are of a much larger size (~ 2.06 A) than



that of the A* ions (e.g. Cs* ~ 1.67 A). Therefore, substituting the tightly-packed Ba2* ion in the small tetrahedral hole (~ 1.14 A) with other divalent
cations may allow access to unexplored regions in the pentavalent fulleride phase field.

Here we present our recent work on the families of ternary fullerides, M2ACego (M = alkaline-earth or rare-earth metal). We have successfully prepared
cation-ordered M,ACs, phases via solid-state synthesis, systematically varying both M?* and A* ions. Interestingly, X-ray diffraction profiles show that
smaller M?* ions lead to non-cubic crystal structures (orthorhombic) in which the M?* ions are shifted to off-centered positions, in contrast to
isoelectronic fcc-BaACeo. Both the reduction in symmetry and the pentavalent character of the fulleride units are confirmed by Raman spectroscopy. The
electronic properties of the materials have been studied by SQUID magnetometry, and EPR and NMR spectroscopy. Complementary synchrotron X-ray
absorprion studies reveal intriguing mixed valence behavior in the rare-earth fulleride systems.

[1] A. C. Duggan et al., Chem. Commun. 10, 1191-1192 (1996)
[2] T. Yildirim et al., Phys. Rev. B 54, 11981-11984 (1996)

10:05 PM CHO02.13.04
First-Principles Analysis on Electronic Structure of 10H Long-Period Stacking Ordered Phases in Mg-Zn-Y Alloys Riku Sato', Shinya Ogane?,
Kazumasa Tsutsui?, Yuta Tanaka? and Koji Moriguchi'?; 'Tohoku University, Japan; 2Nippon Steel Corporation, Japan

Since the functionalities of materials usually originate from the spatial inhomogeneity in the associated systems, the local inhomogeneities such as defect,
surface, interface, and nanostructure often play an important role for developing sophisticated materials. In this paper, among the many phenomena related
to inhomogeneity in materials, we will report our computational research on the modulation of electronic structure by the solute elements for the long
period stacking ordered (LPSO) phases.

In 2001, Kawamura et al. have developed a novel Mgg;Zn; Y (at. %) alloy using rapidly solidified powder metallurgy processing [1]. It has extremely high
tensile yield strength of 610 MPa and elongation of 5% mechanical strength at room temperature. After that, other high-strength Mg alloys have been
reported one after another [2-5] which alloys are usually composed of Mg, transition metal (TM) elements, and rare earth (RE) ones. It has also been
reported that the reinforced phases in these Mg alloys contain stacking faults (SF) with long periodicity along the c-axis, and solute elements of TM and RE
segregate into these SF regions [1-5]. Since the structural modulation and the chemical modulation are experimentally confirmed to be synchronized in the
reinforced phases, the associated phases in these Mg alloys are called the synchronized long period stacking ordered (LPSO) phases.

Some investigations on the thermodynamic stability for LPSO phases have also been reported so far [6-8]. Egami et al. have recently examined the
thermodynamic behaviors of dilute Mg-Zn-Y ternary alloys to form a unique solute-enriched stacking-fault based on the calculation of phase diagrams
(CALPHAD) method along with the first-principles analyses [8]. They have found that the co-segregations of Zn and Y solute elements at the stacking
faults make the fault layers more stable than the hcp-Mg matrix-base configuration. Furthermore, within the stacking faults, spinodal-like decomposition
into the Mg-rich solid-solution and the Zn/Y-rich L12-type order phase is also reported to cause a significant reduction of the total Gibbs energy of the
system. These results based on the CALPHAD method stimulate our curiosity as to how alloying elements associated bring about the changes of atomistic
interactions in the LPSO structures.

We have presented the theoretical studies on the energetics of metallic polytypes including the LPSO structures from the viewpoint of interlayer
interactions [9, 10]. Our theoretical analyses have suggested that the relatively long-distance interatomic interaction is a significant factor for the energetic
stabilization of the LPSO composed of the close-packed structures [10]. Since the phase stability is generally determined by the electronic states, the
associated electronic structure can provide a more basic knowledge on the thermodynamic phase stability for the LPSO phases. In the present work,
comparative studies are carried out on the electronic structure of Mgg2Zn12Y 16, M108ZN12, M@104Y 16, and Mgi20 With two and/or ten stacking layers based
on first-principles calculations within the density functional theory. In our presentation, we will discuss the correlation between the modulation of
electronic structure by Zn and Y solute elements and the phase stability of the LPSO-Mg structures.

[1] Y. Kawamura et al., Mater. Trans. 42 (2001) 1172-1176.

[2] S. Yoshimoto et al., Mater. Trans. 47 (2006) 959-965.

[3] Y. Kawamura et al., Scr. Mater. 55 (2006) 453-456.

[4] T. Homma et al., Scr. Mater. 61 (2009) 644-647.

[5]1S. Izumi et al., Mater. Sci. Forum 654-656 (2010) 767-770.

[6] A. Datta et al., Acta. Mater. 56 (2008) 2531-2539

[71S. likubo et al., Phys. Rev. B 86 (2012) 054105

[8] M. Egami et al., Mater. Des. 188 (2020) 108452.

[9] K. Moriguchi et al., MRS Advances 6, 163-169 (2021).

[10] S. Ogane and K. Moriguchi, MRS Advances 6, 170-175 (2021).

10:10 PM CHO02.13.05
Development of an EAM Type Potential with a Long-Range Cutoff Radius for Describing Metallic Polytype Energetics Shinya Ogane?, Riku Sato?,
Yuta Tanaka?, Kazumasa Tsutsui? and Koji Moriguchit; *Tohoku University, Japan; 2Nippon Steel Corporation, Japan

The Kepler conjecture in 1611 states that no arrangement of equally sized spheres filling space has a greater average density than that of the face-centered
cubic and/or hexagonal close packing arrangements [1]. This conjecture has been only recently proved by the Flyspeck project team [2]. The polytypes are
characterized by a stacking order with a given repeating unit along a directional axis and are theoretically possible to have endless permutations of the
sequences. The close-packed (CP) polytypes in which the associated stacking is composed of the CP planes are, therefore, considered to be the crystalline
systems realizing the Kepler conjecture. Significant changes in physical properties due to the intentional polytype formation have also been reported in
various fields of metallic and semiconductive systems [3-5].

Predicting polytype phase stability for a material has still been a long-standing issue in condensed matter physics and/or materials science [6, 7]. This
situation stems from the fact that the atomistic interactions on polytype energetics might be quite complex and delicate despite the simplicity of their
geometrical structure. We have recently presented a theoretical consideration on the CP polytype total energetics using the geometrical analysis for the
correlation between interlayer interactions and interatomic ones [8]. These results suggest that short-range interactions are not enough to describe the CP
polytype energetics and provide significant insights for creating interatomic models successfully showing the polytypes other than 3C and 2H structures as
a ground state, those have never yet been implemented as far as the authors know.

Since the ground state for metallic lanthanum (La) is the double hexagonal CP structure (DHCP), the La can be an important reference system for studying
polytype formation mechanism. It is, therefore, possible to investigate the essential factors determining the polytype selection rule through the dynamical
analyses for metallic La. In the present work, we report on the process of constructing an interatomic potential for metallic La, that can be used for
molecular dynamics (MD) simulations. The Embedded Atom Method (EAM) type functions reported by Mishin et al. [9] are adopted for constructing the
numerical potential model in this study. Since our previous theoretical studies have shown that the long-range nature of interactions is an important facter
for determining the ground state of polytype [7, 8], the cutoff radius has been carefully selected considering the computational cost.

Our interatomic potential can well describe the total energy vs. volume curves for various crystal structures and the Bain path energetics along the fcc-bcc



structures deduced by the first-principles calculations. This potential is, therefore, an interaction model for metallic polytypes that can describe not only the
energetics but also the lattice dynamics such as lattice dynamical instability, which is generally significant for the phase transition phenomena [10, 11]. Our
research is at the stage of working on MD analyses for the polytype formation mechanism using this potential. In the presentation, other basic properties,
transferability of the potential constructed, and some results of the MD analyses will be also discussed.

[1] J. Kepler, The Six-Cornered Snowflake, 1966 translation by C. Hardie (Clarendon Press, Oxford, 1611), ISBN: 0198712499.
[2] T. C. Hales et al., Forum of Mathematics, Pi, 5, E2 (2017).

[3] E. M. T. Fadaly et al., Nature. 580, 205 (2020).

[4] Z. Fan et al., Nat. Commun. 6, 7684 (2015).

[5] E. Abe et al. Philos. Mag. Lett. 91, 690 (2011).

[6] C. H. Loach et al., Phys. Rev. Lett. 119, 205701 (2017).

[7]1 K. Moriguchi et al., MRS Advances 6, 163 (2021).

[8] S. Ogane and K. Moriguchi, MRS Advances 6, 170 (2021).

[9] Y. Mishin et al., Phys. Rev. B 59, 3393(1999).

[10] K Moriguchi and M Igarashi, Phys. Rev. B 74, 024111 (2006).
[11] G. Grimvall et al., Rev. Mod. Phys. 84, 945 (2012).

10:15 PM CHO02.13.06
Atomic-Scale Observation of Electrostatic Origin Octahedral Distortion in Ruddlesden-Popper Phases Youngjae Hong and Sung-Yoon Chung;
Korea Advanced Institute of Science and Technology, Korea (the Republic of)

Precise identification of the distortion, tilt, and rotation of octahedra is an essential step toward understanding the structure-property correlation in view of
the fact that the physical properties of ABX3 perovskite-based oxides strongly depend on the geometry of oxygen octahedra containing B site cations. In
this work, we find out an crucial electrostatic origin responsible for Jahn-Teller-type tetragonal elongation of oxygen octahedra during atomic-level direct
observation of two-dimensional [AX] interleaved shear faults in five different perovskite-type materials. When the [AX] sublayer has a net charge, for
instance [LaO]* in LaNiO3, significant tetragonal elongation of oxygen octahedra at the fault plane is observed and it blocks the strong repulsion between
the consecutive [LaO]* layers. Moreover, our findings on the distortion induced by local charge are identified to be a striking common feature in
An+1BnXan+1-type Ruddlesden-Popper structure with charged [AX] sublayers. This study thus demonstrates that electrostatic origin local charge is a crucial
factor significantly affecting the crystal structure of complex oxides.

10:20 PM CHO02.13.07
Late News: Gap-State Engineering for Enhanced Ferroelectric Photovoltaic Effect Under Visible Light Irradiation Hiroki Matsuo and Yuji
Noguchi; Kumamoto University, Japan

Ferroelectric materials exhibit the characteristic photovoltaic (PV) effect that can generate photovoltage far exceeding their bandgap energy (Eg)itl. The
ferroelectric photovoltaic (FPV) effect arises from polarization-driven carrier separation under light irradiation and the absence of limitation in the
photovoltage by the bandgap is a great advantage of the FPV effect over the conventional PV effect in p-n junctions of semiconductors. Since typical
ferroelectric oxides have wide bandgap, a vanishingly small photoresponse under visible light has been an issue to be overcome. Though bandgap tuning
can partly improve the photoresponse, narrowing of the bandgap is, in principle, accompanied by a substantial loss of ferroelectric polarization. In this
study, to enhance the visible-light activity of the ferroelectric materials without sacrificing the ferroelectric polarization, we propose an approach, ‘gap-
state” engineering, in which defect states within the bandgap act as a stepping stone for photocarrier generation[23l. We investigate the FPV effect in
ferroelectric BiFeO; (BFO) epitaxial thin films doped with various transition metals (TMs). Impact of the TM doping on electronic structures and the PV
response were investigated by combined analysis using the density functional theory (DFT) calculations and experimental measurements for the TM-doped
BFO epitaxial thin films.

The DFT calculations revealed that substitution of Mn®* for Fe3* generates doubly degenerated half occupied defect level derived from Mn-3d orbitals
within the bandgap of BFO. The defect level i.e., gap states, locates at 0.8 eV above the valence band maximum, which corresponds to 1.9 eV below the
conduction band minimum. Experimental analyses of the PV properties were performed for epitaxial thin films of undoped BFO and 5% Mn-doped BFO
(BFMO) with a single domain structure prepared by the pulsed-laser deposition (PLD). We found that both the photocurrent density and the photovoltage
were markedly enhanced by the introduction of small amount of Mn especially under illumination with photon energy lower than Eg.

These results present that the gap states formed within the bandgap enables two-photon excitation and provides the enhanced PV response over a broad
spectral range. This approach utilizing the gap states will be promising route to the development of visible-light-active ferroelectrics without sacrificing the
ferroelectric polarization.

[1] A. M. Glass et al., Appl. Phys. Lett., 25, 233 (1974).

[2] H. Matsuo et al., Nat. Commun., 8, 207 (2017).

[3] Y. Noguchi et al., Nat. Commun., 11, 966 (2020).

10:25 PM CHO02.13.08
Atomic-Scale Direct Observation of Pre-Melting of RP Faults in Perovskite Oxide System Ji-Sang An and Sung-Yoon Chung; Korea Advanced
Institute of Science and Technology, Korea (the Republic of)

Melting is a common phenomenon in our daily life and it is fundamental to daily life, basic science and technology. Therefore, understanding and
controlling the melting phenomenon becomes important in various disciplines. In particular, pre-melting which occurs below the melting temperature has
been studied for in-depth understanding of melting and numerous studies have shown that pre-melting usually occurs in 2-dimensional defects like surface,
grain boundaries and dislocations. In this study, using atomic-scale direct observation of scanning transmission electron microscopy (STEM) and acceptor
doepd BaCeOj3 as model system, pre-melting phenomena also can occur in Ruddlesden Popper(RP) faults in ABOj3 type perovskite oxide. Chemical
composition analysis and STEM images demonstrate that the amorphous phase is the RP-mediated liquid phase and as sintering temperature goes up, the
thickness of amorphous phase in RP faults getting thick. And with electron beam irradiation, re-crystallization of the amorphous layer can occur. To the
best of our knowledge, the present study demonstrates for the first time ever observation of pre-melting in RP faults providing a broader academic depth to
pre-melting or melting.

10:30 PM *CH02.13.09
Discovery of Two-Dimensional van der Waals Materials and Topological Dirac Semimetal in the Class of ABC Zintl Phases Sung Wng Kim;
Sungkyunkwan university, Korea (the Republic of)

The discovery of new families of two-dimensional (2D) van der Waals (vdW) layered materials has always attracted great attention to pursue beyond



graphene. It has been challenging to artificially develop the van der Waals bonded layer structure that is constructed by the stacking of honeycomb atomic
lattice composed of two elements as in hexagonal boron nitride. In this talk, a new class of 2D vdW materials, layered Zintl phases will be introduced.
These new 2D layered Zintl phases can allow unlimited extent of 2D science in terms of the diversity of materials and their physical properties. A new
class of 2D materials was developed from a 3D structured material that has (1) a multicomponent system, (2) primary atomic bonds in three-
dimensionality, (3) thermodynamic and chemical stability, and (4) diversity in chemical compositions. Through the dimensional manipulation of crystal
structure, we create an unprecedented 2D vdW zinc antimonide (2D-ZnSb), which is the layered Zintl phase with sp?-hybridized bonding characters in Zn-
Sh honeycomb atomic layers [1]. The vdw layered structure of 2D-ZnSbh is evolved by selectively etching the lithium cations from the layered LiZnSb Zintl
phase that is formulated by alloying the lithium atoms into sp3-hybridized bonded three-dimensional ZnSb (3D-ZnSb), demonstrating the bidimensional
polymorphism of 3D- and 2D-ZnSb. Finally, the recent experimental and theoretical studies on diverse physical properties obtained in the new 2D
materials will be discussed with the focus on the three-dimensional topological Dirac semimetal of KZnBi compound [2].

[1]J. S. Song et al., Sci. Adv. 2019;5 : eaax0390.
[2]J.S. Song et al., Phys. Rev. X, online published, https://journals.aps.org/prx/accepted/7b077K0cI2f1550f853344h9421091d5157265e34
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8:00 AM *CH02.14.01
Design and Topochemical Synthesis of Metastable (oxy-)Chalcogenide Materials Laurent Cario, Shunsuke Sasaki, Louis Béni Mvélé, Catherine
Guillot-Deudon, Maria Teresa Caldes, Isabelle Braems, Benoit Corraze, Etienne Janod and Stephane Jobic; CNRS, Université de Nantes, France

Layered transition metal compounds have been extensively investigated due to their unconventional electronic/magnetic properties. Topochemical
reactions, which introduce/withdraw ions into/from host materials retaining their lamellar structures, serve as one of the most effective tools to design such
low-dimensional materials. Despite their huge advances during the recent decade, most of topochemical reactions rely on redox activities of transition
metal cations in host lattices so that their charge balance are respected throughout the process. Conversely the redox activity of molecular anions for
topochemical syntheses remains almost unexplored. This study demonstrates the topochemical reaction of layered polychalcogenides or oxychalcogenides
containing pre-formed (Sn)2- (n=2,3) oligomers with transition metals or alkali metals to form (metastable) layered compounds at low temperature [1,2,3].
Structure prediction calculations and advanced electron microscopy techniques confirms that depending on the metal nature the reaction with the oligomers
lead either to the intercalation of the metallic species [1,2], or to the deintercalation of part of the chalcogen atoms [3]. This study paves therefore the way
to the design of (oxy-)chalcogenide compounds with interesting potential applications.

[1] S. Sasaki, D. Driss, E. Grange, J.-Y. Mevellec, M. T. Caldes, C. G.-Deudon, S. Cadars, B. Corraze, E. Janod, S. Jobic, L. Cario, Angew. Chem. Int. Ed.,
57, 13618-13623 (2018).

[2] S. Sasaki, M. Lesault, E. Grange, E. Janod, B. Corraze, S. Cadars, M. Teresa Caldes, C. Guillot-Deudon, S. Jobic, L. Cario, Chemical Communications
55, 6189 (2019).

[3] S. Sasaki, M. T. Caldes, C. Guillot-Deudon, I. Braems, G. Steciuk, L. Palatinus, E. Gautron, G. Frapper, E. Janod, B. Corraze, S. Jobic, L. Cario, Nat.
Commun. 12, 3605 (2021).

8:30 AM *CH02.14.02
Divalent Magnetic Cations to Generate Magnetoelectric Properties in Corundum-Derived Structures Antoine Maignan'?, Christine Martin'2 and
Francoise Damay*?; 'CNRS, France; 2crismat, France; 3CEA, France

Several ways can be used to achieve magnetoelectric (ME) effects [1 and references herein] such as strain-mediated coupling between ferroelectric and
(anti)ferromagnetic composites, compounds hosting both d° ferroelectricity and 4f or d" magnetism and lone-pair cation (such as BiFeOs [2]). In general,
for the latter, the electric polarization is large but the ME coupling weak. Another class of multiferroics (MF), also called spin-induced MF, gathers the
3d" magnetic compounds whose magnetic symmetry breaks both space-inversion and time-reversal. These type-11 MFs are very often compounds
exhibiting large ME coupling. Searching for large ME coupling, the linear ME (LME) compounds are also attracting as a third class of ME. Though these
centrosymmetric compounds are not MF, a magnetic field application induces a polarization, with P proportional to H, as the prototype a-Cr,O3 corundum
[3.4].

For solid state chemists, this structural type forms a very broad field to play with, as illustrated for instance by the numerous isomorphic transition metal
niobates and tantalates of composition M4A,0q (429), with M a divalent cation (M = Co, Fe, Mn) [5]. Recent re-investigations of CosNb,Oy magnetic
structure [6-8], a LME exhibiting one of the largest ME coefficient (= 30 ps/m [6]), triggered a surge of interest for these MsA,Og crystallizing in a trigonal
structure (SG: P-3cl) and which magnetic structure is still a matter of debate [5-8].

Among the 429, solely cobalt and manganese niobates and tantalates were known to be LME till 2018 [9-12], after which the Fe4sNb,Og [13] and
Fe4Ta,Og [14-15] ME were reported. From the synthesis side, these oxides containing divalent iron are difficult to prepare as pure phases.

Interestingly, there exist M4.xM’xA,Oq solubility ranges, involving a careful control of the (PO, T) synthesis conditions depending on M and M’ and on X,
which open the route to produce new LME and ME behaviours. In particular, to exacerbate the P response to H, the M/M’ magnetic cations disorder can be
exploited to modify the magnetization H dependence. The preliminary results obtained by mixing divalent Fe and Co have allowed us to produce a much
steeper P(H) dependence, the Fe,Co,Nb,Og compound exhibiting ME properties overpassing those of the CosNb,Og and Fe4sNb,O9 end members.

On the opposite, considering that NisNb,Og is orthorhombic, ferrimagnetic and not ME [16], the Ni solubility in M4.xNixNb,Og with M=Co or Fe has been
investigated. These magnetic substitutions by Co or Ni are now compared to those by diamagnetic ones.

The synthesis, characterizations of the crystal/magnetic structures and magneto(di)electric properties of several such corundum - derived compounds,
including MnsWOs [17], will be presented to illustrate the richness of these systems to generate new (L)ME candidates.

[1] N. A. Spaldin et al., Nature Materials 18, 203-212 (2019).
[2]J. Wang et al., Science 29, 1719-1722 (2003).
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[5] E. F. Bertaut et al., J. Phys. Chem. Solids 21, 234 (1961).
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[10] N. D. Khan et al., Applied Physics Letters 114, 102905 (2019).
[11] B. B. Liu et al., Materials Letters 164, 425 (2016).

[12] N. Narayanan et al., Physical Review B 98, 134438 (2018).
[13] A. Maignan et al., Physical Review B 97, 161106 (2018).

[14] A. Maignan et al., Physical Review Materials 2, 091401 (2018).
[15] S. N. Panja et al., Physical Review B 98, 024410 (2018).

[16] E. Tailleur et al., J. of Appl. Phys. 127, 063902 (2020).

[17] A. Maignan et al., Chem. Mater. 32, 5664 (2020).

9:00 AM CHO02.14.03

Spectroscopic and First Principles Characterization of Electronic, Optical and Defect Properties of P-Type CuBi,O4 Sebastian E. Reyes-Lillo?,
Zemin Zhang? and Jason K. Cooper?; *Universidad Andres Bello, Chile; 2Lanzhou University, China; 3Lawrence Berkeley National Laboratory, United
States

CuBi;04 is an emerging p-type semiconductor for applications as a photocathode in photoelectrochemical (PEC) solar fuel production. Recently, we have
examined p-CuBi,O4 thin films with a comprehensive spectroscopic and first principles characterization methodology to describe its fundamental
electronic and optical properties while addressing intrinsic limitations in the observed PEC performance [1]. In this talk, connections will be established
between electronic structure, optical properties, and PEC performance through a combination of X-ray spectroscopies (X-ray absorption spectroscopy, X-
ray emission spectroscopy, and resonant inelastic X-ray scattering) and density functional theory (DFT) based modeling. The results provide the basis for
the understanding of the observed polaron limitations in CuBi,O,. In addition, we investigate the presence and working mechanism of natural defects,
through experimental and first principles approaches. Two main types of defects, oxygen vacancies and hydrogen impurities, are found in CuBi,O4 thin
films with a high level. Our DFT results show that oxygen and hydrogen defects act as donor impurities, and therefore, their suppression increases the
carrier density and enhance the performance of CuBi,O,. Our work aims at broadening the understanding of materials governed by polaronic limitations as
well as the investigation of defects in p-type metal oxide semiconductors to further advance their application in solar-fuels generating systems.

References:
[1] Cooper et al., Chem. Mater. 33, 934 (2021).

9:05 AM CH02.14.04
Impact of Surface Area on Capacity Retention in the LiNiosMnosxCoxO2 (x = 0.1 - 0.3) Series—Tradeoffs from the Ni**/Ni** Ratio Rajalakshmi
Senthil Arumugam, Ramesh Shunmugasundaram and Vanessa Wood; ETH Ziirich, Switzerland

The most commonly used cathode materials in Li-ion batteries are layered lithium metal oxides (LiTMO,, TM = transition metal ion) due to their large
theoretical capacities (~280 mAh/g).! Among the layered cathode materials, lithium nickel manganese cobalt oxides (Li(NixMnyCoj.x.,)O2 or NMC)
exhibit promising electrochemical properties, which primarily depends on the atomic composition of Ni, Mn and Co in the structure.”! Several NMC
compositions such as NMC 111, 442, 532, 622 and 811 (the three numbers denote the ratio of Ni to Mn to Co) have been studied extensively. This study
systematically studies the effect of TM ratio on the electrochemical behavior of cathode materials and why these particular TM ratios have emerged to be
of highest commercial interest.

To do so, this study focuses on cathode material compositions in the series LiNigsMngs-xC0xOz (0 < x < 0.3) that includes LiNigsMng 3C0020, or NMC
532. Three cathode materials NMC 541, NMC 532 and NMC 523 were synthesized by systematically varying the concentrations of Mn and Co but keeping
the Ni content constant. This systematic variation in atomic percentages of Mn and Co leads to different Ni?* to Ni3* ratios (4:1 for NMC 541, 3:2 for NMC
532, and 2:3 for NMC 523). For each composition, two morphological variants with different surface areas were made. The compounds were structurally
and electrochemically characterized. The results of this study show that NMC 532 achieves a balance between a larger number of antisite defects with
increasing Ni%* (e.g. NMC 541) and the higher surface reactivity found with increasing Ni®* (e.g., NMC 523), both of which lead to capacity fade. This
explains why NMC 532 is the highest performing material in the LiNigsMngs.xC0oxO- series.

References:
[1]. C. M. Julien, A. Mauger, K. Zaghib, H. Groult, Inorganics. 2 (2014) 132-154.

[2]. R. Van Noorden, Nature. 507 (2014) 26-28.

9:10 AM CH02.14.05
Functional Materials by Design—Developing Treasure Maps with Quantum Chemistry Matthias Wuttig*, Carl-Friedrich Schon® and Jean-Yves
Raty?; 'RWTH Aachen University, Germany; 2Universite de Liege, Belgium

Scientists and practitioners have long dreamt of designing materials with novel properties. Yet, a hundred years after quantum mechanics lay the
foundations for a systematic description of the properties of solids, it is still not possible to predict the best material in applications such as photovoltaics,
superconductivity or thermoelectric energy conversion. This is a sign of the complexity of the problem, which is often exacerbated by the need to optimize
conflicting material properties. Hence, one can ponder if design routes for materials can be devised.

In recent years, the focus of our work has been on designing advanced functional materials with attractive opto-electronic properties, including phase
change materials, thermoelectrics, photonic switches and materials for photovoltaics. To reach this goal, one can try to establish close links between
material properties and chemical bonding. However, until recently it was quite difficult to adequately quantify chemical bonds. Some developments in the
last decades, such as the quantum theory of atoms in molecules [1] have provided the necessary tools to describe bonds in solids quantitatively. Using these
tools, it has been possible to devise a map which separates different bonding mechanisms [2]. This map can now be employed to correlate chemical
bonding with material properties [3]. Machine learning and property classification demonstrate the potential of this approach. These insights are
subsequently employed to design phase change as well as thermoelectric materials [4,5]. Yet, the discoveries presented here also force us to revisit the
concept of chemical bonds and bring back a history of vivid scientific disputes about ‘the nature of the chemical bond’.

9:15 AM CH02.14.06
Structure/Function Relationship in Luminescent Pure and Ti-Doped HfO2 Nanocrystals Alessandro Lauria; ETH Zurich, Switzerland



Intense recent research efforts are directed toward the development of novel materials morphologies, such as nanoparticles, able to efficiently convert
ionizing radiation into light. Fluorescent or scintillating materials attract great interest in lighting technology, solar applications, theranostics and self-
lighting photodynamic therapy. Moreover, additive manufacturing advancements suggest the possibility to fabricate nanoparticle-based materials
applicable in several fields. Therefore, novel luminescent nanomaterials free from toxic or expensive elements, such as rare earths, are desirable building
blocks for promoting future developments in all these fields.

In this work, the structural and morphological properties of pure and Ti-doped HfO2 nanoparticles are studied in dependence of calcination temperatures
leading to a fine tuning of either morphology and functional defect configuration. Indeed, tuneable optical features are observed in undoped monoclinic
HfO2 nanocrystals and their dependence on the structural properties of the material at the nanoscale are disclosed. TEM, XRD, XPS, and surface area data
combined with the analysis of the luminescence allowed us to identify the dual nature of the broad emission at 2.5 eV, where an ultrafast defect-related
intrinsic luminescence overlaps with a slower emission ascribed to extrinsic Ti impurities.[1]

When titanium is employed as luminescence activator, a bright emission is observed under excitation with both UVC radiation and X-rays. [2] These
results represent useful insights toward the design of novel promising nanomaterials suitable for rare-earth-free UV pumped white LEDs based on intrinsic
defect engineering, and for X-ray triggered oncological therapies by using the Ti (IV)-related bright radioluminescence to excite photosensitizer molecules
for singlet oxygen generation.

[1] Villa, I.; Vedda, A.; Fasoli, M.; Lorenzi, R.; Kranzlin, N.; Rechberger, F.; llari, G.; Primc, D.; Hattendorf, B.; Heiligtag, F. J.; Niederberger, M.; Lauria,
A., Size-Dependent Luminescence in HfO2 Nanocrystals: Toward White Emission from Intrinsic Surface Defects. Chem. Mater. 2016, 28 (10), 3245-3253.

[2] Villa, I.; Moretti, F.; Fasoli, M.; Rossi, A.; Hattendorf, B.; Dujardin, C.; Niederberger, M.; Vedda, A.; Lauria, A., The Bright X-Ray Stimulated
Luminescence of HfO2 Nanocrystals Activated by Ti lons. Advanced Optical Materials 2020, 8 (1), 1901348.

9:20 AM CH02.14.07
Growth of Branched Nanowires via Solution Based Au Particle Deposition for Charge Carrier Diffusion Induced Nanowire Light Emitting
Diodes Kristi Adham, Lukas Hrachowina, David Alcer and Magnus T. Borgstrom; Lund University, Sweden

Conventional LEDs consist of heterojunction structures in which the active region (usually a multi quantum well stack (MQW)) is embedded in-between
the layers in a p-n junction. Recent developments have made it possible to decouple the active region from the p-n junction and demonstrate a working
LED where electron and holes are injected by carrier diffusion into the MQW. [1] In order to improve this architecture further we propose to implement it
in nanowire (NW) structures. From theoretical simulations it has been shown that NWs with diameter below a threshold value, trap light very poorly
because the electric field is not kept inside the NW [2]. To make use of this property and to separate the active region from the p-n junction we aim to make
heterostructures with branched nanowires, where core p-i-n NWs with a high bandgap are grown, followed by a subsequent growth of NW branches with
lower bandgap. The difference in bandgap would induce carrier diffusion towards the branches, which have a small diameter (~25-50 nm), where the
carriers can recombine, and as a consequence light is emitted. The benefits of using nano scale building blocks in this architecture is not only that lattice
matching requirements are relieved, but opens up to completely avoid the challenge of total internal reflection as the light emitted has much longer
wavelength than the nanowire diameter.

We have developed a cost beneficial method to deposit Au particles along the entire length of the core nanowires which act as catalyst for the growth of the
branches. A stock solution of HAuCI43H,0 (10 mM) was prepared, in order to deposit Au particles on the sidewalls of the cores by submerging the
substrates inside the solution. To study the deposition of the Au particles, core p-i-n InP NWs in a hexagonal pattern with a pitch of 1 m and a length of
approximately 2 m were grown on InP(111):Zn substrates by Metal Organic Vapor Phase Epitaxy. For our study we have varied the concentration of the
solution by diluting the stock solution into concentrations of 0.25, 0.5, 1, 2 and 4 mM and we have varied the temperature of the solution during deposition
and the time which we submerge the substrates to find the optimal deposition parameters. To study the nucleation and growth of the branches we have
grown InP branches by varying the trimethylindium (TMIn) flow and keeping growth time constant at 1 minute. By changing the concentration of the
solution, we can control the growth direction of the branches to (111B) or the (110) direction.

In conclusion, we have deposited Au catalyst particles on the sidewalls of core NWs. We have studied the parameters for the deposition such as the
solution concentration and temperature and the time of deposition. We have successfully grown InP branches on p-i-n InP cores and aim to develop
heterostructures as the next step with InGaP p-i-n cores and InP branches leading to the intended charge carrier diffusion needed for these type of light
emitting diodes with promise to high efficiency at low cost.

[1] Riuttanen, L., et al. Diffusion injected multi-quantum well light-emitting diode structure. Applied Physics Letters, 104(8), 081102, (2014). [2] Anttu,
N., & Xu, H. Q. Journal of nanoscience and nanotechnology, 10(11), 7183-7187, (2010).

9:25 AM *CH02.14.08
Microwave-Assisted Routes for Rapid and Efficient Topochemical Modification of Layered Perovskites John B. Wiley; The University of New
Orleans, United States

Microwave processing methods have greatly decreased the times needed to topochemically modify layered perovskites. Reactions involving ion exchange,
intercalation, grafting, and exfoliation have all been impacted. Here we find that quality products can often be obtained in hours instead of days. In this
presentation, methods and products will be highlighted in terms of the utility of this approach, not only in the formation of bulk materials, but also in the
production and modification of exfoliated nanosheets.
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1:00 PM *CH02.15.01
The Role of Dimensionality on the Spin and Charge Transport Properties of Metal Halide Semiconductors Luisa L. Whittaker-Brooks; University of
Utah, United States



Metal halide semiconductors while highly desirable for a host of applications, present several challenges that remain unresolved, including the ability to
control their dimensionality at the molecular level (orientation and mode of attachment), matching of phonon band structure in inorganics with discrete
vibrations within the molecule, and tuning energetic offsets for effective charge and spin transfer. Each of these parameters ultimately governs charge
transport, the preservation of coherence, and energy transfer.

In this talk, I will discuss fundamental guidelines for the design of dimensionally stable metal halide heterostructures with controlled morphology and
interfaces that serve as conduits for deterministic and coherent spin and charge transfer. | will divide my talk into two different sub-topics, i.e., (1) how
matching phonon structure across interfaces through control of mode and site of attachment of molecules to surfaces allow for efficient coherent charge
transfer and (2) how topologically protected electronic states can be defined by 2D assembly of pi-conjugated molecules and layered metal halide materials
on surfaces for spin-coherent electronic transport. Here, | will emphasize the role that dimensionality plays in modulating the spin and charge properties of
metal halide heterostructures.

1:30 PM CH02.15.03
Tailoring the Structure and Morphology of Mesoporous High Entropy MCo204 Spinel Oxide Nanoparticles Xin Wang?, Palani Raja Jothi* and
Katharine Page2?; 'The University of Tennessee, Knoxville, United States; 2Oak Ridge National Laboratory, United States

The unique structure diversity, tunable compositions, and physical-chemical properties of high entropy oxides (HEOs) attract wide research interests. At
the same time, there are vast economic and environmental needs for obtaining stable, high-capacity, and low-cost catalysts for automotive and industrial
exhaust applications; in particular, high surface areas and high thermal stability of oxygen storage capacity catalysts are often incompatible. Here, an eco-
friendly soft-templating route is applied to form mesoporous HEO spinel nanostructures (MC0,0,, M= Mn?*, Fe?*, Ni%*, Mg?*, Zn?*, etc.), in which high
surface area, thermal stability, and compositionally tuned catalysis behavior can be simultaneously achieved. The structural order/disorder in the HEO
spinel lattice can be achieved through M cation selection and the morphology (ranging from highly faceted octahedron to highly mesoporous
nanocrystalline agglomerates) can be tuned through the selection of templates and reaction conditions. We apply a wide array of characterization
techniques, including electron microscopy, and neutron and X-ray total scattering probes, to correlate these characteristics with thermal and catalytic
properties. Identifying the role of specific lattice defects, chemical short-range order, and nanoscale heterogeneity in this MCo,04 spinel family will
promote design principles and strategies for HEO nanostructured catalysts.

1:35 PM CHO02.15.04
Bulk Synthesis of Ternary Metal Nitrides Through Low-Temperature lon Exchange Reactions Paul K. Todd; National Renewable Energy Lab,
United States

Ternary nitrides are an emerging class of inorganic materials for use in a variety of optical, electronic, and refractory applications. In preparing inorganic
nitrides, selection of precursors and reaction conditions is dependent on controlling the reactivity of the nitride anion, as decomposition to yield N is
thermodynamically favorable at high temperatures used in traditional ceramic processes. While high pressures or reactive environments like ammonia can
change the chemical potential of nitrogen to favor a nitride product, reactions that occur under low-temperatures and mild reaction conditions are desired.
Here we present on low-temperature ion-exchange reactions that yield magnesium metal nitrides and zinc metal nitrides at low-temperatures and pressures.
First, we report on the synthesis of rocksalt MgZrN,, rocksalt MgNbN3, and hexagonal MgMoN, using magnesium nitrochloride and the corresponding
transition metal halides as precursors. Key to these preparations is a low-temperature anneal (300-450 °C), which calorimetry experiments show results in
Mg-M-N product formation. Then, we present on additional experiments using these magnesium metal nitrides as a structural template to perform selective
ion-exchange reactions with zinc halide precursors to yield metastable zince metal nitrides: rockalt ZnyMg1.xZrNa, rocksalt ZnyMg,.x<NbN3, and layered
ZnMg1xMoN,. Overall, these low-temperature ion exchange reactions hold promise to increased discovery of new ternary metal nitrides.

1:40 PM CHO02.15.05
Thermodynamic Investigation of LiFePOasin Triphylite, Heterosite and Solid Solution Phases Hillary Smith, Alexandra Specht and Aleah Wilson;
Swarthmore College, United States

The electrochemical properties of a battery cathode material depend on the structural and associated thermodynamic changes that are induced by ion
intercalation and deintercalation. Despite the prevalence of LiMPO, cathodes (M represents Mn, Fe, Co, Ni, or a mixture of multiple of these elements),
some aspects of local structural characteristics and thermodynamics are not thoroughly understood in these materials. LixFePO,4 undergoes a transformation
from a two-phase mixture of triphylite and heterosite to a distinct solid solution phase at elevated temperatures. In this work, the phase transformation in
LixFePO,4 x=0.6 is investigated using neutron powder diffraction, inelastic neutron scattering, and calorimetry. We report contributions to the vibrational
and configurational entropy as a function of temperature, both above and below the phase transformation. Results are compared to first-principles
calculations of phonon spectra. New insights into the how the electronic and ionic conductivity differs in each phase will be discussed.

1:55 PM CH02.15.06
Nanofluids' Evaluation for Enhanced Recovery in the Oil Industry Ana Paulina Gomora Figueroa; Universidad Nacional Auténoma de México,
Mexico

Nanotechnology has the potential to upgrade the oil and gas industry within different areas such as exploration, drilling, production, and enhanced oil
recovery (EOR). For instance, the use of nanoparticles as an EOR method exhibit many advantages since:

The size and shape of nanoparticles can be easily modified during fabrication.

Nanoparticles' surface chemical properties can be easily adapted to turn them hydrophobic or hydrophilic and modify the chemical interaction with specific
types of surfaces.

Nanoparticles may resist more complex conditions in comparison with conventional EOR chemical methods.

During the last decade, numerous studies have been conducted employing nanoparticles for EOR purposes. Although different types of nanoparticles, both
organic and inorganic, show a significant increase in the additional recovery factor (RF) of crude oil, these results are encouraging, specifically for mature
fields.

This work presents the synthesis of inorganic nanoparticles and their performance evaluation in oil displacement tests under different conditions: water-oil
ratios, the concentration of nanoparticles, temperature, and salinity of various synthetic brines. Tests were carried out with sandstone to evaluate the
interactions between rock-nanoparticles and brine-nanoparticles. During these tests, the nanoparticles displaced up to 50 % of the oil, compared to 26 % of
oil displaced by synthetic brines. Additionally, we demonstrated that nanoparticles are helpful to reduce the water-oil interfacial tension, resulting in the
formation and stabilization of Pickering-type emulsions, which have shown the ability to be formed in-situ and improve oil recovery in crude oil reservoirs.
The results opened the door to future experiments for assessing the wettability alteration promoted by nanofluids and the efficiency of displacement of oil
contained in a porous media.



2:00 PM CH02.15.07
Late News: Growth and Structure of the Topological Semimetal Candidate SmMnBi2 Tiglet Besara and Sudha Krishnan; Missouri State University,
United States

The MMn(BI,Sb), (M=rare earth or alkaline earth) family has emerged as a fertile ground for exploration of topological semimetals. Topological
semimetals are charge-balanced compounds that host Dirac or Weyl fermions and with electronic excitations protected by topology. Several members of
this family have been explored, such as (Ca,Sr,Ba,Eu,Yb)Mn(Sb,Bi),, all with divalent oxidation state of the rare earth or alkaline earth metal. Here, we
report on the discovery of a new member of the family, SmMnBi,, and compare its structure to other compounds in the family. Surprisingly, despite the
near-identical ionic sizes of Eu?* and Sm?*, the structural layers in SmMnBi, differ from that of EuMnBiy.

2:05 PM CH02.15.09

Structure-Property Relationships in Na-Si Clathrates—OId and New Questions from a (Deceptively) Simple Binary Phase Matt Beekman®, Antti J.
Karttunen?, Winnie Wong-Ng?, James A. Kaduk*3, Ethan Cruse?, Christian Posadas® and George Nolas®; 'California Polytechnic State University, United
States; 2Aalto University, Finland; ®National Institute of Standards and Technology (NIST), United States; “Illinois Institute of Technology, United

States; SNorth Central College, United States; ®University of South Florida, United States

NaySi136 (0 < x < 24) materials with the clathrate-I1 crystal structure provide a unique opportunity to investigate the direct effect of guest content on
physical properties of intermetallic clathrates in a chemically simple system with only two elements. The preferential filling of two framework cages with
very different sizes is accompanied by very different guest-framework interactions, resulting in a non-monotonic structural response to cage filling that is
correlated with a metal-insulator transition near x = 8. Temperature-dependent single-crystal and powder X-ray diffraction experiments show that the room
temperature linear coefficient of thermal expansion increases by nearly a factor of 3 upon filling, attributed to an increase in the anharmonicity in the
interatomic interactions. Furthermore, negative thermal expansion, present at low temperature (T < 150 K) in Siy3s and NaySiiss at lower Na contents,
disappears for x > 16. Extremely large atomic displacement parameters obtained from structure refinements, as well as dynamic instability observed in first
principles calculation of phonon dispersion, suggest the Na guest in the larger cage is displaced off-center, but the exact nature of the off-centering and
dynamical behavior remains difficult to elucidate. Thus, modeling and understanding the physical mechanisms underlying the effects of guest content on
electrical, thermal, and mechanical properties of these silicon clathrates is non-trivial.

2:10 PM *CH02.14.09

Oxychalcogenide Building Blocks Toward Nonlinear Optical Properties Houria Kabbour®, Batoul Almoussawit, Hiroshi Kageyama?, Mike
Whangbo®# and Shuiquan Deng?; *Univ. Lille, CNRS, Centrale Lille, ENSCL, Univ. Artois, UMR 8181 — UCCS — Unité de Catalyse et Chimie du Solide,
France; 2Kyoto University, Japan; 3North Carolina State University, United States; “Chinese Academy of Sciences, China

Among the versatile mixed anion compounds [1], oxychalcogenides are emerging as promising alternative candidates for a variety of applications
including for energy. Recently, they have been pointed as interesting systems for mid IR nonlinear optical (NLO) properties [2]. In particular, strong
second harmonic generation (SHG) responses are found for NLO compounds with functional groups composed of mixed anions such as in BaGeSe,O with
GeO,Se;, tetrahedra [3] (compared to its oxide analogue with GeOy, tetrahedra). Here we will discuss, through several structure types based on
thiovanadates V(O,S), building blocks, the possibility to tune the symmetry and engineer the band gap. Bas(VO.S2)2(S2)2 [4] with third-harmonic
generation properties and Ba;S(VOS3)2(S2)s and its selenide-derivatives [5] will be discussed with support of density functional theory (DFT). We will see
that the presence of Q-Q bonds (Q= chalcogenide) lead to original lattices with multiple anionic species and add greater structure and electronic structure
versatility to design functional materials. On another hand, we will present unprecedented oxysulfide building block for SHG active materials and give a
comprehension of the SHG response mechanism with support of DFT calculations [6].

References :

[1] Kageyama, H. et al. Nature Communications 2018, 9 (1), 772.

[2] Li, Y. Y. etal. Cryst. Growth Des. 2019, 19 (7), 4172-4192.

[3] Liu, B. et al. Chemistry of Materials 2015, 27 (24), 8189-8192.

[4] Almoussawi, B. et al. Inorganic Chemistry 2020, 59 (9), 5907-5917.

[5, 6] submitted (2021)
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4:00 PM *CH02.16.01
Towards Solid-State Electroytes—Complex Halides and Hydrides as New Fast Li-lon Conductors Duncan Gregory; Univ of Glasgow, United
Kingdom

Many of the most widespread and commercially successful materials in Li-ion batteries are oxides. Nevertheless, some of the best performing materials
contain elements from elsewhere in the periodic table (e.g. chalcogenides, pnictides). Although halide salts have long been employed as electrolytes in
solution or in the molten state, there are few examples of halides as solid-state cationic conductors and until recently, still fewer in terms of hydrides.

This contribution focuses principally on the possibilities for designing fast Li-ion conducting (pseudo-)halides as potential electrolytes in all-solid-state
batteries. In switching the materials design emphasis from cations to anions, it will be shown how both static and dynamic disorder might be exploited to
enhance Li-ion transport and how diffusion pathways might be modified in terms of anion geometry and electronegativity (polarizability). Concepts of
lattice “softness” and complex anion dynamics become crucial components of such a design strategy. Synthesis (often of metastable solids) can be
challenging, but mechanochemistry and other “soft” chemical approaches, can provide a means to access such materials, while facilitating nanostructuring
and generating defects.

This contribution covers several exemplar systems of promising complex hydride and halide Li fast-ion conductors, including Li(BH4)1.yXy, LiAIX, and
LiCe(BH4)3X; X = Cl, Br, I, among others. In each case a raft of techniques including neutron diffraction and muon spin relaxation spectroscopy have been
fundamental in elucidating the structure-property relationships in these systems. A synergic combination of experiment and computational calculations are



beginning to shed light on the mechanisms for Li-ion conduction in these families of non-oxide materials and their prospects as solid state electrolytes will
be evaluated.

4:30 PM CH02.16.02
Group VI Metalates as Thermosensitive Phosphors Federico A. Rabuffetti; Wayne State University, United States

Group VI metal oxides featuring MoO42 and WO,2 anions are ideal semiconducting host materials for thermosensitive phosphors activated by

Mn** and/or rare-earth metals. A distinct feature of these materials is their structural diversity in terms of metal coordination and connectivity, which
makes them an ideal platform to exercise compositional control over their temperature-dependent luminescence response. In this talk, I will highlight the
potential of molybdate and tungstate phosphors as luminescent thermometers. | will show that selected Mn**-activated metalates serve as bandshift
thermometers with a temperature sensitivity comparable to that of quantum dots but with a much broader usable temperature range. Further, | will show
how the crystal-chemistry of group VI metalates may be exploited to generate thermochromic phosphors via codoping Mn**—Th3* pairs. Findings presented
in this talk expand the scope of applicability of Mn**-activated thermosensitive phosphors beyond ratiometric bandshape and lifetime thermometry. They
also provide structural guidelines for discovering and screening novel oxide hosts for dual-activator luminescent thermometers.

4:45 PM CH02.16.03

A General Method for Reconstructing the Orientation Ordering of Materials Constituents from Their Scattering Anisotropy Guan-Rong Huang?,
Jan-Michael Carrillo!, Yangyang Wang?!, Changwoo Do?, Yuya Shinohara!, Takeshi Egami‘?, Lionel Porcar3, Yun Liu* Bobby Sumpter! and Wei-Ren
Chen?; 10ak Ridge National Laboratory, United States; 2The University of Tennessee, Knoxville, United States; 3Institut Laue-Langevin, France; “National
Institute of Standards and Technology, United States

We outline a state-of-the-art approach for reconstructing the orientation distribution function (ODF) of materials from their scattering anisotropy using real
spherical harmonics (RSH) expansion. Without assuming the functional form of ODF, we perform the reconstruction through the RSH decomposition of
their scattering intensity and ODF subject to certain constraints from symmetries and orientation order parameters. We demonstrated its validity by the
quantitative agreement between case studies of molecular dynamics simulations and numerical computations. Our proposed method is applicable for
general materials subject to various external conditions. Material’s properties usually reflect on the coarse-grained averages of the relative orientation and
separation at molecular levels over a characteristic length scale. One of the well-known examples is the magnetic response of materials is the ensemble
average of magnetic moments over all the possible configuration distributions in phase space. Knowing how the molecular orientation distributes enables
us to investigate the fundamental mechanism between the microscopic variables and macroscopic properties of interest in response to the applied fields. It
can facilitate us with materials design and characterization for its practical use under different conditions. These can be exemplified by the magnetization
alignment induced by the applied magnetic field or the orientational ordering of anisotropic nanoparticles in composites undergoing mechanical
deformation. Typically, the microscopic information of material’s orientation is conceived in its corresponding scattering spectra, which is an ensemble
average in momentum space. Under the external fields without rotational symmetry, the constituent of materials would possess a preferred orientation,
which will reflect on the anisotropy of their scattering signature. Therefore, how to reconstruct the ODF of materials from their scattering anisotropy is
inevitably important.

5:00 PM DISCUSSION TIME

5:15 PM CHO02.04.03
Multipolar Hidden Orders in 5d* Double Perovskites Aria Mansouri Tehrani and Nicola Spaldin; ETH Zurich, Switzerland

We present a density functional theory study of the interplay between multiple hidden and established charge, magnetic and structural orders in 5d* double
perovskites. The ordering of structural distortions, magnetic dipole moments, atomic orbital occupancies, and electronic charges is widespread in materials
and leads to well-known behaviors such as changes in the crystal structure, the onset of ferromagnetism, or metal-insulator transitions. While such
orderings have been extensively investigated, there remain many materials that show intriguing changes in behavior indicating the onset of order, but for
which the nature of the order is not yet known. Double perovskite oxides (halides) with 5d1 transition magnetic ion have been of particular interest recently
to explore these multipolar hidden orders which stem from their unique crystal chemistry and the interplay of spin-orbit coupling, crystal-field splitting,
and electron-electron repulsion. Here, we present a density functional theory study of multipolar ordering (e.g. charge quadrupoles and magnetic octupoles)
and their coupling with the dipolar magnetic and the crystal structure of two 5d* double perovskites, Ba,MgReOg and Cs,TaClg. Both of these compounds
are spin-orbit-driven Mott insulators with a symmetry-lowering structural phase transition at low temperatures driven by the ordering of charge
quadrupoles. Our primary goal is to provide an understanding of the interplay between the structural distortions, the charge quadrupole ordering, and the
magnetic dipole ordering in these compounds. In addition to shedding light on the detailed behavior of Ba,MgReOs and Cs,TaCls, our analysis provides a
novel insight into the crystal structure-multipolar order relationship of 5d* double perovskites.

5:30 PM BREAK
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9:00 PM *CH02.17.02
Porous lonic Crystals Based on Polyoxometalates as a Tunable Platform for Functional Materials Sayaka Uchida; The University of Tokyo, Japan

Porous crystalline materials such as zeolites and metal-organic frameworks (MOFs) have attracted wide attention due to their well-defined porous
structures and high surface area, which are useful in gas storage and separation, ion exchange and conduction, and heterogeneous catalysis.
Polyoxometalates (POMs) are nano-sized metal-oxide molecular anions with unique catalytic, electrochemical, magnetic, and luminescent properties and
have stimulated research in broad fields of science. Recently, the incorporation of POMs in nano-sized cavities of MOFs has been reported; these POM-
MOFs show unique functions such as oxidative removal of hydrogen sulfide, selective adsorption of cationic dyes, and visible-light-driven hydrogen
production. In contrast, we have reported that the complexation of POMs with molecular cations with appropriate elements, charges, sizes, symmetry,
ligands, etc., results in the formation of voids and channels in the crystal lattice. The properties of porous ionic crystals (PICs) based on POMs can be



summarized as follows. (a) POMs show reversible redox properties, which can lead to the formation of “redox-active” PICs. (b) Guest binding and
catalytically active sites can be incorporated beforehand into the ionic components. These functions can be maintained and utilized in the PICs since the
ionic components still exist as discrete molecules in the crystal lattice. (c) The ionic components create strong electrostatic fields at the internal surfaces of
PICs, which are suitable for accommodating and stabilizing polar guests and reaction intermediates. (d) POMs can transport protons as counter cations
efficiently because the negative charge of POMs is smeared over the external oxygen atoms decreasing the effective surface charge density. These
properties lead to interesting functions in selective ion-uptake/exchange, proton conduction, heterogeneous catalysis, formation of luminescent mixed-
valence metal clusters, etc., which are unique to P1Cs.*12

Recent papers: (1) ACS Appl. Mater. Interfaces 13, 19138 (2021), selected as ACS editor’s choice, (2) Nanoscale 13, 8049 (2021), selected as backside
cover. (3) Eur. J. Inorg. Chem. 1531 (2021), selected as frontside cover. (4) Chem. Lett. 50, 21-39 (2021), highlight review. (5) Dalton Trans. 49, 10328
(2020), selected as backside cover. (6) Langmuir 36, 6277 (2020). (7) Chem. Sci. 10, 7670 (2019), selected as frontside cover. (8) ChemCatChem 11, 3745
(2019), selected as frontside cover. (9) Communications Chemistry Article number: 9 (2019). (10) Inorg. Chem. 56, 15187 (2017). (11) Angew. Chem. Int.
Ed. 55, 3987 (2016). (12) Chem. Mater. 27, 2092 (2015).

9:30 PM CH02.17.03
Tri-Phase Photocatalysis for CO2 Reduction and N2 Fixation with Efficient Electron Transfer on a Hydrophilic Surface of Transition-Metal-
Doped MIL-88A (Fe) Niwesh Ojha; IIT Patna, India

Efficient transfer of charges at the interface of transition-metal and semiconductor can improve efficiency of photocatalyst. Herein, we examined the
photoactivity of Mn and Zn-doped MIL-88A for CO; reduction and N fixation by water under UV-visible irradiation and ambient conditions. Gaseous-
phase photo-reduction of CO, generated CO, Hy, and CH4. Apparent quantum yield of Zn-MIL-88A was found to be 2.16-folds higher than that of pristine
MIL-88A catalyst. Also, the highest NH,4* generation rate was for Zn-MIL-88A catalyst. Dissecting the underlying mechanism discloses that electrons
efficiently transferred from doped transition-metals to the Fe-O cluster of MIL-88A. The hydrophilic surface of the tested catalysts in a tri-phase
photocatalyst system led the process to be controlled by mass-transport; which governed the product distribution and limited the kinetics of the process.
Experimental results also unveil that the addition of transition metals improved stability, charge-separation, and efficiency of the resulting photocatalysts.

9:35 PM CH02.17.04
Analysis of Chemical and Electronic States Related to Hydration Reactivity of Lime Phase Coexisting with Other Oxides to Utilize Steelmaking
Slag Hiromi Eba, Ryosuke Serigano, Kousuke Yonemoto and Yuuki Suzuki; Tokyo City University, Japan

In steelmaking processes that refine pig iron into tough steel, calcined lime (CaO) is added to remove unwanted components, such as Si, P, and S, and
steelmaking slag is produced as a by-product. This slag consists primarily of CaO and SiO; and is effectively used as recycled materials for construction
and civil engineering. However, part of the CaO in the slag remains in the unreacted form, i.e. as free lime, which expands to about double volume by
hydration. Therefore, fresh slags that contain free lime must undergo aging. In general, slags containing high amounts of free lime have higher
expansibility than their counterparts, which have lower CaO contents. The expansibility, however, varies with the particle size, physical state of the free
lime, and the corresponding chemical composition. Therefore, estimating the expansibility solely as a function of the free lime content is difficult. In this
study, to promote the utilization of steelmaking slag, the hydration reactivity and electronic state of free lime were observed. It was confirmed by X-ray
diffraction (XRD) and thermal analysis that the hydration reactivity decreases when CaO forms a lime-phase solid solution with FeO, and it was revealed
by X-ray photoelectron spectroscopy (XPS) observations and DV-Xa calculation that the decrease in reactivity occurs due to deepening of the energy
levels of the electron orbitals. The morphology and hydration reactivity of the free lime contained in a synthesized slag were observed by XRD and
electron probe microanalysis. Fe-containing phases and double oxides were found to be adjacent to free lime; the former is considered to be related to the
formation of a solid solution with FeO, and the latter closely surrounds the free lime and shields it from the outside; thus, both contribute to suppressing the
hydration reaction. Furthermore, it was found that simply mixing lime with double oxides suppressed the hydration reaction. XPS and thermal analysis
confirmed that a chemical change occurred on the surface of the free lime; that is, the energy levels of the electron orbitals are deepened and the hydration
reaction is suppressed due to chemical interactions with the double oxides to stabilize the lime surface. It was clarified that in order to effectively promote
the hydration of free lime, it must be exposed by breaking the structure of the slag that protects the free lime and suppresses hydration.

9:40 PM CH02.17.05
Tuning of Mixed Valency in Rare-Earth Fullerides at Ambient and Elevated Pressures Naoya Yoshikane!, Keisuke Matsui!, Hitoshi Yamaoka?, John
Arvanitidis® and Kosmas Prassides!; ‘Osaka Prefecture University, Japan; 2RIKEN, Japan; *Aristotle University of Thessaloniki, Greece

The electronic properties of rare-earth elements, RE are dominated by the 3+ oxidation state, but 2+ can be also stabilized for Sm, Eu, and Yb due to their
comparable energy [, As a result, mixed valency phenomena are encountered in compounds of these rare-earths (Kondo insulators, heavy fermions) with
the average RE valence strongly affected by changes in external stimuli (temperature, pressure). Research in elastic, conducting, optical, and magnetic
properties triggered by such valence changes remains at the frontier of solid-state chemistry.

The RE fullerides with stoichiometry, RE; 75C¢0 (RE=Sm, Yb) constitute an intriguing class of electronic systems due to the strong electronic coupling
between the highly-correlated mixed-valence RE cation and Cg anion sublattices. Past work pointed towards strong coupling of lattice and electronic
degrees of freedom with the occurrence of pressure-induced lattice collapse and concomitant insulator-metal transition around 4 GPa [23, However, to-date
there has been no direct study of the RE electronic states — all information about valence changes has come indirectly from diffraction and Raman
spectroscopic measurements.

Here we report the results of element-specific synchrotron X-ray absorption spectroscopic (XAS) measurements of the average Sm valence in binary and
ternary Sm fullerides, authenticating the mixed valence character of the materials for the first time. In addition, we directly address the evolution of the Sm
electronic states both by chemical pressure induced by progressive introduction of smaller-in-size valence-precise Ca?* ions and by external physical
pressure 51, Following this spectroscopic work, we address the structural behavior of this family of materials by high-resolution synchrotron X-ray
powder diffraction measurements at elevated pressures — the observed lattice collapse with increasing pressure sensitively depends on the level of

Ca?* substitution and perfectly mirrors the Sm valency transition authenticated by synchrotron XAS. The pressure-induced phase transition is isostructural
but is accompanied by well-defined renormalization of the rare-earth metal positions and their shift towards high-symmetry positions. The results provide a
rationalization of the pressure-induced drastic changes in structural, conducting and optical properties of RE fullerides that are coupled with the extreme
fragility of the rare-earth valence.

[1] P. Strange, A. Svane, W. M. Temmertman, Z. Szotek & H. Winter, Nature, 399, 756-758 (1999)

[2]J. Arvanitidis, K. Papagelis, S. Margadonna, and K. Prassides, Dalton Trans., 19, 3144-3146 (2004)

[3] S.M. Souliou, J. Arvanitidis, D. Christofilos, K. Papagelis, S.Ves, G.A. Kourouklis, K. Prassides ,Y. Iwasa and K. Syassen, High Pressure

Research, 31, 13-17 (2011)

[4] N. Yoshikane, T. Nakagawa, K. Matsui, H. Yamaoka, N. Hiraoka, H. Ishii, J. Arvanitidis, K. Prassides*, J. Phys. Chem. Solids 150, 109822/1-6 (2021).
[5] N. Yoshikane, K. Matsui, T. Nakagawa, A. G. V. Terzidou, Y. Takabayashi, H. Yamaoka, N. Hiraoka, H. Ishii, J. Arvanitidis, K. Prassides*, Mater.



Chem. Front. 4, 3521-3528 (2020).

9:45 PM *CH02.17.06
High Pressure Synthesis of Novel Perovskite-Related Cuprates Shintaro Ishiwata; Osaka University, Japan

The discovery of high temperature superconductivity in cuprates has spurred the search for novel low dimensional cuprates such as spin ladder compounds.
On the other hand, less attention has been paid for the three dimensional counterpart, the perovskitetype cuprates ACuO3, presumably because of the
difficulty in high pressure synthesis. In this talk, a novel orthorhombic perovskite PrCuO3 obtained by high pressure synthesis will be introduced[1].
Synchrotron x-ray diffraction and x-ray absorption spectroscopy reveal that PrCuO3 consists of quasi-one-dimensional chains of Cu-O with square-planar
coordination, and the oxidation state of Cu ions is about 2.2+. The formation of the Cu-O chain reflects the cooperative Jahn-Teller distortion of nearly
divalent Cu ions. Upon the La substitution for Pr, we found the abrupt change in structure and electrical conductivity, from the orthorhombic semimetal to
rhombohedral metal, which is accompanied by the AB site charge transfer. This system offers a unique opportunity to explore novel quantum phases of
correlated electrons as the simplest one-dimensional counterpart of the high temperature superconducting cuprates. In addition, we will introduce a
computational structure prediction for novel oxygen-deficient perovskite-type cuprates on the basis of the density functional theory and Bayesian
optimization[2].

References

[1] M. Ito, H. Takahashi, H. Sakai, H. Sagayama, Y. Yamasaki, Y. Yokoyama, H. Setoyama, H. Wadati, K. Takahashi, Y. Kusano and S. Ishiwata, Chem.
Commun. 55, 8931 (2019).

[2] A. Seko and S. Ishiwata, Phys. Rev. B 101, 134101 (2020).

10:15 PM CH02.17.07
Why Lattices and High Valence States are Stabilized in Perovskite-Type Oxides by Madelung Lattice Site Potentials Masahiro Yoshimura-? and
Kripasindhu Sardar?; *National Cheng Kung University, Japan; 2Tokyo Institute of Technology, Japan

Perovskite-type oxides(ABO3) are quite common for various Ferroelectric, Piezoelectric, Conducting Electrode and/or even Superconducting oxides.
However, it has not been clear why they will take perovskite-type structure(s) . For the stability of Perovskite Lattices, classic Tolerance Factors based
upon ion packing model have been considered even now. One of the present authors proposed another concept: Madelung lattice energy should be the key
factor of the Lattice and Valence Stability.>? The total Madelung Lattice energy(U) could be considered by the summation of Sub-Lattices Energies of A,
B and O sites. Since they are given each lattice site potential (®) and its valence(q): that is, U= ®A x qA + ®B x gB + 300 x qO. Using a recent
Program:VESTA®,we have confirmed 1) Uagos is always larger than the summation of Uao + Ugoz Or Uaors + Usors - 2) Uasos become larger when
valence pairs are shifted from 3+ and 3+ to, 4+ and 2+ then 1+ and 5+ or 0+ and 6+. 3) Furthermore, those large B Sublattice potential can be strongly
related to high valence state of B ions in Perovskite ABO3. Since the ionization potential [loss] can be compensated by high lattice site potential [gain],
high valence ion(s) can be stabilized in B site with high lattice-site potential. For example, Ce4+, Pr4+, and Th4+ can be stabilized in a Fluorite lattice, and
more stabilized in the B site of Perovskite ABO3 lattice. Un-common high-valence ions like Co3+, Ni3+, Fe4+ in the B-sites of the Perovskite ABO3
lattices can be explained similarly. On the other hand, those high-valence ions cannot be stabilized in the A site of Perovskites nor various A203, like A-
type and C-type M203,0r corundum, lattices thus they take rather common valence states in those cases. The Madelung Lattice energy(U) is Enthalpy at 0
K,thus it consists of ca. 90% of total free energy(G) of the compound. Therefore the valence stability of certain ions in particular lattices is directly related
to the Madelung self-site potential(®) of the lattice site. The entropy term by Temperature and Po, can contribute < 10% of U at 1000K. Therefore it might
be rather minor effects for those internal lattice potential energy. Vacancy formation energies can also be estimated by Madelung Lattice Site Potentials.
More precise data can be calculated by recent First Principle Calculation using several additional parameters, but they should include several hypothetical
parameters and much longer times for calculation.

Reference

[1] M. YOSHIMURA et al.: Stabilization of High valence States of lons at B site of Perovskite Structure ABO3: Electrostatic Potential in Perovskite
Structure; Bull. Tokyo Inst. Tech., 120, 1327, (1974).

[2] M. YOSHIMURA,Valence Stability of Rare Earth lons,(in Japanese), Chapter 34,pp 851-862, Kidorui (Rare Earth) Handbook, Edited by G. Adachi,
NTS Book Co. Ltd. Tokyo,2008.

[3] M.Yoshimura and K. Sardar, Revisiting Valence Stability and Preparation of Perovskite-type Oxides ABO3 with the Use of Madelung Electrostatic
Potential Energy and Lattice Site Potential, RSC Advance.2021,11,20737-20745.
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10:30 AM *CH03.01.01
Quantifying Nano-Electromechanical and Nano-Mechanical Measurements with a Metrological Atomic Force Microscope Roger Proksch; Asylum
Research and Oxford Instruments, United States

Voltage modulation (VM) of atomic force microscopy (AFM) has been used to quantify a host of electronic, electrochemical and electromechanical
functionalities across nanometer length scales. The critical importance of such information has resulted in the development of a plethora of VM-AFM
techniques for exploration of either long or short-range forces. Of relevance for ferroelectrics, piezoresponse force microscopy (PFM) imaging and
associated spectroscopies have effectively opened the door to the exploration of nanoscale ferroelectric properties. The rise of PFM, however, has also
brought about claims of ferroelectricity in materials which were subsequently thought to be not ferroelectric,[1] even unlikely materials such as soda-lime
glass. Explanations for the origins of these unexpected nanoscale phenomena have not been in short supply, including new material properties, surface-
mediated polarization changes and/or spatially resolved behavior that is not present in bulk measurements. At the same time, it is well known that VM-
AFM measurements are susceptible to numerous forms of crosstalk and despite efforts within the AFM community, a global approach for quantitative,
crosstalk-free techniques remains elusive. In an effort to understand the true origins of the measured VM-AFM signals we demonstrate the presence of
hysteretic (“false ferroelectric”) long-range interactions between the sample and cantilever body and show that these are intrinsic to traditional VM-AFM
detection methods. However, we show that with interferometric displacement sensor (IDS) [2] it is possible to separate the true tip motion from the
cantilever dynamics. Using the IDS we have established a rapid and simple flagging routine of false piezo and ferroelectric responses and are able to
demonstrate fully quantitative and repeatable nanoelectromechanical characterization. These quantitative measurements are critical for a wide range of new
devices ranging from mems actuators, memristor devices, energy storage and dynamic computer memory. While our initial work was focused on
electromechanical measurements, we have extended this microscope to improved quantification of force-based mechanical measurements. Quantifying the
force and displacement with this metrological AFM has enabled improved quantitative and high speed modulus mapping in a variety of environments. [3,
4]

References

[1] Vasudevan, Rama K., et al. "Ferroelectric or non-ferroelectric: Why so many materials exhibit “ferroelectricity” on the nanoscale." Applied Physics
Reviews 4.2 (2017): 021302.

[2] Labuda, Aleksander, and Roger Proksch. "Quantitative measurements of electromechanical response with a combined optical beam and interferometric
atomic force microscope."” Applied Physics Letters 106.25 (2015): 253103.

[3] M. Kocun et al., “Fast, High Resolution, and Wide Modulus Range Nanomechanical Mapping with Bimodal Tapping Mode”, ACS Nano 11 10097
(2017).

[4] V. G. Gisbert et al., “High-Speed Nanomechanical Mapping of the Early Stages of Collagen Growth by Bimodal Force Microscopy” ACS Nano, 15
1850 (2021).

11:00 AM CHO03.01.02
Controlled Manipulation of Benzene and Phenyl Groups Across Different Energy Landscapes Chao Zhou', Omur E. Dagdeviren'?, Milica
Todorovi¢?, Eric Altman® and Udo Schwarz'; Yale University, United States; 2University of Quebec, Canada; 3Aalto University, Finland

With the continued development of scanning probe microscopy techniques, manipulation of single molecules has become possible. Thereby, the
manipulation path can be chosen at will and the energy landscape around the molecule can be quantified before and after manipulation. This not only
allows to extract the energy barriers between potential minima along the manipulation pathway but may more generally provide unprecedented insight into
the chemical interaction of individual molecules with their surroundings. To further explore the approach’s potential, we conducted controlled
manipulation experiments with benzene on a Cu (100) surface as a model system using a novel manipulation protocol that despite not requiring any active
feedback during execution provides the normal and lateral forces at the instance of the jump with piconewton accuracy, which leads to very robust
operation. The results indicate that the molecules were either pushed, pulled, jumped to the tip, or did not move depending on the chemical surroundings of
the molecules and the chemical identity of the tip. We then compared the experimentally obtained energy landscapes and barrier heights with
computational results obtained by combining density functional theory with machine learning approaches. The Bayesian Optimization Structure Search
(BOSS) protocol suggests that the presence of the tip lowers the energy barrier the molecule has to overcome during its motion, which evolves with the
chemical identity of the tip. In addition, phenyl groups were produced from iodobenzene precursors, from which the iodine atom was split off by applying a
controlled bias voltage. We then manipulated the phenyl group away from the iodine atom and measured the required energy barrier, which was found to
decrease with increasing distance from the iodine atom. Calculations indicate that there are different ways the molecules can move that have different
barriers, so the finding of different barrier heights may simply reflect different processes. Overall, our results indicate that a reliable methodology where
surface reactions can be induced by the tip of a scanning probe microscope and the reaction pathway is chosen at will could be in reach, which would



ultimately enable an individualized, site-specific understanding of single-molecule surface chemistry.

11:15 AM CHO03.01.03
Theoretical Models for KPFM with Flexible Tip Apices Ondrej Krejci' and Adam Foster'23; *Aalto University, Finland; 2Kanazawa University,
Japan; *Graduate School Materials Science in Mainz,, Germany

More than 10 years ago two types of Scanning Probe Microscopy (SPM) — Scanning Tunneling Microscopy (STM) [1] and non-contact Atomic Force
Microscopy (nc-AFM) [2] — showed a possibility to reveal positions of atoms on small flat organic molecules in real space without any damage to the
sample. These two works noticeably enhanced the field of molecular, 1 and 2D material studies in surface science (i.e. [3]). The sub-molecular resolution
was achieved by usage of non-reactive and flexible tip-apices like CO-molecule [4]. Kelvin Probe Force Microscopy (KPFM)[5] is a technique proceeded
with combined nc-AFM/STM instrument, which basically measures the effect of applied voltage between the microscope tip and sample on the measured
force. It has possibility to measure the changes of work-function on the microscale and electric field above the sample on the nanoscale. However, the
physics behind KPFM signal with flexible-tip apices showing the sub-molecular resolution, which could help with elemental recognition, remain unknown.
In this work, we will summarize up-to-date knowledge about KPFM [5,6] focusing mainly on measurements with simultaneous frequency modulation -
Atomic Force Microscopy / Scanning Tunneling Microcopy instruments. Based upon this, we will present a new model for electrostatic field, which is
describing the experiments with CO-metal tips [7] and metal substrates. This new electrostatic model is applied in a Density Functional Theory (DFT)
calculations simulating the full tip-sample system. The results of the DFT calculations will be compared with simple mechanistic models capturing various
sources of achieved signal. All these models and simulations have aim to recover the physics behind KPFM with flexible tip apices. This knowledge can
help to get more information about the sample with SPM and is possibly a further step towards reliable chemical resolution in SPM.
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[1] R. Temirov, S. Soubatch, O. Neucheva, A. C. Lassise and F. S. Tautz, New J. Phys. 10, 053012 (2008).

[2] L, Gross, F, Mohn, N, Moll, P, Liljeroth and G. Meyer., Science 325, 1110 (2009).

[3] A. Mistry, B. Moreton, B. Schuler, F. Mohn, G. Meyer, L. Gross, A. Williams, P. Scott, G. Costantini and D. J. Fox, Chem. Eur. J. 21, 2011-2018
(2015).

[4] P. Hapala, G. Kichin, C. Wagner, F. S. Tautz, R. Temirov, and P. Jelinek, Phys. Rev. B 90, 085421 (2014).

[5] M. Nonnenmacher, M. P. O’Boyle, and H. K. Wickramasinghe, Appl. Phys. Lett. 58, 2921 (1991).

[6] L. Gross, B. Schuler, F. Mohn, N. Moll, N. Pavli¢ek, W. Steurer, . Scivetti, K. Kotsis, M. Persson, and G. Meye, Phys. Rev. B 90, 155455 (2014).

[7]1 F. Schulz, J. Ritala, O. Krejci, A. P. Seitsonen, A. S. Foster, and P. Liljeroth, ACS Nano 12, 5274-5283 (2018).

11:30 AM CHO03.01.04
Imaging Ballistic and Viscous Flow of Carriers in Graphene Using Scanning Tunneling Potentiometry Zachary Krebs, Wyatt Behn and Victor Brar;
University of Wisconsin - Madison, United States

The flow of electrical current through a material can, in special circumstances, mimic the flow of a viscous fluid. This so-called ‘hydrodynamic’ regime
occurs when the rate of momentum-conserving collisions between charge carriers is larger than the momentum-relaxing rate due to other scattering
sources. Until very recently this condition has been difficult to satisfy in real materials, hampering experimental studies of electronic transport in this
unique regime. Ultraclean graphene has emerged as an ideal platform for studying hydrodynamic flow, opening up the possibility of directly imaging fluid-
like behavior such as vortex formation. In this talk, I will show scanning tunneling potentiometry (STP) measurements of quasiparticle flow around tunable
electrostatic barriers in graphene on a hexagonal boron nitride substrate. Measurements are performed as carriers pass through pm-scale channels that are
continuously narrowed until they are blocked entirely, forming “electrostatic dams’. Local STP measurements of the electrochemical potential allow for
direct characterization of the evolving flow profile near the channels, which is observed to be non-Ohmic, and highly dependent on the sample temperature
and the channel width. Under all flow conditions, we observe the formation of Landauer resistivity dipoles across the barriers due to scattering. However,
at low temperatures (4.5 K) the channel conductance is observed to be consistent with ballistic transport, while at elevated temperatures (77 K) the
conductance is observed to increase. We attribute this ‘superballistic’ transport to a viscous enhancement of the conductance originally predicted by
Gurzhi, a hallmark of hydrodynamic flow. We further use these measurements to extract the electron-electron scattering length at a range of carrier
densities. We compare our measurements to finite-element simulations of a Stokesian fluid with different parameters, finding good agreement at 77 K for a
fluid with a kinematic viscosity of 0.7 m?/s. Our results demonstrate the incredible utility of STP in distinguishing between different electronic transport
regimes, and quantifying the interaction length scales that lead to a distinct flow profiles.

11:45 AM CHO03.01.05

Sub-Molecular Resolution nc-AFM and KPFM Imaging of Dipolar Molecule Assemblies on Si(111):B Natalia Turek!, Sylvie Godey*, Dominique
Deresmes!, Christophe Krzeminski!, Judicael Jeannoutot?, Younes Makoudi?, Frank Palmino?, Frederic Cherioux?, David Gao® and Thierry

Melin*; IEMN-CNRS, France; 2FEMTO ST-CNRS, France; NANOLAYERS, United Kingdom

We studied by non-contact AFM (nc-AFM) the formation of molecular self-assemblies on the pas-sivated surface of boron doped silicon B-Si(111)-
(V3x\3)R30°. The investigated molecules (1-(4’cyanophenyl)-2,5-bis(decyloxy)-4-(4’-iodophenyl)benzene) possesses aliphatic chains attached to a
triphenyl core ended with two possible different terminations (either iodine or cyano group). The use of a passivated semiconductor substrate enables
creating regular and extended structures without significant change in electronic properties of molecules [1]. Scanning tunneling microscopy and nc-AFM
imaging have been performed using a low-temperature (AFM/STM (JT AFM/STM,SPECS) operated at T=4K with high stiffness Kolibri sensors (k=540
kN/m, fo=1 MHz). The growth of a periodic molecular network is observed, formed by parallel lines made by molecule aromatic cores and interdigitated
aliphatic chains placed between adjacent rows. We obtain submolecular resolution in the constant height 8f images without intentional tip functionalization,
but only by conditioning the tip on the silicon surface [2]. We will discuss the high-resolution AFM imaging, as well as the conformation of the molecules
in the observed assemblies (e.g. changes in the interdigitated aliphatic chains ordering). Kelvin Probe Force Microscopy (KPFM) images of single
molecules and molecular assemblies with sub-elementary charge sensitivity [3] and submolecular resolution will be provided and discussed, in particular
with respect to the choice of the molecular terminations. They reveal the dipolar character of asymmetric molecules and are consistent with the formation
of dipole-driven molecular arrays, in the case of self-assemblies. Density functional theory calculations as well as molecular dynamics simulations will be
compared with experimental results.

[1] Makoudi Y,Beyer M, Lamare S, Jeannoutot J, Palmino F, Chérioux F, Nanoscale 2016, 8, 12347.

[2] Berger J, Spadafora EJ, Mutombo P, Jelinek P, Svec M, Small, 2015, 113686-3693.

[3] Turek N, Godey S., Deresmes D, Mélin T, Phys. Rev. B 2020 102, 245433.

12:00 PM CH03.01.06
Late News: Anomalous Tip-Sample Interaction on Soft 2D Materials Revealing Inter-Layer van der Waals (VDW) Strength by Scanning
Tunneling Microscopy (STM) Nirjhar Sarkar, Prab Bandaru and Robert C. Dynes; UC San Diego, United States



A new solution is offered to understand an instrumental artifact which is the anomalously high atomic amplitudes on graphite surface measured by
Scanning Tunneling Microscopy (STM) using the local elastic deformation theory. This is demonstrated by a series of simple experiments done to measure
atomic topography of various 2D surfaces like Niobium diselenide, monolayer graphene and graphite across their monatomic step heights to show how tip-
sample interaction causing the anomalous atomic amplitudes is of purely mechanical nature and not electronic. The underlying physics of Van der Waal
bonding playing a major role in these interactions with ‘soft” 2D surfaces will be uncovered.

12:15 PM CH03.01.07
A Graphene-Based Platform for Investigation of Protein Assembly by Infrared Nanospectroscopy Xiao Zhao'?, Dong Li?, Yi-Hsien Lu?, Paul
Ashby* and Miquel Salmeron?; *Lawrence Berkeley National Laboratory, United States; 2University of California, Berkeley, United States

The nanoscale structures and dynamical processes of proteins have been extensively studied by various imaging techniques such as electron microscopy
and atomic force microscopy (AFM) in liquid. However, these imaging techniques can damage or perturbate the samples and do not provide chemical
identification. This prevents a direct monitoring of structural and chemical evolution under physiological conditions. Herein, we demonstrate a new
nondestructive platform that enables nanoscale Infrared (IR) spectroscopy for protein at graphene-aqueous solution interface by combining graphene liquid
cell and Fourier Transform Infrared Nanospectroscopy (nano-FTIR). Single layer graphene separating the assembly solution and the tip minimize the
sample damage and tip contamination. The S-layer protein structural evolution during and after assembling process is monitored by recording the amide |
and Il vibration bands, which provides unique and complimentary information to the AFM morphology in liquid. Our platform opens up broad
opportunities for operando study of soft materials or nanostructures (enzyme, other membrane protein, virus, and plastic material) in their realistic
condition and under external stimuli.

SESSION CH03.02: New Developments |
Session Chairs: Roger Proksch and Igor Sokolov
Tuesday Afternoon, November 30, 2021
Hynes, Level 3, Room 301

2:00 PM CH03.02.02

Using High-Speed, Molecularly Resolved AFM to Investigate Nucleation from Solution James J. De Yoreo'?, Benjamin A. Legg!, Marcel D. Baer?,
Christopher J. Mundy*?, Jaehun Chun' and Kislon Voitchovsky*; *Pacific Northwest National Laboratory, United States; 2University of Washington,
United States; 3City University of New York, United States; “University of Durham, United Kingdom

Investigating nucleation from solutions is challenging, because it is a consequence of unstable density fluctuations, making the structures and events that
must be probed both transient in nature and small in spatial extent. Thus high-speed, molecularly resolved AFM provides a powerful and unrivalled method
to investigate nucleation from solution by choosing systems that nucleate onto surfaces. Here we illustrate the deep level of fundamental insight into the
pathways and energetics of nucleation made possible by this method by using it to investigate epitaxial nucleation of gibbsite (AI(OH)z) on muscovite mica
(001). AFM results combined with streaming potential measurements reveal a surface population of ions that is dominated by hydrolyzed species
(AI(OH),* and AI(OH)?*) even though AI®* vastly dominates the bulk solution. These adsorbed ions evolve into subcritical clusters with increasing
saturation state and temperature, constituting a population whose size distribution and fluctuations exhibit many similarities to the predictions of classical
nucleation theory (CNT). However, severe discrepancies with CNT emerge when the values of key thermodynamic parameters are extracted from the AFM
data. Moreover, the resulting gibbsite film forms simultaneously across the surface, rather than through the appearance of rare critical-size nuclei. Using
kinetic Monte-Carlo (KMC) simulations, we demonstrate how this behavior can arise from electrostatic interactions between positively charged aluminum
clusters and the negatively charged mica surface. Our results indicate that surface charging can dynamically modify both the chemical potential for
accumulating ions on the surface, and the edge tension of the clusters. As the film grows, these interactions stabilize a nanostructured surface mesophase,
which evolves gradually via a process of cluster growth and coalescence and is not limited by the classical formation of a critically sized nucleus. Our
results show that high speed AFM provides a direct molecular view of nucleation at surfaces that reveals both consistencies and deviations from the simple
classical picture and highlights the inherent role of surface charge in determining pathways and outcomes of nucleation.

2:15 PM CH03.02.03
Enhancing the Force Stability, Force Precision and Time Resolution of BioAFM with Focused-lon-Beam Modified Cantilevers Thomas
Perkins®?; tUniversity of Colorado Boulder, United States; 2National Institute of Standards and Technology, United States

Atomic force microscopy (AFM)-based single-molecule force spectroscopy enables a wide array of studies, from measuring the strength of a ligand-
receptor bond to elucidating the complex unfolding pathway of individual membrane proteins. Such studies and, more generally, the diverse applications of
AFM across biophysics and nanotechnology are improved by enhancing the force stability, force precision, and time resolution of bioAFM. For an
advanced, small-format commercial AFM, we uncovered how these three metrics were limited by the cantilever itself rather than the larger microscope
structure, and then describe three increasingly sophisticated cantilever modifications using a focused ion beam that yielded enhanced data quality. For
example, our most recent cantilever design, a “Warhammer,” achieved a sub-pN force precision and stability over 5 decades of time (1 ms — 100 s) coupled
with 8-ps time resolution in liquid when positioned just above a surface. High-precision single-molecule studies of membrane proteins—the target for over
50% of current and future drugs—have lagged analogous studies of globular proteins due to instrumental limitations. We revisited the unfolding of the
canonical membrane protein bacteriorhodopsin with a 100-fold improvement in time resolution and a 10-fold improvement in force precision. The resulting
data revealed the unfolding pathway in unprecedented detail. I will conclude by discussing extensions of this capability to other diverse biomolecules,
including nucleic-acid structures and globular proteins involved in hereditary heart disease. The metrological enhancements enabled by modified AFM
cantilevers are not limited to single-molecule force spectroscopy but are broadly applicable across diverse AFM studies. Importantly, these modified
cantilevers are robust, reusable over multiple days and, in our lab, typically modified by undergraduates. Thus, they are neither too costly nor too
challenging to modify for routine use.

2:30 PM CHO03.02.04
Direct Probing of the Interfacial Hydrogen Bonding and Dynamics of PMMA Confined in Porous Organosilicate Using Correlative Scanning
Probe Microscopy David W. Collinson and Reinhold H. Dauskardt; Stanford University, United States

Understanding the chemistry and dynamics of polymers at the nanoscale and under confinement is of utmost importance for high performance and
emerging materials and composites. Scanning probe microscopy (SPM) techniques promise extremely high resolution and direct, sensitive measurement of



polymer chemical and mechanical properties down to 1-10 nm. However, collection and interpretation of SPM data remains complicated due to the
difficulty in interpreting measured properties at such fine scales. Correlative approaches using both mechanical and chemical SPM techniques, in
conjunction with modelling of tip-surface interactions, can enable discovery even at the limits of SPM resolution and performance.

Here, we demonstrate the ability to directly measure the loss tangent of poly(methyl methacrylate) (PMMA) confined to 7 nm diameter pores in an
organosilicate (OCS) matrix utilizing dynamic atomic force microscopy (AFM) and modelling of the tip-sample interactions. Further, we identify a
decrease in the loss tangent of PMMA when confined to an OCS matrix treated to increase silanol density on the pore surfaces. At the nanoscale, X-ray
photoelectron spectroscopy as well as other optical spectroscopy techniques demonstrate that the increased silanol density leads to an increase in hydrogen
bonding between the carbonyl groups in the PMMA chains and the surface silanols. The increased bonding reduces chain mobility and consequentially
decreases the observed loss tangent as the surface interaction strength increases. The correlative microscopy approach enables a direct link between the
observed decrease in the loss tangent of PMMA as measured by AFM and the underlying change in polymer chemistry responsible.

The highly sensitive measurements and findings described above are enabled by a technique known as gas cluster ion beam (GCIB) etching. Previously, it
has been challenging to prepare composite surfaces that consist of soft polymers and hard ceramic components that are sufficiently smooth to enable high
resolution mechanical property measurements. To overcome these challenges a GCIB procedure is presented that allows for damage free removal of the
PMMA and OCS to produce a surface with an R, of approximately 0.3 nm. GCIB is a promising sample preparation method that has not been extensively
used in the preparation of polymer composite samples for SPM. Expanded use of GCIB should enable a broader range of samples, particularly in-situ
samples, to be probed with SPM techniques.

SESSION CH03.03: Poster Session |
Tuesday Afternoon, November 30, 2021
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Hynes, Level 1, Hall B

CH03.03.03
Using Electrostatic Force Microscopy to Investigate Localized Charges on Single-Walled Carbon Nanotubes Erin E. Christensen, Trevor M. Tumiel,
Mitesh Amin and Todd D. Krauss; University of Rochester, United States

Electrostatic force microscopy (EFM) is a modification of atomic force microscopy (AFM) which allows for a quantitative determination of localized
charges and dielectric constants at the nanometer scale. In our implementation of EFM, the tip is lifted off the surface and scanned at a constant height
under an applied AC and DC voltage, thereby providing sensitivity to extremely small capacitive and coulombic forces. By modeling the surface charge-
cantilever force through a coulombic interaction, quantitative determinations of surface charge magnitude and location are possible down to less than

0.1 e at room temperature. In this presentation we have used EFM to study the spatial distribution and magnitude of charged regions along individual
single-walled carbon nanotubes (SWCNTSs). For dozens of long NTs dispersed with ionic surfactant we found surprisingly large charge density variations
all along the NT with magnitudes on the order of 1 e to 15 e per 25 nm?, which is roughly the EFM spatial resolution. Also, the charges had both positive
and negative signs. Acquiring EFM data from before and after photoexcitation suggests that the ionic surfactant actually creates local electrostatic
perturbations that act as barriers for exciton transport, which leads to distinct localized regions of charge. Additionally, we have been able to correlate
single molecule photoluminescence (PL) spectroscopy and AFM microscopy images of the same individual SWCNTs. We found a highly unexpected
localization of PL at sites of significant surfactant coverage. From our EFM measurements, we know these sites routinely display greater static charge
accumulation, which suggests a connection between the electrostatic and optical characteristics of SWCNTSs. Current efforts in our laboratory aim to
provide a more detailed comparison of the charge and emissive profiles of individual NTs by correlating single molecule spectroscopy with EFM.

SESSION CHO03.04: Technical Developments
Session Chairs: Igor Sokolov and Dalia Yablon
Wednesday Morning, December 1, 2021
Hynes, Level 3, Room 301

10:30 AM CH03.04.01

Late News: Magnetic Mapping of Iron Using Magnetic Force Microscopy Kevin J. Walsh?, Stavan Shah?, Angie Blissett?, Binbin Deng?, Ping Wei?,
Josh Sifford?, Sheng Tong?, Samuel Oberdick?, Doug Scharre!, Gang Bao?, David McComb?, Dana McTigue! and Gunjan Agarwal*; 1The Ohio State
University, United States; 2Rice Univeristy, United States; *University of Colorado Boulder, United States

Iron (Fe) is an essential metal involved in a wide spectrum of physiological functions in the body, including oxygen transport, enzymatic reactions and
amino acid synthesis. Ferritin, the major iron storage protein in the mammalian body, consists of ~8 nm iron cores in the form of the iron-oxide crystal
ferrihydrite. The size, distribution and oxidation state of ferritin(iron) has been shown to play an important role in health and disease. Histochemical
staining, the routinely used approach to characterize iron distribution, offers limited insight into the chemical environment and composition of tissue iron.
One of the properties of ferritin(iron) which has not been adequately exploited in histology is the magnetic behavior of tissue iron.

In this study we elucidate, how magnetic force microscopy (MFM), an atomic force microscopy (AFM)-based technique, can be used to map (magnetic)
iron deposits in histological sections. MFM analysis was conducted on physiologically present ferritin(iron) deposits in naive rodent spleen. To examine
ferritin(iron) deposits in pathological tissues, an acutely injured rodent tissue (spinal cord) as well as tissues from chronic injury as present in brain tissue
(hippocampus) from patients with Alzheimer’s disease (AD) were used. Perl’s histochemical staining was used to confirm the presence of ferric iron (Fe3*)
and analytical transmission electron microscopy was used to verify ferritin(iron) deposits at the ultrastructural level. MFM images were analyzed to
ascertain the size of magnetic deposits, the strength of the magnetic signal (phase), and fluctuations (roughness) of the MFM signal.

Our results show that while Perl’s histological staining is sensitive to the use of chemical fixatives, MFM analysis is not affected between fixed and
unfixed tissues. Further, the size(s) of the magnetic deposits ascertained using MFM corresponded to that of ferritin(iron) rich lysosomal iron ascertained
using electron microscopy. The size of these iron-rich deposits was significantly smaller in the diseased tissues (injured spinal cord and AD brain tissue) as
compared to naive spleen. Further naive spleen exhibited significantly higher strength of the MFM signal when compared to injured spinal cord and brain



tissue. Interestingly, the roughness of MFM signal was similar across all tissues. TEM analysis indicated that the density of lysosomal ferritin(iron)
deposits, was the major factor accounting for variances in MFM phase differences in mice tissue. Thus, rich and physiologically relevant information can
be obtained through MFM mapping of histological iron.

To enable a multimodal analysis of iron we further developed an indirect MFM technique where TEM, MFM and fluorescence microscopy could be
performed on the very same sample. In indirect MFM the sample is physically separated from the MFM probe by an ultrathin membrane. Further studies
along these directions can allow for a high throughput and multimodal analysis of the quantity and quality of iron in AD. This can be of special relevance
in neurodegenerative diseases where a transition of ferrihydrite into magnetite/maghemite is reported as the two minerals differ in their magnetic
properties. Finally, the high sensitivity and spatial resolution offered by MFM makes it an attractive technique for a label free mapping of iron deposits in
histology.

1) Blissett, A. R., et. al. Sub-cellular In-situ Characterization of Ferritin(iron) in a Rodent Model of Spinal Cord Injury. Sci. Rep. (2018)
2) Sifford, J., et. al. Indirect magnetic force microscopy. Nanoscale Advances. (2019)
3) Walsh, K. J., et. al. Effects of fixatives on histomagnetic evaluation of iron in rodent spleen. JMMM. (2020)

10:45 AM CHO03.04.02

Time-Resolved Scanning lon Conductance Microscopy for Three-Dimensional Tracking of Nanoscale Cell Surface Dynamics Samuel Leitao?,
Barney Drake!, Katarina Pinjusic!, Xavier Pierrat', Vytautas Navikas!, Adrian Nievergelt!, Charléne Brillard*, Denis Djekic?, Aleksandra Radenovic!, Alex
Persat?, Daniel Constam?, Jens Anders? and Georg Fantner'; 'EPFL, Switzerland; 2Universitat Stuttgart, Germany

Dynamic nanoscale information of cell structures and organelles plays a vital role in understanding cellular function. Nanocharacterization techniques, such
as super-resolution optical microscopy, electron microscopy, and atomic force microscopy (AFM), have been applied to image the structure of cells in
great detail. The major challenge is to obtain three-dimensional (3D) information at nanometer resolution without affecting the viability of the cells and
avoiding interference with the process. Scanning probe microscopy methods such as AFM can generate high-resolution characterization of stiff cell
surfaces, such as bacteria [1]. However, the mechanical contact between the tip and the sample deforms soft membranes, disturbing the native state of
eukaryotic cells and prevents long time-lapse imaging. Here, we show a scanning ion conductance microscope (SICM) for high-speed and long-term
nanoscale imaging of soft cells [2]. By implementing advances in nanopositioning, nanopore fabrication, microelectronics, and controls engineering we
developed a microscopy method that can resolve spatiotemporally diverse 3D processes on the cell membrane at sub-5nm axial resolution. Moreover, we
combine 3D surface data from SICM with volumetric super-resolution optical fluctuation imaging (SOFI), to generate correlative high-resolution
information of live cell morphology [3]. This true non-contact technique enables a detailed look at long-period membrane events with sub-second
resolution and may offer insights into cell-cell interactions for infection, immunology, and cancer research.

1: Pascal Odermatt et al. Overlapping and essential roles for molecular and mechanical mechanisms in mycobacterial cell division. Nature Physics (2019).
di:10.1038/s41567-019-0679-1

2: Samuel M. Leitao et al. Time-resolved scanning ion conductance microscopy for three-dimensional tracking of nanoscale cell surface

dynamics. bioRxiv (2021). doi:10.1101/2021.05.13.444009v1

3: Vytautas Navikas, Samuel M. Leitao et al. Correlative 3D imaging of single cells using super-resolution and scanning ion-conductance

microscopy. bioRxiv (2020). doi:10.1101/2020.11.09.374157

11:00 AM CHO03.04.03

Fully Motorized, Tip-Scanning AFM with Photothermal Excitation for Improved Imaging and Cell Measurement Methods Jonathan Adams?,
Christian Bippes?, Lukas Howald?, Simon Fricker', Patrick Frederix?, Pieter van Schendel®, Hans Gunstheimer?, Laura Gonzalez!, Gabriel Konig?,
Gotthold Flaschner'2 and Dominik Ziegler!; *Nanosurf AG, Switzerland; 2ETH Zirich, Switzerland

Since its invention, atomic force microscopy (AFM) has become a widely used technique in many different research disciplines from physics, through
materials science to life sciences. Instruments and measurement methods alike have been developed that allow for imaging surface structures and probing
the mechanical and electrical properties of samples at high spatial resolution. Along with new methods, a major aim in recent AFM development is towards
improved ease of use, reliability, and integration with complimentary techniques. Our newly developed DriveAFM addresses these topics by including
several technological features that improve the ease of use and extend the capabilities of the instrument. It features a fully-motorized, tip-scanning design
that allows for integration with optical microscopy, flexibility regarding sample size and weight, and the possibility for automated system operation from
laser adjustment to sample translation. Most importantly, we implemented photothermal cantilever excitation in this tip-scanning AFM and used this
feature in several new imaging and measurement methods.

Photothermal excitation directly excites the cantilever by locally heating it at its base, and thus allows stable and clean excitation in almost any
environment [1]. Here, we will show the technical difficulties and concepts implemented to include photothermal excitation in a fully motorized tip
scanning AFM employing a new optomechanical design [2] as well as measurement data enabled by this implementation. The clean and unambiguous
photothermal excitation of the cantilever and its textbook-like response, especially liquids, allows new kinds of measurements, e.g. time-resolved
measurement of mass changes [3] or probing the nanomechanical properties of cells over a wide range of frequencies [4]. The ability to effectively drive
small, fast cantilevers with photothermal excitation also below their resonance frequency allows off-resonance imaging modes being operated at higher
actuation frequencies compared to typically used piezo-based actuation schemes [5].

[1] A. P. Nievergelt et al., Beilstein J. Nanotech. (2014) 5: 2459-2467
[2] J.D. Adams. U.S. Patent 10,564,181B2 (2020)

[3] D. Martinez-Martin et al., Nature (2017) 550: 500-505

[4] G. Flaschner et al., Nat. Comm. (2021) 12:2922

[5] A. P. Nievergelt et al., Nat. Nanotech. (2018) 13: 696-701

11:15 AM CH03.04.04
Massively Parallel, Cantilever-free Atomic Force Microscopy Wenhan Cao?, Nourin Alsharif!, Zhongjie Huang?, Alice White!, YuHuang
Wang? and Keith A. Brown?; ‘Boston University, United States; 2University of Maryland, United States

Resolution and field-of-view present a challenging tradeoff in microscopy. Atomic force microscopy (AFM), in which a cantilevered probe deflects under
the influence of local forces as it scans across a substrate, is a key example of this tradeoff with high resolution imaging being largely limited to small
areas. Here, we show that nanoscale motion of cantilever-free probes can be imaged using conventional optical microscopy to enable massively parallel
AFM. Specifically, we realize optically reflective rigid probes on a compliant film that comprises a distributed optical lever that reports local deformation.



By observing the optical contrast on each probe in an array as it is raster scanned across a sample, we demonstrate parallel imaging of surface topography
with 1,088 probes with 100 nm lateral resolution and sub 10-nm vertical precision across 0.5 mm. The scalability of this approach makes it well suited for
imaging applications that require high resolution over large areas such as integrated circuit quality control, optical metasurface inspection, and multi-scale
characterization of biological tissue.

[1] Cao, W.; Alsharif, N.; Huang, Z.; White, A. E.; Wang, Y.; Brown, K. A., Massively parallel cantilever-free atomic force microscopy. Nat.

Commun. 2021, 12 (1), 393.

11:30 AM CHO03.04.05

A Novel Scheme to Interpret Linear and Non-Linear Interactions in Dynamic Atomic Force Microscopy Jaime Colchero?, Pablo Contreras Vélez!,
Jesus Sanchez Lacasa?! and Juan Francisco Gonzalez Martinez3%; *University de Murcia, Spain; 2Weizmann Institute of Science, Israel; 3University of
Malmo, Sweden

In practical applications Dynamic Atomic Force Microscopy (DAFM) a (highly) non-linear oscillator, since the oscillation amplitude is (much) larger than
the typical length scale of tip-sample interactions. However, it is mostly modelled as a (multifrequency) harmonic oscillator. This very simple
approximation works surprisingly well, also for cases where the DAFM system is clearly operated in a large oscillation regime, and therefore non-linearity
should be important. In this work, we will discuss why this apparent contradiction is in fact possible. For this, a new scheme to interpret and unify linear
and nonlinear interactions is proposed. Using the classical model for the driven damped harmonic oscillator, its response is described by means of a
complex number. We explicitly calculate how the time dependence of the deflection is processed by a typical Lock-In setup to obtain a point in the
complex plane representing the oscillation state.

Using the Virial Theorem and work of San Paulo et al. [1] as starting point, we show how a linear DSFM system can be easily interpreted in terms of
“Circles”. Essentially, as the drive frequency is tuned through the resonance frequency the outputs of a typical DSFM electronics describe to a very good
approximation a “Circle” when visualized in xy-mode on an oscilloscope. Interestingly, our model shows that this “Circle” remains essentially invariant
when including the non-linearity of typical tip-sample interactions. These “Circles” are distorted only by dissipation which varies with tip-sample distance.
We therefore propose that this representation scheme allows a very sensitive method to separate the effect of conservative interactions (linear as well as
non-linear) from the effect of dissipative interactions.

[1] A. San Paulo and R. Garcia. PRB 66:041406 (2002).

SESSION CH03.05: Nanomechanics |
Session Chairs: Greg Haugstad and Igor Sokolov
Wednesday Afternoon, December 1, 2021
Hynes, Level 3, Room 301

1:30 PM *CHO03.05.01
The Impact of Nanostructure on Viscoelastic Properties of Polymer Composites Bede Pittenger, Sergey Osechinskiy, John Thornton, Sophie Loire and
Thomas Mueller; Bruker, United States

The mechanical behavior of polymer composites is controlled by the properties of the components as well as the microstructure of the material. Because
confinement effects and interphase formation can alter properties of the microphases, only measurements performed directly on the composite can provide
a complete picture of this local property distribution.

In contrast, the bulk viscoelastic properties of these materials targeted during material development are usually measured using dynamic mechanical
analysis, DMA (also known as dynamic mechanical spectroscopy, DMS). This measurement involves application of an oscillating stress or strain to a
macroscopic sample, with the response of the sample measured as a function of oscillation frequency). When heterogeneous samples are measured using
this macroscopic technique, no information about the properties of the microstructure is available — only the spatially averaged properties of the whole
sample.

Atomic Force Microscopy (AFM) has the resolution and mechanical sensitivity to provide the needed local mechanical property information. However,
previous AFM measurements of viscoelastic properties [1,2] have suffered from several drawbacks, making it impossible to compare directly with DMA.
To address this issue, we have developed a mode combining the benefits of AFM and DMA [3]. Like bulk DMA, AFM-nDMA provides spectra of storage
and loss modulus at low frequencies. Unlike bulk DMA, it can localize the measurements and generate maps with resolution of a few nanometers.

In this presentation we will demonstrate how AFM-nDMA spectra can be compared directly to bulk DMA spectra. We will review insights gained when
time-temperature superposition [4] is applied to AFM-nDMA data to generate master curves, including for materials that only exist in microscopic domains
within the sample. Finally, we will discuss how comparing this nanoscale viscoelastic data with that of the bulk can clarify structure-property relationships
in polymer composites.

[1] B. Pittenger and D. G. Yablon, Bruker Application Note, 2017, AN149, doi: 10.13140/RG.2.2.15272.67844.

[2] M. Chyasnavichyus, S. L. Young, and V. V Tsukruk, Langmuir, 2014, 30, 10566.

[3] B. Pittenger, S. Osechinskiy, D. Yablon, and T. Mueller, JOM, 2019, 71, 3390.

[4] M. L. Williams, R. F. Landel, and J. D. Ferry, J. Am. Chem. Soc.,1955, 77, 3701.

2:00 PM *CHO03.05.02

Physical Interpretations of Multimodal AFM Contrast on Soft Materials Greg D. Haugstad®, Andrew Avery?, Brad Hauser?, Stephen Hubig*, Rachel
Rahn* and Melinda Shearer5; *University of Minnesota, United States; 2Unilever Research, United Kingdom; *Donaldson, United States; “Ecolab, United
States; °PPG Industries, United States

In this work we quantitatively analyze up to eight AFM measurables that can generate materials contrast on soft matter, including (i) sliding friction force
modes), (iv, v) phase imaging in net attractive- and net repulsive-regime dynamic/AC mode (aka traditional amplitude-modulation "tapping mode"); (vi,
vii) contact resonance amplitude and frequency under pulsed-IR excitation (aka resonance-enhanced mode on a Bruker NanolR3 AFM-IR system); (viii)
Fourier-reconstructed conservative and dissipative force versus distance relationships analyzed and mapped using machine learning in intermodulation
mode (i.e., IntermodulationProducts AB Multi Lockin Analyzer / software system).



We apply select combinations of these methods to polymer blends, nanostructured single-layer and multi-layer coatings, two-surfactant and
surfactant/nanoparticle ultrathin films, and polymer/small-molecule (e.qg., drug) mixtures, all being systems of interest to our industrial as well as academic
collaborators. We seek improved understandings of (i) complementary information obtained (mechanical, tribological, surface energy, chemical) as well as
(i) methodological limitations and optimizations.

2:30 PM CHO03.05.03
Multidimensional Tomography of Soft Materials by Atomic Force Microscopy and Dynamic Mechanical Spectroscopy Renato C. Aguileral, Maxim
Dokukin'?, Nadia Makarova! and Igor Sokolov**+; 1Tufts University, United States; 2NanoScience solutions, Inc., United States

Material fate and degradation in situ is regulated not only by chemical interactions but also the stress and strain from coupled mechanical systems. Strain
defects and breakage of nanoscale soft materials such as tissue scaffolds, biopolymers, and cells are elusive to characterize due to their subtle and slow
viscoelastic response. Here, we present the application of our new technique, FT-NanoDMA, to create a multidimensional tomography of the dynamical
mechanical properties of such soft materials. FT-NanoDMA stands for Fourier transformed nano dynamical mechanical analysis, which is implemented in
conjunction with atomic force microscopy (AFM). It allows for simultaneous recordings at different frequencies of multiple dynamical mechanical
properties of soft materials, such as the storage and loss moduli, loss tangent, etc. The FT-nanoDMA is a modality that allows for mechanical analysis of
nanointerfaces and single cells with a nanoscale spatial resolution (up to 10-70 nm when recorded on fixed cells) and spans the entire biological
spectroscopic range (up to 300 Hz). The images of the distribution of these parameters can be recorded at each particular depth, thereby creating a stack of
images suitable to create a multidimensional tomography of single cells. We demonstrate examples, which show that the tomographic images show unique
features not present in the complementary fluorescent/optical images of cells.

3:45 PM CH03.05.05
AFM Based Nanomechanical Experiments to Capture Interphasial Property Gradients in Poly(methyl methacrylate)-Polyrotaxane
Blends Suzanne Peterson, Glendimar Molero, Zewen Zhu, Hung Jue Sue and Pavan Kolluru; Texas A&M University, United States

Poly (methyl methacrylate) (PMMA) is often used as a lightweight, shatter resistant alternative to glass, but exhibits low scratch resistance and poor
ductility. It was recently shown that blending PMMA with a very low concentrations (1 wt%) of two different polyrotaxanes (PR) - unmodified PR (UPR)
and modified PR (mPR) improves these properties. UPR was created by grating cyclodextrin (CD) rings onto a polycaprolactone (PCL) backbone, while
the mPR had methacrylate functional groups at the end of the PCL to facilitate miscibility with PMMA. Although bulk scale dynamic mechanical analysis
(DMA) and dielectric spectroscopy on these PMMA-PR blends have indicated that significant PMMA-PR interactions in these systems lead to different
molecular mobility changes, which eventually contribute to the observed mechanical property changes at the bulk scale, a direct understanding of the local
interfacial interactions is missing. This presentation will discuss the use of Atomic Force Microscope (AFM) based nanomechanical spectroscopic methods
to directly map the local time-dependent mechanical property gradients at the interphase regions in PMMA-uPR and PMMA-mPR blends, which in turn
will provide direct insights into how PMMA-PR interactions affect their mechanical behavior.

3:00 PM BREAK

4:00 PM CH03.05.06
Direct Evidence for the Polymeric Nature of Polydopamine Katerina Malollari, Peyman Delparastan and Phillip Messersmith; University of California,
Berkeley, United States

Inspired by the adhesive proteins of mussels, polydopamine (PDA) has emerged as one of the most widely employed materials for surface
functionalization. Despite numerous attempts at characterization, little consensus has emerged regarding whether PDA is a covalent polymer or a
noncovalent aggregate of low molecular weight species. Here, we employed single-molecule force spectroscopy (SMFS) to characterize PDA films.
Retraction of a PDA-coated cantilever from an oxide surface shows the characteristic features of a polymer with contour lengths of up to 200 nm. PDA
polymers are generally weakly bound to the surface through much of their contour length, with occasional “sticky” points. Our findings represent the first
direct evidence for the polymeric nature of PDA and provide a foundation upon which to better understand and tailor its physicochemical properties.

SESSION CHO03.06: Cells and Biological Samples |
Session Chairs: Keith Brown and Igor Sokolov
Thursday Morning, December 2, 2021
Hynes, Level 3, Room 301

10:30 AM CHO03.06.01
How to Combine AFM with Machine Learning Analysis Igor Sokolov and Siona Prasad; Tufts University, United States

Recent large interest in machine learning (ML) analysis has been extended to atomic force microscopy (AFM). In this talk, | will address three questions
which typically arise when AFMers start applying ML to classify the AFM images:

1. What mode is the best to use?

2. How many images is sufficient to run machine learning classifiers and believe the results?

3. How do I know that the obtained classification is not an artifact of some fine-tuning?

| this talk, I will suggest answers to the questions. In short, the mode of operation should be robust, repeatable. This is the key. The number of images
required for classification can be roughly estimated using “the rule of 10”. A more precise algorithm to identify the required number of images will be
described. To be confident that one doesn’t deal with an artifact of fine-tuning or overtraining a classifier, we suggest a rather simple yet powerful method
of estimating the exact amount of overtraining by using randomization of the initial classification. Examples will be given.

10:45 AM CH03.06.02
Carbon Nanotube Penetration of Cell Membranes Fabio Priante?, Ygor Jaques?, Takeshi Fukuma? and Adam Foster!?; 1Aalto University,
Finland; 2Nano Life Science Institute (WPI-NanoLSl), Kanazawa University, Japan

The possibility of non-destructively measuring living cells and their internal structures with nanoscale resolution would allow for a much greater
understanding of numerous biological phenomena. To realize this goal, the use of carbon nanotube (CNT)-terminated tips in atomic force microscopy



(AFM) has been shown to hold promise [1].

However, even in the very first step of the proposed “nanoendoscopic” process, consisting in the penetration of the plasma membrane, it is not always easy
to give a precise interpretation of the experimental signal, which is a convolution of cell dynamics, tip shape and buffer solution.

Here, we use coarse-grained (CG) molecular dynamics simulations to investigate the effect that different widths, thicknesses and functionalization of the
CNT tip can have in the penetration process. To simulate the membrane and the solvent dynamics we use the Martini 2 Force Field [2], while the CNT is
simulated with a Martini-compatible force-field [3] which is more accurate in reproducing multi-layer graphene mechanical properties.

We carry out the membrane penetration by steering the CNTs downwards with constant velocity, then extracting the system's free energy using umbrella
sampling, finally obtaining simulated force profiles. Additionally, we probe the possible role of the membrane skeleton mesh size [4] by emulating its
effect as a position restraint on the lipids at the membrane’s edge. We directly compare our results to experimental measurements using an equivalent setup
and outline the successes and limitations of the model.

[1] - Singhal, R., Orynbayeva, Z., Kalyana Sundaram, R., Niu, J., Bhattacharyya, S., & Vitol, E. et al. (2010). Multifunctional carbon-nanotube cellular
endoscopes. Nature Nanotechnology, 6(1), 57-64.

[2] - Marrink, S., Risselada, H., Yefimov, S., Tieleman, D., & de Vries, A. (2007). The MARTINI Force Field - Coarse Grained Model for Biomolecular
Simulations. The Journal Of Physical Chemistry B, 111(27), 7812-7824.

[3] - Ruiz, L., Xia, W., Meng, Z., & Keten, S. (2015). A coarse-grained model for the mechanical behavior of multi-layer graphene. Carbon, 82, 103-115.
[4] - Morone, N., Fujiwara, T., Murase, K., Kasai, R., Ike, H., & Yuasa, S. et al. (2006). Three-dimensional reconstruction of the membrane skeleton at the
plasma membrane interface by electron tomography. Journal Of Cell Biology, 174(6), 851-862.

11:00 AM CH03.06.03
Mechanobiology of Cancer Metastasis to Bone Using Direct Nanoindentation Dinesh R. Katti, Kalpana Katti, Sumanta Kar, MD Shahjahan Molla and
Sharad V. Jaswandkar; North Dakota State University, United States

According to the World Cancer Research Fund, Breast cancer and Prostate cancer are among the most prevalent cancers in women and men, respectively.
World Health Organization estimates that about 3.4 million breast and prostate cancer cases are reported each year, and about a million deaths occur
worldwide due to these cancers. These cancers are almost entirely curable if detected in the early stage at the primary sites. However, most deaths occur
due to metastasis when the cancer cells from the primary site migrate to a distant organ. Bone appears to be a niche for both cancers. We have developed a
novel testbed using a bone mimetic nanoclay based scaffold to regenerate human bone using human mesenchymal stem cells followed by seeding prostate
and breast cancer cells to generate tumors. Extensive analysis of the tumors using gene and protein expression assays and imaging confirm that the testbeds
can replicate tumors during mesenchymal to epithelial transition (MET) for both cancers. Mechanical properties of cells have been used to describe the
disease state for a variety of diseases. The confocal imaging of the cells from tumors shows significant changes to the cytoskeleton in terms of the quantity
and organization within the cells as cancer progresses at the bone metastasis site. In the present work, for the first time, we have used mechanical response
from cells from direct nanoindentation experiments on cancer cells from tumors generated on the testbeds to describe the evolution of cell properties during
cancer progression at the bone metastasis sites. The nanoindentation experiments are conducted in static and dynamic modes to evaluate elastic moduli,
hardness, and viscoelastic properties of cancer tumor cells. We report the evaluation of mechanical properties of cells from tumors grown on the testbed,
over time, with two breast cancer cell lines (MCF-7 and MDA-MB231) at the bone metastases site using static and dynamic nanoindentation modes. A new
fixture was designed and fabricated to conduct live-cell nanoindentation experiments. The force-displacement response, elastic moduli, hardness, plastic
deformation, viscoelastic properties, and other mechanics characteristics were captured, along with confocal imaging of the cytoskeleton and gene and
protein expressions at the same time points. Our results indicated a significant reduction in elastic modulus and increased fluid-like behavior of bone
metastasized MCF-7 cells caused by depolymerization and reorganization of F-actin. On the other hand, bone metastasized MDA-MB-231 cells showed
insignificant changes in elastic modulus and F-actin reorganization over time. We also measured changes to nanomechanical properties of MDA PCa2b
prostate cancer cells during the MET and cancer bone metastasis progression over time. The stiffness of PCa cells decreases with metastasis; however, the
mechanical plasticity increases during the same time, suggesting that PCa cells become softer on undergoing MET and softer with metastasis progression.
In all cases, the imaging and gene, protein expression studies, and computational modeling point towards the depolymerization of actin and reorganization
of the cytoskeleton as key factors in the evolution of cell mechanics. These studies present the use of direct nanoindentation as a potential new biomarker
for metastasis progression.

11:15 AM CH03.06.04

Effect of Rapid-Solidification Induced Cellular Structures on the Corrosion Behavior of an Additively Manufactured 316L Stainless Steel
Investigated by High-Speed AFM Yuliang Zhang, Thomas Voisin, Zhen Qi, Rongpei Shi, Tuan Anh Pham, Nathan Keilbart, Yu-Ting Hsu, Xiao Chen,
Roger Qiu and Brandon Wood; Lawrence Livermore National Laboratory, United States

Additively manufactured 316L stainless steels (AM 316L SS) using laser powder bed fusion exhibit outstanding mechanical properties such as high
strength and high ductility. The rapid-solidification induced sub-grain cellular structures, a dominant microstructural feature present in the as-built material,
are largely responsible. However, in term of corrosion properties, the effect of these cellular structures has yet to be confirmed. A difference in metal
dissolution rate between cell walls and cell interior has been reported but the underlaying mechanisms remain unclear. To certify the use of AM 316L SSin
corrosive environment, it is necessary to observe, understand, and predict the local effect of the microstructure on the resistance to corrosion, notably the
initiation mechanisms. Here, we combine in-situ high-speed AFM (HS-AFM) during corrosion in HCI and NaCl solution, TEM, and SEM/EBSD to try and
capture the native oxide breakdown, re-passivation, pit nucleation, and metal dissolution. We quantitively measure and map, in-situ, the metal dissolution
rates in the cellular structure for different grain orientations and compare to the conventional, well annealed material.

11:30 AM CHO03.06.05
Robustness of AFM-based Method to Identify Mechanical Properties of the Cell Body and Pericellular Coat Nadia Makarova and Igor Sokolov;
Tufts University, United States

The atomic force microscopy (AFM) combined with the force volume mode allows measurement of both indentation force curves and sample topography
and is used to study cell mechanics. As was demonstrated in multiple publications, the Hertz mechanical model is not sufficient to describe cell mechanical
properties in a self-consistent way. Self-consistency can be attained when using a relatively dull AFM probe and processing the data through the brush
model. The brush model allows determination of both the mechanical properties of the cell body and the physical properties of the pericellular (glycocalyx)
layer. Separation of the mechanical response of the pericellular layer from deformation of the cell body has demonstrated its utility in multiple studies, such
as mechanics of cancerous and aging cells, and endothelial cells associated with various cardiovascular diseases. Despite its utility, the brush model has not
yet been tested for its robustness with respect to the uncertainties within the model and experimental data. In other words, there is a need to demonstrate
how unambiguous and precise the parameters extracted with the brush model are, when considering the uncertainty within the model and possible
ambiguities of the collected force curves.

Here we address this need. We present the calculation of the elastic modulus of the cell and characteristics of the pericellular layer for a diverse set of cells:



fibroblasts of zebrafish, mouse neuroblastoma cells, and human cervical epithelial cells. We perform the analysis and demonstrate that the brush model is
robust. Errors in defining the modulus, which come from both model and experimental uncertainties, are within 3%, which is substantially smaller than a
typical uncertainty in the spring constant of the AFM cantilever. To quantify the uncertainties in the extracted force due to the brush layer, we characterize
the brush with Alexander de Gennes model, which is described by the equilibrium size of the brush layer and grafting density of the brush molecules.
Although it is an obviously oversimplified approximation, we see the uncertainty in those parameters is not larger than 25%. It is worth noting that the
brush parameters calculated in this way is completely independent of the calculation of the modulus.

SESSION CH03.07: Nanomechanics 11
Session Chairs: Philippe Leclere, Ken Nakajima and Igor Sokolov
Monday Afternoon, December 6, 2021
CHO3-Virtual

1:00 PM *CH03.07.01
Measuring Mechanical Properties Of Developing Embryo with AFM Takaharu Okajima; Hokkaido University, Japan

It is widely recognized that embryogenesis is strongly associated with cell mechanical properties [1]. However, little is known about how embryonic single
cells change their mechanical properties during their developing process due to a lack of technique. I will present our recent studies regarding the stiffness
of cells in developing ascidian embryos with AFM [2] and the rheological measurements. The results showed that the force-distance curves measured in
upper regions of embryonic cell surfaces were well fitted to the conventional Hertzian contact model, and the apparent Young’s modulus was calibrated
using a modified Hertzian contact model [3] considering the tilt angle of the sample surface. The cell shapes in the height and the Young’s modulus images
were almost identical, and the cell locations were in good agreement with the 3D virtual embryo model determined from confocal microscopic images,
indicating that the embryonic cell stiffness measured by AFM mainly reflected the mechanical properties of cells that directly contacted the AFM probe.
Furthermore, the cell stiffness exhibited a remarkable increase at the onset of cell division and then decreased after cell division, which is reminiscent of
changes in an in vitro dividing single cell forming cortical actin filaments [4]. The results indicate that AFM is useful for measuring the embryonic cell
stiffness in the developing process and can facilitate a better understanding of how embryonic single cells in animals are spatiotemporally regulated via
mechanical cues.

References:
[1] D. Gilmour et al. Nature 541, 311 (2017). [2] Y. Fujii, et al, Commun. Biol. 4, 341 (2021). [3] Y. Fujii and T. Okajima, AIP Adv. 9, 015028 (2019). [4]
R. Matzke et al. Nat.Cell. Biol. 3, 607 (2001).

1:30 PM CHO03.07.02
Viscoelasticity of Single Polymer Chains Investigated by Single-Molecule Force Spectroscopy Xiaobin Liang! and Ken Nakajimal-?; 1Tokyo Institute
of Technology, Japan; 2The University of Tokyo, Japan

In single-molecule force spectroscopy (SMFS), many studies have focused on the elasticity and conformation of polymer

chains, but little attention has been devoted to the dynamic properties of single polymer chains. In this study, we measured

the energy dissipation and elastic properties of single polystyrene (PS) and poly(N-isopropylacrylamide) (PNIPAM) chains in different solvents using a
homemade piezo-control and data acquisition system, which provided more accurate information regarding the dynamic properties of the polymer chains.
We quantitatively measured the chain length-dependent changes in the stiffness and viscosity of a single chain using a phenomenological model consistent
with the theory of viscoelasticity for polymer chains in dilute solution. The effective viscosity of a polymer chain can be determined using the Kirkwood
model, which is independent of the intrinsic viscosity of the solvent and dependent on the interaction between the polymer and solvent.

1:45 PM CHO03.07.03
EUV Photoresist Dissolution Using Microperfusion Stage for High-Speed AFM Jiajun Chen?, Luke Long?, Andrew Neureuther?, Patrick Naulleau® and
Paul Ashby?; ‘Lawrence Berkeley National Laboratory, United States; 2University of California, Berkeley, United States

The push towards high-resolution lithography in the semiconductor industry has yielded the introduction of extreme ultraviolet (EUV) into high-volume
manufacturing. However, looking forward to future technology nodes, further improvements are required in photoresist materials to keep pace with and
fully utilize improvements in the EUV source and scanner. One of the critical steps is to understand the role of the dissolution process, which converts
latent exposure chemistry in the photoresist into a developed pattern. This process is particularly challenging to follow due to the requirement of nanometer
spatial and sub-second temporal resolution simultaneously. Most metrology of the patterning process thus ignores either the temporal component of the
dissolution process by measuring just the final developed structure or the spatial component as is done in most dissolution rate monitoring techniques. In
our study, a microfluidic sample stage is designed to enable the delivery of full-strength developer within fractions of a second with better concentration
control and smaller dead volume for less lag and more accurate time zero determination. Moreover, our microfluidic design minimizes the mixing problem
of the full-strength developer and water, which usually disrupts laser-based detection mechanism, allowing us to monitor the development process with
high-speed atomic force microscopy (AFM) at the nanoscale. Thus, our system offers the ability to probe the spatially-dependent nature of the dissolution
process in a fab-like environment, providing insight into exposure-dependent dissolution rate gradient, material swelling, and polymer entanglement.

2:00 PM CHO03.07.04

High Contrast Atomic Force Microscopy for Additive Filled Through-Thickness Vertical Block Copolymer Morphologies for High Permeability
Oil-Water Separation Membranes Kshitij Sharma?, Khadar B. Shaik?, Ali Ammar?, Mohammad K. Hassan?, Samer Adham?, Mariam Al Ali Al-
Maadeed? and Alamgir Karim?; *University of Houston, United States; 2Qatar University, Qatar; 3Qatar Science and Technology Park, Qatar

Block copolymers with mechanically identical blocks having identical glass transitions such as Polystyrene-b-Poly(methyl methacrylate) (PS-b-PMMA)
show poor contrast between domains, especially in vertically ordered microstructure. Addition of plasticizers that segregate into selective domains and
significantly reduce the glass transition temperature of that block also increase its contrast for detection through atomic force microscopy. These additives
also enhance the chemical incompatibility between blocks producing sharp interfaces that can be easily detected for the additive swollen domains. In this
study, we demonstrate producing vertical domain assembly in as-cast block copolymer (BCP) thin films by controlling the casting environment using
solvent mixtures and plasticizing additives. The combined interaction between the plasticizer segregated into selective domains and the solvent mixture
drives the ordering front to produce through film vertical assembly in PS-b-PMMA films with cylindrical and lamellar volume fractions. The morphology



is probed with atomic force microscopy to analyze the effect of additive volume fraction on domain sizes and film morphologies. Ultrafiltration membranes
are an energy-efficient alternative to overcome the environmental challenges occurring from the rising amounts of mixed oil and water through oil-spills
and industrial wastewater etc. Ultrafiltration membranes were fabricated from these vertically oriented structures and are promising candidates for oil-water
separation applications. In addition to the uniform pore size of the membranes, the membranes have been designed to function as highly permeable as well
as selective active layers on top of the polyethersulfone (PES) support membranes. This has been accomplished during the membrane preparation stage by
the addition of varying amounts of plasticizing and homopolymer additives to further modify the membranes. The influence of these additives on the pore
characteristics and membrane performance have accordingly been analyzed as a function of their mass ratio with respect to BCP. The created asymmetric
membranes were demonstrated to be effective for oil/water separation when plasticizing additives were added in the 50%-60% mass ratio.

2:15 PM CH03.07.05
Amplitude Nanofriction Spectroscopy Antoine Lainé!, Andrea Vanossi?, Antoine Nigues?, Erio Tosatti? and Alessandro Siria%; 1Lawrence Berkeley
National Laboratory, United States; 2SISSA, Italy; 3ENS - PSL, France

Macroscopic friction behaviors originate from the mechanical and tribological response of asperities at the microscopic and nanometric level. As a
consequence atomic scale friction stands as a cornerstone for the field of tribology. At such small scale, materials exhibit mechanical properties reminiscent
of soft materials, such as adhesion and high deformability, thus making similar experimental challenges arise. From a sliding friction perspective, the
dynamics undergo different successive steps from elastic pinning to large velocity kinetic friction. Atomic force microscopy usually only probes the steady
state response leaving the early sliding response unexplored. Here, we unveil a combined experimental and simulation framework based on a high-
frequency oscillatory strained interface to resolve the onset of sliding aa well as the large velocity steady-state at once. A model contact of a few atoms
formed between a gold tip and graphite is used to demonstrate our experimental ability to explore the different sliding regimes. We uncover peculiar
behaviors, from thermolubricity for the smaller contact, to superlubricity as the contact gets larger than the unit cell of graphite. This new experimental
methodology paves the way for a better understanding of sliding friction and its different dynamic stages.

2:30 PM CHO03.07.06
Developing a Framework for the Forward Prediction of the Mechanical Properties of Polymer Nanocomposites Heer Majithia, Boran Ma and L.
Catherine Brinson; Duke University, United States

To enable the forward prediction of mechanical properties of polymer nanocomposites, we have developed a novel framework that uses experimental
methods and finite element analysis and we demonstrate it for a nanocomposite made of a polydimethylsiloxane (PDMS) matrix and silica particles (SiO,).
We have experimentally determined the microstructure distribution and the local mechanical properties of the extent of the interphase between the silica
particles and the PDMS matrix via atomic force microscopy (AFM), and the macroscale properties of the PDMS matrix via dynamic mechanical analysis
(DMA). We hypothesize that by accurately determining the local properties in the interphase we can predict the behavior of the macroscale nanocomposite
as the interphase between the polymer matrix and filler has altered properties that are thought to be responsible for the enhanced properties observed in thin
films and polymer nanocomposites. A key challenge in accurately determining the extent of the interphase around a nanoparticle via AFM occurs as a
result of the complex contact conditions between the AFM tip and the polymer near an interphase. To address this we have developed a method similar to
one used in nanoindentation experiments to eliminate the indentation depth dependence of the local property measurements and calculating depth
independent properties that are not convoluted by extraneous influences. Consequently, we have performed finite element analysis (FEA) simulations to
predict the macroscale properties of PDMS-SiO, nanocomposites and validated them against experimental data for PDMS-SiO, nanocomposites. This
framework provides a method to achieve the forward prediction of mechanical properties of polymer nanocomposites with limited experimental work,
optimizing the process to discover and develop materials with desired properties.

2:35PM BREAK
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8:00 AM *CHO03.08.01
Quantifying Nanoscale Electromechanical Properties of Polymeric and Soft Materials via Advanced Modes of Piezoresponse Force
Microscopy Liam Collins; Oak Ridge National Laboratory, United States

Electromechanical coupling underlies a broad range of diverse applications from energy harvesting to biotechnology. Voltage modulated (VM) AFM
techniques including piezoresponse force microscopy (PFM) are uniquely positioned to probe electromechanical properties with spatial resolution from
micrometers to nanometers. As with all AFM techniques, the goal of any PFM measurement should be towards quantification of the local material
properties. Unfortunately, quantification of PFM signals remains a significant challenge. Indeed, with the growing popularity of PFM there has been a
congruent rise in reports of nanoscale electromechanical functionality, including ferroelectric hysteresis, in materials that should be incapable of exhibiting
piezo- or ferroelectric response. This presentation will evaluate the appropriateness of advanced modes of PFM, including interferometric and
multifrequency methods, for quantification of soft and hybrid materials. A particular focus will be overcoming the susceptibility of PFM measurements to
crosstalk, a pre-requisite for quantification of piezoelectric coupling coefficients. Throughout the presentation examples of quantitative measurements on
soft and polymeric materials including PVDF-TrFE and hybrid organic inorganic perovskites will be described. This work was conducted at the Center for
Nanophase Materials Sciences, which is a DOE Office of Science User Facility.

8:30 AM *CH03.08.02
Multimodal Chemical and Surface Potential Nano-Imaging Through Peak Force Infrared-Kelvin Probe Force Microscopy Xiaoji Xu; Lehigh
University, United States

Multimodal measurements of chemical composition, electrical properties, mechanical properties, and topography by scanning probe microscopy (SPM)
deliver correlations across properties at the nanoscale and provide clues to the structure-function relationship of materials. In the past, measurements with
these modalities are operated separately with different operational modes of SPM. Not only do the sequential measurements require additional operation
time, subject to scanner/sample drift, but also, different modalities of SPM have different spatial resolutions, which undermine correlative analysis. For



example, the popular frequency-modulated Kelvin Probe Force Microscopy measures the surface potential with 30~50 nm spatial resolution under the
ambient conditions, whereas the SPM measurements of chemical composition, mechanical properties, and topography can routinely achieve < 10 nm
spatial resolution.

At the MRS conference, we will present our invention of an integrated SPM mode that can simultaneously provide chemical, surface potential, mechanical,
and topographic imaging at < 10 nm spatial resolution under ambient conditions. First, we will present our development of pulsed force Kelvin probe force
microscopy (PF-KPFM) that delivers 10 nm spatial resolution from surface potential measurement under ambient conditions. Second, we will briefly
describe the peak force infrared (PFIR) microscopy on infrared nano-imaging and spectroscopy. Finally, we will introduce our invention of peak force
infrared-Kelvin probe force microscopy (PFIR-KPFM) that combines PFIR and PF-KPFM in one unified SPM mode. In a single scan, the integrated PFIR-
KPFM delivers simultaneous multimodal measurement at a comparable and high spatial resolution of < 10 nm. We demonstrated the PFIR-KPFM on a
range of samples, from perovskite photovoltaics to protein aggregates, and revealed correlations among modalities.

9:00 AM CH03.08.03
Scanning Probe Microscopy—Are There Even Best Practices? Richard J. Sheridan®, David W. Collinson?, Marc Palmeri* and L. Catherine
Brinson'; 'Duke University, United States; Stanford University, United States

Scanning probe microscopy encompasses techniques that span length scales, time scales, and operational complexity scales. Because of the existence and
value of these complex measurements, it is typical for an eager, new user to require extended training together with an expert to reliably acquire the
advanced, precise data they hope to collect.

In our new review in Progress in Polymer Science [1], we attempt to address the nuances of extended training by providing a resource in the form of a
collection of recommendations and best practices in the nanomechanical characterization of polymers and other soft/heterogeneous materials. The review
discusses and compares the variety of nanomechanical techniques available, provides details and practical considerations for real nanonomechanical
experiments, and summarizes notable published works as case studies for the application of available modes for nanoscale property mapping. This
presentation selects a very small subset of the content to demonstrate the utility of the review as a guide, but also to draw attention to some unanswered
questions that were raised as this domain continues to mature.

Our review is concentrated on nanomechanical AFM of polymers, both because that system is one of our group's competencies, and also because it
prevented the scope of the review from growing without limit. But already the narrow scope raises questions: Are these recommendations applicable to
other materials, like hydrogels or metals? Can they be applied to other scanning probe microscopy techniques, like scanning tunneling microscopy or single
molecule force spectroscopy? To what extent? In this presentation, we seek to lay a foundation for a greater discussion and collaboration between groups
and sub-fields regarding best practices, training, and converting individual or even institutional knowledge into common knowledge.

[1] Collinson DW, Sheridan RJ, Palmeri MJ, Brinson LC (2021) Best practices and recommendations for accurate nanomechanical characterization of
heterogeneous polymer systems with atomic force microscopy. Progress in Polymer Science, 101420. https://doi.org/10.1016/j.progpolymsci.2021.101420

9:15 AM CHO03.08.04
Automated Scanning Probe Microscopy Based on Deep Kernel Learning Yongtao Liu?, Stephen Jesse!, Susan E. Trolier-McKinstry?2, Maxim A.
Ziatdinov*! and Sergei V. Kalinin?; 0Oak Ridge National Laboratory, United States; 2The Pennsylvania State University, United States

Ferroelectric materials remain a source of physical discovery through the long history of the field. On-going development has pointed to the crucial role of
domains and domain walls in ferroelectric materials. The development of scanning probe microscopy (SPM) allows visualization of domain structure and
its evolution under external fields, such as electric bias applied through tip and electrodes, strain, light illumination, and heating. However, the behaviors of
interest mostly are related to domain structures and concentrated in specific locations. This initializes the opportunities of automated microscopy with an
automatically defined workflow for scanning sequence and data acquisition. Here, we used a Deep Kernel Learning (DKL) framework to explore the
domain structure and physical properties of ferroelectric materials. We further developed a workflow based on the DKL for Piezoresponse Force
Microscopy (PFM) that allows problem-specific tuning of workflow and operation in real-time, which allows exploring polarization switching and domain
structure in ferroelectric materials. The structure of the DKL kernel provides insight into the physics of the process. We further build the relationship
between domain wall geometry and presence of ferroelastic domain walls, as well as topography, and hysteresis loop shape. Previously in the post-
experiment approach, this was accomplished via im2spec and rotational variational autoencoder (rVAE) approaches. The DKL allows to learn these
relationships during the experiment. This workflow can also be adapted to other microscopy systems, such as electron microscopy and optical microscopy.

Acknowledgments: This work is supported by the U.S. Department of Energy, Office of Science, Office of Basic Energy Sciences Energy Frontier
Research Centers program under Award Number DE-SC0021118. This work is conducted at the Center for Nanophase Materials Sciences, a US
Department of Energy Office of Science User Facility.

9:30 AM CH03.08.05

Conductive Hotspots in Hf0.5Zr0.502—An Automated Experiment Investigation Yongtao Liu*, Shelby S. Fields?, Kyle P. Kelley*, Stephen Jesse?,
Susan E. Trolier-McKinstry®2, Maxim A. Ziatdinov*?, Jon Ihlefeld®? and Sergei V. Kalinin®; *Oak Ridge National Laboratory, United States; 2University
of Virginia, United States; 3The Pennsylvania State University, United States

HfO,-based materials have attracted a great deal of interest because they exhibit robust ferroelectricity at extremely thin thickness and are
thermodynamically compatible with conventional semiconductors, leading to a wide range of applications in ferroelectric-based devices, such as field-
effect transistors, random-access memory, and tunnel junctions. However, the local uniformity of HfO,-based materials is rarely investigated, which is
important for their application. In this work, we developed an automated experiment (AE) workflow in scanning probe microscopy (SPM) to investigate
the local conductivity of a Hf0.5Zr0.502 (HZO) thin film. This AE workflow maps a large field of view of material first and automatically locates the
regions of interest (ROI); then, detailed zoom-in measurements are automatically performed in the ROIs to systematically understand the material under
study. Further, to solve a universal problem—measurement drift—in microscopes, we embedded a drift correction algorithm to maintain the in-situ
measurement. This drift correction method is based on a recently developed shift-invariant variational autoencoder (shift-VAE). Finally, we investigated
the heterogeneous conductivity of the HZO thin films by this AE workflow, revealing the evolution of conductive hotspots around several tens of
nanometers in HZO with bias voltage and time. The hotspots show complex spatiotemporal dynamics as a function of time and bias during the scanning,
suggesting the presence of complex conduction mechanisms. These results underpin a wide range of HZO-based applications. We believe that the AE
approach developed in this work will be universally useful for microscopy measurements.

Acknowledgments: This work is supported by the U.S. Department of Energy, Office of Science, Office of Basic Energy Sciences Energy Frontier
Research Centers program under Award Number DE-SC0021118. This work is conducted at the Center for Nanophase Materials Sciences, a US



Department of Energy Office of Science User Facility.
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1:00 PM *CHO03.09.01
Infrared Nanospectroscopy at the Single Molecule Scale for Bio- and Materials Science Francesco Simone Ruggeri; Wageningen University,
Netherlands

Biological processes at the base of life rely on a wide class of biomolecular machines that have characteristic nanoscale physical dimensions and whose
function emerges from a correlation between their chemical and structural properties. Therefore, a fundamental objective of modern analytical methods in
Physics and Chemistry is to unravel the heterogeneous chemical and physical properties of single biomolecules and relevant bio-surfaces at the nanoscale.
While innovative imaging methods have been developed to characterise biomolecular processes at the nanoscale, imaging microscopies are to the most part
chemically blind; thus hampering the characterisation of inhomogeneous and complex systems.

Here, we first demonstrate that Atomic Force Microscopy (AFM) provides detailed information not only on the morphological, but also on the mechanical
properties of biomolecular processes and functional materials at the nanoscale [1,2]. Then, to overcome the limitations of conventional imaging
microscopies, we show a real breakthrough with the development and application of Infrared Nanospectroscopy (AFM-IR) in bio- and materials science.
AFM-IR combines the high spatial resolution of AFM (~1 nm) with the chemical analysis power of infrared (IR) spectroscopy to retrieve unprecedented
correlative information at the nanoscale on the structural, mechanical and chemical properties of heterogeneous bio-molecular processes and functional
biomaterials.[3] As most recent advances in the field, we demonstrate the achievement of single protein molecule chemical identification and structural
determination.[4] Then, we show the application of this single molecule sensitivity to unravel the molecular interaction fingerprint between a small
molecule and its target [3], the surface properties of artificial model membranes [6] and the structure of functional protein self-assemblies to be exploited as
a novel class of biomaterials in bioscience [7-8].

Overall, the aim of our present and future research is to expand the capabilities of nanoscience for chemistry and biology to open a new window of
observation on the fundamental biomolecular processes at the core of life and ageing, to shed light on the structure-activity relationship of biomolecules,
and characterises functional surfaces and materials for nano- and bio- science applications.

References

[1] Ruggeri, ACS Nano, 2020.

[2] Ruggeri, PNAS, 2018.

[3] Ruggeri, Nature Comm., 2015.

[4] Ruggeri, Nature Comm., 2020.

[5] Ruggeri, Nature Comm., 2021.

[6] Marchesi, Advanced Functional Materials, 2020.
[7] Shen, Ruggeri, Nature Nanotechnology, 2020.
[8] Qamar*, Wang*, Randle*, Ruggeri*, Cell, 2018.

1:30 PM CHO03.09.02
Deciphering the Effect of Matrix Stiffness on Mechanical Properties of Human Umbilical VVein Endothelial Cells Quynh T. Tran, Abir Kazan,
Sylvain Gabriele and Philippe E. Leclere; University of Mons, Belgium

In the field of cell mechanics, a change in physicochemical properties of the extracellular matrix (ECM) can cause profound functional modifications, such
as differentiation, replication, migration, and apoptosis. Thus the physicochemical properties of culture substrates were modulated in order to mimic in
vitro the complexity of physiological environments. In this work, polydimethylsiloxane and hydroxy-polyacrylamide hydrogel (hydroxy-PAAm) were used
to study the impact of matrix stiffness on endothelial cell mechanics. Firstly, the viscoelastic properties were estimated in physiological conditions by nano
Dynamic Mechanical Analysis, based on single force curves, while the probe is indenting the surface with nano-Newton forces. Our findings show a linear
stiffness gradient while the bis-acrylamide/acrylamide ratio increases. In addition, we show that the adhesion from PeakForce Quantitative NanoMechanics
(PF QNM) is higher significantly than the value obtained in Force Volume. Then we quantitatively mapped the nanomechanical properties of human
umbilical vein endothelial cells (HUVECS) plated on polydimethylsiloxane and hydrogels. We found that the elastic modulus of the cell body is about 12-
18 kPa which is higher than the cell lamellipodia (5-10 kPa) with Tan 8 approximately 0.5 for cell body.

1:45 PM *CHO03.09.03
Understanding Biomechanics of Bladder Cancer Cells Malgorzata Lekka!, Nadia Makarova?, Joanna Pabijan?, Kajangi Gnanachandran® and Igor
Sokolov?2?; tInstitute of Nuclear Physics PAN, Poland; 2Tufts University, United States

The bladder is a highly variable mechanical microenvironment expanding from a few to hundreds of kPa due to functional reasons. Interestingly, such a
large range of functional stiffness seems not to influence the mechanical properties of urothelial cancer cells as they become more deformable already at
the early stages of cancer progression as measured by atomic force microscopy (AFM). Several structural components contribute to the mechanical
properties of bladder cancer cells. Primarily, they are related to the organization of polymerized actin form (actin filaments) and the overall actin content.
Cell mechanics alter dynamically in response to external or internal stimuli, including the organization of cells (single cells, monolayers or more complex
structures) and the interplay of cellular deformability with the surrounding microenvironment (i.e., extracellular matrix, ECM). All steps of cancer
progression involve specific interactions between cell surface receptors and multiple components of the ECM, including basement membranes (BMs),
mainly composed of laminins or type IV collagen. This structural scaffold, making a physical barrier, contributes to such phenomena as cell adhesion,
proliferation, and migration. Laminin binding to receptors present on a cell surface initiates cell invasion through BMs. The actin cytoskeleton is linked
with the focal adhesion molecules, thus altered expressions of related molecules will affect cell deformability. This leads to glycocalyx as the other
component contributing to bladder cancer mechanics at the cellular level. By applying the brush model, the mechanical properties of the cells studied under
specific cleavage conditions were correlated with the presence of the particular type of the pericellular glycocalyx layer. Distinct contributions of cell
structural elements to cell biomechanics form a question of the leading cause of the alterations in mechanical properties of cells. The working hypothesis
can be summarized as follows: mechanical properties of local cellular microenvironment define the invasive and migratory phenotype of cancerous cells



through irreversible changes in composition and structure of both proteoglycan’s component of the glycocalyx and expression of the adhesive molecules
leading to cytoskeleton reorganization. Cells leaving the primary tumour site carry this information and use it to form a secondary, metastatic site.

2:15 PM *CH03.09.04
Verification of Microscale Modulus Control in Photopolymer 3D Printing Jason Killgore; National Institute of Standards and Technology, United
States

Atomic force microscopy (AFM) is uniquely capable of characterizing the 3-dimensional modulus variations that arise in vat photopolymerization additive
manufacturing processes such as stereolithography, digital light processing and inkjet. 3D control of part shape and properties is essential to realize additive
manufacturing opportunities in critical applications such as organ printing and dentistry. We will discuss how AFM can be used both ex-situ and in-situ to
the printing process to inform where heterogeneity and shape deviation arise in printed parts. We will then employ and verify various models to correct and
control for such variations, yielding geometrically and mechanically precise parts. Ex site characterization of as-printed parts, both pristine and cryo-
ultramicrotomed reveals true process control of properties based on light exposure and feature size. In-situ characterization complements ex-situ by
revealing differences between resin, green-state and final part properties. Overall, the interplay between characterization and control enables new freedoms
in 3D printed part design, particularly at the smallest length scales.

2:45 PM BREAK
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8:00 AM CHO03.10.01

Customized MFM Probes Based on Magnetic Nanorods Miriam Jaafar', Javier Pablo Navarro?, Eider Berganza®, Pablo Ares?, Cesar Magen*, Julio
Gomez- Herrero?, Jose De Teresa* and Agustina Asenjo®; Autonomous University of Madrid and Condensed Matter Physics Center, Spain; 2Helmholtz-
Zentrum Dresden Rossendorf, Germany; Karlsruhe Institute of Technology, Germany; “Instituto de Nanociencia y Materiales de Aragén (INMA),
Universidad de Zaragoza-CSIC, Spain; ®Instituto de Ciencia de Materiales de Madrid, Spain

Atomic Force Microscopy (AFM) is a powerful technique in biophysics and nanomedicine, since it allows imaging and manipulating nanostructures in
physiological conditions on a single molecule level [1]. Magnetic Force Microscopy (MFM) is an AFM-based technique where a nanometric magnetic
probe is scanned in close proximity to a surface detecting the local magnetic fields gradients near it. MFM has been applied to the study of a variety of
magnetic systems, including magnetic nanoparticles. Despite the importance of studying magnetic nanostructures with biological applications in
physiological conditions, the applicability of MFM to these systems was limited up to now because of the difficulty in developing MFM for detecting
magnetic interactions in liquids. This is a consequence of the higher damping forces acting on the cantilever when working in liquid environment, as
compared to air, which results in a significant loss of sensitivity of the MFM signal. In the work presented here, we start by introducing the necessary
development for MFM imaging in liquid media [2] and discussing the influence of the chosen cantilever on the obtained MFM signal-to-noise ratio. Then,
we present the development of new magnetic probes fabricated by Focused Electron Beam Induced Deposition (FEBID) using specially designed
cantilevers for liquid medium and demonstrating that further improvement on the performance can be gained [3].

[1] Y. F. Dufréne et al. Nature Nanotechnology 12, 295-307 (2017).

[2] P. Ares et al. Small 11, 36, 4731-4736 (2015).

[3] M. Jaafar et al, Nanoscale, 12, 10090-10097 (2020).

8:15 AM CHO03.10.03

Three-Dimensional Fast Force Mapping as a Means for Understanding Interfacial Solution Structure and Its Impact on Interparticle

Forces Sakshi Yadav?, Elias Nakouzi, Jachun Chun'2 and James DeYoreo'?; *Pacific Northwest National Laboratory, United States; 2The City University
of New York, United States; *University of Washington, United States

Many of the processes occurring at electrolyte-solid interfaces, such as corrosion, catalysis and heterogeneous nucleation, as well as the interactions and
response dynamics of colloidal systems, are mediated by the solution near the interface. However, our knowledge of interfacial solution structure (ISS) has
been limited by a dearth of experimental techniques that can visualize ISS at the atomic scale. AFM-based three-dimensional fast force mapping (3D FFM)
is a recently developed method that provides this ability. During FFM, changes in phase and amplitude (or frequency) of an oscillating AFM tip due to
interactions with its surroundings is recorded as the tip approaches and retreats from the surface. By collecting these 1D force curves over a 2D area, a 3D
map of solution structure is created. As part of an effort to understand the interactions and dynamics leading to growth of nanomaterials through the process
of oriented attachment (OA), we are using 3D FFM to visualize solution structure at a variety of crystal interfaces. Here we report on studies of the Zn
(0001) interface in which we pursue three novel directions. First, we attempt to understand how the ISS depends on the nature of the solvent by examining
both water and ethanol. Second, we utilize the polar nature of ZnO to investigate how differences in surface termination — O vs Zn — impact the ISS.
Third, we introduce custom-made nanocrystal AFM probes fabricated by depositing ZnO onto commercial silicon probes to understand the structure seen
by ZnO particles as they approach one another during OA. Our results to date demonstrate distinct differences between 3D FFM data collected in water and
ethanol. In particular, a strong attractive force at a tip-sample separation of ~1nm is measured in water, yet absent in ethanol. Measurements on Zn- and O-
terminated surfaces reveal differences in both the surface morphology and the interfacial structure. We successfully used the ZnO tips to execute FFM; the
initial data show that the tip chemistry strongly influences the solution structure confined between the two surfaces. In summary, our findings reveal a
complex dependence of ISS on surface termination, solvent composition and tip chemistry. By resolving the key limitation of conventional 3D FFM —
namely the discrepancy between the tip and sample materials — we provide a more straightforward basis for predicting long-range interactions between
ZnO particles, delineating the solution structure, and advancing the quantitative interpretation of 3D FFM data.

8:30 AM CH03.10.04
Single-Molecule Conductance of Discrete, n-Stacked Pyridinium Dimers Hao Yu, Jialing Li, Songsong Li, Charles Schroeder and Jeff Moore;
University of Illinois at Urbana-Champaign, United States

Charge transport in n-stacked aromatic rings is central to biological processes and organic electronics. However, direct experimental investigation of



intermolecular charge transport between aromatics at molecular level is challenging. In this work, we use a supramolecular self-assembly approach to
control the stacking geometry of two pyridinium molecules, thereby providing a promising model system to investigate intermolecular charge transport
behaviors in discrete pyridinium dimers. The charge transport properties of free and dimerized pyridiniums were characterized using a scanning tunneling
microscope-break junction (STM-BJ) technique, thereby enabling direct measurement of single-molecule conductance. Our results show that n-stacked
pyridinium dimers exhibit up to 10-fold enhanced molecular conductance compared to single pyridinium. The experimental results were further analyzed
with insights from density function theory (DFT) calculations. From a broad perspective, we anticipate that merging supramolecular chemistry and single-
molecule conductance experiments will afford new functional molecular electronics.

8:45 AM CH03.10.05
Hydrogen Depassivation Lithography with a MEMS-Based Scanning Tunneling Microscope Afshin Alipour!, Emma L. Fowler?, S. O. Reza
Moheimanit, James H. Owen?, Ehud Fuchs? and John Randall?; *The University of Texas at Dallas, United States; 2Zyvex Labs, United States

About ten years after invention of Scanning Tunneling Microscope (STM), scientists found that STM can be used to modify sample surfaces at atomic
scale. This led to the invention of STM-based lithography in which the STM tip is used as a source of a very fine and low energy electron beam to pattern a
monolayer resist adsorbed on the sample surface with ultimate atomic resolution and precision. As a result, STM has been proposed as a viable alternative
to conventional e-beam lithography whose resolution and precision is fundamentally limited to a few nanometers.

Despite this superiority in resolution, slow speed and low throughput have been major downsides of the STM which hinder its widespread use. A key
contributor to these limitations is its relatively large nanopositioner, i.e. the piezotube. For this drawback, miniaturization stands out as a practical solution
for the bulkiness of the STM piezotube. A Microelectromechanical-System (MEMS) STM nanopositioner can offer higher bandwidth and an opportunity
for parallel operation of a multi-tip STM due to its small footprint.

In our previous work [1], we presented a MEMS-based STM system. There, we integrated a one-degree-of-freedom MEMS STM nanopositioner into a
commercial Ultrahigh-Vacuum (UHV) STM system to replace the Z axis of its piezotube. As a result, a hybrid system is achieved in which the MEMS
device provides the Z-axis motion which requires higher sensitivity, while the XY-plane motions are still delivered by the piezotube during the scan.
Compared to the Z-axis of the piezotube, the MEMS device features tenfold higher bandwidth (i.e. 10 kHz) with the same range of motion (1-2 pm).

In this work, we further examine the practical benefits of this hybrid system over a conventional piezo-based STM. Thanks to the MEMS nanopositioner,
higher scan speeds are achieved during both imaging and lithography compared to the original UHV STM system. Dimer row resolution images of
Si(001):H were obtained at scan speeds over 2 pum/s with the hybrid STM in conjunction with the improved control loop [2].

STM-based lithography was also tested with the proposed hybrid system. With the greater sensitivity of the MEMS Z-actuator and the improved control
loop, it is expected that lithography can operate at much higher tunnel current setpoints, allowing for much faster lithography. In our experiments, the
sample used was a H-terminated Si(100)-2x1 surface. First, the sample surface was imaged, and its lattice was detected based on the image. Then, H atoms
were selectively desorbed by moving the tip along a predefined trajectory over the sample surface using an appropriate bias voltage (+4 V) and tunnel
currents up to 40 nA, providing write speeds up to 100 nm/s. The results obtained in this work demonstrate that the proposed MEMS-based STM system is
conducive to high-speed atomic-scale lithography.
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9:00 AM CH03.10.06
Dynamic Ferroelectric Domain Manipulation via Automated Experimentation in Piezoresponse Force Microscopy Kyle P. Kelley, Stephen Jesse,
Rama K. Vasudevan and Sergei V. Kalinin; Oak Ridge National Laboratory, United States

Domain structures and topological defects in ferroelectric materials underpin a broad range of applications ranging from materials with giant
electromechanical responses to domain wall electronics. Correspondingly, exploring the functionalities of domain walls and controlled modifications of
domain structures is of interest for a broad spectrum of applications. However, the dynamic nature of these objects severely constrains piezoresponse force
microscopy approaches to explore their functionality. Here, to overcome this challenge, a real space image-based feedback approach is utilized to control
the atomic force microscope tip bias during ferroelectric switching allowing for modification routes triggered by domain states under the tip. Specifically,
the complex trigger system (i.e., “FerroBot”) is to used study frustrated and metastable domain and domain-wall dynamics in a PbySr(1.x TiO3 system. We
have demonstrated that microscopic mechanisms of the domain-wall dynamics can be identified, i.e., domain-wall bending can be separated from
irreversible domain reconfiguration regimes. In conjunction, phase-field modeling was used to corroborate the observed mechanisms. This study highlights
a new pathway toward discovery and control of metastable states in ferroelectrics, and more generally paves way for automated systems for controlled
modification of domain walls and defects to improve material properties. This work was supported by the U.S. Department of Energy, Office of Science,
Basic Energy Sciences, Materials Sciences and Engineering Division at Oak Ridge National Laboratory’s Center for Nanophase Materials Science, which
is a U.S. DOE Office of Science User Facility.

9:15 AM CH03.10.07
Determination of Doping Profiles in Semiconductor Nanowires by Electrical Modes from Scanning Probe Microscopy Georges E.
Bremond'?; 1INSA de Lyon, France; ?Université de Lyon, France

Recently, semiconductor nanowires (NW) have gained more and more attention, as they are the building blocks of various future functional devices at the
nanoscale. The measurement and quantitative determination of doping and doping profile within semiconductor nanowires (NW) are crucial in order to
develop the technology using them. Specific methods and techniques are in high demand to understand the incorporation of doping into such one-
dimensional structures. In the last two decades, scanning capacitance microscopy (SCM) and scanning spreading resistance microscopy (SSRM) based on
atomic force microscopy, has emerged as promising tools for two-dimensional high resolution carrier/dopant profiling. In SCM, the capacitance change
providing by an alternating bias applied between the tip/sample system under a DC bias to alternately accumulate and deplete carriers within the
semiconductor underneath the local tip is dependent on the local carrier concentration of the semiconductor. In SSRM, the local resistivity, allowing the
determination of the doping concentration, is determined via the spreading resistance measurement at the tip/sample system, applying an additional DC
bias on the sample and using a logarithmic current amplifier. As multi-parameter experiments, these two techniques need of an accurate calibration method



for a quantitative doping analysis.

In this study we present first a doping calibration method based on cross-sectional scanning of multilayers samples ,with , for pedagogic demonstration,
different Ga doping concentration in n-type ZnO allowing the quantitative measurement by SCM and SSRM. Then, to study NWSs, we have developed a
methodology of sample preparation, based on dip-coating filling of NWs field. The dip-coating parameters as coating solution, removal rate and NW field
morphology have been controlled by SEM, ellipsometry and atomic force microscopy topography in order to optimize the filling and polishing process.
As examples, some results are presented on ZnO and GaN NW: One important results has been to be able to measure using SCM and SSRM, the non-
intentionally n-type doping (nid) of ZnO nanowires, well estimated at 210'8cm-3, explaining the difficulty to turn these NWs into p-type during p-type
doping experiments, a crucial problematic in ZnO. Using antimony (Sh) doping in nid ZnO core/ Sb ZnO shell NW structures, we have successfully
determined the decrease of carrier concentration with respect to the nid ZnO core, which can be ascribed to the formation of Sh-related acceptors
compensating the native donors. The understanding of this electric compensation mechanism is the clear signature of a p-type Sb doping feasibility in ZnO
NW. This important result opens the way to succeed in the p-type doping in ZnO.

The generalization of this doping profiling methodology to other NW semiconductors is also pointed out for instance to study the non homogeneity of Si
and Mg doping in GaN NWs,

9:30 AM CH03.01.08
Direct Observation of the Double-Layering Quantized Growth of Mica-Confined lonic Liquids Bingchen Wang'? and Lei Lit; tUniversity of
Pittsburgh, United States; 2University of Wisconsin-Madison, United States

Since the interface between ionic liquids (ILs) and solids always plays a critical role in important applications such as coating, lubrication, energy storage,
and catalysis, it is essential to uncover the molecular structure and dynamics of ILs confined to solid surfaces. Here, we present our direct observation of a
unique double-layering quantized growth of three IL (i.e., [Emim][FAP], [Bmim][FAP] and [Hmim][FAP]) nanofilms on mica. AFM results show that the
IL nanofilms initially grow only by covering more surface areas at the constant film thickness of 2 monolayers (ML) until a quantized increase in the film
thickness by another 2 ML. Based on the AFM results, we propose a double-layering model describing the molecular structure of IL cations and anions on
the mica surface. The interesting double-layering structure can be explained as the result of several competing interactions at the IL-mica interface.
Meanwhile, the time-dependent AFM results indicate that the topography of IL nanofilms could change with time, and the mobility of the nanofilm is
lower for ILs with longer alkyl chains, which can be attributed to the more ordered packing between longer alkyl chains. Our findings have important
implications on the molecular structure and dynamics of ILs confined to solid surfaces.

SESSION CHO03.11: Cells and Biological Samples 111
Session Chairs: Philippe Leclere and Zoya Leonenko
Wednesday Morning, December 8, 2021
CHO3-Virtual

10:30 AM *CH03.11.01
Nanoscale Viscoelasticity of Living Tissues with AFM—Physics of Biological Growth and Shape Across Temporal and Spatial Scales Sonia
Contera, Jacob Seifert, Alba Rosa Piacenti and Casey Adam; University of Oxford, United Kingdom

The dynamic shapes of biologial tissues emerge from a complex interplay of physics, chemistry and genetics, which determines--at each temporal and
spatial scale--the mechanical properties that eventually form the adaptive structures of living organisms. Shape and mechanical stability of living organisms
rely on precise control in time and space of growth, which is achieved by dynamically tuning the mechanical (viscous and elastic) properties of their
hierarchically built structures from the nanometer up. It is now well-established that cellular behaviour (including stem cell differentiation) crucially
depends on the mechanical properties of the cells” environment. Attention has been directed towards the importance of the stiffness of the natural
(extracellular matrix, ECM) or artificial matrices where cells grow, with the purpose of either understanding mechanotransduction, or controlling the
behaviour of cells in tissue engineering. While stiffness (i.e. the capacity of a material to elastically store mechanical energy) has been the focus of most
experimental research, neither cells or matrices are elastic. Biological systems dissipate energy (i.e. they are viscous) and hence they do not respond to
mechanical deformations instantaneously (like an ideal Hookean spring), but present different time responses at different spatial scales that characterise
their responses to external stimuli. Measuring viscoelasticity (especially at the nanoscale) has remained experimentally challenging [1,2]. | will present
atomic force microscopy (AFM)- based techniques developed in my lab to measure and map the nano-viscoelasticity of living organisms, cells,
membranes, collagen, ECMs, and tissue engineering matrices across the spatial and temporal (from Hz to 100s of kHz) scales, and chirp-based
spectroscopic techniques to assess viscoelasticity from Hz to 100s kHz at the nano and micro scale developed in my lab. I will also present tests for
assessing which viscoelasic model better fits the experimental AFM results. Our results have uncovered that extracellular matrices of both plants [3] and
tumours present an almost perfect linear viscoelastic behaviour.

References:

[1] “Multifrequency AFM reveals lipid membrane mechanical properties and the effect of cholesterol in modulating viscoelasticity” 2019. Z Al-Rekabi, S
Contera; Proceedings of the National Academy of Sciences 115 (11), 2658-2663.

[2] “Mapping nanomechanical properties of live cells using multi-harmonic atomic force microscopy” 2011 A Raman, S Trigueros, A Cartagena, APZ
Stevenson, M Susilo, E Nauman, S Contera. Nature Nanotechnology 6 (12), 809.

[3] “Mapping cellular nanoscale viscoelasticity and relaxation times relevant to growth of living Arabidopsis thaliana plants using multifrequency AFM”
2021 J Seifert, C Kirchhelle, | Moore, S Contera. Acta Biomaterialia 121, 371-382

11:00 AM *CH03.11.02
Nanocorresopy—Unravelling Multifactorial Properties of Biomaterials at Nanoscale Wojciech Chrzanowski; The University of Sydney, Australia

Nanoimaging and probing of physical-chemical characteristics is central to the development of new nanomaterials for energy and environment,
communication, computing and security as well as for health and medicine. While all these areas are of significant importance, health and medical
applications remain the most challenging because they involve interactions with living organisms. Inherently, such interactions are less predictable and
directly linked to human health, which highlights their societal impact. Therefore, resolving the principles that govern biological behaviours and
developing modern technologies that exploit new capabilities offered by nanomaterials to control multicellular environment is likely to result in significant
advances in a quest for innovative therapies for major health threats including multi drug resistance, cancer and diabetes.

We know that biological responses are not controlled by a single material parameter. It is rather an interplay of many parameters such as size, shape,
surface charge, chemistry and mechanical properties that defines the biological outcome. Therefore, correlative characterisation of structural, physical and



biological interactions at the nanoscale is paramount in order to correlate nanomaterials to their biological modulatory capabilities. Precise knowledge of
key characteristics of nanomaterials will ultimately allow us to predict their safety and fate in biological systems and in the environment. It will unlock new
opportunities to create safe-by-design systems for various biomedical applications.

To overcome limitations of current methods we proposed a correlative approach that uses nanoscale infrared spectroscopy, Lorentz contact resonance
spectroscopy and Molecular force probe spectroscopy to interrogate nanoscale mechanical properties and map chemical structure of nanoparticles. To
demonstrate strength of the nanocorrescopy in nanomaterials characterisation we used a copolymer composite mPEG-PLGA (methoxy-poly (ethylene
glycol)-b-poly (lactic-co-glycolic) acid) nanorods. We demonstrated that the nanocorresocpy is capable of characterising precisely distribution of
viscoelastic and chemical properties with the spatial resolution of <150 nm and <20 nm respectively. We further showed that this methodology enable
characterisation of the corona formation on nanoparticles and for the first time assess its evolution in real time. We believe that the nanocorrescopy
provides new opportunities to characterise variety of biomaterials used in biomedicine to ensure their safety, reliability, and sustainability.

11:30 AM CHO03.11.03

Late News: Ex Situ AFM—Molecule Chip Technique for Single-Molecule Detection of Antibody—Antigen Bindings on a Semiconductor Chip
Surface Ming-Pei Lu', Ying-Ya Weng? and Yuh-Shyong Yang?®; ‘Taiwan Semiconductor Research Institute, National Applied Research Laboratories,
Taiwan; 2Institute of Biomedical Engineering, National Yang Ming Chiao Tung University, Taiwan; *Department of Biological Science and Technology,
National Yang Ming Chiao Tung University, Taiwan

In-situ AFM typically possesses the single-molecule detection sensitivity of the antibody-antigen binding, however, yielding inevitably great limitations
due to operational issues from a practical application viewpoint. Here, we propose a method of an ex-situ AFM-molecule chip technique with the feature of
graphically superimposed alignment that enables ex-situ AFM analysis of an immobilized antibody at the same location on a semiconductor chip surface
before and after incubation with its antigen, which makes all required chemical/biological treatments feasibly executed in the standard laboratory manner,
allowing the single-molecule ex-situ AFM detection in a way with more practicality, flexibility, and versatility. Accordingly, by taking the hepatitis B virus
X protein (HBx) for instance, the individual information of the topographical characteristics for the immobilized 1gG antibodies/aggregates on the chip
surface can be extracted using this ex-situ AFM analysis method, and further analyzed statistically. Experimental observations revealed that individual 1gG
antibodies covalently immobilized on the aldehyde-terminated chip surface, presumably featuring a predominately head-on orientation, possessed an AFM
height of approximately 5.416 nm in statistical analysis. Furthermore, information regarding the AFM height change of individual 1gG antibody/aggregate
arising from the conformational change in the 1gG-HBx complex formation was investigated in a statistical manner as well, leading to an increased height
of approximately 1 nm. To broaden the application spectrum of the ex-situ AFM-molecule chip technique, we attempted to apply this technique to identify
the locations and spatial distributions of the immobilized molecules on the bioFET surfaces. The surface topographical measurements at the same location
on the nanowire bioFET surface were recorded after the chip cleaning, antibody modification, and antigen incubation steps, respectively. As a result,
information regarding the correlation between the spatial distributions of the biological molecules on the bioFET surface and the corresponding electrical
characteristics of the nanowire bioFETs can be obtained, highlighting that the single-molecule ex-situ analysis method can be beneficial to the development
of bioFET applications. More importantly, other analysis modules in the SPM family can also be employed to simultaneously record various fundamental
characteristics of the molecules on the chip surface at the single-molecule level while recording the topographical information of the chip surface using an
AFM module, significantly revealing versatile applications of the ex-situ SPM-molecule chip technique (here using the SPM to replace the AFM for
highlighting the potentials of multi-functional applications) in multidisciplinary areas across materials, chemistry, physics, and biology.

11:45 AM BREAK

SESSION CHO03.12: On-Demand
Sunday Morning, December 5, 2021
On-Demand

8:00 AM CH03.03.01
Predicting Hydration Layers over Surfaces Yashasvi S. Ranawat?, Ygor Jaques' and Adam Foster'2; *Aalto University, Finland; 2Kanazawa University,
Japan

Several technological and natural processes are dominated by the mineral-water interactions, for example biominerelisation, corrosion etc, and hence,
characterization of such interfaces is vital. Atomic Force Microscopy (AFM) has gained prominence in characterizing such surfaces.

However, the complex interplay of the tip with the hydration layers over the surface govern the AFM tip’s interaction with the hydration layers, and
impede high resolution requirements needed for characterization. The theoretical molecular dynamics (MD) approaches have helped with the surface
characterization. Given a hydration layer image, the search space is wide and the MD approach becomes prohibitively expensive. Here we introduce deep
learning methods to reliably predict the hydration layer over a given surface.
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SESSION Tutorial CHO04: Machine Learning and Al Methods for Materials—Applications to Theory, Characterization, and Smart Experiments
Session Chairs: Sergei Kalinin, Sebastian Schmitt and Maxim A. Ziatdinov
Monday Morning, November 29, 2021
Virtual

8:30 AM
Machine Learning and Al Methods for Materials Science—Applications to Theory, Characterization, and Smart Experiments - Morning
Session Sergei V. Kalinin and Maxim A. Ziatdinov; Oak Ridge National Laboratory, United States

The morning session will cover:
ML to theory (force fields, generic property predictions, visualization, accessing the different databases, etc.)
Deep learning introduction and use to segment images from electron or scanning probe microscopy

12:30 PM BREAK

1:00 PM
Machine Learning and Al Methods for Materials Science—Applications to Theory, Characterization, and Smart Experiments - Afternoon
session Sergei V. Kalinin and Maxim A. Ziatdinov; Oak Ridge National Laboratory, United States

The afternoon session will cover:

Spectral processing with matrix/tensor factorization and deep learning methods (including autoencoders) for extracting data from large multidimensional
datasets

Reinforcement learning and Bayesian optimization for efficient and smart experiments

SESSION CHO04.01: Accelerating Materials Science by Natural Language Processing, Machine Learning and High-Throughput Studies
Session Chair: Hannah Barad
Tuesday Morning, November 30, 2021
Hynes, Level 3, Room 303

10:30 AM *CHO04.01.01
Linking Text Extracted Data and Existing Resources Towards Predictive Models Elsa Olivetti; Massachusetts Institute of Technology, United States

Data continues to be a fundamental ingredient for accelerating and optimizing materials design and synthesis. Advances in applying natural language
processing (NLP) to material science text has greatly increased the size and acquisition speed of materials science data from the published literature. This
presentation will describe work to extract information from peer reviewed academic literature across a range of materials and explicit links between text-
derived data and physics-based simulation data to inform materials discovery. We will present cases from microelectronics, catalysis and solid-state
electrolytes.

11:00 AM CHO04.01.03
Simultaneous Electrochemical Analysis of Material Libraries with Real Combinatorial High-Throughput Characterization Hannah N. Barad, Bjorn
Miksch and Peer Fischer; Max Planck Institute for Intelligent Systems, Germany

Fabrication of CMLs with variations in deposition parameters, composition, thickness, oxidation state, and even nanostructure morphology have been
demonstrated, but measuring and analyzing their properties is not straightforward. Typically, the measurements entail serial methods that measure samples
point-by-point on pre-determined positions on the CMLs. While these measurements are often termed “high-throughput’ they are only so in the sense of
processing large amounts of data. Especially, in the case of electrochemical measurements, the analysis can take a very long time, even days, to complete
for one CML.

Here, we present a real high-throughput parallel method for determination of electrochemical properties. We do this using an array of ion-sensing field
effect transistors (ISFETS) that was specifically designed for high-throughput measurements. ISFET sensors are used to detect changes in concentrations of
specific ions in a solution, and as such can follow changes in electrochemical reactions. For this work we chose to examine CMLs of electrolyzers for
oxygen evolution reaction (OER), which may form OH- or H* intermediates during the reaction. In our setup, the sensor array is placed in solution directly
above the studied CML, and we examine the changes in H* concentration as a result of the OER. The ISFET array allows us to quickly screen for material
combinations of interest for OER, and generate large amounts of data in a short period of time, enabling parallel high-throughput CML characterization.
We will share our most recent results in the generation of high-throughput CMLs [1] and analyzing these with similarly high-throughput parallel
electrochemical measurements.



Reference:
[1] Hannah-Noa Barad, Mariana Alarcén-Correa, Gerardo Salinas, Eran Oren, Florian Peter, Alexander Kuhn and Peer Fischer; Combinatorial growth of
multinary nanostructured thin functional films, Accepted to Materials Today, 2021.

11:15 AM CHO04.01.04

Machine Learning Assisted Metal-Insulator Compound Transition Discovery and Understanding—Database, New Features and Online Classifier
Tool Alexandru Georgescu®, Peiwen Ren?, Aubrey R. Toland?, Shengtong Zhang?!, Kyle Miller!, Daniel Apley?, Elsa Olivetti?, Nicholas Wagner* and
James M. Rondinellit; ‘Northwestern University, United States; 2Georgia Institute of Technology, Georgia; 3Massachusetts Institute of Technology, United
States

Understanding, and predicting new materials with relevant electronic properties is a key task in materials science. This task is complicated in the case of
materials with complex electronic interactions, particularly in the case of materials with an open d-shell of a transition metal ion known as correlated
materials. This is due to the limitations of current theoretical methods, as well as the scarcity and heterogeneity of known materials. Of these materials,
materials that exhibit a thermally driven metal-insulator transition (MIT) are particularly important for technological applications, yet only around 60 are
known. To accelerate materials discovery and understanding, we have built, with the assistance of natural language processing techniques, the first
materials database of MIT and related compounds which is now available for scientists’ use (1,2). We have trained a machine learning model on this
database, allowing us to extract new relevant features for this class of materials, including generalized tolerance factors, the Ewald energy, as well as
confirmed the importance of well-known ones such as the Hubbard U (1). Finally, we provide this model in a user-friendly binder format that scientists can
run in their browser and obtain new predictions on whether a material is a metal, insulator, or MIT in seconds based on .cif structure files - without
installing any software on their machine (1,3). Our work shows how machine learning can be used to accelerate materials discovery and understanding at
every step of the research process. If time permits, | will present results on newly identified metal-insulator transition compounds.

References:

1) https://arxiv.org/abs/2010.13306 ; in press at Chemistry of Materials
2) https://mtd.mccormick.northwestern.edu/mit-classification-dataset/
2) https://tinyurl.com/mit-classifiers

The information, data, or work presented herein was also funded in part by the Advanced Research Projects Agency-Energy (ARPA-E), U.S. Department
of Energy, under Award Number DE-AR0001209. The views and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.

SESSION CHO04.02: Physics-Assisted ML Methods for Knowledge Extraction |
Session Chair: Elsa Olivetti
Tuesday Afternoon, November 30, 2021
Hynes, Level 3, Room 303

1:30 PM CH04.02.02

Decoding Reactive Structures in Dilute Alloy Catalysts Nicholas Marcella?, Jin Soo Lim?, Anna Plonkat, George Yan3, Cameron J. Owen?, Jessi van der
Hoeven??2, Alexandre Foucher?, Hio Tong Ngan?, Steven B. Torrisi2, Nebojsa S. Marinkovic®, Eric A. Stach®, Jason Weaver®, Philippe Sautet®3, Boris
Kozinsky?” and Anatoly Frenkel'$; 1Stony Brook University, The State University of New York, United States; 2Harvard University, United

States; University of California, Los Angeles, United States; “University of Pennsylvania, United States; *Columbia University, United States; SUniversity
of Florida, United States; "Robert Bosch LLC, Research and Technology Center, United States; ®Brookhaven National Laboratory, United States

Fundamental atomic-level understanding of the active site structure is a central requirement of rational catalyst design. Due to the large configurational
space inherent to many catalytic systems, it is very challenging to resolve the active sites directly. Moreover, these structures often exhibit dynamical
behavior in response to the reactive environment. Here, we propose a multipronged strategy of decoding reactive structures at the atomic level, combining
catalysis, characterization, machine learning, and first-principles based kinetic modeling. We unambiguously demonstrate the effect of catalyst treatment
on its nanostructure and reactivity toward the prototypical hydrogen-deuterium (HD) exchange reaction, using a dilute alloy PdsAug, supported on highly
stable raspberry colloid template SiO,. Remarkably, the Sabatier optimum is established with small Pd, ensembles, where the reactivity is tuned by
modulating the active site on the order of only a few atoms (n = 1-3) through catalyst pretreatment.

The catalyst is activated by O, treatment and decreases in activity upon H, treatment. These observations are explained in terms of catalyst restructuring
induced by the treatments, as evidenced by X-ray absorption spectroscopy and coordination numbers extracted from neural network inversion of the
spectra. A quasi-random alloy is revealed: the majority of Pd remains dispersed inside Au, with a small amount of Pd segregating toward the surface upon
O, treatment and dissolving into the bulk upon H, treatment. Extensive theoretical modeling of the HD exchange reaction network on several model
surfaces establishes Pd monomers, dimers, and trimers as decisive candidate structures for the active site. Very good agreement is found between theory
and experiment in terms of the apparent activation energy: O,-treated samples are dominated by desorption-limited Pd trimers, whereas H,-treated samples
are characterized by dissociation-limited Pd dimers & monomers. These dilute Pd ensembles numerically satisfy the observed coordination numbers for all
of our samples, thereby fulfilling both the kinetic and structural criteria of the active site. Our multidisciplinary approach enables precise identification of
the active site at atomic resolution with fully consistent structure-activity relationship.

1:45 PM CHO04.02.04
Encoding Dynamical Information in Graph Representation Learning for Large-Scale Protein Function Prediction Yuan Chiang and Shu-Wei
Chang; National Taiwan University, Taiwan

Understanding the protein structure-function relationship is essential for broad biological fields, with important applications in the design of new functional
biomaterials, drugs, and antibiotics for biotechnology and pharmaceutical industries. Recent advances in protein function prediction take advantage of
graph-based deep learning approaches to correlate protein 3D structure and topological features with molecular functions. The latest end-to-end model
PersGNN had achieved a boost in Gene Ontology classification compared with baseline graph neural networks (GNNs). However, proteins in nature are
not static but dynamic molecules interacting with the environment, constantly alternating conformation, and even forming assemblies of quaternary
complexes. This talk will present the expressiveness and robustness of GNNs to encode information from spatial proximity, persistence homology, together



with normal mode analysis across protein residues. The learned representation aggregates node-level features from local to global hierarchy and provides
graph-level embedding with inter-residue dynamical couplings for downstream function prediction. High throughput classification tasks for over 100,000
proteins and 1,000 function tags from Protein Data Bank and Gene Ontology demonstrate remarkable performance gain in the discriminatory power based
on such dynamics-informed representation. The proposed method can be readily extended to wide crystalline and amorphous materials that can be
represented as graph-structured data and be incorporated with particle-based dynamics.

2:00 PM CH04.02.05
Ab Initio Modeling of Configurational Disorder in Complex Systems by Combining Machine Learning and Cluster Expansions Julia Yang* and
Gerbrand Ceder?; University of California, Berkeley, United States; ?Lawrence Berkeley National Laboratory, United States

Disordered multicomponent systems have immense engineering design flexibility and a subsequently rich space of properties. A lattice cluster expansion is
one powerful computational tool to obtain precise, detailed configurational and energetic resolution, but in practice has primarily been used in binary
systems or ternary alloys. In this presentation we will discuss approaches to significantly increase the complexity of systems to which the cluster expansion
can be applied, including a high number of species, different valence states of ions, complex underlying lattices, and large off-lattice relaxations. We
demonstrate this approach to a multicomponent, multi-sublattice lithium manganese oxyfluoride electrode system, setting up the largest cluster expansion
ever attempted to our knowledge. In order to bridge the vastly under-determined configurational space observed by neutron diffraction with computation,
we apply the sparse group lasso statistical method to reduce model complexity from over 4500 features to fewer than 200. We also use Bayesian
optimization via Gaussian Processes in oxidation state assignments during data cleaning, demonstrating its success in high dimensional spaces with limited
training data. Lastly, we extend existing theoretical cluster expansion methods and derive how to analytically calculate and characterize local structural and
chemical orderings in any state of disorder. Our developments make the fitting and analysis of complex systems tractable and provide guidance for
thorough, high-throughput computational studies of multi-component, disordered systems.

2:15 PM CH04.02.03
Topology-Informed Machine Learning for Predicting Glasses’ Properties Mathieu Bauchy; University of California, Los Angeles, United States

Although machine learning offers a unique, largely untapped opportunity to accelerate the discovery of novel glasses with exotic functionalities, it faces
several challenges. Since they are usually only driven by data and do not embed any mechanistic knowledge, machine learning models can sometimes
violate physical and chemical laws. For these reasons, machine learning techniques are usually good at “interpolating” data but have thus far a limited
potential for “extrapolating” predictions far from their initial training set, which prevents the efficient exploration of new unknown compositional domains.
Here, we present a new machine learning framework aiming to predict the properties of oxide glasses. As expected, we show that “blind machine learning”
(i.e., which does not embed any physical or chemical knowledge) can successfully interpolate data but fails at extrapolating predictions far from its training
set. As an alternative route, we report a new “topology-informed machine learning” framework that addresses this limitation. This framework relies on
artificial neural networks and embeds a topological description of the connectivity of the atomic network. We show that our “topology-informed machine
learning” model allows us to extrapolate predictions far from the training set. More generally, topology-informed machine learning offers a promising route
to overcome the tradeoff between accuracy, simplicity, and interpretability—which are otherwise often mutually exclusive in traditional “blind machine
learning” models.

2:30 PM CH04.02.06
Identifying High-Stability Motifs of Structural Patterns in Molecular Crystals Rose K. Cersonsky!, Maria Pahknova?, Edgar A. Engel? and Michele
Ceriotti'; 1Ecole Polytechnique Fédérale de Lausanne, Switzerland; 2University of Cambridge, United Kingdom

Molecular crystals play an important role in various fields of science and industry, with applications in the pharmaceutical, electronics, and food industries.
Predicting the stability of crystal structures formed from molecular components is non-trivial, given the complexity inherent to the multiscale nature of
their structure and the subtle balance of weak intermolecular interactions governing the structure-property relations. We have curated a dataset containing
over 3’000 molecular crystals, their constituent molecules, and their related properties. We use it to demonstrate the use of machine-learning techniques to
estimate the stability of the crystalline structures. We use general-purpose descriptors of atomic structure and modify them to explicitly incorporate
information on the molecular nature and thermodynamics of the material. In combination with a principal covariates regression analysis that explicitly
determines the best low-dimensional representation of structure-property relations, we demonstrate how to identify the atomic motifs associated with a
strong stabilizing effect on molecular packing.

2:45 PM CH04.02.07
Spanning the 5D Space of Grain Boundaries—A Comprehensive Database of Grain Boundary Structures and Their Interface Energy Eric R.
Homer, Gus L. Hart, Derek Hensley, Jay Spendlove, Braxton Owens and Lydia Serafin; Brigham Young Univ, United States

The space of possible grain boundary structures is vast, with 5 macroscopic, crystallographic degrees of freedom that define the character of a grain
boundary. While numerous datasets of grain boundaries have been created to examine this space, none has systematically examined the full range of
possibilities. We will present a dataset of more than 4200 unique grain boundaries in the 5D crystallographic space. Our sampling includes a range of
possible microscopic, atomic configurations for each unique 5D crystallographic structure, which we refer to as metastable grain boundary structures. In
all, the number of metastable structures associated with the 4200 unique grain boundaries is over 31 million. We will present an overview of the methods
used to generate this dataset, an initial examination of the raw data, as well as methods and insights gained in machine learning of grain boundary energy
structure-property relationships.

3:00 PM CH04.02.08

Learning with Delayed Rewards—A Case Study on Inverse Defect Design in 2D Materials Suvo Banik®, Troy Loeffler?, Rohit Batra?, Harpal Singh®,
Mathew J. Cherukara? and Subramanian Sankaranarayanan?; *University of Illinois at Chicago, United States; 2Argonne National Laboratory, United
States; 3Sentient Science Corporation, United States

Defect dynamics in materials are of central importance to a broad range of technologies from catalysis to energy storage systems to microelectronics.
Material functionality depends strongly on the nature and organization of defects — their arrangements often involve intermediate or transient states that
present a high barrier for transformation. The lack of knowledge of these intermediate states and the presence of this energy barrier presents a serious
challenge for inverse defect design, especially for gradient-based approaches. Here, we present a reinforcement learning (Monte Carlo Tree Search) based
on delayed rewards that allow for efficient search of the defect configurational space and allows us to identify optimal defect arrangements in low
dimensional materials. Using a representative case of 2D MoS,, we demonstrate that the use of delayed rewards allows us to efficiently sample the defect
configurational space and overcome the energy barrier for a wide range of defect concentrations (from 1.5% to 8% S vacancies) — the system evolves from
an initial randomly distributed S vacancies to one with extended S line defects consistent with previous experimental studies. Detailed analysis in the



feature space allows us to identify the optimal pathways for this defect transformation and arrangement. Comparison with other global optimization
schemes like genetic algorithms suggests that the MCTS with delayed rewards takes fewer evaluations and arrives at a better quality of the solution. The
implications of the various sampled defect configurations on the 2H to 1T phase transitions in MoS; are discussed. Overall, we introduce a Reinforcement
Learning (RL) strategy employing delayed rewards that can accelerate the inverse design of defects in materials for achieving targeted functionality.

3:15 PM CH04.02.09
Predictive Computational Frameworks to Guide the Solid-State Synthesis of Novel Materials Wenhao Sun; University of Michigan, United States

Solid-state synthesis from powder precursors is the primary processing route to multicomponent ceramic materials. The black-box nature of the reaction
vessel typically precludes an understanding of the solid-state reaction mechanisms that govern phase evolution, leading to trial-and-error approaches to
synthesis. In the age of autonomous laboratories, better theories of materials synthesis are needed to predict and guide robotic synthesis approaches to
novel materials. Here, we combine ab initio thermodynamics with in situ synchrotron X-ray scattering and TEM to build predictive theories for which non-
equilibrium phases form during solid-state ceramic synthesis, and why. | will present examples from the ceramic synthesis of NaxMO2 (M = Co, Mn)
layered oxides [1] and also the classic high-temperature superconductor YBa2Cu306+x (YBCO) [2]. We derive an interfacial reaction model to predict the
first-phase-to-form between two powder precursors, which can consume a large fraction of the reaction energy and can topotactically template structural
transformations to other non-equilibrium intermediates. Our insights can help guide the choice of precursors and parameters employed in the solid-state
synthesis of ceramic materials, and constitutes a step forward in building predictive thermodynamics and kinetics-informed machine-learning strategies for
the autonomous synthesis of novel materials.

[1] M. Bianchini, J. Wang, W. Sun, G. Ceder et al., "The interplay between thermodynamics and kinetics in the solid-state synthesis of layered oxides"
Nature Materials 2020

[2] A. Miura, C. Bartel, W. Sun et al., "Observing and modeling the sequential pairwise reactions that drive solid-state ceramic synthesis" Advanced
Materials (2021)

3:30 PM CH04.02.10
Late News: Parsimonious Neural Networks Learn Interpretable Physical Laws Alejandro Strachan; Purdue University, United States

Machine learning is playing an increasing role in the physical sciences and significant progress has been made towards embedding domain knowledge into
models. Less explored is its use to discover interpretable physical laws from data. We propose parsimonious neural networks (PNNs) that combine neural
networks with evolutionary optimization to find models that balance accuracy with parsimony. The power and versatility of the approach is demonstrated
by developing models for classical mechanics and to predict melting temperature of materials, and performance of energetic materials from fundamental
properties. In the first example, the resulting PNNSs are easily interpretable as Newton’s second law, expressed as a non-trivial time integrator that exhibits
time-reversibility and conserves energy, where the parsimony is critical to extract underlying symmetries from the data. In the case of melting, the PNNs
not only find the celebrated Lindemann melting law, but also new relationships that outperform it in the pareto sense of parsimony vs. accuracy.

SESSION CHO04.03: Image and Spectral Analysis by Computer Vision and Related Methods |
Session Chair: Suvo Banik
Wednesday Morning, December 1, 2021
Hynes, Level 3, Room 303

10:30 AM CH04.03.01

Reconstructing the Exit Wave in High-Resolution Transmission Electron Microscopy Using Machine Learning Jakob Schiotz?, Frederik Dahl?,
Matthew Helmi Leth Larsen?, Christian Kisielowski?, Stig Helveg?, Ole Winther! and Thomas W. Hansen?; ‘Technical University of Denmark,
Denmark; 2Lawrence Berkeley National Laboratory, United States

High-resolution Transmission Electron Microscopy (HRTEM) is a powerful technique for examining matter at the atomic scale. In particular, the ability to
acquire single projection images of the sample volume in a parallel fashion employing low electron doses and dose-rates makes HRTEM attractive to
detect the atomic-scale realm of matter [1]. However, interpreting the image is not always straightforward, as images are formed by phase contrast.

A focal series of HRTEM images enables reconstruction of the exit wave function, which provides the most informative measure of the sample. A series of
typically 20-50 images acquired with varying defocus is used to numerically reconstruct the most likely exit wave, which is then interpreted as it
corresponds closely to the structure of the sample [2,3].

Here we show that a convolutional neural network is able to reconstruct the exit wave function from a focal series of only two or three images — but not
from a single image. The convolutional neural network is based on the U-Net architecture [4] and is almost the same as the one we have previously used to
identify the positions of atomic columns in single images of metallic nanoparticles [5].

We train the neural networks on simulated images. The simulated images are produced with the multislice algorithm, using pyqgstem [6], both the exit wave
function and images produced with three different values of the defocus are saved. The exit waves are then blurred slightly by folding with a gaussian, and
a neural network is trained to reconstruct the exit wave from the images. The network is validated on a different set of simulated images.

In all cases we work with thin flakes of 2D materials, although the methods should generalize to other classes of materials. We train and validate networks
based on three different types of samples of increasing difficulty. The first two are unsupported nanoflakes of molybdenum disulphide (MoS;), and
molybdenum disulphide supported on a graphene substrate. MoS; is an active catalyst for photooxidation, hydrogen evolution and hydrodesulphurization
reactions. The third type is a diverse collection of existing and proposed quasi-two-dimensional materials, taken from the Computational 2D Materials
Database (C2DB) [7]. In all cases the neural network is able to learn to reconstruct the exit wave function of the vast majority of the samples in the
validation sets.

Finally, we demonstrate that the network trained on simulated data for graphene-supported molybdenum disulphide can also be used to analyze images



from an experimental focus series taken on a sample of a realistic model of an industrial MoS; based hydrodesulphurization catalyst. The neural network is
able to reconstruct the exit wave with such fidelity that the atomic structure of both the MoS, nanoparticle and the supporting graphene is clearly recovered.

1. Kisielowski, C., Frei, H., Specht, P., Sharp, I. D., Haber, J. A., Helveg, S., Adv Struct Chem Imag 2, 13 (2016). doi:10.1186/s40679-016-0027-9

2. de Beeck, M.O., Van Dyck, D., Coene, W., Ultramicroscopy 64, 167-183 (1996). doi:10.1016/0304-3991(96)00058-7

3. Tiemeijer, P.C., Bischoff, M., Freitag, B., Kisielowski, C., Ultramicroscopy 118, 35-43 (2012). doi:10.1016/j.ultramic.2012.03.019

4. Ronneberger, O., Fischer, P., Brox, T., in: Medical Image Computing and Computer-Assisted Intervention — MICCAI 2015, pp. 234-241. Springer,
Cham (2015). doi:10.1007/978-3-319-24574-4_28

5. Madsen, J., Liu, P., Kling, J., Wagner, J.B., Hansen, T.W., Winther, O., Schigtz, J., Adv. Theory Simul. 1, 1800037 (2018). doi:10.1002/adts.201800037
6. Madsen, J., Liu, P., Wagner, J. B., Hansen, T. W., Schigtz, J., Adv. Struct. Chem. Imag. 3, 14 (2017). doi:10.1186/s40679-017-0047-0

7. Haastrup, S. et al., 2D Materials 5, 042002 (2018). doi:10.1088/2053-1583/aacfc1 See also https://cmr.fysik.dtu.dk/c2db/c2db.html

10:45 AM CHO04.03.02

Machine Learning for Information Extraction from Transmission Electron Microscopy Data Xingzhi Wang*?, Jie Li'*, Chang Yan?, Justin C.
Ondry?, Jakob Dahl*?, Teresa Head-Gordon*2, Peter Ercius? and A. Paul Alivisatos'3; *University of California, Berkeley, United States; ?Lawrence
Berkeley National Laboratory, United States; 3The University of Chicago, United States

Recent advancements in transmission electron microscopy (TEM) have significantly improved the information-richness and efficiency of acquisition of
TEM data. Traditional methods for TEM data analysis based on manual interpretations of TEM images are often found insufficient to take full advantages
of the richness of information contained in these data. Here, we will demonstrate how machine learning can be used to provide potential solutions for this
problem. First, we will demonstrate an unsupervised machine learning algorithm for classifying the shapes of gold nanoparticles from TEM images. The
algorithm is capable of extracting shape parameters of nanoparticles from TEM images, and classify the particles based on their shapes, requiring minimum
human input in the process. The algorithm’s performance will be tested on two datasets of gold nanoparticles with different morphologies, and compared to
human analysis of the same datasets to validate its accuracy and efficiency. We will show that the algorithm provides a method for efficient extraction and
interpretation of statistical morphological information of metal nanoparticles, while introducing minimum human biases into the results. We will then
demonstrate the use of machine learning to identify and track atomic movements during the oriented attachment and annealing processes of semiconductor
nanocrystals observed by in-situ TEM. We will show how advancements in the automation of electron microscope imaging has allowed the acquisition of
this dataset in high-throughput, and how machine learning can provide an efficient method to extract information from such a highly complex dataset. We
hope that the two applications we show here will serve as examples of how machine learning can be incorporated into the analysis of large and/or complex
TEM datasets, enabling the extraction of information that may not be obtainable otherwise.

11:00 AM CH04.03.04

Convolutional Neural Networks for Recognizing Superconducting Phases in Powder X-Ray Diffraction Nam Q. Le', Janna Domenico?, Eddie
Gienger, Timothy Montalbano?, lan McCue?, Alexander New?, Christine Chung?, Elizabeth Pogue,?, Tyrel McQueen? and Christopher Stiles?; *Johns
Hopkins University Applied Physics Laboratory, United States; 2Johns Hopkins University, United States

X-ray diffraction (XRD) is indispensable in high-throughput materials screening, both for confirming the synthesis of expected phases and for revealing
new structures in unexplored material systems. As a case study, samples synthesized from binary and ternary intermetallic systems were screened for A15-
type phases based on XRD measurements. These compositions span both known and unknown phase diagram compositions. Many A15 phases are Type-I|
superconductors at comparatively high temperatures relative to other metallic alloys, motivating a hypothesis that screening novel A15 phases will lead to a
high proportion of novel superconductors. A bottleneck in this approach is identification of relevant phases from the XRD patterns, which, even using
current software, requires human intervention and is thus not suitable for fully automated workflows. We report results of a convolutional neural network
(CNN) trained to classify A15-like phases based on a large database of synthetic data with simulated noise, and show strategies needed to address class
imbalance challenges intrinsic to identification of single classes of phases. This enables high-throughput sample screening and allows focusing of human
time only on the most interesting materials. These approaches can extend readily to other materials discovery settings where properties are strongly tied to
particular phases that are distinguishable based on XRD patterns.

SESSION CHO04.04: Al for Materials Design |
Session Chair: Suvo Banik
Wednesday Afternoon, December 1, 2021
Hynes, Level 3, Room 303

1:30 PM *CHO04.04.02
Materials Project and Data-Driven Materials Design Kristin A. Persson'?; *UC Berkeley, United States; 2Lawrence Berkeley National Laboratory,
United States

The powerful combination of supercomputing resources, robust algorithms for solving the laws of physics and state-of-the-art software infrastructure are
enabling rapid, systematic calculations of real materials properties from quantum mechanics across chemistry and structure. A result of this paradigm
change are databases like the Materials Project (www.materialsproject.org) which is charting the properties of all known inorganic materials and beyond,
designing novel materials and offering the data free of charge to the community together with online analysis and design algorithms. The growing body of
available, reliable data has reached the stage where automated learning algorithms can be effectively trained and utilized to accelerate all aspects of the
materials design cycle: from property prediction to materials synthesis and characterization. In 2021, the Materials Project has rolled out a completely
revamped infrastructure to meet growing demands on data accessibility and user experience. A stand-alone data portal has been launched for community
data contributions, which is designed to automatically connect contributed materials data with the organization and users of the Materials Project. We will
present the new infrastructure and exemplify the approach of data-driven materials design using in-house case studies as well as community-driven
research. The data spans design, characterization and synthesis - closing the loop and showcasing rapid iteration between ideas, computations, insight and
new materials development.

2:00 PM CHO04.04.03
Enhancing Discovery and Characterization of Materials Far From Equilibrium with ML Duncan Sutherland?, R. Van Dover?, Carla Gomes?,
Michael O. Thompson?!, Maximilian Amsler?, Aine Connolly?, Sebastian Ament!, John M. Gregoire? and Ming-Chiang Chang?; *Cornell University,



United States; 2California Institute of Technology, United States

Materials processed under conditions that are far from equilibrium can yield new metastable materials with uncommon and valuable properties. Exhaustive
exploration of the material space is often intractable due to the many synthesis degrees of freedom, e.g., processing time, temperature, and multiple
composition variables. To explore this complex space most efficiently, our workflow employs high-throughput experimentation along with powerful
machine learning algorithms. Our experiments consist of lateral gradient laser spike annealing of thin films characterized by micron scale analytics. To
rapidly interpret these data, we use a combination of complementary active learning schemes: Gaussian process regression to map out phase boundaries
and NMF/compressive sensing to label phases where possible. For a wide range of material systems (oxides, nitrides, and chalcogenides), we demonstrate
the richness of the processing phase diagrams and identify methods to address the challenges that arise when executing completely autonomous
interpretation.

2:15 PM CH04.04.04

CASTING—A Continuous Action Space Tree search for INverse desiGn Suvo Banik?, Srilok Srinivasan?, Troy Loeffler?, Sukriti Mannat, Rohit
Batra?, Henry Chan?, Pierre Darancet? and Subramanian Sankaranarayanan®*; ‘University of Illinois at Chicago, United States; 2Argonne National
Laboratory, United States

The most common and popular methods for structure search and optimization are based on evolutionary design. This can often be cumbersome, limited to
few tens of parameters, and fails for large structural configurations or design problems with high degrees of freedom. Reinforcement learning approaches
mostly operate in discrete action space such as in Go game but the applications of that to inverse problems is limited since most inverse problems deal with
continuous action space. There are a large number of inverse structural search problems ranging from crystal structure search in material sciences to
topology design in Quantum information, where it is highly desirable to optimize structure/configuration to target desired properties or functionalities. This
talk will provide an overview of our current efforts to perform scalable crystal structure search to discover and design metastable or non-equilibrium phases
with desired functionality. We will demonstrate select use cases that highlight the efficacy of CASTING for molecular, crystal structure, defects, topology,
device, and component design.

2:30 PM CH04.04.05
Discovery of Novel Inorganic Crystal Structures via Generative Adversarial Networks. Taylor D. Sparks, Michael Alverson and Ryan Murdock; Univ
of Utah, United States

The idea of material discovery has excited and perplexed scientists for centuries. Several methods have been employed to find new types of materials,
ranging from replacement of atoms in a crystal structure to advanced machine learning methods for predicting entirely new crystal structures. In this work,
we investigate the performance of various Generative Adversarial Network (GAN) architectures to find innovativee ways of generating theoretical crystal
structures that are synthesizable and stable. Over 300,000 entries from Pearson’s Crystal Database are used for the training of each GAN. The space group
number, atomic positions, and lattice parameters are parsed and used to construct an input tensor for each of the network architectures. Several different
GAN layer configurations are designed and analyzed, including Wasserstein GANs with weight clipping and gradient penalty, in order to identify a model
that can adequately discern symmetry patterns that are present in known material crystal structures.
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CHO04.05.02

Understanding Gold Nanorod Synthesis from Experiments and Literature Using Quantitative Analysis of Plasmonic Absorption Spectra Samuel
P. Gleason?, Jakob Dahl*, Mahmoud Elzouka?, Xingzhi Wang?, Sean Lubner?, Ravi Prasher? and A. Paul Alivisatos'; ‘University of California, Berkeley,
United States; 2Lawrence Berkeley National Laboratory, United States

Gold nanorods (AuNRs) have found applications in cancer imaging and treatment, catalysis, and solar technology due to their size dependent and highly
tunable optical properties. The utilization of these applications requires the synthesis of AuNRs of specific sizes and shapes. The determination of the sizes
and shapes of AuNRs produced by a colloidal synthesis is commonly achieved using TEM analysis. This procedure requires a significant time investment
and expensive instrumentation to attain the volume and quality of images necessary to produce statistically significant distributions. Our method extracts
quantitative information about AuNR size distributions from absorption spectra. We treat an absorption spectrum as a linear combination of single particle
spectra, and use numerically simulated spectra to determine the length, diameter, and aspect ratio distributions of simulated AuNRs which reproduce the
experimental spectrum. This model has been used as an automated tool on AuNRs synthesized using robotic high throughput synthesis, which utilizes a
modified one step seedless AUNR synthesis procedure. The accuracy of this model is verified using TEM analysis of samples of this dataset and by the
extraction of well labeled spectra from the AuNR synthesis literature. This project demonstrates an effective method to extract population level size
distribution information from a colloidal nanocrystal sample. Through using this model on high throughput samples and literature spectra where
quantitative information about the size distributions is unknown, the quantitative impact of synthetic procedure on the size distributions of AuNRs can be
determined, further developing the fundamental knowledge of AuNR synthesis. In principle, this approach can be extended to any other nanocrystal system
where the absorption spectra are size dependent and accurate numerical simulation of the absorption spectra is possible.

CHO04.05.04

Real-Time 3D Analysis During Tomographic Experiments on tomviz Jonathan Schwartz', Chris Harris?, Jacob Pietryga®, Huihuo Zheng?, Prashant
Kumar*, Anastasiia Visheratina*, Nicholas Kotov*#, Yi Jiang®, Marcus D. Hanwell® and Robert Hovden'*; *University of Michigan, United

States; ?Kitware, United States; 3Argonne National Laboratory, United States; “University of Michigan-Ann Arbor, United States; *Brookhaven National
Laboratory, United States

Three-dimensional (3D) characterization across the nanoscale is now possible using scanning / transmission electron microscopes (S/TEM). Unfortunately,
tomographic reconstructions can take one to several days to complete depending upon the dataset size or algorithm(s) employed. Even worse, the
reconstruction occurs offline, long after all the data has been collected, preventing immediate interpretation during an ongoing experiment. While



advancements in detector hardware have boosted throughput with digital data collection, substantial human effort and computational resources are still
required to process the deluge of raw data. Thus, it has been a longstanding goal to begin 3D analysis of specimens in real-time allowing immediate
assessment of nanoscale structure. Continuous 3D feedback provides early diagnosis of specimens to bridge material synthesis with accelerated
characterization. Achieving high-throughput electron tomography requires an integrated pipeline that links the microscope hardware to optimized
reconstruction algorithms and efficient 3D volumetric visualization. Moreover, this pipeline should be multi-threaded to run dynamic visualizations that
updates as new data is collected or reconstruction algorithms proceed.

Here we present interactive 3D visualization that seamlessly runs while experimental projections are collected in an electron microscope using the tomviz
platform (www.tomviz.org). Tomviz presents 3D materials structure to scientists in real-time enabling high-throughput specimen interpretation with
immediate tomogram visualization. During the experimental acquisition, tomviz monitors for new projections which are continuously appended into the
reconstruction process. After a reconstruction updates, tomviz immediately renders the 3D volume. We demonstrate real-time tomography on a helical
nanoparticle comprised of a Cysteine amino-acid coordinated with Cadmium (Cys/Cd). The specimen’s left-handed chirality is discerned in the first twenty
minutes and a high-resolution volume is available within 50% of the experiment (20-30 minutes). Real-time tomography demands maximally efficient
computational speed to ensure the optimization runs faster than the experimental data acquisition rate. Tomograms are reconstructed in parallel with data
acquisition and a high-quality 3D reconstruction is available before the experiment ends. Tomviz contains novel real-time algorithms that are compatible
with high-performance computing clusters to produce and visualize large 3D volumes (>1024 voxels).

The multithreaded pipeline in tomviz enables interactive 3D analysis of the current reconstruction state with minimal impact on performance. A robust
graphical interface allows for 3D objects to be rendered as shaded contours or volumetric projections and these objects can be rotated, cropped, or sliced as
the reconstruction evolves. Thus, scientists can go beyond superficial inspection to quantify specimen features or internal structure while simultaneously
operating the microscope. This immediate feedback can save researchers days of effort as reconstructions are no longer processed offline.

Tomviz offers unparalleled electron tomography throughput with real-time 3D analysis — it is an open-source repository that is available to all institutions
for download at www.tomviz.org

CHO04.05.05
Identifying Unknown Organic Molecules in Atomic Force Microscopy Images Through Deep Generative Models Fabio Priante?, Niko Oinonen?,
Fedor Urtev! and Adam Foster'?; Aalto University, Finland; 2Nano Life Science Institute (WPI-NanoLSI), Kanazawa University, Japan

The use of functionalized tips in Atomic Force Microscopy (AFM) has enabled the investigation of organic molecules with atomic resolution [1]. To more
easily interpret the resulting images - which is often a non-trivial task, even for experts - a machine-learned approach based on Convolutional Neural
Networks (CNN) has been recently proposed [2]. This method associates unique descriptors to a high-resolution AFM image, allowing automatic
extraction of the spatial configuration of the molecule being probed, even for highly three-dimensional cases.

However, if no previous knowledge is available about the identity of the molecule in question, it is very difficult to draw meaningful conclusions.

Here, we approach the problem of recognizing both the identity and the configuration of unknown molecules in high-resolution AFM by using the CNN-
extracted descriptors to guide the latent space optimization of a deep generative model for molecular graphs.

These models have seen a rapid development over the past few years, as a way to generate plausible small-molecule drug candidates [3]. Usually, once a
generative architecture has been trained to reproduce sufficiently well the distribution of the training data (e.g. the QM9 dataset), optimization of the
model’s latent space can then be carried out to maximize a property of interest, such as drug-likeness, obtaining a list of best candidates.

In the context of AFM, we optimize the latent space of a state of the art generative model using a score which gives the alignment of each generated
molecule with the original CNN-extracted descriptors. As a result, a ranked list of best-fit, chemically valid molecules is proposed as possibly underlying
the starting AFM image.

[1] - Gross L., Mohn F., Moll N., Liljeroth P. and Meyer G. 2009 Science 325 1110
[2] - Alldritt B., Hapala P., Oinonen N., Urtev F., et al 2020 Science Adv 6 6913
[3] - Gbmez-Bombarelli R. et al., 2018 ACS Cent Sci 4 268-276
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10:30 AM CH04.06.01

Elucidating the Weakly Reversible Cs—Pb-Br Perovskite Nanocrystal Reaction Network with High-Throughput Maps and Transformations Jakob
Dahl*?2, Xingzhi Wang'?, Xiao Huang?, Emory Chan? and A. Paul Alivisatos'?; *University of California, Berkeley, United States; 2Lawrence Berkeley
National Laboratory, United States

Advances in automation and data analytics can aid exploration of the complex chemistry of nanoparticles. Lead halide perovskite colloidal nanocrystals
provide an interesting proving ground: there are reports of many different phases and transformations, which has made it hard to form a coherent
conceptual framework for their controlled formation through traditional methods. In this work, we systematically explore the portion of Cs—Pb—Br
synthesis space in which many optically distinguishable species are formed using high-throughput robotic synthesis to understand their formation reactions.
We deploy an automated method that allows us to determine the relative amount of absorbance that can be attributed to each species in order to create maps
of the synthetic space. These in turn facilitate improved understanding of the interplay between kinetic and thermodynamic factors that underlie which
combination of species are likely to be prevalent under a given set of conditions. Based on these maps, we test potential transformation routes between
perovskite nanocrystals of different shapes and phases. We find that shape is determined kinetically, but many reactions between different phases show
equilibrium behavior. We demonstrate a dynamic equilibrium between complexes, monolayers, and nanocrystals of lead bromide, with substantial impact
on the reaction outcomes. This allows us to construct a chemical reaction network that qualitatively explains our results as well as previous reports and can
serve as a guide for those seeking to prepare a particular composition and shape. The dataset shown here is openly accessible, has already resulted in
several-follow on publications and has been used in a classroom setting to help undergraduate students learn how to explore questions at the intersection of
materials chemistry and data analytics.



10:45 AM CHO04.06.02
Predicting Synthesizability of Double Perovskite Halide via Machine Learning Joonchul Kim; Soongsil University, Korea (the Republic of)

Double perovskite structure has brought significant attention due to its great potentials for applications of rechargeable batteries, lighting-devices, and
energy harvesting materials. Despite of its importance, it is difficult to find the thermodynamically stable structure satisfying target properties due to its
enormous chemical space. Conventionally, the tolerance factor is used to predict the stability of the perovskite materials, but its usage has not been fully
validated for the double perovskite structures. For example, the halide-type double perovskite structures have demonstrated exceptional physicochemical
properties, but its search space is enormous; the chemical formula of the halide-type of double perovskite is ABB’X3 and the number of atomic elements,
which can locate at A and B site, reaches 70 and 4 elements to X site, leading to 1,400,000 structures. In this regard, applying the high-throughput materials
screening to this type of material cannot be performed with the conventional method such as experiments or ab initio calculations.

In this study, to overcome above-mentioned issues, machine learning algorithm is employed to search for new stable double perovskite halide materials.
First, the inorganic materials properties are adopted from well-established Materials Project database and double perovskite oxide database that we
constructed in our previous work and they are used as a training set (around 120,000 structures and 11,000 double perovskite oxide). Then, the chemical
features are constructed to describe given materials. We used the regression as well as the classification method for optimizing the surrogate model.
Finally, trained machine learning model is applied to the whole chemical space of the double perovskite halide material (13,542 structures; they are chosen
based on previous tolerance factor for validation of the current model). Initially, the prediction accuracy for the formation energy was obtained to be r-
squared score of 0.77 and RMSE of 0.399 (eVV/atom) when trained only with previous data sets. Finally, to further improve the prediction accuracy more
efficiently, we employed the optimization method; exploration by quantifying the prediction uncertainty. This method clearly validated that the r-squared
value is increased to 0.90, only by adding 6.5% of selected halide data to the training data.

In this study, the actual formation energy and convex hull energy of the Double perovskite candidate material were calculated using DFT. Machine
learning models performed using DFT computational results were successfully able to predict formation energy and convex hull energy of double
perovskite halide.

11:00 AM CHO04.06.03
“Big Data” Characterization of Material Properties and High Temperature Kinetics James Horwath?, Peter \Voorhees? and Eric A. Stach?; *University
of Pennsylvania, United States; 2Northwestern University, United States

Deactivation of supported metal nanocatalysts under harsh reaction conditions limits the feasibility and efficiency of important industrial reactions. High
reaction temperatures and reactive environments enable nanoparticle evolution to reduce the particles’ high surface energy, while simultaneously reducing
the number of available reaction sites and catalytic activity overall. While research aimed to describe coarsening and degradation processes in nanoscale
systems has been undertaken for decades, the difficulty of in situ observation and the analysis of in situ experimental data has inhibited the development of
a theory which comprehensively describes the evolution of supported nanoparticles.

With the goal of understanding coarsening and degradation kinetics in model catalyst systems, we used in situ Transmission Electron Microscopy (TEM) to
track the evolution of supported gold nanoparticles heated to 900C under vacuum. Using unsupervised machine learning to automatically process TEM
images, nanoparticles sizes and positions as a function of time were extracted from experimental images. Using detailed characterization from both
ensemble- and particle-scale measurements, we present an analytical model describing nanoparticle degradation as a competition between evaporation into
the surrounding vacuum and diffusion between particles along the support. Moreover, we can fit our model to the evolution trajectories of hundreds of
individual nanoparticles to determine statistically validated values for fundamental physical properties such as the diffusion coefficient, solid-vapor surface
energy, and the equilibrium vapor pressure for gold nanoparticles at high temperature. By comparing these values with literature references, and thereby
affirming the validity our model, we can investigate the physical meaning of the remaining parameters which are not measurable by traditional
experimental methods. As an example, we are able to use our rich dataset describing nanoparticle evolution to characterize mean diffusion distances for
gold adatoms on the silicon nitride support to show that, while nearest neighbor interactions dominate the role of diffusion in nanoparticle growth, there is a
measurable contribution for long range interactions across the system of supported particles. This finding demonstrates how a traditional mean-field kinetic
model paired with novel data analysis methods can yield results which could not be obtained by either method alone and motivates further study into new
physical models which can describe coarsening and evaporation without relying on mean field assumptions.

11:15 AM CH04.06.05
Reconstruction of Low-Index Au Surfaces Using Large-Scale Machine Learning Molecular Dynamics with Many-Body Bayesian Force
Fields Cameron J. Owen, Lixin Sun, Yu Xie and Boris Kozinsky; Harvard University, United States

Gold surfaces have a long history of microscopic studies due to their propensity to reconstruct in complex patterns depending on the terminating surface
facet and the environment (temperatures and atmosphere). However, the details of restructuring processes and metastable intermediate structures, which
could be critical for catalytic reactions, remain unknown due to the limits of microscopy time resolution and accuracy of classical force field simulations.

This work demonstrates a robust many-body Bayesian potential trained with an on-the-fly active learning framework implemented using Gaussian process
regression in the FLARE code [1]. The active learning module uses molecular dynamics (MD) simulations of low-index surfaces to sample important
configurations and runs density functional theory (DFT) calculations when the prediction Bayesian uncertainty exceeds a threshold. The trained Bayesian
force field is then used to perform a large-scale MD to study surface diffusion and reconstructions of various surface facets, e.g., semi-hexagonal
reconstruction on (100), Herringbone reconstruction on (111), and missing-row reconstruction on (110).

[1] J. Vandermause et al, NPJ Computational Materials 6 (2020).
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1:30 PM *CHO04.07.01
Structure Discovery in Atomic Force Microscopy Adam Foster'?; tAalto University, Finland; ?Kanazawa University, Japan



Atomic force microscopy (AFM) with molecule-functionalized tips has emerged as the primary experimental technique for probing the atomic structure of
organic molecules on surfaces [1]. Most experiments have been limited to nearly planar aromatic molecules, due to difficulties with interpretation of highly
distorted AFM images originating from non-planar molecules [2]. Here we develop a deep learning infrastructure that matches a set of AFM images with a
unique descriptor characterizing the molecular configuration, allowing us to predict the molecular structure directly in a few seconds on a laptop [3]. We
apply this methodology to resolve several distinct adsorption configurations and conformations of molecules based on low-temperature AFM
measurements. In general, we find high success rates in predicting the atomic and chemical structure of molecules. This approach opens the door to apply
high-resolution AFM to a large variety of systems for which routine atomic and chemical structural resolution on the level of individual objects/molecules
would be a major breakthrough. We also look at applications of similar approaches to the imaging of biomaterials and AFM imaging in liquids.

[1] N. Pavli¢ek and L. Gross, Nat. Rev. Chem. 1, 0005 (2017)
[2] P. Jelinek, J. Phys.:Condens. Mat. 29, 343002 (2017)
[3] B. Alldritt, P. Hapala, N. Oinonen, F. Urtev, O. Krejci, F. F. Canova, J. Kannala, F. Schulz, P. Liljeroth, and A. S. Foster, Sci. Adv. 6 (2020) eaay6913

2:00 PM CH04.07.03
Autonomous Identification of X-Ray Diffraction Spectra Using Probabilistic Deep Learning Nathan Szymanski®?, Christopher Bartel*2, Yan Zeng?,
Qingsong Tu? and Gerbrand Ceder®?; tUniversity of California, Berkeley, United States; 2Lawrence Berkeley National Laboratory, United States

To enable the development of self-driving laboratories and their application to the synthesis of inorganic materials, we designed a deep learning approach
that automates the analysis of diffraction spectra and identifies chemical reaction products. Using a convolutional neural network, our model was trained on
simulated spectra that were augmented with physics-informed perturbations to account for possible experiments artifacts left over from sample preparation
and synthesis. These diffraction spectra were derived from experimentally reported phases as well as hypothetical solid solutions with off-stoichiometric
compositions. For the analysis of spectra obtained from mixtures of materials, we developed a branching algorithm to evaluate suspected mixtures and
identify the set of phases that maximize the probabilities given by the neural network. Our model was tested on simulated and experimental data from
materials in a five-component system, achieving accuracies up to 92% and 87% for the identification of single- and multi-phase spectra, respectively.
These results show an improvement greater than 10% when compared to previously reported methods based on profile matching and deep learning. To
extend the application of our approach to arbitrary sets of materials, we provide a software suite that facilitates the training of new models, which we hope
may be used to automate the characterization step in high-throughput and autonomous experimental workflows.

2:15 PM CH04.07.04
High-Fidelity Retrieval of Nanoscale Short-Range Order Distribution in GeSn Alloys Guided by Statistical Methods in Atom Probe
Tomography Shang Liu, Alejandra V. Covian, Cory T. Cline and Jifeng Liu; Dartmouth College, United States

GeSn alloys on Si have been an attractive research area given their capability to engineer the bandgap for mid-infrared applications and compatibility with
Si-based integrated circuits. Recently, short-range order (SRO) in GeSn alloys has been theoretically predicted [1] especially for >15 at.% Sn composition,
which profoundly impacts the band structure of GeSn alloys. In principle, atom probe tomography (APT) is a powerful experimental technique to study
SRO (e.g., via radial distribution function, RDF) by offering 3D atomic reconstruction of the alloy. In reality, however, high-fidelity retrieval of lattice
information and accurate RDF has been limited to metals [2,3]. Deriving SRO of semiconductors alloys from APT has been a significant challenge due to
larger measurement error in atomic positions as well as lower detection efficiency compared to elemental metals. In fact, the APT data of semiconductor
alloys resembles a significantly perturbed lattice, and ~50% of the atomic sites are empty due to the limited detection efficiency. Therefore, one can no
longer identify the lattice from the raw APT data. Currently, SRO analyses in alloys are limited to relatively crude methods such as artificially cutting a line
midway between the theoretical distances of the k th and (k+1) th nearest neighbor shells to accommodate the perturbed atomic positions [4]. To overcome
this limit and retrieve SRO at high fidelity, here we demonstrate a new method that only requires the input of crystal structure to derive SRO in GeSn
alloys from the nonideal APT data by combining Poisson distribution and k-nearest neighbors (KNN) analysis. This approach establishes a statistical
correlation between the nominal KNN directly obtained from the nonideal APT data to the true KNN shell for diamond cubic structure, thereby regrouping
the former to reconstruct the latter at high fidelity. Lattice constants can also be derived using an iterative approach given the crystal structure. We
demonstrate that our method can retrieve lattice constants with ~1.5% accuracy from the APT data of Ge and GeSn alloys. For GeSn alloys, we define
SRO parameter a<NNg, s, as the probability for a Sn atom to have another Sn atom in the true KNN shell divided by the Sn at.% in the same region. For
example, o¥"Ng, s,>1 indicates more Sn-Sn clustering than a random alloy. This way, we were able to study nanoscale SRO distribution along the depth of
the GeSn thin films. Our study shows that o/ NNg, s, decreases from 1.052+0.051 to 1.026+0.045 as the depth increase from 150 to 800 nm under the
surface, with 18 10 nmx10 nmx10 nm blocks examined at each depth. These results indicate more preference towards Sn-Sn clustering near the surface
where the Sn composition is higher due to strain relaxation [5]. The discovery of a relatively large fluctuation in SRO in GeSn, together with the theoretical
prediction of large band structure variation with SRO, explains why the photoluminescence (PL) peaks are broad even at low T for GeSn (i.e., width
>>k,T). Furthermore, we propose an algorism based on least square fit to rearrange atoms to nearby perfect lattice sites, which show a very good
consistency with the aforementioned results before rearrangement. A great advantage of APT-based SRO analyses is that we can map the SRO at nanoscale
in a relatively large region with millions of atoms (e.g., 30x30x800 nm?3), while other methods either give an average (EXAFS) or only analyze a very small
region (STEM). Our method can be extended to other material systems such as high-entropy alloys.

[1] Cao, B., et al. ACS Applied Materials & Interfaces 12, 51, (2020): 57245-57253.

[2] Gault, B., et al. Microscopy and Microanalysis 16.1 (2010): 99-110.

[3] Geiser, B.P., et al. Microscopy and Microanalysis 13.6 (2007): 437-447.

[4] Ceguerra, A. V., et al. Acta Crystallographica Section A: Foundations of Crystallography 68.5 (2012): 547-560.
[5] Dou, W., et al. Scientific reports 8.1 (2018): 1-11.

2:30 PM CHO04.07.05

Machine-Learning Prediction of Structural Transition Temperature in Multicaloric MTX Alloys with Model Interpretability Analysis Timothy
Hartnett!, Vaibhav Sharma?, Radhika Barua? and Prasanna Balachandran®*; *University of Virginia, United States; 2Virginia Commonwealth University,
United States

The global rise of environmental concern has highlighted the need to switch from harmful vapor-compression-based cooling technologies to more friendly
options. Solid-state cooling devices based on multicaloric materials are one promising option. Multicaloric materials undergo a reversible thermal change
driven by more than one external energy source. One promising multicaloric materials family of interest is the intermetallic MTX compounds.

The MTX materials [where M = transition metal (Mn, Fe, Ni, Co); T = transition metal (Mn, Fe, Ni, Co); X = main group p-block element (Si, Ge, Sn, Al,
Ga)] undergo a martensitic phase transition from the low temperature, martensitic Pnma (TiNiSi-type) phase to the high temperature, austenitic P6s/mmc
(Ni2In-type) phase. Nominally, in the stoichiometric parent compound, MnNiSi, the martensitic phase transition (Tm) occurs at 1200 K. The Pnma phase is



also ferromagnetic and has a Curie temperature (T¢) of 662 K. Through alloying with other transition metals and p-block elements, Tr, and T, can be tuned
to coincide resulting in a hysteretic magnetostructural phase transformation that is first-order in thermodynamic character There is significant interest in
identifying alloy compositions where the magnetostructural transition temperature (T;) is observed near room temperature with minimal hysteresis so that
devices can be built with maximum cooling efficiency.

Here, we develop a data-driven machine learning (ML) approach to predict the T; and hysteresis of solid solutions of MTX alloys. We compiled a dataset
of experimentally synthesized and characterized MTX solid solutions from surveying the published literature. We represented each composition using three
sets of features: (1) compositions, (2) elemental descriptors, and (3) those generated from density functional theory calculations. Four separate ML methods
were considered for regression (1 linear, 3 non-linear), and the best method was selected based on test set performance quantified by R? goodness-of-fit.
The top-performing model was then validated experimentally on new solid solutions.

In addition to prediction, we also implemented a novel post hoc interpretability technique to understand model behavior. Typically, many ML algorithms
are treated as black-box models. While ML-based approaches have been demonstrated to optimize materials design and discovery, the lack of model
interpretability means that it is very difficult to extract valuable scientific insights from the trained models. To address this problem, we implement a
common model interpretability technique, global feature importance, along with less common, local instance-level variable attribution techniques. The
results show that the model prioritizes features that are known to impact the Ty in the system. The results of the local analysis also show that the variable
attribution varies significantly for different compositions highlighting the limitations of global feature importance.

2:45 PM CH04.07.06
Time-Resolved Phase Formation Studies Inform Machine Learning Algorithms During Autonomous Materials Discovery Aine Connolly, Ming-
Chiang Chang, Katie Gann, Maximilian Amsler, Duncan Sutherland, Michael O. Thompson and R. Van Dover; Cornell University, United States

High-throughput experimentation today explores not only compositional space, but also process space. In our work, we use micro- to milli-second thermal
processing to synthesize metastable phases in binary and ternary systems, and a combination of optical spectroscopy and synchrotron x-ray diffraction
(XRD) to characterize them. However, post-processing analysis constrains understanding to the terminal structures only, without identifying transient
structures that may develop during synthesis. The search for autonomous materials using ML and Al algorithms would be enhanced by incorporating time-
resolved information regarding the phase evolution alongside the characterization of the final phases.

The unique experimental characteristics of the lateral-gradient Laser Spike Annealing technique allows this temporal structural evolution to be mapped
onto a spatial dimension, enabling a wide range of characterization techniques. For initial studies, optical imaging has been used to track the phase
formation sequence as a function of both time and temperature during IgLSA in materials such as Bi,O3; and Ga,Os, In single-composition Bi,Os3, for
example, initial nucleation of the 8 phase occurs early during heating with transformation to the § phase also observed during the temperature ramp; in this
system, no subsequent transformations have been identified during cooling to ambient conditions. Behaviors across a number of binary systems will also be
discussed. Ultimately, these data can be integrated into closed-loop experiments to inform the autonomous search for new materials.

3:00 PM CH04.07.07
Late News: Analytical Methods to Characterize Dynamics of Individual Dislocations with DFXM Leora E. Dresselhaus-Marais; Stanford University,
United States

Dislocation boundaries dominate the multiscale structure and properties of metals, setting the complex dynamics that determine how they respond to
external stresses or heating. Characterization of these intricate multiscale dynamics is extremely difficult at the single-dislocation level, due to experimental
and analytical challenges. Dark-field X-ray microscopy (DFXM) was recently demonstrated to resolve the dynamics of populations of deep subsurface
dislocations at the single-dislocation level, but challenges persist in assigning the positions and character. We have developed a suite of computer-vision
methods to identify and track dislocations in DFXM movies collected on single-crystal aluminum during annealing. This talk will present our new methods
and the opportunities they hold to quantify statistically significant defect dynamics in crystalline materials at the mesoscale.

3:15 PM CH04.03.03
Deep Learning-Based Analysis of Optical and Morphological Properties of Chiral Micron-Scale Helices Anastasiia Visheratina®, Alexander
Visheratin?, Prashant Kumar® and Nicholas Kotov!; tUniversity of Michigan—Ann Arbor, United States; 2Beehive Al, United States

Chiral nano- and micron-scale inorganic structures have potential in many technological fields, including biosensing, chiral catalysis, enantioselective
separation, and quantum computing. While they have numerous unique physico-chemical properties, their ability to exhibit high chiroptical activity is the
key characteristic that spurs research in this area. To date, many researchers are focused on the development of materials with hierarchical chirality since
the combination of nano-, meso-, and micron-scale chiral elements in one structure can allow to rotate light polarization in a wide spectral range. However,
top-down approaches, such as ion-beam lithography, extensively used for growing such helices, are limited for the fabrication of nanoscale elements and
have a low mass production efficiency. Also, there is a need for novel methods for the structural characterization of chiral nano- and micron-scale inorganic
structures.

Here we developed a facile bottom-up approach for the formation of microscale helices of bowtie shape. Depending on the enantiomer of chiral molecules
used, bowties have a right- or left-handed twist with 100% enantiomeric excess. Transmission electron microscopy of bowties allowed to establish that
bowties are self-assembled from nanoparticles with 3.4 nm diameter that are then arranged into stacked twisted nanosheets. The latter have a thickness of
about 100 nm and a 50 nm separation between each other. Careful adjustment of synthesis conditions allows growing bowties with desired length, width,
thickness, and twist, which, in turn, lead to the strong chiroptical activity that could be carefully tuned in a from UV-Vis to NIR spectral range.
Computations of bowties chiroptical activity have shown that the circular dichroism and g-factor spectra blue-shift as the pitch of bowties decreases.
Varying synthesis conditions, we synthesized more than 600 different samples and obtained more than 1200 scanning electron microscopy (SEM) images
to study their nucleation, growth, and final morphology. Analysis and characterization of SEM images can be significantly improved and fastened by using
artificial intelligence approaches. We developed a convolutional neural network model for the recognition of bowties on SEM images and the
determination of their handedness (right-handed, left-handed). Our next step is to advance the model and make it able to calculate the enantiomeric excess
of bowties and their dimensions.

Also, to predict the optical properties based on the concentrations of chemicals used, we developed a multi-layer fully connected neural network. The
approach that was chosen is to model target parameters independently to get better accuracy. The model has four hidden layers with the following number
of neurons in each - 400, 2000, 1000, 400. The developed neural network allows to predict bowties parameters (length, width, thickness, and twist angle)
and their optical properties (circular dichroism peak wavelength and g-factors) with good accuracy.

We believe that these results open new horizons for designing, characterization, and engineering of chiroptical materials and metamaterials with a strong
and tunable polarization rotation essential for multiple emerging technologies.
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8:00 AM CHO04.08.01
Low-Uncertainty Condensation Heat Transfer Characterization Using Intelligent Vision Siavash Khodakarami and Nenad Miljkovic; University of
Illinois at Urbana-Champaign, United States

Vapor condensation is of great significance to a plethora of applications such as power generation, thermal management, and water desalination. Over the
past century, many hydrophobic coatings have been developed to promote dropwise condensation (DWC) on surfaces of interest. DWC on hydrophobic
coatings is preferred as it has heat transfer coefficients (HTC) one order of magnitude higher than filmwise condensation (FWC) on an uncoated surface.
Quantification of the heat transfer performance during condensation is normally done in vacuum systems to limit the presence of the non-condensable
gases (NCG), and to enable high-fidelity temperature measurements for heat transfer quantification. Numerous difficulties exist with these classical
techniques mainly related to the high uncertainties in the measured heat flux and calculated HTC when proper experimental conditions are not used. Here,
we demonstrate a visualization-based method for rigorous and high-fidelity heat transfer characterization during DWC. State-of-the-art computer vision
techniques are used to extract physical features which are used to predict the heat transfer performance of hydrophobic tubes undergoing DWC. We
demonstrate the utility of our visual approach by using it to estimate the local axially-varying heat flux on a tube with spatially varying wettability without
using any temperature measurement. Unlike classical methods, we demonstrate that our method has a fixed heat flux estimation uncertainty of 13% of the
measured value. In contrast, we show that the measurement uncertainty of classical techniques is a function of sensor uncertainty, geometrical parameters
such as length and diameter of the sample, and the heat flux itself, and is generally several times higher than the uncertainty associated with our vision-
based method. Our visualization-based method does not require high-speed imaging and can be applied with regular 30 FPS imaging. Our computer-vision
method demonstrates significant utility for conditions where conventional temperature-based methods fail such as DWC with short or small diameter
tubing, experiments with laminar cooling flows, small heat flux condensation, or obtaining local heat flux measurements.

8:15 AM CH04.08.02

Towards Automation of Particle Size Distribution Analysis of Catalyst Layers for Polymer Electrolyte Fuel Cells André Colliard Granero'?,
Mohammad Javad Eslamibidgolit, Mariah Batool?, Jasna Jankovic?, Michael Eikerling' and Kourosh Malek?; *Forschungszentrum Jiilich,
Germany; 2University of Cologne, Germany; The University of British Columbia, Canada

Accelerating the development of electrochemical devices is pivotal for the societal shift towards a sustainable and de-fossilized energy economy. Imaging
is crucial to quantify structural characteristics of materials, as well as to detect and monitor structural changes during fabrication and normal operating
cycles of the device (battery, fuel cell, electrolysis cell). The escalating use of imaging infrastructure in the energy materials domain drives a significant
growth of data in terms of their amount and complexity. This leaves the applications of standard machinery for image processing often ad hoc,
indiscriminate, and empirical which in turn makes the quantification metrics for analysis elusive. Moreover, the use of standard techniques for materials
characterization is expensive, slow and often involves several pre-processing steps. In this contribution, we present a deep learning-based approach to
automate the analysis of particle size distribution (PSD) from Transmission Electron micrographs (TEM) of carbon supported catalyst electrodes for
Polymer Electrolyte Membrane (PEM) Fuel Cells or PEM electorlyzers. The catalyst layer components are fabricated based on catalyst nanoparticles (e.g.
Pt) on a high-surface-area carbon support material. The automation was enabled via a multi-step approach based on supervised learning, by 1. manual
annotation of TEM images [1], 2. training a U-Net model for instance segmentation [2] of catalyst nanoparticles, followed by 3. employing computer
vision techniques for the diameter measurement of individual particles and 4. generating particle size distribution plots. Results on the validation set are in
well agreement with PSD analysis by our experimental experts, presenting an efficient use case of ML-enabled materials characterization.

References:

[1] P. Bankhead, et al, Scientific Reports 2017, 7, 16878.
[2] Ronneberger, et al. In International Conference on Medical image computing and computer-assisted intervention, Springer, Cham, 2015, 234.

8:30 AM CH04.08.03
A Statistical Study of Corrosion Dynamics in Atomically-Thin Nanomaterials Utilising In Situ SEM Ryo Mizuta?, Ye Fan?, Peter Voorhees? and
Stephan Hofmann?; *University of Cambridge, United Kingdom; 2Northwestern University, United States

The “lifetime’ of materials is a central topic in the field of corrosion science and is a crucial consideration for any real-world use of emerging materials.
Recent years have witnessed a surge in the development of low-dimensional nanomaterials (e.g. 2D materials) towards commercial applications, driven by
discoveries of novel, record-breaking material properties. However, systematic studies on their ageing dynamics are comparatively rare and the
fundamental processes that dictate their lifetime remain poorly understood [1].

Meanwhile, statistical variations are expected to significantly impact dynamic processes at the nanoscale, including ageing. Despite this, the collection of
sufficiently large datasets that permit their statistical analysis remains challenging and is commonly not emphasised when studying the properties of low
dimensional nanomaterials. Recent reports which combine high-throughput image processing workflows with large electron microscopy datasets of “static”
nanomaterials, illustrate a promising approach for rapidly extracting quantitative datasets of statistically relevant sizes [2,3]. However, such methods have
rarely been extended to studies of nanoscale dynamics, given the lack of suitable characterisation platforms that can probe nanomaterials in-situ, under
realistic working conditions.

Here, we combine a custom in-situ environmental scanning electron microscope (ESEM), equipped with localised gas injection and heating capabilities,
with automated image analysis to observe and collect statistically large datasets that quantify nanoscale dynamics. The formation of corrosion pits during
the thermal oxidation of atomically-thin 2D materials is selected as a prototype system to demonstrate the capabilities of our workflow. By leveraging the
ESEM’s large field of view and our high-throughput experimental design, the expansion dynamics of 10% — 10 corrosion pits are tracked and quantified
simultaneously in each experiment. Our statistically relevant datasets of pit formation permit conventional corrosion theories to be statistically tested in the
2D limit. The collection and analysis of gigabyte to terabyte levels of kinetic data are semi-automated, with heavy reliance on developing suitable computer
image recognition algorithms. Our research paradigm, in which the statistical analysis of large in-situ experimental data is emphasized, promises a more
repeatable and reliable experimental analysis of nanoscale processes.



References

[1] Lietal., J. Mater. Chem. A, 2019, 7(9), 4291
[2] Lee et al., ACS Nano, 2020, 14(12), 17125
[3] Laramy et al., ACS Nano, 2015, 9(12), 12488

8:45 AM CH04.08.04
Deep Learning for On-the-Fly Visualization of Large Datasets and Out-of-Distribution Data Detection Lars Banko?, Phillip M. Maffettone?, Daniel
Olds? and Alfred Ludwig®; 'Ruhr-Universitat Bochum, Germany; 2Brookhaven National Laboratory, United States

Artificial intelligence agents offer great opportunities for accelerating materials discovery by autonomous data analysis. With advanced methods of high-
throughput experimentation producing increasingly larger datasets, autonomous analysis and decision making by Al is required in collaboration with the
deep reasoning provided by expert scientists. While Al should be focused on autonomously analyzing the standard cases, expert scientist resources should
be centered around the most interesting or challenging tasks. A persistent issue of Al models is associated with drawing conclusions from uncertain
settings, e.g. when the information stored in the data does not allow for a definite decision or the training data does not support aberrations encountered in
experimental data.

In this contribution, we demonstrate that variational autoencoders (VAE) provide a powerful toolset for the analysis of large X-ray diffraction datasets.
Visualization of the latent vectors can reveal intrinsic features of the dataset that allow for an assessment of possible failures modes during a classification
task. The representation can further be used for on-the-fly visualization of a dataset distribution across different structures. Here, latent space proximity can
be used as a structural estimator. A strategy based on the evaluation of the reconstruction error and the clustering of latent variables for the detection of out-
of-distribution data is reported and demonstrated on experimental data. By inclusion of experiment specific domain knowledge (e.g. chemical composition)
the model can be tuned to produce valid solutions under awareness of constraints. Transferability to other experimental sources of spectral data is
demonstrated. We envision the VAE working cooperatively together in a federation of specialized Al agents.

9:00 AM CH04.08.05

Decoding the Shift-Invariant Data—Applications for Band-Excitation Scanning Probe Microscopy Yongtao Liut, Rama K. Vasudevan?, Kyle P.
Kelley!, Dohyung Kim?, Yogesh Sharma®, Mahshid Ahmadi?, Sergei V. Kalinin! and Maxim A. Ziatdinov; *Oak Ridge National Laboratory, United
States; 2The University of Tennessee, Knoxville, United States; 3Los Alamos National Laboratory, United States

In this work, we introduced a shift-invariant variational autoencoder (shift-VAE), which is an unsupervised method developed for analyzing 1D spectra
data disentangling the physically-relevant shifts from other latent variables. Using synthetic datasets, we show that the shift-VAE latent variables are linear
functions of the ground truth parameters, indicating the strength of shift-VAE in disentangling physically-relevant variables in a model-free unsupervised
manner. The application of shift-VAE is illustrated for band-excitation piezoresponse force microscopy (BE-PFM) data. From two BE-PFM data sets, we
consistently observed that shift-VAE successfully disentangles ferroelectric polarization and crosstalk-induced resonance frequency peak shift from BE
curves. In addition, shift-VAE also shows the strength in denoising raw curves without sacrificing real response. Overall, shift-VAE proves to be a
powerful technique for learning spectra, which should have very broad applications in many fields. This approach can also be extended to analysis of X-ray
diffraction, photoluminescence, Raman spectra, and other data sets.

Acknowledgments: This work is supported by the U.S. Department of Energy, Office of Science, Office of Basic Energy Sciences Energy Frontier
Research Centers program under Award Number DE-SC0021118. This work is conducted at the Center for Nanophase Materials Sciences, a US
Department of Energy Office of Science User Facility.

9:15 AM CH04.08.07
Late News: Machine Learning Assisted Identification of Threading Dislocations Bohdan J. Starosta and Benjamin Hourahine; University of
Strathclyde, United Kingdom

Electron channeling contrast imaging (ECCI) is a non-destructive scanning electron microscope (SEM) surface imaging technique that is sensitive to
distortion of planes in crystal lattices. It detects the diffraction intensity of electrons incident on a sample, where the angles between detector, sample
normal, and the SEM electron beam, are carefully chosen so that the orientation of diffracting planes with respect to the incident electron beam is
approaching their Bragg angle, creating strong contrast in the image. Local lattice strain induced deviations to the crystallographic orientation or lattice
constant will then affect the intensity of the back scattered electrons, and produce a variation in contrast in the resulting surface image that indicates the
presence of a defect. These images are over a relatively wide area (~100 um?), with a spatial resolution of ~20 nm, and allow us to detect and classify
threading dislocations, grain boundaries, and other defects at semiconductor surfaces [1].

Of particular interest is the ability to conduct a quantitative analysis of threading dislocations (TDs) present in a GaN thin film, which manifest an ECC
image as spots with a dipolar black-white (B-W) contrast. One obstacle to this is the need for the painstaking marking and manual analysis of each
individual experimental image by a skilled researcher. Bulk epitaxial GaN thin films often have TD area densities of 108 to 10°cm [2], adding to the scale
of the problem. This creates a need for a fast, automated, and relatively accurate method of extracting defect data from multiple images.

Supervised machine learning techniques have been proven in recent years to be able to achieve a high degree of success in detecting predetermined
features, particularly in the medical imaging field [3]. We have utilized previously documented techniques for quickly identifying TDs on I11-Nitrides [1,4]
to build a training dataset for a U-Net based deep fully convolutional network architecture [5,6]. This includes images of defects both with a strong B-W
contrast as well as dislocations at close to the invisibility criteria which are faintly resolved.

The neural network that is trained on this set can then relatively reliably detect the positions of TDs in ECCI of GaN with an accuracy on the order of 75-
90% for independent testing data (i.e. marked images unseen by the network during training), with the main source of errors being false positives due to
strong non-TD features, and false negatives due to either TD faintness at certain diffraction conditions, or overlapping, closely spaced TDs affecting the
predictive binary mask. The recognition process for a 2576x1936px image currently takes around 90 seconds when using a modern 8-core consumer grade
CPU. For our current dataset size the network can be trained to convergence in 30+10 minutes when using a single NVIDIA V100 GPU. Fig. 1 shows the
marked locations for a cluster of dislocations in GaN.

[1] Trager-Cowan, C. et al. Semicond. Sci. Technol. 35, 054001 (2020).
[2] Kapolnek, D. et al. Appl. Phys. Lett. 67, 1541-1543 (1995).
[3] Arganda-Carreras, I. et al. Front. Neuroanat. 9, (2015).



[4] Naresh-Kumar, G. et al. Phys. Rev. Lett. 108, 135503 (2012).

[5] Wiehman, S. & Villiers, H. de. Semantic segmentation of bioimages using convolutional neural networks. in 2016 International Joint Conference on
Neural Networks (IJCNN) 624-631 (2016).

[6] Ronneberger, O., Fischer, P. & Brox, T. U-Net: Convolutional Networks for Biomedical Image Segmentation. in MICCAI 2015 234-241 (Springer,
2015). doi:10.1007/978-3-319-24574-4_28.

9:20 AM CH04.08.08
A Physics-Based Model to Index Crystal Orientation Using Directional Reflectance Microscopy Chenyang Zhu and Matteo Seita; Nanyang
Technological University, Singapore

Characterizing crystallographic quantities in crystalline materials—including crystal structure, grain orientation, and defects character—is the realm of
diffraction-based techniques. We have developed a simple and affordable method—which we call directional reflectance microscopy (DRM)—to capture
this information using an optical microscope. DRM relies on producing orientation-dependent features on the surface of crystalline solids and measuring
the reflectance they generate when illuminated from different angles. Point-by-point indexing of optical reflectance across the sample surface enables
mapping the underlying crystallographic orientation in a similar fashion to electron backscatter diffraction. Here we discuss the advantages of indexing the
optical signal using a forward model approach. Our method consists of producing a dictionary of reflectance patterns generated by a discrete sampling of
orientation space using a physics-based reflection model. We then compare these simulated patterns with the experimental one to find the best match,
which is selected as the nominal orientation. This dictionary indexing method overcomes limitations that are inherent to previous approaches, which relied
on fitting good quality patterns. We demonstrate the improved accuracy of the forward-model method on a centimeter-scale aluminum sample.

9:25 AM CHO04.08.09

Late News: Machine Learning for Optimization of Optical Super-Resolution Microstructure Analysis Alex Ulyanenkov?, Alexander Mikhalychev?3,
Konstantin Zhevno?, Svetlana Vlasenko® and Dmitri Mogilevtsev?; *Atomicus LLC, United States; 2Atomicus OOO, Belarus; *B.1.Stepanov Institute of
Physics, NAS of Belarus, Belarus

Optical methods are appealing for application to microstructure analysis due to their simplicity, direct observation of details, and availability of versatile
elemental base. However, diffraction of light blurs the collected images and sets the fundamental limit on the achievable resolution [1]. Recently, a number
of super-resolving techniques based on nano-particles fluorescence were developed for overcoming the classical resolution limit, for instance stimulated-
emission depletion (STED) microscopy [2], photoactivated localization microscopy (PALM) [3], and structured illumination microscopy (SIM) [4]. Super-
resolution optical fluctuation imaging (SOFI) is also among promising quantum-inspired techniques [5]. The resolution enhancement in SOFI stems from
special statistical analysis of the intensity correlations of randomly fluctuating fluorescent sources: quantum dots [5], organic dyes [6], or other fluorescent
particles. Namely, a cumulant image is formed instead of usual intensity images and provides a narrower point-spread function (weaker blurring of the
image). The approach is applicable for both investigation of inorganic samples and imaging of living cells and subcellular structures.

Initially, SOFI was believed to provide infinite growth of resolution with the increase of cumulants order. Recently, it has been shown that the inevitable
statistical noise imposes fundamental limits on the achievable resolution; the optimal cumulant order is finite (and depends on the imaged object); and
combined analysis of several cumulant orders may be profitable [7,8]. The research was based on maximization of Fisher information and included some
simplifying limitations: either just two point emitters were considered [8], or the statistical switching noise of the fluorescent sources themselves was
neglected [7]. In the current contribution, we follow that line of Fisher information-based research, but consider a general case of several emitters, finite
observation time, and realistic fluctuations model.

A measurement in SOFI is fast and provides an image with a large number of pixels (up to 1 million). To benefit from those advantages of the technique
(especially, when fast living-cell processes are analyzed), one needs to be able to perform fast on-the-fly processing of the acquired data. For that reason, it
is desirable to know and process the optimal cumulant order soon after the dataset is collected. While Fisher information approach is much faster and more
reliable than direct Monte-Carlo simulations, it is still computationally expensive for taking such real-time decisions. Here, we show that machine learning
is capable of solving that issue. An artificial neural network (a 5-layer perceptron) takes an intensity image of the object (easily generated from a SOFI
dataset) as an input and decides, which cumulant order or combination of cumulant orders would yield the maximal information gain for the same
computational resources. The training datasets are prepared with the help of Fisher information approach. The preliminary results show that the probability
of taking the correct decision among 4 options with approximately equal probabilities exceeds 80%. The proposed tandem approach of Fisher information
and machine learning is universal and applicable to many other techniques for optimization of on-the-fly analysis or taking real-time decisions which
measurement to perform next.

1. Abbe, E., Archiv fiir mikroskopische Anatomie, 1873, 9, 413.

2. Hell, S. W. and Wichmann, J., Opt. Lett., 1994, 19, 780.

3. Hess, S. T. et al., Biophys. J., 2006, 91, 4258.

4. Classen, A. et al., Optica, 2017, 4, 580.

5. Dertinger, T. et al., Proc. Natl. Acad. Sci. U.S.A., 2009, 106, 22287.

6. Dertinger, T. et al., M., Angew. Chem. Int. Ed., 2010, 49, 9441.

7. Vlasenko, S. et al., Phys. Rev. A, 2020, 102, 063507.

8. Kurdzialek, S. and Demkowicz-Dobrzanski, R., J. Opt., 2021, 23, 075701.
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10:30 AM CH04.09.01
Twinning Network Graph Analysis on Ingot-Scale Multicrystalline Structure Takuto Kojima!, Kentaro Kutsukake?, Tetsuya Matsumoto?, Hiroaki
Kudo! and Noritaka Usami'; 'Nagoya University, Japan; 2RIKEN, Japan

Multicrystalline materials can be relatively easily fabricated with a large crystal growth furnace leading to cost-effective yield, whereas non-uniformity of



crystal properties is a problem for large ingots. Therefore, it is important to extract the ingot-scaled features of the multicrystalline structure. The
multicrystalline structure grown by the unidirectional solidification method develops from the nucleus at the bottom of the crucible into a columnar
structure, and successive twinning inside the columnar structure causes various grain boundaries. The orientation relationship between the individual nuclei
is random, while the orientation relationship due to twinning is crystallographically determined, which consequently contains information about the grain
development relationship. We have developed a method to analyze multicrystalline structures using network graphs where edges represent successive
twinning from crystal orientations of grains in 30x40 mm? multicrystalline silicon, obtained by electron backscatter diffraction pattern (EBSD) method [1-
3]. In this study, we attempted to extract ingot-scaled features of multicrystalline structures by performing network analysis on crystal orientations obtained
by the Laue scanner method [4] on 156x156 mm? substrates sliced from the bottom, middle, and top parts of a multicrystalline silicon ingot. The network
analysis was performed by coding with a Python package NetworkX [5].

The crystal orientations of 1918, 1490, and 1390 grains (at the center of gravity of each grain) were obtained from the bottom, center, and top of the ingot,
respectively. The orientation relationship between grains was attributed to an nth-order (0<n<3) twinning relationship (£3") that gives the minimum
residual angle 6. A graph G was generated with edges for the twinning relation satisfying 6/6i+d/din<1, where 6;,=2° and dyn=40 mm were thresholds

for 6 and the distance d between grains. Connected subgraphs contained four or more nodes were plotted on the grain boundary mapping extracted from the
optical image, where grains in the same subgraph are considered to have grown from the same nucleus. As the crystal growth proceeded, the number of
nodes in a subgraph and the area occupied by a subgraph with a large number of nodes also tended to increase. The analysis using network graphs made it
possible to extract ingot-scaled features of multicrystalline structures.
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10:45 AM CH04.09.02

Quasi-Continuous Representation of Crystal Structure of Thin Films with Two-Dimensional X-Ray Diffraction and Non-Negative Matrix
Factorization Akihiro Yamashita'?, Takahiro Nagata?, Shinjiro Yagyu?, Toru Asahi' and Toyohiro Chikyow?; "Waseda University, Japan; 2National
Institute for Materials Science, Japan

Materials informatics (MI) is a data-driven approach to discover novel materials. In this approach, structure information such as crystal structure is one of
important information because it has strong relationship to inorganic materials’ properties. In conventional MI approaches, crystal structure is often
represented in form of a categorical variable of corresponding space group, but this limits applicable machine learning (ML) methods compared to a
continuous variable. Therefore, other representations of structure, such as crystal graph [1], have been proposed to convert structure information into quasi-
continuous variable. To apply this kind of methods, crystal structure must be known, this means that structure of sample is analyzed by experts in advance.
However, this is time-consuming and will be bottleneck in data-driven materials discovery.

We propose to use ML results of direct application to measurement data as crystal structure representations instead of experts-analyzed data. To proof our
concept, we used non-negative matrix factorization (NMF) [2]. NMF approximates non-negative matrix V, a set of measurement data, with multiplication
of two non-negative matrices W and H. This method is already studied with one-dimensional X-ray diffraction (1D-XRD) patterns from single composition
spread [3]. We studied under more practical situation: we used 2D-XRD patterns from multiple samples with variety in substrate types and fabrication
conditions. 2D-XRD is convenient in thin film research compared for 1D-XRD because it includes reflections from various out of planes.

2D-XRD patterns of In-Ga-O thin films were studied. We first analyzed NMF results in terms of generative model to confirm that NMF converts 2D-XRD
patterns into variables which follows a continuous probability distribution. NMF results can be recognized that W is a set of factor vectors and H is that of
feature vectors. The feature vectors were evaluated whether they represent propensities in original 2D-XRD patterns. We also compared results of samples
fabricated by pulsed laser decomposition and those by sputtering. The detail will be discussed in the presentation.
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1:00 PM CH04.10.01
Active Learning of Reactive Bayesian Force Fields—Application to Heterogeneous Catalysis Dynamics of H/Pt Jonathan Vandermause, Yu Xie, Jin
Soo Lim, Cameron J. Owen and Boris Kozinsky; Harvard University, United States

Atomistic modeling of chemically reactive systems has traditionally relied on either expensive ab initio methods or bond-order force fields requiring
arduous parametrization. Here, we introduce FLARE++, a Bayesian active learning method for training reactive many-body force fields “on the fly” during
molecular dynamics (MD) simulations. At each timestep, the predictive uncertainties of a sparse Gaussian process (SGP) are evaluated to automatically
determine whether additional ab initio data are needed. The resulting SGP is mapped onto a polynomial model whose prediction cost is independent of the
training set size. Using this method, we perform large-scale MD simulations of a prototypical system in heterogeneous catalysis---H2 chemisorption on
Pt(111)---at chemical accuracy. The model, trained within three days of wall time, performs at twice the simulation speed of an available ReaxFF model
while maintaining ab initio accuracy to a much higher fidelity. Our method enables efficient automated training of fast and accurate reactive force fields for



chemically complex systems.

1:15 PM CH04.10.03

Bayesian Inverse Design of High-Strength Aluminum Alloys at High Temperatures Shimpei Takemoto?®, Takeshi Kaneshita!, Kenji Nagata?,
Yoshishige Okuno?, Junya Inoue® and Manabu Enoki?; ‘Showa Denko K.K., Japan; 2National Institute for Materials Science, Japan; 3The University of
Tokyo, Japan

2000 series aluminum alloys or Al-Cu-Mg series are high-strength alloys, but it is known that their strength decreases rapidly at high temperatures above
150°C. Therefore, improving the strength at high temperatures is essential for industrial applications, especially automotive and aircraft applications. In this
study, we perform a Bayesian inverse design of high-strength aluminum alloys at high temperatures.

We build a neural network to predict mechanical properties from process parameters, including additive elements and heat treatment. By choosing the
appropriate activation function and features, neural networks show high prediction accuracy even at high temperatures. Specifically, we show that the
hyperbolic tangent or sigmoidal activation functions well reproduce the rapid decrease in strength of aluminum alloys at high temperatures. We also show
that by treating the holding temperature and holding time as input nodes in the neural network, we can predict mechanical properties measured at various
temperatures. The neural network constructed with this approach can even perform extrapolation prediction, learning the mechanical properties at lower
temperatures and predicting at higher temperatures.

In this study, Bayesian inference of neural network parameters is performed using the replica-exchange Monte Carlo method, an extended Markov chain
Monte Carlo (MCMC) method. This approach allows us to evaluate the probability distribution and uncertainty of mechanical property predictions. By
maximizing the probability of satisfying the desired properties, we explore combinations of process parameters for designing high-strength aluminum
alloys at high temperatures.

The thermodynamic calculations are also performed using the Thermo-Calc software to analyze the strengthening mechanism of the alloy designs proposed
by the neural network. We investigate how a fine grain structure caused by the Mn addition and the competition between the Al-Cu, Al-Cu-Mg, and Mg-Si
compounds formation affect the alloy strength.

1:30 PM CHO04.10.04
Incorporating Physical Priors Into Probabilistic Models in Bayesian Framework Ayana Ghosh, Sergei V. Kalinin and Maxim A. Ziatdinov; Oak
Ridge National Laboratory, United States

Progress in any scientific research area in physical and life sciences is primarily driven by assessments produced by numerous experimental and
simulation-based techniques. Computational approaches ranging from lattice models and molecular dynamics to advanced density functional theory and
quantum Monte Carlo methods provides a wealth of information on electronic, magnetic, thermodynamics properties, phase transitions of materials, to
name a few. Electron and scanning probe microscopies and neutron and X-ray scattering methods provide huge volumes of structural and functional data
leading to fundamental insights into structural properties and high-temperature superconductivity, visualization of the light elements, and many others.
Both theoretical and experimental aspects of research require search over broad parameter spaces to discover optimal experimental conditions, regions of
interest in the image space, or parameter space of computational models. The direct grid search of the parameter space tends to be exceedingly time
consuming, leading towards advancing strategies to balance between exploration of unknown parameter spaces and exploitation towards required
performance metrics. The classical approach for this is Gaussian process (GP)-based Bayesian optimization (BO).

However, classical BO strategies do not readily allow for the incorporation of the known physical behaviors or past knowledge.

Here, we explore hybrid approaches combining unstructured (non-parametric) and structured (semi-parametric and parametric) BO approaches. The former
utilizes Gaussian process (GP) as the surrogate model while the latter one uses GP augmented with a probabilistic model of the system's physical behavior
based on partially known analytical, hierarchical, or numerical models. Hence, this approach seeks to guide the exploration of parameter space when
refining the physical understandings describing functional behavior over this space and using combined aleatoric and estimated epistemic uncertainty to
guide the exploration. This approach is demonstrated for Ising model followed by looking at magnetism in 2D materials. We further discuss extending this
capability towards perform automated experiment in the context of automated materials synthesis, scanning probe microscopy, and electron microscopy by
injecting prior knowledge in the form of physical models and past data in this BO framework.

This effort (machine learning) is based upon work supported by the U.S. Department of Energy (DOE), Office of Science, Office of Basic Energy Sciences
Data, Artificial Intelligence and Machine Learning at DOE Scientific User Facilities (A.G., S.V.K.) and was also supported (STEM experiment) by the
DOE, Office of Science, Basic Energy Sciences (BES), Materials Sciences and Engineering Division (O.D.), and was performed and partially supported
(M.Z.) at the Oak Ridge National Laboratory’s Center for Nanophase Materials Sciences (CNMS), a

DOE Office of Science User Facility.

1:45 PM CHO04.10.05
Physics-Informed CoKriging Model of a Redox Flow Battery Amanda Howard?, Alexandre Tartakovsky*? and Panagiotis Stinis?; *Pacific Northwest
National Laboratory, United States; 2University of Illinois at Urbana-Champaign, United States

Redox flow batteries (RFBs) offer the capability to store large amounts of energy cheaply and efficiently, however, there is a need for fast and accurate
models of the charge-discharge curve of a RFB to potentially improve the battery capacity and performance. We develop a multifidelity model for
predicting the charge-discharge curve of a RFB. In the multifidelity model, we use the Physics-informed CoKriging (CoPhIK) machine learning method
trained on experimental data and constrained by the so-called ““zero-dimensional” physics-based model. In this talk, we demonstrate that the CoPhIK
model shows good agreement with experimental results and significant improvements over existing zero-dimensional models. We show that the proposed
model is robust as it is not sensitive to the input parameters in the zero-dimensional model. We also show that only a small amount of high-fidelity
experimental datasets are needed for accurate predictions for the range of considered input parameters, which include current density, flow rate, and initial
concentrations.

2:00 PM CH04.10.06
A Facile Method to Extract a Constitutive Relation for Granular Materials Using Bayesian Optimization-Based Analysis Kyuho Jang and In-Suk
Choi; Seoul National University, Korea (the Republic of)

Granular materials are widely used in various fields such as sintering process, tablet manufacturing, and geotechnical engineering. To predict its
constitutive behavior in the finite element method (FEM), the modified Drucker-Prager/Cap model (DPC model) is commonly adopted. However, the
conventional method requires multiple triaxial compression experiments and even heuristic approaches to determine a great number of parameters in the
DPC model. In this study, we propose an alternative method for the DPC model that utilizes the entire stress-strain curves from triaxial compression testing
and the Bayesian optimization algorithm to extract the parameters. The method was applied to acquire the constitutive relation of FE simulation for
unsaturated sand-bentonite mixtures which successfully predicted experimental depth-sensing indentation results. Since our method dramatically reduces



the number of experiments and even eliminates heuristic determination of some parameters, we believe that it will facilitate efficient exploration of the
mechanical behavior of granular materials.
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8:00 AM CH04.11.01
Identifying the Activity Origin of a Cobalt Single-Atom Catalyst for Hydrogen Evolution Using Supervised Learning Xinghui Liu; Department of
Chemistry, Sungkyunkwan University (SKKU), 2066 Seoburo, Jangan-Gu, Suwon 16419, Republic of Korea., Korea (the Republic of)

Single-atom catalysts (SACs) have become the forefront of energy conversion studies, but unfortunately, the origin of their activity and the interpretation of
the synchrotron spectrograms of these materials remain ambiguous. Here, systematic density functional theory computations reveal that the edge sites—
zigzag and armchair—are responsible for the activity of the graphene-based Co (cobalt) SACs toward hydrogen evolution reaction (HER). Then, edge-rich
(E)-Co single atoms (SAs) were rationally synthesized guided by theoretical results. Supervised learning techniques are applied to interpret the measured
synchrotron spectrum of E-Co SAs. The obtained local environments of Co SAs, 65.49% of Co-4N-plane, 13.64% in Co-2N-armchair, and 20.86% in Co-
2N-zigzag, are consistent with Athena fitting. Remarkably, E-Co SAs show even better HER electrocatalytic performance than commercial Pt/C at high
current density. Using the joint effort of theoretical modeling, thorough characterization of the catalysts aided by supervised learning, and catalytic
performance evaluations, this study not only uncovers the activity origin of Co SACs for HER but also lays the cornerstone for the rational design and
structural analysis of nanocatalysts.

8:15 AM CH04.11.02
ALIGNN—Atomistic Line Graph Neural Network for Improved Materials Property Predictions Kamal Choudhary and Brian L. DeCost; National
Institute of Standards and Technology, United States

Graph neural networks (GNN) have been shown to provide much improved performance for representing and modeling atomistic materials compared with
descriptor-based machine-learning models. While most existing GNN models for atomistic predictions are based on atomic distance information, they do
not explicitly incorporate bond angles, which are critical for distinguishing many atomic structures. Furthermore, many material properties are known to be
sensitive to slight changes in bond angles. We develop Atomistic Line Graph Neural Network (ALIGNN) using a GNN architecture that performs message
passing on both the interatomic bond graph and its line graph corresponding to bond angles. We demonstrate that angle information can be explicitly and
efficiently included for materials to provide much improved performance. We train 44 models for predicting several solid-state material properties
available in the JARVIS-DFT and materials-project databases. ALIGNN can outperform some of the previously known GNN models by up to 43.8 %.

8:30 AM CH04.11.03
Late News: Predicting the Heat Storage Properties of Salt Hydrates Using Density Functional Theory and Machine Learning Steven G.
Kiyabu' and Donald Siegel?; *University of Michigan, United States; The University of Texas at Austin, United States

Salt hydrates demonstrate promise as heat storage materials as they possess high energy densities and reversibility at moderate temperatures. Despite their
promise, a great number of salt hydrate compositions have not been explored. The goal of this work is to identify new salt hydrates that can outperform
known materials in terms of energy density and are predicted to be thermodynamically stable. Around ten thousand hypothetical salt hydrates were
generated by substituting cations and anions into salt hydrate crystal structures mined from the Inorganic Crystal Structure Database. These hypothetical
hydrates were characterized according to their enthalpy of dehydration (from which stability, energy density, and heat-storing temperature are derived)
using high-throughput density functional theory calculations. Machine learning models were then trained on this large dataset. Many different
compositional and structural feature sets from the Matminer library were attempted, as well as several different machine learning algorithms, such as
random forests, support vector machines, and neural networks. Several models were highlighted, either for their ability to predict the heat storage
characteristics of other hypothetical salt hydrates or their identification of property-performance relationships in salt hydrates. In addition to this, several
promising hypothetical hydrates were identified with higher energy densities than experimentally-known salt hydrates.

8:45 AM CHO04.11.04
Uranium Compounds with High Thermal Conductivity Proposed by Machine Learning Meigyoku Kin*, Masaya Kumagai®?3, Yuji Ohishi* and Ken
Kurosaki®®; Kyoto University, Japan; 2SAKURA internet Inc., Japan; *RIKEN, Japan; “Osaka University, Japan; SUniversity of Fukui, Japan

In recent years, materials informatics (MI), which is a fusion of materials science and information science, has been attracting attention. Although Ml is
becoming a mainstream research field such as magnetic materials and thermoelectric materials, there are few reports on Ml in materials research in nuclear
fields. In this study, we propose a method to comprehensively explore uranium compounds with high thermal conductivity by using machine learning in
order to apply Ml to nuclear fuel development in the nuclear field.

We constructed a machine learning model using Starrydata, a database of experimental properties developed by our research group. The features were
designed using the basic physical properties based on chemical composition, and the target variable is thermal conductivity. The model was trained using
Random Forest, and the prediction accuracy of 93% was obtained. Using the trained machine learning model, the thermal conductivity of uranium
compounds that could exist in the world was comprehensively predicted. Based on the predicted thermal conductivities, 20 uranium compounds were
extracted from the top and bottom of the list, respectively. Uranium compounds experimentally synthesizable are going to be synthesize, and the relevance
of the machine learning model is going to evaluate by comparing the measured values with the predicted values. Based on the evaluation, we are going to
propose a new uranium compound with high thermal conductivity.

9:00 AM CHO04.11.06
Reinforcement Learning in Materials Science—Atomic Fabrication and Materials Design in Simulated Environments Rama K. Vasudevan, Ayana
Ghosh, Erick Orozco, Maxim A. Ziatdinov and Sergei V. Kalinin; Oak Ridge National Laboratory, United States



Although by now machine learning is commonplace within virtually all sectors of materials science, the use of reinforcement learning (RL) agents is only
now gaining traction. This is partly because of the extensive compute requirements for RL, and the paucity of scalable algorithms. Recent advances in the
field have enabled the training of agents to tackle previously difficult challenges in fields such as online gameplay and board games, but their application to
the physical sciences has been very limited. Here, we explored the use of RL agents for two particular tasks: one of atomic fabrication by an electron beam,
and another of design of ferroelectric materials by defect engineering.

For both situations, we created a virtual environment in which the RL agent can interact and learn by trial and error, and designed reward functions to
achieve specific gains. We then trained agents using both policy gradient and implicit (Q learning) methods, in a model-free setting. For the atomic
fabrication case, we employed an environment utilizing molecular dynamics simulations, and trained agents to move multiple Si dopants towards each
other on a graphene lattice by specifying quantities of momentum transfer at different steps during the episode. For the second case, we explored RL agents
for moving and manipulating defects in a ferroelectric sample, simulated via a discrete Landau model, to affect the type and quantity of topological defects
generated. We argue that not only are these agents capable of discovering policies that are novel, but also that the policies encode important information
regarding the dynamics of the system, and thus inspection of policies can be an important source of physics knowledge discovery. This work was
conducted at and supported by the Center for Nanophase Materials Sciences, a US DOE Office of Science User Facility.

9:15 AM CH04.11.07

Molecularly Resolved Segmentation of Non-Fullerene Acceptor Bulk Heterojunction—Lessons from Manifold Learning and Ensemble
Clustering Jochen A. Kammerer'?, Wolfgang Kéntges?, Pavlo Perkhun?, Christin Videlot-Ackermann?, Jérg Ackermann®, Rasmus R. Schroder? and
Martin Pfannméller?; *Heidelberg University, Germany; 2Karlsruhe Institute of Technology, Germany; 3Aix-Marseille Université, France

High performing devices often rely on multiphase nanostructures with complex interfacial effects. Transmission electron microscopy (TEM) has proven
indispensable to understand these effects and reveal the structure-property-relationship of these devices. One example are bulk heterojunctions (BHJs) for
organic solar cells, where the excitons are split at the interface between donor and acceptor domains.* A precise segmentation of the donor and acceptor
domains is crucial for understanding the process of charge separation. However, low contrast between chemically similar donor and acceptor materials
makes classical imaging challenging and does not allow for molecular resolution at the interface. The combination of low loss energy loss signal based
hyperspectral imaging and machine learning has proven to efficiently overcome this challenge.? However, the spectral difference for modern non-fullerene
acceptor (NFA) systems is weak.® Thus, the segmentation becomes obscured by experimental influences (such as noise, signal delocalization, multiple
scattering and non-isochromaticity of the imaging tool). More sophisticated approaches are needed to obtain molecular resolution for non-fullerene
acceptor BHJs.

Unsupervised segmentation and spectral unmixing of the hyperspectral datasets are typically approached by linear dimensionality reduction alone — e.g.
principal component analysis (PCA), independent component analysis (ICA) and non-negative matrix factorization (NMF)—, by clustering algorithms
alone, or the combination of both.*5 For the latter, the influence of linear dimensionality reduction on the cluster result is not clear, especially in the context
of the given experimental influences. Furthermore, unequally performing cluster algorithms introduce non-negligible uncertainties.

We use an ensemble clustering approach to obtain a more robust unsupervised segmentation of hyperspectral low loss TEM datasets. Furthermore, we
systematically investigate experimental influences as well as the effects of linear and nonlinear dimensionality reduction on the clustering results.
Nonlinear dimensionality reduction (manifold learning) improves the tolerance to experimental restrictions from multiple scattering and non-
isochromaticity. The combination of the manifold learning algorithm UMAP® and ensemble clustering enables segmentations with an unrivaled tolerance
against noise.

We applied this combination of manifold learning and ensemble clustering to hyperspectral images in the TEM low loss regime from PBDB-T:ITIC non-
fullerene acceptor BHJs. Segmentations at molecular resolution allowed us to exclude a mixed materials phase at the NFA donor acceptor interface. This
contrasts with their fullerene acceptor predecessors and sheds new light on the charge separation in modern BHJs. The combination of TEM based
hyperspectral imaging and the machine learning workflow with UMAP and ensemble clustering can be applied to other low contrast material combinations.
The machine learning workflow itself is unsupervised, fully automated” and has already been successfully applied to non-TEM hyperspectral datasets.

1. Liu, Q. et al. Sci. Bull. 65, 272-275 (2020).

2. Pfannméller, M. et al. Nano Lett. 11, 3099-3107 (2011).

3. Kdntges, W. et al. Energy Environ. Sci. 13, 1259-1268 (2020).
4. de la Pefia, F. et al. Ultramicroscopy 111, 169-176 (2011).

5. Torruella, P. et al. Ultramicroscopy 185, 42-48 (2018).

6. Mclnnes, L. & Healy, J. ArXiv180203426 Cs Stat (2018).

7. Potapov, P. & Lubk, A. Adv. Struct. Chem. Imaging 5, 4 (2019).

9:30 AM CH04.15.03
Late News: Accessing Negative Poisson's Ratio of Graphene by Machine Learning Interatomic Potentials Jing Wu?, E Zhou?, Zhenzhen Qin?,
Xiaoliang Zhang?® and Guangzhao Qin*; *Hunan University, China; 2Zhengzhou University, China; *Dalian, China

The negative Poisson’s ratio (NPR) is a novel property of materials, which enhances the mechanical feature and creates a wide range of application
prospects in lots of fields, such as aerospace, electronics, medicine, etc. Fundamental understanding on the mechanism underlying NPR plays an important
role in designing advanced mechanical functional materials. However, with different methods used, the origin of NPR is found different and conflicting
with each other, for instance, in the representative graphene. In this study, based on machine learning technique, we constructed a moment tensor potential
(MTP) for molecular dynamics (MD) simulations of graphene. By analyzing the evolution of key geometries, the increase of bond angle is found to be
responsible for the NPR of graphene instead of bond length. The results on the origin of NPR are well consistent with the start-of-art first-principles, which
amend the results from MD simulations using classic empirical potentials. Our study facilitates the understanding on the origin of NPR of graphene and
paves the way to improve the accuracy of MD simulations being comparable to first-principle calculations. Our study would also promote the applications
of machine learning interatomic potentials in multiscale simulations of functional materials.
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10:30 AM *CHO04.12.01
To Mix or not to Mix? Settling the Matter of the Role of Vibrations in the Stability of High-Entropy Carbides Stefano Curtarolo; Duke University,
United States

Disordered multicomponent systems occupying the mostly uncharted centers of phase diagrams, have been studied for the last two decades as innovative
materials. By maximizing their entropy (configurational and/or vibrational) and stabilizing (near) equimolar mixtures, it has been possible to achieve robust
systems with promising applications. Still, effective computational discovery of useful materials remains challenged by the immense number of
configurations: the synthesizability of high-entropy ceramics is typically assessed using ideal entropy along with the formation enthalpies from density
functional theory, with simplified descriptors or machine learning methods. With respect to vibrations — even if they may have significant impact on phase
stability — the contributions are drastically approximated to reduce the high computational cost, or often avoided with the hope of them being negligible,
due to the technical difficulties posed in calculating them for disordered systems. As such, in high-entropy ceramics, the vibrational contributions remain a
matter of conjecture — their inclusion left to researchers’ guesswork. In this presentation we illustrate the problem, its implications, and suggest simple
solutions.

11:00 AM CH04.12.03
Continuous Evaluation of Carrier Recombination Velocity of Grain Boundaries in Multicrystalline Si Using Machine Learning Kentaro
Kutsukake?, Kazuki Mitamura?, Takuto Kojima? and Noritaka Usami?; 'RIKEN, Japan; 2Nagoya University, Japan

Grain boundaries (GBs) in multicrystalline Si (mc-Si) are still of interest in research because mc-Si will maintain a certain share in the substrate for solar
cells to consume low-grade Si raw materials that cannot be used for Czochralski Si in addition to its importance as fundamental physics. One of the
research issues is a quantitative evaluation of spatially local electrical activities to reveal the influence of local structures such as atomically reconstructed
structures at curved GBs. Measurable spatial images of electrical activities, such as photoluminescence (PL) and electron beam induced current (EBIC)
images, provide qualitative distributions, however, quantitative analysis of the images, in which parameter fitting is required, needs a large calculation cost.
In this study, we developed a fast and continuous evaluation method of carrier recombination velocity (Veg) along a GB from a photoluminescence image
using carrier simulation and its machine learning. A dataset of 3000 PL profiles was made through PL image simulation, which was developed
incorporating the influence of inclination angle of GB () [1], using random values of parameters of Vg, 0, and carrier diffusion length in left and right
crystal grains (Lier and Lyignt). A fully connected feedforward neural network model was constructed with the inputs of the PL profile and 6, which is
determined by measuring the position shift of the GB between the front and rear surface [1], and the outputs of Vg, Lie, and Lyign. The coefficient of
determination and the root mean squared error of the trained model for Vi, which is the common logarithm of Vgg, for the test dataset were 0.97 and 0.24,
respectively. This prediction error was sufficiently low for the practical estimation of Vgg. The calculation time for the prediction is less than 0.01 seconds.
By utilizing this fast prediction method, continuous evaluation of Vg along a GB was demonstrated. Vgg was clearly visualized, and small fluctuations
were detected quantitatively. Vg increases around the curved region and fluctuates even in straight regions. This quantitative and high spatial resolution
evaluation of the property will lead to a deep and quantitative understanding of defects by combining it with microscopic structural and computational
analysis.

[1] K. Mitamura, K. Kutsukake, T. Kojima, and N. Usami, Journal of Applied Physics 128, 125103 (2020).

11:15 AM CH04.12.04

Disentangling Ferroelectric Wall Dynamics and Identification of Pinning Mechanisms via Deep Learning Yongtao Liu*, Roger Proksch?, Chun Yin
Wong?, Maxim A. Ziatdinov'! and Sergei V. Kalinin'; 1Oak Ridge National Laboratory, United States; 2Asylum Research, An Oxford Instruments
Company, United States; 3The University of Tennessee, Knoxville, United States

Field-induced domain wall dynamics in ferroelectric materials underpins multiple applications ranging from actuators to information technology devices
and necessitates a quantitative description of the associated mechanisms including giant electromechanical couplings, controlled non-linearities, or low
coercive voltages. While the advances in dynamic Piezoresponse Force Microscopy measurements over the last two decades have rendered visualization of
polarization dynamics relatively straightforward, the associated insights into the local mechanisms have been elusive. Here we using a workflow combining
deep learning-based segmentation of the domain structures with non-linear dimensionality reduction using multilayer rotationally-invariant autoencoders
(rVAE). A Canny filter and ResHED network were utilized to detect domain walls based on the PFM images. Then, sub-images centered at 180° domain
walls were used for rVAE analysis to encode information of domain switch and wall dynamics. Through analyzing the time dynamics of domain switch
and interactions between ferroelastic and ferroelectric domain walls by rVAE, we discovered new factors affecting the ferroelectric wall dynamics and
pinning mechanism. We believe that the approach developed in this work will be universally useful for time-dependent dynamics of complex materials.

Acknowledgments: This work is supported by the U.S. Department of Energy, Office of Science, Office of Basic Energy Sciences Energy Frontier
Research Centers program under Award Number DE-SC0021118. This work is conducted at the Center for Nanophase Materials Sciences, a US
Department of Energy Office of Science User Facility.

11:30 AM CHO04.12.05
Deep Learning Enables Crystallographic Information from Electron Diffraction Images Joydeep Munshi', Alexander Rakowski?, Benjamin
Savitzky?, Colin Ophus? and Maria K. Chan?; *Argonne National Laboratory, United States; 2Lawrence Berkeley National Laboratory, United States

We present one of the targeted analysis pipelines, 4D>Crystal, in an aim to generate a series of reduced crystalline diffraction vectors from a given
combination of STEM probe in vacuum with typical 4D-STEM diffraction dataset. 4D>Crystal pipeline is composed of three main workflows namely — 1)
crystal selection and data scraping (4D-MANIPULATT), 2) training data generation (4D-MAKE) and 3) Bragg disk detection network training and
evaluation (4D-DISK). We use python-based pymatgen package and the materials project (MP) API to fetch crystal structures from more than 120,000
materials present in the MP database. Additionally, AFLOW library is levaraged to fetch structure prototypes from over 250 different structure types of
crystals based on their structural similarity. Finally, we select a fraction of structures from the MP database, resembling each structure prototype, following
the square-root distribution law. Following the crystal structure selection, we employ supercell manipulation algorithm (4D-MANIPULATT) to manipulate
unit cell structures to create randomly rotated supercells. Finally, simulated electron diffraction data (CBED) and the simulated atomic potential for each of
these supercells are simulated leveraging the Multislice algorithm implemented. For the deep learning training to predict Bragg disks locations and their
intensities we implement a modified complex U-Net type encoder-decoder based network. Complex convolution based network in this work showed
improved performance of disk predictions for overlapped diffraction disks at larger thickness.

12:00 PM BREAK
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1:00 PM CH04.13.01
Design of Features Based on X-ray Diffraction Patterns for Prediction of Mechanical Properties Naoki Hato!, Masaya Kumagai*?2 and Ken
Kurosaki®#; *Kyoto University, Japan; 2SAKURA internet Inc., Japan; RIKEN, Japan; “University of Fukui, Japan

The development of new materials requires many steps, such as sample preparation, X-ray diffraction measurement and analysis, property measurement,
and performance evaluation, and requires an enormous amount of time. In recent years, high-throughput material synthesis and high-speed X-ray
diffraction measurements have made sample preparation and X-ray diffraction measurements more efficient. However, the analysis of crystal structures has
not yet become efficient. In this study, we constructed an optimal feature vector based on the X-ray diffraction pattern to predict the crystal structure with
high accuracy, and also predicted the mechanical properties that are highly related to the crystal structure.

Various feature vectors based on the intensity, angle, and number of peaks in the X-ray diffraction pattern were constructed and their effects on the
prediction accuracy were clarified. Since the number of diffraction peaks varied greatly among the different crystal systems, it was confirmed that the
number of peaks made a difference in the prediction accuracy. The prediction accuracy for Cubic among the seven crystal systems was about 97% at
maximum. On the other hand, the prediction accuracies of Monoclinic and Triclinic were lower than that of the other crystal systems due to the similarity
of their X-ray diffraction patterns. By constructing an optimal feature vector that can predict crystal structures with high accuracy, highly accurate
prediction of mechanical properties such as volume modulus can also be expected.

1:15 PM CH04.13.02
Combinatorial Synthesis of Heteroepitaxial, Functional Thin Films of Complex Materials with High-Throughput, In Situ, Chemical and
Structural Characterization Eun Ju Moon and Amit Goyal; University at Buffalo, The State University of New York, United States

Materials informatics applied to a range of advanced materials applications can identify a range of compositions of complex materials (having multiple
cations and anions) within which combinatorial synthesis is needed to obtain materials with ideal compositions for optimized properties. Combinatorial
synthesis via a continuous composition spread is an excellent route to develop thin-film libraries from a single experiment on a single wafer, which is both
time- and cost-efficient for developing new materials with ideal compositions and having optimized properties for next-generation applications. A reliable,
high-throughput, in-situ characterization analysis method is required to meet the crucial need to screen materials libraries. Creating libraries of functional
multi-component complex oxide films requires excellent control over the synthesis parameters combined with high-throughput analytical feedback across a
given substrate area. Here, we report on the use of a newly developed in-situ compositional analysis technique, called low-angle x-ray spectroscopy
(LAXS), to map the chemical composition profile of combinatorial heteroepitaxial complex oxide film deposited in a continuous composition spread using
pulsed laser molecular beam epitaxy (MBE). This state-of-the-art combinatorial growth system facilitates a fully synchronized four-axis mechanical
substrate stage without shadow masks, alternating acquisition of chemical compositional data using LAXS at various different positions on the ~41mm x
41mm range and sequential deposition of multilayers of SrTiO3; and SrTigsRug 203 on a 2-inch (50.8mm) LaAlO; wafer in a single growth. Reflection high-
energy electron diffraction (RHEED) and x-ray diffraction (XRD) are used to confirm the epitaxy of the combinatorial oxide films, SrTi1.xRuxOs.s,
deposited across the wafer. Rutherford backscattering spectrometry (RBS) is used to calibrate and validate the measurement data produced by the LAXS on
the composition spread across the substrate. The calibrated LAXS data exhibits a gradual composition elevation, thus showing a good agreement with the
RBS results (0<x<~0.2). This study shows the feasibility of combinatorial synthesis extended to heteroepitaxial, functional complex oxide films at wafer-
scale using a new in-situ high-throughput characterization technique. The combination of laser-MBE growth with high-throughput LAXS for probing
composition and RHEED for epitaxy is a powerful route to obtain new materials with optimized compositions, epitaxy, and functional properties.

1:30 PM CHO04.13.03

Advanced Feature Extraction with Machine Learning and Combinatorial Methodologies for Thin-Film Photovoltaic Materials Enric Tomas T.
Grau-Lugue?, Maxim Guc?, Fabien Atlan®, Andreas Zimmermann?, Sergio Giraldo?, Ignacio Becerril-Romero?, Alejandro Perez-Rodriguez'= and Victor
Izquierdo-Rocat; IREC, Spain; 2Sunplugged GmbH, Austria; 3Universitat de Barcelona, Spain

Spectroscopic characterization techniques, such as Raman spectroscopy (RS), photoluminescence (PL), or X-ray fluorescence (XRF) are becoming widely
spread for advanced material characterization due to their easy application and highly informative output about different materials properties in a fast and
non-destructive manner. Spectroscopic data is mostly processed through simple analytical procedures that are time-consuming and undermine their
potential. This is especially critical in the context of research in new material-based technologies which often present a high degree of complexity (e.g.
multilayer, multiscale or multiprocess) and require the use of several characterization techniques in a combinatorial way in order to obtain an advanced
understanding of their fundamental properties and failure mechanisms. The use of simple analytical procedures for this complex analysis results in long
conception-to-market development times (normally 10-20 years) using large amounts of resources.

Recently, combinatorial analysis (CA) and machine learning (ML) have started to become common methodologies in the analysis of complex systems. It is
foreseen that these advanced methodologies will shorten technology development times by a factor of 10. However, they require deep theoretical,
analytical, and programming knowledge as well as big-data experimental generation which sets a barrier for their widespread implementation. In this
context, the development of practical methodologies is paramount to accelerate the broad adoption of CA and ML and ultimately shorten technology
development times.

This work proposes a novel methodology based on ML and CA to accelerate experimentation, analysis, and development. We present a step-by-step
explanation of the methodology that includes the following key aspects: i) defining features and targets, ii) pre-processing and scaling experimental data,
iii) selecting and using a ML algorithm, iv) analyzing and interpreting the outputs, v) visualizing the results, and vi) combining ML with CA for feature
extraction. When applied successfully, this workflow produces consistent results that offer impactful insights into materials research. We illustrate this
methodology by presenting its application to two practical examples of complex materials with high relevance for the thin-film PV community: the
development of the earth-abundant Cu,ZnGeSe, (CZGSe) at laboratory scale and of mature Cu(In,Ga)Se, (CIGSe) PV technologies. These materials
exhibit several difficulties in their development due to the high amount of parameters involved in their multi-step fabrication and their impact on material
properties. In the case of CZGSe, it is a high band gap absorber material with a high potential for tandem or semitransparent PV applications. The study
was carried out in a combinatorial sample with graded composition characterized by XRF, RS, and current-voltage (I-V). In the case of CIGSe, itis a
mature PV technology but with high improvement and cost reduction potential. In this study, CA (using RS, PL, and 1-V) and ML methodologies were
applied to optimize the fabrication of solar modules on flexible substrates in SUNPLUGGED GmbH’s innovative roll-to-roll (RtR) production line. In both
cases, the applied CA and ML methodologies are demonstrated to enable defining the critical deposition parameters and conditions that allow reaching the



optimum material properties in terms of their application in PV devices.

Finally, we also introduce a free open-source library based on Python for the presented methodologies to facilitate researchers and developers to perform
CA and ML analysis of spectroscopic data. We strongly believe that this work represents the foundations for the future research of complex materials,
which aims for more robust, faster, and automated work structures. In the particular case of thin-film PV, this will lead to a more efficient, versatile, and
cheaper production of PV devices for a greener future.

1:45 PM CH04.13.04
signac—Data Management and Workflows for Computational Materials Discovery and Design Bradley D. Dice, Brandon Butler and Sharon C.
Glotzer; University of Michigan, United States

The open-source signac data management framework (https://signac.io) helps researchers execute reproducible computational studies, scaling from laptops
to supercomputers and emphasizing portability and fast prototyping. With signac, users can track, search, and archive data and metadata for file-based
workflows and automate workflow submission on high performance computing (HPC) clusters. We will showcase current research by the materials
community using signac, and discuss how recent improvements to the software’s feature set, scalability, and usability are enabling new scientific
applications of the framework. Newly implemented synced data structures, workflow subgraph execution, and performance optimizations will be covered.
Motivated by the needs of computational materials scientists for heterogeneous data processing with bespoke parallel execution patterns on widely varying
hardware, we will demonstrate how these new capabilities enhance signac’s integrated approach to materials simulations and facilitate the high level of
flexibility required by this domain of research.

2:00 PM CH04.13.05
Combining Crystal Structure Prediction and High-throughput Powder Pattern Refinement for Organic Solid Form Selection Kiran Sasikumar,
Jacco van de Streek and Marcus Neumann; Avant-garde Materials Simulation GmbH, Germany

On some occasions, a crystal structure that has been prepared and marketed for years is unexpectedly superseded by a thermodynamically more stable
polymorph, rendering the initial crystal structure almost impossible to obtain—a so-called “disappearing polymorph” [1]. Despite the relative rarity of such
events, famous cases such as the drug compounds Ritonavir and Rotigotine, where costly reformulations were required to manufacture the product again,
underlined the commercial need for extensive screening of solid-state forms. Sometimes christened virtual polymorph screening, crystal structure
prediction (CSP) emerged as a complement to experimental solid-form screens in order to evaluate the risk of a “disappearing polymorph” event. With the
technology achieving maturity, CSP is now increasingly being used in the pharmaceutical industry to predict the relative thermodynamic stability of solid-
state forms and to guide small-molecule solid form selection [2, 3].

A key component of the risk assessment and solid form selection workflow is to map the experimentally synthesized solid forms onto the predicted crystal-
energy landscape. As CSP is increasingly used early in the drug development cycle, experimental single crystal structures are often unavailable, and X-ray
powder diffraction patterns are the best available experimental representation of the synthesized solid form. Furthermore, several factors can affect the
pattern quality, such as preferred orientation of crystallites in the powder sample, amorphous background or peak position offset. The available powder
sample may also correspond to disordered crystal structures and/or be phase mixtures of multiple solid forms. Hence, it is imperative to have a
sophisticated high-throughput matching functionality to place the experimentally observed forms on the predicted landscape.

In this contribution, we present the results of high-throughput refinement of powder diffraction patterns involving phase mixtures of pharmaceutically
relevant compounds. Specifically, we compare the powder diffraction pattern against an extensive list of input crystal structures from an early-stage CSP
study by refining or optimizing ~1 million parameter-sets that involve different combinations of structures, phase volume fractions and preferred
orientation directions. Further, we discuss the ambiguities inherent to structure solution from powder diffraction data and the importance of calculated
lattice energies (often also free energies where vibrational contributions are factored in) in the robust bridging of experimental and computational data.

References

[1] D.-K. Bugar, R. W. Lancaster & J. Bernstein (2015), “Disappearing Polymorphs Revisited” Angew. Chem., Int. Ed. 54, 6972-6993.

[2] M. A. Neumann & J. van de Streek (2018), “How Many Ritonavir Cases Are There Still out There?” Faraday Discuss. 211, 441-458.

[3] J. Hoja, Hsin-Yu Ko, M. A. Neumann, R. Car, R. A. DiStasio Jr. & A. Tkatchenko (2019), “Reliable and Practical Computational Description of
Molecular Crystal Polymorphs” Sci. Adv. 5, eaau3338.

2:15 PM *CHO04.13.06
Similarity of Materials and Data-Quality Assessment by Unsupervised Learning Claudia Draxl, Simon Gabaj, Martin Kuban, Santiago Rigamonti and
Markus Scheidgen; Humboldt-Universitét zu Berlin, Germany

Data-centric approaches are already complementing our daily research and will even significantly change materials science in the near future. In this
respect, data-analytics and machine-learning approaches are being developed and applied to various problems, and high-throughput screening (HTS) is
going hand in hand with the establishment of small- and large-scale data collections. These resources allow us finding trends and patterns that cannot be
obtained from individual investigations. Moreover, one can search for materials which exhibit features that are similar to those of other materials but are
superior with respect to other criteria.

We have developed a platform that implements various similarity measures and employ this tool to explore the materials available in the NOMAD
Encyclopedia [1]. Besides finding materials that resemble each other, e.g. in their electronic properties, this toolbox can also be used for assessing data
quality. As such, one can compare the performance of different methodologies for one and the same material or the impact of approximations and
computational parameters on calculated properties. We also make use of un unsupervised learning to find trends in the data and rationalize their physical
origin. We will also discuss how we are currently expanding our efforts towards other materials properties of interest and developments towards inclusion
of experimental data.

[1] C. Draxl and M. Scheffler, The NOMAD Laboratory: From Data Sharing to Artificial Intelligence, J. Phys. Mater. 2, 036001 (2019); https://nomad-
lab.eu.

2:45 PM CH04.13.07

High-Throughput Study of Antisolvents on the Stability of Multicomponent Metal Halide Perovskites Through Robotics-Based Synthesis and
Machine Learning Approaches Kate Higgins®, Maxim A. Ziatdinov?, Sergei V. Kalinin? and Mahshid Ahmadi?; *University of Tennessee, Knoxville,
United States; 20Oak Ridge National Laboratory, United States



Considerable research attention has focused on metal halide perovskites (MHPs) over the recent years because of the combination of exceptional
optoelectronic properties and low fabrication cost, making them ideal candidates for a variety of applications'*. Even so, the development of MHPs for
commercialization must overcome an obstacle, namely stability in the pure or device-integrated form®. Overcoming adverse effects stemming from external
stimuli can be minimized or avoided by utilizing established encapsulation techniques and device engineering®’. Simultaneously, another strategy is to
improve the intrinsic stability by cation and/or halide alloying to synthesis multicomponent MHPs®°. A multitude of studies have demonstrated how the
incorporation of other cations, particularly Cs* and formamidinium (FA*) into methylammonium (MA*) systems, leads to improve stability in ambient and
operational conditions. Mixing halides, has also proven to be an effective strategy toward stable perovskite materials.

Antisolvent crystallization methods are frequently used to fabricate high quality perovskite thin films, to produce sizable single crystals, and to synthesize
nanoparticles at room temperature. However, a systematic exploration of the effect of specific antisolvents on the intrinsic stability of multicomponent
metal halide perovskites has yet to be demonstrated. We have previously reported the development of a workflow for materials discovery utilizing both
automated synthesis and machine learning (ML) %, Similarly in this study, we develop a high-throughput experimental workflow that incorporates robotic
synthesis, automated characterization, and ML techniques to explore how the choice of antisolvent affects the intrinsic stability of binary perovskite
systems in ambient conditions!?. Different combinations of the endmembers are used to synthesize 15 combinatorial libraries, each with 96 unique
combinations. In total, roughly 1100 different compositions are synthesized. Each library is fabricated twice using two different antisolvents: toluene and
chloroform. Once synthesized, photoluminescence spectroscopy is automatically performed every 5 minutes for approximately 6 hrs. Non-negative Matrix
Factorization (NMF) is then utilized to map the time- and compositional-dependent optoelectronic properties. Through the utilization of this workflow for
each library, we demonstrate that the selection of antisolvent is critical to the stability of MHPs in ambient conditions. We explore possible dynamical
processes, such as halide segregation, responsible for either the stability or eventual degradation as caused by the choice of antisolvent. Overall, this high-
throughput study demonstrates the vital role that antisolvents play in the synthesis of high quality multicomponent MHP systems.
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8:00 AM CH04.14.02
A Fundamental Training Paradigm for Graph Neural Networks to Characterize Complex Features in Atomic Microstructures Yu-Ting
Hsu, James Chapman, Penghao Xiao, Xiao Chen and Brandon Wood; Lawrence Livermore National Laboratory, United States

Graph neural networks (GNNs) are an emerging machine learning methodology for processing irregularly structured data. They have shown promise in
learning/predicting properties of atomistic structures due to their intrinsically physically-informed nature, with graph nodes representing atoms and graph
edges symbolizing interatomic bonds. In atomistic modelling, the application of GNNs has generally been limited to small-scale molecular structures or
crystalline materials represented by small unit cells. In contrast, describing more complex structural and microstructural features such as grain boundaries,
voids, and surfaces requires scaling the application space of GNNs to vastly larger atomistic microstructures. To this end, we have developed a GNN
training paradigm to characterize microstructural features without the need for GNN to explicitly identify such information during training. Our
methodology aims to capture a fundamental aspect of complex atomic environments, in which one can generalize local geometries on a scale from fully
ordered (perfect crystal) to completely disordered. This atomic-level classification system allows our GNN to extrapolate widely to configurations that it
has not explicitly seen before. Our methodology also overcomes limitations associated with existing methods where the local environments are predefined
to a “hard-coded” reference of specific structural motifs, which often leads to incorrect classification of complex structural environments such as grain
boundaries. The notion of scaling between order and disorder presents a much smoother classification system of these geometric domains. We highlight the
application of our GNN scheme to the automated detection and characterization of aluminum microstructures, derived from polycrystalline structures
containing a variable number of grains and temperatures. We show that with a limited training set, our method correctly identifies and characterizes
microstructural features such as surfaces, grain boundaries, voids, or other defect-likeenvironments on a much larger scale than that encountered during
training. The examples presented here showcase the ability of our GNN methodology to characterize atomistic structures with unprecedented accuracy and
transferability, opening the door to understanding structure-property relationships in complex materials in greater detail.

8:15 AM CHO04.14.03

Physics-Informed Machine Learning Enhances Predictive Design of Fluorescent DNA-Stabilized Silver Clusters Peter Mastracco?, Joshua Evans?,
Anna Gonzalez-Rosell*, Petko Bogdanov? and Stacy Copp*; *University of California, Irvine, United States; 2Chaffey College, United States; University at
Albany, State University of New York, United States

DNA-stabilized silver clusters (Agn-DNAs) are a model system for developing machine learning approaches to materials discovery. These clusters of 10-
30 Ag atoms are encapsulated in short DNA strands, whose nucleobase sequences tune fluorescence emission from 500 nm to at least 1000 nm by selection
of cluster size and morphology. With high quantum yield fluorescence, unique rod-like geometries, compatibility with DNA, and sensitivity to certain
analytes, Agn-DNAs are promising for applications including sensing, bioimaging, and nanophotonics. However, the complex relationship between DNA
sequence and Agn-DNA fluorescence color and the enormous combinatorial space of DNA sequences to choose from has hindered rational design of Agn-



DNA:s for such applications. Previously, we applied supervised machine learning classification together with high-throughput experiments to learn the
connection between DNA sequence and Agn-DNA color, using data mining together with feature selection to engineer features for these models. Here, we
present new efforts to engineer physically motivated features, presenting new features hypothesized based on observations from the first reported crystal
structures of Agn-DNAs. We show that models using these physics-informed features perform comparably well or better than more complex models with
features engineered by naive data mining, and the dimensionality of the new models is one order of magnitude less than the previous naive models.
Furthermore, we rank features by a metric of importance to further reduce the dimensionality of our learned models and to inform the understanding of how
DNA stabilizes silver clusters. This work demonstrates the importance of merging first-principles knowledge with machine learning and high throughput
experimentation for the discovery of sequence-encoded biomolecular materials.

8:30 AM *CHO04.14.04

Automating Data Interpretation with Deep Reasoning Networks John M. Gregoire!, Di Chen?, Yiwei Bai?, Sebastian Ament?, Wenting Zhao?, Lan
Zhou?, Bart Selman?, R. Van Dover?, Carla Gomes? and Dan Guevarra®; *California Institute of Technology, United States; 2Cornell University, United
States

As materials discovery efforts increasingly expand in high-order composition spaces and/or far-from-equilibrium syntheses, characterizing the phase
behavior of the materials becomes increasingly challenging. The limited ability of algorithms to automate phase mapping — the generation of the
composition map of crystalline phases from a set of x-ray diffraction patterns — creates a bottleneck in high throughput and autonomous materials
discovery. For properties where only phase-pure materials are of interest one needs to screen out the mixed-phase diffraction patterns, although properties
from catalysis to light harvesting materials may be optimized through interfaces and other multi-phase interactions. As a result, mixed-phase x-ray
diffraction patterns must be de-mixed, which can be very challenging when candidate structures contain overlapped features and the diffraction patterns of
prototype structures vary due to, for example, alloying. In such cases, experts analyze the data by collectively considering a collection of related mixed-
phase diffraction patterns and invoking thermodynamic rules that govern phase mixtures in the given materials space. Previous methods have used such
rules to “fix” phase mapping solutions from de-mixing patterns, but when dozens of phase mixtures exist within a dataset and the materials space has
multiple degrees of freedom that require hundreds of diffraction patterns to characterize, the data complexity exceeds the capabilities of both human
experts and state of the art algorithms. In such cases, the prior knowledge about phase prototypes of thermodynamic rules must be integrated into the
demixing process. Application of the rules inherently involves computational reasoning and recognition of the phase-pure patterns in the data inherently
involves computational learning. The combination of reasoning and learning to solve challenging problems is a hallmark of human intelligence, and we
introduce Deep Reasoning Networks (DRNets) to seamlessly integrate reasoning and learning. DRNets are designed with an interpretable latent space for
encoding prior-knowledge domain constraints and integrating constraint reasoning into neural network optimization. DRNets are demonstrated for solving
complex phase behavior in 3-cation oxide composition spaces.

9:00 AM CHO04.14.05
Predicting Temperature-Dependent Oxide Redox Reactions with Machine-Learning Augmented First-Principles Calculations José A. Garrido
Torres, Vahe Gharakhanyan, Tobias Hoffmann Eegholm, Nongnuch Artrith and Alexander Urban; Columbia University, United States

Understanding the conditions for the formation and reduction of metal oxides at high temperatures is of great industrial relevance, e.g., for corrosion
prevention and for metal production. However, the experimental characterization of high-temperature redox chemistry is challenging and requires
specialized equipment. Simulations with the Calculation of Phase Diagrams (CALPHAD) method can be an alternative but require assessed phase
diagrams for the system of interest. First-principles calculations, on the other hand, can provide robust estimates of redox potentials at zero Kelvin without
experimental input, but simulating redox reactions at high temperatures is computationally demanding and often too approximate.

Here, we will discuss initial progress towards the efficient computational prediction of high-temperature redox chemistry using machine-learning
augmented first-principles calculations. We show that a combination of results from zero-Kelvin density-functional theory (DFT) calculations and a
machine-learning model trained on temperature-dependent reaction free energies allows predicting reduction temperatures of metal oxides that the model
was not trained on. Hence, this initial application for crystalline binary and ternary oxides demonstrates that the temperature dependence of the free energy
can indeed be cross-learned from other oxides, thereby removing the limitation to compounds that have previously been thermodynamically assessed.

9:15 AM CH04.14.07
Machine Learning for Revealing Spatial Dependence Among Nanoparticles: Understanding Catalyst Film Dewetting via Gibbs Point Process
Models Ahmed Aziz Ezzat! and Mostafa Bedewy?; *Rutgers, The State University of New Jersey, United States; 2University of Pittsburgh, United States

How can we simulate a complex nanoscale phenomena involving coupled physical and chemical processes and interactions that are hard to model? In this
work we show that combining in situ environmental transmission electron microscopy (E-TEM) with automated image processing and statistical machine
learning uniquely enables formulating interpretable mathematical models as well as creating accurate simulation tools. In particular, there is a need for a
better understanding, characterization, and prediction of the proximity effects among dense populations of metal nanocatalysts as they form and evolve
over time. Here, we leverage point process theory—a branch of statistical machine learning—to “learn” the spatial dependencies among ensembles of
adjacent alumina-supported iron nanoparticles from a time sequence of E-TEM images. We construct a set of point process models to make statistical
inferences about the nature of spatial dependencies that govern the rapid formation, or “popping” of nanoparticles during thin film dewetting, concomitant
with metal reduction in the presence of acetylene at 750 °C. We show that nanoparticles exhibit strong dispersion behavior, i.e. new nanoparticles pop in
dispersed locations at a predictable distance from their existing territorial neighbors. We also show that the Softcore model, a class of Gibbs point
processes, adequately describes the pairwise interactions underlying such time-dependent spatial variations. Further, we leverage the probabilistic nature of
our statistical models to develop a computational simulation tool capable of producing accurate simulations of the spatio-temporal evolution of formation
patterns of nanoparticles at both finer time resolutions and larger spatial domains than experimental observations. This is a much needed capability,
wherein the behavior of hard-to-model coupled nanoscale phenomena involving complex chemical and physical processes are accurately captured in
machine-learned mathematical formulations; thus overcoming current limitations in computational methods supporting the design and analysis of collective
nanocatalyst populations.

9:20 AM CH04.14.08
Defects Engineering to Design Tough Graphene Chang-Yan Wu?, Markus J. Buehler? and Chi Hua Yu'?; 'National Cheng Kung University,
Taiwan; 2Massachusetts Institute of Technology, United States

Fracture behaviors of brittle materials have been a crucial problem when it comes to safety and reliability. Unlike the one-sided understanding that defects
result in a negative effect on materials, a new perspective from recent studies indicates that nano-defects could strengthen the material if rationally
designed. Nevertheless, fracture behaviors of graphene under defective conditions remain unclear and need more comprehensive studies. With deep
learning (DL) recently drawing attention in the material field, several studies have applied machine learning techniques on predicting crack growth of



brittle materials. This study aims to use a deep sequential model to predict the fracture path of graphene under two systems of defective configuration. One
involves graphene with different crystalline, and the other involves graphene with various porous defects. First, we built 20 nm 16 nm graphene sheets with
different orientations or pores defects. The 20 nm pre-existing crack is set at the edge of each graphene sheet. Subsequently, we performed uniaxial tensile
tests by implementing molecular dynamics simulation and process the results into grayscale images. We sliced every single image into pieces so that the
ConvLSTM-based model can learn the spatiotemporal features from the sequential images. The input matrices are mapped from the sequential images, and
the output matrices are mapped from the crack images of the next timestep. After iterating the prediction process, we can obtain the final crack path of the
graphene. We first used 100 crack images (graphene with ten different orientations in 10 sets) to train the model. The model shows 99.45% binary accuracy
and can predict the crack path of graphene under different orientations, whether it is single crystal or bicrystal. We used other 300 crack images (arbitrary
porous graphene) to train another model. The model shows 94.50% binary accuracy and can predict crack propagation of arbitrary porous graphene. This
study applied deep learning on graphene fracture predictions, which work as a more efficient tool than conventional simulation methods, which is potential
for next-generation material design.
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10:30 AM *CHO04.02.01
Realizing Physical Discovery in Imaging with Machine Learning Sergei V. Kalinin, Yongtao Liu, Ayana Ghosh, Kyle P. Kelley, Kevin
Roccapriore and Maxim A. Ziatdinov; Oak Ridge National Laboratory, United States

Machine learning and artificial intelligence (ML/AI) are rapidly becoming an indispensable part of physics research, with domain applications ranging
from theory and materials prediction to high-throughput data analysis. In parallel, the recent successes in applying ML/Al methods for autonomous systems
from robotics through self-driving cars to organic and inorganic synthesis are generating enthusiasm for the potential of these techniques to enable
automated and autonomous experiment (AE) in imaging. The implementation of this vision requires the synergy of three intertwined components,
including the engineering controls of the imaging tools, the algorithmic developments that allow to define non-trivial exploratory patterns, and physics-
driven interpretation.

In this presentation, | will discuss recent progress in automated experiment in electron and scanning probe microscopy, ranging from feature to physics
discovery via active learning. The applications of classical deep learning methods in streaming image analysis are strongly affected by the out of
distribution drift effects, and the approaches to minimize though are discussed. We further present invariant variational autoencoders as a method to
disentangle affine distortions and rotational degrees of freedom from other latent variables in imaging and spectral data. The analysis of the latent space of
autoencoders further allows establishing physically relevant transformation mechanisms. Extension of encoder approach towards establishing structure-
property relationships will be illustrated on the example of plasmonic structures. Finally, I illustrate transition from post-experiment data analysis to active
learning process. Here, the strategies based on simple Gaussian Processes often tend to produce sub-optimal results due to the lack of prior knowledge and
very simplified (via learned kernel function) representation of spatial complexity of the system. Comparatively, deep kernel learning (DKL) methods allow
to realize both the exploration of complex systems towards the discovery of structure-property relationship, and enable automated experiment targeting
physics (rather than simple spatial feature) discovery. The latter is illustrated via experimental discovery of the edge plasmons in STEM/EELS and
ferroelectric domain dynamics in PFM.

This research is supported by the by the U.S. Department of Energy, Basic Energy Sciences, Materials Sciences and Engineering Division and the Center
for Nanophase Materials Sciences, which is sponsored at Oak Ridge National Laboratory by the Scientific User Facilities Division, BES DOE.

11:00 AM *CH04.15.01
Learning Rules for Materials Properties and Functions by Artificial Intelligence Matthias Scheffler; The NOMAD Laboratory at the FHI, Germany

In materials science and engineering, one is typically searching for materials that exhibit exceptional performance for a certain function, and all these
searches face the following situation[1]

-- The number of possible materials is practically infinite.

-- The electronic and atomistic processes that rule a desired materials function are many, and their concerted action is typically highly complex and
intricate, resulting in an immense number of possibly relevant mechanisms.

-- The number of data that are “clean” (i.e. comprehensively characterized and high-quality) and relevant for the function of interest are typically very low.

Under these daunting conditions we aim to identify the rules that govern the rare phenomena corresponding to particularly exceptional materials. Thus, the
scientific discovery typically resembles the proverbial hunt for the needle in a haystack.

This talks describes two methods that guide the way towards solutions of the challenge: Subgroup Discovery [2] and Sure Independent Screening and
Sparcifying Operator (SISSO) [3]. Both methods enable us to identify the “materials genes”, i.e. the basic physico-chemical parameters that are relevant
for the property of interest. In analogy to biology, these “materials genes” are correlated to processes that trigger, actuate, or facilitate, or hinder the
property of interest.

In the coordinate systems of these genes we identify maps of materials properties, i.e. (small) regions where the desired high-performance materials can be
found.

The talk describes the concepts and illustrates them with specific examples, e.g. crystal-structure prediction, topological semiconductors, materials that may
convert green-house gases into useful chemicals and fuels, and more.

1) C. Draxl and M. Scheffler, Big-data-driven materials science and its FAIR data infrastructure. Handbook of Materials Modeling, eds. S. Yip and W.
Andreoni (Basel: Springer International Publishing) p. 49 (2020).
2) B. R. Goldsmith, M. Boley, J. Vreeken, M. Scheffler, L. M. Ghiringhelli, Uncovering structure-property relationships of materials by subgroup



discovery. New J. Phys. 19, 013031 (2017).
3) R. Ouyang, S. Curtarolo, E. Ahmetcik, M. Scheffler, and L. M. Ghiringhelli, SISSO: a compressed-sensing method for identifying the best low-
dimensional descriptor in an immensity of offered candidates. Phys. Rev. Mat. 2, 083802 (2018).

11:30 AM *CH04.04.01

Matrices, Graphs and Natural Language—Ways to Represent Materials for Machine Learning Keith T. Butler*?, Ricardo Grau-Crespo?, Luis
Antunes?, Scott Midgley?, Jeyan Thiyagalingam?, Johannes Allotey®, Aron Walsh* and Alexander Moriarty*; *Rutherford Appleton Laboratory, United
Kingdom; 2University of Reading, United Kingdom; SUniversity of Bristol, United Kingdom; “Imperial College London, United Kingdom

In this talk I will present some of our recent work on different ways of representing materials for various machine learning applications. Starting with a
simple case of using the well-known Coulomb matrix representation for solid-solutions and alloys, | will demonstrate how this significantly outperforms
the cluster expansion approach, which has been the standard method for atomistic modelling of alloys for several decades. The Coulomb matrix
representation, in combination with neural networks is shown to be highly effective in predicting non-linear relationships, exemplified by the case of band
gaps in a solid-solution of (Zn, Mg)O. Next I will consider graph-neural networks (GNNs), which encode the topology of a material as a message passing
graph — typically these GNNSs are coupled with a standard neural network to predict a given material property. | will demonstrate how GNNs can be used
instead to learn a representation of the material as a compressed vector, which can then be used in a Bayesian approach to predict properties, but with
added value of a principled estimate of the uncertainty in the estimation. By using this GNN-fed Gaussian process, we are then able to develop an active
learning protocol whereby we select the next best experiment (or high-level calculation) to obtain new labelled data. We find that this active learning
process leads to model improvement at twice the rate of adding data without guidance. Finally I will demonstrate how principles from natural language
processing (NLP) can be applied to learn representations of atoms and then to assemble these atoms into compounds. Using this approach we can leverage
existing databases, such as the Materials Project to rapidly learn distributed embeddings and then apply these embeddings to predict compound properties —
1 will show how this NLP-inspired approach outperforms many existing approaches on a number of standard materials science benchmark tests.

12:00 PM *CH04.15.02
Statistical Physics of Machine Learning Bruno Loureiro, Lenka Zdeborové and Florent Krzakala; Ecole Polytechnique Fédérale de Lausanne,
Switzerland

The past decade has witnessed a surge in the development and adoption of machine learning algorithms to solve day-a-day computational tasks. Yet, a solid
theoretical understanding of even the most basic tools used in practice is still lacking, as traditional statistical learning methods are unfit to deal with the
modern regime in which the number of model parameters are of the same order as the quantity of data - a problem known as the curse of

dimensionality. Curiously, this is precisely the regime studied by Physicists since the mid 19th century in the context of interacting many-particle systems.
This connection, which was first established in the seminal work of Elisabeth Gardner and Bernard Derrida in the 80s, is the basis of a long and fruitful
marriage between these two fields.

In this talk I will motivate and review the connections between Statistical Physics and problems in high-dimensional Statistics, such as the ones stemming

from the fields of Machine Learning and Signal Processing. Finally, I will exemplify this discussion with some recent concrete applications of the
Statistical Physics toolbox to different problems of interest.
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8:30 AM
Introduction to Machine Learning and Materials Data Science A. Gilad Kusne; National Institute of Standards and Technology, United States

A high level introduction to the basic concepts of Machine Learning and central challenges in applying these concepts to materials data.

9:15 AM
Introduction to Gaussian Processes for Regression and Classification A. Gilad Kusne; National Institute of Standards and Technology, United States

A high level introduction to the basics of Gaussian Processes (GP), their applications to regression and classification tasks, and their relationship to deep
learning and linear regression. We will also have a brief hands-on demonstration of GPs applied to materials data. For attendees interested in following
along, please bring a laptop and have a Google account.

10:00 AM BREAK

10:30 AM
A Gentle Introduction to Deep Learning Stefan Sandfeld; Forschungszentrum Jilich GmbH, Germany

A brief introduction to artificial neural networks (Neural Network Definition and Elements, Custom layers, Activation Functions, Loss functions) as well
as to Deep Neural Networks (CNN, RNN) will be given. This is complemented by examples that focus on materials science applications, such as semantic
segmentation of images.

12:00 PM BREAK

1:30 PM
Sequential Bayesian Experimental Design Kris Reyes; University at Buffalo, The State University of New York, United States

In this module, we shall discuss sequential experimental design, and the Bayesian modeling of experimental responses. Key to this is the idea of a decision-
making policy. We shall give many examples of such policies for various design tasks. Topics discussed will include Gaussian Processes, Multi-armed
Bandits and Bayesian Optimization.

3:00 PM BREAK

3:30 PM
Active Learning Competition Shijing Sun; Toyota Research Institute, United States

A hands-on demonstration of active learning in action. This includes a competition where attendees will compete in using Bayesian Optimization to
identify the global extrema of a hidden function. Attendees who would like to participate in the competition should bring a laptop and have a Google
account. Prizes will be awarded.

SESSION DS01.01: Human Machine Partnership
Session Chairs: Jason Hattrick-Simpers and Mrigi Munjal
Tuesday Morning, November 30, 2021
Sheraton, 5th Floor, Riverway

10:30 AM *DS01.01.01
Applied Machine Learning in Industry—Case Studies, Successes and Challenges Andrew Detor, Vipul Gupta, Nathaniel Mckeever and Daniel
Ruscitto; GE Research, United States

Access to machine learning methods has grown significantly over the past decade. Robust, open-source tools are readily available allowing materials
scientists to explore the benefits of a modern materials informatics approach. Here, we present a selection of recent case studies covering a range of
problems intended to test the application of machine learning to accelerate materials research at GE. New alloy and coating development projects,
component life prediction, and part inspection are all discussed. Successes are highlighted where machine learning has directly led to new insights, but we
also address challenges in applying these methods to complex industrially relevant problems. We cover the perennial lack-of-data issue and ongoing efforts
at GE to tackle this problem through a deliberate data strategy, integrating both internal and external sources of information to improve model performance.
The role of high-throughput experiments is also discussed as a critical enabler for machine learning. While many successes have been published in the
academic literature, we cover some of the unique challenges in applying a modern materials informatics framework in industry and ongoing work at GE to
modernize the way we conduct materials research and development.

11:00 AM DS01.01.02
Experiments and Data-Driven Modeling of Graphene Synthesis by Chemical Vapor Deposition Aagam Shah, Mitisha Surana, Jad Yaacoub, Elif
Ertekin and Sameh Tawfick; University of Illinois at Urbana-Champaign, United States

Despite that graphene synthesis via chemical vapor deposition (CVD) was first demonstrated in 2009, today economically-viable manufacturing of
continuous single crystals of graphene is still elusive. Hundreds of coupled synthesis parameters and complex kinetic pathways impede the development of
recipes that, for instance, are reproducible, environmentally sustainable and compatible with electronics fabrication. Building an accurate model for
synthesis is challenging due to the coupled chemistry-multi-physics, multi-time and -length scale nature of the growth process. To overcome these
challenges, we have adopted a data driven approach to address the complexities of CVD synthesis of graphene. First, we will present a data project called
Gr-ResQ (Graphene Recipes for Synthesis of High-Quality Materials). Gr-ResQ is a platform enabling the sharing and use of synthesis data towards
building a more accurate predictive model for graphene synthesis. At the core of Gr-ResQ is a crowd-sourced database of CVD recipes and
characterization. A suite of associated tools enable fast, automated, and standardized processing of Raman spectra and scanning electron microscopy
images. To facilitate community-based efforts, Gr-ResQ provides tools for cyber-physical collaborations among research groups, allowing experiments to



be designed, executed, and analyzed by different teams. Second, we present a data set of synthesis experiments where the selected parameters have a
reasonably trackable influence on the outcome. Finally, we apply a Bayesian optimization technique to exploit the results of these experiments. This data-
driven approach could facilitate more efficient discovery of complex synthesis recipes, where experimentation is time or capital intensive. This technique
can guide the selection of the next experiment and iterate through the process till a predictive model is prepared.

11:15 AM DS01.01.03
From Instruments to Insights—A Platform Approach to Lab Data Automation Max Petersen and Rob Brown; Dotmatics, United States

The ability to deliver innovative products to the marketplace is at the core of many chemicals and materials companies. One of the main obstacles in doing
so are high R&D cost and long development timelines. As a promising solution, data-driven R&D has made its way on executive agendas. At the same
time, the underlying IT infrastructure required to provision R&D data to these data-modeling initiatives is often overlooked and/or under resourced.
Consequently, many initiatives that aim at implementing data-driven R&D are facing data accessibility challenges, including insufficient data quality, lack
of data contextualization or incomplete data sets because of poor system adoption.

The solution to this problem is a uniform platform approach that can directly ingest data from their point of creation and serve up these data to lab
managers, scientists, or directly to data modeling tools. This approach is a departure from traditional R&D IT infrastructure designs, as it avoids
compartmentalizing data in silos e.g., in LIMS, ELN, or SDMS databases. This is especially important for materials innovation, as workflows are highly
variable and generated by scientists from multiple disciplines, leading to data aggregation and curation issues across data silos.

Our unified, data-driven platform that allows for flexible configuration of workflows and roles that naturally contextualizes R&D data. This is paired with a
set of scientific data intelligence capabilities, that spans data querying across heterogeneous data sources, data analytics, and advanced scientific data
visualization applications. The platform can operate in conjunction with other IT systems and data sources or as a standalone system that includes lab
digitalization. This presentation reviews the general aspects of this approach and discusses various customer scenarios of digitalization efforts in the
chemicals and materials space.

11:30 AM DS01.01.04
Interactive Graphical Software for the Automatic Characterization of Nanoscale Objects Using Computer Vision Phillip Williams, Joseph H.
Absi and Benoit Lessard; University of Ottawa, Canada

In previous work?, it was established that the use of Artificial Intelligence (Al) and Computer Vision (CV) can augment the current approaches used for
thin film analysis. By applying cutting edge Machine Learning techniques to Atomic Force Microscopy (AFM) images, fast, accurate and reproducible
analysis can be done at much larger scales and levels of detail than previously feasible. The analysis pipeline uses the AFM height data to calculate metrics
that are currently collected manually — such as linear density — as well as providing entirely new information not available from any machine or manual
technique, such as the positions, orientations, and lengths of each individual carbon nanotubes in a device.

However, the main drawback of my previous work® is that an experienced Machine Learning practitioner is required to properly operate the software and
algorithms. In practice, there are many parameters and configurations possible for each algorithm, and processing the data requires a very specific software
environment as well as access to the source code. In this work, the previous approaches are implemented in a graphical interface, allowing chemists and
materials scientists to leverage the cutting edges techniques without any technical support from a Machine Learning researcher. Various parameters can be
tuned, configurations explored, and the results can be computed and visualized in near real-time.

In the analysis software, there are several steps to the data analysis procedure. First, the AFM height data is ingested in the form of a color or black-and-
white image. Next, there are several pre-processing steps available; the image can be cropped, converted to black-and-white and even remove outliers
(pixels that are particularly bright or dark). Once the image has been preprocessed, a scientist can apply various segmentation algorithms to the AFM data,
this segmentation will produce a bitmap which represents the presen