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FOREWORD

The 2021 Catalysis Science Research PI Meeting is sponsored by the Division of Chemical
Sciences, Geosciences and Biosciences, Office of Basic Energy Sciences (BES), U.S.
Department of Energy. It is held as a virtual meeting on September 20-22, 2021. The
purposes of this meeting are to discuss the recent advances in the chemical, physical, and
biological bases of catalysis science, to foster exchange of ideas and cooperation among
BES/Catalysis Science Program Pls, and to discuss the new science challenges and
opportunities recently emerging in catalytic technologies for energy production and use.

Catalysis research activities within BES emphasize fundamental research aimed at
understanding reaction mechanisms and, ultimately, controlling the chemical conversion
of natural and artificial feedstocks to useful energy carriers. The long-term goals of this
research are to discover fundamental scientific principles, and to produce insightful
approaches for the prediction of catalyst structure-reactivity behavior. Such knowledge,
integrated with advances in chemical and materials synthesis, in-situ and operando
analytical instrumentation, chemical kinetics and dynamics measurements, and
computational chemistry methods, will allow the control of chemical reactions along
desired pathways. This new knowledge will impact the efficiency of conversion of natural
resources into fuels, chemicals, materials, or other forms of energy, while minimizing the
impact to the environment.

The goal of this meeting is to highlight the fundamental advances in catalysis science of
relevance to the energy, economic and environmental future of the U.S. This year’s
meeting theme “Catalysis for a Circular Economy” is a reminder that catalytic processes
enable the clean and continuous transformation and recovery of resources. The
presentations in this meeting showcase this idea demonstrating how advancements in
catalysis science lead to selective and low energy conversions of products as complex as
plastics or biomass and as simple -although not less challenging- as nitrogen or CO>. This
year’s program includes plenary talks by international and industry speakers that provide
a context on catalysis research outside of this program, as well as 4 Early Career Awardees
who bring fresh and novel approaches to long standing challenges in catalytic conversions,
in addition to 14 oral and 32 poster presentations by BES/Catalysis Science Pls.

Special thanks to the program investigators and their students, postdocs, and collaborators
for their dedication to the continuous success and visibility of the BES/Catalysis Science
Program. We also thank the Oak Ridge Institute for Science and Education staff (Linda
Sievers, Connie Lansdon and Michael Sharpe) for the logistical and web support of the
meeting. Finally, very special thanks go to Raul Miranda® for his longstanding and
continuing contributions to the BES/Catalysis Science Program, now from his role as Team
Lead for Chemical Transformations in the BES/Chemical Sciences, Geosciences and
Biosciences Division.

Zdenek Dohnalek!, Brent Gunnoe?, Viviane Schwartz’, Chris Bradley® and Igor Slowing®
'Pacific Northwest National Laboratory

2University of Virginia

3Catalysis Science Program, Office of Basic Energy Sciences, US Department of Energy



2021 BES Catalysis Science PI Meeting
Catalysis for a Circular Economy

September 20-22, 2021
Virtual Meeting (All times EST)

Program chairs: T. Brent Gunnoe and Zdenek Dohnalek
University of Virginia and Pacific Northwest National Laboratory

Monday September 20

OPENING SESSION
Session Chair: Zdenek Dohnalek, Pacific Northwest National Laboratory

12:10-12:40 pm Welcoming Remarks and Program Updates

Viviane Schwartz and Chris Bradley, DOE/BES/Catalysis Science
Program

12:40-1:00 pm BES Update
Raul Miranda, Team Lead, DOE/BES/Chemical Transformations Team

1:00-1:10 pm PI Meeting Theme — “Catalysis for a Circular Economy”

T. Brent Gunnoe, University of Virginia and Zdenek Dohnalek, Pacific
Northwest National Laboratory

SESSION I
Session Chair: Zdenek Dohnalek, Pacific Northwest National Laboratory

Plenary Presentation
1:15-2:00 pm “Operando Insights into Electrocatalytic and Thermal Conversion of CO>”

Beatriz Roldan-Cuenya, Fritz Haber Institute

2:00-2:15 pm Break



SESSION 11
Session Chair: Elizabeth Biddinger, The City College of New York

Program PI Presentations

2:15-2:45 pm “Imaging Single Molecule Polymerization Catalysis”
Suzanne Blum, University of California Irvine

2:45-3:15 pm “Simultaneous Upgrading CO> and Alkanes”
Jingguang Chen, Columbia University

3:15-3:30 pm Break

SESSION III
Session Chair: Steven Tait, Indiana University

Program PI Presentations
3:30-4:00 pm “Multifunctional Zeolites for Methane Dehydroaromatization”
Sheima Khatib, Texas Tech University

4:00-4:30 pm “Polyketoesters via Dual Alkene Hydroesterification and Carbonylation”
Ian Tonks, University of Minnesota

Early Career Awardees Presentations

4:30-4:45 pm “Designing Non-covalent Interactions at the Electrode-electrolyte Interface
for Nitrogen Activation”

Sara Thoi, Johns Hopkins University

4:45-5:00 pm “Building from Discrete Molecular Catalysts to Multidimensional
Architectures: the Effects of Charge Delocalization and Electronic
Coupling on Electrocatalysis”

Charles McCrory, University of Michigan

POSTER SESSION I
5:00-6:00 pm



Tuesday, September 21

SESSION IV
Session Chair: T. Brent Gunnoe, University of Virginia

Plenary Presentation

1:00-1:45 pm “Decarbonizing Low-Cost Fossil Resources by Reactive Separation on
High Temperature Liquids”
Eric McFarland, University of California Santa Barbara

Program PI Presentation

1:45-2:15 pm “Amines from Hydrocarbons and N»”: Combining C-H Activation and N-N
Activation”

Patrick Holland, Yale University
2:15-2:30 pm Break

SESSION V
Session Chair: Ba Tran, Pacific Northwest National Laboratory

Program PI Presentations
2:30-3:00 pm “Solvent-mediated Cooperativity in Zeolite Pores”
David Flaherty, University of lllinois Urbana-Champaign

3:00-3:30 pm “Contributions of Cerium Catalysis to the Circular Carbon Economy”

Polly Arnold, University of California Berkeley, and Lawrence Berkeley
National Laboratory

3:30-3:45 pm Break

SESSION VI
Session Chair: Johannes Voss, SUNCAT

Program PI Presentations

3:45-4:15 pm “Computational Study of Supported Organo-Vanadium Catalyst using
XANES Simulations”



Cong Liu, Argonne National Laboratory

4:15-4:45 pm “Interplay of Electroadsorption and Electrocatalysis on Thin-film Oxide
Surfaces”

Jin Suntivich, Cornell University
Early Career Awardee Presentation

4:45-5:00 pm “Electrocatalytic Grafting of PVC”
Christo Sevov, Ohio State University

POSTER SESSION II
5:00-6:00 pm

Wednesday, September 22

SESSION VII
Session Chair: Frédéric Perras, Ames Laboratory

Plenary Presentation

1:00-1:45 pm “Closing the Loop on Plastics Recycling”
Jeff Bricker and Andrea Bozzano, UOP

Program PI Presentation

1:45-2:15 pm “Selectivity Control with Organic Monolayers on Metal Oxides”
Will Medlin, University of Colorado Boulder

2:15-2:30 pm Break

SESSION VIII
Session Chair: Corey Stephenson, University of Michigan

Program PI Presentations

2:30-3:00 pm “Catalytic Rates with Active Site Specificity”
Frank Abild-Pedersen, SLAC National Accelerator Laboratory

3:00-3:30 pm “Modifying the Outer Coordination Sphere of an Artificial Enzyme for

CO: Reduction”
Wendy Shaw, Pacific Northwest National Laboratory

Vi



3:30-3:45 pm Break

SESSION IX
Session Chair: Felipe Polo-Garzon, Oak Ridge National Laboratory

Program PI Presentations

3:45-4:15 pm “Designing Zeolites with Improved Diffusion”
Jeffrey Rimer, University of Houston

4:15-4:45 pm “Cu-zeolites for Partial Methane Oxidation”
Rajamani Gounder, Purdue University

Early Career Awardee Presentation

4:45-5:00 pm “Towards a Multiscale Modeling Approach to the Electrochemical
Interface with DFT Accuracy”
Craig Plaisance, Louisiana State University

CLOSING SESSION

5:00-5:10 pm Final Remarks

T. Brent Gunnoe, Zdenek Dohnalek, Viviane Schwartz, and Chris
Bradley

vii



POSTER SESSIONS

Monday 20"

1. The Consortium for Operando and Advanced Catalyst Characterization via
Electron Spectroscopy and Structure (Co-ACCESS) at SSRL
Simon R. Bare, Jiyun Hong, Adam S. Hoffman
SLAC National Accelerator Laboratory, Menlo Park, CA

2. Catalytic Chloride Oxidation to Mediate Ethanol Oxidation
Bart M. Bartlett*, Andrew G. Breuhaus-Alvarez, SiqiLi
Department of Chemistry, University of Michigan —Ann Arbor, MI

3. Mechanistic studies on insertion reactions of Cu-H: Identifying kinetic
regimes and substituent effects
Ba L. Tran, Amy L. Speelman, Jeremy D. Erickson, Monica Vasiliu, David A.
Dixon, R. Morris Bullock
Pacific Northwest National Laboratory

4. Atomic-scale interfacial structural studies of oxide-supported catalysts using
XSW-XPS
Anusheela Das,! Yanna Chen, ! Leighton Jones, ! Devika Choudhury, 2 Denis
Keane, ' Tien-Lin Lee,’ Jeff Elam,?> George Schatz, ' Michael Bedzyk'
! Northwestern University, Evanston, IL, USA
2Argonne National Laboratory, Lemont, IL, USA
3Diamond Light Source, Didcot, UK

5. Electrochemical Hydrogenation and Hydrogenolysis of Furfural over Copper
Acidic Media
Andrew S. May, ! Steven M. Watt, !> Elizabeth J. Biddinger'-
'Chemical Engineering, The City College of New York, CUNY, New York,
NY,(USA)
2Ph.D. Program in Chemistry, The Graduate Center of the City University of New
York, New York, NY

6. Templated Encapsulation Promotes High-Temperature Stability in
Supported Catalysts up to 1,100 °C
Matteo Cargnello
Department of Chemical Engineering, SUNCAT Center for Interface Science and
Catalysis, Stanford University, Stanford, CA

viii
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10.

11.

Sub Nanometer Sized Clusters for Heterogeneous Catalysis

Abhaya Datye, University of New Mexico

Yong Wang, Washington State University and Pacific Northwest National
Laboratory

Theory, Simulation, and Design of High-Oxidation State Main-Group Metal
Catalysts for Hydrocarbon C-H Functionalization

Daniel H. Ess,'Shusen Chen, ! Roy Periana,? Michael Konnick,> Anjaneyulu
Koppaka,? Taylor Nielson, ! William Hirschi, ! Braden Borough, ! ElaynaZalit!
'Department of Chemistry and Biochemistry, Brigham Young University, Provo,
ur

2The Scripps Research Institute, Scripps-Florida, Jupiter, FL

3Hyconix Inc., Warrenville, IL

Supramolecular Porous Assemblies of Atomically Precise Catalytically
Active Cerium-Based Clusters

Megan C. Wasson,! Xuan Zhang, ! Ken-ichiOtake, ! Andrew Rosen,? Selim
Alayoglu,® Matthew D. Krzyaniak, ! Zhijie Chen,! Louis R. Redfern,' Lee
Robison,! Florencia A. Son,! YongweiChen,! Timur Islamoglu,' Justin M.
Notestein,” Randall Q. Snurr,”> Michael R. Wasielewski,! Omar K. Farha.'
'Department of Chemistry, Northwestern University, Evanston, IL
2Department of Chemical & Biological Engineering, Northwestern University,
Evanston, IL

3Reactor Engineering and Catalyst Testing Core, Northwestern University,
Evanston, IL

In Pursuit of Unambiguous Determination of Fe(III) versus Fe(IV) in
Transition Metal Oxide Electrocatalysts

Lauren F. Greenlee,!? Clemens Heske,>* Jingyi Chen,’ Tadashi Ogitsu,® Lothar
Weinhardt,>* Monika Blum,’ GeletuQing,'! Nan Jiang,? Sergio I. Perez Bakovic,'
Stephen Faussett,? Jennifer Napoles®

'Ralph E. Martin Department of Chemical Engineering, University of Arkansas.
’Department of Chemical Engineering, Pennsylvania State University.
3Department of Chemistry and Biochemistry, University of Nevada, Las Vegas.
Institute for Photon Science and Synchrotron Radiation, Karlsruhe Institute of
Technology.

Department of Chemistry and Biochemistry, University of Arkansas.

SQuantum Simulations Group, Lawrence Livermore National Laboratory.
’ddvanced Light Source, Lawrence Berkeley National Laboratory.

Impact of Ionic Environment on Catalytic Activity: Adsorption and
Dehydration of Cyclohexanol on Zeolites in Water

Sungmin Kim, Niklas Pfriem, Giovanni Piccini, Mal-Soon Lee, Jian Zhi Hu,
Oliver Gutiérrez-Tinoco, Roger Rousseau, Yue Liu, Johannes A. Lercher
Pacific Northwest National Laboratory, Richland, WA



12. Spectroscopic Signatures and Shape-Selective Synthesis of Cyclopentenyl
Cations
Friederike C. Jentoft,! Eric. D. Hernandez,' Babgen Manookian,? Scott M.
Auerbach?
'Departmentof Chemical Engineering
*Departmentof Chemistry
University of Massachusetts Amherst, MA

13. Non-Orthogonal Tandem Catalysis in Compartmentalized Nanoreactors
Eman Ahmed,! Jinwon Cho,? Ji-il Choi,b Jaco, ? Cleveland,? Sage Dubrawski,'
Fangbei Liu,! Christopher W. Jones,?> Marcus Weck,' Seung Soon Jang?

'New York University, New York, NY
2Georgia Institute of Technology, Atlanta, GA

14. Catalytic Activation of C-H and O-H Bonds for the Upgrading of Alcohols
Olaf Nachtigal, Andrew 1. VanderWeide, William D. Jones
Department of Chemistry, University of Rochester, Rochester, NY

15. Electronic Cooperativity in Supported Single-and Multinuclear-Sites for
Catalytic C-C and C-H Bond Functionalization
David Kaphan, Jeremy Kropf, Cong Liu, Massimiliano Delferro
Chemical Sciences and Engineering Division, Argonne National Laboratory,
Lemont, IL

16. Uniform Catalytic Environments at the Interface: Characterization of Sites
and Distributions, Catalytic Activity and Reaction Mechanisms
Takeshi Kobayashi, Frederic Perras, Marek Pruski, Long Qi, Aaron D. Sadow,
Igor I. Slowing
Division of Chemical and Biological Sciences, Ames Laboratory, Ames, 14

Tuesday 21%

1. Recent Advances in Carbon-Supported Single-Site Molybdenum-Dioxo
Catalysis
Yosi Kratish, Yiqi Liu, Jiaqi Li, Anusheela Das, Leighton O. Jones, Hacksung
Kim, Qing Ma, Peter C. Stair, George C. Schatz, Michael J. Bedzyk, Tobin J.
Marks
Departments of Chemistry, Material Science & Engineering, and Center for
Catalysis and Surface Science, Northwestern University, Evanston, IL



. Capturing the Coverage Dependence of Aromatics via Mean Field Models

Naseeha Cardwell,' Alyssa Hensley,!? Jean-Sabin McEwen!

'The Gene and Linda Voiland School of Chemical Engineering and
Biongineering, Washington State University

2Department of Chemical Engineering & Materials Science, Stevens Institute of
Technology, Hoboken, NJ

. Modulating Catalytic Properties of Targeted Metal Cationic Centers in
Nonstoichiometric Mixed Metal Oxides for Electrochemical Oxygen
Reduction

Samji Samira, John Carl A. Camayang, Xiang-Kui Gu, Eranda Nikolla
Department of Chemical Engineering and Materials Science, Wayne State
University, Detroit, MI

Sub-Monolayer is Enough: Modifying Catalyst Surfaces with Oxide
Overcoats

Justin Notestein,'? Alexander Ardagh,'? Cassandra George,'* Xin Tang,!* Peter
Stair'3

YCenter for Catalysis and Surface Science

2Department of Chemical & Biological Engineering

3Department of Chemistry

Northwestern University, Evanston, IL

. Catalytic Conversions Involving the Addition of H-X Bonds (X = Si, B) to
Carbon Dioxide

Daniel G. Shlian, Erika Amemiya, Serge Ruccolo, Gerard Parkin

Department of Chemistry, Columbia University, New York, NY

. Alkali-promoted Selective CO2 Reduction to Alcohols from First Principles
Wenjie Liao,' Xuelong Wang,? Sanjaya Senanayake,” Jose A. Rodriguez,” Ping
Liu?

'Chemistry Department, Stony Brook University, Stony Brook, NY

2Chemistry Division, Brookhaven National Laboratory, Upton, NY

. Identifying Support Effects In CO Oxidation

Zachary R. Mansley,' Ryan J. Paull,! Louisa Savereide,> Emily P Greenstein,
Scott Tatro,> Abha A Gosavi,? Emily Cheng,? JianguoWen,®> Kenneth R.
Poeppelmeier,* Justin M Notestein,? Laurence D. Marks!

'Department of Materials Science and Engineering, Northwestern University,
Evanston, IL

’Department of Chemical Engineering, Northwestern University, Evanston, IL
3Center for Nanoscale Materials, Argonne National Laboratory, Lemont, IL
‘Department of Chemistry, Northwestern University, Evanston, IL
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Beatriz Roldan Cuenya
Operando Insight into Electrocatalytic and Thermal Conversion of CO2

Beatriz Roldan Cuenya
Department of Interface Science, Fritz-Haber-Institute of the Max Planck Society, Berlin

Presentation Abstract

Tailoring the chemical reactivity of nanomaterials at the atomic level is one of the most
important challenges in catalysis research. In order to achieve this elusive goal, we must
first obtain a fundamental understanding of the structural and chemical properties of these
complex systems. In addition, the dynamic nature of the nanoparticle (NP) catalysts and
their response to the environment must be taken into consideration. To address the
complexity of real-world catalysts, a synergistic approach taking advantage of a variety of
cutting-edge experimental methods (EC-AFM, EC-TEM, TPD, NAP-XPS, XAS, Raman
Spectr., MS/GC) has been undertaken.

This talk will provide new insights into the thermal hydrogenation and electrocatalytic
reduction of CO2. Important aspects that will be discussed are: (i) the design of size-and
shape-controlled catalytically active NPs (Cu, Cu-Zn, Cu-Ag) (ii) the role of the support
(C, Si02, ZnO, Al203, ZnOAl) on the catalytic performance and (iii) the correlation
between the dynamic structure/chemical state of nanocatalysts and their reactivity and
selectivity under realistic operando reaction conditions, i.e., at high pressure or under
potential control. The results are expected to open up new routes for the reutilization of
CO2 through its direct conversion into valuable chemicals and fuels such as ethylene,
methanol and ethanol.



Eric McFarland

Decarbonizing Low-Cost Fossil Resources by Reactive Separation
on High Temperature Liquids

Eric McFarland
Department of Chemical Engineering, University of California, Santa Barbara

Presentation Abstract

The relatively short-term challenge of reducing atmospheric carbon dioxide emissions is
among the most important problems in applied science and engineering. A rapid transition
from a world powered primarily by low-cost fossil fuel combustion to more sustainable
low emissions alternatives will only occur if those alternatives are widely available at
comparable costs. In addition to electricity, hydrogen and other hydrogen containing fuels
(e.g. NH3) will likely be important in future sustainable energy economies. Hydrogen is
produced today, for profit, and sold under contracts for approximately $1/kg = $8.3/GJ=
$0.03/kWh from abundant methane by reforming and complete oxidation of the carbon
from C(-4) to C(+4) producing ~ 7 tons CO»/ton Ho.

We are interested in partial oxidation of methane and other fossil resources in the absence
of oxygen to produce solid carbon C(0) and valuable hydrogen containing molecules.
These CO»-free processes leave behind approximately half of the chemical oxidation
potential stored by photosynthesis in the reduced carbon, however, the solid product can
be stored indefinitely at low-cost. If society is willing to pay for CO> emissions reductions,
methane partial oxidation is the lowest cost source of hydrogen fuel we have.

A chemical process will be described whereby methane is decomposed to hydrogen and
solid carbon using high temperature molten salts and molten metals. Solid carbon can be
readily separated from several liquids resulting in process intensification and cost reduction
through reactive separation in the melt-based reactor. Methane pyrolysis is equilibrium
limited and thermodynamics restrict high pressure processes to very high temperatures for
acceptable conversion. Heterogeneous liquid-phase catalysts increase the rate of
approaching equilibrium and we have observed turnover frequencies of methane on liquid
surfaces to strongly depend on the melt compositions. The relative reactivities of different
melts have been investigated both experimentally and by density functional theory and ab
initio molecular dynamics simulations. The liquid surfaces are found to facilitate both
complete dehydrogenation, and the production of methyl radicals to increase the gas phase
methane decomposition. There are many potential pathways for partial oxidation without
oxygen for fossil resource conversion. Practical deployment requires solution of several
difficult problems which will be highlighted.



Jeffery C. Bricker and Andrea Bozzano
Closing the Loop on Plastics Recycling

Jeffery C. Bricker and Andrea Bozzano
Honeywell- UOP R&D

Presentation Abstract

While plastics have significant societal benefits — including lower GHG’s; the call for
sustainability of plastics is accelerating. There is a significant opportunity to improve
circularity through depolymerization, pyrolysis, catalytic or thermal, but viable solutions
will have to meet Life Cycle Analysis, GHG and other sustainability measures and have a
reliable feedstock supply at scale to achieve the desired impact. We will review the
challenges facing plastic circularity, solutions, and criteria for selecting technology options.
We will present Honeywell-UOP’s fully developed technology offering which meets all
the sustainability criteria and has favorable economics.
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Polly L. Arnold

Earth-Abundant Rare Earth Catalysts with Reactive co-ligands for Sustainable
Bifunctional Catalysis

Amy Kynman, Paul Ewing, Addison Desnoyer, Miquel Salmeron, Christopher J. Chang,
F. Dean Toste, Laurent Maron, and Polly L. Arnold
Department of Chemistry, University of California, Berkeley, and Chemical Sciences
Division, Lawrence Berkeley National Laboratory, Berkeley CA 94720, US

Presentation Abstract

Many of the rare earths (RE, group 3 and the lanthanides) are at more abundant than nickel,
and their halides are less toxic than those of iron. Their complexes can also exhibit strong
and tunable Lewis acidity, highly ligand-dependent redox potentials, and the capacity for
rapid ligand exchange reactions. Because the subtleties of structure and bonding in
compounds of the rare earths are still poorly understood, their development in controlled
homogeneous catalysis has trailed behind their d-block neighbors, but what we learn from
studying their reactivity feeds back into a better fundamental understanding of these
technology-critical elements.

We will show how organometallic chemistry can add additional functionality to the natural
Lewis acidity and halophilicity of rare earth catalysts. The incorporation of hemilabile
carbene donors affords catalytic CO; and related heteroallene conversions, exceptionally
rapid catalytic syntheses of unusual, cyclic polylactides, and light-driven selective catalytic
conversions of unactivated carbon-halogen bonds.



Suzanne A. Blum

Does Selectivity of Molecular Catalysts Change with Time?
Polymerization Imaged via Single-Molecule Spectroscopy

University of California, Irvine
Presentation Abstract

The chemoselectivity of molecular catalysts underpins much of modern synthetic organic
chemistry. Yet little is known about the selectivity of individual catalysts because this
single-catalyst-level behavior is hidden by the bulk catalytic behavior. Here, for the first
time, the selectivity of individual molecular catalysts for two different reactions is imaged
in real time at the single-catalyst level. This imaging is achieved through fluorescence
microscopy paired with spectral probes that produce a “snapshot” of the instantaneous
chemoselectivity of a single catalyst for either a single-chain-elongation or a single-chain-
termination event during ruthenium-catalyzed polymerization. Superresolution imaging of
multiple selectivity events, each at a different single-molecular ruthenium catalyst,
indicates that catalyst selectivity may be unexpectedly spatial- and time-variable.

DE-SC0016467: Revealing Hidden Kinetics of Molecular Polymerization Catalysts
via Single-Turnover/-Particle Fluorescence Microscopy

Postdoc(s): Dr. David J. Dibble, Dr. Nozomi Saito
Student(s): Antonio Garcia [V, Shannon J. Saluga, Pia A. Lopez

RECENT PROGRESS

Statistically significant variations in chemoselectivity with time were observed (Figure 1a)
in 30% of polymer aggregate particles as determined using two statistical tests (Figure 1b):
1) For statistical evaluation of changing selectivity vs. time, data was normalized and
evaluated through a nonparametric, Kolmogorov-Smirnov test. This test established that
the green and orange rates changed relative to each other (p < 0.05) in a subset of particles.
2) A chi-square goodness-of-fit test was used to compare the experimental frequency of
single-turnover events to a theoretical Poisson distribution. In a subset of particles,
however, behavior of at least one of the reaction types (elongation or termination) did not
fit a Poisson distribution (p < 0.05). For example, the chain-elongation probability does not
fit a Poisson distribution and instead is changing with time (p < 0.001); this changing
probability underpins the change in chemoselectivity with time. This behavior
characterizes the range of time-variable reactivity/selectivity behaviors across the samples,
which is typically obscured by ensemble measurements and is uniquely visible to
subensemble experiments.
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Figure 1. a. Overall schmatic: ruthenium ring-opening metathesis polymerization
catalysts chose between two monomers. Different color imaging agents enable
determination of which monomer was selected. Composit images are deconvoluted
using superresolution imaging to pinpoint individual molecular catalytic turnovers in
space and time. b. Example particle exhibiting a statistically significant time variability.

Impact: These experiments provide spatiotemporally resolved snapshots of individual
molecular catalyst selectivity at the single-turnover level, revealing catalytic behavior that
is obscured by traditional ensemble measurements. These observations are consistent with
dynamic catalyst microenvironments that affect chain-elongation and chain-termination
reactions unequally. These unequal effects may underpin macroscopic properties of bulk
polymers, for example, by broadening molecular weight distributions. The bulk
characteristics of essentially all molecular catalytic reactions arise from the sum of
individual choices at the single-catalyst level. The presence of space- and time-variable
selectivity by individual molecular catalysts in other systems is intriguingly unknown, and
the plausibility of its wider presence is bolstered by such behavior in the current system.

Publications Acknowledging this Grant in 2018-2021

Please classify your publications into two categories according to the source of support
for the work published:
(1) Garcia IV, A.; Saluga, S. J.; Dibble, D. J.; Lopez, P. A.; Saito, N.; Blum, S. A.
Angew. Chem. Int. Ed. 2021, 60, 1550—1555. doi.org/10.1002/anie.202010101

Leadership Activities

1) Organized the conference Probing Chemical Reactions by Single-Molecule
Spectroscopy 2021, in the direct area of this DOE grant. I organized the second
biannual conference in this area on June 8, 2021, held remotely due to Covid travel
restrictions. My coorganizer was Prof. Randall Goldsmith at UW-Madison. The
conference included 19 talks from invited principal investigators in 7 countries.
Attendance was 188 participants, including other faculty, graduate students, and
postdoctoral scholars.



2)

3)
4)

5)

Peer reviewer for diverse journals including Journal of the American Chemical
Society, Angewandte Chemie, Organometallics, Organic Letters, Science
Advances.

Director, UCI Field Studies in Chemistry, undergraduate student industrial
internship program.

Curriculum design and teaching of graduate and undergraduate classes including
Graduate Mechanisms and Undergraduate Organic Chemistry.

Teacher training program for UCI graduate students.
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Jingguang Chen
Activating CO: by Hz and Light Alkanes

Jingguang Chen
Department of Chemical Engineering, Columbia University
Joint Appointment: Chemistry Division, Brookhaven National laboratory

Presentation Abstract

Converting CO> to value-added chemicals and fuels is one of the most practical
routes for reducing CO; emissions while fossil fuels continue to dominate the energy sector.
In this talk we will present several routes in catalytic CO> conversion: (1) CO
hydrogenation by thermocatalysis, (2) CO: reduction by electrocatalysis, and (3)
simultaneous upgrading of CO; and shale gas. We will use these examples to highlight the
importance of combining kinetic studies, in sifu characterization and density functional
theory calculations for the mechanistic understanding of CO» conversion. We will use the
hydrogenation of CO> to methanol as an example to illustrate the challenges in achieving
a net-reduction of CO; by performing mass and energy balance analysis. We will also
demonstrate proof-of-principle results of several promising catalytic reactions in
simultaneously converting CO; and light alkanes to syngas, olefins, aromatics and
oxygenates.

Grant number: DE-FG02-13ER16381
Grant Title: Metal Carbides and Bimetallic Alloys as Low-cost Electrocatalysts

PI: Jingguang Chen

Postdoc(s): Ji Hoon Lee (2 months)

Student(s): A. Neal Biswas (12 months);

Lea R. Winter (2 months);

Self-funded Visiting Students: Qiaowan Chang (UC San Diego)
Yumeng Liu (Peking Univ., China)
Yao Nian (Tianjin Univ., China)
Yan Wang (Tianjin Univ., China)

Affiliations(s): Department of Chemical Engineering, Columbia University
Joint Appointment: Chemistry Division, Brookhaven National laboratory
RECENT PROGRESS
1. Motivation for CO: reduction to synthesis gas

In the past year we have performed extensive studies in developing syngas-
producing electrocatalysts. We identify palladium (Pd) as a unique platform for this
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application, due to its ability to transform to palladium hydride (PdH). Then we tune
selectivity and optimize activity by exploring the PdH structure-function relationship, the
interaction of PdH alloyed with a non-precious metal, and the reduction of Pd loading by
supporting PdH on transition metal carbides. In each case we utilize in-situ synchrotron
techniques to understand the Pd phase and oxidation state under reaction conditions. We
also describe the observed activity and selectivity trends with density functional theory
(DFT) calculations to establish descriptors for syngas production activity and selectivity
on these electrocatalysts.

2. Tuning syngas production with palladium hydride electrocatalysts
2.1 Pd/C electrocatalysts

Palladium is a unique electroreduction catalyst, because it readily absorbs hydrogen
to form palladium hydride (PdH) in aqueous electrolyte at potentials commonly used for
CO; reduction. Thus, unlike most metals, Pd changes phase during the CO> reduction
reaction, which results in activity trends not typical of other metallic catalysts. For
example, Pd and Pt are both known to be poisoned by adsorbed CO. If the active sites
during electrochemical CO; reduction consist of metallic Pd, it would be expected that CO
binds too strongly to desorb, like on the Pt surface. But Pd produces a mixture of H, and
CO under CO; reduction conditions, while Pt produces only hydrogen. This indicates that
PdH electrocatalytic performance may depart from the expected metallic Pd performance.

We have observed the phase change from Pd to PdH using in-situ synchrotron
techniques — specifically, X-ray absorption spectroscopy (XAS) and X-ray diffraction
(XRD) under reaction conditions. The XRD pattern also provided direct evidence that the
PdH phase under reaction conditions was -PdH. The XAS and XRD indicated complete
phase transformation to PdH occurred at a potential -0.5 V vs reversible hydrogen electrode
(RHE), and the EXAFS showed that the phase change was reversible upon anodic potential
sweeps. We also observed an increase in the peak A intensity, relative to peak B in the
XANES spectra, which resulted from a decrease in the density of states above the Fermi
level (Er) upon hydride formation. These in-situ results were characteristic of a phase
transition of Pd to PdH and were used in our follow-up studies to identify the PdH phase
in other Pd-based electrocatalysts.

2.2 Pd-based bimetallic catalysts

Bimetallic electrocatalysts have been widely studied for CO; reduction because of
their ability to modify performance beyond what would be expected from a simple physical
mixture of the corresponding monometallic catalysts. Notably, the electronic interactions
of two metals and the possibility of multiple functionalities at interfacial sites (e.g.
preferentially adsorbing different species on different adjacent metals) can potentially
result in a breaking of the linear scaling relationship that hinders utility of monometallics
for CO2 reduction reactions. Combining secondary metals with the versatile PdH
electrocatalyst could, therefore, increase activity at lower potentials or tailor the product
selection to specific applications. We explored the electrochemical syngas production
performance of several different metals combined with Pd.

Pd was co-precipitated with Ag, Cu, Ni, or Co to create a PAM bimetallic with a
Pd:M ratio of 8:2. XRD showed only a single phase, suggesting solid solution formation,
where the secondary metal was incorporated into the Pd lattice. Each catalyst was subject
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to electrochemical reduction to form a (PdAM)H bimetallic phase. In-situ XAS and XRD
analysis revealed a change in the oxidation state and a Pd lattice expansion, characteristic
of PdH phase formation, without phase separation into PdH and M.
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Figure 1. In-situ XRD characterization of Pd bimetallics in 0.5M NaHCOs. XRD patterns for (a)
Pd, (b) PdAg, (c) PdCu, (d) PdNi, and (e) PdCo at potentials from 0.2 (bottom) to -0.7 (top) V
vs RHE at 0.024 V intervals. Red patterns indicate Pd phase. Blue patterns indicate PdH phase.
Green patterns indicate a phase transition region. (f) The schematic of hydride formation
potential of the Pd-based electrocatalysts.

The electrochemical CO; reduction results indicated that the CO FE for each
(PAM)H electrocatalyst at -0.9 V vs RHE followed a similar trend as the hydride formation
potentials, PdCo < Pd < PdNi < PdCu < PdAg. The same trend was observed for CO:H>
ratios and CO partial current density (with the exception of PdCo, which had a higher jco
than PdNi). The CO partial current densities on PANi and PdCu were especially promising,
because they exceeded the activity of Pd by incorporating less expensive metals.

DFT calculations confirmed that hydride formation energy for the bimetallics
followed the same trend observed in the in-situ experiments, i.e. bimetallics that required
more cathodic potentials to achieve hydride phase change had higher hydride formation
energies. DFT also revealed an important trend in intermediate adsorption energies that
explained the different experimentally observed CO:H> ratios for each bimetallic. The
binding energy for *H and for *HOCO (an intermediate in the CO reaction pathway) scaled
linearly among the samples, which did not explain why some catalysts produced more CO
than others. However, the difference between free energy change of adsorption for H and
HOCO, (AG(*H) - AG(*HOCO)), on different surfaces correlated well with
experimentally observed CO partial current density, as seen in Figure 3d. These trends
revealed that the difference in free energy is an important descriptor for PdH bimetallic
electrocatalysts. Future exploration of bimetallics with different metals or metal ratios
could use this descriptor as an effective screening tool for identifying active and low-cost
syngas-producing electrocatalysts.
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Figure 2. Electrochemical results for Pd bimetallic electrocatalysts. (a) CO Faradaic
efficiencies, (b) CO:H; ratios, and (c) CO partial current densities for PdH and PdH bimetallics
in 0.5M NaHCOs3 at -0.9 V vs RHE. (d) The trend between DFT calculation and CO partial
current density on (PdM)H electrocatalysts.

2.3 Supporting low loading Pd on transition metal carbide substrates

The preceding examples showed the unique properties of PdH electrocatalysts to
tune syngas production to potentially supply reactants for the Fischer-Tropsch or methanol
synthesis process. In order for the syngas made from CO; to compete with traditionally
manufactured products, the cost of syngas production needs to be minimized. To achieve
this, the loading of the expensive Pd should be minimized while maintaining or even
enhancing the current density. It is well known that carbides and nitrides of early transition
metals often show similar electronic and catalytic properties as those of precious metals.
Therefore, supporting low loadings of precious metals on transition metal carbides (TMC)
has been previously used in our group for other electrochemical reactions to reduce
precious metal loading and also to tune the catalytic activity and selectivity. Inspired by
this approach, we supported Pd on several TMC substrates to reduce Pd loading and
optimize syngas production.

Two layers of Pd were deposited on thin films of Mo>C, WC, NbC, and TaC to
understand the product distribution trends of low-Pd loadings supported on different
carbides. Pd/Mo,C and Pd/WC produced mostly H», while Pd/NbC and Pd/TaC produced
less H> and more CO, compared to the other two. Powder electrocatalysts were synthesized
with 10 wt% Pd supported on high surface area NbC and TaC. The carbides were
synthesized via hard templating with MCM-41 silica to avoid particle agglomeration
typical with high temperature carbide synthesis. The resulting particles had BET surface
areas greater than 50 m? g'l.

Once the Pd was loaded on the carbide support, electrochemical reduction was
performed to form the Pd-hydride phase. As in the previous reports, in-situ XAS and XRD
revealed the characteristic shifts around -0.5 V vs RHE associated with the transformation
of Pd to PdH. Unlike the bimetallic XRD patterns that indicated a single phase, solid
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solution, these materials showed two distinct XRD patterns for the Pd and the carbide
support. During electrochemical reduction, only the Pd pattern shifted, while the carbide
pattern did not. This confirms a particle-support interaction between the Pd and carbide, as
opposed to the bimetallic case where metals were incorporated into the Pd lattice.

Electrochemical results revealed that 10% Pd/TaC achieved higher CO-partial
current density compared to commercial 40 % Pd/C on both a geometric area basis, and on
an electrochemical active surface area (ECSA) basis. This means the TaC support enables
overall higher reaction rates with lower Pd loading and enhances the intrinsic activity of
the PdH electrocatalyst (CO production from unmodified TaC powder is negligible).
Furthermore, Pd/TaC, Pd/NbC, and Pd/C each exhibited different H»/CO ratios at given
potentials, meaning that the carbide supports also impact the product selectivity of the PdH
electrocatalyst.

DFT calculations were performed by optimizing the PdH layers on top of TaC(111)
or NbC(111) surfaces in order to understand the observed activity and selectivity trends. It
was found that surfaces with more thermodynamically favorable *HOCO formation were
more active for CO production. In this case, PAH/TaC(111) had the most favorable *HOCO
formation, followed by PdAH/NbC(111), followed by PdH(111). Thus, the increase in site-
normalized activity is due to the electronic modification imparted by the carbide support.
Further improvement in intrinsic activity can be pursued by identifying supports that
reduce the *HOCO binding energy on PdH.

In summary, our results demonstrate high activity of Pd-based catalysts for CO,RR
to produce syngas with controlled CO/H; ratios. Alloying Pd with another metal and
supporting Pd over TMC substrates offer the possibility of reducing Pd loading while
enhancing CO2RR activity. The combined approaches of electrochemical measurements,
in-situ characterization and DFT calculations allow the identification of reaction pathways.
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Solvent-Mediated Interactions and Catalysis within Confined Liquids

David W. Flaherty, Daniel T. Bregante, Matthew Chan, Diwakar Shukla, David S. Potts,
Chris Torres, Ohsung Kwon, E. Zeynep Ayla
University of Illinois, Urbana-Champaign, Department of Chemical and Biomolecular
Engineering

Presentation Abstract

Solvating molecules and the environment that surround catalytic sites provide interactions
that change rates and selectivities of catalytic events by orders of magnitude. Although
heuristics exist for many homogeneous reactions, the interactions among solvent molecules
and reactive surface intermediates remain challenging to describe. These challenges are
compounded when solvents not only restructure about intermediates at active sites but also
sense the presence and functionality of solid-liquid interfaces that extend beyond active
sites. Understanding and exploiting these phenomena requires a conceptual framework,
rooted in familiar principles, and informed by experimental methods that probe the
reactivity of intermediates, the structure of the catalyst, and changes in the solvent at the
reactive interface during catalysis.

Catalytic epoxidations of alkenes proceed at early transition metal active sites stabilized
within the framework of zeolites. These epoxidation reactions depend on multiple factors
including the dimensions and polarity of surrounding voids. The topology of the support
changes the structure of the solvation shells that form about reactive species and evolve
along with the reactants. Comparisons of results from kinetic, thermodynamic,
spectroscopic, and synthetic experimentation provide insight to the coupled molecular
interactions between catalyst surfaces, solvating molecules, and reactive species from
which we can extract principles to design solid-liquid interfaces for catalysis. These
findings show that individually weak but collectively significant interactions among
critical transition states, solvent molecules, and the extended surface of solid catalysts
present opportunities for catalyst design and reaction engineering particularly in
microporous materials.

DE-SC0020224: The Role of Cooperative Interactions Among Surfaces, Solvents,
and Reactive Intermediates in Catalysis at Solid-Liquid Interfaces

Student(s): Daniel T. Bregante, Chris Torres, David Potts, Ohsung Kwon
RECENT PROGRESS
Mechanisms for Alkene Epoxidations by Organic Hydroperoxides
Ti atoms incorporated into the framework of zeolite *BEA (Ti-BEA) or grafted
onto SBA-15 (Ti-SBA-15) catalyze alkene epoxidation with hydrogen peroxide (H203), t-

butyl hydrogen peroxide (TBHP), or cumene hydroperoxide (CHP). The rates of
epoxidation, however, differ by orders of magnitude depending on the combination of
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oxidant, alkene, and support used. Within Ti-BEA, rates of 1-octene epoxidation with H>,O»
are 30- and 1700-times greater than reactions with TBHP or CHP, respectively. In contrast,
I-octene epoxidation rates in Ti-SBA-15 with H>O» are 7- and 40-fold higher than in
reactions with TBHP or CHP, respectively. Moreover, comparisons of 1-alkene (Cs — Cio)
epoxidations within Ti-BEA and Ti-SBA-15 show that turnover rates depend exponentially
on chain length and sense the size of the surrounding pore for reaction with HO2, TBHP,
or CHP. In situ UV-Vis confirms that catalyst surface are predominantly covered by
alkylperoxide intermediates at reactant ratios that contain comparable or excess amounts
of oxidant to alkene. A thermodynamic model quantitatively describes how inner-sphere
interactions among epoxidation transition states depend on the steric bulk of the reacting
species and how these interactions are conferred by the topology of the surrounding pore.
The mesopores of Ti-SBA-15 allow transition states to access conformations that lower the
free energy of the complex relative to analogous transition states in Ti-BEA, which
explains why epoxidation rates in mesoporous solids are less sensitive to the identity of the
oxidant than within microporous silicates.

Effects of Zeolite Topology on Catalytic Epoxidations with H20: at Ti-Centers

We compared activation enthalpies and entropies for 1-alkene epoxidation with
H>0; over Ti-containing zeolites (MFI, BEA, and FAU) of varying pore size and (SiOH)4
density in different solvents (i.e., CH3CN, CH30H, C:HsOH) to develop a molecular model
for how solvent molecules stabilize surface intermediates during oxidation catalysis.
Turnover rates for 1-alkene (i.e, 1-hexene, 1-octene, and 1-decene) epoxidation are greater
in Ti-zeolite catalysts that contain significant densities of hydrogen-bonded SiOH
((SiOH)x; e.g., silanol nests) than within their hydrophobic analogues, regardless of the
solvent choice (i.e., for CH3CN, CH30H, CoHsOH). The dependence of turnover rates on
solvent identity, pore size, and (SiOH)x density reflects differences in the structure of the
surrounding solvent molecules. For example, epoxidation catalysis depends on H>O
structure within CH3CN and is reflected in differences in activation enthalpies (AHE app*)
and entropies (ASE.app') between any given Ti-zeolite and the most-hydrophobic variant,
which are defined as excess enthalpies and entropies (H*¢, S*¥) | respectively (Fig. 1).

Water
density

High

Low

-1
AHHydmgen Bond (kJ mol )

ASHydrogen Bond (J m0|71 KJ)

Figure 1. Time-averaged spatial distribution of water in Ti-zeolites and enthalpy-entropy
compensation between activation parameters for epoxidation reactions.
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Changes in H** and S** primarily reflect changes in the enthalpy and entropy of the
epoxidation transition states, which depend sensitively on their solvating environment.
H>0O molecules that congregate at (SiOH)x within hydrophilic Ti-zeolites form distinct
structures (e.g., trimers, two-dimensional chains) that must reorganize to accommodate the
formation of transient surface intermediates (e.g., transition states) during catalysis.
Solvent restructuring disrupts hydrogen-bonding interactions among water, other hydrogen
bonding species, and surfaces. Figure 1 shows how values of H** change with S*¢ for Ti-
FAU, -BEA, and -MFI with varying densities of (SiOH)x and shows change in enthalpy
and entropy for breaking a hydrogen bond in pure H>O.

Mechanistic and Kinetic Influences of Solvent Identity on Epoxidations with H20:

Ti-silicates activate H2O> to form Ti-hydroperoxo and Ti-peroxo intermediates that
can react with alkenes to form epoxide products. 1-Octene epoxidation with H,O> on Ti-
BEA and Ti-MFI of different hydrophilicities are conducted in methanol (CH3OH) and
acetonitrile (CH3CN) solvents to elucidate the role of solvents in stabilizing kinetically
relevant reactive species. Epoxidation turnover rates are higher in CH3CN than CH30H for
Ti-BEA, but the reverse is observed for Ti-MFI. Ti-silicates that are more hydrophilic
results in higher epoxidation turnover rates than their hydrophobic counterparts, regardless
of solvent identity. /n situ UV-Vis measurements show that activation of H>O» is reversible
in CH30H, but not in CH3CN. Kinetic, spectroscopic, and thermodynamic analyses show
that differences in turnover rates are mainly due to differing extent to which reactive
surface species are stabilized within zeolite micropores. The mechanism and catalytic cycle
of epoxidation in these Ti-zeolites and solvents are shown in Figure 3.

H,0,
o i O
2Nt 3

S

& kg 0r Ky

3‘20§TX'/ LS Blue = CH,CN solvent

A Al Red = CH;0H solvent
Figure 3. Proposed elementary steps describing 1-octene epoxidation in methanol or
acetonitrile solvents over Ti-MFI and Ti-BEA catalysts.

Apparent activation free energy values obtained with transition-state theory vary
with solvent identity and hydrophilicity of Ti-silicates. For instance, activation free energy
values are slightly lower (~10 kJ mol™) in CHs OH than activation free energy values of
CH;CN within Ti-silicates of the same framework. Despite the higher activation free
energy values in CH3CN, the turnover rates of epoxidation for Ti-BEA in CH3CN is still
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higher than those for Ti-BEA in CH30H. Conversely, turnover rates of epoxidation for Ti-
MFTI in CH30H are higher than those in CH3CN. These results imply that solvent effects
properties including hydrogen bonding numbers (or something like this) affect apparent
activation free energy of zeolites of different pore sizes to different extents, which lead to
differing trends in turnover rates in different between solvents.
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Figure 4. Turnover rates for the formation of CsHisO as a function of [CgHis] (0.01 M
H>02, 0.039 M H;0, 313 K) in Ti-zeolites.

Finally, hydrophilic Ti-BEA-OH and Ti-MFI-OH have activation free energy
values that are 11 kJ mol™! and 15 kJ mol™! lower than their hydrophobic counterparts,
respectively. The lower free energies in hydrophilic Ti-silicates can be associated to larger
entropy gain from solvent reorganization within pores proximate to Ti active sites that
contributes to higher epoxidation turnover rates within these zeolites. These comparisons
show that stabilization of epoxidation transition states can vary between Ti-silicates of
different frameworks and silanol densities, and that the hydrophilicity of Ti-silicates can
be manipulated to maximize increase epoxidation turnover rates.

Influence of Alkene Structure on Lewis-Acid Catalyzed Epoxidations

Over hydrophobic Ti-BEA-F materials that do not stabilize water networks, epoxidation
turnover rates decrease monotonically as chain length increases from 1-hexene (C¢Hi2) to
I-decene (CioH2o). In contrast, rates over hydrophilic Ti-BEA-OH reach a maximum for
CioH2o, then decrease by 10 times to a minimum value for 1-octadecene (CisH3s). The rate
differences likely do not result from changes in reaction mechanism or mass transfer
constraints, but rather changes in transition state stability as quantified by activation
enthalpies (AH¥) and entropies (ASY). AH* and AS* vary negligibly from CsHi2 to CioHao
over Ti-BEA-F. However, AH* and AS* increase systematically with alkene chain length
over Ti-BEA-OH, with respective differences of 68 kJ mol! and 209 J mol™! K™! between
CeH12 and CisH3ze. The excess enthalpy and entropy of the transition state likely increase
because longer alkyl chains must disrupt a greater number of H,O molecules within Ti-
BEA-OH. Corresponding epoxide adsorption enthalpies, measured with isothermal
titration calorimetry, increase as chain length increases and correlate to AH* measurements
over Ti-BEA-OH, providing further evidence that longer alkyl chains disrupt more
hydrogen bonds to alter transition state stability.
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Multinuclear Copper Active Site Requirements in Cu-Zeolites for Partial Methane
Oxidation

Laura N. Wilcox!, Andrew D. Mikes', Siddarth H. Krishna', Rajamani Gounder!*
"Davidson School of Chemical Engineering, Purdue University, West Lafayette, IN

Presentation Abstract

Methane is an abundant and inexpensive alkane that can be sourced from natural and shale
gas and upgraded to chemicals of higher value. Aluminosilicate zeolites exchanged with
copper complexes (Cu-zeolites) facilitate partial methane oxidation (PMO) to methanol,
with various proposals for mononuclear and multinuclear active site structures that form
upon dioxygen activation in amounts that depend on bulk and atomic-scale zeolite
properties in an imprecisely understood manner. Here, we use a high-symmetry zeolite
framework (chabazite, CHA) as a model support to assist in identification of the Cu
structural and site proximity requirements for activating dioxygen and methane. CHA
zeolites were synthesized via routes to vary the framework Al density and arrangement,
which influence the distribution of mononuclear (Cu?" (Z>Cu), [CuOH]* (ZCuOH)) and
binuclear Cu site motifs formed after O, treatment. Cu-CHA samples containing solely
Z>Cu sites do not undergo auto-reduction (He, 723 K) or form multinuclear Ox-bridged
structures upon O treatment (723 K) at high temperature, and also do not form methanol
from stoichiometric PMO cycles. Cu-CHA samples containing ZCuOH sites show
methanol yields from stoichiometric PMO cycles and fractions of Cu that undergo auto-
reduction that increase with decreasing mean distance between Cu sites. In situ X-ray
absorption spectra (XAS) show that inert (He, 723 K) and reducing (CH4, 473 K)
treatments reduce an equivalent fraction of Cu(Il) sites, implicating a common Ox-bridged
binuclear Cu intermediate in CHs- and auto-reduction pathways. ZCuOH sites are
precursors to binuclear Ox-bridged structures that form upon O activation (723 K),
identified as trans-p-1,2-peroxo dicopper(Il) and mono-p-oxo dicopper(Il) by in situ UV-
Visible and Raman spectroscopies. These data provide new insights into how material
synthesis routes and various oxidation and reduction treatments influence the number of
binuclear Ox-bridged Cu sites in zeolites that facilitate partial oxidation reactions.

DE-SC0019026: Dynamic Multinuclear Active Sites Formed from Mobilized Single
Atoms on Heterogeneous Supports for Selective Oxidation Catalysis

PI: Rajamani Gounder
Student(s): Laura N. Wilcox, Andrew D. Mikes

24



RECENT PROGRESS

UV-Vis and XAS to monitor Cu sites during auto-reduction, and CHs- and CO-
reduction

The distribution of framework

Al atoms in CHA S 35
(AI-O(-Si—O)x—Al) between &
isolated (x > 3) and paired (x = & 291
1,2) sites influences the 5 55
speciation of extra-framework
Cu ions, as Cu?" sites exchange E 2.0 1
at proximal Al sites (Z>Cu) and & 15 -
[CuOH]" complexes exchange 3
at isolated Al sites (ZCuOH). S 1.0 1
We studied a model Cu-CHA X |
zeolite (Si/Al = 25, Cu/Al = &
g
rg

0.37), prepared to contain a 0.0 + ' . : : ;
mixture of [CuOH]" and Cu?t 7500 15000 22500 30000 37500 45000 52500
(80% ZCuOH, 20% Z»Cu) Wavenumber / cm™!

sites. In situ UV-Vis (Fig. 1) Fivure | bl U CHA (SUAL = 25, CU/AL= 037 af
was used to monitor the igure 1. UV-Visible spectra of Cu-CHA (Si/Al =25, Cu/Al=0.37) after

. Oz activation in 21 kPa Oz at 723 K (black, solid) followed by the
evolution of mononuclear and  introduction of 101 kPa He at 723 K (grey, dashed). Spectrum after
binuclear Cu sites after high_ reduction in 4.9 kPa CH4 at 473 K (grey, solid). Spectrum after reduction

temperature O, activation in 5 kPa CO at 523 K (light grey, solid).

treatments (21 kPa O, 723 K, 2 h) and subsequent reduction either in inert auto-reduction
(101 kPa He, 723 K, 2 h), CHs-reduction (4.9 kPa, 473 K, 0.5 h), and CO-reduction (5 kPa,
523 K, 1 h).

After treatments in flowing O; at 723 K, d-d transition features (~11,059, ~13,593, ~16,379,
~20,077 cm™") and a shoulder representative of multinuclear Cu species (24,000—30,000
cm) are observed, along with a ligand-to-metal charge transfer band (~30,000—50,000 cm’
1 (Fig. 1). These data reproduce literature reports of UV-Vis spectra with bands (~16,500,
~19,700, ~30,000 cm™) for multinuclear Cu-oxo species, identified with Raman
spectroscopy to comprise binuclear O- and O»-bridged Cu sites. Auto-reduction, CHs-
reduction, and CO-reduction led to the partial disappearance of bands for binuclear O/O»-
bridged Cu species, but to a larger extent after CO reduction, suggesting that only a subset
of O/Ox-bridged Cu species that are CO-reducible can undergo auto-reduction or CHy-
reduction. We conclude that CO reduces both mono-p-oxo (Cu-O-Cu) and trans-peroxo
(Cu-02-Cu) species (according to Raman spectra), while auto-reduction is likely to occur
on Cu-O»-Cu sites, given the elementary nature of eliminating molecular O from each Cu-
0,-Cu site to result in Cu reduction, in contrast to needing two Cu-O-Cu complexes to
complete auto-reduction steps that eliminate O».

After high-temperature O; treatment and subsequent CH4 exposure, the UV-Vis spectrum
(Fig. 1, grey) shows bands that remain in the d-d transition and low-energy LMCT region,
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indicating that there is a fraction of binuclear Cu sites, as well as isolated ZCuOH species,
that do not reduce to Cu” in CHs and thus would not participate in PMO cycles. Therefore,
CH4 appears to reduce only a fraction of the O/O»-bridged binuclear Cu species that are
present to form methoxy-bridged structures invoked previously in PMO reaction schemes.
The UV-Visible spectrum collected following a subsequent CO reduction treatment (Fig.
1, lightest grey) resulted in complete disappearance of features for O/O2-bridged binuclear
Cu species, again indicating that CO reduces a larger fraction of the Cu sites present than
does CH4. Comparing the UV-Vis spectra indicate that both high-temperature auto-
reduction treatments in inert and moderate-temperature reduction treatments in CHs reduce
a similar subset of Cu site types, likely Cu-O>-Cu structures.

In situ Cu K-edge XANES spectra measured

at Argonne National Laboratory at sector 10 1.40

MR-CAT (Materials Research Collaborative

Access Team) with the insertion device 5 1.20 1

beamline (10-ID) allowed for the s

determination of the fraction of Cu’ and $ 1.00 1

Cu?" present on each Cu-CHA sample with | §

linear combination fitting (LCF) of XANES 'g 0.80 1

spectra following auto-reduction and CHs- 2

reduction (Fig. 2) to determine whether < 060 |

these treatments quantitatively result in the §

same fraction of Cu?*" to Cu’ reduction to & 040 4

corroborate the results from in situ UV-Vis £

spectroscopy (Fig. 1). The Cu-CHA sample 2 020 |

containing the highest ZCuOH density

showed a larger fraction of Cu sites that 0.00 == -
reduced to the Cu" state after CHs exposure 8.1 8.98 8.99 9.00
(0.47 Cu'/Cuotal) than the sample of Photon Energy / keV

intermediate 7ZCuOH density (()_ 35  Figure 2. Insitu CuK-edge XANES spectra collected after
+ . . . exposure to 4.1 kPa CHa (balance He) at 473 K on (a)

Cu+/Cut°tal)’ ?OnSIStent with the fractlon. of Z>Cu-containing Cu-CHA (b) ZCuOH-containing Cu-

Cu” quantified after auto-reduction CHA, and (c) mixed Z:Cu and ZCuOH-containing Cu-

experiments on these Samples (053 and 0.34 CHA. The line (-***) at 8.983 keV denotes Cu(I) and the line

Cu+/CutOtal’ respectively)_ Negligible (---) at 8.897 keV denotes Cu(ll)

reduction in CH4 was observed on the Z>Cu-containing Cu-CHA control sample (0.04

Cu+/ Cut()ta]) .

Thus, combining in situ XANES and UV-Vis evidence, we propose that Cu-O,-Cu site
motifs undergo auto-reduction and CHs-reduction and are relevant for PMO reaction cycles,
while CO can also reduce Cu-O-Cu site motifs, some fraction of which may be irrelevant
for PMO reactions. These data are being incorporated into a self-consistent mechanism for
PMO comprised of elementary steps, in which O> activation can form a distribution of Cu
site motifs (including Cu-O-Cu, Cu-O,-Cu, Cu?*, CuOH"), in which Cu-O2-Cu and two
proximal Cu-O-Cu structures comprise the active pool of Cu sites that can facilitate PMO
cycles.
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NHs-based reduction treatments to mobilize and activate PMO-inactive Cu sites, as
monitored with UV-Vis spectroscopy and titration methods

Stoichiometric PMO data indicate that Z>Cu-only containing Cu-CHA samples are inactive
for this reaction. However, NO and NH; are known to reduce Cu?>" and Cu’ and
subsequently mobilize Cu® ions, specifically in the NOx SCR literature. Using this
knowledge, we have explored the ability of NHs-only reduction followed by the
introduction of NO to reduce and mobilize previously inactive Cu sites (i.e., Z>Cu) into
Cu" sites that can be incorporated into the pool of PMO-active Cu sites.

We synthesized model Cu-CHA 10
samples, including a Z,Cu-only and a
mixed Z>Cu/ZCuOH-containing Cu-
CHA. The change in oxidation state
from Cu?" to Cu” was monitored by in
situ UV-Visible spectroscopy during O
activation (21 kPa O, 723 K), and then
either NH3-only reduction (412 ppm) or
NO+NH; co-reduction (412 ppm each)
at 473 K. After O, activation, 4 distinct

e o o
N ® ©

Q
»

o
~

”

Fraction of Un-reduced Cu
o o

features in the d-d transition region for ‘n *
. . 0.1
multinuclear Cu?* species are observed,
0.0 T T T T
and these features subsequently 5 1 -0 0 0 50

disappear following reduction Time on stream / h
treatments as Cu' Species are formed.  Figure 3. Un-reduced Cu(Il) as a function of time in NHz-only

. . flow at 473 K on a Cu-CHA with Si/Al=15, Cu/Al=0.17 (50%
The d-d transition bands were mtegrated Z>Cu, 50% ZCuOH). The (¢) quantified the un-reduced Cu

. : v o
to estimate the fraction of Cu” remaining  with titration methods while (m) quantified un-reduced Cu with
as a function of time (Fig_ 3)_ integration of the d-d transition region (7,500-20,000 cm™) of

the UV-Visible spectra.

These data were corroborated by first developing an independent titration method in our
laboratory at Purdue to quantify the remaining Cu" content on any Cu-zeolite sample of
arbitrary origin or treatment history, using the well-known ability of NO+NH3 co-reduction
of Cu' sites with 1:1 NO:Cu stoichiometry, and then performing this titration method on
Cu-CHA samples after exposure to NHz-only reduction for various lengths of time (Fig.
3). Quantitative agreement is observed between the un-reduced Cu?" fraction determined
by in situ UV-Vis and NO+NHj3 titration methods, thus providing two complimentary
techniques to quantify and probe the ability of NHs to reduce Cu?" ions (which are
otherwise spectator species during PMO-conditions) into Cu® species that can be
incorporated into the active pool of Cu sites during PMO. Ongoing work will continue to
probe the NHs-reducibility of Cu on Cu-zeolites, specifically focusing on recovering Cu
sites from PMO-inactive or spectator states. Developing an understanding of how Cu sites
reduce and can be recovered into PMO reaction cycles will allow developing treatments to
regenerate inactive Cu structures during continuous PMO reaction schemes.
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* 2019: Faculty Excellence Award for Early Career Research (Purdue College of
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* 2019: R. Norris Shreve Award for Outstanding Teaching in Chemical Engineering
(Purdue ChE)

» 2018: DOE Early Career Award (Department of Energy)

* 2018: Alfred P. Sloan Research Fellow in Chemistry (Sloan Foundation)

* 2018: Named to “2018 Class of Influential Researchers” by Industrial & Engineering
Chemistry Research
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e 2020-2021: Technical Program Chair, Catalysis Club of Chicago

e 2019-2021: Programming Chair, Area 20A: Catalysis (CRE), AIChE

e 2019-2020: Posters, Workshops and Satellite Conferences Committee Co-Chair, 17"
International Congress on Catalysis, San Diego, CA

28



2017-2019: Technical Program Co-Chair, 26™ North American Catalysis Society
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2017-2019: Early Career Advisory Board, ACS Catalysis
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Patrick L. Holland

Amines from Hydrocarbons and N2: Combining C-H Activation and N-N
Activation

Patrick L. Holland
Yale University, Department of Chemistry

Presentation Abstract

The activation of abundant molecules (e.g. hydrocarbons, atmospheric N») is challenging
because these molecules are typically inert. We have discovered a low-coordinate iron
system that mediates the one-pot conversion of petroleum-derived arenes and N> into
aniline derivatives, a net formation of C—N bonds from hydrocarbons and N». The reaction
uses a mixture of sodium powder, crown ether, and trimethylsilyl bromide, and silylated
anilines are isolated. Numerous iron complexes along the cyclic reaction pathway have
been isolated and crystallographically characterized, and their stoichiometric reactivity
outlines a mechanism for sequential C—H activation and N> functionalization. One key to
this coupling reaction is the partial silylation of a reduced iron—dinitrogen complex to give
a formally iron(IV) disilylhydrazido complex, which undergoes migration of a benzene-
derived aryl group to the proximal N atom to form the new C—N bond. Further reduction
releases the Na-derived aniline, and the resulting iron species can re-enter the cyclic
pathway. This new strategy demonstrates the potential for development of catalytic
reactions that incorporate abundant atmospheric Nz into organic molecules.

DE-SC0020315: Tandem Catalytic C-H Activation and N2 Activation Using Iron
Complexes

Postdocs: Daniel L. J. Broere, Erik J. T. Phipps
Students: Sean F. McWilliams, Samuel M. Bhutto, Junwen Xiao

RECENT PROGRESS

Introduction
This project aims at mechanistic understanding of the following transformation, which
converts benzene and N into substituted anilines.

PhH + Nz + 5 TMSBr + 6 Na = PhNTMS; + NTMS;3 + 5 NaBr + NaH

We have proposed the cyclic mechanism shown in the illustration below, which is based
on isolable iron compounds A through H. Starting from the left, it begins with binding of
benzene (green) and C—H bond activation to form a phenyl fragment along the top. After
reduction, the phenyl group migrates to N> upon silylation to form a C—N bond in silylated
aniline products along the bottom. Our mechanistic efforts have focused on the distinctive
steps of the reaction, namely (1) C—H activation by a high-spin metal center (C to D), (2)
deposition of H (D to E), and (3) migration of a hydrocarbyl group from Fe to N> (G to H).
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Computational Studies on C—H Activation

We have used DFT to probe the details of the reversible C—H activation, which involves a
change in spin state from C (S = 1) to D (S = 2). We located low-energy transition state
structures (TS) on different potential energy surfaces, and the geometries of the TS indicate
a concerted oxidative addition. The computations suggest that the unobserved ortho
activation of toluene is thermodynamically feasible, even though experiments show
amination in only meta and para positions. We conclude that the lack of ortho-aminated
products is due to a kinetic barrier.

Exploring Alkali Metal Effects on C—H Activation

The position of the equilibrium between C and D is dependent on whether the alkali metal
is Na or K, and it is important to understand the energetics of these species as well as the
rates of interconversion. In order to gain more data, we isolated and crystallographically
characterized iron(0) benzene complexes with Rb and Cs to compare these with the
reported Na and K analogues. The Rb complex has alkali metal coordinated to the arene
(right), but the reduction with CsCs instead results in an outer-sphere cation bound by two
18-crown-6 ether molecules (left).

Cs(18-crown-6)2 '

5 \>L CsCgq RbCq
18 -crown-6 18-crown-6

05 ( “Fel- @ Fe° _--{)Rb
N7 hex/CGHG hex/C6H6 'y

2 ’>T 78 °Cto RT 78 °Cto RT
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Understanding H deposition

We hypothesized that known arene hydrogenation catalysts could deposit the H atom from
D onto arene substrates. Indeed, the yield of silylated aniline increased when
substoichiometric amounts (per iron) of Rh/C was added to the catalytic reaction mixture
(see table below). In addition to being a practical solution, this lays the groundwork for
mechanistic studies on H deposition.

0.5 equiv Fe catalyst 1

5 equiv 15¢5 2
2 equiv TMS-Br (per cycle)
20 equiv © > +  N(TMS);
Et,0, N,

Ent Variation Yield of Yield of
Y Aniline | N(TMS),

1 - 25% 48%

2 ~0.5eq (per Fe) Rh/C as additive 39% 53%

Mechanistic Studies on Aryl Migration to an N>-derived Disilylhydrazido Ligand

In order to test the influence of sterics on the rate of migration (G to H), we prepared an
iron(I) xylyl complex. Binding of N at low temperature and subsequent silylation lead to
formation of the xylylhydrazido complex, indicating that these kinetic studies will be
feasible.

K(1 8-crown-6)+
SiMe4
N”/N |\|
y Me;SiOTf —SiMe;

( e + 05
N7 Et,0, N, N/
2 /}y "116 °C to RT

We have also varied the size of the silane. The bulky triisopropylsilyl triflate leads to
isolable diazenido species, which are intermediates on the way to the disilylhydrazido
species. The N-N bond in this new diazenido complex is weakened by a Lewis acidic K*
cation.

K(18-crown-6)* K(18-crown-6)*
N’/,N ~N \\/.'\
N F N NZs,
N .~ TIPSOTf N, - KBArT, - v N 0E)
2 SFe _— K

N Et,0 N \Q Et,0 NT N\
-116 °C to RT - K(18-crown-6)BAr, \
-LFePh l
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Isolation of Iron(1V) Hydrazido Complexes

In order to isolate potential intermediates in the new hydrocarbyl migration (G to H in the
cycle above), we synthesized an iron(I) alkynyl complex illustrated below. It is observed
to bind N> at low temperatures. Silylation of the N>-bound species resulted in the formation
of an iron(IV) hydrazido complex, which was isolated and crystallographically
characterized. We hypothesize that the alkynyl group does not migrate because the iron(IV)
intermediate is stabilized by the greater o-donating properties of the alkynyl ligand.

+ +
K(18-crown-6) K(18-crown-6)

- T K1 8c6)(C10H8
) \4.3
|
+ N2 N/// Mezsl |Mez N

, N~ \SI
( ;"FeI — Bu =— ( “Fel” ott © > ( “FelV”
7 7
N N \ B Etzfj, N, N \\\
i />T 2 />T - 116 °C to RT By

Expanding the Substrate Scope

Previously, we demonstrated the ability to aminate toluene, ortho-xylene, and meta-xylene.
We have now tested a number of heterocyclic substrates, and preliminary characterization
of products with GC/MS indicates amination of the substrates in the table below. Other
potential substrates such as naphthalene, anthracene, furan, thiophene, trifluorotoluene, and
aryl halides do not give discernable amination products under the conditions employed.

Substrate

Product

>~ N(TMS),

/ ,‘\,N(TMS)Z
3

~ _N(TMS),
N /(
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Q.; Holland, P. L. Coupling Dinitrogen and Hydrocarbons through Aryl Migration.
Nature 2020, 584, 221-226.

2. Weber, J. E.; Bhutto, S. M.; Genoux, A. T.-Y.; Holland, P. L. Dinitrogen Binding

and Functionalization. In Comprehensive Organometallic Chemistry IV (O'Hare,
Parkin, Meyer, Eds.), Elsevier, 2021, in press.
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Awards and leadership activities 2018-2020

» Watkins Lectureship, Wichita State University (2019)

* Editorial Board of Chemical Society Reviews (2019-)

* Editorial Board of Chemical Science (2019-)

* Guest Editor of Chemical Reviews Issue: "Reactivity of Nitrogen from the Ground
to the Atmosphere" (appeared 2020) - 15 articles on various aspects of N> and
nitrogen, including catalysis and nitrogenases

* Yale Bouchet Honor Society (2021)

* Volume Editor for Volume I of Comprehensive Organometallic Chemistry IV (to be
published 2022) - 22 chapters ranging from bonding and computations, to
spectroscopy, weak ligands like alkanes/N»/CO», electrochemistry and redox-
active ligands, spin states and paramagnetic organometallics, surface
attachment, and modern trends in ligand and complex design. Each chapter was
a collaborative endeavor between the author and myself.

34


https://pubs.acs.org/toc/chreay/120/12
https://gsas.yale.edu/diversity/office-graduate-student-development-diversity/edward-bouchet-conference

Sheima J. Khatib

Catalyst Design Strategies for Multifunctional Metal-Promoted Zeolites in Methane
Dehydroaromatization

Mustafizur Rahman', Apoorva Sridhar!, Antonia Infantes-Molina?, Adam S. Hoffman?,
Simon R. Bare?, Sheima J. Khatib'

! Department of Chemical Engineering, Texas Tech University, Lubbock, Texas 79409,
USA

2 Department of Inorganic Chemistry, Crystallography and Mineralogy. Faculty of
Science. Campus de Teatinos, 29071 Malaga, Spain.

3 Stanford Synchrotron Radiation Lightsource, SLAC National Accelerator Laboratory,
Menlo Park, CA 94025, USA

Presentation Abstract

Methane could be used as a building block in the chemicals manufacturing industry, but
instead, large quantities of stranded shale-derived methane are being flared due to lack of
existing infrastructures for their transportation to centralized processing facilities. The
catalytic valorization of methane to aromatics and hydrogen, by the one-step non-oxidative
methane dehydroaromatization reaction (6 CH4 — C¢Hg+ 9Hz), MDA, is an attractive route
for natural gas upgrade and can be implemented at the gas source, minimizing
transportation costs. Our group is carrying out a systematic study of this catalytic process
with the aim to answer some long-standing fundamental questions and develop strategies
to mitigate technological challenges associated to MDA.

Zeolite-supported molybdenum catalysts are the most effective MDA catalysts studied
so far, but they do not possess conversion and stability requirements for commercialization.
Molybdenum carbide species are thought to constitute the active sites for MDA and are
formed when the zeolite-supported Mo oxide species in the as-prepared catalysts are
exposed to methane in the first minutes of reaction. Our group has discovered that the
activation protocols employed to form the molybdenum carbides play a role on catalyst
stability. We have tested different activation conditions and contrasted the structure of the
fresh and spent catalysts to explain the difference in catalytic behavior. Our work has
resulted in obtaining activated Mo/ZSM-5 catalysts that maintain remarkably stable
benzene yields. Here we present our most recent work on the role that the acidity of the
zeolite support plays on the Mo structure and performance, as well as the effect that
addition of small amounts of Co and Ni promoters have on the catalytic performance.

Grant or FWP Number: DE-SC0019074
PI: Sheima J. Khatib

Student(s): Apoorva Sridhar, Kayla Lou Emerson
Postdoc(s): Mustafizur Rahman, Unmesh Menon
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RECENT PROGRESS

Effect of the Si/Al ratio of the ZSM-5 support on the structure and activity of Mo species

While most work in the literature has found that catalyst deactivation by Mo aggregation
can be prevented but working with catalysts with low Mo loadings, our work has
demonstrated that it is possible to move to higher Mo loadings and maintain catalyst
stability, despite the presence of Mo aggregates on the external surface of the zeolite, by
activating Mo/ZSM-5 catalysts under reducing conditions with a slow temperature ramp.
Such an activation protocol results in conversion of the Mo oxide species to their less
mobile reduced form before subjecting them to reaction conditions. Based on these results
we hypothesized that with higher Mo loadings and activation by temperature programmed
reduction and carburization (TPR&C), we were not only preventing the external Mo
aggregates from blocking the zeolite channel openings but at the same time the presence
of larger amount of Mo was resulting in a larger migration of Mo species into the zeolite
channels, consequently the presence of Mo sites anchored inside the channels was higher.
This would also explain the higher benzene selectivity that these catalysts present
compared to the He treated ones (80% versus 60%) given that the zeolite Brgnsted acid
sites (BAS) serve as anchoring points for the Mo oxide species inside the zeolite channels,
which allows for the formation of confined Mo sites that enable shape selectivity to
benzene. We further explored the effect that the number of BAS, or the Si/Al ratio would
have on the dispersion and distribution of Mo species, their local structure around Mo
centers (Mo coordination and cluster size), the nature of active sites, and the MDA
performance in the catalysts that overwent our TPR&C activation protocol'. Previously
other groups had speculated that the availability of the Al sites on the ZSM-5 support, could
also impact the structures of the anchored Mo oxides, with a bigger presence of monomeric
Mo oxide (M0O>?") species at lower Si/Al ratio, and dimeric oxides ((M0205)*") at higher
Si/Al ratios and thus the observed differences in catalyst activity could be due to a different
nature of the active sites. No direct proof for this speculation was provided
spectroscopically. 3% Mo
In our study we
prepared two groups of
catalysts with low (3
wt%) and high (10 wt%)
Mo loading using a
HZSM-5 support with
different Si/Al atomic i S

ratios ranging from 15 to _ ] _ Tosm _
40. In Figure 1 we Figure 1. Benzene yield against TOS for 3Mo and 10 Mo catalysts using

. ZSM-5 with different Si/Al ratios. (Reactions performed with space
observe that as the Si/Al velocity of 1550 mi/h-gcat in 9% N2/CHa at 700 °C.). After ref. [1].

ratio increases, the
benzene yield decreases for both low and high Mo loadings. The stability of the catalysts
was also influenced by the Si/Al ration, as observed by the 1% order deactivation rate
constants which drop as Si/Al increases regardless of the Mo loading (Table 1).

To confirm whether the local structure of the Mo sites was differing with the Si/Al ratio
and could explain the differences in activity, we measured the Mo K-edge X-ray absorption
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Table 1. First order deactivation
rate constants (ko) for Mo/ZSM-5
catalysts with different Si/Al
ratios. After ref. [11.

near edge spectra (XANES) and magnitude of the Fourier
Transform extended X-ray absorption fine structure
(EXAFS) spectra of Mo/HZSM-5 catalysts with Si/Al =
15 and 40 for the fresh as-prepared catalysts in ambient

M"‘(m';e"t Sample ko () conditions, and the activated catalysts quenched after
3Mo/HZ-15  0.02 undergoing TPR in H; followed by exposure to methane
%Mo T Hz2s 004 flow for two hours at 700°C. No differences were
IMo/HZA0 011 observed in the XANES spectra as a function of the Si/Al
OMofiZ15 001 ratio for the as-prepared catalysts (Figure 2). All the
catalysts displayed a pre-edge peak at around 20006.6 eV

10%Mo  10Mo/HZ25 002

visible on the rising edge of the main 1s — 5p transition.
This peak is assigned to the dipole-forbidden 1s — 4d
electronic transition providing information regarding the average local structure and
geometry of the Mo species that are present. The intensity and peak position align better
with that of MoOs than MgMoQs, indicating that the local structure of the Mo is not
tetrahedral but octahedral in all of the catalysts. The presence of the peak in the Fourier
transform of the EXAFS in the 3-4 A range corresponds to the Mo-O-Mo scattering,
indicating that there is longer range scattering present in the 10% sample compared to the
3%, suggesting the presence of small agglomerates of MoO; species, which was in
agreement with the XRD results (not shown here) where a small peak corresponding to
MoOs crystallites was detected only on the 10 wt% Mo as-prepared catalyst. The Mo K-
edge XANES and Mo EXAFS data of the quenched 3 and 10 wt% Mo catalysts resembled
that of Mo,C indicating that the Mo oxide precursors were fully carburized after reduction
in H> and exposure to CHs for two hours at high temperature (Figure 3). No features
differentiate the magnitude of the Fourier transform of the EXAFS for the samples with
different Si/Al ratios, suggesting that the Si/Al ratio is not a major factor in determining

10Mo/HZ-40 0.06

the local structure of  * @ MoMoO, a[(b)
the reduced Mo Moo,
species. 877 e McO,
. . 2 5o
Discarding 2 10MoHZ 15 % 10MoHZ 40
differences in local & ﬂ = oMot
structure of active &, ﬂ af
. . IMoH~Z-40
sites being the cause 4/\/_/\
for different catalytic o - - - 0 - ‘ - 2
10030 20000 20040 20060 20080 ] 1 5 6

20020 2 3 4
Energy {eV) Radial Distance, R {(A)

Figure 2. (a) Mo K-edge XANES and the (b) k?-weighted magnitude of the
Fourier Transform EXAFS spectra of as-prepared catalysts. After ref. [1].

properties at different
Si/Al, an alternative
explanation for the

3
different catalytic =~ ,|@ oG | (b)
behavior was found in % 10MOH?-40 i
the difference in the gz m % sl
dispersion of the Mo § —f\m —/\/\/\v\’—"‘i‘i\
species as a function E Momiz15 | R Z_/\/\//\\p\:;mji
of the SV/Al ratio. * /-\/‘ IAAIANRS -~
Analysis of TEM- . / ‘ ‘ ‘ » \ . \ . Motz 15
EDS images, XPS w0 200 a0 e 2me 2w 0 1 2 emce Ry 0 °
derived surface Figure 3. (a) Mo K-edge XANES and (b) k?-weighted magnitude of the

Fourier Transform EXAFS spectra of carburized catalysts. After ref. [1].
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atomic compositions, measurement of the residual Table 2. Surface atomic ratios (XPS)
BAS by isopropylamine (IPA)-TPD, and textural and change in micropore volume
rti btained from N, adsorption/desorption rom bare to metal impregnated
prope 168 0 2 p rp. zeolite (N2 adsorption/desorption
isotherms (Table 2), suggested that the lower Si/Al isotherms). After ref. [1].

ratio and higher Mo loading resulted in higher Mo Drop in
occupation within the zeolite channels, which directly Sample Mo/iAl+Si) miCTP""-‘
correlates  with  higher benzene selectivity. YOUTE
. 3Mo/HZ-15 0.018 10
Importantly, we found that while temperature
controlled H» pretreatment can improve the dispersion 3Mo/HZ 40 0.034 14
10Mo/HZ-15 0.089 26

of the Mo species in the catalysts, even after 12 h of
reaction, the Si/Al ratio has a stronger effect on  10Mo/HZ-40 0.222 18
catalyst stability. Low Si/Al ratios are required to

maintain benzene yield over longer periods of time because they provide the necessary
anchoring points required to accommodate active Mo sites in the zeolite channels.

Ex-situ formation of metal carbide species in Mo-X/ZSM-5 (X=Fe,Co, Ni) catalysts

A catalyst design strategy employed to improve catalyst performance in MDA is the
addition of metal promoters (X) to Mo/ZSM-5 catalysts. Based on our literature review,
we have identified Fe, Co, and Ni as promising additives given their capacity to enhance
both benzene yield and catalyst stability, and their relatively cheap price compared to other
noble metal promoters. Most work in the literature shows that despite the improvement
achieved in catalyst stability and benzene yield in presence of these promoters, the
enhancement is short-lived. Given our discovery that Mo carbides formed by TPR&C were
leading to much higher stability in production of benzene, we investigated how this
activation method would affect Fe-promoted Mo/ZSM-5 catalysts®>. We found that for a
certain loading of Mo (6wt% Mo), there is an optimum loading of Fe (0.2 wt% Fe) that
results in enhanced production of benzene and better catalyst stability. Furthermore, if the
as-prepared catalyst is treated by the TPR&C activation protocol, the enhancement
measured in presence of Fe additive is larger. Analysis of the conversion-selectivity plots
suggest that the nature of the active sites is different in Mo versus Mo-Fe samples, but no
bimetallic species were directly detected with the characterization techniques we employed.
This was not surprising given the extremely low Fe loadings employed. TPR and XRD
data did suggest that there was some interaction between Mo and Fe, given that the
presence of Fe seems to affect the reducibility of Mo and the crystallinity of the MoOs
clusters on the external surface of the zeolite. More recently, we extended our studies to
employing Co and Ni additives with Mo/ZSM-5 catalysts®. We synthesized Mo-X (X = Co,
Ni) catalysts using ZSM-5 as support and tested various loadings of X: 0.2, 0.6 and 1 wt%
for a constant 6wt% loading of Mo. We found that the effect of adding Co and Ni to
Mo/ZSM-5 catalysts varies depending on the type of pretreatment received. When Mo
carbides were formed in sifu, during the reaction induction period (after He pretreatment)
the presence of additives was detrimental to their catalytic activity and benzene yield (see
blue points in Figure 4). However, when the catalysts were treated in H>+CHa4, a synergy
between Mo and X was established for optimum loadings of both Co (0.6 wt%) and Ni (0.2
wt%) (red points in Figure 4), rendering catalysts that produced higher and more stable
benzene yields. To confirm that indeed we had a synergy and not a sum of the performance
of Mo and X sites in the Mo-X catalysts, we measured the catalytic activity of the single
metal Co/ZSM-5 and Ni/ZSM-5 catalysts in MDA with the same loadings used in the Mo-
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X catalysts; the results showed that in absence of Mo, these catalysts were just active to
methane cracking, and no, or close to no products resulting from C-C coupling were
detected (open symbols in Figure 4).
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Figure 4. Benzene yield versus time on stream (TOS) for (a) Co-modified and (b) Ni-modified
6Mo/ZSM-5 catalysts. The blue symbols correspond to He-pretreated catalysts and red symbols
correspond to precarburized catalysts. (The data points for unmodified 6Mo/ZSM-5, and single
Co/ZSM-5 and Ni/ZSM-5 are included in both graphs as reference.). After ref. [3].

Structural characterization of the as-prepared catalysts by XRD? showed that when Mo
and the additive species coexist, no crystalline mixed phases were observed. Similarly, the
XRD patterns of the precarburized catalysts showed broad peaks corresponding to the
Mo:C phase detected on the external surface in presence of both Ni and Co additives. TPR
profiles of the catalysts® suggested that the presence of Co promotes the location of Mo
oxides inside the zeolite channels since the intensity of the peak assigned to these species
(at 580 °C) increased with Co loading, while Ni increases the reducibility of the Mo oxide
species on the external surface of the zeolite and promotes the location of Mo oxides inside
the channels. TPR profiles of the single metal Co and

Ni/ZSM-5 samples showed no H> consumption in the
case of Co, due to its high dispersion and low loading,
and in the case of Ni, only a reduction peak attributed
to reduction of unbound NiO was detected at the
highest Ni loading employed. Further proof of the
effect of X on Mo was observed by TGA of the as-
prepared Mo-X catalysts (Table 3): with additive
loading, the temperature at which the Mo species
evaporate increases, thus the presence of additives
further decreases the volatility and mobility of the Mo
species, possibly enhancing the retention of the Mo

Table 3. Evaporation temperature
of metals in as-prepared catalysts.
determined by TGA. After ref. [3].

Catalyst Weight drop
temperature (°C)

6Mo 750
6Mo-0.2Co 800
6Mo-0.6Co 815
6Mo-1Co 820
6Mo-0_2Ni 830
6Mo-0.6Ni 810
6Mo-1Ni 855

species inside the zeolite channels and reducing catalyst deactivation.
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Sridhar, A., Khatib*, S. J., Increasing the catalytic stability by optimizing the
formation of zeolite-supported Mo carbide species ex situ for methane
dehydroaromatization, Journal of Catalysis, 375, 314-328 (2019).

Awards or leadership activities during 2018-2020 calendar years
Awards

e Whitacre Engineering Research Award (2020)
o NSF-CAREER Award (2019)
e Texas Tech Alumni Association Award (2019)

e TLPDC Spotlight Award for creatively enhancing student learning and engagement in
the classroom (2019)

¢ Outstanding Poster Presentation Award at the Catalysis Gordon Conference (2018)
e AIChE Student Chapter Best Professor Award (2018)
e Mortar Board and Omicron Delta Kappa’s Faculty Recognition Award (2018)

Leadership Activities

e AIChE, Director (Board), Division of Catalysis & Reaction Engineering (2019-present)
e AIChE, Director (Board), Division of Fuels and Petrochemicals (2017-2020)

e AIChE, Vice Chair of the Diversity and Inclusion Task Force for Division of Catalysis
& Reaction Engineering

¢ Southwest Catalysis Society, Director (Board) (2017-present)

40



AIChE, Session Chair at Annual Meetings, Division of Catalysis & Reaction

Engineering (2019-present)

AIChE, Session Chair at Annual Meetings, Division of Fuels & Petrochemicals (2016-
present)

AIChE, NGCS (Natural Gas Conversion Symposium) Session Chair (2019)

NAM (North American Catalysis Society Meeting) Session Chair (2019)

Undergraduate Committee member at Department of Chemical Engineering at Texas

Tech University (2017-present)

STEP (STEM Teaching, Engagement and Pedagogy) Program Specialist at Texas Tech

University (2017-present)
Reviewer for peer-reviewed scientific journals including ACS Catalysis; Journal of
Catalysis; Applied Catalysis B: General; Applied Catalysis A: General; Angewandte
Chemie; Nature Communications; ChemCatChem; Chemical Engineering Science;
Journal of Industrial and Engineering Chemistry; Journal of Membrane Science;
Chemical Engineering Science; Materials Chemistry and Physics.

Peer reviewer for DOE-BES (2017-present), NSF (2020-present), USDA (2018-
present), ACS-PRF (2017-present), SSRL-SLAC (2020-present).
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Cong Liu

Characterizing Supported Organovanadium Catalysts with Computational K-Edge
XANES

Prajay Patel,! Jeremy Kropf,' David M. Kaphan,'! Massimiliano Delferro,' and Cong
Liu!*

1. Chemical Sciences and Engineering Division, Argonne National Laboratory, Lemont,
IL

A crucial consideration for supported heterogeneous catalysts is the non-uniformity of the
active sites, particularly for Supported Organometallic Catalysts (SOMCs). Standard
spectroscopic techniques, such as X-ray absorption spectroscopy (XAS), reflect the nature
of the most populated sites, which are often intrinsically structurally distinct from the most
active catalytic sites. With computational models, often only a few representative structures
are used to depict catalytic active sites on a surface, even though there are numerous
observable factors of surface heterogeneity that contribute to the kinetically favorable
active species. A previously reported study on the mechanism of a surface
organovanadium(IIl) catalyst [(SiO)V"(Mes)(THF)] for styrene hydrogenation yielded
two possible mechanisms: heterolytic cleavage and redox cycling. These two mechanistic
scenarios are challenging to differentiate experimentally since the kinetic readouts of the
catalyst are identical. To showcase the importance of modeling surface heterogeneity and
its effect on catalytic activity, density functional theory (DFT) computational models of a
series of potential active sites of [(SiO)V¥(Mes)(THF)] for the reaction pathways are
applied in combination with kinetic Monte Carlo (kMC) simulations. Furthermore, the
predicted V-H active species were confirmed by integrated XANES experiments and
simulations. The most promising active site structure along with the optimal reaction
pathway was identified and the effect of site heterogeneity was demonstrated. This work
underscores the importance of modeling surface heterogeneity in computational catalysis.

References:

(1) Kaphan, D. M.; Ferrandon, M. S.; Langeslay, R. R.; Celik, G.; Wegener, E. C.;
Liu, C.; Niklas, J.; Poluektov, O. G.; Delferro, M. Mechanistic Aspects of a Surface
Organovanadium(III) Catalyst for Hydrocarbon Hydrogenation and Dehydrogenation.
ACS Catal. 2019, 9(12), 11055-11066.

(2) Patel, P.; Wells, R.; Kaphan, D.; Delferro, M.; Skodje, R. T.; Liu, C. Computational
Investigation of the Role of Active Site Heterogeneity for a Supported
Organovanadium (III) Hydrogenation Catalyst. ACS Catal. 2021, 11(12), 7257-7269.
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J. Will Medlin
Controlling Catalyst Selectivity with Organic Monolayers on Metal Oxides

J. Will Medlin, Daniel K. Schwartz
University of Colorado Boulder

Presentation Abstract

Organic ligands are widely employed as surfactants for the synthesis of metal
nanoparticles used in catalytic reactions. Recent studies have shown that leaving these
ligands in place can have beneficial effects for catalyst performance, especially related to
selectivity toward desired products. This observation suggests that it might be useful to add
organic ligands even to uncoated metal nanoparticles on supported catalysts, and it has
indeed been found that this strategy can lead to the ability to enhance selectivity in many
reactions.

Rather than depositing ligands on the metal nanoparticles, a related strategy is to
deposit them on the support, or on a catalytically active metal oxide surface. Support
modification potentially avoids excessive blocking of precious metal sites but can
hypothetically still provide the ability to control catalyst selectivity, especially for reactions
in which rates are dominated by interfacial sites. By varying the structure and chemical
functionality of the organic ligands, there are possibilities to improve catalyst activity,
selectivity, and stability in reactions such as CO» hydrogenation and hydrodeoxygenation
of biomass-derived oxygenates. Deposition of specific ligands on oxides can also
profoundly influence catalytic activity in biphasic reaction mixtures through hydrophilic/
hydrophobic effects.

DE-SC0005239: Control of Complex Interfaces in Heterogeneous Catalysis Using
Organic Monolayers

Postdoc(s): Jing Zhang
Student(s): Pengxiao Hao, Lucas Ellis, Ezra Baghdady, Zack Blanchette, Ben
Greydanus, Alex Jenkins, Jordi Ballesteros-Soberanas

RECENT PROGRESS
Manipulating metal — metal oxide interfaces with organic monolayers

The development of separate levers for controlling the bonding strength of different
reactive species on catalyst surfaces is challenging but essential for the design of highly
active and selective catalysts. For example, during CO» reduction, production of CO often
requires balancing a trade-off between the adsorption strength of the reactant and product
states: weak binding of CO is desirable from a selectivity perspective, but weak binding of
CO; leads to low activity. Here, we demonstrated a new method of controlling both CO;
adsorption and CO desorption over supported metal catalysts by employing a single self-
assembly step where organic monolayer films were deposited on the catalyst support.
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Binding of phosphonic acid monolayers on supported Pt and Pd catalysts weakened CO
binding via a through-support effect. The weakened

Chemically adsorbed €O, CO adsorption was generally accompanied by
CO, DRIFTS  —A— decreased adsorption and reactivity of CO>. However,
/ \J\, by the incorporation of amine functions at controlled
M positions in the modifying film, CO. adsorption and
o Mea hydrogenation reactivity could be restored (Fig. 1).
3Z _ N Thus, both through-surface and through-space
— [ In situ DRIFTS-CO, reduction . . . .
8 |linear&multisite CO interactions could be manipulated by design of the
Z organic modifiers. After surface modification, the
g JShemicaly, catalysts exhibited significantly improved selectivity
(up to ~99% at conversions near 50%) and activity
toward CO production. Moreover, the rate of
. deactivation was notably reduced due to prevention of
ac(l:slerntﬂ)l&le(t::layi\éz CO 1 1
NH.MBS poisoning.
—t \M —~—
2200 2000 1800 1600 1400 1200 Interactions between surface adsorbed species can
Wavenumber (cm) affect catalyst reactivity, and thus, the ability to tune

Fig(;re 1: CO; infrargd spectroscopy (top) these interactions is of considerable importance.
?1; dr‘;‘gse‘rtl‘;gfil?bittgggli g?)i 110, Deposition of organic modifiers provides one method
Functionalization with methyl of intentionally introducing controllable surface
phosphonic acid (MPA) weakened CO interactions onto catalyst surfaces. In a study reported
adsorption and nearly eliminated CO2 in ACS Catalysis, Pd/AL2Os catalysts were modified
adsorption sites, but use of an amine . . . . : .
functional groups restored CO2 with either thiol or phosphonic acid (PA) ligands and
adsorption and catalytic activity. tested in the hydrogenation of furanic species. The
thiol modifiers were found to inhibit ring
hydrogenation (RH) activity, with the degree of inhibition trending with the thiol surface
coverage. This suggests that thiols do not strongly interact with the reactants and simply
serve to block active sites on the Pd surface. PAs, on the other hand, were found to enhance
RH when furfuryl alcohol (FA) was used as the reactant. Density functional theory
calculations suggested that this enhancement was due to hydrogen-bonding interactions
between FA-derived surface intermediates and PA modifiers. Here, installation of
hydrogen-bonding groups on the Pd surface served to preferentially stabilize RH product
states. Furthermore, the promotional effect on the RH of FA was observed to be greater
when a higher-coverage PA was used, providing a rate more than twice that of the

unmodified Pd/Al,Os.

Atomically dispersed precious metal catalysts maximize atom efficiency and exhibit
unique reactivity. However, they are susceptible to sintering. Catalytic reactions occurring
in reducing environments tend to result in atomically dispersed metals sintering at lower
temperatures than in oxidative or inert atmospheres due to the formation of mobile metal-
H or metal-CO complexes. We reported on a new approach to mitigate sintering of oxide
supported atomically dispersed metals in a reducing atmosphere using organophosphonate
self-assembled monolayers (SAMs). We demonstrated this for the case of atomically
dispersed Rh on Al,Os; and TiO> using a combination of CO probe molecule FTIR,
temperature programmed desorption, and alkene hydrogenation rate measurements.
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Evidence suggests that SAM functionalization of the oxide provides physical diffusion
barriers for the metal and weakens the interactions between the reducing gas and metal,
thereby discouraging the adsorbate-promoted diffusion of metal atoms on oxide supports.

Control of catalysis in biphasic mixtures

Amphiphilic Janus particles with a catalyst selectively loaded on either the hydrophobic or
hydrophilic region are promising candidates for efficient and phase-selective interfacial
catalysis. In another paper published in ACS Applied Materials and Interfaces, we report
the synthesis and characterization of Janus silica particles with a hydrophilic silica domain
and a silane-modified hydrophobic domain produced via a wax masking technique.
Palladium nanoparticles were regioselectively deposited on the hydrophobic side, and the
phase selectivity of the catalytic Janus particles was established through the kinetic studies
of benzyl alcohol hydrodeoxygenation (HDO). These studies indicated that the
hydrophobic moiety provided nearly 100x the catalytic activity as the hydrophilic side for
benzyl alcohol HDO. The reactivity was linked to the anisotropic catalyst design through
microscopy of the particles. The catalysts were alsoused to achieve phase-specific
compartmentalized hydrogenation and selective in situ catalytic degradation of a model
oily pollutant in a complex oil/water mixture. We are currently applying a related strategy
to prepare dynamic nanoparticle catalysts whose motion is controlled by reactions in
solution.

Our work over the past year emphasized the effects of organic monolayers on both catalyst
activity and stability, where SAMs were applied to both metal and metal oxide catalysts.
We summarize the findings in our published work below. In addition to that work, we
have continued to understand how organic coatings can be employed to create particles
(such as Janus particles) that segregate to oil-water interfaces and catalyze reactions on one
side of the interface; we have also used such Janus particles as active particles in single-
particle tracking experiments. We are preparing to submit a manuscript in this area in
August 2021.

Publications Acknowledging this Grant in 2018-2021
(Ill)  Intellectually led by this grant

1. Zhang, J.; Ellis, L. D.; Wang, B.; Dzara, M. J.; Sievers, C.; Pylypenko, S.;
Nikolla, E.; Medlin, J. W., Control of interfacial acid—metal catalysis with organic
monolayers. Nature Catalysis 2018, 1 (2), 148-155.

2. Hao, P.; Schwartz, D. K.; Medlin, J. W., Phosphonic acid promotion of supported
Pd catalysts for low temperature vanillin hydrodeoxygenation in ethanol. Applied Catalysis
A: General 2018, 561, 1-6.

3. Hao, P.; Schwartz, D. K.; Medlin, J. W., Effect of surface hydrophobicity of
Pd/A1203 on vanillin hydrodeoxygenation in a water/oil system. ACS Catalysis 2018, §
(12), 11165-11173.
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4, Ellis, L. D.; Ballesteros-Soberanas, J.; Schwartz, D. K.; Medlin, J. W., Effects of
metal oxide surface doping with phosphonic acid monolayers on alcohol dehydration
activity and selectivity. Applied Catalysis A: General 2019, 571, 102-106.

5. Ballesteros-Soberanas, J.; Ellis, L. D.; Medlin, J. W., Effects of Phosphonic Acid
Monolayers on the Dehydration Mechanism of Aliphatic Alcohols on TiO2. ACS Catalysis
2019, 9 (9), 7808-7816.

6. Greydanus, B.; Schwartz, D. K.; Medlin, J. W., Controlling catalyst-phase
selectivity in complex mixtures with amphiphilic janus particles. ACS applied materials &
interfaces 2019, 12 (2), 2338-2345.

7. Jenkins, A. H.; Musgrave, C. B.; Medlin, J. W., Enhancing Au/TiO2 catalyst
thermostability and coking resistance with alkyl phosphonic-acid self-assembled
monolayers. ACS applied materials & interfaces 2019, 11 (44), 41289-41296.

8. Zhang, J.; Asokan, C.; Zakem, G.; Christopher, P.; Medlin, J. W., Enhancing
Sintering Resistance of Atomically Dispersed Catalysts in Reducing Environments with
Organic Monolayers. Green Energy & Environment 2021.

9. Zhang, J.; Deo, S.; Janik, M. J.; Medlin, J. W., Control of Molecular Bonding
Strength on Metal Catalysts with Organic Monolayers for CO2 Reduction. Journal of the
American Chemical Society 2020, 142 (11), 5184-5193.

10. S4, J.; Medlin, J. W., On-the-fly catalyst modification: strategy to improve catalytic
processes selectivity and understanding. ChemCatChem 2019, 11, 3355-3365.

11. Coan, P. D.; Farberow, C. A.; Griffin, M. B.; Medlin, J. W., Organic Modifiers
Promote Furfuryl Alcohol Ring Hydrogenation via Surface Hydrogen-Bonding
Interactions. ACS Catalysis 2021, 11, 3730-3739.

12. Coan, P. D.; Griffin, M. B.; Ciesielski, P. N.; Medlin, J. W., Phosphonic acid
modifiers for enhancing selective hydrodeoxygenation over Pt catalysts: The role of the
catalyst support. J. of Catal. 2019, 372, 311-320.

(IV)  Jointly funded by this grant and other grants with intellectual leadership by
other funding sources

13. Coan, P. D.; Ellis, L. D.; Griffin, M. B.; Schwartz, D. K.; Medlin, J. W.,

Enhancing Cooperativity in Bifunctional Acid—Pd Catalysts with Carboxylic Acid-
Functionalized Organic Monolayers. J. Phys. Chem. C 2018, 122 (12), 6637-6647.

Awards or leadership activities during 2018-2020 calendar years

Journal associate editorship: Catalysis Science and Technology (since 2016)

Conference leadership: Technical program co-chair for 2020 International Congress on
Catalysis (ICC) Meeting. Meeting was canceled due to the pandemic after technical
program had been fully developed.

Department leadership: Dept. chair of Chemical and Biological Engineering, 2020-present.
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Jeffrey D. Rimer

Recent Advancements in the Design of Zeolite Catalysts with Reduced Diffusion
Limitations

Jeffrey D. Rimer
University of Houston, William A. Brookshite Department of Chemical and
Biomolecular Engineering, 4726 Calhoun Road, Houston, TX 77204-4004, USA

Presentation Abstract
This talk will summarize our work on the rational design of zeolite catalysts, guided by the
development of improved structure-performance relationships, aiming to identify next-
generation heterogeneous catalysts. Realization of these goal requires concerted efforts in
catalyst synthesis, testing, and modeling where the impact relies not only in the novelty
and versatility of our approach, but also in the selection of economically-viable routes to
generate improved catalysts for commercialization. This project has focused on three
objectives: (1) Design of silicon-zoned zeolites for improved catalytic performance where
or studies have shown that these materials enhance catalyst lifetime and alter selectivity;
(2) Preparation of various nanosized and hierarchical zeolites with reduced mass transport
limitations to minimize coking and alter catalyst activity; and (3) A new approach to reduce
diffusion limitations in zeolite with varying pore dimensions involving the introduction of
surface protrusions (referred to as “fins”) that dramatically improve catalyst performance.

DE-SC0014468: Optimizing Zeolite Catalysts for the Conversion of Methanol to
Hydrocarbons

Postdoc(s): Seungwan Seo
Student(s): Thuy T. Le, Heng Dai, Kumari Shilpa, Rishabh Jain, Chenfeng Huang

RECENT PROGRESS

Spontaneous assembly of self-pillared zeolite catalysts

Conventional methods to prepare hierarchical zeolites depend upon the use of organic
structure-directing agents and often require multiple synthesis steps with limited product
yield and Brensted acid concentration. Here we will discuss how the use of MEL- or MFI-
type zeolites as crystalline seeds induces the spontaneous formation of self-pillared pentasil
zeolites, thus avoiding, for the first time, the use of any organic or branching template for
the crystallization of these hierarchical structures (Fig. 1A). The mechanism of formation
was evaluated by time-resolved electron microscopy to provide evidence for the
heterogeneous nucleation and growth of sequentially-branched nanosheets from
amorphous precursors (Fig. 1B). The resulting hierarchical zeolites have large external
surface area and high percentages of external acid sites, which markedly improves their
catalytic performance in the Friedel craft alkylation and methanol to hydrocarbons
reactions. These findings highlight a facile, commercially-viable synthesis method to
reduce mass transport limitations and improve the performance of zeolite catalysts.
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Synthesis and testing of finned zeolite catalysts

There is growing evidence for the advantages of synthesizing nano-sized zeolites with
markedly reduced internal diffusion limitations for enhanced performance in catalysis and
adsorption. Producing zeolite crystals with sizes less than 100 nm, however, is nontrivial,
often requires the use of complex organics, and typically results in small product yield.
Here, we will present an alternative approach to enhance mass transport properties of
zeolites by the epitaxial growth of fin-like protrusions on seed crystals (Fig. 1C,D). We
validated this generalizable methodology on two common zeolites with 3-dimensional
pores (ZSM-5 and ZSM-11) and confirmed that fins are in crystallographic registry with
the underlying seeds, and that secondary growth does not impede access to micropores.
Molecular modelling and time-resolved titration experiments of finned zeolites probed
internal diffusion and revealed substantial

improvements in mass transport, consistent with B & vt

: : Q g e
catalytic ~ tests with the methanol-to- paricle BT h
hydrocarbon (MTH) reaction showing that these l

3D growth

structures behave as pseudo nanocrystals with
sizes commensurate to that of the fin (Fig. 1E).
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advantages of introducing fins through facile  Fig: 1. (A) Self-pillared zeolite (MFI type) with
. . . multiple nanosheets (ca. 30 nm); (B) Diverse

and tunable post-synthesis modification to . : )

: . . . . nonclassical pathways of zeolite growth; (C,D)

impart material properties resembling zeolite  Finned zeolite (commercial ZSM-5) with fins of

nanoparticles that are otherwise unattainable by  size o epitaxially grown on a seed of size B; (E)

Conventlonal SyntheSIS methodS. MTH reaction data of finned zeolite ZSM-11.

Elemental zoning enhances mass transport of zeolite catalysts

Most approaches used to reduce mass transport restrictions focus on the synthesis of either
hierarchical or nano-sized zeolites. Here, we will also demonstrate that the existence of a
siliceous, catalytically-inactive exterior rim on ZSM-5 particles (i.e. Si-zoned zeolites)
dramatically reduces diffusion limitations (Fig. 2A), leading to enhanced catalyst lifetime
for the methanol-to-hydrocarbons reaction. Our findings revealed that binary inorganic and
organic structure-directing agents enable a one-pot synthesis of silicon-zoned ZSM-5
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catalysts (Fig. 2B,C) with
diffusion properties that are
characteristic of particles with
much smaller size. Modeling
cracking  reactions  have
confirmed the passivation of
external Bronsted acid sites
(Fig. 2D). Operando UV-Vis
diffuse reflectance
spectroscopy  revealed a
marked reduction in external
coking among  Si-zoned
samples. Core-shell analogues
prepared by secondary growth
confirmed that the
introduction of a siliceous
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Fig. 2. (A) Zoning leads to spatial variations in acid sites. (B) Elemental
mapping and (C) HRTEM image of core-shell ZSM-5@silicalite-1
particles. (D) Cracking (773 K) of the core-shell MFI catalyst. (E) MTH
reaction (723 K) using core (ZSM-5), core-shell (ZSM-5@silicalite-1) and

silicalite-1 exterior or pseudo egg-shell (silicalite-1@ZSM-5) catalysts.

ZSM-5 nanosheets grown

over siliceous particles substantially reduces transport limitations and improves catalyst
activity relative to ZSM-5 with a homogeneous acid site distribution (Fig. 2E).

Publications Acknowledging this Grant in 2018-2021
(1) Intellectually led by this grant
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(2) Le, T.T.; Chawla, A.; Rimer, J.D. Impact of Acid Site Speciation and Spatial Gradients
on Zeolite Catalysis. J. Catal. 2020, 391, 56-68.
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Palmer, J.C.; Weckhuysen, B.M.; Dauenhauer, P.J.; Zou, X.; Rimer, J.D. Finned Zeolite
Catalysts. Nat. Mater. 2020, 19, 1074-1080.
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Time-resolved Dissolution Elucidates the Mechanism of Zeolite MFI Crystallization. Sci.
Adv. 2021, 7, eabg0454.
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Catal. 2020, 10, 3604-3617.
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McCusker, L.B.; Palmer, J.C.; Chmelka, B.F.; Rimer, J.D. Crystallization of Mordenite
Platelets using Cooperative Organic Structure-directing Agents. J. Am. Chem. Soc. 2019,
141, 20155-20165.
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(7) Qin, W.; Zhou, Y.; Rimer, J.D. Deleterious Effects of Non-framework Al Species on
the Catalytic Performance of ZSM-5 Crystals Synthesized at Low Temperature. React.
Chem. Eng. 2019, 4, 1957-1968.
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Transformation in the Absence of Common Building Units. Chem. Eur. J. 2019, 25, 5893-
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(9) Shen, Y.; Le, T.T.; Du, F.; Schmidt, J.E.; Filez, M.; Weckhuysen, B.M.; Rimer, J.D.
Deconvoluting the Competing Effects of Framework Topology and Diffusion Path Length
on Methanol-to-Hydrocarbons Reactions. ACS Catal. 2018, 8, 11042-11053.

(10) Rimer, J.D.; Chawla, A.; Le, T.T. Crystal Engineering for Catalysis. Annu. Rev. Chem.
Biomol. Eng. 2018, 9, 283-309.

(11) Shen, Y.; Le, T.T.; Li, R.; Rimer, J.D. Optimized Synthesis of ZSM-11 Catalysts using
1,8-Diaminooctane as a Structure-Directing Agent. ChemPhysChem 2018, 19, 529-537.

(12) Li, R.; Linares, N.; Sutjianto, J.G.; Chawla, A.; Garcia-Martinez, J.; Rimer, J.D.
Ultrasmall Zeolite L Crystals Prepared from Highly-Interdispersed Alkali-Silicate
Precursors. Angew. Chem. Int. Ed. 2018, 57, 11283-11288.

(13) Kumar, M.; Choudhary, M.; Rimer, J.D. Transient Modes of Zeolite Surface Growth
from 3D Gel-like Islands to 2D Single Layers. Nat. Commun. 2018, 9, 2129 (1-9).

(11) Jointly funded by this grant and other grants with intellectual leadership by other
funding sources

(14) Lu, P.; Ghosh, S.; Dorneles de Mello, M.; Kamaluddin, H.S.; Li, X.; Kumar, G.; Duan,
X.; Abeykoon, M.; Boscoboinik, J.A.; Qi, L.; Dai, H.; Al-Thabaiti, S.; Narasimharao, K.;
Khan, Z.; Rimer, J.D.; Bell, A.T.; Bhan, A.; Dauenhauer, P.J.; Mkhoyan, K.A.; Tsapatsis,
M. Few-unit-cell MFI zeolite synthesized using a simple di-quaternary ammonium
structure directing agent. Angew. Chem. Int. Ed. 2021, DOI: 10.1002/anie.202104574 (In
Press)

(15) Hwang, A.; Le, T.T.; Shi, Z.; Dai, H.; Rimer, J.D.; Bhan, A. Effects of Diffusional
Constraints on Lifetime and Selectivity in Methanol-to-Olefins Catalysis on HSAPO-34.
J. Catal. 2019, 369, 122-132.

(16) Li, R.; Chawla, A.; Linares, N.; Sutjianto, J.G.; Chapman, K.W.; Garcia-Martinez, J.;
Rimer, J.D. Diverse Physical States of Amorphous Precursors in Zeolite Synthesis. Ind.
Eng. Chem. Res. 2018, 57, 8460-8471.

Awards or leadership activities during 2018-2021 calendar years

2021  National Academy of Inventors, Senior Member

50



2021

2020

2019

2018

2018

2018

Associate Editor, ACS Crystal Growth & Design
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Abraham E. Dukler Endowed Chair, University of Houston
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(ACS Publishing)
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Publishing)
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Wendy Shaw

Understanding The Contribution of The Protein Scaffold to Catalysis by Creating
Artificial Enzymes

Wendy J. Shaw, Joe Laureanti, Bojana Ginovska, Greg Schenter, Garry Buchko, John C.
Linehan, Molly O’Hagan
Pacific Northwest National Laboratory, Physical and Computational Sciences Directorate
and Institute for Integrated Catalysis, Richland, WA 99354, USA

Presentation Abstract

Enzymes are capable of shuttling gases, protons and electrons with great speed and
precision. Enzymes are also capable of very specifically controlling the local environment
around the catalytic active site. The superior rates and specificity of enzymes as compared
to homogeneous catalysts demonstrate that the outer coordination sphere is as essential as
the active site for efficient function. Our program focuses on trying to capture these
desirable enzymatic traits in homogeneous catalysts. In order to achieve enzymatic rates
and efficiencies for multi-proton and multi-electron reactions, as well as to understand how
enzymes achieve such high performance, we are adding enzyme-inspired outer
coordination spheres to molecular complexes. By covalently attaching Ni- or Rh-
bis(diphosphine) complexes within a structured protein scaffold, we demonstrate that the
complexes are activated for H, production or CO» hydrogenation, respectively. To develop
a mechanistic understanding of the scaffold, we tested the hypothesis that a positively
charged group near the active site of the CO; hydrogenation catalyst would enhance the
catalytic rate by stabilizing the transition state. By modifying single amino acids to positive
charges, including arginine, lysine, or histidine, we have demonstrated that a positive
charge can enhance the catalytic rate, while negative charges placed near the active site
inhibit activity. Using spectroscopy and molecular dynamics, we explore the effects of the
influence of the outer coordination sphere on this model system. More broadly, this system
provides a platform to understand the role of the scaffold for both enzymatic and synthetic
systems. Combining these approaches allows us to explore and develop a mechanistic
understanding of the role of the scaffold in both enzymes and molecular catalysts, allowing
us to capture the essential features into homogeneous catalysts, with the potential of
enhancing the rates, selectivity and specificity of the catalyst.
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Presentation Abstract

The ability to predict catalytic activity from only simple structural as well as energetic
features of nanoalloys is instrumental when designing heterogeneous catalysts. In this
presentation I will describe a method for probing site-specific catalytic activity in which
the stability of the site is applied as the only descriptor and with the ability to identify the
optimal structural and chemical environments for the active site. By determining the site
stability through an efficient coordination-based method we can obtain the energetics for
complex nanostructures of ~10 nm size on-the-fly and with near DFT accuracy. In this
presentation we examine our approach using the NO decomposition as the benchmark
reaction and optimizing the catalytic activity of alloyed Pt nanoparticles. Focusing on the
close-packed (111) surface we show how the activity per Pt atom can be increased by more
than two orders of magnitude by the proper choice of particle shape and size and alloying
with Au. Our methods present a general and unified stability-reactivity paradigm
describing catalytic activity from the atomic- to the macro-scale.

Grant or FWP Number: SUNCAT Center for Interface Science and Catalysis
FWP10049
RECENT PROGRESS

The SUNCAT FWP works towards developing a fundamental understanding of the factors
governing catalyst phenomena at surfaces and interfaces. We focus on applying these
insights or tools to processes that are of particular importance in energy transformation
reactions — i.e. involving the sustainable production and use of fuels and chemicals. The
SUNCAT-FWP focuses on basic principles describing events relevant for surface
catalyzed chemical processes. The underlying philosophy behind the program is that by
having a fundamental understanding what the catalyst structure is under different operating
conditions, how durable it is, how the surface catalyzes chemical reactions, and how to
engineer catalyst morphologies with higher activity and selectivity we can make a
substantial leap in our ability to make predictions for new catalysts and processes. A
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successful outcome requires the development of a theory that can describe phenomena in
conventional temperature and pressure driven catalysis as well as reactions occurring at the
complex solid-liquid interface in electrocatalysis. In the SUNCAT-FWP this work is based
on a balanced approach that involves a close coupling between computational and
experimental efforts where similar systems are explored in parallel to ensure that models
are representative of the systems that they intend to describe and that experiments are
updated or modified according to modeling results.

Task 1: Catalysis Data Science and Computational Infrastructure

We have developed a machine-learning (ML) approach to accelerate the computational
screening of materials for catalysis. A challenging problem in computational catalysis is
that the space of possible material configurations, including different compositions, crystal
structures, and surface terminations is so large that it is impossible to sample with brute-
force screening approaches. Therefore, combining DFT computation with ML techniques
have a huge potential to speed up the search.
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selection of structures of interest within = .. ﬁom"" 'ﬁu;:jﬂ e E ] N ]
that space, targeting stable and meta- e e ol o Bl i Bl e Bl e
. Candidates Candidates Candidates Candidates Candidates
(b) (c)
stable mate.rlals. A large set of crystal L — e
structures is generated for a given 7 4
material composition, based on V £
structures found in open crystal Hg—:ca

structure databases as well as bottom-
up crystal prototype enumeration. In
order to speed up the DFT computation,
a machine learning model is iteratively
trained on DFT data and used to select
structures from the dataset for
computation. This approach has recently been applied in collaboration with Task 2 to
predict the existence of several new stable and metastable polymorphs of IrOs; with high
OER activity. A sample of active learning iterations is shown in Figure 2, where gaussian
process regression was applied to predict the formation energy as well as the model
uncertainty of all the IrOs polymorphs in the candidate set. The accuracy of the model
improves quickly with the number of training points, leading to a significant speed up in
the DFT exploration. [Chemistry of Materials 2020, 32, 13, 5854-5863]

0 100 200
DFT Calculations

Figure 2 Active learning model generation for the
exploration of novel IrO3 polymorphs, leading the
discovery of several new crystal structures.

Furthermore, we have developed a Bayesian approach for adsorption energy prediction,
where we extend the single descriptor linear scaling relation to multi-descriptor linear
regression models that can leverage the correlation between adsorption energy of any two
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pair of adsorbates. With a large dataset of adsorption on binary alloy surfaces, we used
Bayesian Information Criteria (BIC) as the model evidence to select the best linear
regression model. Furthermore, Gaussian Process Regression (GPR) based on a
convolution of physical properties of the metal-adsorbate complex was applied to predict
the baseline residual of the selected model. This integrated Bayesian model selection and
Gaussian process regression, dubbed as residual learning, can achieve performance
comparable to standard DFT error (0.1 eV) for most adsorbate system.

For sparse and small datasets, we proposed an ad hoc Bayesian Model Averaging (BMA)
approach to make a robust prediction. With this Bayesian framework, we significantly
reduce the model uncertainty and improve the prediction accuracy. The possibilities of the
framework for high-throughput catalytic materials exploration in a realistic setting is
illustrated using large and small sets of both dense and sparse simulated dataset generated
from a public database of bimetallic alloys available on Catalysis-Hub.org. [O. Mamun, K.
T. Winther, J. R. Boes, T. Bligaard. npj Comput Mater 6, 177 (2020)], [Osman Mamun,
Kirsten T. Winther, Jacob R. Boes, Thomas Bligaard. High-throughput calculations of
catalytic properties of bimetallic alloy surfaces. Scientific data 6 (1), 76, (2019)]

I Scaling relation

0.4/ ™ Gaussian Process

mmm Residual learning [scaling relation]

I Bayesian model selection

B Residual learning [Bayesian model selection]

Root Mean Squared Error [eV]

CH3 * OH *
Adsorbates

Figure 3 Overview of model performance, demonstrating an improved adsorption energy
prediction from residual learning, particularly when combined with Bayesian model selection.

Task 2: Fundamentals of Electrochemistry

We have been investigating new types of catalysts for electrochemical water oxidation,
also known as the oxygen evolution reaction (OER), in both acid and alkaline environments.
The OER remains a fundamental challenge as no known catalyst is able to operate near
equilibrium. In acidic media, there are substantial, additional challenges involving
durability; iridium oxide is the only catalyst that has been shown to drive the OER in acid
in a manner sufficiently stable to cover the time-scales required for commercial technology.

To address these challenges, we took an approach combining experiment and computation
to investigate ruthenium-based pyrochlores (A2Ru207, A =Y, Nd, Gd, Bi) as catalysts for
the OER in acid, tuning the electronic and geometric properties of the material through the
nature of the A site element. The Ru-pyrochlores were synthesized via a sol-gel method
and supported onto high surface area carbon for electrochemical studies. The Ru-based
pyrochlores all showed significantly improved activity and stability compared to pure
RuO,, Figure 3. The reaction rates of the catalysts are dynamic over time, as are the
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dissolution rates of both the A-site and Ru, depending on the particular pyrochlore
formulation. Density functional theory (DFT) calculations were used to construct Pourbaix
diagrams of these systems, revealing a thermodynamic driving force for dissolution,
commensurate with experiments, Figure 3. The insights provided in this study help inform
pathways to improved activity and durability for Ru-based OER catalysts in acid, enabling
the development of improved proton exchange membrane (PEM) water electrolyzers.
[M.A. Hubert, A.M. Patel, A. Gallo, Y. Liu, E. Valle, M. Ben-Naim, J. Sanchez, D. Sokaras,
R. Sinclair, J.K. Nerskov, L.A. King, M. Bajdich, T.F. Jaramillo. ACS Catal. 2020.]
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Figure 3 Activity and durability of Ru-based pyrochlore catalysts for the OER in acid, along with
DFT-derived Pourbaix diagrams. [M.A. Hubert, et. al, ACS Catalysis, 2020]

In studying the OER in base, we have been exploring a new type of catalyst site motif
based on confined transition metals. In particular, we synthesized and investigated nickel—
iron electrocatalysts confined within the matrix of a layered zirconium phosphate host. We
found that by confining the NiFe catalysts, mass activity could be improved by an order of
magnitude compared to more conventional surface-adsorbed systems in 0.1 M KOH. The
confined environments also facilitated high performance for heavily Fe-rich compositions
(90%), demonstrating exceptional mass activity compared to conventionally-prepared Fe-
rich OER catalysts. Density functional theory calculations provide insights into the
electronic and geometric structure of the confined catalyst motif, leading to improved
activity. This work reveals new approaches to enhancing catalyst activity through
confinement at nanoscale dimensions. [J. Sanchez, M.B. Stevens, A.R. Young, A. Gallo,
M. Zhao, Y. Liu, M.V. Ramos-Garcés, M. Ben-Naim, J.L. Colon, R. Sinclair, L.A. King,
M. Bajdich, T.F. Jaramillo. Adv. Energy Mater., 2003545. 2021].

Task 3: Fundamentals of Thermal Catalysis

We have performed a systematic study that clearly identifies the geometric ensemble
responsible for propene combustion on Pd and Pt catalysts. The work was a joint theory
experimental collaboration where we used uniformly synthesized catalysts combined with
insights from an approximative theoretical framework that enables direct assessment of site
energies and surface stabilities. Catalysts with high Pt contents were shown to have high
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TOFs and by explicitly studying a range of Pt/Pd catalyst particle sizes in a 1:1 ratio we
identified that propene combustion is structure sensitive with the largest particles (10.2nm)
showing five times higher TOF than the smallest particles (2.3nm).

Through detailed DFT calculations we identified undercoordinated step sites (211) as more
active for breaking C-H, C-C, and O-O bonds and forming C-O bonds in the reaction
compared to close-packed (111) surfaces. A combination of rate order measurements and
a new model that can assess surface energies under operating conditions showed that a
surface reconstruction caused by hydroxyl groups of water enhanced the formation of edge
sites with CNs of 7-7, i.e. sites with (211)-type geometry, which were identified as the
active site-ensemble for the combustion of propene. [An-Chih Yang, Tej Choksi, Verena
Streibel, Hassan Aljama, Cody J Wrasman, Luke T Roling, Emmett D Goodman, Dionne
Thomas, Simon R Bare, Roel S Sanchez-Carrera, Ansgar Schifer, Yuejin Li, Frank Abild-
Pedersen, Matteo Cargnello. Proceedings of the National Academy of Sciences, 2020, 117,
14721-14729.]

To further elucidate the hydrocarbon
chemistry on Pt/Pd nanoparticles and
identify structure-property relationships,
we synthesized well-defined NPs enabling
us to compare variations in propane and
propene combustion activity changing
variables; Pt/Pd ratios, rate orders, active
phase, and aging stability one parameter at
atime. DFT calculations were performed to  pyremesss pyeees e
identify differences in activating the two :
reactants as a function of composition. The
r?'te . order 'results revealed the most Figure 4 ) Site ésembies on 4nm d/?’t
significant differences between the two  panoparticle, correlation between simulated site
reactions. Our DFT calculations revealed fractions and the experimental TOF at 124 °C for
that propene chemisorbs, whereas propane  different size nanoparticles, and images of the size-
only physisorbs on noble metal surfaces. SPecific synthesized nanoparticles.

This stronger binding of propene to the metal surface leads to negative rate orders for
propene and oxygen, respectively. On the other hand, the weak binding of propane suggests
that a higher propane partial pressure is needed to enhance propane combustion on the
surface, and thus the rate orders for propane and oxygen are positive and negative,
respectively. [An-Chih Yang Verena Streibel, Tej S.Choksi, Hassan Aljama, Baraa Werghi,
Simon R. Bare, Roel S. Sanchez-Carrera, Ansgar Schifer, Yuejin Li, Frank Abild-Pedersen,
Matteo Cargnello. Journal of Catalysis, 2021, 401, 89-101.]

In a theory driven study of we introduced a computational framework that
combined first-principle based kinetic simulations, high-throughput computations, and
machine learning concepts combined with experimental verification of our catalyst
candidates we investigated the dehydrogenation of propane. Our study involved many
bimetallic alloys from the group of transition metals (Cu, Ag, Ag, Ni, Pt, Pd, Co, Rh, Ir,
Ru, Re and Os). Our simulations identified Pt as the only pure metal catalyst with both
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Figure 5 Decision map for propylene
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reasonable propylene activity and selectivity,
which explains the unique role of Pt in
industrial application for propane
dehydrogenation. In this study, we introduced
a decision map (parameterized by two relevant
Cs descriptors) based on a well-defined
acquisition function enabling an effective
screening of catalyst structures for the propane
o 15 AEciECHCszfeV) 30 35 dehydrogenation reaction. The screening

identified several interesting candidates,

Now W
(4] o (4]
Decision

N
[S)

production from propane as a function of Where many of them already had been
energetic descriptors at 873K, 0.2bar C;Hs, experimentally reported as being promising
CsHg/H,=1/1, and 0.1% conversion. Catalysts for the reaction.
However, our screening also singled out NiMo as a very interesting candidate composition
and our experimental collaborators verified that it has better propylene activity/selectivity
than Pt. [Tao Wang, Xinjiang Cui, Kirsten T Winther, Frank Abild-Pedersen, Thomas
Bligaard, Jens K Nerskov. ACS Catalysis, 2021, 11, 6290-6297. ]
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Presentation Abstract

The electrochemical conversion of water to oxygen via the oxygen evolution reaction
(OER) is an enabling reaction in fuels and materials electrosynthesis. The OER rate is,
however, sluggish even when facilitated by state-of-the-art Ir-oxide and Ru-oxide
electrocatalysts. To improve the OER kinetics, fundamental understanding of how an
electrocatalyst stabilizes the reaction intermediates (e.g., OHad, Oad, and OOHaq) during the
OER is essential. In this presentation, we experimentally examine how transition-metal
oxides stabilize the reaction intermediates and facilitate the OER via electroadsorption. We
start by characterizing the OHaq and Oaq electroadsorption on well-defined IrO»(110),
RuO(110), and Ir1xTixO2(110) thin films and study how the oxygen electroadsorption
affects the OER activities. Then, we examine how pH, temperature, and electronic structure
influence the oxygen electroadsorption energy using ambient pressure X-ray photoelectron
spectroscopy (APXPS). From these series of experiments, we have identified the nature of
oxygen electroadsorption on the transition-metal-oxide electrocatalysts and validate the
idea that the surface bonding of the first atom qualitatively approximates the adsorption of
chemically similar adsorbates (so-called “scaling relation”) on transition-metal oxides.
Taken together, our work reveals how the transition-metal oxides facilitate the OER at the
molecular level and provides a roadmap on how to harness the microscopic degrees of
freedom in transition-metal-oxide electrocatalysts to further improve the OER rates.

DE-SC0018029: Rational Selection of Transition-Metal Oxide Electrocatalysts from
Structure-Electronic Structure-Activity Relations: The Role of Defects, Strain, and Sub-
Surface Layering

Students: Austin Reese, Brady Bruno

RECENT PROGRESS

Influence of Ti on the Oxygen Electroadsorption and OER on IrO:(110)

In the last two reports, we described our measurement of the oxygen electroadsorption,
e.g., OHag and Oaq, on well-defined IrO2(110), RuO2(110), and Ir;<TixO2(110) surfaces.
These well-defined oxide films were growing using molecular beam epitaxy (MBE) and
characterized with X-ray diffraction (XRD) and reflective high-energy electron diffraction
(RHEED). Both XRD and RHEED patterns show that all grown samples were single-
crystalline transition-metal-oxide films and, in the Ir;xTixO2(110) situation, behaved as a
solid solution epitaxially growing along the (110) termination.
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In our last report, we used cyclic voltammetry (CV) to measure the O.q¢ and OHaq
electroadsorption on the IrixTixO2(110) films (Fig. 1A). We evaluate the electrochemical
potential where the OHaqg electroadsorption (H2Oag — OHag + H + €7) and Oaqg (OHad —
O.¢ + H" + €) occur and determine the Oaq and OHaq electroadsorption energies. We find
that the inclusion of Ti strengthens the OHaq electroadsorption energy on IrO2(110) (Fig.
1B). Furthermore, we have verified that the OHag and O.q electroadsorption energy follows
the scaling relation, the idea that the first surface bond can approximate the trend of the
adsorption of similar species (i.e., AGo < AGon).

Over the past year, we have further validated the oxygen electroadsorption trend using
APXPS (Fig. 1C-D) and ab initio calculations. Fig. 1C-D show that the O 1s APXPS result,
which we use to characterize the ratio of surface oxygen adsorbed on the coordinately
undersaturated sites (“Ocus”) to the lattice oxygen (“Olatice”’). As shown in Fig. 1D, the
oxygen adsorption is stronger when Ti is added to IrO> (manifested as the increased ratio
of surface absorbed to lattice oxygen signals for 67% Ti vs. 0% Ti.) This finding confirms
the electroadsorption trend for the IrixTixO2(110) films.
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Fig. 1. (A) CV of Ti-substituted IrO> in Ar-saturated 0.1 M HClO4 at a scan rate of
200 mV/s. (B) The dependency of OH electroadsorption peak potential on Ti ratio
obtained from Figure 3A. (C) APXPS for O 1s peak of the IrO>(110) film under 10
mTorr of oxygen partial pressure at room temperature. Black circles: experimental
data; orange line: lattice O 1s; green line: bridge O 1s; red line: cus O 1s; black
line: sum of the fits; y-axis: intensity; x-axis: binding energy. (D) The dependency
of normalized Ocus/Olattice intensity of Ti-substituted IrO; (red) and IrO> (blue) on
oxygen partial pressure at room temperature.
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We next character the OER on Iri«TixO>. In Fig. 2, we observe that the OER activity
(assessed using the OER current density at the constant overpotential of 400 mV) first
increases with the Ti substitution. At ~15%, the OER activity increases by 80x compared
with IrO,. However, this OER enhancement decreases once the Ti concentration is more
than 15%. All the Ti-substituted IrO> films are more active than IrO> except at 73% Ti
substitution. To understand this activity trend, we use density functional theory (DFT) to
assess the energies of the OER intermediates. Our DFT result shows that Ti has no
preferential site on the (110) surface. Therefore, Ti atoms are likely randomly distributed
on the Ir1xTixO> surface. This finding implies that there are four possible surface motifs:
Ircus-Itbridge, Ircus-Tivridge, Tlcus-Itbridge, and Ticus-Tibridge, Where subscript cus and bridge
denote the position of the metal sites on the (110) rutile surface. To differentiate the
activities between these sites, we compute the energy of the OER intermediates on these
four types of motifs. We found that, among four types of motifs, Ircus-Tibrigge has the lowest
OH formation energy, which supports stronger OH binding on Ti-substituted IrO>. Thus,
the Ircus-Itbridge, Ircus-Tibridge sites likely control the electrochemistry and oxygen adsorption
on the Ir1xTixO2 surface.
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Fig. 2. (A) Tafel plot of the OER activity on Ti-substituted IrO2(110) in O»-
saturated 0.1 M HCIO4. The solid line is the average and the colored area
represents one standard deviation from three independent measurements. (B) The
OER current density vs Ti ratio at 400 mV overpotential ().

We next consider the energy of intermediates along with the OER coordinate including
the transition state where the OOH adsorbate with the H atom pointing towards up (Fig.
3A-B). It has been shown that the energy difference between this transition state and the
O.q surface linearly correlates to the activation energy of the OOHaq formation. Compared
to this transition state, a fully relaxed OOH.q structure could dissociate as OOaq on cus site
metal and H on bridge site oxygen leading to an underestimation of activation energy. Our
computation result shows that the formation energy of OOH transition state on Ircus-Tiori
motif is smaller than the Ircus-Irori motif at equilibrium potential (0.71 vs. 0.83 eV). The
Arrhenius analysis of our temperature-dependent measurements of OER current density
also reveal a lower activation energy on Ti-substituted IrO2 than pristine IrO2 (0.18 vs. 0.33
eV, Fig. 3C). This lowering energy barrier from the Ti substitution agrees with our DFT
computation results that the Ircus-Tivi reduces the formation energy of OOH transition state
by 0.12 eV compared with the Ircus-Iroi motifat 1.63 V (Fig. 3D).
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Fig. 3. Identifying the active site for OER on Ti-substituted IrO,. The energies of OER
intermediates (OHag, Oad, and OOHa,q) on two surface motifs: (A) Ircys-Iroi (blue) and (B)
Ireus-Tins (red), calculated at 1.23 V vs RHE. Images show the ball-and-stick models of the
intermediates used in our computation: yellow, blue, red, and white balls represent Ir, Ti,
O, and H atom, respectively. (C) Temperature-dependent OER activity, defined by the
current density at 1.63 V vs RHE, on IrO; (blue) and Ti-substituted IrO; (red, 8% Ti). (D)
Comparison between computational OOH formation energies (turquoise) and experimental
activation energies (pink) of IrO; and Ti-substituted IrO; at 1.63 V vs RHE.
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Our results show that Ti substitution affects the OER in two ways: (i) it strengthens the
OH binding, likely a result of the electronic structure modification and (ii) it generates a
highly active surface motif that reduces the activation energy of the OOHaq formation. To
quantify the impact of the Ti substitution, we consider that the total current density of the
OER is contributed from four types of surface motifs (iwwr = in-1-pir-tr + in-1i'p1-1i + iti-
1-PTi-tr + I1i-1°pTi-Ti, Where i 1S the total OER current density; is.p and p4-p represent
intrinsic activity and the density of the motif; the subscript A and B denote the element
located at cus and bridge sites, respectively). Since our DFT results show the Ircus motifs
are more active than Ticus motifs for the OER catalysis, the total current density can be
approximated as current density from Ireus motifs (ivoat = itr-1rpir-ir + in-1i'pir-1i). At @ given
Ti ratio, the density of motifs can be obtained by assuming Ti homogenously distributed
on the surface. The total OER current density can be represented as:

itotal = -1 (1-X)? + i1 x(1-x) = [(1-x)> + ax(1-x)] * if-1r Equation (1)
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i1 = k - exp[-Eda/kpT] Equation (2)

where x, a, k, Eq, kp, and T are the Ti ratio, the activity enhancement of OER on the Ircys-
Tiwi motif, kinetics pre-exponential factor, activation energy barrier, Boltzmann constant,
and temperature, respectively. We further used AGoou-AGo to approximate the activation
energy (E,) of OER on an Ircus-Irori motif. This assumption is based on the Bronsted-Evans-
Polanyi relation and transformed AGoon-AGo into a function of Ti ratio (x). The OER
current can be derived as follows:

10g itorar = 10g[(1-x)* + ax(1-x)] — [pPA2.303ksT)] -x + io Equation (3)

where b is the dependency of activation energy barrier on the Ti ratio, and iy is the current
density of IrO». The first part of the equation describes how the changing concentration of
the Ircus-Tini motif density affects the OER activity while the second part describes how
the Ti substitution modifies the oxygen adsorption energy and the OER activity on an Ircus-
Irori motif. We use this equation to rationalize the activity trend. We elect to show the result
by comparing the OER performance to the well-known volcano plot that connects the OER
activity to the oxygen binding energy (nominally, AGo-AGon, Fig. 4). The best fit of the
results (red line in Fig. 4) shows the Ircus-Tini motif is three orders of magnitude more
active than IrO,. Strikingly, the OER electrocatalysis of Ir1xTixO2 buckles the predicted
volcano trend (grey line, blue data points: IrO2(110) measured in acidic pH). This trend
buckling reflects how the Ircus-Tioi motif is able to stabilize the OOHaq species in a way
that disrupts the scaling relation between AGoon and AGo that exists on the Ireus-Irp motif.
Based on the fit result, the dependency of activation energy barrier is 0.26 eV revealing
that the Ti inclusion affects the energy barrier of the OER on the Ircus-Ire:i motif by 26 meV
(for 10 % of Ti substitution). The consistence of our results supports that OOH formation
is the limiting step for the OER.
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Fig. 4. Rationalizing the effects of Ti substitution on the OER activity. The
relation between the OER activity, defined by the current density at 1.63 V vs
RHE, and the adsorption energy (AGo—AGon). Hollow symbols: the OER and
adsorption energy of Ti-substituted IrO> (red) and IrO> (blue) measured in 0.1 M
HCI1O4; red solid line: fitted curve by using Equation (3); solid blue symbols: the
OER activity and adsorption energy of IrO> measured at different acidic pHs; gray
solid line: the effect of adsorption energy on the OER activity of Ircus-Ircus; dash
line: a guide to show the volcano trend.
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The result of our past year’s effort demonstrates that the Oa¢ and OHaq electroadsorption
the Ti-substituted IrO2 obeys the scaling relations but not the OOH.q4 electroadsorption.
Thus, the experimentally measured electroadsorption energies and the OER activities of
Ti-substituted IrO; are beyond the volcano limitation. The optimum 14 % Ti-substituted
IrO; is 80 times more active than IrO; in acidic media. Our DFT computation and Arrhenius
analysis suggest that Ti substitution creates the Ircus-Tivni motif, which serves as an active
site by reducing the OOHa.q formation energy. However, too much Ti substitution also
strengthens the OH binding, which also disrupts the OER electrocatalysis. Our quantitative
understandings of the Ti substitution effects point out that an advanced synthesis approach
to controlling the location of substitute may further enhance the activity, paving the avenue
to developing highly active OER catalysts.
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Ian A. Tonks

Polyketoester Synthesis via Dual Alkene Hydroesterification and Carbonylation
Catalysis

Ian A. Tonks
University of Minnesota — Twin Cities, Department of Chemistry

Presentation Abstract

Cationic bis(phosphine)Pd hydride catalysts are independently capable of catalyzing either
alkene hydroesterification (addition of CO + ROH across the double bond) or alternating
carbonylative polymerization to polyketones. Each of these reactions proceeds through a
common Pd-acyl (-C(=O)OR) intermediate, indicating that the two processes could be
potentially combined to make new polyketoester materials. In this project, initial discussion
into catalyst effects on the rate of hydroesterification vs. ketone formation will be discussed,
as well as the discovery of a new polyketoester platform based on the carbonylative
polymerization of a,m-enols or the terpolymerization of a,m-enols with a-olefins and CO.

DE-SC0020214: Catalytic Alkene Hydroesterification: New Tools for Polyester
Synthesis and Beyond

Postdoc(s): Carlton Folster
Student(s): Robin Harkins, Shao-Yu Lo

RECENT PROGRESS
Major Goals of the Project

The central hypothesis of this project is that a common catalytic intermediate—a metal
acyl—should make it possible to connect two distinct catalytic reactions, olefin/CO
copolymerization and olefin hydroesterification, into a single process. By combining these
reactions, it will be possible to couple inexpensive, biorenewable a,m-enols into olefin/CO
co-polymerizations, giving access to broad new classes of polyesters and polyketoesters.
An additional salient outcome of this work will be a thorough, quantitative understanding
of ligand effects/design for hydroesterification catalysis, which will have translational
value in various conversions of commodity chemicals. There are two specific objectives to
this work:

Objective 1: Develop a quantitative understanding of alkene hydroesterification. In order
to build a rational base for innovating and improving hydroesterificative polymerizations,
we need to improve our understanding of the fundamental theory and application of alkene
hydroesterification, including how catalyst structure impacts the selectivity of
hydroesterification vs. polyketone formation. We will carry out a detailed multivariate
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study of hydroesterification in order to build better quantitative and predictive models for
ligand and reaction design

Objective 2: Apply hydroesterification to new carbonylative polymerization reactions of
bioderived monomers like 10-undecenol. Concurrent with and complementary to our
quantitative hydroesterification model-building, we will examine the carbonylative
polymerization of 10-undecenol, either on its own (to synthesize polyesters) or in
terpolymerization reactions with a-olefins to synthesize polyketoesters.

RECENT PROGRESS

The majority of our work over the past 12 months has been split between objectives 1 and
2. Our initial work has focused on reaction of 1-hexene and 1-hexanol with CO, as a model
for more complex bifunctional substrates that will be used for copolymerization reactions,
such as 10-undecenol. In these 1-hexene/1-hexanol reactions, there is the potential for
competition between 1-hexene/CO copolymerization and 1-hexene hydroesterification by
1-hexanol. By understanding ligand effects on these Pd-catalyzed reactions, we will be able
to tune the microstructures of the polymers that will be later investigated. Ideally, we are
interested in catalysts in which both processes occur at similar rates, getting away from the
“only polyketone” or “only ester” regimes which have been previously examined.
Reactions where both processes can compete will enable the synthesis of new polyketoester
materials that are otherwise inaccessible.

Previously, we had developed quantitative IR methods for determining ketone to ester ratio,
and begun to investigate qualitative catalysts effects in the context of the 1-hexene/1-
hexanol + CO reaction. In this reporting period, we studied two main areas:

(1) Quantitative examination of bis(phosphine)Pd(OTs):> catalysts under identical
conditions to determine which classes are promising candidates for competitive ketone
and ester formation. In our qualitative initial studies, we found that several
bis(phoshine)Pd-based  catalysts based off of dppp (dppp = L,3-
bis(diphenylphosphino)propane) or dppb (dppb = 1,4-bis(diphenylphosphino)butane)
were capable of competitive ketone and ester formation. Based on this data, we
constructed a series of 12 catalysts for each framework, varying the stereoelectronic
parameters of the dpp(p/b) ligand framework. Using these new catalysts, we conducted
initial rates studies to determine the relative rate of ketone and ester production, and
have discovered that electron-withdrawing groups slow down both ketone and ester
formation, but significantly disfavor ketone formation relative to ester formation. Thus,
using various electron-donating and electron-withdrawing aryls on the dpp(p/b)
frameworks, we can tune the ketone : ester ratio from 1 : 0 all the way to 0 : 1, with
significant control in-between the extremes.

(2) Suppression of alkene isomerization of hydroesterification and alkene/CO
copolymerization. An ongoing challenge in the above studies is that alkene
isomerization significantly impedes production of ketone and ester products (i.e. high
starting material conversion, lower yields of products). Indeed, it appears that in most
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cases, isomerization of the terminal alkene to an internal alkene results is irreversible—
a significant problem when considering polymerization applications where overall
molecular weight will be directly correlated to stoichiometric balance of reactive
groups. Thus, in addition to the kinetic studies above, we have further invested time in
optimizing reaction conditions to reduce isomerization. Conveniently, running
reactions at lower temperature (25-50 °C vs > 50 °C) significantly reduces
isomerization, as does incorporating electron-withdrawing substituents on the ligand
backbone. These new conditions (low temperature, catalysts such as p-CF3;-Ph
modified dppp) result in closer correlations between starting material conversion and
ketone/ester yield.

(3) Terpolymerization for the synthesis of polyketoesters. Using our optimized catalysts

described above, we have now begun to carry out terpolymerization reactions (10-
undecenol, 1-hexene, and CO). Excitingly, we now have preliminary results indicating
that polymers with molecular weights in excess of 30,000 g/mol can be synthesized
with varying ketone/ester incorporation. We are currently deconvoluting the polymer
microstructure, and examining the properties of these materials. Because of high
branching content (these are most likely hyperbranched polyketoesters), the polymers
are highly amorphous even at high molecular weights. Future studies into
terpolymerizations with ethylene should increase polymer crystallinity.

Publications Acknowledging this Grant in 2018-2021

(VIII) Intellectually led by this grant
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2021, 3, 469.
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Awards or leadership activities during 2018-2020 calendar years

Awards

1. Ryerson Professorship in Chemistry (2021)

2. McKnight Land-Grant Professorship (2018)

3. ACS DCHAS Laboratory Safety Institute Graduate Research Faculty Safety Award
(2021)

4. DOE Early Career Award (2019)

5. ACS Organometallics Distinguished Author Award (2019)

6. ACS Organic Division Young Academic Investigator (2018)
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7. Grandpierre Lecturer, Columbia University (2018)
8. Thieme Chemistry Journals Award (2018)

Leadership and service activities

Organometallics Associate Editor 11/2020 — Present

ACS Division of Inorganic Chemistry, Alternate Councilor, 2021
Early Career Advisory Board, Asian J. Org. Chem. 11/2019 — Present
Editorial Advisory Board, Organometallics 01/2019 — 12/2020
Editorial Advisory Board, The Merck Index Online 01/2015 — Present
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Charles C. L. McCrory

Building from Discrete Molecular Catalysts to Multidimensional Architectures:
The Effects of Charge Delocalization and Electronic Coupling on Electrocatalysis

Charles C. L. McCrory
University of Michigan, Department of Chemistry

Presentation Abstract

The electrochemical reduction of CO; is an important strategy for storing renewable energy
from intermittent sources like solar and wind in the form of chemical bonds. Molecular
inorganic complexes show significant promise as electrocatalysts for the selective
reduction of CO> to useful chemical feedstocks and solar fuels. An outstanding challenge
is incorporating these molecular catalysts into heterogeneous, multidimensional structures
that reduce carbon dioxide with high activity and stability, but also maintain the selectivity
of discrete, molecular catalysts. Our research focuses on determining how the complicated
and interrelated effects of charge delocalization, intramolecular electrostatics, and
electronic coupling influence catalytic activity and selectivity in extended
multidimensional catalyst architectures. In this presentation, I will discuss some of our
initial work studying how these three interrelated effects influence the CO; reduction
activity of discrete molecular catalysts and multimetallic molecular assemblies. I will also
introduce our plans for incorporating and studying these three effects in larger, conjugated
macromolecular architectures.
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Craig Plaisance

Towards a Multiscale Modeling Approach to the Electrochemical Interface with
DFT Accuracy

Craig Plaisance
Cain Department of Chemical Engineering, Louisiana State University

Presentation Abstract

Due to the complexity of the electrochemical environment, a multiscale approach is
required to simulate the multiple length and time scales that are involved in electrocatalysis
under realistic conditions Nonetheless, the difficult and time-consuming task of
parametrizing lower levels of theory from higher levels of theory has limited the use of
multiscale simulations primarily to the specialized research groups that develop these
methods. As a result, studies of electrocatalytic activation barriers based on an accurate
energetic and statistical treatment of the electrolyte are almost nonexistent. We are
developing a new type of multiscale approach centered around a low-level model that is
firmly rooted in quantum mechanics so that its parameters can be directly extracted from
relatively few calculations using the high-level density functional theory (DFT) method.
This design avoids multivariable fitting of the low-level model, making parameterization
efficient and robust so that it can be easily automated. Such a framework is enabled by
employing a low level tight binding model based on an operator expansion of the wave
function, rather than the traditional orbital based representation, allowing it to be applied
locally to select interactions while exhibiting linear scaling with system size.
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Christo S. Sevov
Electrocatalytic Grafting of Polyvinylchloride

Christo S. Sevov
Ohio State University, Department of Chemistry and Biochemistry

Presentation Abstract

This presentation provides an introduction and overview of our group’s efforts to
design and implement new reaction technologies for the selective modification of
chlorinated plastics, particularly polyvinylchloride (PVC). The goal of the presented
research is to convert PVCs into robust materials with altered physical properties, improved
lifetimes, and new end-of-life applications. Such efforts are particularly important because
PVC has a narrow range of macromolecular properties, and altering these properties
requires high loadings (up to 50%) of plasticizers, toxic stabilizers, and volatile impact
modifiers that limit recyclability and stability. This seminar describes reductive
electrocatalytic methodologies that selectively modify C—Cl bonds along the PVC
backbone. The seminar will demonstrate that electrocatalysis not only provides an
inexpensive and scalable way to provide electrons for these net-reductive methodologies,
but also provides the ability for user control over graft density by programming the quantity
of reducing equivalents. Through mechanistic study and reactions on small-molecule
models, we developed redox-active catalysts that graft plasticizer mimics onto PVC resins.
The macromolecular properties of the new materials are correlated to the grafting density
and grafting agent in this seminar. Through this work, we demonstrate that the physical
properties of PVCs can be controlled by molecular design, rather than through the reliance
on formulations of non-covalent additives.
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V. Sara Thoi

Designing Non-Covalent Interactions at the
Electrode-Electrolyte Interface for Nitrogen Activation

V. Sara Thoi,* Carter Gerke, Soumyodip Banerjee
Johns Hopkins University, Departments of Chemistry and of Materials Science and
Engineering

Presentation Abstract

Electrochemical syntheses of ammonia and its derivatives from dinitrogen are
attractive alternatives to the energy-intensive Haber-Bosch process. However, most
reported catalytic systems for nitrogen reduction have poor performance, underscoring the
strong triple bond and non-polar nature of dinitrogen. In our work, we use non-covalent
interactions at the electrode-electrolyte interface to control surface reactivity and substrate
accessibility. We have previously demonstrated that cationic surfactants can not only self-
assemble at a biased electrode, their presence can inhibit the hydrogen evolution reaction
in favor of carbon dioxide reduction by reorganizing interfacial water molecules.
Leveraging our understanding of local interactions in other electrocatalytic reactions, we
tackle the selectivity challenges in nitrogen fixation by tuning the cationic interactions at
the electrode-electrolyte interface and developing methods to control proton and substrate
transport.
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Simon R Bare

The Consortium for Operando and Advanced Catalyst Characterization via
Electronic Spectroscopy and Structure (Co-ACCESS) at SSRL

Simon R. Bare
Chemical Science Division, Energy Sciences Directorate, and SSRL, SLAC National
Accelerator Laboratory

Presentation Abstract

The application of synchrotron-based techniques for catalyst characterization is an
essential component of many catalysis research programs, mainly due to in-situ/operando
methodology, which allows determination of the structure of the catalyst in the working
state, and it is often the only way to determine this information. The Consortium for
Operando and Advanced Catalyst Characterization via Electronic Spectroscopy and
Structure (Co-ACCESS) at SSRL was formally initiated in FY19, as is based on the
concept that creating a collaborative research environment in catalysis characterization at
SSRL will lead to a more impactful catalysis research community. We have established
ourselves as a central focal point for synchrotron-mediated operando catalysis studies. We
have reached 150% over-subscription rate, with a diverse group of users and catalytic
chemistry that has been enabled by the personnel, equipment, techniques, and capabilities
that have been implemented.

Grant or FWP Number: DE-AC02-76SF00515

Postdoc(s): Jiyun Hong, Nirmalendu Patra

Associate Staff Scientist: Adam S. Hoffman (50%)

Staff Scientist: Fernando Vila” (37.5%)

Student(s): Rachita Rana* (50%)

Affiliations(s): *University of California at Davis, “University of Washington

RECENT PROGRESS

Science Enabled by Co-ACCESS

The science that has been enabled by Co-ACCESS is broad and far-reaching. The
focus in this reporting period has been on in-situ/operando gas-phase heterogeneous
catalysis. We have both an established and growing catalysis user base. We have expanded
into operando electrocatalysis and recently conducted our first experiments in operando
photocatalysis.

The results of the science are naturally captured in the publications, but we
highlight a few studies to illustrate the science that has been conducted.

The unique catalytic activity of single atoms and single atom alloys has been the
focus of many studies at Co-ACCESS. The active element in these catalysts is often present
at concentrations <<0.1 wt% and are challenging synchrotron experiments to perform.
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However, the combination of high intensity wiggler based XAS beamlines with the
sensitivity of the multi-element detectors and detailed XAS modeling has resulted in new
understanding of these catalysts. For example, we were able to show a direct correlation of
the catalytic activity with the specific binding site for isolated Pt atoms on TiO;. The
bonding of an isolated Pt atom on a TiO» surface can occur in a wide range of
configurations. The specific bonding location responds dynamically to the chemical
environment under which the catalyst has been treated. This variation in bonding
environment shows a strong influence on the chemical reactivity and catalytic performance
for systems where the isolated Pt active site was adsorbed at well-defined locations on the
support. This work demonstrates that to understand the behavior of atomically dispersed
catalysts at the level of defining structure—function relationships, it is not sufficient to
merely show that all metal species are atomically dispersed; a detailed characterization of
the uniformity of the local coordination environment and how this local coordination
responds to environmental conditions must be considered.

In addition to the traditional XAS studies to understand single atom catalysts, we
have taken full advantage of the high-energy fluorescence detection (HERFD) XAS
capability available at beamline 6-2 (now at the new undulator beamline 15-2), which has
allowed characterization of highly dilute catalysts due to the inherent sensitivity of the
technique, as well as the identification of the actual ligand complex of a functioning single
atom catalyst. A study using Ir L3-edge HERFD-XAS of single Ir atoms on MgAlO4
allowed the identification of Ir(CO) and Ir(CO)(O) as the active complex and resting state,
respectively, for CO oxidation. Such studies are critical for understanding the reaction
mechanism and identifying the relationship between catalytic activity and ligand
configuration on supported single atoms to help design catalysts on a molecular level.

There is an unmet need for studying long-term catalyst deactivation under
conditions relevant to industry. We demonstrated the feasibility of conducting such studies
at SSRL and plan to incorporate this capability as a user-accessible resource soon. The
study focused on the effect of the formation of Co2C during Fischer-Tropsch synthesis at
16 bar and 220°C during 7 days’ time of stream as probed by XAS at SSRL and laboratory
XRD at Utrecht University. This study took full advantage of the high-pressure
toxic/flammable gas delivery system at beamline 2-2. As a function of time on stream,
there was an observed monotonic increase in the formation of the cobalt carbide phase at
the expense of the fcc Co phase. Surprisingly, there was no decrease in catalyst activity
with the increase in the formation of the cobalt carbide, indicating the need for additional
research.

The ability to conduct experiments above ambient pressure is a critical capability
for many catalytic studies. Co-ACCESS has prioritized this capability from the outset and
can safely deliver toxic/flammable gases to the experimental hutch on several beamlines
(pressures up to 80 bar). This capability has not only allowed the Fischer-Tropsch synthesis
work above, but also advancements in our understanding of CO> hydrogenation and higher
alcohol synthesis catalysis.

Statistics — Users, Beamtime, and Publications

There has been a continued growth in the number of publications per year (Figure
1, left), with the exception of 2020 due to the impact of COVID-19. As one of our goals is
to teach and train research groups to be as independent as possible, it is also useful to see

86



publications resulting from beamtime where Co-ACCESS enabled the science, but the user
group is sufficiently experienced to be fully independent.
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Figure 4 (left): Manuscripts submitted, published, or where Co-ACCESS was acknowledged in a given calendar year.
(right): Beamtime use per cycle for each run year. Percent of a beamline used is determined by comparing the number
of user-hours supported by Co-ACCESS staff and/or equipment to the user-hours of a beamline per year,
approximately 1689 hours/cycle.

Users are awarded beamtime via the SSRL general user process where beamtime is
allocated based on peer review and the final score of their proposal. Useful metrics to gauge
success and impact of the program are the beamtime use per year, and number of proposals
and beamtime in a scheduling year. Figure 1, right, summarizes the percent of a beamtime
equivalent allocated to Co-ACCESS collaborator proposals in each cycle during the run
year. After continued growth to 2019 we were using the equivalent of a beamline per cycle.
It was these statistics, combined with the scientific impact, aligned with SSRL’s strategic
plan that drove the support from SSRL to invest in the transformation of beamline 10-2
into a chemistry and catalysis beamline (see section on 10-2 below). Of course, the amount
of time was severely impacted in 2020 because of COVID-19.

Equipment

The design, fabrication, and installation of the necessary equipment to allow in-
situ/operando XAS studies has been a major focus. Additionally, the investment by SSRL
to transform a laboratory into a functioning wet chemistry laboratory was critical. The
current equipment available to users is briefly described below.

Co-ACCESS Laboratory, B130 Lab 203, is a 400 sq foot wet chemistry laboratory
specifically designed for catalysis studies. The lab is equipped with a 6 ft and a 4 ft fume
hood, two gas cabinets for flammable and toxic gases, an argon glove box, and ovens and
furnaces. The lab is fully stocked with a diverse array of equipment necessary for the
catalysis researcher and is available to collaborators. Additionally, there is a Nicolet iS50
FTIR spectrometer together with praying mantis DRIFTS cell and two transmission FTIR
cells. The FTIR is directly connected to a gas manifold capable of supplying 5 different
gases, a modulation excitation manifold, and isotope feed loop. There is a Hiden mass
spectrometer connected to the experimental cell outlet for product analysis.

The gas cabinet at beamline 2-2 was upgraded to be able to safely deliver both high
pressure (75 bar) and ambient pressure gases to the experimental hutch. This design was
then duplicated for the advanced spectroscopy beamline 15-2.
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Co-ACCESS has two LabView-controlled portable gas manifolds available to users.
An ambient pressure manifold capable of controlling up to 6 gases, and a high-pressure (1-
15 or 10-75 bar) manifold for 3 gases (typically CO, H; and He). For on-line analytics, we
have two Hiden mass spectrometers and two Agilent GCs — both a full size and a micro-
GC.

For in-situ reaction cells we have our workhorse capillary cell, compatible with 1
and 3 mm Kapton, borosilicate, or quartz capillary tubes. Additionally, we have more
specialized cells — a high pressure tube reactor, a cell for handling air sensitive catalysts, a
cell for TXM measurements, and a cell optimized for in-situ studies using tender X-rays.

In addition to the experimental laboratory equipment, Co-ACCESS (Vila) has
obtained and maintained an allocation for supercomputing time at the National Energy
Research Scientific Computing Center (NERSC), the production scientific computing
center for the Office of Science of the Department of Energy. Given the complexity of the
systems of interest to Co-ACCESS users, the state-of-the-art simulations associated with
most of the reported results require large computational resources that are only available
at high-performance computing facilities. This NERSC Co-ACCESS allocation has been
crucial since simulations that would take hours or days in commodity systems can be
accomplished in minutes.

Developments in Data Processing

With the implementation of continuous scanning XAS and the future install of the
quick-scanning monochromator at beamline 10-2 in 2022 it is estimated that 10-100 times
more XAS data will be generated in the same time period.

This increase in data allows for tracking of the evolution of species with greater
resolution, elucidating the rates at which species form and disappear and identifying short-
lived intermediates. In-situ experimentation also couples data containing process
parameters such at temperatures, gas flow rates, and reactant product analysis, allowing for
the development of structure-activity relationships. There are currently no publicly
available codes or software that can handle the increase in volume of XAS data, and
researchers are often required to develop their own methods for correlating the timing of
the XAS spectra to other data streams. Over the past year Adam Hoffman has been
working on developing scripts that correlate the asynchronous data collection of XAS,
FTIR, and the flow control and mass spectrometer into one file so the researcher can
quickly determine the temperature and gas feed composition when a particular spectrum
was collected. Codes are also being developed to quickly normalize large numbers of XAS
spectra to be used in linear combination analysis or principal component analysis.

Development of Tools and Aid for Users

Writing a proposal and then applying for beamtime can be both daunting and
confusing for researchers that are new to working at SSRL. As such, we strive to lower the
barrier to access, in part by having a best practice and “cheat sheet” available on our
website to aid in demystifying the process.

For experimental planning, we have a template available to the users to plan their
experiments to ensure that they have thought through the details of the experiment,
especially from a safety perspective. Adam Hoffman has also developed a tool, “CatMass”,
for the user to calculate the mass of catalyst they need for their experiment, the expected
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absorption cross-section, and the absorption step height. This tool is now available for
download and can be found on our website. Adam Hoffman has also developed a tool for
use at the beamline for quickly screening and merging fluorescence signals from the multi-
element detectors. This tool allows the researcher to quickly remove “bad” channels via
visual inspection or through statistically screening the data for different criteria, creating
an output file that can then be readily imported into XAS analysis software. This replaces
the original go-to software, SixPack, as it allows for processing of the data in fewer steps,
and the output file contains additional data needed for further processing.

Outreach and Training

Outreach and training continue to be important aspects of Co-ACCESS. At the
fundamental level, extensive hands-on training occurs at the beamline where the students
and postdocs receive training in all aspects of an XAS experiment. However, our training
starts well before the beamtime, with mentoring in writing a beamtime proposal, and
planning the actual experiment to ensure that the time is used efficiently, effectively, and
in a safe manner. It is also paramount that we help the students understand both the
strengths and weaknesses of the technique and ensure that they will be able to extract the
necessary data to advance their research. Once the data are collected, further mentoring is
provided to train the student in data processing, data analysis, data interpretation, and data
reporting. These mentoring sessions span one-on-one meetings via Zoom, to group boot
camp sessions to larger training sessions at national meetings.

Co-ACCESS also maintains a website on the SSRL domain. Information is posted
there regarding outreach activities, and it acts as a focal point for information for
collaborators.

Subcontract with Prof. Fernando Vila, Univ. Washington

Theoretical simulations of X-ray spectra are essential in aiding the interpretation of
experimental measurements and play a vital role for complicated systems like catalysts.
They provide insights into the structural nature of the catalyst and the way it relates to the
chemical processes. However, these methodologies are, in many cases, not accessible to
non-expert users, as these methods require an understanding of the theoretical foundations
of spectroscopy that is critical to maximize their usefulness. To address this issue, the aim
of this subcontract is to provide Co-ACCESS users with end-to-end support (Vila) in the
use of a variety of ab initio codes for X-ray spectroscopies (FEFF, StoBe, etc.), and their
integration to density functional theory (DFT) studies of structure using either static
simulations, or more advanced techniques to account for structural disorder (DFT/MD,
dynamical matrix calculations, etc.). During the past three years, this support has been
deployed in a variety of ways, ranging from direct simulation support to training of users
and collaborators in the use of simulation software.

Subcontract with Prof. Ambarish Kulkarni, UC Davis

This subcontract is focused on enhanced XAS modeling using DFT-based
approaches. XAS modeling is typically a lengthy process in part due to the necessity of
providing a user-supplied structure model, thus making data interpretation susceptible to
human bias. This is further complicated as the “EXAFS fitting” procedure is cumbersome
(~weeks). Generally, it requires the experimentalists to use unwieldly, decades-old
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graphical user interfaces (GUIs). For example, the Demeter interface used in Athena and
Artemis was developed in the mid-1990s. With the impending implementation of quick-
scanning XAS, and the current implementation of continuous scanning XAS (capable of
generating many thousands of XAS measurements/ hour), it is necessary to develop
unbiased, theory-driven workflows to automate the data analysis. Development of such
workflows will address a key bottleneck that currently limits the wider applicability of
these powerful characterization techniques.
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Awards or leadership activities during 2018-2020 calendar years

e Organized workshops at SSRL/LCLS Users meetings: 2018 “Catalysis by Single
Metal Atoms: What is all the Fuss About?”’; 2020 “Opportunities in Chemistry &
Catalysis Research using Quick Scanning XAS”.

e Organized XAS short course at NAM 2019 (Invited at ICC 2020 and Denver X-ray
Conference 2021 but both cancelled due to COVID-19)

e Reviewer of manuscripts for JACS, Nature, ACS Catalysis, Nature Catalysis,
Journal of Physical Chemistry Letters, Applied Catalysis, Angewandte Chemie,
Review of Scientific Instruments, Chemical Science, among others.

e Reviewer of proposals from Swiss National Science Foundation
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The Rational Design of Improved Iron Catalysts for CO2 Hydrogenation and
Related Processes

Nilay Hazari and Wesley H. Bernskoetter
Yale University; University of Missouri

Presentation Abstract

The potentially devastating consequences associated with the continued use of fossil fuels
make the replacement of these finite feedstocks with sustainable energy vectors one of the
most significant challenges facing society. For some applications, formic acid and
methanol are prospective replacements for fossil fuels as they can be used as liquid organic
hydrogen carriers, which release H> on demand, or in the case of methanol directly as a
fuel. However, the utilization of these carriers in energy storage strategies requires the
development of efficient catalysts for the reversible interconversion of formic acid or
methanol and renewable feedstocks such as CO; and H. This project undertakes
mechanistic and computational studies of the elementary steps in proposed catalytic cycles,
as well as the measurement of reaction kinetics under catalytic conditions. The guidelines
and knowledge generated are used to design new catalysts and to optimize the reaction
conditions. Additionally, detailed investigations of the reactivity of CO> with transition
metal complexes provides information relevant to the development of catalysts for the
electro- and photochemical generation of fuels and the synthesis of fine and commodity
chemicals from CO-.

DE-SC0018222: The Reversible Conversion of CO2 and H2 to Formic Acid and
Methanol Using Iron Catalysts

Postdoc(s): Danielle Chirdon (Missouri)
Student(s): Julia Curley (Yale); Clayton Hert (Missouri); Nicholas E. Smith (Yale);
Tanya Townsend (Yale)

RECENT PROGRESS

Research progress towards the design of more efficient catalysts for reversible base metal
catalyzed CO» hydrogenation and related reactions is summarized below for selected areas.

Understanding the Reactivity and Decomposition of a RPNYP Ligated Fe Catalyst for
Hydrogenation and Dehydrogenation Reactions

The iron pincer complex (""PNP)Fe(H)(CO) (1, P"PNP- = N(CH2CH2P'Pr2)y)) is an active
(pre)catalyst for many hydrogenation and dehydrogenation reactions. This is in part
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because 1 can reversibly add H» across the
iron-amide bond to form E
("PNUP)Fe(HR(CO) (2, PPN'P = [T oo, H (7
HN(CH2CH2P'Pr2)2) (Eq 1). Although 1 and (_ I:J SH 2 (_ E/|
related complexes typically give exceptional H
activity and productivity in comparison to 2
base-metal systems, they often do not
perform at the same level as precious metal catalysts. This is because rapid decomposition
limits their catalytic performance. Despite the importance of understanding catalyst
decomposition, there is a paucity of work exploring catalyst death for PPNYP ligated
systems specifically and more generally for first-row transition metal catalysts. Therefore,
we explored the pathways through which catalytic intermediates related to 1 and 2 undergo
decomposition. This involved characterizing the unstable and previously unobserved
complexes [(P"PNHP)Fe(H)(CO)(L)]" (3-L; L = THF, N,, Hy), which are proposed as
intermediates when 1 and 2 are used as catalysts. The compound 3-H2 was synthesized
through the reaction of (*"PNYP)Fe(H)(CO)(PFs) (4) with H,, and the solid-state structure
was established using both X-ray and neutron diffraction. This is the first example of a
spectroscopically characterized Hz complex for a catalyst that is proposed to operate via a
Noyori-type mechanism for hydrogenation. As part of our studies understanding the
reactivity of 3-L, we determined the thermodynamic hydricity of 2, which is valuable for
predicting its reactivity as a hydride donor. Further, we showed that species such as 3-L
decompose to the same inactive species observed in catalysis using 1 and 2, and theoretical
calculations

suggest that L . o+ : o HZE . ® * ;
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support  for or FFe {4) observed in fwo isomers

this Figure 1. Preparation and neutron diffraction structure of the iron dihydrogen
hypothesis complex 3-Ha.

we isolated

the dimeric species [{((""PN"P)Fe(H)(CO)}2{u-CN}]*(5) and [ {(""PN"P)Fe(H)(CO)}2{p-
OC(H)O}]1" (6), which shows that it is plausible for catalytic intermediates ligated by
PrPNHP can form dimeric species. Our results provide general strategies for improving
catalysis using 1 and 2, and we used this information to rationally increase the performance
of 1 in formic acid dehydrogenation.

Dehydrogenative Synthesis of Carbamates from Formamides and Alcohols using a
Pincer-Supported Iron Catalyst

In a continuation of our efforts to expand the application of base metal catalysis to the
(de)hydrogenation of electron rich substrates containing carbonyl groups, we have utilized
1 for the dehydrogenative synthesis of carbamates from formamides and alcohols (Eq 2).
This is the only example of dehydrogenative carbamate synthesis that is compatible with
industrially-relevant N-alkyl formamides and the only method that uses a first-row
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transition metal catalyst. 0 o
The reaction is compatible '
with 1°, 2°, and benzylic R\N)J\H * ho-R Cat 1, Roy o/R (Eq 2)
alcohols. Mechanistic H ? _ H
studies indicate that the E'—_aarl{(l, allyl or alkyl

. . = alkyl
first step in the reaction,
Step A, is the
dehydrogenation of the formamide to a transient isocyanate by 1 (Figure 2). The isocyanate
then reacts with the alcohol to generate the carbamate, Step B. However, in a competing
reaction the isocyanate undergoes a reversible cycloaddition with 1 to generate an off-cycle
species, 7 (Figure 2, Step ii), which is the resting state in catalysis. Stoichiometric
experiments indicate that high temperatures are required in catalysis to facilitate the release
of the isocyanate from the cycloaddition product. We also identified several other off-cycle
processes that occur in catalysis, such as the 1,2-addition of the formamide (8, Step i) or
alcohol (9, Step ii1) substrate across the Fe—N bond of 1. In general the dehydrogeneation
of the alcohol substrate (Step iv) to form ketones or esters is not competitive with
formamide dehydrogenation and this potential side reaction does not occur to a significant
extent. It has already been demonstrated that the transient isocyanate generated from
dehydrogenation of the formamide can be trapped with amines to form ureas, and in
principle the isocyanate could also be trapped with thiols to form thiocarbamates.
Competition experiments indicate that trapping of the transient isocyanate with amines to
produce ureas is faster than trapping with an alcohol to produce carbamates, and thus ureas
can be formed selectively in the presence of alcohols. In contrast, thiols bind irreversibly
to the iron catalyst through 1,2-addition across the Fe—N bond of 1 and it is not possible to
produce thiocarbamates. Overall, our mechanistic studies provide general guidelines for
facilitating dehydrogenative coupling reactions using 1 and related catalysts.

N—Fs—CO
/ U
8 9
Figure 2. Proposed mechanism for conversion of formamides and alcohols to carbamates

catalyzed by 1.

98



Influence of Metal-Ligand Cooperative in Pincer Manganese Catalyzed CO:;
Hydrogenation.

+H [Mn], LIOTf ) Our program and others have
CO, 2 s Base. THF H )J\O@ popularized a strategy of combining
80 o’C earth-abundant transition metals with

chemically active ligands in metal-
ligand cooperation (MLC) motifs to

C
-E - develop catalysts for reducing electron
H q Me\m,f co rich carbonyls groups. While this
n —vin= approach has produced many state-of-

<—E/ éO <—E/ IL the-art catalysts, the application of

MLC pathways has not universally

E =PPr, E =P'Pr, delivered superior catalysts.  For

1 12 example, prior work in our program

TON = 250 TON = 5500 compared catalyst 2 with an N-

Figure 3. Comparison of PPN"P and PPNM°P ligated methylated congener
manganese catalysts for CO, hydrogenation. (P'PNM¢P)Fe(H)>(CO) (10), which

obviates MLC pathways in CO;
hydrogenation to formate. In this specific reaction, the tertiary amine supported 10
provides higher TONs than the MLC capable 2, despite their structural similarities.
Unfortunately, experimental complications related to the presence of multiple metal-
hydride sites and isomeric forms complicated more in-depth comparison of the MLC and
non-MLC iron catalysts. Accordingly, we sought to examine the manganese monohydride
versions of these catalysts in order to more directly compare systems with and without the
ability to participate in MLC as well as to test the applicability of our findings with 10 to
other metals. To this end we prepared the Mn hydride species, (PPN P)Mn(H)(CO). (11)
and (P"PNMP)Mn(H)(CO)2 (12) (Figure 3). Preliminary catalytic studies indicate that once
again the P'PNM°P analog is the superior catalyst, this time producing more than an order
of magnitude greater TON for formate production. However, catalytic activity is highly
dependent on the presence of a Lewis acid co-catalyst with little formate production
observed in the absence of lithium triflate (LiOTf). Mechanistic studies suggest that loss
of formate from the metal center is rate limiting for both catalysts 11 and 12. Kinetic
studies are currently underway to directly compare the rates of this elementary reaction
between the two species. These and related studies will better elucidate the influence on
the MLC motif on all steps of the catalytic cycle and help determine which types of
catalytic reaction will most benefit from MLC capable catalysts.
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Guy Bertrand
Carbenes as Powerful Transition-Metal Surrogates

Guy Bertrand
UCSD-CNRS Joint Research Chemistry Laboratory, Department of Chemistry and
Biochemistry, University of California, San Diego, La Jolla, California 92093-0358

Presentation Abstract

Our group and others have previously reported that stable electrophilic singlet carbenes,
such as cyclic (alkyl)(amino)carbenes (CAACs) can activate small molecules and
enthalpically strong E-H bonds. We will show that bulky CAACs not only activate CO,
but also promote the catalytic carbonylation reaction of quinones into the corresponding
cyclic carbonates. We will discuss the mechanism of this reaction, and show that a single
electron transfer (SET) might be involved. Along this line, it was known that haloarenes
could stoichiometrically be activated by super electron donors, but their functionalization
was rarely reported under metal-free conditions. We will show that Breslow intermediates
derived from mesoionic carbenes (BIMICs) are among the most potent organic reducing
agents reported to date in the ground state (-2.49 V vs Fc/Fc"). This allows BIMICs to
activate iodoarenes under mild conditions, and to promote the catalytic inter- and intra-
molecular arylacylation of alkenes, which affords a number of substituted ketones and even
polycyclic ketones. Note that, so far, the intramolecular arylacylation reactions have only
been achieved using Pd and Ni catalysts. Importantly, triazolium salts, as well as the
ensuing MICs, are readily available in large quantities with a variety of N- and C-
substituents allowing for a fine-tuning of their reduction potential and steric environment.
The strong reduction potential of BIMICs will allow for the activation of more challenging
bonds than classical NHCs such as thiazolylidenes, 1,2,4-triazolylidene and
imidazol(in)ylidenes can do.

DE-SC0009376: Novel types of stable carbene for transition metal and metal-free
catalysis

Postdocs: Eder Tomés-Mendivil, Rodolphe Jazzar, Mohand Melaimi, Michele
Soleilhavoup

Students: Glen P. Junor, Francois Vermersch, Sima Yazdani, Adam Vianna, Jesse L.
Peltier, Daniel A. Tolentino
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RECENT PROGRESS

The influence of C(sp?)H-Selenium Interactions on the "’Se NMR Quantification of the
Pp-Accepting Properties of Carbenes
Nowadays, a variety of stable carbenes, featuring very diverse electronic and steric
properties, are known. Accordingly, choosing the best carbene for a given application is
not an easy task; it requires a thorough understanding of
the carbene stereoelectronic properties. Several techniques
have first been developed to evaluate the overall donor
abilities of carbenes, but they failed to deconvolute the s-
donating and p-accepting properties. More recently, to
wpieis  determine their p-accepting character, the 31P{IH} NMR
shifl; A s and  7Se{'H} = NMR  chemical  shifts  of
phenylphosphinidene- and selenium-carbene-adducts,
respectively, have been exploited. Compared with the
phosphinidene scale (~400 ppm),Error! Bookmark not defined. the
selenium scale covers a wider spectral range (~1200 ppm)
which should allow for a greater delineation of the -
Non-classical hydrogen bonds accepting properties of closely matching carbenes.
(NCHB} in carbene-selenium Moreover, it benefits from a simple experimental protocol
adducts cause pr 0';;’”"“" i.e. addition of elemental selenium to an in-situ generated
downfield shifis in TSeNMR g0 0ophene. Despite the popularity of this method, careful
spectra, perturbing the Se scale .. .
for probing maccepting C€Xamination of the literature revealed several
properties within a carbene inconsistencies in ”’Se{'H} NMR data. We have provided
Jamily. experimental and computational evidence for the existence
of non-classical hydrogen bonding interactions in carbene-
selenium adducts, which cause major deviations from the expected trend in 7’Se NMR
chemical shifts. These findings encourage caution when probing p-accepting properties
within a carbene family, especially when bulky substituents are in proximity to the carbene
center.

n-accepting properties

Optically Pure Ci-Symmetric Cyclic(alkyl)(amino)carbene Ruthenium-Complexes for
Asymmetric Olefin Metathesis.

With the discovery of the 2nd generation Grubbs catalysts, N-heterocyclic carbenes
(NHCs) have become inescapable ligands in olefin metathesis, in both academic and
industrial research environments. More recently, another class of carbenes namely cyclic
(alkyl)(amino) carbenes (CAACs), discovered in our group, arose as a contender to NHCs.
Since then, CAACs have been shown to achieve over 340000 TON in ethenolysis processes,
meanwhile achieving remarkable catalytic performances in a number of other metathesis
transformations. Interestingly, despite these achievements there was still no report dealing

103



with CAAC ligands in asymmetric metathesis. In 2019, we demonstrated that a steroid
derived chiral CAAC-copper complex "“*!CAAC-CuCl could induce Asymmetric
Conjugate Borylation (ACB). Encouraged by these results we set to demonstrate the
potency of chiral CAAC-Ru complexes in asymmetric olefin metathesis. Despite the
availability of the ligand, we reasoned that the “*CAAC or related chiral CAAC ligands
derived from naturally abundant chiral building blocks would not provide the required

structural modularity. The design of
optealypire ~ NHC  chiral ligands is arguably
wmiaes  plagued by tedious low yielding

synthetic procedures, very often,

merie resulting in the preparation of a single

ar |"b e e enantiqmer. Eager to streamline 'the
o0 R scale &_N el screening of chiral CAAC-ruthemgm
(Rac) "Pr_l,\c:"“ seolent | catalysts,  we  envisaged  using
. d“’ “ petoree=s  preparative high-performance liquid

iPr chromatographic resolution

(PPHPLC), a time- and cost-effective
technique extensively used in the pharmaceutical industry for bulk enantiomer resolution
at the early stage of drug discovery. We have reported an expedient access to
enantiomerically pure ruthenium metathesis catalysts containing C;-symmetric CAAC
ligands. Using P"®®"HPLC, optically pure (>99% ee) (R)- and (S)-CAAC-Ru complexes were
obtained in almost quantitative yields. We further demonstrate that chiral CAACs yield
active, but more importantly very selective catalysts, for asymmetric ring-opening cross-
metathesis (AROCM) reactions. This novel approach paves the way for the development
of more sophisticated CAAC transition-metal complexes and should create new
opportunities in asymmetric catalysis.

Absolute Templating of M(111) Cluster Surrogates by Galvanic Exchange.
Although galvanic exchange is commonly employed throughout materials chemistry, it
often results in major structural changes including differences in metal nuclearity. In

(a) M_M bond distances and ELF topology suggest simiarities between trinuclear clusters A and free ling M{111) layers.
(b} In contrast to the gold and siver equivalent, the trinuclear Cu®,Cu’ pr the dissociative reduction of CO, thereby affording B.
Using bisfneopentyl-glycolato)diboron to regenerate A, up to 1000 TON could be obtained in the reduction of CO, to CO.
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contrast, we have systematically applied galvanic exchange to trinuclear complexes of the
coinage metals with maintenance of metal nuclearity throughout the series. These clusters
have been synthesized in high yields using standard air-free techniques and thus provide a
good platform for further study. Additionally, they feature metals in the predominantly
zero oxidation state, making them reminiscent of M(111) surfaces. To further reinforce the
analogy between materials and UNPs, we showed that one of our copper cluster promotes
COa reduction, a process commonly observed for Cu(111) surfaces. Additionally, the small
size of these clusters allowed for the isolation and characterization of a m3-oxo copper
complex, which has the potential to be occurring on Cu(111) surfaces,Frror! Bookmark not defined.
Our results highlight the mounting impact of m-acidic carbene ligands, such as CAACs, in
materials science.

Cyclic(Alkyl)(Amino)Carbene  Ligands  Enable  Cu-Catalyzed  Markovnikov
Protoboration and Protosilylation of Terminal Alkynes: A Versatile Portal to
Functionalized Alkenes

Regioselective hydrofunctionalization of alkynes represents a straightforward route to
access alkenyl boronate and silane building blocks. In previously reported catalytic systems,
high selectivity is achieved with a limited scope of substrates and/or reagents, with general
solutions lacking. This year, we described a selective copper-catalyzed Markovnikov
hydrofunctionalization of terminal alkynes that is facilitated by strongly donating cyclic
(alkyl)(amino)carbene (CAAC) ligands. Using this method, both alkyl- and aryl-
substituted alkynes are coupled with a variety of boryl and silyl reagents with high a-
selectivity. The reaction is scalable, and the products are versatile intermediates that can
participate in various downstream transformations. Preliminary mechanistic experiments
shed light on the role of CAAC ligands in this process.

cat. (CAAC)CuCl  [E] Me Me

R—= * (RO)B—[E] —— Me Me
op 9 MOtBu, MeOH RN LR @
Dipp— R o
- highly Markovnikov-selective (up to >98:2) .. Dipp .o =
- broad alkyne scope (R = alkyl, Ar)
- compatible with diverse borylation/silylation reagents CAACs/BiCAACs
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Elizabeth J. Biddinger

Electrochemical Hydrogenation and Hydrogenolysis of Furfural over Copper
Catalyst in Acid Media

Andrew S. May', Steven M. Watt!?, and Elizabeth J. Biddinger'-**

1 Chemical Engineering, The City College of New York, CUNY, New York, NY,(USA)

2 Ph.D. Program in Chemistry, The Graduate Center of the City University of New York,
New York, NY, (USA)

Electrochemical processes, when coupled with renewable energy such as solar or wind,
offer a method to produce chemicals with reduced CO> emissions compared to their
conventional methods. Furfural (FF) is a biomass derived species that can be converted
electrochemically to furfuryl alcohol (FA), used to make furanic polymers, and 2-
methylfuran (MF) which is a fuel additive. The use of electrochemical processes is a new
area of interest, with the work in the past decade focusing on parameters that impact
selectivity and production rate. In this work, we investigate the kinetics and the mechanism
of the electrochemical hydrogenation and hydrogenolysis (ECH) reactions of FF to FA and
MEF.

We proved that ECH of FF is an electrochemical process using protons from the electrolyte
and not a conventional thermocatalytic process that happens to use in situ generated H» gas.
Mechanistically, we found that the reactions to form FA and MF both go through rate
limiting steps with the same number of electrons being transferred. By modeling the
reaction rates and comparing to experimental data, we significantly narrowed down the
possible mechanisms of FF ECH in acidic electrolytes on copper. A non-competitive
Langmuir-Hinshelwood mechanism is most likely for the reaction where FA is produced
via the hydrogenation of theC4H30-CH>O intermediate, while MF is produced via the C-
O cleavage of the C4H30-CHOH intermediate.

Grant Number & Title
DE-SC0019134: Reaction Mechanism and Kinetics for Electrochemical Hydrogenation
and Hydrogenolysis of Biomass-Derived Species

PI: Elizabeth J. Biddinger

Postdoc(s): N/A

Student(s): Andrew S. May!, Steven M. Watt!-?

Affiliations(s): ! Department of Chemical Engineering, The City College of New York; 2
PhD Program in Chemistry, CUNY Graduate Center

RECENT PROGRESS
Understanding Kinetics and Mechanism
To determine if ECH of furfural on copper in acidic media is truly an electrochemical
process rather than a thermochemical process that utilizes hydrogen gas that has been
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generated electrochemically, hydrogen gas was intentionally introduced into the
electrochemical reactor during ECH. Without an applied potential, no reaction occurred
over 90 minutes, showing that FF does not react with gaseous hydrogen in the reactor at
25C (Figure 1). Once a potential was applied (-560mV vs RHE), products begin to form
and the FF concentration decreased, at rates comparable to the absence of H» gas. This
showed that the reactions of ECH of FF on copper in acidic electrolytes occur between FF
and protons, on the surface or in the bulk solution, rather than in the gaseous form.

4% H,/Ar gas sparging 60ml/min
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Figure 1. The concentration of FF, FA, and MF over time in the presence of H> gas. First
90 minutes: no applied potential. Last 30 minutes: applied potential of -560mV vs RHE.
Conditions: 4%H>/Ar sparging at 60mL/minute, 100 mM FF initial concentration, 80:20
v:v DI water to acetonitrile with 0.5 M H2SOa.

To begin to analyze the rate limiting steps for the formation of FA and MF, Tafel slopes of
0.0827 and 0.0996 V/decade for FA and MF, respectively, were found (Figure 2). The
similar Tafel slopes suggest that both reactions have the same number of electrons in their
rate limiting steps. Since most reactions do not involve multiple electrons in a single step,
it is likely that both reactions proceed via a one electron transfer rate limiting step.
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Figure 2. Tafel plot for the ECH of FF to FA and MF. The standard potentials are
marked on the inset at 0.192V and 0.352V and labeled E%a and E%r. Conditions: 100
mM FF initial concentration, 25°C, 80:20 v:v DI water to acetonitrile with 0.5 M H2SO4.
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To investigate the mechanisms of FF ECH to FA and MF in acidic media over copper, a
schematic outlining the elementary steps was used to develop the possible rate equations
(Figure 3) and compared to experimental data (Figure 4). The experimental rates of
production had a first order dependence in FF at concentrations below 60 mM and a zeroth
order dependence above 60 mM FF. Rates towards MF production dropped significantly
with the increase in pH from 0 to 1, while rates towards FA minimally changed with the
increase in pH from 0 to 1. Competitive Langmuir-Hinshelwood, non-competitive
Langmuir-Hinshelwood and Eley-Rideal mechanisms were evaluated. The non-
competitive Langmuir-Hinshelwood based mechanisms were the only cases in which a
good fit to the experimental data was found. Additionally, it is most likely that ECH to FA
has F1 or F3 (labeled on Figure 3) as the rate limiting step, due to the dependance on proton
being too high with the F2 or F4 step. For MF, the likely step to be rate limiting is M7 or
M4. Steps M9 and M10 are unlikely because FA was not reduced to MF in ECH over Cu
in acidic media at potentials tested. Of the M4 and M7 step, the M7 step is energetically
more easily performed based on the DFT results of another group. Additionally, the Tafel
slopes reported above suggest the ECH to FF and ECH to MF have the same number of
electrons being transferred in the rate limiting step. For these reasons, the F1I M7
mechanism is most likely, as the number of electrons in the rate limiting steps match
between FA and MF, the experimental data fits well to the model, and energetically the
reactions are more likely than other steps. Table 1 summarizes the reactions and
parameters for the favorable non-competitive Langmuir-Hinshelwood F1-M7 ECH of FF
mechanism.
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Figure 3. Schematic of possible elementary steps in FF ECH to FA and MF. “F” labels
signify a step towards FA production while “M” labels signify a step towards MF
production.
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Figure 4. The production rate of MF and FA. Lines are models of the production rate
from a non-competitive Langmuir-Hinshelwood mechanism with F1 and M7 (labeled on

Figure 3

) as the rate limiting steps of FF ECH.

Table 1. The reaction steps, rate equations, rate constants, and reduced chi square for the
NCLH (F1 and M7 rate limiting steps) case shown in Figure 4.

Model

FI-NCLH
M7-NCLH

Adsorption reactions

(Ki): H'+e¢ +T=HT
(K2): FF + S = FF+S

Elementary Reactions FA

(kraska): FFeS + HeT > (fur-CH20)*S + T
(fur-CH,0)*S + HeT = FA*S + T
FA*S =FA +$S

Elementary Reactions MF

(Ks): FF*S + HeT = (fur- CHOH)*S + T

(Krasvir): (fur-CHOH)eS + HeT > (fur-CH)*S + H,0 + T
(fur-CH)eS + 2HeT = MF-S + 2T

MF-S = MF + S

Rate Equations R.. — krpsp 4 K2[FFIK1 ay _ krDSpp K2 [FFIK3(K1)? (ap)?
FA ™ (14K, [FF)(1+K; ap) MF ™ (1+K, [FF]D)*(1+Ky ap)?
Reduced chi-square FA=134 * FA142=2.95
MF=17.5 * MF42=1.32
Rate Constants K; =259+6

K> = (0.042 +0.02) 1/mM
krpsra = (0.00148 + 0.0003) mM/s
Kskrpsmr = (0.00438 £+ 0.0005) mM/s

*The reduced chi-square with

a subscript 14.2 is found assuming a hypothetical standard

deviation of 14.2%, which is the average standard deviation found in experimental data.
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Presentation Abstract

The industrial hydrogenation of carbon dioxide to methanol is carried out using a Cu/Zn
heterogeneous catalyst that is not well defined and difficult to systematically modify to
improve performance. In this presentation, a tandem host-guest catalyst system is described
that enables the hydrogenation of carbon dioxide to methanol. The system relies on
encapsulating homogeneous molecular ruthenium-based hydrogenation catalysts in metal-
organic frameworks (MOFs) derived from the robust MOF UiO-66. The host-guest catalyst
system enables the hydrogenation of carbon dioxide with high turnover at relatively low
temperatures. The catalyst system is readily recycled and, unlike the commercial catalysts
used for carbon dioxide hydrogenation, the catalyst can be easily modified by altering the
identity of the homogeneous guest catalyst precursor or the MOF host. M