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FOREWORD

The 2018 Catalysis Science Research Pl 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
being held on July 30-August 1, 2018, at the Marriott Washingtonian Hotel in Gaithersburg,
Maryland. 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.

This year’s meeting pursues the continuing goal of highlighting the potential advances in catalysis
science of special relevance to the energy, economic and environmental future of the U.S., with the
theme of the “Harnessing Complexity in Catalysis”. Indeed, catalytic processes continue to account
for ~90% of chemical manufacturing, with more than 20% of all industrial products employing
catalytic processes in their manufacture. Also significant are the continuing contributions of catalysis
for processes leading to cleaner air and water. This year’s program includes special sessions on
Synergistic Crosscutting Division Themes and their Role in Catalysis, Data Science in Catalysis, in
addition to 18 oral and 55 poster presentations by BES/Catalysis Science Pls.

Special thanks go 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 Teresa Crockett®, and the Oak Ridge Institute for Science and Education staff (Connie
Lansdon and Linda Severs) 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.

Bill Jones?, Daniel Resasco?, Viviane Schwartz?, and Chris Bradley?
lUniversity of Rochester

2University of Oklahoma
3Catalysis Science Program - Office of Basic Energy Sciences - U.S. Department of Energy
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Program chairs: Bill Jones and Daniel Resasco

Monday Morning, July 30
7:30-8:30 am Registration and Breakfast

OPENING SESSION
Session Chairs: Bill Jones and Daniel Resasco

8:30-9:00 am Welcoming Remarks and Program Updates
Viviane Schwartz and Chris Bradley, DOE/BES/Catalysis Science Program

9:00-9:10 am Pl Meeting Theme — “Harnessing Complexity in Catalysis”
Bill Jones, University of Rochester and Daniel Resasco, University of Oklahoma

9:10-9:30 am BES Update
Raul Miranda, Team Lead, DOE/BES/Chemical Sciences, Geosciences and Biosciences Division

PLENARY SESSION | — Synergistic Theme Crosscuts
Session Chairs: Bill Jones, University of Rochester and Daniel Resasco, University of Oklahoma

9:30-10:10 am “Atomic Precision Studies of Molecular Catalyst Reactions using X-Ray Lasers”
Amy Cordones-Hahn, SLAC

10:10-10:20 am Discussion

10:20-10:35 am Coffee Break

10:35-11:15 am “Accessing the Reactive Intermediates of Enzymes that Catalyze H; and N;
Activation”
Paul King, NREL

11:15-11:25 am Discussion



11:25 am-12:05 pm “High Throughput Experimentation and Data-driven Understanding of
Fundamental Processes at the Intersection of Materials and Catalysis Sciences”

John Gregoire, JCAP

12:05-12:15 pm Discussion

12:15-1:30 pm Working Lunch

Monday Afternoon, July 30

PI SESSION I — Design of Catalysts Beyond the Binding Site
Session Chair: Alex Katz, UC Berkeley

1:30-2:00 pm “Bio-inspired Oxyanion Reduction”
Alison Fout, University of lllinois Urbana-Champaign

2:00-2:10 pm Discussion

2:10-2:40 pm “Computational Catalysis at the Solid-liquid Interface and Approaches for Coping
with Complexity”

Andreas Heyden, University of South Carolina

2:40-2:50 pm Discussion

2:50-3:20 pm “Positioning Active Sites in Catalytic Materials — From Cooperative Catalysis to
Cascade Catalysis in Multicompartment Nanoreactors”
Chris Jones, Georgia Tech

3:20-3:30 pm Discussion

3:30-3:45 pm Coffee Break

PI SESSION Il — Addressing Selectivity in Catalysis
Session Chair: Bob Waymouth, Stanford University

3:45-4:15 pm “Approaches to Selectivity in Catalysis”
Melanie Sanford, University of Michigan

4:15-4:25 pm Discussion



4:25-4:55 pm “Complexity in Synthesis and Selective Oxidation Catalysis”
Steve Suib, University of Connecticut

4:55-5:05 pm Discussion

5:05-7:00 pm Dinner (on your own)

Monday Evening, July 30

Poster SESSION |
7:00-9:00 pm (Odd numbers)

Tuesday Morning, July 31

7:30-8:30 am Breakfast

PI SESSION Il - Transformations Involving Carbon Dioxide
Session Chair: Jingguang Chen, Columbia

8:30-9:00 am “The Effect of Lewis Acid Co-Catalysts on the Reversible Hydrogenation of Carbon
Dioxide to Formic Acid and Methanol”
Wes Bernskoetter, University of Missouri- Columbia

9:00-9:10 am Discussion

9:10-9:40 am “Bio-Inorganic Approaches to Molecular Electrocatalysis”
Chris Chang, LBNL/UC Berkeley

9:40-9:50 am Discussion

9:50-10:20 am “Using Free Energies for H* and H™ Transfers to Design Catalysts for the
Reduction of COy”
Aaron Appel, PNNL

10:20-10:30 am Discussion

10:30-10:45 am Coffee Break



P1 SESSION IV — Data Science in Catalysis
Session Chair: Manos Mavrikakis, University of Wisconsin

10:45-11:15 am “Towards Modeling Complexity in Catalysis with Density Functional Theory,
Machine Learning, and Molecular Simulation”

John Kitchin, Carnegie Mellon University

11:15-11:25 am Discussion

11:25-11:55 am “Machine Learning Acceleration of Computational Catalysis Studies”
Thomas Bligaard, SLAC

11:55-12:05 am Discussion

12:05-1:00 pm Working Lunch

Tuesday Afternoon, July 31

Panel Session — Opportunities for Data Science in Catalysis
Session Chairs: Viviane Schwartz and Chris Bradley, DOE/BES/Catalysis Science Program

1:00-3:00 pm Panel Discussion
3:00-3:15 pm Coffee Break

P1 SESSION V — Reaction Networks and Complex Catalytic Environments
Session Chair: Dan Mindiola, Penn

3:15-3:45 pm “Homogeneous Catalysis Meets Heterogeneous Catalysis: Alkanes and Alkenes
Transformations”

Max Delferro, Argonne National Laboratory

3:45-3:55 pm Discussion

3:55-4:25 pm “Kinetic and Spectroscopic Studies of Catalytic Mechanisms: Hydrodeoxygenation
of Biomass Feedstocks on Transition Metal Phosphides”

Ted Oyama, Virginia Tech

4:25-4:35 pm Discussion

Vi



4:35-5:05 pm “Carbenes as Powerful Ligands for Transition Metal Catalysts and as Small
Molecule Activators on their Own Rights”

Guy Bertrand, UC-San Diego

5:05-5:15 pm Discussion

5:15-7:30 pm Dinner (on your own)

Tuesday Evening, July 31

Poster SESSION Il
7:30-9:30 pm (Even numbers)

Wednesday Morning, August 1

7:30-8:30 am Breakfast

PI SESSION VI — Dynamic Evolution of Catalysts
Session Chair: Abhaya Datye, University of New Mexico

8:30-9:00 am “Pathways for Methanol Synthesis from the Conversion of C-H bonds over

Well-defined Metal-Oxide Surfaces”
Sanjaya Senanayake, Brookhaven National Laboratory

9:00-9:10 am Discussion

9:10-9:40 am "Nanoparticle Catalyst and Other Particle Formation—Disproof-based,
Minimalistic—Mechanisms: Extracting Broadly Applicable Simplicity from Nature’s
Complexity"

Rick Finke, Colorado State University

9:40-9:50 am Discussion

9:50-10:20 am “Single Metal Atoms in Alloys and Oxides as Catalysts for Chemicals Production”

Charlie Sykes, Tufts University

10:20-10:30 am Discussion

10:30-10:45 am Coffee Break

vii



P1 SESSION VII — Reaction Networks and Complex Catalytic Environments Il
Session Chair: Yuriy Roman, MIT

10:45-11:15 am “The Catalytic Science of Making Up and Breaking Up Nitrogen”
Bill Schneider, University of Notre Dame

11:15-11:25 am Discussion

11:25-11:55 am “Unique Local Catalytic Environments in Cellulose Depolymerization”
Matthew Neurock, University of Minnesota

11:55 am-12:05 pm Discussion

Closing Session
12:05-12:15 pm Final Remarks
Bill Jones, Daniel Resasco, Viviane Schwartz, and Chris Bradley

12:15 pm Adjourn
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Amy Cordones-Hahn

Atomic Precision Studies of Molecular Catalyst Reactions using X-Ray Lasers

Amy Cordones-Hahn
PULSE Institute, SLAC National Laboratory Accelerator

Presentation Abstract

Electronic excitation of molecular catalysts has the potential to drive their catalytic reactions,
which include multiple changes in charge distribution and nuclear structure. Photo-induced redox
process may be highly localized or delocalized over the full molecule and photo-induced structural
changes may include reactant bonding that occurs at metal or ligand sites. The atomic precision of
x-ray spectroscopy enables the real-time mapping of charge distribution and bond
making/breaking processes during multi-step reactions, and has the potential to directly probe and
resolve catalytic reaction mechanisms. For molecular catalysts based on first row transition metals
and redox-active ligands, the localization of redox or bonding changes on metal or ligand sites
often cannot be determined by traditional experimental methods. For this class of systems, multi-
edge X-ray absorption spectroscopy tuned to selectively probe metal or ligand core level
transitions has the potential to resolve transient changes in charge or bonding at metal and ligand
atomic sites during photoinduced catalytic reactions.

In this presentation, I will discuss how LCLS-II will enable time-resolved multi-edge soft x-ray
studies aimed at resolving the specific role of metal and ligand atomic sites in molecular
photocatalysts with redox active ligands. I will present an example highlighting how multi-edge
transient x-ray absorption enables determination of detailed photochemical reaction mechanisms,
in the context of previous studies of a photochromic Ruthenium-sulfoxide complex. I will also
present preliminary x-ray spectroscopic results for a class of Ni-centered hydrogen evolution
electro- and photo-catalysts with redox active ligands. Static soft x-ray absorption tuned to the
central Ni and ligand S atom edges was used to map the delocalization of the electron accepting
orbitals that participate in the reduction reactions of these catalysts. These results support ligand-
dependent differences in the proposed electrochemical reaction mechanisms of the catalysts.
Preliminary transient hard x-ray spectroscopy on the hundred picosecond timescale will also be
presented, with the goal to resolve photochemical product formation upon photoexcitation of the
catalyst in the presence of electron and proton sources.
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Accessing the Reactive Intermediates of Enzymes that Catalyze Hz> and N> Activation
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Presentation Abstract

Reduction-oxidation (redox) enzymes catalyze the interconversion of electrochemical potential
energy with chemical bonds in reactions that cover a wide range of small molecule activation
chemistry. Understanding the guiding principles by which redox enzymes function can provide a
foundation to help advance development of catalysts for conversion of abundant solar and wind
energy into chemicals. Towards this goal, our work is addressing the mechanisms of enzymes that
catalyze reactions that are critical to developing renewable energy economies, the reversible
activation of Hz by hydrogenase and the (photochemical) reduction of N> to NH; by nitrogenase.
Our work on hydrogenases has shown enzymes that otherwise share a common catalytic cofactor
have extremely different reactivity that span a wide range of reaction bias. Biophysical studies
indicate that each enzyme varies in stabilization of different cofactor oxidation states implying
they each operate in a distinct catalytic regime. Work on nitrogenase has focused on coupling the
enzyme to light harvesting by nanoparticles for photochemically driven N> reduction to ammonia.
This system is being developed to enable photo-trapping of reaction intermediates and to
understand the relationship between electron flux and potential in the N> activation reaction. A
summary of our research progress on these topics will be presented.
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John M. Gregoire

High throughput experimentation and data-driven understanding of fundamental
processes at the intersection of materials and catalysis sciences

John M. Gregoire
Joint Center for Artificial Photosynthesis (JCAP), California Institute of Technology

Presentation Abstract

The physical sciences increasingly leverage advances in modern computing, in particular catalysis
science where ab initio methods enable many fundamental advancements science and machine
learning methods have recently augmented computational chemistry. To realize the full potential
of these methods, commensurate and complementary advancements in experimental catalysis
science are needed. The Joint Center for Artificial Photosynthesis houses a concerted effort to
develop high throughput experimental methods to meet this need, with efforts concentrated on
heterogeneous (photo)electrocatalysis of solar fuels reactions such as the oxygen evolution
reaction. Rapid synthesis and screening of material libraries enables evaluation of candidate
materials proposed by high throughput computational screening, and as of this year, the majority
of metal oxide photoanodes with visible band gap have been discovered by this type of theory-
experiment integrated discovery pipeline. Some experiments produce datasets that are too large
and complex to be interpreted by standard techniques or even expert researchers, motivating the
deployment of machine learning methods and/or the development of artificial intelligence
algorithms. Knowledge obtained from this integration of experiments and data science includes
fundamental insights as well as guiding principles for directing future research efforts. In addition
to highlighting several experiment-data science-theory research modalities that have proved
successful, the presentation will also survey the suite of experimental and data management
capabilities built particularly for these research purposes.
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Alison R. Fout
Bioinspired Oxyanion Reduction

Alison R. Fout, Courtney L. Ford, Yun Ji Park, Michael J. Drummond, and Tabitha Miller
University of Illinois at Urbana-Champaign

Presentation Abstract

The uses of nitrogen and chlorine oxyanions are both extensive and varied, with notable
applications in bleaching agents, propellants, fertilizers, and explosives. Because of their high
solubility and mobility in water, they have become pervasive contaminants in many sources of
drinking water and pose a significant health risk. While remediation of these pollutants by
traditional means is difficult, the metalloenzymes (per)chlorate reductase and chlorite reductase
efficiently reduce (per)chlorate and chlorite, respectively, to benign products. Inspired by these
biological systems, we designed a non-heme iron system featuring a secondary coordination sphere
to facilitate the reduction of these oxyanions to more innocuous products. Addition of these
oxyanions to the iron(Il) system furnished an iron(Ill)-oxo complex which could be rendered
catalytic with the addition of protons and electrons to release water. The catalytic reduction of
perchlorate by the non-heme iron(Il) system was also demonstrated. We propose that the non-
covalent secondary coordination sphere interactions imparted by the ligand periphery stabilized
intermediates and promoted deoxygenation of the oxyanions.

DE-SC0016026 : Bio-inspired Catalysts Featuring Earth Abundant Metals and Secondary
Coordination Sphere Interactions for the Reduction of Oxyanions

Student(s): Courtney L. Ford, Yun Ji Park, Michael J. Drummond, and Tabitha Miller
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Theoretical Investigation of Heterogeneous Catalysis at the Solid-Liquid Interface for the
Conversion of Lignocellulosic Biomass Model Molecules

Andreas Heyden
University of South Carolina, Department of Chemical Engineering

Presentation Abstract

The overall goal of this research program is the development and validation of a hierarchy of multi-
scale methods for computing activation and reaction free energies of elementary processes
occurring at metal-liquid interfaces that are only up to two orders of magnitude slower than current
conventional catalysis tools for catalytic gas-solid studies. As a result, these novel tools will permit
within a decade computational metal catalysis studies at solid-liquid interfaces with similar ease
to current gas-metal catalysis studies (assuming a similar growth in computing infrastructure as
seen in the past couple of decades). Our hierarchy of novel multi-scale methods starts with (i) the
use of implicit solvation models to approximately describe solvation effects on elementary
reactions at metal surfaces, (ii) the application of our hybrid quantum mechanics (QM) and
molecular mechanics (MM) solvation scheme for computing free energies of reactions at metal-
liquid interfaces, and (iii) the inclusion of solvent coordinates in the reaction coordinate when
computing free energies with our QM/MM approach. As model systems for our computational
study, we present recent results on the reductive deoxygenation of ethylene glycol over metal
catalysts under aqueous-phase processing (APP) conditions.

DE-SC0007167: Theoretical Investigation of Heterogeneous Catalysis at the Solid-Liquid
Interface for the Conversion of Lignocellulosic Biomass Model Molecules

Student(s): Mohammad Saleheen, Subrata Kundu, Adam Yonge, Mehdi Zare, Anand Verma
RECENT PROGRESS

Explicit solvation model for solid surfaces implementation, validation, and application

We continued our parameterization study of our explicit solvation model for metal surfaces
(eSMS) method to improve its efficiently and better understand our error bars. Specifically, in
collaboration with Dr. Michael Shirts from the University of Colorado, we improved upon our
exponential averaging in our free energy calculations. Also, by using forward and reverse
averaging (using BAR) and repeating each calculation at least 5 times (using a new ensemble), we
are now able to provide reliable 95% confidence intervals for our free energy estimations. More
importantly, we have been able to reduce the uncertainty in the prediction of free energies of
activation and reaction in solution to below 0.1 eV (often +/- 0.05 eV). Significant phase space
sampling is necessary for this reduction in uncertainty which is practically only possible with our
QM/MM approach. Next, we applied our eSMS approach to the C—H and O—H bond cleavage of
ethylene glycol on Pt(111) under aqueous-phase reforming conditions to explain the counter-



intuitive (and likely wrong) result of implicit solvation models that predict hardly any aqueous
solvent effect in O—H bond cleavage (likely due to the inability of implicit solvation models to
properly consider hydrogen bonding). Explicit solvation effect calculations (eSMS) agree with the
implicit solvation models for C—H bond cleavage where they both predict a small solvation effect
(~0.1-0.2 eV free energy barrier reduction and practically no effect on the free energy of reaction
- the good agreement likely originates from a lack of changes in hydrogen bonding along the
reaction coordinate). In contrast and unlike the implicit solvation models, our explicit solvation
model predicts a larger solvent stabilization of both the transition state and product state in O—H
bond cleavage due to its ability to approximately describe hydrogen bonding (0.4-0.5 eV reduction
in activation free energy and 0.3-0.4 eV increase in the exergonicity of the reaction). As a result,
O—H bond dissociations are significantly favored over C—H bond dissociations under aqueous
processing conditions of biomass and aqueous solvation effects significantly change the reaction
mechanism. Interestingly, we also showed that solvation effects on the enthalpy of reaction are
significantly larger (roughly twice as large) than on the free energy of reaction most relevant for
catalysis. Non-harmonic entropic effects significantly reduce the solvation effect. This conclusion
has significant consequences for modeling solvation effects, as it means that any brute force DFT
approach, microsolvation or bilayer adsorption/ice models (all of them do not permit extensive
phase space sampling) are only appropriate whenever the system temperature is low enough or the
solvent —solute interaction strong enough that entropic effects along the reaction coordinate can
be described accurately by the harmonic approximation. In fact, under biomass conversion
conditions, there is a very high risk that due to a lack of extensive configuration space sampling,
these models significantly overestimate solvent effects (because the harmonic approximation
breaks down under biomass conversion conditions). Likely, these models are more appropriate for
predicting enthalpies of solvation than free energies of solvation; however, for catalysis
applications free energies of solvation are needed.

Investigation of the deoxygenation of lignocellulosic biomass model molecules over transition
metal surfaces

Our hierarchical multiscale modeling approach for understanding and designing heterogeneous
metal catalysts for the deoxygenation of lignocellulosic biomass model molecules is based on first
investigating a network of elementary reaction steps at the gas-metal and implicit solvent-metal
interface before studying key reactions with our eSMS methodology. In the last allocation period,
we investigated the liquid-phase (implicit solvation model) hydrodeoxygenation of guaiacol over
Pt(111) and Ru(0001). In addition, we studied the HDO and hydrogenation of phenol over Pt(111),
Pd(111), and Ru(0001). Our objective has been understanding solvation effects on various C-H,
O-H, and C-OH bond dissociations. In particular, we are interested if aromatic alcohols
(commonly present in lignin) possess different solvation effects to aliphatic alcohols and acids.
Finally, we started the generation of volcano plots for the HDO of propanoic acid. We already
possessed all (low coverage) gas phase DFT numbers for 5 transition metals (Pt, Pd, Ni, Rh, Ru -
plus all ground state data for Re, Cu, Ag) and we started generating both high coverage data and
solvation effect data. The objective here has been to illustrate how solvation effects modify the top
of the volcano curve.
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Positioning Active Sites in Catalytic Materials — From Cooperative Catalysis to Cascade
Catalysis in Multicompartment Nanoreactors

Seung Soon Jang,! Marcus Weck,? Christopher W. Jones!
!'Georgia Institute of Technology, “New York University

Presentation Abstract

At any given moment, the cell is carrying out a large number of non-orthogonal (and competing)
catalytic transformations simultaneously. This is made possible by compartmentalizing these
transformations and catalysts, thereby shielding them from each other. Currently, synthetic analogs
to such chemical reaction diversity do not widely exist, though there is significant interest in one-
pot, multistep strategies to supersede intermediate work-up procedures. In particular, synthetic
multicompartment systems — where individual catalyst particles are tailored to contain multiple,
distinct zones or compartments within a single particle that isolate specific active sites, reagents
or reactions - are in their infancy. Furthermore, reports of combining non-orthogonal
transformations in one pot have been limited to a few examples, none of them allowing for multiple
non-orthogonal and enantioselective transformations. An interdisciplinary research team that can
probe all aspects of the design, synthesis and characterization of compartmentalizable, catalyst-
containing nanoreactors is exploring this topic from both experimental and theoretical points of
view. Our prior work began with the design of cooperative catalysts, where multiple active sites
work in tandem on a single substrate to catalyze a reaction, and now focuses on cascade catalysis.
In particular, researchers at GT and NYU are developing new platforms for use as
multicompartment nanoreactors to support a library of catalysts, both transition metal based and
organocatalysts, for tandem or multi-step catalysis. Using these model systems, we seek
fundamental principles that can be used to understand and design future classes of supported,
cooperative and/or tandem catalysts.

DE-FGO02-03ER15459: Multi Compartment Nanoreactors as Supports for Incompatible
Molecular Catalysts

PIs: Christopher W. Jones, Marcus Weck, Seung Soon Jang

Postdoc(s): Hung Vu Tran, Li-Chen Lee, Tyler Womble

Student(s): Caroline Hoyt, Aaron Cohen, Michael Kiipfert, Peiyuan Qu, Connor Callaway,
Jacob Cleveland

RECENT PROGRESS

Shell Cross-linked Micelles (SCMs) As Nanoreactors for Tandem Catalysis — Transition Metal
Catalysts

The research team has previously utilized shell cross-linked micelles (SCM)s as catalytic support
structures to facilitate two step non-orthogonal tandem reactions in one pot. This was enabled
through site isolation of each catalyst in the corona and the core of the micelle. We are increasing
the complexity of the system by incorporating a third catalyst in the cross-linked shell of the SCM
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to facilitate a three step tandem reaction sequence (Figure 1). The reaction sequence that is targeted
is the acid catalyzed ketal hydrolysis followed by Rh-TsDPEN catalyzed asymmetric transfer
hydrogenation (ATH) and subsequent acylation by DMAP.

This SCM design is based on poly(2-oxazoline)s. The self-assembly of the tri-functional SCM
nanoreactor COOH-Rh-DMAP into spherical micelles was confirmed by SEM and dynamic light
scattering (DLS) in water. A
series of catalytic tests using this
nanoreactor in combination with
mono- and bifunctional micelles
as well as the analogous
homogenous systems as controls
revealed that the unsupported
acid catalyzed hydrolysis is
incompatible with the ATH
reaction conditions and DMAP.
However, in the micellar system,
the carboxylic acid sites in the
corona are spatially separated N " o mroeen O e )i
from the other two catalysts and - O s DS BN ©

quantitative conversion of the
ketal to the chiral alcohol was | Figure 1. Tri-functional SCM catalyst for the hydrolysis-ATH-

obtained within 36 hrs. This | 2cylation tandem reaction.
demonstrates the compatibility
of the first two reaction steps in
tandem. Homogenous catalytic tests of the ATH showed that Rh-TsDPEN gets partially
deactivated in the presence of DMAP, as the pH of the aqueous reaction solution is increased. On
the contrary, the SCM nanoreactor contains DMAP catalysts at the polymer chain end with
adjacent tridecanyl- side chains forming the micelle core that provide sufficient spacing apart from
the Rh-TsDPEN in the cross-linked shell. Despite the failures of the homogeneous control
reactions, the three step tandem reaction catalyzed by COOH-Rh-DMAP resulted in 60%
conversion to the ester product with 98% ee with the rest of the substrate being completely
converted to the intermediate chiral alcohol. This demonstrates the viability of our micelle support
strategy to enable a three step non-orthogonal tandem reactions in one reaction vessel.

H,-Donor Anhydride R/\

Porous Oxide-supported Pyrrolidine Polymer Brushes for 3-Step Cascade Catalysis

The research team has demonstrated the use of shell cross-linked micelles for several different two
step and now 3 step (above) cascade reactions. The example above used a poly(2-oxazaline) based
triblock copolymer. In a new direction, we seek to broaden the scope of multi-compartment reactor
building blocks by incorporating porous oxide domains with the polymeric structures.
Furthermore, we hypothesize that by including oxide domains that allow for shape-selectivity, we
can begin direct the diffusion of species down a specific path, as a cell does, rather than allowing
random diffusive transport in all directions. We have synthesized a oxide-supported polymer brush
catalyst to incorporate acid sites within the oxide support, and active base sites on the polymer
brush chains to catalyze a three-step cascade. The cascade reaction includes an acid-catalyzed ketal
hydrolysis, followed by a Knoevenagel condensation and a Michael addition catalyzed by the same
basic pyrrolidine catalyst, as shown below in Figure 2.
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Figure 2. Three-step acid-base cascade reaction utilizing a zeolite nanosheet polymer brush catalyst.

Two different acidic support structures were investigated for the acid-catalyzed step to elucidate
the impact of their structures on

the full reaction cascade
(mesoporous  silica,  zeolite
nanosheets). Use of 2D zeolite
nanosheets as the oxide support
allows for good acid/base domain
separation while allowing for the
additional advantage of shape-
selectivity. 2D zeolite nanosheet
structures are relatively new,
being originally described in the 303
A AA

literature in 2009. Our zeolite @
support contains both meso- and | 08,0, o. ,0~e‘0~ o ~A A OEt

! . A s gl Mo S Si
micropores, with surface areas |0 bd 0500 038 © A g

comparable to mesoporous silica. zeolite support

Use of this S}lpport .aI.IOWCd fjor Figure 3. Bifunctional silica- or zeolite-supported polymer brush
high catalytic activity, with catalysts for the 3-step acid-base cascade.
excellent active site accessibility

to the microporous acid sites

easily achieved. The base-catalyzed Knoevenagel and Michael addition proceed to quantitative
yields in 24 h at room temperature. With the utilization of the microporous acid sites, the starting
protected benzaldehyde dimethyl acetal (1) is hydrolyzed to benzaldehyde (2) and further
condensed to create a larger product (3) (Figure 2). Because of the size of this product, it remains
in the polymer brush and bulk solution and cannot diffuse back into the zeolite core. As a result,
the product 3 interacts with the pink reagent in Figure 2 and the base-catalyzed Michael addition
further expands the product to produce a sterically large chromene (4) which has pharmaceutical
applications. Initial experiments with the full cascade demonstrate 80% conversion of the first step
with 5 mol% acid sites, and 80% yield of chromene (4) over the course of 24 h, even at room
temperature.

mesoperous silica
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Functionalized Multicompartment Micelles as Catalytic Nanoreactors

The research team has made significant progress in the preparation of functionalized

multicompartment micelles (MCMs), a
system we are utilizing as next-generation
catalytic nanoreactors for multistep non-
orthogonal chemical transformations. The
use of MCMs allows for an additional level
of microphase separation by extending the
block-copolymer structures, for example
using aqueous self-assembly of a triphilic
triblock  copolymer  with  mutually
incompatible hydrophilic, lipophilic, and
fluorophilic blocks. In contrast to literature
reports of MCMs made with polymers
lacking reactive groups, we have prepared
linear triphilic triblock copolymers that
contain orthogonal ‘“handles” on each
polymer block, enabling the system to
undergo  targeted  post-polymerization
reactions with a series of functionalized
small molecules to introduce various active
sites.

The research team has prepared linear

o
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Figure 4. Lipophilic-hydrophilic-fluorophilic BAC (top)
and hydrophilic-lipophilic-fluorophilic ABC (bottom)
triphilic triblock copolymers used to fabricate the
functionalized multicompartment micelles. Hydrophilic
block in blue, lipophilic block in red, fluorophilic block in
black.

lipophilic-hydrophilic-fluorophilic ~ BAC
and hydrophilic-lipophilic-fluorophilic
ABC triblock copolymers, which are shown in Figure 4. Each block contains an orthogonal
“handle” that can be selectively targeted using a series of post-polymerization reactions. The
formation of MCMs was confirmed using cryogenic-transmission electron microscopy (cryo-
TEM). The ABC triblock copolymer self-assembled to form core-shell-corona “onions” (Figure
5, left) while the BAC triblock copolymer self-assembled to form “raspberries,” in which the
electron-dense fluorophilic domain appears as darkened patches on the hydrophobic core (Figure
5, center). Each block of the BAC triblock copolymer could be selectively modified using
functionalized small molecules. The resulting modified BAC triblock copolymer forms MCMs
upon aqueous self-assembly (Figure 5, right), highlighting the potential of this system for more
advanced catalytic applications. The research team is currently exploring the potential of
functionalized MCMs for preliminary two-step non-orthogonal chemical transformations.

Morphological Studies of BAC Triblock Copolymers: An Experimental and Computational
Collaboration

The research team is combining experimental and computational techniques to model the micellar
morphologies formed via the aqueous self-assembly of linear lipophilic-hydrophilic-fluorophilic
BAC triblock copolymers (Figure 6). Because of the central position of the hydrophilic block in
this particular sequence, BAC triblock copolymers tend to self-assemble in an aqueous
environment to form complex “raspberry” multicompartment micellar morphologies, whereas
ABC triblock copolymers give rise to simpler core-shell-corona “onions,” as we have shown
earlier in this report. Because the synthesis of a triblock copolymer can often be a time-intensive

14



process, computational simulations are widely employed to quickly model a large library of
polymeric systems. In this collaborative effort, BAC triblock copolymers are prepared
synthetically, self-assembled, and imaged using cryo-TEM, whilst simultaneously modeling them
computationally using dissipative particle dynamics (DPD) simulation method. The work aims to
determine the accuracy of computational approaches to model a complex, self-assembled, triphilic
polymeric system, while providing an aid to predict and precisely generate new multicompartment
micellar morphologies for future work.

Figure 5. C—M images of multicompartment micelles formed from the self-assembly of ABC (left), BAC
(center) and modified BAC (right) triblock copolymers. Scale bar=100 nm.

Experimentally, the research team has synthesized a large number of BAC triblock copolymers
and imaged the self-assembled structures using cryo-TEM. Variations were made in the block
length ratio of the three blocks or in the composition of the fluorophilic block C. Spherical
morphologies are generated at all levels of hydrophilic content. We also investigated
modifications to the fluorophilic block C. By decreasing the amount of bulky perfluorinated
aliphatic monomer in the fluorophilic block, the volume of this block is significantly reduced and
more complex multicompartment micellar morphologies are formed. Starting with a single
lipophilic-hydrophilic “parent” BA diblock copolymer, we can generate “onions” and patchy
morphologies with large and small patches as the volume of the fluorophilic block is incrementally
decreased. £We view this as a simple strategy to quickly prepare a diverse library of
multicompartment micellar morphologies for use in catalysis.

Computational

simulations were also s s o
P OH
performed for the same |CuHa™" ]’ a W e
F F 0-S0 HO"SO 070

BAC  linear  triblock Y

copolymers to assess the F F CuFanet

accuracy in modelling such F /r

a complex polymeric )

system using in silico é’) |j/
methods  (Figure 7). p H]/(/
Simulations were

the Figure 6. Generic structure of lipophilic-hydrophilic-fluorophilic linear BAC
triblock copolymer studied in a collaborative effort by the research team.

performed through
DPD simulation method, a
coarse-grained method for
studying systems with total particle numbers on the order of 10* or more. These studies
implemented various levels of coarse-graining, ranging from simplified linear BAC triblock
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copolymers to branched polymers consisting of bulky side chains. Most noteworthy were the
morphological differences between the computational models and experimental results when
explicit side chains were not included in the computational models. In particular, by not including
side chains in the DPD simulations, a larger number of non-spherical morphologies were observed,
a result that is inconsistent with the experimental data. However, by explicitly including side-
chains in the DPD simulations, spherical morphologies were primarily generated, providing a far
higher level of accuracy with the experimental results. These results highlight the challenges of
simulating a complex triphilic polymeric system and provide a useful tool in predicting and
developing new multicompartment micellar morphologies.

A: blue
B: red
C: green

Figure 7. DPD simulation results of multicompartment micelles formed from the self-
assembly of BAC triblock copolymers. When side-chains are not included in the simulation,
non-spherical morphologies are observed (left), while spherical morphologies are observed
when side-chains are included in the simulation (right).

Computational Block-Length Tunability of Multicompartment Micelle Structures
Based on the success with DPD simulation noted above, we examined the dependence of MCM
morphology on the lengths and length ratios of the hydrophilic, lipophilic, and fluorophilic
copolymer blocks. In our follow-up DPD simulation study, the effect of polymer architecture of
an HLF (hydro-lipo-fluoro) triblock copolymer on the resultant aqueous MCM morphology was
examined as a function of the length and length ratio of the three polymer blocks. A detailed study
of the BAC system highlights the dependence of the micelle structure on the lipophilic-to-
fluorophilic block length ratio. This ratio is defined for a purely linear chain as R; = b, /bg,
where b, and by represent the reduced DPD block lengths corresponding to a real polymer of
lipophilic and fluorophilic block lengths b; and br. The micelle structure variation as a function
of R; was studied at several fixed hydrophilic block lengths. Repulsion parameters for this study
were assigned to ensure immiscibility between the A, B, and C blocks. The exact values were
based first on y-values calculated via the miscibility analysis method developed previously,
converted to repulsion parameters, and finally adjusted to allow for distinct three-phase separation
upon self-assembly.
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Simulation  results  are
presented in Figure 8a,
where the horseshoe-like
shape highlights the
structural  similarities  at
either extreme of R;. For
improved clarity, due to the
thickness of the hydrophilic
shell, visibility of the
hydrophilic block is
disabled in Figure 8b. It is
clear that the preference for
the formation of a strongly
spheroidal morphology
increases as R; becomes
further from unity. Patches
of the deficient species
surround the core in these
extremes (regimes I and III).
As R; approaches unity,
however, these patches
become larger; near R; = 1,
the micelle becomes
decidedly = non-spheroidal
(regime II). This
phenomenon is especially
evident in Figure 8b, where
segmented worm-like
morphologies arise  for
B4A13Cs and BsA;3Ca.

It should not be
overlooked that adding side-
chains to one or more of the
copolymer blocks is
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@R« @R >»1
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Figure 8. (a) A horseshoe diagram demonstrating the structural variation of a
hydrophilic-rich (b, = 18) BAC micelle as a function of R;. Regimes I and I1I
display striking morphological similarities, highlighting the importance of R, as
a morphological parameter. (b) A horseshoe diagram of the same system with
hydrophilic-block visibility disabled. Water visibility is disabled in both cases
for clarity.

expected to result in morphological changes similar to directly increasing the lengths of the
corresponding blocks. This prediction is based on the fact that volume free energy contributions
will arise from both main-chain and side-chain species. As such, the parameter R; presented here
should be applied only to systems of micelles composed of triblock copolymers that may be
approximately represented as purely linear. For systems of triblock copolymers with bulky side-
chains, intuition suggests that there exists a natural extension of the structural parameter R; into a
more general form R that does not require the aforementioned assumption of copolymer linearity.
Precise determination of the quantitative relationship between block length, side-chain length, and
micelle structure is the focus of ongoing study by the research team.
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Presentation Abstract

This presentation will discuss ion exchange as a method for supporting cations in anionic metal
organic frameworks (MOFs). We will present detailed studies of the ion exchange process using
alkali metal cations, including optimization of the exchange conditions to maximize ion loading,
while minimizing decomposition of the MOF support. We will then describe our work supporting
Rh and Ir hydrogenation catalysts in various MOFs. Approaches for using the MOF support to
modulate both catalyst activity and selectivity will be described. Finally, strategies for
characterization of these materials both pre- and post-catalysis will be discussed.
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RECENT PROGRESS

Ion Exchange of Rh Alkene Hydrogenation Catalysts: Impact of MOF Support on Catalysis

Over the past several years, metal organic frameworks (MOFs) have been widely targeted
as supports for catalysts. We aimed to exploit the well-defined and highly tunable pore structures
of these materials to modulate the stability, reactivity, and selectivity of alkene and carbonyl
hydrogenation catalysts. Our initial studies focused on supporting cationic hydrogenation catalysts
in anionic MOFs via ion exchange. Importantly, ion exchange has been used previously to
introduce diverse cations into MOFs but has not, to our knowledge, previously been employed in
MOF catalysis. In principle, this approach would enable well-defined immobilization of cationic
catalysts based on a simple balancing of charged sites. It would avoid the requirement for covalent
tethering and would enable us to support diverse catalysts without altering their chemical
structures.

We first developed a method for supporting cationic metal complexes in different MOFs
that bear an anionic charge (e.g., ZJU-28 and MIL-101-SO3). The cationic Rh complex
(dppe)Rh(COD)BF4 (1a) was loaded into ZJU-28 and MIL-101-SOs3 via ion exchange, by shaking
suspensions of the corresponding MOF immersed in a 0.015 M DMF solution of 1a for 3 days.
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The resulting materials were then washed with DMF, dried at room temperature under vacuum,
and characterized using ICP-OES, powder X-ray diffraction (PXRD), and gas sorption.

These two materials, ZJU-28-1a and MIL-101-SOs-1a, were examined as catalysts for the
hydrogenation of 1-octene. With this substrate, they afforded comparable results, providing ~4000
turnovers of 1-octene to n-octane in each case (theoretical maximum is 5000). Both materials could
be recycled at least 4 times, and the recycled materials afforded comparable TON (~4000) after 24
h. The reactions were also monitored via in sifu Raman spectroscopy, which showed that
hydrogenation catalysis is significantly faster with MIL-101-SOs-1a as compared to that with ZJU-
28-1a, both before and after recycling. We hypothesize that this is due, at least in part, to the
significantly larger pore sizes and pore windows of the MIL-101-SO3 support compared to those
of ZJU-28.
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We also compared the same two materials for the hydrogenation of the more challenging
substrate 2,3-dimethylbutene. With this substrate, the nature of the support dramatically impacted
activity. For example, ZJU-28-1a afforded low initial reactivity, providing a TON of just 1500
(out of a theoretical maximum TON of 30,000). Furthermore, significant loss of activity was
observed with each subsequent recycle of ZJU-28-1a, and after 4 recycles, this catalyst afforded
just 289 turnovers. In marked contrast, MIL-101-SO3-1a was a much more effective catalyst for
the hydrogenation of 2,3-dimethylbutene, affording 8800 turnovers after 24 h. Furthermore, upon
recycling, the activity of MIL-101-SOs-1a nearly doubled to 13500 turnovers. This enhanced

activity was largely maintained over three additional recycles.

Finally, we examined the ZJU-28-1a

and MIL-101-SO3-1a catalyzed

0.54 mol % [Rh] hydrogenation of the calixarene-tethered
_ 10amH, alkene substrates 2a and 2b. These two
% °§4 CeDs substrates have very large kinetic diameters
(9.5 and 16 A, respectively). Since the pore

Zan=4 t;:zgg 3:2:3331965 :\ san=4 windows of ZJU-28 and MIL-101-SO;3 are 9
T ) o x 9 A and 16 x 14 A, respectively, we
anticipated that these materials should exhibit size-selective catalysis. Indeed, with MIL-101-SOs-
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1a, full conversion (TON = 185) was obtained with the smaller calixarene substrate 2a. However,
the larger substrate 2b, which has a kinetic diameter close to the pore window of the MOF, afforded
only partial hydrogenation (TON = 52) after 24 h. In addition, with ZJU-28-1a as the catalyst
(which has a pore window that is smaller than the kinetic diameter of both of the calixarenes), no
hydrogenation of either 2a or 2b was detected. These results demonstrate that size-selective
catalysis can be achieved by supporting the same catalyst in two structurally different metal
organic frameworks.

Overall, these initial studies showed that the nature of the MOF support impacts various
aspects of catalysis, including: (i) the rate of 1-octene hydrogenation; (ii) the activity (as measured
by TON) and recyclability of the catalyst in 2,3-dimethylbutene hydrogenation; and (iii) the size
selectivity of the catalyst in the hydrogenation of alkenes appended to calixarenes.

Ion Exchange of Ir Ester Hydrogenation Catalysts: Enhanced Catalyst Performance but
Poor Recyclability

We used analogous methods to supporting the cationic ester hydrogenation catalyst

Cp*Ir(bipy)(H20)*" in MIL-101-SOs.

SRR MIL-101-SO3 suspended in a THF

Y\ solution of Cp*Ir(bipy)(H.0)*" was

shaken for 4 d. The resulting material

was then washed with THF, dried at

room temperature under vacuum, and

characterized using ICP-OES, powder

X-ray diffraction (PXRD), and gas
sorption.

The supported Ir complex was
examined as a catalyst for the
hydrogenation of methyl formate and
compared to the homogeneous analogue. This
reaction produces a mixture of methanol
(from hydrogenation), methyl formate (from
hydrogenation followed by transesterification), and ethanol (from hydrogenation plus
transesterification). The hydrogenation products were quantified with each catalyst, and the
supported catalyst was found to afford an almost 40% increase in activity under analogous
conditions relative to the homogeneous system (TON = 1100 versus 800, respectively). However,
despite this significant increase in activity, the supported catalyst showed poor recyclability.
Filtering the resulted in a TON of only 70. This suggests that either: (i) the supported catalyst is
undergoing deactivation during the initial catalysis experiment or (ii) the catalyst is leaching from
the support during catalysis/recycling. Detailed experiments have been conducted to distinguish
these possibilities
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Detailed Studies and Optimization of Ion Exchange Process

In both of the catalysis studies described above, methods for characterization of the spent
catalysts would provide crucial information about the structures of the [Rh]/[Ir] complexes
following hydrogenation. We hypothesized that ion exchange would provide a simple route to
remove and characterize remaining single site catalysts from the MOF. To achieve this, we first
focused on optimizing the ion exchange process using alkali metal salts as model systems. These
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studies revealed that, under appropriately selected conditions, MIL-101-SOs; undergoes
quantitative incorporation of Li*, Na®, K, Rb", and Cs" (incorporating 1 equiv of M" per SO3™ in
the framework). Several factors were identified as crucial for achieving fast rates and high Keq of
this ion incorporation process. First, pre-treatment of the parent, as-synthesized MOF with a weak
base is essential for fully deprotonating the sulfonic acid linkers and thus facilitating ion
incorporation. The choice of base (aqueous NaHCO3) and pre-treatment time (10 min) were both
crucial to limit competing decomposition of the framework. Subsequent treatment with aqueous
MCI resulted in quantitative conversion to the MIL-101-SO3-M structure without degradation of
the crystallinity of the MOF. Furthermore, the parent material MIL-101-SOsH was obtained
quantitatively by reaction with aqueous HCI. Ion exchange between the alkali metal supported
MOFs was also examined. These studies revealed that quantitative exchange occurs when MIL-
101-SOs3-M is treated with 20 equiv of M'Cl. This approach is currently being explored as a means
to characterize the supported catalysts both pre- and post-catalysis.
MOF Catalysts for Methane C—H Functionalization

Another set of studies has focused on developing MOF-supported catalysts for the C—H
functionalization of the light alkanes methane and ethane. The development of catalysts for the
selective C-H functionalization of methane (the primary component of natural gas) is a long-
standing goal in the field of catalysis. The C—H bonds of methane are highly kinetically inert,
particularly compared to those of most reaction solvents and methane functionalization products
(CH3X; X = new functional group). Thus, developing strategies to achieve the selective
functionalization of CH4 in the presence of CH3X, solvent, and other components of natural gas
(e.g., ethane) remains major challenge. To accomplish this goal, we sought to leverage work by
Hartwig, Smith and others in the development of catalysts for the C—H borylation of heavier, liquid
hydrocarbons to achieve methane/ethane C—H borylation reactions. Our initial studies in this area
identified Ir, Rh and Ru catalysts ligated with Cp and/or bipyridine ligands that catalyze methane
C—H borylation reaction with varied levels of selectivity for mono- versus di-borylation. Ongoing
efforts are underway to support these ligands/catalysts in MOFs in order to explore: (i) the impact
of site isolation and MOF structure on catalyst activity and selectivity as well as to (ii) implement
these catalysts in flow reactor systems.
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Presentation Abstract

Porous transition metal oxides and their role in selective catalytic oxidations are the focus of
our research. Micropores (< 2 nm), mesopores (2-50 nm), macropores (> 50 nm), and sometimes
combinations of these are important in control of mass transport and selectivity. The control of
particle size in the nanometer regime can lead to enhanced activity in some reactions. Such nano-
size materials can have markedly different properties than similar bulk materials (m and
above). Control of morphologies of porous transition metal oxides such as hollow spheres, rods,
helices, spirals, and many other shapes is also a factor in the control of catalytic activity, selectivity,
and stability. Numerous other variables in the design of selective oxidation catalysts besides the
above-mentioned properties may be significant such as mixed valency, surface area, thermal
stability, chemical stability, electronic effects, active sites, and others.

One key area that needs further exploration is the detection and potential correlation of reactive
oxygen species (ROS) in heterogeneous catalytic selective oxidations. Only one detection method
is often used to study ROS where multiple methods may provide a more thorough understanding
of such catalysts. Reasons why researchers have focused on a few methods are that such ROS
species on oxides are difficult to track; methods used to study ROS are quite
complicated, expensive, and time consuming. No one method can reliably monitor the multitude
of species (O, OH, OOH, '0,, 0%, O, and others). Monitoring oxygen vacancies and their
importance in heterogeneous catalysis is also critical.

Grant or FWP Number: Porous Transition Metal Oxides: Synthesis, Characterizations, and
Catalytic Activity

PI: Steven L. Suib
Postdoc(s): Ben Liu
Student(s): Biswanath Dutta, Laura Achola, Peter Kerns

RECENT PROGRESS

A major recent focus of this research project is to continue to develop the best methods to
characterize ROS, to carry out thorough detection of all such species, and to do so during in
operando conditions when possible. Table 1 outlines methods that will be used to characterize
these ROS. In addition, new methods will be developed to study such ROS as well as DFT
computational modeling studies.
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Table 1, Names, Formulas and Methods of Detection of Reactive Oxygen Species (ROS).

Name Formula | Methods References

Superoxide | O2” In operando FTIR, EPR, UV-VIS. 19

Peroxy OOH EPR, (Ultraviolet Visible (UV-VIS) 20
Spectroscopy.

Hydroxyl | OH XPS, in operando FTIR and/or Raman, | 21
TG-MS, UV-VIS.

Singlet 10, Temperature Programmed (TP) 22

Oxygen Emission, EPR Trapping.

Atomic O Electron Paramagnetic Resonance 23

Oxygen (EPR)

Oxygen O EPR, 80 Uptake/Mass Spectrometry | 24

Radicals (MS).

Lattice o> 0 Exchange, TP Methods, X-ray 25

Oxygen Photoelectron Spectroscopy (XPS).

Oxygen O 0 Uptake/MS, XPS, 26

Vacancies Thermogravimetric Analysis (TG).

Clearly though, ROS are not the only important species and parameters that control selective
oxidations. Methods will also be used and developed to study distributions of oxidation states,
compositions, particle size, structure, porosity, surface species, dopants, stability, and others. The
determination and correlation of all of these parameters with catalytic activity, selectivity, and
stability will be critical in our major focus to determine detailed mechanisms and kinetics; to
elucidate the bonding, insertion, or bond breaking steps as influenced by nanostructures and steric
constraints; and to determine how various parts of the inorganic catalyst structure activate the
different functionalities of multifunctional organic species in either a concerted or un-concerted
manner.

Unique catalysts that are developed under controlled conditions are central to these missions.
Synthetic control of catalysts comes from specific methods such as use of templates, structure
directors, surfactants, core shells, self-assembly, epitaxial growth, size reduction, capping agents,
sol gel, and other methods. Morphologies can be controlled by compositions including
dopants. The conditions during syntheses such as use of heat, light, pH, point of zero charge,
stirring, high pressure, and others are also clearly important.

For many years our focus has been selective oxidations using microporous transition metal
oxides, in particular manganese oxide based materials that have been shown to have excellent
selectivities for small substrates. Use of mesoporous transition metal oxides in the area of selective
oxidations has been limited due to compositional limitations and stability of such
materials. Titanium oxide materials and doped silica and alumina based mesoporous materials are
exceptions. Catalytic studies with pure single metal oxides that are well ordered and thermally
stable transition metal oxide mesoporous materials of groups 7B, 8B, 1B and 2B as well as groups
IITA, IVA, and lanthanides with monomodal (uniform, sharp) pore size distributions have been
extremely limited. The availability of such mesoporous materials has recently been developed by
our group and unique selective catalytic oxidations (vide infra) important in the production of new
fuels, chemicals, pharmaceuticals, medicines, and others.

The primary hypothesis of this research is that if mesoporous systems with specific reactive
oxygen species can be prepared then enhanced catalytic activity and selectivity will result from
better transport, tuned active sites, and control of catalyst properties (Oxide Composition,
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Nanostructure, Porosity, and Oxidation State). A related hypothesis is that if synthetic and
characterization methods can lead to control of mixed valency, structure, porosity, stability, and
related parameters, then the mechanisms and kinetics of such catalysts can be further understood.
Computational modeling studies will also provide a guide for understanding such systems.

The DOE Basic Energy Sciences website describes interest in novel developments in many
areas including identification of the elementary steps of catalytic mechanisms and kinetics; studies
of structure-reactivity relationships of solution phase or supported inorganic or mixed
inorganic/organic hybrid materials on solids; dynamics of the structure of catalysts and
their stability; use of novel spectroscopic techniques and structural probes for in situ and in
operando studies, synthesis of reproducible catalysts used under working conditions; design of
various structures for structural flexibility and chemical specificity which might influence catalytic
properties of inorganic catalysts; controlled syntheses and fundamental understanding of the
chemistry of unique inorganic, organic, and hybrid catalysts; new strategies for design and
synthesis of selective catalysts for fuels and chemicals; activation of CO> and multifunctional
molecules; and determination of catalytic mechanisms. This project has efforts in many of those
areas.

Many studies of nano-size materials these days focus on control of size and shape of
particles. This proposal concerns control of size and shape of nano-size materials as well as control
of pores and structures. Such structural control of transition metal oxides is unique. The ability to
control pore size and obtain monomodal uniform pores for transition metal, lanthanide, and
nonmetal oxide mesoporous materials is rare. Such uniform pores will allow better control of
confinement and encapsulation of large moieties such as the organic substrates given above as well
as enzymes, related biomolecules, and large inorganic clusters. This research is transformative
since whole families of new mesoporous materials with controlled properties can be synthesized
and used in a variety of areas of science and engineering.

A fundamental understanding of the catalytic sites and mechanisms of reaction in selective
oxidation catalysis is important for the design and use of better catalysts. Preliminary data for
selective oxidations suggest that rates of reactions can be markedly enhanced by using well-
ordered crystalline monomodal uniform mesopore sized materials. Uses of in situ and in operando
conditions for determining the nature of ROS and studying catalytic reactions with new methods
like DART-MS are in their infancy. Combined FTIR/Raman studies of the same catalyst in the
same catalytic cell can provide complementary information to understand catalytic intermediates.
Ancillary EPR, 80 labeling, D labeling, and other methods will focus on exact determinations of
ROS. Rationale for choosing the specific catalytic reactions are that some have not ever been
reported, all are environmentally friendly, all targets are both fundamentally and commercially
significant, and all involve new inexpensive scaleable catalysts and processes.
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The Effect of Lewis Acid Co-Catalysts on the Reversible Hydrogenation of Carbon Dioxide
to Formic Acid and Methanol

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

Presentation Abstract

The steady decline in the world's fossil fuel reserves and the potential environmental consequences
of continued fossil fuel use has spawned considerable interest in the utilization of renewable
carbon sources. Carbon dioxide is a particularly attractive feedstock owing to its high abundance,
low cost and toxicity, and relative ease of transport. In addition, the reversible hydrogenation of
carbon dioxide offers the potential to store hydrogen, a clean energy source, in a transportable
liquid form which can be released by dehydrogenation at the point of use. This presentation will
describe the project’s latest advances in understanding the catalytic transformations associated
with the use of formic acid and methanol as liquid molecules for chemical hydrogen storage.
Particular emphasis is placed on the significant role Lewis acid and other co-catalysts play in
catalytic activity. The application a series of pincer supported iron catalysts for the
(de)hydrogenative syntheses of several valuable commercial chemicals is also discussed.

DE-SC0018222: Elucidating the Role of Lewis Acid Co-Catalysts in Base Metal Promoted
CO: Hydrogenation and Related Processes

Postdoc(s): Name(s) Upul Jayarathne
Student(s): Elizabeth M. Lane; Jessica E. Heimann; Nicholas E. Smith; Julia Curley

RECENT PROGRESS

Research progress toward the elucidation reversible transition metal/LA co-catalyzed CO>
hydrogenation and related reactions is summarized below for selected areas.

Lewis acid (LA) and solvent-dependent kinetics of CO; insertion

The insertion of CO: into metal hydrides (or other ligands) is fundamental to most metal mediated
CO; reduction catalysis. Our project has recently begun using stopped-flow methods to examine
the kinetics of this reaction of inner-sphere (meaning the electrophile pre-coordinates to the metal)
and outer-sphere (meaning no pre-coordination of the electrophile to the metal) CO> insertions into
metal hydride complexes. The preliminary results indicate that species which utilize an outer-
sphere pathway (such as the Ir-H species in Figure 1) exhibit a significant rate enhancement with
LA, while those that proceed via an inner-sphere mechanism are unaffected by the presence of LA
(like the Ni-H species in Figure 1). Our current hypothesis is that this influence originates from
LA stabilization of the carboxylate anionic charge build up in the transition structure of the outer-
sphere pathway, which is not required in the inner-sphere pathway. Additionally, a notable solvent
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Figure 1. Representative stopped-flow data for CO:
insertion into Ni-H and Ir-H.

effect has been observed for the rate of
CO: insertion into a Ni-H species
which  utilizes the inner-sphere
mechanism. Significantly, this
provides another tool for rationally
enhancing the kinetics of CO; insertion
in cases where LA co-catalysts are less
effective.  Investigating a range of
solvent effects has demonstrated a
rough correlation between rate
enhancement and solvent acceptor
number, which is itself a measure of the
Lewis acidity of the solvent. As may
be expected on the basis of the
proposed transition structures in the
lower section of Figure 1, a strong
solvent influence was observed in the
outer-sphere CO> insertion as well,
though incompatibility between our Ir-
H complex and several target solvents
has slowed a more complete analysis
within this domain of CO; insertion
reactions.

Deactivation pathways for catalytic
Iron-Lewis Acid systems:

Our investigations into base metal
catalysis have identified several
catalyst deactivation species relevant to
Fe/LA co-catalyzed COz
hydrogenation reactions. ~We have
previously observed the deactivating

reduction of [("'PNP)FeH(CO)] (1) ("PNP = N{CH>CH:(P'Pr2)}») to generate the zerovalent
iron dicarbonyl species [(P"PNP)Fe(CO).], which ~we hypothesize forms via reductive H
elimination from a transient iron hydride species, [(PPN'P)Fe(H),(CO)], followed by species

degradation and capture of emitted CO (Figure 2).

More recently, we have observed and

characterized two analogous zerovalent iron dicarbonyl species produced form the N-methylated
catalyst analog [(P"PNM°P)FeH(CO)(BH4)] (2) ( P'PNMP = MeN {CH,CH,(P'Pr2)},) (Figure 2).
The first new deactivation product, [(*"PNMP)Fe(CO).], was identified during the catalyzed N-
formylation of amines by CO2 and Hz. Unlike many other iron promoted CO> hydrogenation
reaction, the presence of Lewis acid Li salts lowered catalyst productivity. This atypical result
originates from the acceleration of a second catalyst deactivation pathway to form a cationic iron
dicarbonyl species, [(P'PNMP)Fe(H)(CO),]JOTf (Figure 2). While formation of these iron
dicarbonyl complexes is obviously deleterious to catalysis, their identification is a significant first
step toward developing longer lived, more productive catalytic systems. We are currently working
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with computational experts Profs. Ainara Nova, David Ballcells (both at Oslo) and Martin Jaraiz
(Valladolid) to better understand these deactivation reactions and other mechanistic cornerstones
of CO> hydrogenation.

Sequential hydrogenation of CO; to methanol

Our prior research efforts have validated the ability of catalyst 1 to mediate both steps of a
proposed CO> to MeOH conversion, namely, N-formylation using CO; and formamide
hydrogenation to generate MeOH (Figure 3). Both of these reactions occur using the same catalyst
under similar solvent, temperature, and pressure conditions, suggesting that a single stage CO> to
MeOH conversion is feasible. Our recent efforts to realize this potential have identified several
remaining obstacles to integrating these two catalytic processes. The most significant barrier
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Figure 2. Iron dicarbonyl deactivation species.

appears to be the incomplete consumption of all COz in the first phase of the process, which permits
generation of an iron formate complex, [(""PN"P)FeH(CO)HCO,] (Figure 3). The iron formate
species has been previously characterized and is known to be an intermediate in the reversible
hydrogenation of CO: to formic acid, however, under the conditions of amide hydrogenation it
appears to provide a thermodynamic sink. Therefore, we have taken an interim step of conducting
the CO2 to MeOH conversion in a one pot, two stage reaction in which the excess CO: is vented
prior to the amide hydrogenation step. Additionally, the presence of molecular sieves to remove
the water by-product and/or filtration of carbamate salts to remove latent CO; sources further
enhance the conversion to MeOH. Admittedly, this current manifestation of the process is less
than ideal, however, the two step reaction does provide TONs for MeOH has high as 650, on par
with the few know precious metal catalysts, and the first high-functioning earth abundant metal
catalyst for this process.
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Bio-Inorganic Approaches to Molecular Electrocatalysis

Christopher J. Chang
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Presentation Abstract

Rising energy demands and the changing climate at the global scale motivate the invention of new
technologies for solar-to-chemical conversion for sustainable use of limited carbon resources. To
meet this challenge, we have initiated a program to develop new molecular catalysts for generating
hydrogen from water and fixing carbon dioxide, with particular interest in bio-inorganic systems
that operate in green aqueous media with sustainable electrical energy input. This talk will present
our latest work on molecular platforms for water and hydrogen and carbon dioxide reduction that
utilize concepts and components from materials and biological catalyst systems.

FWP #CH030201: Harnessing Complexity for Catalytic Efficiency

PI: John F. Hartwig

RECENT PROGRESS
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Presentation Abstract

The wide spread and efficient use of intermittent and distributed energy sources, including solar
and wind, would be facilitated by the storage of electrical energy in the form of high energy density
fuels. The design of catalysts for the relevant chemical transformations is essential for this
approach to energy storage. While hydrogen is a suitable target for some applications, the
reduction of carbon oxygenates can be advantageous as a result of the potential for producing
liquid fuels for use in transportation. In our work, we aim to develop knowledge of the parameters
required for designing catalysts with exceptional performance for these multistep transformations.
In particular, we have focused on the use of thermodynamic parameters to enable catalyst design
by matching the free energies of catalytic intermediates throughout the catalytic cycle. With this
focus in mind, we are pursuing different routes to controlling the relative free energies of catalytic
intermediates, especially for the reduction of CO> through the transfer of a hydride (H) as a
reducing equivalent. In addition to the design of the primary coordination sphere of catalysts, we
have shifted our attention to understanding the impact of solvent upon the free energy for hydride
transfer as well as the resulting catalyst performance. Studies of phosphine complexes of cobalt,
nickel, and copper hydrides will be presented, and the role of solvents will be highlighted for the
relevant catalysts.

FWP-47319: Low-Temperature Catalytic Routes for Energy Carriers via Spatial
and Chemical Organization

PI: Johannes Lercher
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Presentation Abstract

Single atom alloys are metal alloys where one component is sufficiently dilute that it exists as
isolated atoms (i.e. surrounded only by unlike atoms) in the alloy. Some of these systems show
enhanced or unique reactivity that is unexpected from the pure metal components. We have
identified a class of these materials, and some features of their electronic structure that may explain
the origin of the unique properties. We are currently developing strategies to facilitate the design
of these materials using combinations of density functional theory, machine learning and atomistic
simulations. Our goal is to be able to design single atom alloy nanoparticle catalysts that have a
maximal density of single atom sites at the surface under reaction conditions. Density functional
theory (DFT) is too expensive to use directly for this, but it is the most reliable method to estimate
the energetics of nanoparticle catalysts. We are using machine learning to develop atomistic
potentials from DFT calculations that are as accurate, but considerably cheaper computationally.
These potentials can then be used to explore more of the configuration space of alloy nanoparticles
to identify the most probable particle geometries. They can also be coupled with atomistic
simulations such as Monte Carlo simulations to estimate the surface composition of alloy surfaces
accounting for segregation and temperature effects. Together, these methods should expand the
reach of DFT to larger systems, and longer time scales of catalytic phenomena, and increase our
understanding of these materials.

DE-SC0018187: Enhanced selectivity in the single atom alloy limit: C=C versus C=0
hydrogenation

Student(s): Mingjie Liu
Affiliations(s): Chemical Engineering, Carnegie Mellon University

RECENT PROGRESS

Single atom alloy catalysts

Single atom alloys are a class of metal alloys in which one component is in a dilute limit where it
only interacts with atoms of the majority type. These materials have gained interest as catalysts,
because the dilute atoms may act as isolated sites with unique properties. It does not appear that
any alloy in the dilute limit will show unique properties, but that in particular one needs a dilute
reactive metal in a noble metal host. In this scenario, the d-orbitals of the reactive metal are unable
to fully hybridize with those of the noble metal host, leading to a sharpening of the reactive metal
d-states (see Figure 1). This leads to a balance of competing effects at the active site that include
the interactions of adsorbates with the sharpened d-states and the interactions with the broad sp-
band of the noble metals.
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Figure 1. The d-band density of states of single atom alloys. In each case, the single atom shows a sharp density of states near
the Fermi level.

The balance of these interactions can lead to apparent deviations from the often observed scaling
relations observed on typical transition metal alloys. This is illustrated in Figure 2, where the
dissociative adsorption of hydrogen is shown for a large number of single atom alloy systems.
These variations lead to a wide range of deviations in the barriers of reactions in many classes of
reactions, leading to the opportunity to find new materials with better catalytic properties than
conventional alloys.
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Figure 2. Dissociative adsorption energies of hydrogen on single atom alloy catalysts.

Together, these results illustrate the potential for single atom alloys to be useful catalytic materials,
but they do not show how one might design one that has a large concentration of active sites while

44



maintaining the single atom alloy behavior, or how the activity might change in a lower
coordination environment such as a nanoparticle.

Modeling segregation in metal alloys

A key challenge in understanding the reactivity of alloy surfaces is predicting the surface
composition under reaction conditions. In earlier work', we made an approximation that the
surface was a random alloy in equilibrium with a bulk alloy, and we estimated the surface
composition in the presence of hydrogen. This mean-field approach neglected short-range order
and local site composition effects on adsorption, but was reasonably effective at explaining some
trends in reactivity for H»-D> exchange on Cu-Pd alloys. We developed a new approach to
modeling segregation using DFT to build a machine-learned potential that could be used with
Monte Carlo simulations.? This new approach provided quantitative agreement of the surface
composition of a Au-Pd alloy (111) surface across composition space. In addition, since we used
an atomistic simulation we could also show the extent of short-range order and show that while a
random alloy is not a perfect model for these alloys, it is not too wrong.

Future work

The approach to build a DFT data-driven, machine-learned potential for alloys appears to be very
promising. We are currently extending the idea to alloy nanoparticles with the goal of modeling
size dependent alloy nanoparticle segregation behavior, eventually including the effects of
adsorbates. This should provide the means to design these materials with desired properties.
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Systematic study of the interactions between organometallic catalysts and metal oxide support
materials is essential for the realization of rational design in heterogeneous catalysis. Herein we
describe the stoichiometric and catalytic chemistry of a [Cp*(PMe3)Ir(Ill)] complex chemisorbed
on a variety of acidic metal oxides as a multifaceted probe for stereoelectronic communication
between the support and organometallic center. Electrophilic bond activation was explored in the
context of stoichiometric hydrogenolysis as well as catalytic H/D exchange. Further information
was obtained from the observation of processes related to dynamic exchange between grafted
organometallic species and those in solution. The supported organometallic species were
characterized by a variety of spectroscopic techniques including DNP solid-state NMR
spectroscopy, DRIFT, and XAS. Strongly acidic modified metal oxides such as sulfated zirconia
engender high levels of activity toward electrophilic bond activation of both sp* and sp®> C-H
bonds, including the rapid deuteration of methane at room temperature; however, the global trend
for the supports studied here does not suggest a direct correlation between activity and surface
Brensted acidity, and more complex metal surface interactions are at play. One such interaction
was identified as an unexpected
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provided by studying the 7 o-ﬁ ‘O\MP"' N Al,0;
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reactivity of the organometallic |

precursors toward [PhsC]", a Lewis acid known to effect formal hydride abstraction by one
electron oxidation followed by hydrogen abstraction. Organometallic deuterium incorporation, a
result of the surface redox process, was found to be correlated with surface sulfate concentration,
as well as the extent of dehydration under thermal activation conditions of sulfated alumina and
sulfated zirconia supports. Surface sulfate concentration dependence, in conjunction with a
computational study of surface electron affinity, indicates an electron deficient pyrosulfate species
as the redox active moiety. These results provide further evidence for the ability of sulfated metal
oxides to participate in redox chemistry not only toward organometallic complexes, but also in the
larger context of their application as catalysts for the transformation of light alkanes.
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Kinetic and Spectroscopic Studies of Catalytic Mechanisms: Hydrodeoxygenation of
Biomass Feedstocks on Transition Metal Phosphides

S. Ted Oyama
Virginia Tech, Department of Chemical Engineering
Blacksburg, VA 24061

Presentation Abstract

The study of mechanisms of reaction is an active area of chemical kinetics, even though it is
generally held that mechanisms cannot be proven on the basis of kinetics alone. This work shows
that reactivity, spectroscopic, and transient data can be combined to give a unified picture of a
reaction mechanism. The reaction studied is the hydrodeoxygenation of a pyrolysis liquid model
compound, gamma-valerolactone (GVL). Use is made of in situ Fourier transform infrared
spectroscopy and in situ x-ray absorption near-edge spectroscopy to probe adsorbed species and
the nature of the catalyst surface at reaction studies.

The application of the work is in the conversion of pyrolysis liquids derived from biomass,
whose high oxygen content (~40 wt.%) results in low heating value (about half that of petroleum
liquids), high acid content (leading to corrosion problems), and low stability (resulting in
increasing viscosity with storage). The catalyst studied is a member of a new family of catalysts,
the transition metal phosphides, which have outstanding activity for removal of heteroatoms such
as sulfur, nitrogen, and oxygen, from hydrocarbon feedstreams.

A contact time study allowed the determination of a reaction sequence for GVL HDO on
Ni2P/Si0; and it was found that C-O bond cleavage of the lactone ring to generate n-pentanoic
acid was the rate-determining step. This was followed by hydrogen transfer steps to produce
oxygen free compounds, n-pentane or n-butane. Fitting of the results using a rake mechanism that
considers adsorbed intermediates indicates that the surface species from the pentanoic acid are
majority species. In situ infrared and in situ x-ray absorption near-edge spectroscopy
measurements support this reaction mechanism.

Grant or FWP Number: DEFG0296ER14669
Grant Title: Kinetics and Mechanism of Hydrodeoxygenation on Metal Phosphides

Postdoc(s): Gwang-Nam Yun, Phuong Bui
Afiliations(s): Virginia Tech

RECENT PROGRESS

Mechanism Studies

The hydrodeoxygenation (HDO) mechanism of the cyclic five-membered ester y-valerolactone
(GVL-CsHgO») as a model compound for pyrolysis oil derived from biomass was studied on a

Ni2P/MCM-41 catalyst. Reaction tests for the HDO of GVL were conducted in a fixed-bed
continuous flow reactor at 300 °C and 0.5 MPa. A contact time analysis determined the reaction
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pathway, and it was found that ring-opening of GVL to produce pentanoic acid was the rate-
determining step. This was followed by formation of pentanal and decarbonylation to generate n-
butane or hydrogenation to form n-pentane. The results are shown in Fig. 1.

k H C\/\A 3C\/\CH k4 HSC\/\CH-
RS 3

/ Pentanoic acid \ / n-Butene Butane
o)
Hsc/&o HiCo o~
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Rate constants (s™)
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Fig. 1. Reaction Network for the Hydrodeoxygenation of y-Valerolactone

A partial pressure analysis of H> and GVL was consistent with a rate equation derived from a
Langmuir-Hinshelwood (L-H) mechanism. The kinetic analysis allowed calculation of coverages.
The results are shown in Fig. 2.

1.0
0.8
0.6 eGVL
lo.,=04
0.4 %
eH
0.24n —
16,,=0-1 o,
00 T | | T — — |-*
0 5 10 15 20 25 30

Figure 2. Coverages Calculated from Kinetic Parameters for the HDO of GVL

In situ infrared measurements under reactive H» and inert N> confirmed a reaction mechanism with
ring-opening to form pentanoic acid, in which the number of CH> groups in adsorbed species
increased under H» flow. Furthermore, in situ quick X-ray absorption fine structure measurements
showed the participation of Ni®" species in the reaction as would be expected for the adsorption of
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electron withdrawing oxygenated species like carboxylic acids. The data are shown in Fig. 3. The
results allowed the establishment of a complete picture of the reaction mechanism.
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Figure 3. Comparison of NEXAFS Absorbance and GVL Coverage
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Novel Stable Carbenes and their Applications in Catalysis
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Presentation Abstract
The preparation of cyclic (alkyl)(amino)carbenes with a six-membered backbone will first be
discussed. Compared to their five-membered analogues, they feature increased %V and
enhanced donor and acceptor properties, as evidenced by the observed n = n transition trailing
into the visible region. The high ambiphilic character even allows for the intramolecular insertion
of the carbene into an unactivated C(sp*)-H bond. To assess the differences between CAAC-5 and
CAAC-6, and more importantly to prove the superiority of the later as ligand for transition metal
catalysts, we will present the results obtained in the palladium-mediated [Ilpha-arylation of
propiophenone with arylchlorides.
In the second part, we will present our results concerning the reduction of CO> into the conjugate
base of formic acid, using dihydrogen. While catalysts based on noble metals have shown high
turnover numbers (TONSs), the use of abundant first-row metals is underdeveloped. We found a
catalytic system, involving a stable copper hydride, activating CO», working in tandem with a
Lewis pair, heterolytically splitting Hz; unprecedented TONs for copper are obtained.
Lastly, we will show that a bicyclic CAAC is able to activate CO without metals, and to transfer
it to organic substrates.

DE-SC0009376: Transition-metal-catalyzed functionalization of ammonia, hydrazine, and
basic anilines

Postdoc(s): E. Tomas-Mendivil, R. Jazzar.
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RECENT PROGRESS

Synthesis of stable six-membered cyclic (alkyl)(amino)carbenes and palladium catalysis

Since their discovery in 2005, five-membered cyclic (alkyl)(amino)carbenes (CAAC-5) have been
widely used. CAACs are excellent ligands for transition metals and their complexes have found
applications in catalysis, especially for the hydroamination of alkynes and allenes with NH3 and
NH>NH>, and also in material science. The advantages of CAAC-5 over NHCs can be traced back
to their higher nucleophilicity (higher HOMO, more o-donating) and electrophilicity (lower
LUMO, more z-accepting), and consequently to their smaller singlet-triplet gap (AEst). It is well
established that increasing the carbene bond angle of NHCs induces greater p character of both the
HOMO and LUMO of the carbene, effectively shrinking the AEst. Based on these results, we
decided to prepare six-membered cyclic (alkyl)(amino)carbenes (CAAC-6). Indeed, DFT
calculations at the B3LYP/def2-TZVPP level of theory found that expanding the ring size of NHCs
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from five to six decreases the HOMO-LUMO gap and AEst by 0.64 eV and 13.3 kcal/mol,
respectively. Similarly, the HOMO-LUMO gap and the AEst of CAAC-6 were found to be smaller
than those of CAAC-5 by 0.39 eV and 11.8 kcal/mol. To our delight, calculations also show that
CAAC-6 has a smaller HOMO-LUMO gap and AEsrt than the recently reported BICAAC by 0.08
eV and 8.3 kcal/mol, respectively. This can be rationalized by the accessible low energy chair

& conformation of the triplet CAAC-6, compared to the

ol oz 05 o . strained triplet state of BICAAC.
006 0.2 °¢5  To assess the differences between CAAC-5 and
5l 4 CAAC-6, and more importantly to prove the
o Tqﬁ\ 3. mmﬂ, —ﬂ— o 7) Jur 4.2 guperiority of the lat.er as ligand for traps1t10n metal
le-L ss2- M iea) catalysts, we considered the palladium-mediated
B llpha-arylation of propiophenone with arylchlorides.
" Qﬁ ]23_ The figure herewith clearly demonstrates the
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= s It is safe to predict that a variety of CAAC-6 metal
il m,.,.ig complexes will feature very strong metal-carbene bonds,
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which will allow for catalysis under harsh conditions, as
requested for hydroamination reactions with NHj3.
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Tandem Copper Hydride - Lewis Pair Catalyzed Reduction of Carbon Dioxideinto Formate with
Dihydrogen

The reduction of CO; into formic acid or its conjugate base, using dihydrogen, is a particularly

attractive process. While catalysts based on noble metals have shown high turnover numbers

(TONs), the use of abundant and inexpensive first-row metals is

i underdeveloped. The key steps of the reaction are the CO; insertion into

CNVJ wereeor 3 metal-hydride, and the regeneration of the latter with Hz with

000 concomitant formation of the formate. For the first step, copper is known

as one of the most efficient metals, as shown by the numerous copper-

v i, catalyzed carboxylation reactions, but has difficulties activating Ha. From

o, omm this analysis, we envisaged that a system involving a stable copper hydride

100%. T activating CO», working in tandem with a dihydrogen activator, would

“acr e, Dring together an ideal synergy for the catalytic reduction of CO2 with H.

U iy e O ) As a dihydrogen activator, we chose amine-borane frustrated Lewis pairs

(FLPs) pioneered by Stephan, Erker and others. Note that in the presence

of Ha, FLPs are also known to reduce CO,, but the subsequent cleavage of the boron-oxygen bond

to regenerate the FLP is extremely endergonic thereby preventing this process from being catalytic.

We found that in the presence of DBU, (CAAC)CuH-B(C¢Fs)3 complexes achieve CO> conversion

to formate with TONs up to 1881. Through stoichiometric reactions, we have been able to postulate
a reasonable catalytic cycle (Figure herewith).
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Pathways for Methanol Synthesis from the Conversion of C-H bhonds over
Well-defined Metal-Oxide Surfaces

Samjaya D. Senanayake, Feng Zhang, Zongyuan Liu, Robert Palomino,
Ping Liu, Jose A Rodriguez
Chenustry Department, Brookhaven National Laboratory, Upton, NY 11973 (USA)

Methane remams a  valuable et

underutilized resource. Our recent studies C1s " et

mdicate that, in spite of the high stability of |~ 1 -

methane, systems such as Ni-CeO3(111)and = o e ] E

CeQ:-Cu(111) can break C-H bonds even at E t“,,_f:..;_“‘~v,'¢ o g

room  temperature, through careful = wafl " 12
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model systems to elucidate C-H activation g, 5 300, 500 and 700 K.
and conversion steps that produce CH;OH
and CO+Ha.
We have employed Dry Reforming of Methane (DRM: CHs+C02—=22C0O+2H:) conditions to
establish benchmark steps for low temperature oxidative conversion of C-H bonds (using CO;) on
Ni-CeOx, where the active species and reaction mechamism are complex while a strong
mnteraction between small N1 nanoparticles (N1%/Ni*) and reduced CeO. surfaces (Ce*/Ce™)
prevail (Figure 1). We have also started to develop a
H, 1 Tam, ©; 05 Tom method for the direct conversion of methane to
0 1o e methanol building on these studies. We have found
T that a Ce0,/Cuy0/Cu(111) mverse system 1s able to
activate methane at room temperature and then, with
| the help of water, performs a highly selective

:
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catalytic cycle. for the production of methanol
(Figure 7). The interfacial interaction between CeQOx-
CuOx 1s crucial while the pressure of water has a
strong effect on the selectivity towards the

Figure 2. Production of methanol and CO/CO2 production _of methanol. We have made comparison
as 2 finction of water pressure on a also to Mi1-CeOx systems that appear to enal:flﬂ
Ce0y/Cuz0/Cu(111) catalyst in which ~ 40%  pathways where HxO acts as a promoter and site
of the Cuz0Q was covered by ceria. The samples  blocker for improved methanol synthesis.

were exposed to 1 Tomr of CHs, 0.5 Tormr of Oz

and 0, 1 or 4 Tomr of H20 at 430 K.
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Dust Effects On Nucleation Kinetics and Resultant Catalytic Nanoparticle Product Size-
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! Department of Chemistry, Colorado State University, Fort Collins, CO 80523 USA,
? Department of Chemistry, Middle East Technical University, 06800 Ankara, Turkey.

Abstract

The question is addressed if dust is kinetically important in the nucleation and growth of
Ir(0),  nanoparticles formed from [BusN]sNas(1,5-COD)Ir'eP,WsNb3Os>  (hereafter
[(COD)Ir*POM]*), reduced by H; in propylene carbonate solvent. Following a concise review of
the (often neglected) literature addressing dust in nucleation phenomena dating back to the late
1800s, the nucleation and growth kinetics of the [(COD)IrrPOM]® precatalyst system are
examined for the effects: of 0.2 um microfiltration of the solvent and precatalyst solution, of
rinsing the glassware with that microfiltered solvent, of silanizing the glass reaction vessel, for the
addition of <0.2 um [1-ALO; (inorganic) dust, for the addition of flame-made carbon-based
(organic) dust, and as a function of the starting, microfiltered [(COD)IrrPOM?®] concentration.
Efforts to detect dust and its removal by dynamic light scattering and by optical microscopy are
also reported. The results yield a list of 8 important findings and conclusions as detailed in the
Results section which follows.

DE-FG02-03ER15453: Nanoparticle Catalysts: Nucleation Mechanistic Studies Plus
Mechanism-Enabled Population Balance Modeling En Route to Nanoparticle Size and Size-
Distribution Understanding and Control

PI: Professor Richard G. Finke
Postdoc(s): Dr. Saim Ozkar

RECENT PROGRESS
Overview of Publications
Thirteen publications to date have been produced under our DOE support since 2015; a list of their
titles follows and provides a concise description of the contents of those publications. The

publications provide results in 5 areas: (i) nanoparticle catalyst formation kinetics and nucleation
and gI'OWth mechanismsError! Bookmark not defined.,Error! Bookmark not defined.,Error! Bookmark not defined.,Error!

! ' ' ..
Bookmark not defined.,Error! Bookmark not defined.,Error! Bookmark not defined.,Error! Bookmark not deﬁned.; (11) supp orte d-

nanoparticle heterogeneous catalyst synthesis and formation mechanisms®rror! Bookmark not defined.,

(111) nanopartlcle catalyst smtermg mechanlsmsErmr' Bookmark not defined.,Error! Bookmark not defined.. (IV)
studies aimed at determining the true catalyst in catalytic reactions—a key endeavor since all
catalytic properties of interest depend on the precise chemical composition and structure of the
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actual, often hidden, kinetically dominant catalyst®ror* Beokmark not defined.. 4 () other synthetic

and kinetics and mechanistic studies important in chemical catalysis Brrort Bookmark not defined. Error!
Bookmark notdefined. A ] of the 13 publications listed have been funded exclusively by our DOE grant.

Poster Presentation Focusing on: Dust Effects On Nucleation Kinetics and Catalytic
Nanoparticle Product Size-Distributions: The Illlustrative Case Study of a Prototype Ir(0),
Transition-Metal Nanoparticle Formation System

The poster presentation at the annual contractor’s meeting will focus on an intriguing study this
past grant year®rror! Beokmark not defined. o f \what tyurn out to be the profound effects of omnipresent
room dust, and its removal by microfiltration, on nanoparticle catalyst formation and how—simply
by um filtration—one can narrow nanoparticle product size distributions by more than a factor of
two.

The system studied is a prototype Ir(0)-300 nanoparticle catalyst formation system that starts from
ca. 300 equivalents of a [(1,5-COD)IrsP;W1sNb3Os2]*" precursor (hereafter = (COD)IrsPOM?®")
and then reduces this precatalyst under hydrogen according to the overall, experimentally
demonstrated®rrort Beokmark not defined. otichjometry in the scheme below:

300 [(1,5-COD)Ir*P, W, sNb;Og, 15 + 750 H, — -

1 I(0)_300 + 300 [P, W sNb3Og, % + 3000 +300 H'

The four most noteworthy results out of 8 total conclusions summarized in a 2017 Langmuir
paper®rror! Bookmarknot defined. 510 (1) that the nucleation apparent rate “constant” Kiobs(bimol) 1S Shown
to be slowed by a factor of ~5 to ~7.6, depending on the precise experiment and its conditions, by
just filtration of the precatalyst solution using a 0.20 um filter and rinsing the glassware surface
with 0.20 pum filtered propylene carbonate solvent; (ii) that simply employing a 0.20 pum filtration
step narrows the size-distribution of the resulting Ir(0), nanoparticles by a factor of 2.4 from +19%
to £8%, a remarkable result, (iii) that thee narrower size-distribution can be accounted for by the
slowed nucleation rate constant, kiobspimol) and by the unchanged autocatalytic growth rate
constant, kzobs(vimol), that is, by the increased ratio of Aaobs(bimoly/A1obs(bimoly that further separates
nucleation from growth in time for filtered, vs unfiltered, solutions; and (iv) five lines of evidence
indicate that the filterable component of the solution, which is having the nucleation rate-
enhancing, and size-dispersion broadening, effects, is dust.

The broader impact and importance of the study of (the striking!) dust effects in the formation
mechanism of catalytically active nanoparticles is that the dominant hypothesis going forward, for
nucleation studies anywhere in nature where dust is (omni)present, needs to be that dust is a
kinetically important component of both the nucleation process and the observed particle-size and
size-distribution.

Publications Acknowledging this Grant in 2015-2018
(1) Exclusively funded by this Grant:
(II)  Bayram, E.; Lu, J.; Aydin, C.; Browning, N. D.; Ozkar, S.; Gates, B. C.; Finke, R.
G. Agglomerative Sintering of an Atomically Dispersed Iri/Zeolite Y Catalyst:
Compelling Evidence Against Ostwald Ripening But for Bimolecular and
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Unintuitive Inverse Dependence of the Apparent Turnover Frequency, TOFqpp, on
Precatalyst Concentration: A Quantitative Explanation in the Case of Ziegler-type
Nanoparticle Catalysts Made from [(1,5-COD)Ir(n-O2CsHis)]> and AlEt;. ACS
Catalysis 2015, 5, 3342-3353.
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Single metal atoms in alloys and oxides as catalysts for chemicals production
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Presentation Abstract

Supported single metal atoms are a new class of catalyst in which precious metals can be used at the
ultimate efficiency limit. While great strides have been made in demonstrating the potential of single-
atom catalysts for many industrial reactions, there remains much debate in the literature over the nature
of the active sites. Using state of the art surface analysis and microscopy techniques, we have
developed a system in which the atomic structure of copper oxide supported single atom Pt sites can
be measured and related to their ability to oxidize CO at low temperatures, a key transformation in, for
example, the next generation of automotive catalysts. We unambiguously show that single Pt atoms
can perform this chemistry efficiently around room temperature, and further elucidate the mechanism
with theory. The reaction was also studied at ambient pressure on partially oxidized single-atom alloys
(SAAs) of Pt/Cu (Cu,O) prepared as unsupported nanoparticles. Similar results were found, effectively
bridging the surface science and catalysis findings. Both model and real catalysts have high activity
and selectivity for the CO PROX reaction in that CO oxidation proceeds but hydrogen is not oxidized.
The stability in the real gas mixture was excellent. Selective dehydrogenation of alkanes is also
catalyzed by the Pt/Cu SAAs. The activity is much higher than that of Cu, while the catalyst is coke-
resistant under realistic conditions, unlike monometallic Pt. Coke-free C-H activation was shown for
dehydrogenation of n-butane to butene at 400°C without catalyst deactivation after 50h on-stream.
Exploiting these promising new catalysts for the above and other reactions is a main objective of the
project.

DE-FGO02-05ER15730: Atomically dispersed supported metal species as catalysts for
alcohol conversion, and hydrogen and chemicals production

PI: Maria Flytzani-Stephanopoulos

Student(s): Jilei Liu, Andrew Therrien, Sufeng Cao, Mengyao Ouyang, Alex Schilling, George
Giannakakis

Collaborators: Manos Mavrikakis (U. Wisconsin), Sungsik Lee (ANL), Lawrence F. Allard
(ORNL); Guido Busca (U. Genoa), Jean-Sabin McEwen (WSU)

RECENT PROGRESS
1. An atomic-scale view of single-site Pt catalysis for low-temperature CO oxidation

Low-temperature CO oxidation is industrially and environmentally important, and despite recent reports of
facile conversion on single metal sites, debate over the nature and function of these sites exists. Due to the
inherent complexity of heterogeneous catalysts, it is difficult to fully characterize the structure and
environment surrounding single atoms in a supported catalyst, which are critical for accurate modeling,
understanding, designing new single metal atom catalysts. For this reason, we use model studies of
supported single atoms to investigate the atomic-scale geometric and electronic properties that define their
catalytic behavior.”®'*'* Figure 1 shows an overview of low-temperature CO oxidation on a well-defined
Cux0 thin film model system in which the reaction sites can be imaged with atomic resolution and the
reaction mechanism understood with isotope labelling TPR, RAIRS and DFT. When small amounts of Pt
are added to the “29” oxide surface, they remain atomically dispersed, as found by RAIRS and high-
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resolution STM"® shown in Fig. 1a-c. The RAIRS data in Fig. 1a show CO stretching bands for various Pt
coverages at 265 K, at which temperature CO has completely desorbed from the oxide support and all the
signal is due to CO on Pt sites. These spectra serve as benchmarks for understanding what supported Pt
structures give rise to which IR features, a critical issue in the catalysis community. In order to probe the
reaction mechanism, the “29” oxide support was labeled with '®O, shown in Fig. 1d. Pt atoms at a
concentration of 1% ML were deposited onto the support and the surface saturated with C'°0. The resulting
desorption products were monitored and the CO, formed was exclusively m/z 46, which is direct evidence
of a Mars and van Krevelen oxidation mechanism in which a single lattice oxygen from the Cu,'®O-like
support is extracted by C'°0 to form C'*0'®0 as shown schematically in Figure le. Both CO desorption
and oxidation occurs at similar temperatures with a 33 +2% conversion to CO,. Our XPS results, not shown,
indicate that single supported Pt atoms exist in a neutral charge state, not previously considered to be present
at the single atom limit on an oxide support. However, a thicker layer of Cu,O will be constructed next to
eliminate potential electron transfer to Pt from the underlying Cu (111) crystal.

a RAIRS of CO-Pt/"29" Oxide d Saturation CO on
At265K "0 (miz 28) 1% Pt/"29" 0-18 Oxide
2%l :
=5 ; 5x10" torr |
g 1% x4 g x0.02 x0.2
£ a0 Vi C™®0 (m/z 30)
> \/ !
Q 110% ;
o R Y copt C™®0, (m/z 48) —
o 1% I single atoms C‘%
- 7T T 1
20 20 a0 OO iy
Wavenumber (cm™") T T T T 1
b Experimental STM Simulated STM 10 200 300 400 500

Temperature (K)

e
.@ CO Oxidation CO Desorption %
—
Zode,

. I 3% o ®®® G %

Figure 1| CO Oxidation on single Pt atoms. a, RAIRS data of the CO stretch at various Pt coverages at 265 K. b, High-resolution
STM of 0.5% ML Pt on the “29” copper oxide after adding CO and annealing to 250 K, the scale bar is 5 nm. ¢, Simulated STM
image at —0.5 V of the DFT model with a CO-Pt complex in each unit cell, highlighted by the black parallelogram. RAIRS data
from an initial CO saturation coverage annealed to various temperatures on d, TPD after saturation CO exposure on 1% ML Pt
supported on an %0 labeled “29” oxide. e, schematic of the competing pathways for CO oxidation and CO desorption.'3

Poge

2. Activity, Stability, and Selectivity of SAA Pt/Cu (Cu.0) for CO Oxidation and PROX

To investigate Pt/Cu Single-Atom Alloys (SAAs) in an unsupported form, we prepared nanoporous Cu
formats, np-Cu, using the sacrificial support (Si02) method. Galvanic replacement was subsequently used
to deposit isolated Pt atoms in the np-Cu surface. The nanoporous copper particles were oxidized under
KOH treatment, which allows for the thermodynamically favorable formation of cuprous oxide (Cu;0),
ultimately forming an oxidized surface layer. BET measurements indicated the formation of a catalyst with
moderately high surface area (10m?/g), while the formation of an oxidized surface was verified via XRD
(Fig. 2a) to mimic the surface science model with top Cu,O layer on bulk Cu®. TEM imaging provided
further proof for a predominant Cu,O surface, based on the lattice spacing of 0.25nm (Fig. 2¢). The atomic
dispersion of Pt was verified via CO-DRIFTS, which clearly shows the absence of bridged CO and only
yields a peak centered at 2097cm™ that is attributed to positively charged Pt (Fig. 2b).

Figs 3a and 3b show that Pt-np-CuxO is more active for the CO oxidation than np-CuxO regardless of the
presence of hydrogen in the feed gas stream. It is also noteworthy that the “light-off” temperature was
similar for the two reactions, indicating a similar reaction mechanism. For the Pt doped np-Cu.O,
conversion of CO started at 60°C, while for the bare support at temperatures higher than 90°C. This
difference held at 50% and 100% CO conversion as well.
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Figure 2. a) XRD measurements for the fresh (upper) and Figure 3. a) Second cycle TPSR data for CO oxidation
spent catalyst after CO oxidation reaction for 15 h (lower) over Pt-np-CuxO and np-CuxO, 50 mL/min, 2% O,
Pt-np-CuxO. b) CO DRIFTS of fresh Pt-np-CuxO 2% CO, bal. He, 500 mg sample b) TP- PROX on Pt-
¢) TEM image of as prepared Pt-np-CuxO np-CuxO and np-CuxO, 50 mL/min, 2% O2, 2% CO,

. ) o 40% Hz, bal. He, 500 mg sample ¢) Steady-state PROX
Another important aspect of this catalyst is its excellent  at 130°C on Pt-np-CuxO, 50 mL/min, 2% Oz,

selectivity under PROX conditions, which was 2% CO, 40% Ho, bal. He, 500 mg sample

maintained throughout the temperature range and even

at 100% of CO at 170°C (Fig. 3b) for Pt-np-Cu,O. Even at the highest temperature tested, the conversion
of H, to H,O remained below 5%. The absence of CO poisoning'®, along with the negligible coking of the
Pt doped materials, as confirmed by TPO, and the mild temperature of operation verified catalyst stability,
even after prolonged reaction times (Fig. 3c). Thus, we have discovered a new Pt catalyst comprising Pt
atoms stabilized in CuxO surfaces capable of CO oxidation and CO PROX reaction. The work, still in
progress, demonstrates yet another successful bridging of surface science, microscopy and catalysis.

3. Inorganometallic single site Au/Pt oxo-clusters stabilized by alkali ions as catalysts for the non-
oxidative methanol coupling

In situ CH3;0H IR and DFT study of methanol dehydrogenation over Au;-Ox-Nao-(OH),

A novel and practical method to prepare inorganometallic oxo-clusters of single gold and platinum atoms
in alkaline solutions was developed in our lab. For gold, Au(OH)s was dissolved in NaOH or KOH solutions
at ~ 80°C, with 9-10:1 ratio of Na/K to Au. Up to 1.2 wt.% loading of atomic gold was achieved by incipient
wetness impregnation of titania with these solutions. This is one of the highest loadings of single gold atoms
on any support reported to date. EXAFS analyses indicate that Au is coordinated with -O in the first shell
and with Na or K as the sheath for Au;-Ox-Na/Ko-(OH),. Non-oxidative dehydrogenation of methanol
(2CH30H — HCOOCH; + 2H») to methyl formate (MF, coupled product) and hydrogen with 100%
selectivity even at high conversions took place over Au;-Ox-Nag-(OH),/TiO». Interestingly, and most
importantly, the intact complex could be washed out of the support in water, and re-used to impregnate the
support without loss of activity. This finding led us to prepare unsupported catalysts, i.e. the same complex
after drying. The unsupported material was active and as selective, as shown by our catalytic tests, and by
several characterization methods. Thus, the support plays no role in the reaction.

The experimental results (capturing catalytic sites, and intermediate/spectator species identified by in situ
DRIFTS) were complemented by theoretical studies aimed at gaining further mechanistic insight into the
catalytic activity of the [Au;-Ox]- species toward MF production. To this end, our collaborators at
Wisconsin performed a detailed study of the thermochemistry of relevant steps, using density functional
theory (DFT), to efficiently screen active cluster candidates.
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Fig. 4. Non-oxidative methanol dehydrogenation activity Figure 5. TPSR data for the B-D scrambling reaction over
and stability of gold: Arrhenius-type plots of methanol (a) Pto.03Cu-SAA, Pto.o1Cu-SAA and Cu-NP catalysts and
dehydrogenation to MF over various Au-Ox catalysts. TOF is (b) Pt-NP catalysts, monitored by mass spectrometry. The
shown in the inset, in MF molecules produced per gold atom data in (a) are from the second reaction cycle. First, second
per sec. and third cycles of TPSR are shown for Pt-NP (b); (c) 12-h

test for the Pto.o1Cu-SAA catalyst at 360°C showing stability
Three new cluster models, permanently decorated over time. The catalyst was at RT at the beginning and end

with HCOO. were evolved from previously of the test, 50 mL/min, 5% butane, 2% deuterium, bal. Ar,

° 20
examined spectator-free models: Au;-O3-Nao- 100 mg sample.
(OH)o, Aui-O7-Nao-(OH)s, and Au;-Oo-Naog-(OH),
the last two being permanently decorated with two HCOO groups, while the first with a single HCOO. This
agrees with the identification of HCOO as a spectator species in methanol dehydrogenation by in situ
DRIFTS.

4. PtCu single-atom alloy catalysts for coke resistant C-H activation and selective dehydrogenation
of n-butane

In another part of the project, we investigated Pt/Cu SAAs for the dehydrogenation of alkanes to produce
alkenes®’, which are precursors to commodity polymers. Preventing coking is an active, yet challenging
area of current C-H chemistry research. We have now demonstrated that Pt/Cu SAAs activate C-H bonds
with significantly improved activity over Cu, while avoiding coking that occurs on catalysts with extended
Pt ensembles due to the ability of Cu to facilitate C-C coupling chemistry.”” We conducted EXAFS and
FTIR studies to confirm the formation of Cu NPs with embedded isolated Pt atoms."’ Encouraged by the
success in the coke resistant B-D scrambling, Fig. 5, we explored the nonoxidative dehydrogenation of
butane with SAA catalysts. At 400 °C, Pty01Cu-SAA stably converts butane to butene for at least 52 h
without any deactivation. The high stability of Pto.ciCu-SAA in butane dehydrogenation results from a lack
of Pt ensembles that are easily coked.”® Therefore, we have demonstrated the SAA Pt/Cu alloy as a most
promising catalyst for alkane dehydrogenation. Work is continuing to rank order other M/Cu SAAs (M: Pt,
Pd, Rh, Nj, ...) and improve our mechanistic understanding of these systems.
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William F. Schneider
Modeling and Exploiting Non-idealities in Nitrogen Catalysis

William F. Schneider
University of Notre Dame

Presentation Abstract

Among the most significant developments in heterogeneous catalysis in the last 20 years is the
emergence of microkinetic models, often parameterized from density functional theory (DFT)
calculations, used to quantify observed catalyst performance and to guide the discovery of new
catalytic materials. While DFT directly reports binding energies and elementary step activation
energies, the free energies that enter into microkinetic models must be computed from additional
approximations. Frequently these free energy approximations assume ideal behavior—that
adsorbates do not interact with one another, or that adsorbates are immobile or vibrate
harmonically about a binding site. These assumptions can and do have an impact on predicted
catalyst performance and potentially even on predicted trends.

In this presentation I discuss our work related to three categories of non-idealities, presented in the
context of nitrogen oxidation and reduction catalysis. I describe our strategy for calculation of
adsorbate translational free energy, the contribution least well described by conventional models,
and compare the exact results to standard approximations. I briefly describe computational models
of adsorbate-adsorbate interactions, examine the implications of their incorporation into explicit,
lattice-based microkinetic models, and describe recent advances in mean-field descriptions of this
coverage-dependence. Lastly, I describe recent work to explore the kinetic consequences of the
most fundamental assumption of all—that of energy equipartition—in an effort to rationalize and
guide plasma-enhanced catalysis.

DE-FGO02-06ER15839: Towards Realistic Models of Heterogeneous Catalysis: Simulations
of Oxidation Catalysis from First Principles

Postdoc(s): Dr. Hanyu Ma
Student(s): Anshumaan Bajpai, Prateek Mehta

RECENT PROGRESS

Adsorbate Translational Free Energies

The free energy of a system is determined by the volume of phase space the system explores at a
given temperature. An adsorbate at a surface may be immobile, in which case the the translational
contribution to its free energy vanishes, or it may freely translate, in which case the translational
contribution to its free energy is proportional to area. In reality neither limit is correct, as the energy
landscape an adsorbate experiences as it translates is corrugated. This corrugation can be
approximately represented using analytical models, such as the harmonic oscillator. In principle,
however, these potential energy landscapes are computable, and thus the translational free energies
knowable without approximation.
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Figure 1 shows DFT-computed translational potential energy surfaces for a variety of atomic
adsorbates on Au(100) and Pt(100). The differences in preferred adsorption site across adsorbates
and energy corrugation across metals are evident. By solving the two-dimensional Schrodinger
equation on these potentials, we extract translational densities of states and, from the
corresponding partition functions, the translational free energy.

Figure 2 shows representative results for O on Au(100). The exact (PES) solution is intermediate
between the harmonic oscillator (HO) and hindered (HT) or free translator (FT). Absolute
differences are on the order of 0.1 eV at 800 K, arguably small relative to the underlying DFT
uncertainty. By comparing across systems, we find that the errors associated with conventional
models are highly case specific, and further that common strategies for selecting particular models
may compound rather than ameliorate errors. Further, we find that in the cases studied the PES is
to a good approximation separable, and thus that the problem reduces to solving two 1-dimensional
Schrodinger equations. Thus, the full PES solution can be applied with introduction of minimal
additional computational expense relative to the standard models. We are working to extend these
models to more corrugated surfaces and more complex adsorbates.

Catalytic Consequences of Adsorbate-Adsorbate Interactions

In the conventional approach, adsorbate-surface binding energies are computed at a fixed
coverage, say in a 2 x 2 or 3 x 3 supercell of a particular metal facet. Such an approach is
appropriate for comparing energies across facets, between metals, or even between adsorbates.
Under catalytic conditions, however, adsorption energies can deviate significantly from the ideal,
coverage-independent limit because of ubiquitous adsorbate-adsorbate interactions.

We have used lattice-based, DFT-parameterized cluster expansions (CE) to represent coverage-
dependent adsorption energies and have developed techniques to simplify their construction for
multi-adsorbate systems. While the CE is accurate, it becomes increasingly cumbersome to
parameterize with increasing numbers and types of adsorbates. We have developed analytical
expressions for coverage-dependent adsorption that nicely reproduce the CE results.

Figure 3 shows predicted adsorbate coverages during steady-state NO oxidation on Pt(111)
computed using tue full CE, two literature analytical models (linear and piece-wise linear), and a
new, activity-inspired model (act). The activity model performs well over a wide range of
conditions and coverages. Figure 4 reports the corresponding NO oxidation rates. The activity
model best matches the CE at low temperatures, where coverages are the highest. At high
temperatures all models deviate from the CE, a consequence of underlying mean-field assumption
in the analytical models.

Catalytic Ammonia Oxidation

The NO oxidation systems is a practically important model, but our goal is to extend these models
to more complicated catalysis. Ammonia oxidation is technologically important and is interesting
because of selectivity issues between N2, NO, and NH3. While the thermodynamic N> selectivity
is larger than 99% at conditions relevant to ammonia slip catalysis (ASC), the observed
selectivities of platinum group metals (PGMs) are often less than 80%, insufficient to meet
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emission regulations. To date, there is no self-consistent comparison of intrinsic selectivity over
PGM, and the relation between surface coverage and product selectivity remain unclear.

We have computed all reaction steps relevant to ammonia oxidation on Pt, Pd and Rh(111). We
find that direct N-H bond dissociation has high activation barriers on the metal terraces but that
activation energies are diminished by reaction with co-adsorbed O* and OH*. Figure 5 shows the
results of a mean-field microkinetic model of ammonia oxidation at a representative ASC
condition, parameterized from the DFT results, and plotted as a Sankey diagram to compare the
net rates of the parallel reaction steps. The diagrams show that N selectivity follows Pt > Rh > Pd
and it highlights the relative importance of O* and OH* activated NHx* dehydrogenation.

An analysis of these coverage-independent microkinetic results shows that, at low temperature and
low O2/NHj ratios, the most abundant surface intermediate is N and N> selectivity is high; in
contrast, at high temperature and high O2/NH; ratios, O becomes the most abundant surface
intermediate and selectivity switches towards NO and N>O. These observations are consistent with
experimental observations. The work highlights the relationship between coverage and selectivity
and motivates further development of coverage-dependent models.
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(1) Exclusively funded by this grant;

J. M. Bray and W. F. Schneider, “First-Principles Analysis of Structure Sensitivity in NO
Oxidation on Pt,” ACS Catal., 2015, 5, 1087-1099.
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Unraveling the Catalytic Transformations Drive the Activation of Cellulose
Matthew Neurock, Paul Dauenhauer, Greg Facas, Vineet Maliekkal, Saurabh Maduskar

Department of Chemical Engineering and Materials Science, University of Minnesota,
Minneapolis, MN, 421 Washington Ave. SE, Minneapolis, MN 55455

Presentation Abstract

Cellulose, the most abundant biopolymer in lignocellulosic biomass, can be transformed
into value added chemicals and fuels through thermochemical as well as biochemical routes. In
fast pyrolysis, cellulose is rapidly heated to 400-600 °C where it liquefies and depolymerizes to
form anhydro-oligomers including levoglucosan, furans, anhydrosugar and light oxygenates that
make up bio-oil as well as gas and char. Pyrolysis results in a complex array of thousands of
different species. The complexity of following the reactivity of this multicomponent three-phase
system presents significant challenges for reaction systems that can track the kinetics for individual
species while eliminating heat and mass transfer effects as well as for modeling the elementary
transformations. As such, most of the kinetic models for the cellulose pyrolysis are lumped
empirical models devoid of the fundamental chemistry. While ab initio simulations have provided
unique insights into elementary bond breaking/making steps, most reported studies examine the
reactivity of a single model molecule in absence of the complex reaction environment.

Herein we have developed and used a novel reactor system (Pulse-Heated Analysis of
Solid/Surface Reactions (PHASR)) together with in-situ analytical methods that allow us to rapidly
heat and cool samples to control the reaction progress and capture time-resolved kinetics. These
efforts are coupled with detailed ab initio simulations and kinetic Monte Carlo simulations that
follow the molecular transformations of cellulose within their complex solid and liquid
environments. We examine in detail the reactions within the solid and liquid that form during
pyrolysis and show that the local environment can, in some cases, significantly promote the
reactivity by catalyzing particular reactions. More specifically we examine the molecular
transformations in the initial depolymerization of cellulose to form Levolglucosan, a primary
product formed via glycosidic bond cleavage, and explore the catalytic effects of hydroxyl groups
as well as metal ions such as Ca and Mg present within biomass. Experiments show two different
kinetic regimes for the thermal decomposition of cellulose that operate via different mechanisms.
The high temperature regime has a high activation barrier and proceeds via the mid-chain scission
of cellulose whereas the low temperature regime has a low barrier and extensive chain-end
scission. At low temperatures, inter-sheet hydroxyl groups act as catalysts to promote the lower
energy reaction pathways. At higher temperatures, the paths are predominantly thermal and
proceed with higher barriers. The specific addition of Ca, as well as other alkaline or alkaline earth
cations, appear to catalyze low temperature intra-chain scission. Simulations suggest that Ca
disrupts the intra-plane hydrogen bonding and stabilizes the transition stated for
transglycosylation.
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Simon R. Bare

Development of in-situ/operando Catalyst Characterization Capabilities as SSRL: Progress
Report

Simon R. Bare!, Adam S. Hoffman!, Alexey Boubnov'
'SSRL, SLAC National Accelerator Laboratory

Presentation Abstract

Accessible and versatile in-situ/operando experimental capabilities are the lifeblood of a catalysis-
related synchrotron beam line. These capabilities allow critical experiments to be performed on
working catalysts and provide detailed information on the atomic-level structure (geometric and
electronic) of the active site, allowing structure-property relationships to be developed, and
ultimately leading to the discovery of new catalysts. This poster highlights some of the synchrotron
catalyst characterization capabilities that have recently been implemented and are currently under
development at SSRL. The initial focus has been on the infrastructure necessary for the study of
thermal heterogeneous catalysts. Results will be presented on: (i) Versatile experimental
infrastructure (gas delivery and in-situ cells) for safe and reliable operations (temperatures up to
700°C, pressures up to 70 bar) for XRD and XAFS, using cobalt-based catalysts for higher alcohol
synthesis from syngas as an example; (ii)) Long-term studies, e.g. deactivation phenomena in
Fischer-Tropsch catalysts; (ii1) Time-resolved spectroscopy using quick-scanning and continuous-
scanning XAFS. This capability will be illustrated with a study of ligand-exchange kinetics in
supported molecular catalysts; (iv) Combined in-situ FTIR/XAFS capability, and (v) The use of
FEFF9 XANES spectral simulations based upon DFT-optimized structures to both predict
experimental observations and for enhanced data analysis.

SUNCAT FWP
SLAC National Accelerator Laboratory

PI: Jens Norskov
Postdoc(s): Adam S. Hoffman, Alexey Boubnov
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Bart M. Bartlett
Exploring Nanoparticle Photocatalyts for Room Temperature, Aerobic Organic Oxidations

Bart M. Bartlett*, John L. DiMeglio, Kori D. McDonald, Aaron D. Proctor, and Shobhana
Panuganti
University of Michigan, Department of Chemistry

Presentation Abstract

The aerobic photochemical oxidation of benzylamine to N-benzylidenebenzylamine and benzyl alcohol
to benzaldehyde have been carried out on CdS nanowires as well as on the oxides WO3, CuWOs, and
BiVOsas test proton-coupled-electron-transfer reactions in acetonitrile. CdS undergoes photocorrosion
that accompanies photocatalysis, hinting that the radical intermediates formed during catalysis lead to
corrosion, similar to what has been observed with hydroxy radical in water. The oxides are significantly
more stable, and particle size is a key parameter for maximizing reaction rate. For example, 20 nm
particles of WOs generated by microwave synthesis from WCls yield an order of magnitude
enhancement in rate for photocatalytic benzylamine coupling (rate constant 2.5 h™' ¢! WOs) under 3-
sun simulated solar radiation. Current efforts include assessing the scope of this reactivity to non-
benzylic substrates.

DE-SC0006587: Exploring Photoelectrochemical and Photocatalytic Oxidations on
Semiconductor Nanostructures

Postdoc(s): Dr. John L. DiMeglio
Student(s): Andrew G. Breuhaus-Alvarez, Kori D. McDonald, Aaron D. Proctor, Shobhana
Panuganti

RECENT PROGRESS

The Interplay of Corrosion and Photocatalysis During Non-Aqueous Benzylamine Oxidation
on Cadmium Sulfide. (Chem. Mater. 2017, 29, 7579-7586.)

Bulk, nanowire, and chemical bath deposits of cadmium A
sulfide (CdS) have been evaluated for their propensity to g8 AN ] (D
oxidize benzylamine to N-benzylidenebenzylamine (N- % 0 Cas
BB) in acetonitrile both photocatalytically and e

0 g anay o1

photoelectro-chemically. During the reaction, the surface Ny
morphology of CdS (SEM imaging) and the chemical 2 O/\NHZ a:ﬁ’:‘t:l; Q/\ /O
composition of the surface (XPS analysis) change. These

two changes are accompanied by Cd** leaching into solution (ICP-OES analysis) and by H»S gas
evolution (chemical test) to unveil surface corrosion. This corrosion is linked to amine reactivity
directly; control experiments show that CdS is quite stable during substrate-free photolysis even
under prolonged irradiation. Moreover, photoelectrochemical experiments show that oxygen as
well as trace water are essential reactants in CdS photocorrosion.
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CuWOy as a Photocatalyst for Room Temperature Aerobic Benzylamine Oxidation. (Chem.
Commun. 2018, 54, 1101-1104.)

Oxidation of benzylamine carried out on the ternary oxides | sgamien 07
CuWOs and BiVOs under aerobic conditions shows = %
quantitative conversion to N-BB with initial rate constants
0.34 h'! g'and 0.70 h'! g! for CuWO4 and BiVOs
respectively. Moreover, the catalytic semiconductor ¥
particles can be washed and recycled 5 times withno loss
in activity.

Synthesis of Oxide Nanoparticle Catalysts by Microwave Methods (Work in progress)

Tuning particle size and composition in T oo, oxide
synthesis is complicated in aqueous 3
solution because fast diffusion and 5
hydrolysis rates give rise to large, low
surface area particles that often sinter — ~ upon
annealing. Using organic solvents with metal

halide precursors in high boiling point ORI e
solvents gives give crystalline phase-pure nanomaterials that do not require annealing. For
example, WO3 nanoplatelets can be synthesized from WCls in benzyl alcohol as the solvent in 30
minutes using 20 — 30 W microwave power. The average particle size is on the order of 20 nm,
and the initial rate for benzylamine oxidation on these nanoparticles is the fastest observed in our
photocatalysis experiments yet, 2.5 h™! g”! WOs.

Kinetics and Faradaic Efficiency of Oxygen Evolution on Reduced HiWQO3 (Work in progress)

Instability in the observed photocurrent density during 1o 10
photoelectrocheical water oxidation on WOs3 has previously

T
o
-3

-
been attributed to formation of destructive peroxytungstate _ ' | m
intermediates. Tungsten oxide electrodes have been §°°1 L‘KL \L - pos
synthesized by spin coating from an ammonium metatungstate .- i Losd
sol followed by annealing. Under constant illumination, '“02_ _025

repeated cycles of poising these WO; electrodes at 0.98 V vs

Ag/AgCl in pH 1 sulfate solution followed by measuring the 01—
0 5 10 15 20 25 30 35 40 45 50 55

open circuit potential for several hours show reversibility in ih

the photocurrent decay. This behavior is attributed to

photochromic H,WO3 generated at low concentration within the electrode, which serves to

increase the donor density. Mott-Schottky analysis of electrochemical impedance spectroscopy

(EIS) measurements before and after performing the oxygen evolution reaction (OER) exhibit a

decrease in donor density from 2.6(8) x 10*° cm™ to 7(2) x 10" cm™. Measuring the OER rate

by gas chromatography during water oxidation shows concurrent recovery of catalytic activity,

illustrating the role of HWO3 during photocatalysis.

o
=]
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Prof. Suzanne A. Blum
Single Turnover at Molecular Catalysts

Prof. Suzanne A. Blum*, Quinn T. Easter, Dr. Nozomi Saito
Chemistry Department, University of California, Irvine, USA 93697-2025

Presentation Abstract

Catalytic cycles are typically depicted as possessing time-invariant steps with fixed rates. Yet the
true behavior of individual catalysts with respect to time is unknown, hidden by the ensemble
averaging inherent to bulk measurements. Herein, focused on a ring-opening metathesis
polymerization reaction catalyzed by the second-generation Grubbs’ ruthenium catalyst, we show
evidence for variable chemical kinetics at individual catalysts with fluorescence microscopy
possessing sufficient sensitivity for the detection of single chemical reactions. Insertion reactions
in submicron regions likely occur at groups of many (not single) catalysts, yet not so many that
their unique kinetic behavior is ensemble averaged.

DE-SC0016467: Single-Molecule Fluorescence Tools at the Interface of Homogeneous and
Heterogeneous Catalysis

Postdoc(s): Dr. Nozomi Saito
Student(s): Quinn T. Easter

RECENT PROGRESS
Evidence for Dynamic Chemical Kinetics at Individual Molecular Ruthenium Catalysts.

The experiments in this area provided evidence for dynamic chemical kinetics at individual
molecular polymerization catalysts. Although the rates of monomer insertion at single catalysts
were not measured, real-time chemical kinetics information could nevertheless be measured
without the averaging that occurs in a traditional ensemble measurement. The sensitivity to detect
single fluorophores from individual ROMP reactions enabled estimation of quantitative kinetics
of polymerization at subparticle, submicron regions of polymer aggregates. These data
unexpectedly showed that regions of polymer aggregates change catalytic chemical reactivity
abruptly and that distinct kinetics dominate within a subparticle region. Broadly, such changing
kinetic states plausibly affect the macroscopic properties of resulting polymers (e.g., through
regionally differing amounts of comonomer incorporation in block copolymers). Key details about
chemical kinetics are generally hidden by ensemble measurements, and this fluorescence
microscopy approach provides a way to gain insight into the dynamic behavior of molecular
catalysts and thus redefine the dogmatic view of catalytic cycles.
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The First Single-Turnover Fluorescence Imaging of Any Molecular Catalyst

Multiple active individual molecular ruthenium catalysts were pinpointed within growing
polynorbornene, revealing reaction dynamics and location information that is unavailable through
traditional ensemble experiments. These experiments are the first single-turnover fluorescence
microscopy imaging at any molecular (chemo)catalyst and achieve the detection of individual
monomer reactions at an industrially important molecular ruthenium ring-opening metathesis
polymerization (ROMP) catalyst under synthetically relevant catalytic conditions (e.g.,
unmodified industrial catalyst, ambient pressure, condensed phase, ~0.03 M monomer). These
results further establish the key fundamentals of this imaging technique for characterizing the
reactivity and location of active molecular catalysts even when they are the minor components.

Catalysis is a multibillion-dollar world-wide industry, yet the determination of the phase and local
environment of active catalysts is a long-standing analytical challenge. This is especially true in
reactions at the homogenous/heterogeneous interface where the (unknown) phase and locations of
the active catalyst can have a profound effect on its local environment and thus reactivity and
selectivity. Herein we employ fluorescence microscopy with single-monomer insertion reaction
sensitivity under catalytic conditions at individual molecular catalysts. Resultant imaging data
revealed phase and spatiotemporally resolved individual active molecular ruthenium catalysts
within growing polymers for the first time, providing information that is unavailable through
traditional ensemble techniques. The industrially important monomer norbornene and catalyst 1
were selected for initial studies. The molecular ruthenium catalyst “Grubbs II” is inactive when
phosphine is coordinated; thus, the presence of ruthenium does not imply catalytic activity and
new analytical techniques are needed to pinpoint the origin and distribution of reactivity.

While well-known in biological systems, zeolite, and nanoparticle catalysis, this is the first
example of achieving the single-turnover detection limit with a molecular catalyst by single-
molecule fluorescence microscopy. Given that molecular catalysts make up a significant portion
of all catalysis, imaging turnover in these systems at the single-molecule level holds great potential
to reveal reactivity information hidden by ensemble averaging like it has in biological, zeolite, and
nanoparticle systems.

The added challenge with molecular catalysts is that their small size means they diffuse rapidly in
solution, precluding imaging. Approaches with stoichiometric reactions of molecular species
chemically tethered to glass to reduce their motion and make them sufficiently stationary for
imaging have not yet yielded catalytic turnover. In contrast, we demonstrate a strategy wherein
experiments employ unmodified catalyst which is widely employed in industrial syntheses of
polymers, pharmaceutical candidates, and complex molecules. No tethering to an artificial surface,
which may alter its reactivity, is necessary. Instead, the experiments herein harness the changing
solubility and large size of growing polymers in a precipitation polymerization reaction to aid in
imaging individual active molecular catalysts; such catalysts, derived from 1 within precipitated
polymers were sufficiently stationary for successful imaging of single ROMP reactions. Unlike
AFM techniques that study individual catalyst sites, this technique does not require atomically
smooth model surfaces.

Kinetics of the Same Reaction over Nine Orders of Magnitude in Concentration: When Are
Unique Subensemble and Single-Turnover Reactivity Displayed?
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Essentially no information is known about the behavior of individual molecular catalysts under
reaction conditions, due to the averaging inherent to traditional analytical techniques. In this study,
a combined fluorescence microscopy and '"H NMR spectroscopy approach reveals that unique (that
is, non-ensemble averaged) time-variable kinetics from molecular ruthenium catalysts within
growing polynorbornene occur and are detectable between 10° M and, surprisingly, 10°® M of
substrate, just 1000-fold less concentrated than a typical laboratory bench-scale reaction. The
kinetic states governing single-turnover events are determinable by overlay of the signal arising
from individual monomer insertion reactions with that from polymer growth from neighbouring
catalysts.

Publications Acknowledging this Grant in 2015-2018
(This grant started in 2016)
(1) Exclusively funded by this grant:

1. Kazuhiro, K.; Blum, S. A. "Structure—Reactivity Studies of Intermediates for Mechanistic
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2. Easter, Q. T.; Blum, S. A. “Single Turnover at Molecular Polymerization Catalysts Reveals
Spatiotemporally Resolved Reactions.” Angew. Chem. Int. Ed. 2017, 56, 13772—-13775.
(Highlighted in Angew. Chem. Int. Ed. 2018 “Kinetics in the Real World.”)

3. Easter, Q. T.; Blum, S. A. “Evidence for Dynamic Chemical Kinetics at Individual Molecular
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Supported Metal Nanoparticles:
Correlating Structure with Catalytic Function through Energetics

Charles T. Campbell
University of Washington, Departments of Chemistry and Chemical Engineering

Presentation Abstract

Many important catalysts and electro-catalysts for energy and environmental technologies involve
late transition metal nanoparticles dispersed across the surface of some oxide support. The activity
and long-term stability of these materials depend strongly on particle size below 5 nm, and, in this
size range, upon the nature of the oxide support. The relationships between the energetic stability
of late transition metal particles on oxide supports and their structural, electronic, chemisorption
and catalytic properties have been analyzed in detail. We will show predictive correlations
amongst the calorimetrically-measured energy of the metal atoms in these nanoparticles (i.e., the
metal-atom chemical potential) and their particle size as well as their adhesion energy to the oxide
surface (Eaqn). Measurements of the metal / oxide adhesion energy reveal that E.an increases with:
(1) increasing oxophilicity of the metal (estimated from the heat of formation of the oxide of the
metal from metal gas plus Oz, (2) decreasing oxophilicity of the oxide support (estimated from the
heat of reduction of the metal oxide support to its next lower oxide), and (3) increasing density of
coordinatively-unsaturated O atoms on the surface of the oxide. The strength with which oxide-
supported metal particles bond adsorbates, their catalytic kinetics and their sintering rates also
correlate with this metal-atom chemical potential, and thus it helps explain particle size and support
effects in catalysis.

Grant No. DE-FG02-96ER14630: Supported Metal Nanoparticles:
Correlating Structure with Catalytic Function through Energetics

Postdoc(s): none
Student(s): Griffin Ruehl, Jack Rumptz, Zhongtian Mao, Wei Zhang, Ziareena Almualem, John
Ehren Eichler.

RECENT PROGRESS

Metal vapor adsorption calorimetry: trends in adsorption and adhesion energies

Nanoparticles on surfaces are ubiquitous in nanotechnologies, especially in catalysis
where metal nanoparticles anchored to oxide supports are widely used to produce and use fuels
and chemicals, and in pollution abatement. We continued our calorimetric studies of the
adsorption energies of metal atoms as they grow nanoparticles on oxide supports, which provides
the metal atom chemical potential versus particle size. We published a detailed study of the
energetics of 2D and 3D gold nanoparticles on MgO(100). From this and other studies, we realized
new ways to predict these energetics, as described below.

We proved that for hemispherical metal particles of the same diameter, D, the chemical
potentials of the metal atoms in the particles () differ between two supports by approximately -
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2(Eadn,a - EadnB)Vim /D, where E,q,i is the adhesion energy between the metal and support i, and Vi
is the molar volume of the bulk metal. This is consistent with calorimetric measurements of metal
vapor adsorption energies onto clean oxide surfaces where the metal grows as 3D particles, which
proved that p, increases with decreasing particle size below 6 nm, and, for a given size, decreases
with Eaqn. Since catalytic activity and sintering rates correlate with metal chemical potential, it is
thus crucial to understand what properties of catalyst materials control metal/oxide adhesion
energies. Trends in how E.qn varies with the metal and the support oxide were discovered. For a
given oxide, Eaqn increases linearly from metal to metal with increasing heat of formation of the
most stable oxide of the metal (per mole metal), or metal oxophilicity, suggesting that metal-
oxygen bonds dominate interfacial bonding. For the two different stoichiometric oxide surfaces
that we studied with multiple metals (MgO(100) and CeO»(111)), the slopes of these lines was
found to be the same, but their offset is large (~2 J/m?). Adhesion energies were found to increase
as: MgO(100) =T102(110) <a-Al203(0001) <CeO2(111) =Fe304(111).

Based on the above results and our other calorimetric measurements of metal adsorption
energies, we discovered a method for estimating the metal atom chemical potential oxide-
supported metal nanoparticles as a function of particle size for different metal / oxide
combinations. We proved that this chemical potential for later transition metals is well
approximated for a particle of diameter D by (D) = [(3ym — Eaan)(1 + Do/D)](2Vm / D), where ym
is the surface energy of the bulk metal, Eaqn is the adhesion energy at the bulk metal / oxide
interface, and D, is ~1.5 nm, and Vy, is the molar volume of the bulk metal. We further showed
that Eaqn increases with: (1) increasing heat of formation of the most stable oxide of the metal from
metal gas atoms plus O2(gas) per mole of metal atoms, (2) decreasing enthalpy of reduction of the
oxide to its next lower oxidation state plus Oz(gas), per mole of oxygen atoms, and (3) increasing
density of surface oxygen atoms on the oxide surface. The linear scaling of Eaqn with these
properties allows estimations if Eaqn for a variety of metal / oxide combinations. Using this Eadn
estimate in the above equation with known values for ym allows estimates of metal chemical
potential versus particle size for late transition metals on various oxide supports.

The above relationships and trends predicted that E.qn on a given oxide would be much
larger for Ni particles than for any other metal particles we had studied so far. So we measured
Eagn on MgO(100) and CeO»(111) and confirmed those predictions with quantitative accuracy.

This new predictive ability to estimate metal chemical potential for different catalyst
nanomaterials improves our ability to understand structure-property relations in catalysis and
design better catalysts. We also wrote a review article about making sinter-resistant catalysts with
Younan Xia at Georgia Tech.

In collaboration with Tom Mallouk’s group at Penn State, we measured heats of
adsorption of Ag and Cu atoms onto the basal plane of calcium niobate nanosheets. This is the first
such measurement ever performed in the world on any mixed metal oxide. These results are being
analyzed to determine their chemical potentials versus particle size and adhesion energies.

Catalytic Reaction Kinetics and Mechanisms

We also studied catalytic reaction kinetics. In collaboration with Jonannes Lercher’s
PNNL team, we studied both electrocatalytic hydrogenation (ECH) and thermal catalytic
hydrogenation (TCH) of phenol by carbon-supported Pt and Rh. These both showed a roll-over
in rate with increasing temperature without changing the principal reaction pathways. The negative
effect of temperature for aqueous-phase phenol TCH and ECH on Pt and Rh is deduced to be from
dehydrogenated phenol adsorbates, which block active sites. ECH and TCH rates increase
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similarly with increasing hydrogen chemical potential whether induced by applied potential or H>
pressure, both via increasing H coverage, and indirectly by removing site blockers, a strong effect
at high temperature. This enabled us to achieve rates of phenol TCH rates at 60-100 °C that are
much higher than ever reported.

The Degree of Rate Control

The “degree of rate control” (DRC) is a mathematical approach for analysing multi-step
reaction mechanisms that has proven very useful in catalysis research. It we invested by the PI. It
identifies the “rate-controlling transition states and intermediates” (i.e., those whose DRCs are
large in magnitude). Even in mechanisms with over 30 intermediates and transition states, these
are generally just a few distinct chemical species whose energies, if they could be independently
changed, would achieve a faster net reaction rate to the product of interest. For example, when
there is a single “rate-determining step”, the DRC for its transition state (TS) is 1, which means
(by definition) that if this TS’s energy could be decreased by k3T (where ks is Boltzmann’s constant
and 7 is temperature), the net rate would increase by a factor of e. Since the (relative) energies of
these key adsorbed intermediates and transition states can be adjusted by modifying the catalyst or
solvent, or even a reactant’s molecular structure, the DRC values provide important ideas for
catalyst improvement. The species with large DRCs are also the ones whose energetics must be
most accurately measured or calculated to achieve an accurate kinetic model for any reaction
mechanism. We published an invited tutorial on DRC analysis, the calculation of DRCs, and
examples of the applications of DRCs in catalysis research is presented here. It summarizes the
applications of DRC analysis, including: clarifying reaction kinetics, improving the accuracy of
computational models, improving reaction conditions, improving choice of oxidant in selective
oxidation, incorporation in algorithms which calculate net reaction rates of multistep mechanisms
without solving the differential equations involved, and high-throughput computational screening
of catalyst materials. We also showed there that, since DRC values can be determined
experimentally, a full microkinetic model is not required to take advantage of DRC analysis.
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Presentation Abstract

It is well known that the electronic and catalytic properties of transition metals can be
modified by alloying either with carbon or with another metal. The resulting metal carbides or
bimetallic alloys often demonstrate properties that are distinctively different from those of the
parent metals. The goal of our research program is to identify carbide and bimetallic catalysts to
either substantially reduce or completely replace Pt-group metals in electrocatalysis. Many
electrochemical devices, such as electrolyzers, fuel cells and photoelectrochemical cells, currently
require Pt-group metals (Pt, Pd, Ir, Rh, Ru) as electrocatalysts. The high costs and limited supplies
of these precious metals create potentially prohibitive barriers to market penetration and scale-up
production of devices requiring large catalyst loadings.

Our research efforts involve three parallel approaches: (1) UHV experiments and DFT
calculations on single crystal surfaces to predict general trends, (2) synthesis and characterization
of the corresponding polycrystalline films and powder catalysts, and (3) electrocatalytic evaluation
of these materials as low-cost alternatives to replace Pt-group metal catalysts. In the past year we
utilized these approaches to investigate the hydrogen evolution reaction (HER) and the CO>
reduction reaction (CO2RR).

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

PI: Jingguang Chen
Student(s): Brian Tackett; Tyra Zhang (3 months); Steven Denny (3 months);

RECENT PROGRESS
A. Metal-Modified Carbides as HER Electrocatalysts in Acid and Alkaline Electrolytes

The motivation is to identify alternative electrocatalysts using a combination of theoretical
and experimental methods. Fuel cells, electrolyzers, and photoelectrochemical cells are
electrochemical devices that are commonly considered as core technologies in a clean energy
future. Central to the operation of all of these devices are catalysts, more specifically
electrocatalysts, which mediate charge transfer processes between the electrolyte and device
electrodes with minimal losses in efficiency. Unfortunately, many state-of-the-art catalysts used
in the aforementioned technologies are comprised of expensive Pt-group metals (Pt, Ru, Rh, Ir,
and Pd). The high prices and limited supplies of these precious metals create potentially
prohibitive barriers to market penetration and scale-up production of devices requiring large
catalyst loadings for efficient operation.

Understanding descriptors and trends for HER can provide insight into reaction
mechanisms and help predict new active catalysts. For example, Norskov et al. used the well-
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established experimental correlation between the M-H bond energy on a metal surface and its HER
activity to develop a database of density functional theory (DFT)-calculated hydrogen binding
energies (HBEs) for monometallic catalysts. This resulted in a volcano curve when plotted with
experimentally measured exchange current density. Their work provided new thermodynamic
data about the adsorbed hydrogen intermediate being involved in the acidic Volmer-Heyrovsky-
Tafel HER mechanism (Eq. 1- 3), which consists of the Volmer step followed by either the
Heyrovsky or the Tafel step. This approach also allowed the DFT-calculated HBE to be used as a
screening tool for other acid HER catalysts. This was especially useful for developing low-cost
electrocatalysts with single atom-thick layers (monolayers) of Pt supported on transition metal
carbides (TMCs). Later, Sheng et al. showed that a similar volcano correlation existed between
DFT-calculated HBEs and experimental alkaline HER activity on monometallic catalysts. A
subsequent study revealed that HBE on Pt was dependent on the pH value of the electrolyte, which
correlated HBE with HER activity over a wide pH range. Although it is unclear whether such DFT
calculations will be useful for Pt-modified TMCs, which are important for reducing Pt loading in
alkaline HER.

During the past funding cycle we have extended the DFT-calculated HBE correlation to
metal-modified TMCs to determine the utility of using HBE for this class of materials in alkaline
HER. We then explore the relationship between DFT-calculated hydroxyl binding energy (OHBE)
and alkaline HER activity on metal-modified TMCs. The hydroxyl group appears in the alkaline
Volmer step (Eq. 4) and Heyrovsky step (Eq. 5), so it likely impacts HER kinetics more than in
the acidic case. As stated above, alkaline HER is not completely described by HBE alone, and
recent studies have aimed to describe the exact role of the hydroxyl for alkaline HER (mostly on
Pt surfaces). Some conclude that adsorbed OH directly participates in the Volmer step, while
others state that hydroxyl only indirectly impacts HER kinetics through competitive adsorption!'?!
or hydrogen stabilization. Whatever the case, clearly hydroxyl binding energy should be
understood to describe alkaline HER. This is especially true for TMC surfaces, which are typically
more oxophilic, and should bind hydroxyl more strongly, than Pt.

Volmer Step H* ++ +e~ & H * Eq. 1
Heyrovsky Step H*x +H " +e~ & H, +* Eq. 2
Tafel Step Hx +H*x & H+ 2% Eq. 3
Alkaline Volmer Step H,0 +* +e~ © Hy* +OH™ Eq. 4
Alkaline Heyrovsky Step H+x+H,0 +e" o H, +OH +e~ Eq. 5

The HER electrochemical testing was performed to obtain HER activity, specified by their
exchange current density (i,). DFT calculations were preformed to determine the free energy
change of adsorbed hydrogen (AGn) and hydroxyl group (AGon) for each surface, directly
correlating to HBE and hydroxyl binding energy (OHBE), as shown in Table 1. To ensure the
validity of the obtained HER activity, sample stability was examined by electrochemical stability
testing coupled with XPS characterization before and after electrochemical testing. The correlation
was then established between the calculated HBEs and OHBEs and their acid and alkaline HER
activity (io).
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Table 1. DFT calculations of AGnx on Pt, Pd, Au, Ag-modified carbides, Pt(111),
Pd(111), Au(111), Ag(111) and unmodified carbides surfaces

Category Surfaces AGH (eV) AGon (V)
Pt/carbides Pt/Mo0.C(0001) 0.01 -2.39
Pt/NbC(111) —0.28 -2.41
Pt/TaC(111) —0.07 -2.51
Pt/TiC(111) —0.03
Pt/VC(111) 0.02 -2.26
Pt/W>C(0001) 0.09
Pt/WC(0001) —0.13 -2.81
Pd/carbides Pd/Mo,C(0001) —-0.03
Pd/NbC(111) —0.19
Pd/WC(0001) —0.19
Au/carbides Au/Mo,C(0001) 0.48 -2.39
Au/NDLC(111) 0.57 -2.31
Auw/TaC(111) 0.47 -2.51
Auw/VC(111) 0.51
Au/WC(0001) 0.14
Ag/carbides Ag/NbC(111) 0.44
Bulk metals Ag(111) 0.37
Au(111) 0.36
Pd(111) -0.36 -2.34
Pt(111) -0.26 -2.21
Unmodified-carbides Mo2C(0001) —0.75 -4.6
NbC(111) —0.90 -4.85
TaC(111) —0.99 -4.96
TiC(111) —0.96
VC(111) —0.84 -4.91
W2C(0001) —0.60
WC(0001) —0.81 -4.19

Although it is well established that the HBE values can be used as a descriptor for the HER
activity in acid, the descriptor for alkaline HER has been under debate due to the differences in
proposed mechanisms in acid and alkaline electrolytes. Therefore, the Gibbs free energy change
of the adsorbed hydroxyl group (AGon) was also calculated and summarized in Table 1. The
alkaline HER activity for metal-modified TMCs forms a volcano-shaped relationship with AGg,
as shown in Figure 1a. This indicates that AGy is, indeed, an important descriptor for alkaline HER
activity on metal-modified carbides. According to Fig. la, the best HER activity in alkaline,
obtained on the Pt surface, should correspond to the most appropriate AGu located at the apex.
Based on the Sabatier principle, when hydrogen atoms were bound to surfaces more strongly than
Pt (AGu<Pt), the desorption process was less favored thus causing the decrease in HER activity.
The trend was illustrated by unmodified TaC, Mo,C, NbC, VC, and TaC. When hydrogen atoms
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were bound to surfaces less strongly than Pt (AGu>Pt), the hydrogen surface coverage was
relatively lower. As a result, higher energy (higher overpotential) was required to reach the same
alkaline HER activity. The trend was formed by the electrocatalysts of Au-modified NbC, TaC
and Mo:C.
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Figure 1: logio (io) for unmodified, Pt- or Au-modified TMCs, Pt and Pd as a function of respective AGu (a) or
AGon (b) in 0.1 M KOH.

Unlike the volcano-shaped relationship formed with AGu, AGon shows a much weaker
correlation with alkaline HER activity (Figure 1b). Au-modified TMCs have similar OHBEs as
Pt and Pt-modified TMCs, but the Au/TMCs alkaline exchange current densities are 2 or 3 orders
of magnitude lower than their Pt counterparts. This indicates that OHBE is not a good descriptor
for alkaline HER on TMCs and metal-modified TMCs. It also suggests that the adsorbed hydroxyl
group does not play a direct role in the rate determining step of alkaline HER kinetics on these
surfaces. Therefore, as compared to AGu, AGon should be considered as a less effective descriptor
for alkaline HER of examined TMC-based catalysts. Thus, the decreased HER activity for metal-
modified TMCs in alkaline compared to acid cannot be attributed to HBE and OHBE alone.
Instead it is likely that the alkaline environment influences the water structure or hydrogen
stability, as suggested by other studies on Pt surfaces. This is the first example of a volcano trend
on metal-modified TMCs for alkaline HER, and it shows that HBE is a good descriptor for this
class of materials under both alkaline and acid conditions. These combined experimental and DFT
results reveal that the adsorbed hydroxyl group does not directly participate in the rate determining
step of the alkaline HER.

B. Investigation of CO; Electrochemical Reduction to Synthesis Gas (CO + H>)

During the past funding cycle we have explored the electrochemical CO; reduction reaction
(CO2RR) to simultaneously produce carbon monoxide (CO) and hydrogen (H2) on carbon
supported palladium (Pd/C) nanoparticles in an aqueous electrolyte. The synthesis gas product has
a CO to H; ratio between 0.5 and 1, which is in the desirable range for thermochemical synthesis
of methanol and Fischer-Tropsch reactions using existing industrial processes. In situ X-ray
absorption spectroscopy in both near-edge (XANES) and extended regions (EXAFS) and in situ
X-ray diffraction show that Pd has transformed into S-phase palladium hydride (f-PdH) during the
COzRR. Density functional theory (DFT) calculations demonstrate that the binding energies of
both adsorbed CO and H are significantly weakened on PdH than on Pd surfaces, and that these
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energies are potential descriptors to facilitate the search for more efficient electrocatalysts for
syngas production through the CO2RR. Our electrochemical study, combined with in situ XANES,
EXAFS, and XRD measurements and DFT calculations unravel the origin of CO selectivity on Pd
to be the in situ formation of f-PdH under the CO;RR conditions. The formation of PdH
significantly lowers the binding energies of both adsorbed *CO and *H, and in turn tunes the
selectivity towards simultaneous produced CO and H: during the CO2RR. The current study
indicates that CO and H binding energies can be used as the reaction descriptors, and tuning the
relative adsorption strength of CO and H should offer the opportunity to control the relative
reaction rates of the CORR and HER, and in turn tune the syngas composition. This design
strategy should open up more options for identifying highly efficient electrocatalysts for high
purity syngas production through the CO2RR.

Based on the promising results on f-PdH catalysts, we have explored the utilization of Pd-
M bimetallic systems and Pd/TMC catalysts to reduce the Pd loading while maintaining the same
CO2RR activity and selectivity. Using the same experimental and theoretical approaches, with in
situ XANES, EXAFS, and XRD measurements and DFT calculations, we have identified several
promising Pd-M bimetallic and Pd/TMC catalysts that also produce the f-PdH phase resulting in
the desired CO to H» ratio between 0.5 and 1 with comparable total current density while achieving
a significant reduction in Pd loading.
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Elucidating Chemical and Electronic Interactions of Metal-Support Interfaces via STEM
Miaofang Chi,! Felipe Polo Garzon,? De-en Jiang, * Huiyuan Zhu,” Sheng Dai,* Zili Wu?
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An aim of our BES program titled “Fundamentals of Catalysis and Chemical Transformations
(ERKCC96)” is to fundamentally understand how synergism can be tailored at the metal-oxide
interface to control catalytic activity and selectivity. Synergistic interactions between metal centers
and oxide supports provide ample flexibility to tune catalytic activity and/or selectivity of
supported metal nanoparticles (NPs). Various interactions can occur at a metal-oxide interface,
e.g., interfacial anchoring via vacancies, impurities, and/or elemental inter-diffusion, formation of
interfacial interphases, encapsulation of NPs by the support material, atomic structural
rearrangement at the interfaces and surfaces, and/or charge transfer between the NP and support,
each of which impacts reactivity and selectivity. In many cases, multiple interactions co-exist and
interact with each other, making characterization of interfacial phenomena extremely complicated
and challenging. At the microscopic level, each of these interfacial interactions is represented by
chemistry, structure, and charge. Our work is to provide mechanistic insight at the single atom and
electron levels into the design of high-performance metal-oxide interfaces by revealing chemistry,
structure, charge, and their interplay at model interfaces. In particular, our work is focused on
answering several fundamental questions: How do different surface atomic terminations and
oxygen vacancies affect the chemical bonding and charge transfer behavior at interfaces? How
can post-synthesis treatments be used to tailor interfacial interactions? How do the various
interfacial interactions evolve upon catalytic reactions?

This poster presentation highlights our recent efforts toward understanding the complex chemical
and electronic interactions of metal-oxide interfaces by using novel scanning transmission electron
microscopy (STEM) techniques. Two recent studies will be highlighted; (1) tuning the interfacial
structures of Au/Fe>Os core-shell NPs towards high catalytic activity, which demonstrates that
multiple interfacial features, e.g. crystallinity, strain, and vacancies, can be tuned and integrated in
individual core-shell particles to maximize activity for the oxygen reduction reaction; (2)
advancing and utilizing 4D-STEM-based differential phase contrast (DPC) imaging to map the
interfacial charge transfer with sub-A resolution. This work is driven by the fact that interfacial
charge transfer often presents at metal-oxide interfaces and is believed to impact the catalytic
activity and selectivity. In this presentation, preliminary DPC results acquired for Au single atoms
dispersed on SrTiO3 will illustrate how charge transfer could occur at a metal center and the oxide
support interface, and how the catalytic activity and selectivity of the Au/SrTiOs; may be affected.

Research supported by the U.S. Department of Energy, Office of Science, Basic Energy Sciences,
Chemical Sciences, Geosciences, and Biosciences Division. This research is part of FWP
ERKCC96: Fundamentals of Catalysis and Chemical Transformations. For a full description of
recent progress see Extended Abstract for ERKCC96. Electron Microscopy performed at the
Center for Nanophase Materials Sciences, which is a U.S. DOE Office of Science User Facility.
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MnO(100): Initial Experimental Benchmarks for Adsorption and Co-Adsorption
on the Ordered Surface and Oxidation to Mn** Surface Compounds

Han Chen, Xu Feng and David F. Cox
Department of Chemical Engineering, Virginia Polytechnic Institute and State University,
Blacksburg, VA 24060

Presentation Abstract

Work has been undertaken to establish experimental benchmarks for adsorption and reaction on
surfaces of transition metal oxides with highly correlated electronic structures which pose
difficulties for modeling with DFT. A variety of probe molecules have been examined that are
acidic (COy), basic (NH3), can donate charge and backbond (CO) or have a tendency to dissociate
on oxide surfaces (H2O). For all adsorbates examined, DFT (as opposed to DFT+U) gives
unrealistic adsorption geometries with long-range surface reconstructions or dramatic local
bonding rearrangements even for very weakly adsorbed molecules. DFT+U gives more realistic
geometries. The adsorption energy of the probe molecules on MnO(100) terraces has been
determined experimentally with TPD and computationally with DFT+U. For weakly adsorbed
molecules, simulation methods for incorporating van der Waals interactions are important for
giving the best match with experiment. We have examined a variety of approaches for handling
van der Waals interactions, and those based on the D3 method of Grimme give the best agreement
with experiment for our particular systems.

The preparation of a surface oxide with Mn*" cations from MnO(100) has also been examined to
allow a future investigation of the chemistry of Mn®>" (3d*) for comparison to previous work
showing differences in selectivity for hydrocarbon conversion on Cr** (3d*) and Fe** (3d°) which
vary from dehydrogenation and C-C coupling reactions over Cr2O3 to nonselective oxidation over
Fe,0s3 single crystal surfaces. Oxidation of clean and Na-precovered MnO(100) was investigated
by X-ray photoelectron spectroscopy (XPS), temperature programmed desorption (TPD) and low
energy electron diffraction (LEED). XPS results indicate that a Mn3Os-like and a Mn,Os-like
surfaces can be formed by various oxidation treatments of clean and nearly-stoichiometric
MnO(100), while a NaMnO»-like surface was produced by oxidation of the MnO(100) pre-covered
with a high coverage of metallic Na. Water TPD results suggest that water adsorption is sensitive
to the surface Mn oxidation states on these different material surfaces.

DE-FG02-97ER14751: Hydrocarbon Oxidation, Dehydrogenation and Coupling over
Model Transition Metal Oxide Surfaces

Student(s): Han Chen, Xu Feng (graduated)

RECENT PROGRESS
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Adsorption Benchmarks on MnO(100)

Experimental work has been completed for CO, CO2, NH3 and H>O adsorption on MnO(100)
using temperature programmed desorption (TPD). The primary desorption features for CO, COx,
NH; and H>O all exhibit first-order desorption kinetics and are attributed to molecular adsorbates
on flat terraces. Experimental values of the adsorption energy are extracted from the activation
energy for desorption measured in TPD. CO adsorbs molecularly, and desorbs with a primary
feature at 130 K attributed to desorption from terraces, with additional contributions in a broad tail
that extends to over 300 K and is attributed to desorption from defects. CO> adsorbs molecularly,
and desorbs from 200 - 500 K from surface defect sites and at 150 K from terraces. NH3 adsorbs
molecularly, and desorbs with a primary feature at 235 K attributed to desorption from terraces,
with additional contributions in a broad tail that extends to over 500 K and is attributed to
desorption from defects. Water adsorbs molecularly on terraces and desorbs with a peak maximum
at 260 K at low coverages. Water also dissociates on surface defects with desorption temperatures
ranging between 300 and 600 K. For water and CO; coadsorption, TPD shows that when water is
adsorbed prior to CO», water blocks the uptake of CO2 on both terrace and defect sites. When CO»
is adsorbed prior to water, water displaces pre-adsorbed CO» from terrace sites, but stabilizes CO»
adsorption around defect sites through the formation of bicarbonate.

Our computational work on MnO(100) has examined DFT (PBE-GGA) and DFT+U (PBE-
GGA+U). We find that for MnO(100) the DFT (PBE-GGA) functional gives a poor
representations of the surface structure in the presence of all the adsorbates we have considered so
far. Even adsorbates that interact very weakly with the surface give rise to nonphysical long-range
reconstructions or dramatic local modifications of the Mn-O bonding in the surface layer. DFT+U
gives a more believable surface structure devoid of long-range reconstructions for all adsorbates,
so DFT+U has been our primary tool for examining the MnO(100) surface chemistry.

As part of our computational examination of the adsorption energy of probe molecules, we
have looked at six separate methods for approximating van der Waals interactions in DFT: (1) the
D2 method of Grimme,' (2) the D3 method of Grimme (D3),? (3) the D3 method with Becke-
Johnson damping (D3BJ),* (4) the Tkatchenko-Scheffler method,* (5) the Tkatchenko-Scheffler
method with iterative Hirshfeld partitioning,” and (6) the dDsC dispersion correction method.”’
For the limited systems we have studied to date, vdW corrections based on the D3 method of
Grimme give the best agreement with experiment.

A comparison of our experimental results to DFT+U and the vdW correction that gives the
best agreement experiment is given in Table 1 for adsorption on MnO(100) terraces.

Table 1. Comparison of Experimental and DFT Molecular Adsorption
Energies on MnO(100) Terraces

Experiment PBE+U-
Adsc());bate b al . Best vd\/V vdW. (ee:) i
Mn0(100) Adsorption | correctio | Adsorption DFT)
terrace sites Energy n Energy (kJ/mol)
(k]/mol) (k]/mol)
Cco -36.0 D3BJ -36.4 0.4
CO2 -41.8 None -47.3 5.5
NH;s -67.4 D3 -65.3 -2.1
H20 -61.9 D3 -57.3 -4.6
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For adsorption at defects, steps and isolated oxygen vacancies have been examined for the
four adsorbates. While neither of these defects are a good match for the experimental data, they
all predict more strongly bound adsorbates as seen experimentally. DFT also predicts a CO2-H2O
complex at surface steps, similar to the bicarbonate formation at surface defects suggested from
experiment.

MnO(100) Oxidation and Compound Formation

Oxidation of clean and Na-precovered MnO(100) was investigated by X-ray photoelectron
spectroscopy (XPS), temperature programmed desorption (TPD) and low energy electron
diffraction (LEED). XPS results indicate that Mn3Os-like and a Mn»Os-like surfaces can be
formed by various oxidation treatments of clean and nearly-stoichiometric MnO(100), while a
NaMnOs-like surface can be produced by oxidation of the MnO(100) pre-covered with a high
coverage of metallic Na. LEED shows no long range order for these modifications of the
MnO(100) surface. TPD indicates that water can be used as a probe molecule to distinguish
between surface Mn*" and Mn®" surface cations. These surface preparations will be used in the
next phase of our work to investigate the reactions of hydrocarbon fragments on surface Mn cations
with different oxidation states.
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of Interactions with Metal-Oxide Supports
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Presentation Abstract

Here we report that density function theory (DFT) can be used to accurately predict how Au
nanoparticle (NP) catalysts cooperate with underlying SnO1.7and SnO> substrates to carry out the
oxygen reduction reaction (ORR). Experimental samples were prepared by immobilizing
dendrimer-encapsulated AuNPs (Au DENSs) onto tin oxide supports. Dendrimers were then
removed using a previously developed UV/O3 method, allowing direct interactions between
AuNPs and the underlying supports.

Experimental electrocatalysis studies indicated a two-fold improvement in the ORR
kinetics and positive shifts in the onset potential by 0.320 V and by 0.280 V when the AuNPs were
in direct contact with the underlying SnO;.7 and SnO:.o supports, respectively. These experimental
results are in good agreement with the theoretically predicted onset potential shift of 0.30 V. Direct
interactions between AuNPs and either SnO;.7 or SnQ:.9 support also had beneficial effects on the
ORR pathway. Specifically, the number of electrons involved in the ORR (nefr) improved from 2.1
+ 0.2 t0 2.9 + 0.1, when Au NPs interacted with SnO1 9 support, and from 2.2 + 0.1 to 3.1 + 0.1,
when Au NPs interacted with SnO. substrate. According to our theoretical calculations, this
activity enhancement is attributed to the existence of anonic Au arising from electron transfer from
surface oxygen vacancies of SnO,. This prediction was confirmed using X-ray photoelectron
spectroscopy (XPS).

DE-SC0010576: Testing the Predictive Power of Theory for Determining the Structure and
Activity of Nanoparticle Electrocatalysts

PI: Richard M. Crooks

Co-PI: Graeme Henkelman
Postdoc: Zhiyao Duan

Graduate Student: Nevena Ostojic

RECENT PROGRESS

Introduction

The objective of our combined experimental and theoretical study is to develop a deeper
understanding of how nanoparticle (NP) catalysts cooperate with underlying substrates to carry
out both simple and complex electrocatalytic reactions. As shown in Scheme 1, the catalyst model
consists of well-defined 1-2 nm metallic NPs atop ultrathin metal oxide surfaces prepared by
atomic layer deposition (ALD). The ALD layer is deposited onto a pyrolyzed photoresist carbon
film (PPF). This construct is electroactive and can be used to study electrocatalytic reactions taking
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place at the DEN surface. The bottom frame of Scheme 1 shows that a
UV/O; treatment can be used to remove the dendrimer without changing
the DEN composition or morphology. In this case, the DEN is in direct
contact with the oxide surface. Hence, it is possible to study
electrocatalytic reactions at the NP surface in the absence or presence of
substrate effects.

Importantly, the NPs in our study are small enough that 100% of
their atoms can be incorporated into first-principles calculations. Our
main interest is focused on the interface between the NPs and their
supports, and how this region accelerates (or not) electrochemical
reactions by changing the structure or electronic properties of the NPs, or
by providing key reactants. The project consists of two concurrent phases.
In Phase 1, density function theory (DFT) calculations are used to design

Sheme 1. Deposition

of metal NP on thin catalysts having desirable properties. In Phase 2, the theoretical
oxide support by predictions are tested experimentally. In other words, we have shifted our
removing the scientific approach to “theory first”.

dentrimer host via

UV/O, treatment. This presentation is focused specifically on the effect of SnO»-

«/AuNP interactions on the oxygen reduction reaction (ORR). The
research was conducted in two parts. The first was using density function theory (DFT) to
understand interactions between Au NPs and tin metal oxide supports. The second involved testing
the theoretical prediction experimentally. This consist of immobilization of dendrimer-
encapsulated AuNPs (Au DENs) onto thin metal oxide support layers deposited by ALD,
subsequent removal of the dendrimers, and then electrocatalytic testing of the resulting construct
(Scheme 1).

Theoretical Findings
Figure 1 shows the DFT-calculated free-energy profile along the reaction coordinates for the ORR
under standard conditions at an applied potential of

(=)}

SR T U=0V for stand-alone Aui47 and supported Au/SnO»
P T T systems. Clearly, Auis; NPs are not good
33 OO 216 electrocatalysts for the ORR because of the weak
3 ? binding of OOH*, which leads to a theoretical
ol a — overpo‘Fential as high as.1 V. Keeping our previogs
-1 . — theoretical work regarding the Au/TiO: system in
. Of:(z:?;uon Cfili?:n mind, we hoped that combining AuNPs with SnO»
Z S S0 supports could lead to strengthening of OOH*
> 5 h adsorption at the interface due to electronic effects.
S 2 o DFT calculations predicted that rutile SnO»(110)
< : ' surface prefers forming a water-dissociated surface
(]’ b Ho structure under the operating conditions of the ORR.

Reaction coordinate Thus, we modeled the hybrid Au/SnO; system by

placing a hemispherical Auzo NP on top of the water-
dissociated SnO2(110) surface slab. As shown in Figure la, when Au7o NP is supported on
stoichiometric SnO, improvement in the ORR activity is not observed as compared to the ORR
activity of the naked Auiss.
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It is well known that SnO; is structurally nonstoichiometric. This is caused by the low
formation energy of the oxygen vacancy and tin interstitial, and the strong mutual attraction
between them. Accordingly, we introduced a surface oxygen vacancy beneath an Au atom at the
edge of the Auzo nanoparticle. As a result, the Au atom above the vacancy was reduced to yield
anionic Au, which possesses -0.38e according to the Bader charge analysis. DFT calculations,
based on the defect model, revealed an overpotential reduction of about 0.30 V as compared to
unsupported Auis; (Figure 1b). The important point is that our calculations revealed that the
beneficial SnO2/Au interaction observed for the ORR is due to electron transfer from O vacancies
in the SnO2.x support to the supported Au particle. The anionic Au is more oxophilic than metallic
Au in the unsupported AuNP, and hence it stabilizes the OOH* and achieves better ORR activity.
We have also investigated other possible active sites such as the interfacial Au/Sn site. However,
the interfacial site suffers from the poisoning effect of adsorbed OH™ atop Sn.

Experimental Findings

To understand how interactions between metal NPs and their metal-oxide supports affect
the ability of the NPs to electrocatalyze reactions, both reaction kinetics and mechanism were
studied simultaneously. This was done by utilizing a custom-designed microelectrochemical
flow cell.

We found that the onset potential for the ORR shifts in the positive direction by 0.32 V
when AuNPs are in direct contact with the underlying SnO1.9 ALD support. Similarly, for the
AuNPs immobilized at the SnO: electrode, the onset potential shifts by 0.28 V in the positive
direction. These values are very close to the theoretically predicted value of 0.30 V determined by
DFT and discussed in the previous section. We also found that when AuNPs are in direct contact
with the SnO1.9 ALD support, there is a ~50% decrease in the amount of peroxide generated
compared to when the AuNPs remain in the dendrimer and hence are not in direct contact with
the substrate.

Summary and Conclusions

We used DFT calculations to predict the nature of SnOx/AuNP interactions and the effect that these
interactions have on the ability of AuNPs to electrocatalyze the ORR. The key finding is that after
the removal of the dendrimers, improvements in the onset potential, kinetics, and mechanism of
the ORR are observed. More specifically, the onset potential shifts positive by 0.320 V and by
0.280 V when the Au NPs are in a direct contact with the underlying SnO;.9 and SnQOz9 ALD
supports, respectively. These shifts almost exactly match the theoretically predicted value of 0.30
V. Therefore, this is an unusual case of first-principles theory correctly predicting experimental
results.
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Presentation Abstract

The focus of this project is the synthesis, characterization and reactivity of transition metal
moieties ranging from single atoms to clusters of about 1 nm in diameter that are present on high
surface area supports. A major barrier in the utilization of sub-nm clusters is that they are subject
to Ostwald ripening, leading to growth in size to form nanoparticles. Our recent work suggests
that trapping single atoms on the support could help to slow the rates of ripening. Hence, one of
the goals of this project is the understanding of anchoring sites on high surface area catalyst
supports. Conventional (non-reducible) oxide supports provide only limited number of sites to
anchor ionic species. Reducible oxides, such as ceria provide many more sites for anchoring due
to the presence of defects. But reducible oxides are often not available in high surface area form,
and they may not be as robust (can react to form carbonates, for example, or sinter easily)
compared to the commonly-used high surface area supports such as silica, alumina, or carbon.
Increasing atomic trapping sites on conventional catalyst supports is therefore important for
improving the stability of sub-nm metal clusters on a supported catalyst. Another goal of this
project is to expand the applicability of single atom catalysts to a broader class of catalyzed
reactions. Transition metals in ionic form are perfectly situated for further manipulation of their
catalytic activity by use of ligands, as in homogeneous catalysis. Understanding the principles that
help in the design of robust single atom catalysts is one of the research challenges that is addressed
in this project.

DOE grant # DE-FG02-05ER15712
Sub Nanometer Sized Clusters for Heterogeneous Catalysis

Post-docs: Andrew DeLaRiva and Haifeng Xiong (UNM), Junming Sun (WSU)
Graduate Students:  Chris Riley (UNM), Xavier Isidro Pereira Herndndez, Jianghao Zhang &
Hannah Kim (WSU)
RECENT PROGRESS

1) Activation of surface lattice oxygen in single-atom Pt/CeQO: for low-temperature CO
oxidation

To improve fuel efficiency, advanced combustion engines are being designed to minimize the

amount of heat wasted in the exhaust. Hence, future generations of catalysts must perform at

temperatures that are 100°C lower than current exhaust-treatment catalysts. Achieving low-

temperature activity, while surviving the harsh conditions encountered at high engine loads,
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Figure 1 A new type of active site (dashed green
circles) meets the dual challenge of achieving high
activity and thermal stability in single atom catalysts.
(L.Nie, D.Mei, H.Xiong, B.Peng, Z.Ren, X.Hernandez,
A.DelaRiva, M.Wang, M.H. Engelhard, L. Kovarik, A.K.
Datye, Y.Wang, “Activation of surface lattice oxygen
in single-atom Pt/CeO, for low-temperature CO
oxidation”, Science, 2017, 358, 1419-1423).

remains a formidable challenge. In
this study, we demonstrated how
atomically dispersed ionic platinum
(Pt*") on ceria (CeO), which is
already thermally stable, can be
activated via steam treatment (at
750°C) to simultaneously achieve
the goals of low-temperature carbon
monoxide (CO) oxidation activity
while  providing  outstanding
hydrothermal stability. A new type
of active site is created on CeO> in
the vicinity of Pt*", which provides
the improved reactivity. These
active sites are stable up to 800°C in
oxidizing environments (see Fig. 1).

2)  Mechanistic Understanding
of Methanol Carbonylation:
Interfacing Homogeneous and
Heterogeneous Catalysis via
Carbon Supported Ir-La

The creation of heterogeneous analogs to homogeneous catalysts is of great importance to many
industrial processes. Acetic acid synthesis via the carbonylation of methanol is one such process

and it relies on a difficult-to-
separate homogeneous Ir-based
catalyst. Using a combination
density  functional  theory
(DFT) and attenuated total
reflectance-Fourier transform
infrared (ATR-FTIR)
spectroscopy, we determine the
structure and mechanism for
methanol carbonylation over a
promising single-site Ir-La/C
heterogeneous catalyst
replacement. Here, the Ir center
the active site with the rate
limiting step being the
reductive elimination of acetyl
iodide. Furthermore, the La
atomically disperses the Ir and
as a Lewis acid site. In fact, the

Rate Controlling Species

1. .

Activated Carbon

Figure 2 The Ir center is the active site with the rate
limiting step being the reductive elimination of acetyl
iodide in methanol carbonylation on Ir-La/C catalysts.(
A..R.Hensley, J.Zhang, I.Vincon, X.P.Hernandez,
D.Tranca, G.Seifert, J.5.McEwen, Y.Wang, “Mechanistic
understanding of methanol carbonylation: interfacing

1S

homogeneous and heterogenous catalysis via carbon both
supported Ir-La”, J.Catal., 2018). acts
La

promoter in the Ir-La/C catalyst was found to behave similarly to homogeneous promoters by
abstracting an iodine from the Ir center and accelerating the CO insertion step. Overall, this work
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provides key insight into the atomistic nature of the Ir-La/C single-site catalyst and allows for the
further design and optimization of single-site heterogeneous catalysts.

3) Thermally Stable and Regenerable Platinum-Tin Clusters for Propane
Dehydrogenation Prepared by Atom Trapping on Ceria

Our research team developed a new approach to synthesize thermally stable single atom catalysts
(Jones et al., Science, 2016). We now apply this approach to reactions of interest to the DOE.
Here, we explored the reactivity and stability of single atom Pt species for the industrially
important reaction of light alkane dehydrogenation. The single atom Pt/CeO- catalysts are stable
during propane dehydrogenation, but we observe no selectivity towards propene. DFT calculations
show strong adsorption of the olefin produced, leading to further unwanted reactions. In contrast,
when Sn is added to ceria, the single atom Pt catalyst undergoes an activation phase where it
transforms into Pt-Sn clusters under reaction conditions. Formation of small Pt-Sn clusters allows
the catalyst to achieve high selectivity towards propene, due to facile desorption of the product.
The CeO»-supported Pt-Sn clusters are very stable, even during extended reaction at 680 °C. By
adding water vapor to the feed, coke formation can almost completely be suppressed. Furthermore,
the Pt-Sn clusters can be readily transformed back to the atomically dispersed species on ceria via
oxidation, making Pt-Sn/CeO> a fully regenerable catalyst. This work involved a collaboration
with the group of Bert Weckhuysen at Utrecht University in the Netherlands.

Initial PtSn cluster
cluster

5nQ,

Figure 3 Schematic diagram showing how a Pt-Sn single atom catalyst is activated to form sub-
nanometer clusters of PtSn3 which after regeneration reform the Pt single atoms leaving behind Sn02
nanoparticles. (H.F. Xiong, S. Lin, J. Goetze, P. Pletcher, H. Guo, L. Kovarik, K. Artyushkova, B.M.
Weckhuysen, and A.K. Datye, Thermally Stable and Regenerable Platinum-Tin Clusters for Propane
Dehydrogenation Prepared by Atom Trapping on Ceria Angewandte Chemie-International Edition 56
(31) (2017) 8986-8991)

4) Atomically dispersed Pd-O species on CeO2(111) as highly active sites for low-
temperature CO oxidation

Building on our success in generating single atom Pt catalysts, we next explored the performance
of single atom Pd catalysts. Unlike their Pt counterpart, we find the Pd to be active in the single
atom form, leading to exceptional activity for ceria-supported Pd for CO oxidation which is
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relevant to environmental clean-up reactions. Pd loaded onto a nanorod form of ceria exposing
predominantly (111) facets is already active at 50°C. Here we reported a combination of CO-FTIR
spectroscopy and theoretical calculations that allows assigning different forms of Pd on the
CeO2(111) surface during reaction conditions. Single Pd atoms stabilized in the form of PdO and
PdO2 in a CO/O; atmosphere are involved in a catalytic cycle involving very low activation
barriers for CO oxidation. The presence of single Pd atoms on the Pd/CeO;-nanorod, corroborated
by aberration-corrected TEM and CO-FTIR spectroscopy, is considered pivotal to its high CO

vy /&ﬁé’éﬁ

CeO, ﬁ-j'r\\\\__f’""x_

2200 2100 2000 1900
50 100 150 200 Wavenumber (cm')

Temperature (°C)

reactivity and the two states of the catalyst which constitute the catalytic cycle on this single atom
catalyst. (G. Spezzati, Y.Q. Su, J.P. Hofmann, A.D. Benavidez, A.T. DelLaRiva, J. McCabe, A.K. Datye,
and E.J.M. Hensen, Atomically Dispersed Pd-O Species on Ceo(2)(111) as Highly Active Sites for Low-
Temperature CO Oxidation ACS Catal. 7 (10) (2017) 6887-6891).
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Presentation Abstract

Single-atom catalysts have recently attracted great attention due to the promise of novel properties
and their ultimate metal utilization. However, at the atomic level, little is known about their
stabilities, interactions with the support, and mechanisms by which they operate. Recently the
reconstructed Fe304(001) surface with subsurface cationic vacancies has been shown to stabilize
single metal atoms to temperatures as high as 700 K, making it a promising support for model
catalytic studies. Here, we follow the adsorption and reactions of molecular hydrogen and
methanol on supported single Pd atoms using a combination of scanning tunneling microscopy,
temperature programmed desorption, and x-ray photoelectron spectroscopy. Density functional
theory investigations provide further mechanistic understanding of elemental reaction steps. We
show that at 300 K H dissociates and spills over onto the Fe304(001). With increasing H» dose,
the initially isolated hydroxyl species start to form a locally ordered overlayer. At highest
coverages, the surface reconstruction is lifted, and the Pd atoms become destabilized. Theoretical
studies reveal that H> dissociates heterolytically, with hydroxyls being the final, energetically most
stable species. For methanol, we find that single Pd atoms lower the dehydrogenation barrier of
methoxy species to formaldehyde by almost a factor of two allowing for its room temperature
formation. These studies demonstrate unique catalytic properties of single Pd atoms supported on
Fe304(001).
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Presentation Abstract

The development of new catalysts for converting synthesis gas (CO/CO2/Hz) and CO>/H> mixtures
can unlock diverse feedstocks for the production of conventionally petroleum-derived chemicals.
Synthesis gas can be produced from biomass, natural gas and other sources and CO: can be
collected from combustion and industrial processes to be hydrogenated to high value products.

This poster will present recent research on new classes of catalysts as well as new mechanistic
insights for alcohol synthesis from syngas and CO;. Development of new metal phosphide
catalysts for methanol and higher alcohol synthesis will be discussed. Highlights from in-situ and
operando characterization studies (XAS, XRD, DRIFTS) will also be presented.
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Theory, Simulation, and Design of High-Oxidation State Main-Group Metal Catalysts for
Hydrocarbon C-H Functionalization
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Poster Abstract

This poster will showcase our use and development of standard and non-standard density
functional theory (DFT) calculations to determine the potential of 5™-row and 6"-row high-
oxidation state p-block, main-group compounds as catalysts in hydrocarbon C-H functionalization
reactions. Featured will be completed studies on: 1) Thermodynamics and kinetic pathways for Tl-
alkyl functionalization reactions in aqueous solvent using an explicit/continuum solvent model. 2)
The mechanism of Hg-mediated methane and ethane amination. 3) Quantitative survey/prediction
of C-H activation and functionalization reactions between In™, TI™, Sn'"V, Pb'V, and SbY
carboxylate complexes with methane, which resulted in the prediction and experimental
verification of a relatively active Sb complex. This poster will also display our development of an
explicit solvation approach for carboxylic acid solvents that we are implementing in our direct
molecular dynamics program called DynSuite.

Grant Number: DE-SC0018329 (Theory of Main-Group, p-Block Hydrocarbon
Functionalization Reactions)

PI: Daniel H. Ess

Postdoc: Samantha Gustafson

Students: Clinton King, Nathan Wohlgemuth, Lily Hamill, Nick Rollins, Ashley Holdaway,
Jordan Jenkins

RECENT PROGRESS

Mechanisms of Main-Group Metal-Alkyl Functionalization Reactions

Metal-mediated C-H activation reactions generate metal-alkyl intermediates that can be
converted into carbon-oxygen bonds through reductive functionalization reactions. While the
mechanisms and reactivity of C-H activation reactions have been computationally well
established, little is known about functionalization reactions, especially for p-block, main-group
metal-alkyl complexes. We have completed a DFT study examining reaction thermodynamics and
kinetic pathways for TI™-methyl functionalization reactions in aqueous solvent using a
combination of continuum and explicit/continuum solvent models. This study examined oxygen
functionalization of (OAc)TI"(CH3), and (OAc),TI"(CHs) that both give methyl acetate and
methanol. Our calculations revealed that (OAc)TI™(CH3), is thermodynamically and kinetically
stable (e.g. bond homolysis, heterolysis, protonolysis, and reductive elimination).
Functionalization is only possible after methyl anion group transfer to TI™(OAc); to give
(OAc),TI"(CH3). This monomethyl structure is functionalized by competitive water and acetate
nucleophilic reductive functionalization transitions states (see diagram below).
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We also completed a DFT study of Hg(NTf;), mediated methane and ethane C-H
amination. Experimentally, the Periana group at Scripps-Florida has discovered that Hg(NTf)>
induces stoichiometric C-H functionalization of methane and ethane in nitrogen acid solvents to
the corresponding alkyl amines. Our DFT study using a combination of continuum and
explicit/continuum HNTT; solvent models examined a variety of mechanisms, including radical
fragmentation, electron transfer, proton-coupled electron transfer, and hydride abstraction. None
of these mechanisms are as viable as C-H activation and metal-alkyl amino functionalization. Our
study also explains the selective monofunctionalization preference over difunctionalization for
ethane.
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Impact and Design of High-Oxidation State Main-Group Metal and Ligands on Alkane C-H
Activation and Functionalization Reactions

While high-oxidation state p-block, main-group metal complexes are potential alternative
catalysts to transition metals for alkane C-H functionalization reactions there is essentially nothing
known on how selection of the metal and ligand impact alkane C-H activation and
functionalization thermodynamics and reactivity. We completed a DFT study that determined
qualitative and quantitative features of C-H activation and metal-methyl functionalization energy
landscapes for reaction between In', TI"!, Sn!'V, and Pb!V carboxylate complexes with methane.
We discovered that the metal influences the C-H activation barrier height to a modest extent, and
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in a periodic manner, but the carboxylate ligand has a much larger quantitative impact on C-H
activation. For metal-methyl functionalization reactions, the main-group metal dramatically
influences activation barriers, which were correlated to bond heterolysis energies as a model two-
electron reduction energies.
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This study set the stage for our understanding and prediction of which main-group metals
and carboxylate ligands could be useful for methane functionalization systems that utilize C-H
activation and metal-alkyl functionalization reactions. We then computationally examined other
5"_row and 6%-row main-group complexes in search of complexes that showed C-H activation and
functionalization barriers of <30 kcal/mol, which would be low enough for experimental
examination. Our calculations identified that Sb(TFA)s in trifluroacetaic acid fit this design
criterion. Experiments by the Periana group at Scripps-Florida have realized this prediction.
Sb(TFA)s in TFAH was generated in situ and reacts with methane and ethane to give the
corresponding mono and/or diol trifluoroacetate esters. We also completed a DFT study of this
reaction mechanism, and confirmed that the most viable pathway, especially for methane, is C-H
activation and metal-alkyl functionalization, rather than carbocation or radical pathways.

Development of Software and Protocol for Main-Group
Mechanistic Modeling in Complete Carboxylic Acid Solvent
To date, the most useful catalysts for alkane C-H
functionalization operate in strong acids. For p-block, main-
group metals most active complexes react in carboxylic acid
solvents. Because carboxylic acid solvents are relatively
nonpolar, but induce significant hydrogen bonding, to more
accurately determine mechanisms and catalytic cycles we are
developing protocols to model reactions with explicit solvent. \ We
are currently connecting the program Packmol with our in-house direct dynamics program
DynSuite, which interfaces with the electronic structure program Gaussian. This connection
provides solute-solvent packing. We now have the ability to generate a solvated box or sphere of
carboxylic acid solvent around main-group metal complexes and run either static DFT calculations
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or DFT direct dynamics. However, there remain several practical challenges to finalize this
solvation protocol, such as realistic treatment of the solvent box/sphere boundary.

Publications Acknowledging this Grant in 2015-2018
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Presentation Abstract

When considering mechanistic and structural models for heterogeneous catalysts, there has been a
long-standing conceptual analogy between discrete, molecular strong-field metal carbonyl clusters
and surface active sites, especially those of bulk metals. While this analogy has been promulgated
for decades, it is also well recognized that there are significant limitations with the degree to which
strong-field metal carbonyl clusters can mimic the function of such heterogeneous catalysts. These
limitations are especially apparent in the reactivity profile molecular cluster compounds. Indeed,
the most notable break down of this comparison originates from the fact that the CO ligands
themselves, due to their strong m-acidity, often play a deactivating role to multinuclear clusters
relative to bulk-metal active sites. We reasoned that isolobal replacement of CO with isocyanide
ligands, which are stronger o-donors and weaker n-acids, may provide for the activation of strong-
field metal carbonyl clusters a novel manner. Presented here is a synthetic study on isocyanide-
for-CO replacement on the tetra-iron nitro cluster [Fes(ps-N)(CO)12]". We show that substitution
of four CO ligands with the m-terphenyl isocyanide CNAr™Me? (ArMes2 = 26-(2,4,6-
MesCsH3)2C6H3) significantly activates the nucleophilicity of the interstitial nitrogen atom relative
to the all-carbonyl congener. This electronic activation allows the cluster framework to be
systematically manipulated with electrophilic substrates. A highlight of this work is the
development of cluster-expansion reactions that incorporate high-spin metal centers into an
otherwise low-spin, strong-field cluster system. This electronic perturbation affords new clusters
that react with substrates in a manner for more similar to bulk-metal active sites, while also
showing metal-metal redox cooperativity that are the hallmark of such heterogeneous systems.

DE-SC0018243: Small-Molecule Catalysis by Transition-Metal Isocyanide Monomers,
Clusters and Materials

RECENT PROGRESS

Synthesis and Reaction Chemistry of Tetra-Iron Nitrido Clusters supported by m-Terphenyl
Isocyanide Ligands. We have been interested in the ability of m-terphenyl isocyanides to modify
the electronic properties — and ultimately the reactivity profile — of strong-field metal carbonyl
clusters. There has been a long-standing conceptual analogy between discrete, strong-field metal
carbonyl clusters and active sites of bulk metal surfaces. However, in many cases this conceptual
analogy has fallen short, as metal carbonyl clusters rarely exhibit the reactivity patterns exhibited
by metal surfaces or other heterogeneous catalysts. The origin of this discrepancy has been
proposed to arise from a deactivating effect of the strongly n-acidic CO ligands on the low-valent
metal centers that make up such clusters. Notably, this idea has not been resoundingly confirmed
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by either experimental or theoretical means. In addition, there is still a lack of general synthetic
methods for the elaboration of strong-field metal carbonyl clusters, especially those that led to
significant reactivity-profile enhancement. For these reasons, we postulated that CNR-for-CO
replacement  could  deliver
electronically enhanced metal
clusters due to the weaker m-
acceptor and stronger oc-donor
nature of isocyanides relative to
CO. The main goal of this study
was to prepare metal cluster
complexes that more actually
mimic the reactivity profiles of
catalytically active surface sites.

Our initial investigations
focused on electronic
modification of the tetra-iron
nitrido cluster, [Fea(ps-
N)(CO)12], as this species has a
notoriously unreactive
interstitial nitride ligand. This Figure 1. Synthesis and manipulation of Fes(14-N) clusters supported
cluster was originally prepared | by m-terphenyl isocyanide ligands.
and studied as a model for
adsorbed nitrogen on Haber-Bosch catalytic surfaces. However, it does not allow for multiple
protonation events at the interstitial nitrogen atom, nor does it provide a pathway for ready release
at of ammonia equivalents. More recently, Berben has shown that this cluster is active in HER and
CO»-to-[HCO:]™ electrocatalysis, but the basic cluster framework is difficult to modify in a
systematic manner.

Our synthetic access point to isocyanide-substituted tetra-iron nitrido clusters is outlined
in Figure 1. We discovered that the cleanest CNR-for-CO replacement of [Fes(ps-N)(CO)12] by
in-situ protonation/substitution using benzoic acid (PhCO;H) and the m-terphenyl isocyanide
CNArMes2  (AfMes2 = 2 6.(2,4,6-Me3sC¢H3)2C6H3).  This produced the tetra-isocyanide
nitride/hydride cluster [Fes(ps-N)(p2-H)(CO)s(CNArM®2),], which has an asymmetric distribution
of isocyanide ligands on the four Fe centers as determined by X-ray diffraction. Notably, several
attempts to add additional CNAr™*? ligands or obtain a symmetrically distributed Fes product
were unsuccessful. However, the asymmetric distribution found in the solid-state for [Fes(pu-
N)(p2-H)(CO)s(CNArMe2),4] is persistent in solution, as determined by the fact that its 'H NMR
spectrum does not reveal any changes indicative of fluxional behavior up to 80 °C.

The nitrido-hydride cluster [Fes(ps-N)(u2-H)(CO)s(CNAr™®2),] serves as a convenient
starting material for additional cluster derivatives with this mixed CO/CNArM®? substitution
pattern. For example, deprotonation of [Fes(ps-N)(u2-H)(CO)s(CNArM*2),] with NaO-z-Bu
affords the salt Na[Fes(us-N)(CO)s(CNArM*2),] (Figure 1), the anionic portion of which serves as
a direct analogue of the all-carbonyl cluster [Fes(ps-N)(CO)12]". There are two critical aspects of
Na[Fes(ps-N)(CO)s(CNArMe?),] that foreshadow its differential properties relative to salts of
[Fes(ns-N)(CO)12] . Firstly, it is important to note that there have been no derivatives of [Fes(u-
N)(CO)12-(L)n]” with L-for-CO substitution greater than » = 2. We believe this is due to an
important electronic effect in this system. More than likely, as strongly c-donating L-type ligands

[Na(diglyme),][Fe,N(CO),]
PhCO,H

CeHs
— PhCO,Na
- diglyme
-4cC0

CICPh;

n-CsHyp
- NaCl
-[PhsCJ

113



are added, the remaining CO ligands become less labile on account of increased n-backbonding
interactions. While, isocyanides are strong c-donors, their m-acid properties can accommodate
excess electron density while still providing for CO labilization. Second, and more interestingly,
Na[Fes(ps-N)(CO)s(CNArM®2),] is an extremely air and water sensitive material, whereas the all-
carbonyl derivative [Fes(us-N)(CO)12] is prepared in H>O. This qualitative observation indicates
that CNAr™? substitution leads to a more electron-rich system withl a potentially novel reactivity
profile. Indeed, this later fact is borne out by the finding that simple oxidation of Na[Fes(p4-
N)(CO)s(CNArM*?),] with CICPh; leads to the neutral, radicaloid cluster Fes(pu-
N)(CO)s(CNArM®?),, which is stable under ambient conditions and has been structurally
characterized. In contrast, the analogous radical Fes(ps-N)(CO)12 decomposes readily in solution
and has only been detected
conclusively using electrochemical
methods. This difference strongly
suggests that the stronger o-donor
profile of the isocyanides provides for
a more electron-rich environment that
is capable of stabilizing -electron-
deficient clusters.

Additional  evidence  that
isocyanide ligation provides a more
electron-rich cluster framework, and
one that diverges significantly from the
all-carbonyl homologue, is provided by
the reactivity of the Na[Fes(pu-

N)(CO)s(CNArMes2),] with
electrophilic substrates. As shown in
Figure 2, Na[Fes(ps-

N)(CO)s(CNArM=2),]  reacts  with
TIOTf, SnCl, and FeCl, with salt
elimination to provide the novel cluster
expansion products 2, 3 and 5. In each
case, the incoming main group or
transition metal fragment adds to the
interstitial N atom of the cluster,
thereby indicating that CNArMes?
ligation allows for an electronic
threshold for the nitride nucleophilicity
to be met. Most importantly, the all-carbonyl cluster [Fes4(ps-N)(CO)12]” does not react with any
of these electrophilic substrates under identical conditions, which is consistent with the traditional
view of this cluster as possessing a non-nucleophilic interstitial nitrogen atom. These results
represent a significant development in this project. The ability to systematically expand strong-
field clusters with electronically diverse fragments creates an avenue for enhanced reactivity,
especially those that more fully parallel reactive heterogeneous catalyst sites where surface
reconstruction, promoter-antagonist interactions and metal-metal cooperativity are common place.

To more fully demonstrate this idea, we carried out additional synthetic studies of the
expanded clusters 3 and 5. For the stannylene cluster 3, simple treatment with Na[BAr¥4] resulted

Figure 2. Synthetic Elaboration of the nitrido cluster
Na[Fes(14-N)(CO)s(CNArMe2),]
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in NaCl elimination and production of the cationic cluster 4, in which an Sn cation has formally
entered the cluster framework. Electrochemical analysis of this new Sn-included cluster showed
that Sn incorporation results in a ca. 700 mV anodic shift of the reduction potential of the
framework relative to the parent all-carbonyl cluster [Fes(ps-N)(CO)12] . This effect is similar to
that of Ca*" ions on the OEC Mns-subunit in Photosystem II and shows that tuning of cluster
properties is possible with the judicious electronic modification enabled by isocyanide-for-CO
substitution.

For FeCl-incorporated cluster 5, it is important to note isocyanide-for-CO substitution
provides a means of adding a high-spin metal center to an otherwise low-spin, strong-field metal
carbonyl cluster. Moreover, we believe the mixed electronic profile of cluster 5 provides a far more
accurate representation of surface defect sites than a strong-filed cluster alone. Indeed, we found
that that treatment of that cluster 5 with simple organic azides results in formation of bridging
imido cluster species (6), where the new FeCl fragment was clearly the initial point of reactivity.
This result showed that the reactivity properties of cluster complexes can be enhanced by our
approach and also demonstrated changes in the electronic profile of strong-field clusters can
initiate cooperative effects between metal centers in the cluster framework. Investigations into this
system are ongoing, with the aim of uncovering additional stoichiometric and catalytic
transformations that can be mediated by these modified and elaborated cluster species.
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Presentation Abstract

We report a family of precisely synthesized supported molecular catalysts as well as novel methods
to control the stability of supported metal nanocluster catalysts. The topic covers uniform single-
site supported catalysts, catalysts incorporating metal pair-sites, catalysts incorporating site-
isolated promoters, and some of the simplest supported metal clusters—as well as sinter-resistant
nanoparticles encapsulated in zeolites. The catalysts have been characterized by IR and X-ray
absorption spectroscopies, STEM, performance evaluation, and other techniques.
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RECENT PROGRESS

We wrote a perspective on atomically dispersed supported metal catalysts, with the following
summary: Catalysts consisting of metal atoms that are atomically dispersed on supports are gaining
wide attention because of the rapidly developing understanding of their structures and functions
and the discovery of new, stable catalysts with new properties. Our goals in this essay are to
summarize the classes of these catalysts, to state key questions about them, to point out crucial
methods for their characterization, and to suggest directions for future research. Most of the
catalysts in this class incorporate supports that are inorganic materials such as metal oxides and
zeolites, and the list of supports has recently been expanded to include small assemblies of metal
atoms within molecular metal clusters, as well as the surfaces of bulk metals, including single
crystals and supported nanoparticles. Scanning transmission electron microscopy and scanning
tunneling microscopy have recently provided numerous images of isolated metal atoms on support
surfaces, and complementary spectroscopic results have provided evidence of the metal oxidation
states (usually positive, unless the support is a metal), metal-support bonding, and the ligands
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present on the metal. Catalysts in this class have been found to have activity for numerous
reactions, including hydrogenations, oxidations, and the water gas shift. Some offer exciting new
catalyst selectivities associated with the isolation of the metal centers within controllable
environments. Some atomically dispersed supported metal catalysts, exemplified by those
supported on zeolites, have nearly uniform arrays of metal sites that are considered to be nearly
ideal catalytic sites, and these are excellently suited to investigation by theory, such as density
functional theory, to fill in gaps left by experiment, to predict new properties, and to help guide
future research.

Investigating mononuclear organoiridium species made from the precursor Ir(C2Has)2(acac) on
highly crystalline MgO powder, we have made catalysts with a wide range of metal loadings and
differentiated among the MgO surface sites for iridium bonding, learning how to synthesize highly
uniform supported single-site catalysts. Each Ir atom (as shown in STEM images) that was present
at low loading (0.01 wt%) was bonded to three oxygen atoms of the MgO surface, as shown by
EXAFS spectroscopy. These species are distinct from iridium on MgO at higher loadings, in terms
of structure and catalytic activity and stability (they are resistant to sintering). These catalysts are
nearly ideal in the sense of having almost all the Ir atoms at equivalent surface sites, and they are
modeled accurately with density functional theory (collaboration with David Dixon). The results
open the door to the precise synthesis of families of single-site catalysts.

To synthesize supported metal pair-sites in high yields and minimize inhibition of catalysis by the
stabilizing ligands present in the precursor, we synthesized rhodium pair-sites on MgO from
Rhz(pu-OMe)>(COD),; (OMe = methoxy; COD = cyclooctadiene) and modified the ligands by mild
hydrogenation (353 K for 1 h). The surface pair sites were retained when the organic ligands were
removed, giving catalysts that facilitate H> dissociation much more rapidly than single-site
rhodium and catalyze ethylene hydrogenation ~40 times faster than single-site rhodium on MgO
at 298 K.

Working with the group of Prof. F.-S. Xiao, we extended the class of single-site catalysts to
incorporate atomically dispersed metal atoms as promoters. The promoters are single-site Sn on
TiO2 supports that incorporate metal nanoparticle catalysts. Represented as M/Sn-TiO2 (M = Au,
Ru, Pt, Ni), these catalysts decidedly outperform the unpromoted supported metals, even for
hydrogenation of nitroarenes substituted with various reducible substituents. The high activity and
selectivity of these catalysts result from the creation of oxygen vacancies on the TiO» surface by
single-site Sn, which leads to efficient, selective activation of the nitro group coupled with a
reaction involving hydrogen atoms activated on the metal nanoparticles.

In work with Prof. A. Uzun of Kog¢ University, we presented a new class of supported single-site
catalyst—those modified with ionic liquid coatings. 1,3-Dialkylimidazolium ionic liquid coatings
act as electron donors, increasing the selectivity for partial hydrogenation of 1,3-butadiene
catalyzed by iridium complexes supported on high-surface-area y-Al,O3. High-energy-resolution
fluorescence detection X-ray absorption near-edge structure (HERFD XANES) measurements
were used to quantify the electron donation and are correlated with the catalytic activity and
selectivity. The results demonstrate broad opportunities to tune electronic environments and
catalytic properties of atomically dispersed supported metal catalysts.
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Supported metal nanoparticle catalysts are widely used in industry but suffer from deactivation
resulting from metal sintering and coke deposition at high reaction temperatures. In further work
with the Xiao group, we showed that the adsorption of molecules on metal nanoparticles can be
sterically controlled through the use of zeolite crystals, by fixing the metal nanoparticles (Pt, Pd,
Rh, and Ag) on zeolite crystals surrounded by a sheath of zeolite crystals. The resulting materials
are sinter-resistant at 600-700 °C, and the uniform zeolite micropores allow for the diffusion of
reactants enabling contact with the metal nanoparticles in the interior of each catalyst particle.
These catalysts exhibit long lifetimes, outperforming conventional supported metal catalysts and
commercial catalysts consisting of metal nanoparticles on the surfaces of conventional solid
supports in the catalytic conversion of C; molecules, including the water-gas shift, CO oxidation,
oxidative reforming of methane, and CO> hydrogenation as well as selective hydrogenation of
more complicated molecules than C; molecules, such as substituted nitroarenes with multiple
reducible groups.
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Presentation Abstract

Advances in theory, computational algorithms and computer hardware have opened the window to ab
initio molecular dynamics (AIMD), combined with enhanced sampling techniques, to discover and
track novel phenomena resulting from chemical complexity. Nowhere is this more needed than in
catalysis, where models including support materials, catalysts, reactants, and products need to be
studied together at experimentally relevant temperatures and pressures. Global and local
anharmonicities on the potential energy surface can lead to unanticipated phenomena that often go
unaccounted for in many theoretical studies. Theory and simulation can inherently access atomic level
details that can help us trace these intricacies. In this presentation, we will illustrate the capabilities of
modern computational methods with examples drawn from the chemistry of metal particles on
reducible supports, Brensted acid chemistry in confined spaces and reactivity at solid-liquid interfaces.

In the context of metal nanoparticles supported on reducible metal oxides (such as TiO2, CeOz2, and
RuO2), we have found that a strong coupling between the redox state of the support and the redox
properties of the nanoparticle induces unique catalytic processes including the dynamic formation of
transient catalytic single atoms. Similar methods can be used to investigate the confinement effect in
zeolites and its effects on the free energetics of acid catalysis in confined media. Finally, as we consider
catalysis at solid-liquid interfaces, we find that competitive adsorption of species leads to an interfacial
layer that is appreciably different in speciation and dynamic time scales from the bulk liquid.
Comparison with detailed experimental studies is provided for each of these systems confirming the
discoveries.
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Interactions between a transition-metal catalyst and its support can strongly alter the stability and
activity of the catalyst. Important examples include support effects with ceria and the so-called
“Intelligent Catalysts” in which the metal can be redispersed by reversible ex-solution from a
perovskite lattice. However, the surface areas of these functional supports are often too low or
unstable; and, in the case of perovskites, the length scales for ingress and egress may be too long
to take advantage of the effect. We are addressing these issues by depositing very thin films of
various functional oxides, ~0.5 to 1-nm thick, onto high-surface-area supports, including Al,O3
and MgAl>O4, by Atomic Layer Deposition. We have demonstrated that a wide range of oxides
can be deposited as dense, uniform, conformal films on various supports. The films exhibit
surprisingly good thermal stability and provide catalytic properties similar to observed with bulk
oxides, but with higher surface areas.

DE-FG02-13ER16380: Nano-Structured Catalysts for Improved Oxide-Metal Interactions
Students: Tzia Ming Onn, Chao Lin, Xinyu Mao
RECENT PROGRESS

Smart Pd Catalyst with Improved Thermal Stability Supported on High-Surface-Area LaFeOj3
Prepared by Atomic Layer Deposition:

The concept of self-regenerating or “smart” catalysts, developed to mitigate the problem
of supported metal particle coarsening in high-temperature applications, involves redispersing
large metal particles by incorporating them into a perovskite-structured support under oxidizing
conditions and then exsolving them as small metal particles under reducing conditions.
Unfortunately, the redispersion process does not appear to work in practice because the surface
areas of the perovskite supports are too low and the diffusion lengths for the metal ions within the
bulk perovskite too short. Here, we demonstrate reversible activation upon redox cycling for CH4
oxidation and CO oxidation for Pd supported on high-surface-area LaFeOs prepared as a thin
conformal coating on a porous MgAl>O4 support using Atomic Layer Deposition (ALD). The
LaFeOs film, less than 1.5-nm thick, was shown to be initially stable to at least 900 °C. The
activated catalysts exhibit stable catalytic performance for methane oxidation after high-
temperature treatment.
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Improved Coking Resistance of “Intelligent” Ni Catalysts Prepared by Atomic Layer
Deposition:

Conformal CaTiOs films were deposited onto MgAl,Os by Atomic Layer Deposition
(ALD) and then examined as an “intelligent” catalyst support for Ni in the steam and CO>
reforming of methane. 1-nm CaTiO; films were characterized by scanning transmission electron
microscopy and XRD and shown to be stable to at least 1073 K. Catalysts with 1- and 20-wt% Ni
were studied and it was found that, following calcination at 1073 K, the Ni-CaTiO3/MgAl>O4
catalysts required high-temperature reduction to achieve activities comparable to that of their
Ni/MgAl,Os counterparts. However, the CaTiO; catalysts exhibited dramatically improved
tolerance towards carbon-whisker formation. The carbon content on the 1-wt% Ni catalyst on
CaTiO3/MgAl>O4 was small even after heating the catalyst in a dry, 10% CHs-He mixture at 1073
K for 12 h.

Investigation of the Thermodynamic Properties of Surface Ceria and Ceria-Zirconia Solid
Solution Films prepared by Atomic Layer Deposition on Al;O;3:

The properties of 20-wt% CeO; and 21-wt% Ceo.5Zr0.50: films, deposited onto a y-Al,O3
by Atomic Layer Deposition (ALD), were compared to bulk Ceo 5Zros0> and y-Al,Osz-supported
samples on which 20-wt% CeO2 or 21-wt% Ce02-ZrO, were deposited by impregnation.
Following calcination to 1073 K, the ALD-prepared catalysts showed much lower XRD peak
intensities, implying that these samples existed as thin films, rather than larger crystallites.
Following the addition of 1-wt% Pd to each of the supports, the ALD-prepared samples exhibited
much higher rates for CO oxidation due to better interfacial contact between the Pd and ceria-
containing phases. The redox properties of the ALD samples and bulk Ceo.5Zro.s0> were measured
by determining the oxidation state of the ceria as a function of the H2:H>O ratio using flow titration
and coulometric titration. The 20-wt% CeO> ALD film exhibited similar thermodynamics to that
measured previously for a sample prepared by impregnation. However, the sample with 21-wt%
Ce0.5Zr0502 on y-Al>O3 reduced at a much higher Py, and showed evidence for transition between
the Ceo.5Zro.502 and Ceo 5Zro501.75 phases.

Stabilization of ZrO:; Powders by ALD of CeO: and ZrO;:

ZrO; powders were modified by Atomic Layer Deposition (ALD) with CeO2 and ZrOo,
using Ce(TMHD)4 and Zr(TMHD)4 as the precursors, in order to determine the effect of ALD
films on the structure, surface area, and catalytic properties of the ZrO>. Growth rates were
measured gravimetrically and found to be 0.017 nm/cycle for CeO> and 0.031 nm/cycle for ZrO:.
Addition of 20 ALD cycles of either CeO; or ZrO> was found to stabilize the surface area of the
ZrOy powder following calcination to 1073 K and to suppress the tetragonal-to-monoclinic
transition. Shrinkage of ZrO» wafers was also suppressed by the ALD films. When used as a
support for Pd in CO oxidation, the CeOz-modified materials significantly enhanced rates due to
interactions between the Pd and the CeOo.

Atomic Layer Deposition on Porous Materials: Problems with Conventional Approaches to
Catalyst and Fuel Cell Electrode Preparation:

Atomic Layer Deposition (ALD) offers exciting possibilities for controlling the structure
and composition of surfaces on the atomic scale in heterogeneous catalysts and Solid Oxide Fuel
Cell (SOFC) electrodes. However, while ALD procedures and equipment are well developed for
applications involving flat surfaces, the conditions required for ALD in porous, high-surface-area
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materials need to be very different. The materials that are of interest for catalytic applications will
also be different. For flat surfaces, rapid cycling, enabled by high carrier-gas flow rates, is
necessary in order to rapidly grow thicker films. By contrast, ALD films in porous materials rarely
need to be more than 1 nm thick. Elimination of diffusion gradients, efficient use of precursors,
and ligand removal with less reactive precursors are the major factors that need to be controlled.
In this work, we developed criteria for successful use of ALD in porous materials.

Publications Acknowledging this Grant in 2015-2018

L.

2.

10.

11.

12.

Exclusively funded by this grant (for RJG)

Lin, C.; Jang, J.-B.; Zhang, L.; Stach, E. A.; Gorte, R. J. Improved Coking Resistance of
“Intelligent” Ni Catalysts Prepared by Atomic Layer Deposition, submitted.

Onn, T. M.; Kiingas, R.; Fornasiero, P.; Huang, K.; Gorte, R. J. Atomic Layer Deposition
on Porous Materials: Problems with Conventional Approaches to Catalyst and Fuel Cell
Electrode Preparation, Inorganics, 2018, 6, 34.

Onn, T. M.; Monai, M.; Dai, S.; Fonda, E. Montini, T.; Pan, X.Q.; Graham, G. W;
Fornasiero, P.; Gorte, R. J. Smart Pd Catalyst with Improved Thermal Stability Supported
on High-Surface-Area LaFeOs Prepared by Atomic Layer Deposition, J. Amer. Chem. Soc.,
2018, /40, 4841-48.

Onn, T. M.; Mao, X.; Lin, C.; Wang, C.; Gorte, R. J. Investigation of the Thermodynamic
Properties of Surface Ceria and Ceria-Zirconia Solid Solution Films prepared by Atomic
Layer Deposition on Al,Os, Inorganics, 2017, 5, 69.

Lin, C.; Mao, X.; Onn, T. M.; Jang, J.-B.; Gorte, R. J. Stabilization of ZrO, Powders by
ALD of CeO; and ZrO3, Inorganics, 2017, 5, 65.

Onn, T. M.; Dai, S.; Chen, J.; Pan, X.Q.; Graham, G. W.; Gorte, R. J. High-surface area
Ceria-Zirconia Films Prepared by Atomic Layer Deposition, Catalysis Letters, 2017, 147,
1465-70.

Onn, T. M.; Monai, M.; Dai, S.; Arroyo-Ramirez, L.; Zhang, S.; Ye, X.; Pan, X.Q.;
Graham, G. W.; Fornasiero, P.; Gorte, R. J. High-Surface-Area, Iron-Oxide Films
Prepared by Atomic Layer Deposition on y-AlOs, Applied Catalysis A 2017, 534, 70-77.
Onn, T. M.; Zhang, S.; Arroyo-Ramirez, L.; Ye, X.; Wang, C.; Pan, X. Q.; Graham, G. W_;
Gorte, R. J. High-Surface-Area Ceria Prepared By ALD on Al,Os Support, Applied
Catalysis B, 2017, 201, 430-437.

Onn, T. M.; Zhang, S.; Arroyo-Ramirez, L.; Chung, Y.-C.; Graham, G. W.; Pan, X. Q.;
Gorte, R. J. Improved Thermal Stability and Methane-Oxidation Activity of Pd/AlLO;
Catalysts by Atomic Layer Deposition of ZrO>, ACS Catalysis, 2015, 5, 5696-5701.
Arroyo-Ramirez, L.; Chen, C.; Cargnello, M.; Murray, C. B.; Gorte, R. J. A Comparison
of Hierarchical Pt@CeQO,/Si-Al,O3 and Pd@CeO,/Si-Al,Os, Catalysis Today, 2015, 253,
137-141.

Cargnello, M.; Chen, C.; Diroll, B.; Doan-Nguyen, V.; Gorte, R. J.; Murray, C. B. Efficient
Removal of Organic Ligands From Supported Nanocrystals by Fast Thermal Annealing
Enables Catalytic Studies on Well Defined Active Phases, Journal of the American
Chemical Society, 2015, 137, 6906-11.

Cargnello, M.; Sala, D.; Chen, C.; D’Arienzo, M.; Gorte, R. J.; Murray, C. B. Structure,
morphology and catalytic properties of pure and alloyed Au-ZnO hierarchical
nanostructures, RSC Advances, 2015, 5, 41920-33.

125



Lars C. Grabow
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Presentation Abstract

The selective reduction or catalytic upgrade of small oxygenated compounds from bio-oil is often
as challenging as the selective oxidation of hydrocarbons. While complete reduction is feasible, it
requires excess hydrogen, and thus, fares unfavorable in techno-economic analyses. Through
extensive computational studies and close collaborations with experimental groups we propose
that by controlling the oxygen affinity of metal or metal-oxide surfaces the catalytic yield towards
partially reduced products can be significantly improved. In particular, molybdenum-oxide can be
promoted with transition metals to improve the kinetics and thermodynamics of oxygen vacancy
formation akin to cobalt and nickel promotion of molybdenum-sulfide for hydrodesulfurization
catalysis. Alloying copper with palladium creates catalytic sites that combine the activity of
palladium with the selectivity of copper for the selective dehydrogenation of small primary
alcohols as required for the Guerbet coupling reaction. Similarly, the oxygen affinity of palladium-
based catalysts can be increased with indium to create bifunctional reduction sites that boost the
rate of nitrate reduction. In all three examples the catalytic performance is attributed to the
existence of sites with dual functionality and optimized oxygen affinity that stabilizes a key
reaction intermediate.

DE-SC0011983: Unifying principles for catalytic hydrotreating processes

Postdoc(s): Purnima Kharidehal, Unmesh Menon
Student(s): Sashank Kasiraju, Xiao Li

RECENT PROGRESS
Transfer of catalyst optimization strategies from hydrodesulfurization to hydrodeoxygenation

Molybdenum-oxide (Mo0O3) is a promising catalyst candidate for hydrodeoxygenation (HDO) of
pyrolysis vapor or liquefaction products to renewable fuels or value-added chemicals. We used
density functional theory to study the mechanism and active site requirements for HDO of furan
over the MoO3(010) facet and contrast our results with prior work on hydrodesulfurization (HDS)
of thiophene over MoS: model catalysts. Using a constrained ab-initio thermodynamic approach
we find that surface or subsurface hydroxyls are available on MoO3(010) under reaction conditions
of high hydrogen and water partial pressure, but the concentration of oxygen defect sites needed
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to catalyze the deoxygenation steps is limited. Despite
the structural differences between MoO3; and MoS,, we
find that the reaction mechanisms for HDO of furan over
MoO3(010) and HDS of thiophene on the S-edge of
MoS: follow a similar sequence of elementary steps
(Figure 1). Moreover, the C-O/C-S cleavage and ring
opening reactions are facile on vacancy defect sites once
they are formed.

As reported for the S-edge of MoS,, the MoO3(010)
surface is also resistant to surface reduction with
hydrogen, due to its inability to catalyze H» activation
and the endothermic defect formation enthalpy. In HDS
catalysis, this is remedied by transition metal promotion
of MoS,, and we were able to adopt this strategy for
MoO3(010) surfaces. The incorporation of promoter
metals such as Fe, Co, Ni, Cu and Zn in the top surface
layer of MoO3(010) greatly improves the thermodynamic
tendency to form O defects, even in the absence of
hydrogen atmosphere at 673 K. At the same time, these
surface modifications also lower the activation barrier for
H> splitting, suggesting that the rate of vacancy

formation can be optimized for HDO applications. An excessive increase in surface reducibility,
however, could lead to the loss of C-O bond cleavage ability and rigorous optimization of the type
and concentration of promoter atoms will be needed to strike the right balance between vacancy
formation and C-O bond scission activity. Overall, this work sheds some light on the atomic
similarities exhibited by the well-studied S-edge of MoS, and MoO3(010) for hydrotreating
reactions. Through the identification of such analogies between related catalytic systems we expect
to derive universal design principles for hydrotreating catalysts such that the future discovery of
improved catalytic materials for hydrotreating processes will be greatly accelerated.

Selectivity tuning over bimetallic (de-) hydrogenation catalysts
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The efficacy of tandem dehydrogenation—
R condensation catalysts for the upgrade of bio-

\/\/(/,,H derived intermediates is largely determined by

their relative (de-)hydrogenation and
decarbonylation activity (Figure 2). For example,
the Guerbet and aldol condensation reactions are
of interest since they allow for C—C bond

T YIYT L formation and give higher molecular weight

oxygenates. An initial study identified Pd-
supported on hydrotalcite as an active catalyst for
the transformation, although this catalyst showed
extensive undesirable decarbonylation. A
catalyst containing Pd and Cu in a 3:1 ratio

dramatically decreased decarbonylation, while preserving the high catalytic rates seen with Pd-
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based catalysts. We explain this phenomenon by proposing a segregated Pd;Cu surface model with
a Cu-rich surface, consistent with a combination of experimental characterization techniques,
including XRD, EXAFS, TEM, CO chemisorption and TPD.
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Figure 5 Potential energy diagrams for the metal catalyzed sequential dehydrogenation of propanol to propanal. The solid lines
correspond to the O-bound alkoxy intermediate (CH;CH,CH,0), whereas the dashed lines refer to the stability of the C-bound
a-hydroxyalkyl intermediate (CH3CH,CHOH). The horizontal bar illustrates a turnover frequency (TOF) estimate in logarithmic
scale from a microkinetic model at 503 K, 0.9 bar propanol, and 0.1 bar CO.

Density functional theory and kinetic modeling studies suggest that the surface segregation of Cu
atoms in the bimetallic alloy catalyst produces Cu sites with increased reactivity, while the Pd sites
responsible for unselective decarbonylation pathways are selectively poisoned by CO (Figure 3,
bottom right panel). The formation of the Pd;Cu alloy raises the d-band center of Cu significantly,
leading to increased reactivity of Cu for the dehydrogenation reaction, but does not provide
favorable binding sites for decarbonylation intermediates that bind through their carbon atoms.
The suppression of the decarbonylation reaction is consistent with the high selectivity toward the
base-catalyzed Guerbet and ABE (acetone, butanol, ethanol) coupling reactions observed
experimentally. Thus, even with large excess of Pd in the catalyst, the catalytic centers are surface
Cu atoms with a modified electronic structure due to interactions with Pd.

Selectivity control can also be achieved using the PdCu nanocluster size. Smaller nanoparticles
favor the C—CO bond scission step of the decarbonylation reaction, due to the stronger binding of
CO and alkyl species to sites of lower coordination. CO-induced segregation of reactive Pd atoms
to under-coordinated step/edge sites also amplifies the geometric effect on the catalytic behavior.

Insights into nitrate reduction over indium-decorated palladium nanoparticles

Nitrate (NO3’) is an ubiquitous groundwater contaminant, and is detrimental to human health.
Bimetallic palladium-based catalysts have been found to be promising for treating nitrate (and
nitrite, NO2") contaminated waters. Those containing indium (In) are unusually active, but the
mechanistic explanation for catalyst performance remains largely unproven. We report that In
deposited on Pd nanoparticles (NPs) show room-temperature nitrate catalytic reduction activity
that varies with volcano-shape dependence on In surface coverage. The most active catalyst had
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an In surface coverage of 40%, with a pseudo-first order normalized rate constant of kcas ~ 7.6 L
Zsurface-metal | Min"!, whereas monometallic Pd NPs and In,O3 have nondetectible activity for nitrate
reduction. X-ray absorption spectroscopy (XAS) results indicated that In is in oxidized form in the
as-synthesized catalyst; it reduces to zerovalent metal in the presence of H» and re-oxidizes
following NOs™ contact. Selectivity in excess of 95% to nontoxic N2> was observed for all the
catalysts.
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Figure 6 Schematic representation of the proposed bifunctional mechanism for nitrate reduction over In-decorated Pd
nanoparticles.

DFT simulations and a lumped kinetic model showed that small In ensembles with high oxygen
affinity strongly favor nitrate reduction and can remain reduced via hydrogen spillover from
adjacent Pd sites, while the reduction of large In ensembles is prohibitively difficult, which is in
agreement with the experimentally observed In-dependent volcano-shaped activity. A Bader
charge analysis indicated an increase in oxidation of In atoms during the nitrate reduction reaction
and is consistent with in situ XANES experiments which showed oxidation of In in nitrate solution.
Based on the experimental and computational evidence, we propose a mechanism in which In
oxidatively adsorbs nitrate, while Pd activates hydrogen to further reduce formed nitrite and to
regenerate In sites (Figure 4). This improved understanding of the In active site expands the
prospects of improved denitrification using metal-on-metal catalysts.
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Presentation Abstract

Dehydration of biomass-derived molecules (e.g., ethanol, sugars, polyols and cyclic alcohols) is
key to the production of transportation fuels and valuable chemical intermediates; it eliminates
oxygen without H> consumption (as opposed to metal-catalyzed hydrodeoxygenation and
hydrogenolysis) and carbon loss. Herein, we employ rigorous kinetic measurements, calorimetric
and adsorption measurements, and density functional theory calculations to understand the nature
of the active site, the reaction mechanism and the energy landscape for the dehydration of cyclic
alcohols (from reduction of lignin-derived phenolics) in aqueous phase at conditions relevant to
biomass upgrading. A variety of acid catalysts have been studied, ranging from homogeneous acids
(organic, inorganic) to solid acids (zeolites in particular) with uniform and well-defined acid site
structures and a relatively high structural fidelity during reactions in hot liquid water. Differences
of more than two orders of magnitude are observed that are attributed to pore confinement rather
than acid strength. The results show that the activity (rate normalized to number of acid sites)
varies inversely with the size of pore opening (0.55 to 0.74 nm). A complete description of the
energy diagram will be furnished and the factors giving rise to these differences will be discussed
based on measured enthalpies and entropies of adsorption and activation.
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Wesley H. Bernskoetter and Nilay Hazari
University of Missouri; Yale University

Presentation Abstract

The development of catalysts for the conversion of carbon dioxide into more valuable compounds
is an important goal due to the potential of this greenhouse gas as a readily available, sustainable,
non-toxic, and inexpensive source of carbon. Formic acid and methanol are especially promising
targets for the catalytic conversion of carbon dioxide. Both are valuable commodity chemicals,
which are synthesized on a large scale, and could also be used as materials for chemical hydrogen
storage. Improved catalysts are required for both the hydrogenation of carbon dioxide to formic
acid or methanol and also the reverse dehydrogenation of formic acid or methanol to generate
hydrogen. In this poster our ongoing research into the development of improved base metal
catalysts for these processes and some associated reactions involving carbon dioxide are
summarized. This includes: (1) Efforts to design more active catalysts through the modification of
the ancillary ligand to increase the lifetime of the catalyst; (2) kinetic studies using stopped-flow
to understand the mechanism of CO; insertion into a variety of metal-element c-bonds; and (3)
kinetic studies to elucidate the effects of proton shuttles on hydrogen addition and elimination from
base metal complexes.

DE-SC0018222: Elucidating the Role of Lewis Acid Co-Catalysts in Base Metal Promoted
CO: Hydrogenation and Related Processes

Postdoc(s): Upul Jayarathne (Missouri)
Student(s): Julia Curley (Yale); Jessica E. Heimann (Yale); Elizabeth M. Lane (Missouri);
Nicholas E. Smith (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.

1) Ancillary ligand modification

Exploring the effect of isonitrile ancillary ligands on iron pincer catalysts

We have been investigating iron complexes ligated by the bifunctional ligand HN(CH2CH2PR2):
(RPNHP, R= 'Pr or Cy) for CO; hydrogenation and formic acid dehydrogenation (FADH). We
demonstrated that for FADH the iron formate complex (P"'PNHP)Fe(H){OC(O)H}(CO) achieves
almost 1,000,000 turnovers (TON) with the addition of a Lewis acid (LA) co-catalyst. The related
precatalyst (P"'PNP)Fe(H)(CO) (P"PNP = N(CH2CH,P'Pr»),") gives a TON of almost 9,000 for CO»
hydrogenation to formate in the presence of a LA co-catalyst and base (Figure 1a-c). In both cases
these are some of the highest TONs observed for first-row transition metal systems. Subsequently,
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Figure 1: a) Formic acid dehydrogenation (FADH), b) CO2 hydrogenation to formate, ¢) Previous
PNP iron catalysts studied by our groups, and d) complexes studied in this work. Conditions are
standard for 15! generation systems.

we developed 2™ generation systems in which the bifunctional PNP ligand was replaced with a
PNP ligand containing a tertiary amine. Complexes of the form (RPNMP)Fe(H)(HBH;)(CO)
(RPNMeP = CH;3;N(CH2CH2PR2)2, R= Pr or Cy) are an order of magnitude more productive for
CO; hydrogenation to formate than their 1°* generation analogues, affording 60,000 TON in the
presence of a LA co-catalyst and base (Figure 1b-c). However, in both the 1 and 2™ generation
systems, catalyst decomposition is a major issue, which needs to be addressed in order to develop
improved systems.

One strategy to prevent catalyst decomposition is to modify the ancillary ligands around the iron.
In particular, the replacement of a carbonyl ligand with an isonitrile ligand provides potential
benefits because of the tunable steric and electronic properties of isonitriles. In recent work we
have synthesized both 15" and 2™ generation systems with alkyl and aryl isonitrile ancillary ligands
instead of carbonyl ligands (Figure 1d). All of these complexes are active catalysts for CO»
hydrogenation to formate but show decreased activity compared to the 1% generation catalysts. The
2" generation isonitrile supported species are approximately one order of magnitude more active
than 1 generation isonitrile supported species for CO, hydrogenation, which suggests that the
tertiary amide substituted pincer ligand promotes this reaction. We propose that this is because
release of formate from the catalyst is easier for tertiary amide systems because they do not form
hydrogen bonding interactions with formate. Further work, will look to investigate alternative
substituents on the tertiary amide and explore stronger -donor ligands such as NO™. In preliminary
work we have already prepared a number of iron complexes supported by 'PNPP (P'PPNPhp =
PhN(CH>CH,P'Pr»),) ligands.

Tertiary amide containing systems for FADH
The iron formate complex, (*"PN"P)Fe(H) {OC(O)H}(CO), requires a LA co-catalyst to achieve
almost 1,000,000 turnovers (TON) for FADH. This is because the LA is required to assist in the
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turnover limiting decarboxylation of the iron HCOOH [Fe] H, * co

formate. We hypothesized that the hydrogen THF 80 °C 2 Eal)

bonding interaction between the N-H group of 0 the
pincer ligand and the formate ligand makes 4% H

formate decarboxylation more challenging. By ﬂ Me ﬂiE

replacing the N-H group with a N-Me group, &—CO b &é—CO we
postulated that formate decarboxylation would <_ t/ |L <_ E/ | - pip be

more facile and that a LA co-catalyst would no
longer be required for catalysis. Preliminary
experiments indicate that our 2™ generation
systems are far more active than our 1 generation systems for FADH in the absence of a LA co-
catalyst (Eq 1). Further research will be performed to optimize this reaction and also develop
systems than can operate in more concentrated formic acid solutions.

TON <200 (48 hrs)  TON > 2,120 (4 hrs)

Non-pincer supported systems for CO> hydrogenation and FADH
Even though our iron pincer

complexes are extremely active for

CO; hydrogenation and FADH, the

pincer ligand is expensive and ||=e@ U ||:e@
relatively difficult to synthesize. We =~ ACN~"| ™SACN  bidentate nitrogen L | “SACN
have been exploring the chemistry CN and phosphine figands -\ _&

systems which contain cheaper  Figure 2: Preparation of iron complexes used for CO2
hydrogenation and FADH.

of

ligands and are synthetically more
accessible. Specifically, we are investigating Cp and Cp* supported iron catalysts with bidentate
phosphine or nitrogen containing ligands (Figure 2). To date we have shown that using the iron
precursors (Cp)Fe(ACN)s" or (Cp*)Fe(ACN);* we can add bidentate nitrogen or phosphine ligands
to make our desired complexes. These ligation reactions can be performed either in situ or used to
generate isolable and well-defined precatalysts. We have demonstrated that some of the complexes
we generate using this protocol are active for FADH, as well as for MeOH dehydrogenation. We
intend to explore a wide range of bidentate ligands and then perform mechanistic studies on the
most active systems.

2) Kinetics of CO; insertion into metal-element o-bonds
Recently, we have been exploring the mechanism of CO»

insertion into metal hydride bonds using stopped-flow P'Bu,

kinetics (see Bernskoetter Abstract). One compound that | we
evaluated was (PCP)NiH (PCP = 2,6-CsH3(CH:2P'Buz)y). Ni—F We
demonstrated that CO> insertion into (PCP)NiH was first ;LtBu2

order with respect to [Ni] and [CO:] and that the rate of E =H, OH, or NH,

insertion increases as the acceptor number of the solvent  Figure 3: Ni complexes used
increases (Figure 3). Additionally, when the ancillary PCP for stopped-flow studies.

ligand was modified we showed that more electron rich

substituents in the para-position of the phenyl backbone of the ligand and less sterically
demanding substituents on the phosphine ligands both increased the rate of CO; insertion. The
closely related complexes (PCP)Ni(OH) and (PCP)Ni(NH>) are also synthetically accessible and
insert CO> to form the corresponding carbonate and carbamate complexes, respectively. This
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allows us to directly compare the kinetics of insertion into a late transition metal hydride,
hydroxide, and amide supported by the same ancillary ligand. Using stopped-flow kinetics we
were able to show that insertion into (PCP)Ni(OH) and (PCP)Ni(NHb>) is much faster than insertion
into (PCP)NiH. In fact, insertion into (PCP)Ni(NH>) is so fast that we were unable to measure the
rate even at low temperature. CO; insertion into (PCP)Ni(OH) is first order in [Ni] and [COz] but,
unlike insertion into (PCP)NiH, there is no correlation between the rate of insertion and the solvent
acceptor number. Studies into ligand effects on the rate of insertion into (PCP)Ni(OH) are currently
underway.

3) Measuring H; addition/release in the presence of proton shuttles

The iron complex (PPNHP)Fe(H){OC(O)H}(CO) is a very active catalyst for methanol
dehydrogenation to three equivalents of H> and CO». The proposed turnover limiting step is 1,2-
elimination of H, from an iron dihydride species (Figure 4). This reaction is proposed to be
facilitated by an equivalent of MeOH, which assists with proton shuttling. However, detailed
experimental studies on the role that MeOH plays in this reaction have never been performed.
Recently, we developed an experimental setup that enables us to measure the kinetics of 1,2-
addition of H» to (*"PNP)Fe(H)(CO), the microscopic reverse process of the 1,2-elimination which
occurs in catalysis. Given our ability to measure the kinetics of this reaction we now intend to
determine a reaction order in [MeOH] and also probe the ability of higher order alcohols and
amines to act as proton shuttles. This will allow us to rationally introduce additives into catalytic
reactions.

MeO--H i
H e W E E
"\ Je co _MeOH _ _FoCOl — \ e_co T(;H '“Fe< c0
e H
<_J | <_E/ | <_E/L -

E =PiPr,
Figure 4: MeOH acts as a proton shuttle to facilitate 1,2-elimination of Ha.

Publications Acknowledging this Grant in 2015-2018

No publications have arisen from this grant to date. However, one publication is submitted:
Heimann, J. E.; Bernskoetter, W. H.; Hazari, N.; Mayer, J. M. 'Acceleration of CO> Insertion into
Metal Hydrides: Ligand, Lewis Acid, and Solvent Effects on Reaction Kinetics.' Submitted.
Another publication is currently in preparation and will be submitted shortly:

Curley, J. B.; Smith, N. E.; Bernskoetter, W. H.; Hazari, N.; Mercado, B. Q. 'Catalytic Formic
Acid Dehydrogenation and CO, Hydrogenation Using Iron PNRP Pincer Complexes with Isonitrile
Ligands." In Preparation.
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Performance evaluation of the density-functional tight-binding method for catalysis
applications

Ka Hung Lee,"? Victor Fung,’ De-en Jiang,® Zili Wu,* and Stephan Irle?

"Bredesen Center for Interdisciplinary Research and Graduate Education, University of
Tennessee, Knoxville, TN 37996; 2Computational Sciences and Engineering Division, Oak
Ridge National Laboratory, Oak Ridge, TN 37831; *Department of Chemistry, University of
California, Riverside, CA 92521; “Chemical Sciences Division, Oak Ridge National Laboratory,
Oak Ridge, TN 37831

One of our catalysis program goals is to understand the cooperative interactions of metals with
active supports and tailor their catalytic activities and/or reaction pathways. “In vivo” surface
reconstruction occurring under the pretreatment and reaction conditions may expose or create
novel reactive sites responsible for the experimentally observed catalytic activity, but are difficult
to investigate theoretically. First principles-based density functional theory (DFT) investigations
are typically limited to model systems containing ~1000 atoms and timescales on the order of ~100
picoseconds, and are therefore limited to the study of idealized model systems, causing disconnect
between theory and experiment. DFT methods are ill-equipped to handle nanometer-scale unit
cells and longer diffusion time scales required to describe complex interfacial catalyst dynamic
processes.

The density-functional tight-binding (DFTB) method [1] is an approximation to DFT that reduces
the computational effort by 2-3 orders of magnitude, and is therefore better suited for the purpose
of predictive surface transformation processes. For instance, it was used for the prediction of the
fullerene formation mechanism [2], the Haeckelite formation mechanism on metal surfaces [3],
and the existence of a “sweet spot” for the catalyst oxygen content of carbon nanotube formation
[4]. As a starting point, this work aims to predict molecular structures and isomer energies of
icosahedral and truncated octahedral clusters of Pt atoms containing up to ~3000 atoms using
previously reported DFTB parameters for Pt [S] and investigate the effect of spin polarization.
This is the first step toward DFTB-based studies of surface reconstruction processes occurring at
Pt-clusters on TiO> and SrTiOs active support interfaces, paving the way for the design of new
metal catalysts on active supports.

Research supported by the U.S. Department of Energy, Office of Science, Basic Energy Sciences,
Chemical Sciences, Geosciences, and Biosciences Division. This research is part of FWP
ERKCC96: Fundamentals of Catalysis and Chemical Transformations. For a full description of
recent progress see the Extended Abstract for ERKCC96.
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Positioning Active Sites in Catalytic Materials — From Cooperative Catalysis to Cascade
Catalysis in Multicompartment Nanoreactors
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Presentation Abstract

At any given moment, the cell is carrying out a large number of non-orthogonal (and competing)
catalytic transformations simultaneously. This is made possible by compartmentalizing these
transformations and catalysts, thereby shielding them from each other. Currently, synthetic analogs
to such chemical reaction diversity do not widely exist, though there is significant interest in one-
pot, multistep strategies to supersede intermediate work-up procedures. In particular, synthetic
multicompartment systems — where individual catalyst particles are tailored to contain multiple,
distinct zones or compartments within a single particle that isolate specific active sites, reagents
or reactions - are in their infancy. Furthermore, reports of combining non-orthogonal
transformations in one pot have been limited to a few examples, none of them allowing for multiple
non-orthogonal and enantioselective transformations. An interdisciplinary research team that can
probe all aspects of the design, synthesis and characterization of compartmentalizable, catalyst-
containing nanoreactors is exploring this topic from both experimental and theoretical points of
view. Our prior work began with the design of cooperative catalysts, where multiple active sites
work in tandem on a single substrate to catalyze a reaction, and now focuses on cascade catalysis.
In particular, researchers at GT and NYU are developing new platforms for use as
multicompartment nanoreactors to support a library of catalysts, both transition metal based and
organocatalysts, for tandem or multi-step catalysis. Using these model systems, we seek
fundamental principles that can be used to understand and design future classes of supported,
cooperative and/or tandem catalysts.
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N; electroreduction catalysis — design of the near surface environment for enhanced
selectivity
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Presentation Abstract

The overall research goals of this project are to determine key steps and descriptors for the NoRR
reaction mechanism and predict catalyst/ligand environments that enable highly active and
selective N2RR catalysts. To achieve these goals, the objectives of the proposed research are: (1)
to design nitrogenase-inspired short-chain peptide sequences with specific regions of
hydrophobicity and pKa (i.e., protonation/deprotonation as a function of pH), (2) to use the
peptides as a platform to control the local surface environment of metal/metal hydroxide film
catalysts, and (3) to understand N»/H>O adsorption/desorption and electrochemical behavior of the
films from a coordinated experimental and theoretical standpoint. We have prepared Fe, Ni, and
mixed oxide/hydroxide thin film electrodes, and characterized them with XPS, XRD, and SEM.
Peptide-modified Au and Fe>Os3 electrodes were prepared, and their structure and stability probed
in electrolyte environments. Density functional theory studies have examined late transition
metals to illustrate kinetic limitations to activity and selectivity, and provide insight into how
modifying the near surface region can alter elementary NoRR electrokinetics.

DE-SC0016529: Peptide Control of Electrocatalyst Surface Environment and Catalyst
Structure: A Design Platform to Enable Mechanistic Understanding and Synthesis of
Active and Selective N2 Reduction Catalysts

PI: Lauren Greenlee, Co-Pls: Julie Renner, Michael Janik
Student(s): Sergio I. Perez Bakovic (Arkansas), Charles Loney (CWRU), Sharad Maheshwari
(PSU)

RECENT PROGRESS

Electrodeposited Catalyst Films: Real-Time Monitoring & Chemical Characterization

Our research over the past year has focused on repeatable synthesis of homogeneous, conformal
electrodeposited catalyst films with controlled FexNiy composition. We have now developed a
precise electrodeposition methodology using a quartz crystal microbalance (QCM) platform and
an optimized electrode pretreatment procedure that produces highly reproducible films of
controlled composition and thickness. The technique allows a complete coating of the underlying
gold electrode surface. The QCM platform allows real-time measurement of electrodeposited
mass and therefore control of film thickness.
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Figure 1. X-ray photoelectron spectroscopy (XPS) is used a primary chemical

characterization technique to analyze the surface chemistry of as-synthesized
electrodeposited catalyst films. (a) Oxygen 1s binding energy window, (b) nickel 2p
binding energy window, and (c) iron 2p binding energy window.

Chemical characterization via x-ray photoelectron spectroscopy (XPS) (Figure 1) has provided
detailed information about the chemical composition and speciation of the surface of
electrodeposited catalysts. XPS results demonstrate the change in surface chemistry as a function
of FexNiy composition, where the oxygen 1s region is particularly useful in identifying a shift in
oxygen chemical environment as the composition of the film changes.

DFT Studies of N:RR on Late Transition Metals
: Our DFT studies have examined the elementary
aan A electrokinetics of N reduction on low index
facets of Fe catalysts. By explicitly evaluating all
electrokinetic barriers as a function of electrode
v oA 0458 potential, we have been able to evaluate the
Py reliability of BEP relationships and to estimate
e kinetic limitations. =~ Key steps have been
examined across late transition metals, allowing
us to construct the “kinetic volcano” relationship
below that illustrates the extreme challenge late
° . . - oy " transition metals have in surmounting high
N.H binding energy (eV) barriers for the N2RR. We have also examined

Figure 2. Activation barriers (at 0 V-RHE) for N, how near surface additives (proton transfer
reduction to NoH* (red triangles) and NH* to NH,* .
(blue diamonds) on close-packed late transition metals agents) can lower these barriers.

show a rough correlation with NoH* intermediate . .

binding energy. These correlations results in a “kinetic ~ Peptide Control of Surface Properties and
volcano” with all transition metals having a high Selectivity

barriers requiring large overpotentials. Barriers for Over the past year, we have examined the extent

Fe(100) (green) and Ru(0001) (purple) are included on . .
the( plot), Efut no)t in the b(est ﬁt)lge;f cgrrelations (solid ‘,[hat pept1de§ can modulate Sur,face propertles. of
lines). iron (III) oxide and gold. Starting with a peptide
that has demonstrated the ability to increase the
faradaic efficiency of electrochemical ammonia production by >10X on iron (III) oxide, we
discovered using a quartz crystal microbalance (QCM) that 1) that the peptide binds to iron (IIT)
oxide at ~110 + 20 ng/cm?, 2) the thickness of the layer is 1 = 0.20 nm and 3) the peptide layer is
stable in 10 mM KOH. Figure 3 shows representative QCM data. Based on the size of the peptide,

the QCM analysis reveals that the peptide lays flat in a monolayer at ~85% coverage. We also
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were able to characterize the binding affinity (via Scatchard analysis) and chemical nature of the
peptide-functionalized iron (III) oxide surface (via XPS), both of which points to a likely chelation
with carboxylate groups.
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Figure 3: Representative QCM data showing a) peptide binding to iron (III) oxide sensors and b)
peptide stability on iron (III) oxide in KOH solution.

Finally, we have studied the ability of a simple tripeptide system to modulate the hydrophobicity
of a gold surface and were able to show through contact angle measurements that the system can
be used to make the surface significantly more hydrophobic.
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Transition Metal Activation and Functionalization of C-H and C-C Bonds
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Presentation Abstract

This project has as its overall goal improvement in the intelligent use of our energy resources,
specifically petroleum derived products, and is aimed at the development of new routes for the
manipulation of C-H and C-C bonds. During this project period, our research is focused on the
following general goals: (1) C-H bond activation reactions in functionalized substrates, including
alkylnitriles, ketones, ethers, fluoromethanes, alcohols, and alkynes, and fundamental studies of
their effects on metal-carbon bond strengths wusing trispyrazolylborate-rhodium (TpRh)
complexes; (2) Hydrogenation reactions using first-row transition metals; (3) C—CN bond
activation in aryl-nitriles and allyl-nitriles; (4) Determination of relative Rh-OR bond strengths;
(5) Determination of the lifetime of Tp’Rh(CNR)(c-alkane) complexes. We have also co-written
a report on best practices for benchmarking catalytic reactions, a book chapter on how ligands can
affect metal-carbon bond strengths, and a book chapter summarizing the use of pincer-manganese
and cobalt complexes for hydrogenation/dehydrogenation reactions.

FGO02-86-ER13569: Transition Metal Activation and Functionalization of Carbon-

Hydrogen and Carbon-Carbon Bonds

Postdoc(s): Sumit Chakraborty

Student(s): Jing Yuwen, Ahmet Gunay, Yunzhe Jiao, Brett Swartz, Meagan Evans, Lloyd

Munjanja

RECENT PROGRESS

The specific accomplishments of the current grant

period include:

(1) We have made a breakthrough in our
understanding of rhodium-alkoxide bond strengths (eq
1) by the examination of the kinetics and
thermodynamics of C-H bond activation in several
alcohols such as methanol, ethanol, isopropanol, and
t-butanol. This work demonstrates that there is a 1:1
tradeoff between the metal-oxygen bond strength and

D(M-OR) - D{M-Ph)
L oL

CF,CH,OH u

HOCHCH;0H
|}

PhGH,OH

iPrOH
® o slope=097(3)
MeOH = (0.995
c-pentylOH
nPrOH
nBudH

the hydrogen-oxygen bond strength (Fig. 1). This 95
work was published in Inorg. Chem.

Drei(Rh-OR) = [AH(Rh-OR) - AH(Rh-Ph)] =
AG® + RT In(6/#H) + [AH(RO-H) -AH(Ph-H)] (1)

100

Figure 1. Relative Rh-OR vs. H-OR bond
strengths. Pink data not included in the fit.

105 110 115 120
D(H-OR)
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(2) We have published a study of C-C cleavage in acetonitrile and benzonitrile using a palladium-
dippe precursor (Organometallics). Here, C-CN cleavage occurs with benzonitrile in the presence
of BEt; as Lewis acid activator (Scheme 1).

(3) We have investigated the use of Lewis acids to assist in the cleavage of C-C bonds using a
nickel(0) complex (SYNLETT-Special cluster on C-C bond activation) (Scheme 2).

Scheme 1: Scheme 2:
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P -BEt, PH p PhCN
iPry - KClI iPry ; iPr, © N
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H, 'T:r\z L -BPn RN R
. B5 = [ el = -
||Izr2 BEta iPr N iFl’D/ X iPP/
2 'Pr. 2 2
N 2 BPh
[ \Pd—\“ CH5ON [P\Pd 22 1a e
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(4) We have examined the reaction of MeCl with Tp’Rh(PMe;), showing that initial C-H activation
ultimately leads to C-Cl activation via a methylidene intermediate (eq 2).

CH,CI CH
CH3C| 4 2 CsDe , 3
Tp'Rh(PMes)(Me)H ———> [Rh 56, 2)
PRA(PMes)(Me)H —— [ ]\H 30 °C [Rh]\CI

1

-CH 3 .
[Rh] = TORh(PMes) 1-cl

(5) We have demonstrated that [Tp’Rh(PMes)] reacts with capronitrile to give the N-bound
product, not the methyl C-H activation product as seen with [Tp’Rh(CNneopentyl)] (eq 3).

h H:@_
B B
IX ¥\
@L ! n'@ O,L g,O
\i/ n-BuCN \Rh/ €)
Rh —_—
< \°H RT, -CH, / N\
MesP CHs MezP . NCCH,CH,CH,CHg

(6) We have published a book chapter on “The Effects of Ancilliary Ligands on Metal-Carbon
Bond Strengths,” in Topics in Organometallic Chemistry: C-H Bond Activation And Catalytic
Functionalization (vol. 56) 2016.

(7) We have investigated the use of a cobalt-PNP catalyst for the hydrogenation of esters (ACS
Catalysis) (Table 1).
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Table 1. Catalytic hydrogenation of esters using the cobalt catalyst 1.?

BArf
0 Cat.1 (2 mol%) Ho
)J\ R1CH20H + RzOH ’{‘
Ry~ "ORs THF, 120 °C CvsP—CoPC
H, (55 bar), 20h Y2 0 Y2
CH,SiMe3
1
entry substrate conv.(%)  product yield (%)°
0
! )?\ 97 P OH 97 7 OEt 91 OAOH 89
Ph” 0" Ph
0 P o 0
d 24 15
2 o oMe Ph™ "OH g4 A 100 P "oMe 66°
Ph OMe PN .
o] P Ph OH 35
3 94 Ph OH Q0
P ~oEt o 8
0 od NN . 100  Ph OEt 2°
P t
o~ Aome F oH %0 P "OH  98°
5 2 82 PR 67 10¢ i 64 MeOH 8
A~ Aort OH H” OMe

) 0
6 Ej/ko,\,,e 45 O/\OH 26 11 HOOCHJ\OB 0 HOOCM?OH 0
4

(a) Reaction conditions: substate (0.5 mmol), catalyst 1 (2 mol%), THF (1.0 mL), Hz (55 bar), 120 °C, 20 hours. (b) Yields
were determined by GC. (c) Product yields are ratios at 100% conversion. Yields of methanol and ethanol are not reported.
(d) Toluene was used as solvent.

(8) In a collaborative project with Prof. Robin N. Perutz of the University of York, we examined
the reactions of several substrates containing B-H, Si-H, and C-F bonds with various precursors
for the [Tp’Rh(PMe3)] fragment (J. Am. Chem. Soc.) (Scheme 4).

Scheme 4: Activation of B-H, Si-H, and C-F bonds

— o —
Tp, H N
//«,Rh/ h\,, .H2 io/-
/ \ ox. add. via
hotodi: iati
Mep? Pt | W, X
*‘@ — > Rh
, H VRN
Te:, A, CH, Me,p” Y
—_——
\ o add.viathermal F F\ F @ =xy
Me-P CH, associative |
3 3 mechanism — F N —J

X-Y bond activation favored over C-H bond activation
(9) In collaboration with Mike George (Nottingham) and Mike Hall (Texas A&M) with have
examined lifetimes of alkane o-complexes of Tp*Rh(CNneopentyl)(c-alkane) (Table 2, Figure 2).
The lifetimes vary with the length of the chain, indicating migration.

Table 2. Lifetimes of various alkane o-complexes Fig. 2. Plot of lifetime vs. #carbons

8

—=— CpRh(CO)

Cp*R(CO)
—=— Tp'Rh(CNR)
—=— TpRh(CO)

CpRh(CO)" Cp*Rh(CO)* Tp*Rh(CNR) Tp*Rh(CO)

=)

cpentane 5.9(202) 102(£08)  220(£10) 230 (=10)

EN

chexane 8.6(20.3) 258(22.0) 380 (240) 280 (= 15)
cheptane 22.7(20.7) 60.7(£24)  1415(£50) 550 (£45)

Normalised Lifetime
N

coctane 31.7(£09) 743 (=240) 1570 (£70)  G640* (= 60)

o

6 7
No. of C atoms
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Presentation Abstract

This abstract is divided into two subsections: (i) robust heterogenization of a molecular catalyst
active site, bridging homogeneous and heterogeneous catalysis; and (ii) understanding the
importance of the solid support as an active outer-sphere ligand in catalysis on solids, comparing
amorphous and crystalline silica. In the first subsection, we demonstrate a general approach for
stabilization of a nanoscale structure in a supported molecular catalyst, relying on confinement by
sterically bulky ligands, which allow transport of reactants and products in the working catalyst
but hinder deactivation via aggregation. Our approach is exemplified with the synthesis and
characterization of P-bridging calix[4]arene diiridium complex [Ir(CO),PPhL], 1, and its
anchoring on porous silica as a nominally non-interacting support. Our results demonstrate that
the silica-supported complex remains robust following hydrogenation catalytic turnover, as
evidenced by atomic-resolution scanning transmission electron microscopy (STEM) imaging and
extended X-ray absorption fine structure (EXAFS) spectroscopy, providing nanoscale insight into
the unique and crucial protective role afforded by the calixarene macrocyclic ligands of 1. In the
second subsection, the effect of outer-sphere environment on alkene epoxidation catalysis using
an organic hydroperoxide oxidant is demonstrated for calix[4]arene-TilV single-sites grafted on
amorphous vs. crystalline delaminated zeotype (UCB-4) silicates as supports. A chelating
calix[4]arene macrocycle ligand enforces a constant TilV inner-sphere, as characterized by UV-
visible and X-ray absorption spectroscopies, thus enabling the rigorous comparison of outer-sphere
environments across different siliceous supports. These outer-sphere environments are
characterized by solid-state 'H NMR spectroscopy to comprise proximally organized silanols
confined within 12-membered-ring cups in crystalline UCB-4, and are responsible for up to 5-fold
enhancements in rates of epoxidation by Ti(IV) centers.
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Bulky Calixarene Ligands Stabilize a Silica-Supported Molecular Iridium Dimer Catalyst

The solid-state structure of 1 was elucidated on the basis of single-crystal X-ray diffraction (XRD)
crystallography and high-angle annular dark-field (HAADF) STEM (Fig. 1 for schematic representation).
To isolate the catalytic sites in this cluster for reaction of gas-phase reactants and avoid solvent effects, we
supported cluster 1 on porous, dehydroxylated silica, a nominally non-interacting support. Infrared (IR)
spectra of 1-SiO; recorded under catalytic ethylene hydrogenation conditions demonstrate that catalytic
activation proceeds via dissociation of one of the four CO ligands during the course of the first 24 h on
stream. The loss of this CO to open an active site on the cluster core was characterized by EXAFS spectra
of 1-Si0;, recorded before and after catalysis.

Figure 1. (a) Molecular structure of [Ir(CO),PPhL], (1); (b) [Ir(CO),PPhL],: Isomer 1-TP: tetrahedral/

sqare planar coordination sphere; isomer 1-PP: all-square planar coordination sphere.
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We measured a steady-state turnover frequency (TOF) of 540 h' for ethylene hydrogenation
catalysis at 323 K using 1-SiO; as catalyst, which remained stable after more than 90 h on stream, with no
decrease in activity observable. HAADF-STEM images recorded before and after catalysis by 1-SiO; show
the nanoscale integrity of the silica-supported clusters even after catalysis (the heavy Ir atoms on the light
Si0, support were imaged with atomic resolution, and the dimeric structure of the cluster core is evident in
the 0.27 nm distance between the Ir atoms in a cluster. EXAFS data before and after catalysis agrees with
the HAADF-STEM data, by demonstrating the integrity of the Ir-Ir and Ir-P coordination sphere following
catalysis. In summary, catalyst 1-SiO; is a robust nanostructured catalyst that exhibits a stable TOF and
does not show any evidence of metal aggregation during hydrogenation catalysis. These results demonstrate
a benefit of the bulky calixarene-ligands — they keep the metal centers separated from each other and prevent
aggregation. Thus, the data demonstrate a new paradigm for stabilizing supported molecular catalysts, in a
manner that does not involve the support.

Outer-Sphere Control of Catalysis on Surfaces: A Comparative Study of Ti(IV) Single-Sites Grafted on
Amorphous versus Crystal-line Silicates for Alkene Epoxidation

We demonstrate that outer-sphere environments have profound consequences on the reactivity of
Ti(IV) sites supported on siliceous surfaces, the same type of active sites used in industrial propylene
epoxidation catalysts. Our approach enforces a constant inner-sphere envi-ronment for grafted Ti(IV)
single-sites with a chelating macrocyclic calix[4]arene ligand, while maintaining active-site accessibility
across crystalline zeolitic ver-sus amorphous outer-sphere environments of identical composition. It is
shown in Scheme 1, and is based on a calix[4]arene-Ti surface complex (highlighted in brown) as a Lewis-
acid catalytic Ti(IV) center. This is grafted onto a silanol (SiOH) group on the surface of three different
siliceous supports, consisting of a crystalline delaminated zeotype UCB-4, and two amorphous silicas,
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which comprise Aerosil® 200 fumed silica particles (denoted SiO,) and MCM-41, a hexagonally ordered
silicate with uniform 2.6 nm mesopores. The resulting catalysts comprising grafted calix[4]arene-Ti
complexes are denoted calix-Ti/SUP, where SUP = crystalline UCB-4, amorphous SiO,, or amorphous
MCM-41 indicates the support in Scheme 1.

Scheme 1. Schematic representation of grafted calix[4]arene-Ti(IV) structures (brown). Details of the
crystalline SSZ-70 (MWW-type) zeotype framework of UCB-4 is shown in the left panel. Silanol (SiOH)
species characterized by NMR spectroscopy on SSZ-70 are represented as a proximal silanol pair in blue,
and isolated crystal-plane terminating silanols in purple.

Rate constants normalized by Ti(IV) contents (keff) for
the epoxidation of cyclohexene with tert-butyl hydroperoxide, a
common probe reaction for epoxidation activity, are
summarized in Table 1 for all calix-Ti/SUP catalysts, with
epoxide yields uniformly high. Values of keff are observed to be

4- and 5-fold higher in crystalline calix-Ti/UCB-4, as compared | ﬁ‘ﬂ:ﬁ on pTh:f,.‘. .
to amorphous calix-TVMCM-41 and calix-Ti/SiO;, Y

respectively. Similar enhancements favoring calix-Ti/UCB-4 o TANCHA  colrTHSO,  colicTMCHAY
are also observed when quantifying turnover numbers for epoxide production, irrespective of whether the
amorphous support contains a well-ordered porous system in MCM-41 or not (SiO,). We surmise that, on
a single-site basis, all Ti(IV) centers behave similarly when grafted on amorphous supports, as described
previously, but with distinctly lower activity than on crystalline calixTi/UCB-4. Control experiments were
performed to confirm that the high-activity in calix-Ti/UCB-4 relative to the amorphous catalysts is not
due to artifacts of the delamination, acid washing treatment, presence of B(III), or diffusional constraints,
is independent of calix[4]arene-Ti(IV) surface density, and is generalizable to other olefins and oxidants.
Significantly, calix[4]arene-Ti(IV) sites grafted on fully hydroxylated SiO, (calix-Ti/SiO2-AW) exhibit
rates equivalent to those of calix-Ti/SiO (keff = 8 M?s™), indicating that silanol pairing as achieved by
high local silanol densities on amorphous silicates is alone insufficient for enhancing reactivity. Based on
the identical electronic and inner-sphere environments of grafted Ti(IV) for all catalysts (XANES and DR-
UV/Vis spectroscopic data), active sites would be expected to display similar epoxidation rates in the
absence of outer-sphere effects; however, they are instead observed to be up to 5-fold more active when
grafted on the crystalline framework of UCB-4, in comparison to amorphous supports. We conclude that
these enhance-ments in rate are brought about by outer-sphere effects intrinsic to the support in calix-
Ti/UCB-4.
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A series of supported bimetallic nanocatalysts have been developed in our program. The
synthesized bimetallic alloy nanoclusters and intermetallic nanoparticles have shown outstanding
activity and selectivity for both heterogeneous catalysis of non-oxidative dehydrogenation and
hydrogenation. The unique performance of the bimetallic nanocatalysts have motivated us to study
computationally in detail the catalytic properties of these systems as compared to pure metal
nanocatalysts. In the case of n-butane dehydrogenation using silica supported PtZn alloy clusters,
we observed experimentally that the atomic layer deposition of Pt complex precursors on Zn*"
modified SiO; followed by H» treatment results in small PtZn alloy clusters (~1 nm), while that on
SiO» leads to larger Pt nanoparticles (~7 nm).
Density functional theory (DFT) calculations
found that the presence of Zn** sites on silica
creates the anchoring hydroxyl groups that are
more acidic than the regular silica hydroxyls, and
results in stronger interactions with the Pt
precursor complex during the experimental
atomic layer deposition (ALD). Such enhanced
interactions stabilize Pt sites on SiO», resulting
in smaller cluster size. The resulting PtZn
nanocluster also showed outstanding selectivity
towards 1,3-butediene compared to the larger Pt
nanoparticles. ~ Computational  mechanism
studies found that the smaller PtZn alloy clusters
showed a much higher binding interaction with
the first dehydrogenation intermediate 1-butene than Pt nanoparticles, suggesting that olefin
dissociation is less energetically favorable on the nanocluster. Hence, the smaller PtZn clusters
likely favor a second C-H activation/dehydrogenation to form 1,3-butediene. Based on these
studies, we carried out systematic computational studies on the catalytic properties of PtFe, PtCo,
PtNi and PtCu systems, to compare with Pt and PtZn systems, with respect to different
cluster/particle size and metal ratio. Detailed mechanistic studies and calculated electronic
properties suggest that both the C-H activation barriers and the 1-butene binding energies that are
affected by the cluster size and metal composition play important roles in the selectivity and
activity of these bimetallic catalysts.
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Presentation Abstract

Single site catalysts have drawn considerable attentions due to their superior behaviors in
catalysis. However, the origin of promoting effect of single site is not well understood. Here, we
take single site Nin/Mg(100) catalysts as a case study to elucidate their behaviors under the
complex dry reforming of methane (DRM, CO, + CH4— 2CO + 2H>») reaction by combining
theoretical modeling (Density Functional Theory and kinetic Monte Carlo simulation) and
experimental studies. The synergy between single Ni atom and MgO is found to improve the
binding property of MgO; yet it is not enough to dissociate CO2 and CHa. It can be achieved by
the formation of the single site Nis/MgO(100) catalyst, enabling the formations of CO, H> and
H>O under the DRM conditions. During this process, coking, as observed for bulk-like Ni particles,
is completely eliminated. By confining the reaction to occur at the isolated Ni ensemble the single
site Nis/MgO(100) catalyst is able to balance the CO, and CHjy activations, which is identified as
the key for tuning the DRM activity and selectivity of Ni/MgO catalysts. The theory-identified
promotion introduced by increasing the size of MgO-supported Ni clusters from Ni; to Nig and the
MgO-introduced site confinement of single site catalysts is verified by corresponding experimental
studies, highlighting the independent roles of confined sites in tuning the performance of single
site catalysts during complex catalytic processes.

FWP-BNL-CO040: Catalysis for Advanced Fuel Synthesis and Energy
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Presentation Abstract

The catalytic properties of Zn-ZSM-5 and Zn-beta for ethane/ethylene aromatization were
investigated to understand the impact of the ratio of Lewis acid sites (Zn>") and BAS (Zn/BAS).
For ethane, Zn/BAS < 0.8 favor ethylene formation while higher Zn/BAS increase reaction rates
and selectivity to aromatics, revealing that Zn sites have a role in ethane aromatization besides
dehydrogenation. The impact of steam and CO> —over 5% (w/w) Zn-ZSM-5 catalysts prepare by
impregnation—show that CO; increases the formation rate of ethylene and CO, and steam
increases the formation rate of ethylene. In addition, CO> decreased the formation rates of methane
and aromatics by factors of ~3 and 7, respectively. Hydrogen formed from ethane dehydrogenation
reacted with CO, via the reverse water gas shift reaction, to form CO and water. It is shown that
carbon dioxide can be used to control selectivity and to increase the yield of ethylene by consuming
hydrogen.
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Grant Title: Methane Activation over Cu-Containing Zeolite Catalysts

Postdoc: Ali Mehdad
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RECENT PROGRESS

Water Gas Shift Reaction over Zn-containing zeolites.

Isolated Zn sites (Zn>" or Zn(OH)") exchanged into aluminosilicate zeolites, and zinc oxide
clusters (ZnO), supported on silicalite-1 (MFI) are shown (for the first time) to catalyze the RWGS
reaction at temperatures above 723 K. Zn-ZSM-5 samples have lower activation energy (~54
kJ/mol) than the small pore chabazite zeolites (~74 kJ/mol). Reduction of CO; in Zn-ZSM-5
proceeds via a formate pathway following a mechanism similar to the one previously proposed for
co-conversion of methane and CO> to acetic acid on Zn-ZSM-5, and it is shown that formic acid
rapidly dehydrates on both Zn-sites and Brensted acid sites, forming CO, at RWGS reaction
conditions. Reaction rates were stable with turn-over-frequencies in the range of 4-8 h™ per Zn
atom in ZSM-5. Figure 1 compares reaction rates for different zeolite catalysts and shows that
reaction rates are very stable over a period of 5 hr. ZSM-5 zeolites with high aluminum content
and Zn content, catalyze this reaction at the highest reaction rates. Figure 2 displays a suggested
reaction mechanism that is analogous to the mechanism previously suggested for methane reaction
into acetic acid.
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Figure 1. TOF of COz reduction on different catalysts at 723 K. Feed:
5%C02/5%H2/90% He.
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Figure 2: Proposed mechanism for CO; hydrogenation is consistent with the
selectivity to hydrogen of formic acid decomposition.

Dimethyl ether to Olefins over Fe-beta zeolite catalysts

We have investigated the conversion of dimethyl ether on H-[Fe]beta as an alternative methanol-
to-olefins catalysts. It was found that conversion of DME on H-[Fe]beta produced olefins with
high selectivity (>90%) and isobutene was the major species produced followed by triptene. While
conversion of DME on H-[Al]beta produced paraffins and H-[Fe]beta produced olefins with high
selectivity, the product distributions based on carbon number and compound skeletal structure
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were similar. We conclude that H-[Fe]beta is an effective catalyst for methanol homologation but
hydride transfer reaction rates are slower than these reactions catalyzed by [Al]-beta zeolites.
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Figure 3: Proposed mechanism for the methanol homologation over H-
beta zeolites.
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Figure 4: Reaction Network for Methanol Homologation over Fe-beta zeolites.
Olefins are the primary product observed and hydride transfer reactions occur at slow
rates.

Publications Acknowledging this Grant in 2015-2018
(1) Exclusively funded by this grant;

Mehdad, A., and Lobo, R.F., “Ethane and Ethylene Aromatization on Zn-containing Zeolites”,
Catal. Sci. Technol., 2017, 7, 3562-3572. DOI: 10.1039/c¢7cy00890b

Mehdad, A., and Lobo, R.F., “Zinc-containing Zeolites: Catalysts for the Reverse Water-Gas
Shift Reaction”, ACS Catal., 2018, submitted.

154



Schreiner, E.P., Lobo, R. F., “C4 and C7 Olefins via Methanol Homologation over Fe-zeolite
beta”, Applied Catal. A General, 2018, in preparation.

(1)  Jointly funded by this grant and other grants with leading intellectual contribution
from this grant;

Mehdad, A., Gould, N.S., Xu, B.X., and Lobo, R.F. “Effect of Steam and CO2 on Ethane
Activation in Zn-ZSM-5”, Catal. Sci. Technol. 2018, 8, 358-366. DOI: 10.1039/c7cy01850a

155



Manos Mavrikakis

Atomic-scale Design of Metal and Alloy Catalysts: A Combined Theoretical and
Experimental Approach

Manos Mavrikakis,” James A. Dumesic,” Younan Xia*

" Department of Chemical & Biological Engineering, University of Wisconsin — Madison; *
School of Chemistry & Biochemistry, Georgia Institute of Technology

Presentation Abstract

The main objective of this combined theoretical and experimental project is to: (i) design from first-
principles, (ii) synthesize using advanced nanosynthesis techniques, and (iii) experimentally evaluate new
metal and alloy nanoparticles, with unique catalytic properties for a number of important chemical
reactions. Measurable impact can be found in a number of applications, including low temperature fuel
cells, hydrogen production and purification, fuels/chemicals production, and pollution remediation. The
importance of the atomic-scale architecture of these new theoretically-designed catalysts to their unique
properties is driving the development of new inorganic materials synthesis approaches, which are capable
of synthesizing the theoretically determined optimal, and in some cases, metastable, nanoscale catalytic
architectures.
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Boron Nitride-supported Sub-nanometer Pds Clusters for Formic Acid Decomposition!

Sub-nanometer metal clusters of atomic precision show remarkable activity and selectivity for a variety of
reactions, such as CO oxidation.”® Using density functional theory (DFT), we studied the catalytic
properties of an 4-BN-supported Pds sub-nanometer cluster for the decomposition of formic acid (FA),
assessing its selectivity for Ho/CO; production versus H,O/CO production.

FA decomposes through two main paths: i) the formate-mediated (HCOO) path, where the O—H bond of
FA is first broken, and ii) the carboxyl-mediated (COOH) path, where the C—H bond of FA is broken first,
instead. Interestingly, for the COOH-mediated path, once COOH is formed, subsequent dehydrogenation,
COOH — CO; + H, is more facile than decarbonylation, COOH — CO + OH, by ~26 kJ mol ™, suggesting
that supported Pds may be able to selectively convert FA to H, with minimal competing CO formation,
even if COOH, usually thought to be a precursor to CO, is formed. This is major reactivity difference
between large nanoparticles and sub-nm Pd clusters.
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On Pd(111), the COOH-mediated path is
dominant; not the HCOO-mediated path.*”
However, on Pds, FA decomposition likely
via the HCOO-mediated path, as HCOO is much
stable than COOH on Pds (Figure 1). This change
selectivity is also because HCOO binds much
strongly on Pds than on Pd(111). To the best of
knowledge, this is a unique feature that can be
associated to the highly undercoordinated Pd
present in Pds.

We also found that the reaction energetics
depend strongly on the presence/absence of
defects in the support; on pristine #-BN the
catalyst is more selective towards H./CO;
formation, while the introduction of B-vacancies
(formation energy: 16.6 eV) or N-vacancies
(formation energy: 12.8 eV) greatly enhance CO
formation due to charge transfer and Pds cluster

reconstruction.

Synthesis Gas Conversion over Rh-Based

Catalysts Promoted by Fe and Mn®

We conducted a combined experimental and DFT study
of Rh/SiO; catalysts promoted with Mn and Fe for
converting syngas into oxygenates and light
hydrocarbons, to understand how promoters affect this
chemistry.

To elucidate the atomistic structure of this complex
catalyst, we first modelled the facets and the step edges of
a Rh nanoparticle using extended (111) and (211)
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Figure 7. PES for HCOOH decomposition on h-BN-
supported Pds clusters, through the HCOO—(black) and
COOH-mediated (red) paths. The dashed red line is
associated with breaking of C-OH of COOH, leading to CO
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ORh o Fe ° M @O OH

¥ S

Figure 8. Preferred calculated structures of Fe, Mn
promoters on Rh edges under reaction conditions.
(Above) Side view. (Below) Top view. Dashed lines
indicate step edges. Figure adapted from ref. 6.

surfaces, respectively. We then studied different possible structural motifs for these promoters. In the

reducing environments typically encountered under these
reaction conditions, Fe is reduced into metallic
monomers, which lie in the subsurface of Rh. Mn however
is only partially reduced, and exists as a hydroxylated
species at the step edges (Figure 2).

We then calculated the vibrational frequencies of CO
adsorbed onto these model surfaces, and compared them
with experimental infra-red (IR) measurements on the
supported catalysts. From this, we showed that the
presence of Fe and Mn promoters significantly

R-0.15Mn-0.15Fe 2 A
Rh-0.10Mn-0.15Fc
Rh-0.05Mn-0.15Fe
RI-0.30Fe-0.15Mn
Rh-0.30Fe-0.10Mn
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Rh-0.15Fe-0.10Mn
Rh-0.15Fe-0.05Mn
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Rh-0.05Mn
Rh-0.30F¢
Rh-0.15F¢
Rh-0.05Fe
Rh

Rh/Fe/Mn

Rh/Fe/Mn

Rh/Mn

Rh/Fe

Rh
T 1
70

change the binding of CO compared to the clean
Rh(211) surface.

Experimentally, we find that Mn suppresses

Figure 9 Experimental selectivities for production of .
oxygenates and Cy. hydrocarbons for syngas conversion:syotal products
over Rh/SiO, and Rh-based bimetallic and trimetallic
catalysts. Figure from ref. 6.

catalytic processes which are selective towards formation of the unwanted byproduct CHs, while Fe, when
present as subsurface species on the terraces, enhances the selectivity of (111) facets towards ethanol. This
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results in the majority product for trimetallic catalysts being ethanol, with 35% of total carbon going to C»+
oxygenates and 10% to C»+ hydrocarbons, while the majority product for the monometallic Rh catalyst is
CHs, with only 21% of total carbon going to Cy+ oxygenates and 10% to C,+ hydrocarbons (Figure 3). The
carbon balances are closed with CO,/CHj4 in both cases. Our DFT calculations suggest that these effects are
due to fundamental changes in the reaction mechanisms brought about by changes in the binding modes of
CO when Mn and Fe are added to Rh.

Kinetics of shape and architectural degradation process of shape-selected nanoparticles’s

The shape and architecture (e.g. core@shell) of nanocrystals are liable to degrade at the elevated
temperatures typical of some industrial catalytic processes. To understand this process, we combined in sifu
high resolution transmission electron microscopy (HRTEM) and DFT calculations.

Shape and architectural stability of Pd@Pt core@shell nanocubes and octahedra’

Pd@Pt core@shell nanocubes and octahedra

Geometry | Initial State Transition State Final State
nanocrystals were synthesized. Their shape stabilities [ T i i l
were then probed by heating. The cubes lost their shape
after heating above 400°C. By contrast, the octahedra cue m m
preserved their shape even when heated at 700°C. B0 0,60 015
T

Diffusion of edge atoms onto the adjacent terraces was

proposed to be the dominant mechanism for the loss of Octahedral

nanoparticle shape. As shown in Figure 4, this diffusion
is exothermic for cubes and has a moderate barrier of 0.60
eV; for octahedra however, this process is highly
endothermic and has a high barrier of 1.99 eV. The higher
barriers for edge reconstruction in octahedra as compared
to cubes result in their higher shape stability.

1.99 1.64

0.00

Figure 10. Mechanistic processes for edge degradation in
Pd@Pt core@shell cubes and octahedra. Numbers denote
energies relative to the initial state, in eV. Color code: Edge
atom — blue, displaced terrace atom — red, terrace atoms —
orev All atnme chnwn are Pt Fisiire fram ref 7

Contrary to the trend found for shape stability, the core@shell architecture of the cubes was maintained
even after heating up to 600°C for 40 minutes, whereas the octahedra started to alloy at 500°C after an hour
of heating. This alloying process involves diffission in the bulk instead of on the surface. We showed that
subsurface vacancies of octahedra were more stable than vacancies in the cubes, suggesting that octahedra
have a higher concentration of vacancies. Therefore, we propose that vacancy-mediated interatomic
diffusion occurs at a higher rate in octahedra, thus explaining why their core@shell architecture is lost at
lower temperatures than in cubes.

Shape stability of Pd concave icosahedra®

Upon heating, Pd concave icosahedra lose their
concavity and revert to regular icosahedra. We were
able to temporally resolve this transformation using
high-angle annular dark-field scanning
transmission electron microscopy (HAADF-
STEM), as shown in Figure 5. To understand these
processes‘, we developed a model Of.the edges of the using in situ HAADF-STEM. Colored lines denote guesses for
concave icosahedra. DFT calculations show that i, cdoec of the icosehedra. Fisure from ref. 8.

removal of the first atom from the step edge is the most activated process and is thus the decisive step that
initiates the degradation. The barrier for this removal is 1.04 eV, which is only surmountable at the high
temperatures of 200 — 400 °C, at which we experimentally observed these transformations.

-

Less exaggerated

Figure 11. Temporal resolution of the transformation of two
concave icosahedra to less exaggerated concave icosahedra,
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Nitric oxide (NO) is a pollutant formed by many
combustion processes. To understand how NO can
be reduced by H, on Pt(100), as Pt is a common
catalyst for NO remediation, we studied the
energetics of NO decomposition via various N-O
activation paths, including direct and hydrogen-
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assisted N—O bond-breaking paths. We also s rrd -
investigated the formation of three different N- ;|
containing products, N, N>O, and NHjs, to Reaction Coordinate

Figure 12. PES of NO reduction by H, on Pt(100). “(g)” for gas
phase species, superscript “*” for adsorbed species, and
subscript “TS” for transition states. The dashed red line
denotes the energy of the highest transition state for the direct

determine the major products of this reaction.

Our results are summarized in the PES in Figure 6.
NO* dissociation has a lower barrier than NO* NO dissnciation nath Fisure adanted from ref 9
hydrogenation to HNO* or NOH*, therefore, the direct NO dissociation path is predicted to dominate N—
O activation on clean Pt(100). Once the N-O bond is broken, atomic N* can then form N»O, N, or NHs.
N,O formation via recombination of N* and NO* as well as NH; formation via three successive
hydrogenations of N*, are both kinetically more difficult than N, formation, suggesting that N is the major
product.

We also calculated ab initio phase diagrams of NO adsorption on Pt(100), showing that the Pt(100) surface
could be covered by %2 ML of NO under realistic reaction conditions, which motivates us to study in the
future the same chemistry on Pt(100) covered by /2 ML NO.
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ABSTRACT

We are investigating pathways for transformation of methane on high-temperature liquid surfaces
where deactivation by deposited coke will not occur. Work on molten metal alloys has shown
composition-dependent activity for methane pyrolysis that can be correlated to changes in the
electronic structure and Lewis acidity of the specific alloys. Recent work has focused on the
surfaces of molten salts and metals suspended in molten salts. Results are provided for MgF» with
comparisons of the solid and melt surfaces. The Lewis acidity of MgF> was probed by IR
spectroscopy of absorbed CO and will be correlated to ongoing DFT and MD-DFT calculations.
Strong Lewis basicity is also under investigation for C-H activation of methane using solvated
electrons which theory predicts will form a stable reactive pairs. Preliminary work on C-H bond
activation on Pt nanoparticles suspended in molten halide salts is also presented whereby the
nanofluid system prevents stable carbon deposition on the solid metal surface. Propane
dehydrogenation is used as a model reaction.
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RECENT PROGRESS

Methane Activation on Lewis Acidic MgF

According to the optical basicity scale of molten salts, fluoride salts have the Mg
strongest Lewis acidity among all halide salts'. MgF, was chosen as a catalyst @ r
candidate for methane pyrolysis, because its potential Lewis acidity could e ¢
activate the C-H bond in methane. Our preliminary DFT results show methane @ =
dissociation on MgF, with H and CHs coordinated to 1 and 2 Mg ions
respectively (Figure 1). The Lewis acidity of MgF> was measured with Diffuse
Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) of CO adsorption and  Fig 1.
desorption on the MgF> surface, Figure 2. The peaks in the CO stretching region are listed in
the figure, and are in good agreement with previous research of the IR spectra of CO absorbed on
sol-gel prepared MgF,.? The bands are shifted towards smaller wavenumbers, indicating that CO
is absorbed on the surface acid sites.
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Figure 2: CO stretching region of DRIFTS spectra of absorbed CO on solid MgF; at 20°C and
subsequently desorbed at higher temperatures up to 400°C.

The catalytic activity of both solid and molten MgF> for methane pyrolysis were measured
experimentally. The turnover frequency (TOF) on the solid MgF> catalyst was calculated based on
the methane conversion in a heated packed bed reactor from 650 to 1050°C (Figure 3(a)). In order
to measure the reaction activity of molten MgF», 87mol% KF was added to MgF» to form a eutectic
salt with lower melting point. The methane conversion in a 6cm (0.4s residence time) height
molten salt bubble column reactor was measured (Figure 3b). In the bubble column, methane
within the bubble can react both at the gas-liquid surface or within the gas gas phase. Further,
methyl radicals or other intermediates from the surface will enter into the gas phase reaction
network.. Although the reaction rate at surface may begreater than in the gas phase, the surface to
volume ratio is not large enough to ignore the bulk gas phase reaction. Without deconvolution of
the methane decomposition
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Figure 3. (a) TOF of solid MgF, catalyst in a packed bed reactor for methane pyrolysis reaction
firom 650-1050°C. (b) Methane conversion as a function of temperature for a KF-MgF; (%omole=
87:13) molten salt bubble column from 950-1050°C. (c) Reaction paths of methane decomposition
in a molten salt bubble column reactor, ‘s.’ represents reaction at the gas-liquid interface, and ‘g.’
represents reaction in the bulk of the gas bubble.

reaction within the two different environments, the effective TOF of the molten KF—MgF> bubble
column can not be calculated. Both solid and molten MgF> show unusually high activity for the
methane pyrolysis reaction. The apparent activation energies (Ea) of both solid MgF» and molten
KF-MgF> were measured to be 206kJ/mol and 23 1kJ/mol, respectively.
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The Raman spectra of the carbon formed during methane pyrolysis in the solid MgF
packed bed and molten KF—MgF> bubble column are shown in Figure 4. The different Ip/Ig ratio
indicates that the carbon formed in the solid MgF> packed bed was less “graphitic” than the carbon
formed in the molten KF—MgF> bubble column. It is possible that on the solid MgF» surface, CH3
radicals are formed and desorb which promotes the gas phase pathway. This is a possible
explanation for the high TOF on the solid MgF> and lack of deactivation in continuous runs of
over 24 hours. Carbon does not strongly bind to the MgF» surface. We are trying to understand
the pathway to more graphitic carbon in the molten KF—MgF> bubble column which is also
resistant to deactivated during continuous operation where clear phase separation occurs between
the solid carbon and the molten salt.

Molten KF—MgF,

Figure 4. Raman spectra of the carbon formed during
the methane pyrolysis in solid MgF; packed bed

Tl (bottom), and molten KF-MgF; bubble column (top).
\‘\ The Iy/I ratio was calculated after Lorentz peak fitting
and peak integration.
=
[72]
kS
=
Solid MgF,
WMM’A\MM
1000‘ — I15I00. — IZOIOOI - I25I00. - I3000

Wavenumbers (1/cm)

Solvated Electrons as Strong Lewis Base

We have performed ab initio constant temperature
molecular dynamics to study the electronic structure and the 2Li* + 2e + 45LiCl
chemistry of the solvated electrons produced when an alkali
metal is dissolved in a molten alkali halide. We found that
the solvated electrons formed a stable pair, leading to a cavity
inside the salt. The surface of equal electron density of this
pair is shown at the right. The molten salt containing solvated
electrons is a very strong Lewis base. Its work function is ~2.5
eV, which is close to that of an alkali metal. The energy of
the molecular orbitals, which the solvated electrons occupy,
fluctuates very strongly in time, due to the thermal motion of
the ions in the melt. The difference between the highest and
the lowest energy of this orbital is close to 1 eV. These
fluctuations play an important role in any charge-transfer
reaction taking place in this system.

The reactivity of Li dissolved in molten LiCl was
calculated and found the following: this system dissociates methane to form CH; and H™; it

converts N, to N3~ ; and it dissociates hydrogen to form 2H™. The dissolved alkali is a very potent
reductant and dissolving RuCl; in a lithium-containing LiCl melt results in the formation of Ru
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clusters. If there is enough Li dissolved in the salt these clusters become negatively charged, which
prevents coarsening. We have found that the negatively charged Ru clusters are chemically active
and dissociate N..

Simulations of Na in NaCl have shown that while this system also produces solvated
electrons, their chemistry is very different from those produced by Li in LiCl. This indicates that
the chemical properties of the solvated electrons can be tuned by changing the alkali metal and the
alkali halide.

We expect these alkali metal/molten alkali halide solutions to be exceptionally good base
catalysts. The paradigm for these catalysts is that they act by donating an electron to a substrate
to form a negative ion, which then reacts with another molecule, forms a product, and returns the
electron to the melt. In this system, the electron is the base catalyst.

We plan to perform experiments in which we will produce Li by the electrolysis of molten
LiCI/KCl salt and bubble gases through the electrolyte to cause them to react with the dissolved
lithium. We will also perform experiments to prepare Ru and other metal clusters by reducing a
Ru salt dissolved in molten LiCIl-KCl salt. We expect such clusters to be very reactive by analogy
with the Rieke metals produced by reduction of salts with potassium dissolved in ether solvents.
In our case, the “solvent” is replaced by a molten salt.

Propane Dehydrogenation on Salt Suspended Pt Nanoparticles (PtNPs)

A nanofluid of PtNPs suspended in molten LiCI-LiBr-KBr (%mole= 25:37:38) was formed
through thermal decomposition of H>PtCls, and the activity investigated for propane
dehydrogenation. Suspended particles are predicted to favor the gas-liquid interface facilitating
dehydrogenation. Melting of the halide host salt results in a colorless liquid (control), while in the
presence of H2PtCls a grey melt was obtained, suggesting the formation of PtNPs, which were
confirmed by TEM measurements (Figure 5).

 r igure 5. (a) Photographs of the test tubes containing
« molten LiCI-LiBr-KBr at 500°C with (grey) and
. without (clear) suspended PtNPs. (b) TEM image of
PtNPs produced in molten LiCIl-LiBr-KBr through
. thermal decomposition of H>PtCls.

W

SN e g ' At400°C the suspension was shown to be stable by
soom - - In-situ UV-Vis for over 350 minutes; however,

o ~ when the temperature was increased further
aggregation (as monitored by a decrease in the absorption) was observed. The dehydrogenation
activity of the PtNP nanofluid was measured in a bubble column using mass spectroscopy and
shown to have higher activity for alkane dehydrogenation than the salt control.
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Tuning Selectivity on Metal Oxide Catalysts and Supports with Organic Monolayers

J. Will Medlin, Daniel K. Schwartz, Lucas D. Ellis, Pengxiao Hao
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Presentation Abstract

Developing new strategies for design of surfaces that are more selective in catalyzing reactions
of biomass-derived compounds has been a major thrust of heterogeneous catalysis research. One
relatively new approach that has been applied on supported metal catalysts is to use organic
monolayers or capping ligands to tune the surface and near-surface environment. Here, we
describe our recent extension of this approach to metal oxide catalysts and supports such as TiO:
and Al>Os using alcohol dehydration and hydrodeoxygenation as probe reactions. By applying
organophosphonate SAMs to metal oxide powders, these surfaces could be functionalized with
various organic species. Phosphonate-modified TiO: found to be much more active and selective
for alkanol dehydration than the uncoated catalyst. More interestingly, the dehydration activity
could be controlled by systematically varying the electron-donating or withdrawing character of
the organic ligands, suggesting a new approach for rational design of metal oxide catalysts.
Application of organic ligands to metal catalyst supports can also have a strong influence on
selectivity, as will be discussed in this presentation.

DE-SC0005239: Organic Monolayers for Bifunctional Catalysis

PI: J. Will Medlin
Postdoc(s): Timothy Van Cleve
Student(s): Lucas Ellis, Pengxiao Hao

RECENT PROGRESS

Control of Metal Oxide Reactivity

Reactivity of molecular catalysts can be controlled by organic ligands that regulate the steric and
electronic properties of catalyst sites. This level of control has generally been unavailable for
heterogeneous catalysts. We showed that self-assembled monolayers (SAMs) on titania with
tunable electronic properties provided fine control over surface reactivity. Controlling the
identity of substituents on benzylphosphonic acid SAMs modulated the near-surface
electrostatics, enabling regulation of the dehydration activity of 1-propanol and 1-butanol over a
wide range, with activities and selectivities of the optimal catalyst far exceeding those of
uncoated TiO; (Figure 1). The dipole moment of the adsorbed phosphonate was strongly
correlated to the dehydration activity; kinetic measurements and computational modeling
indicated that the interfacial electric field altered the transition-state structure and energy.
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Coating catalysts with SAMs having controllable charge distributions may provide a general

a o Dehydrogenation 0 approach to heterogeneous catalyst design analogous to
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Numerous important reactions consisting of

combinations of steps (for example, hydrogenation and dehydration) have been found to require
bifunctional catalysts with both a late-transition metal component and an acidic component. We
reported on the development of a method for preparing and controlling bifunctional sites by
employing organic acid-functionalized monolayer films tethered to the support as an alternative
to traditional ligand-on-metal strategies. This approach was used to create a reactive interface
between the phosphonic acid monolayers and metal particles, where active-site properties such
as acid strength were manipulated via tuning of the molecular structure of the organic ligands
within the monolayer. After surface modification, the resultant catalysts exhibited markedly
improved selectivity and activity towards hydrodeoxygenation of aromatic alcohols and
phenolics. Moreover, by tuning the ligand of the acidic modifier, the rate of deactivation was
significantly reduced.
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One route toward the design of cooperative catalysts is to tether two different catalytically active
functions so that they are in close proximity while avoiding undesirable interactions that can
block active sites. Deposition of carboxylic acid (CA)-functionalized organophosphonate
monolayers onto Al2O3-supported Pd nanoparticle catalysts to prepare bifunctional catalysts
containing both Brensted acid and metal sites. Modification with phosphonic acids (PAs)
improved activity and selectivity for gas-phase deoxygenation (DO) reactions, but the degree of
improvement was highly sensitive to both the presence and positioning of the CA group,
suggesting a significant contribution from both the PA and CA sites. Short spacer lengths of 1-2
methylene groups between the phosphonate head and CA tail were found to yield the best DO
rates and selectivities, whereas longer chains performed similarly to self-assembled monolayers
having alkyl tails. Results from a combination of density functional theory and Fourier transform
infrared spectroscopy suggested that the enhanced catalyst performance on the optimally
positioned CAs was due to the generation of strong acid sites on the AlO3 support adjacent to
the metal. Furthermore, the high activity of these sites was found to result from a hydrogen-
bonded cyclic structure involving cooperativity between the phosphonate head group and CA tail
function. More broadly, these results indicate that functional groups tethered to supports via
organic ligands can influence catalytic chemistry on metal nanoparticles.

We also recently have demonstrated the application of organophosphonic acids (PAs) to
Pd/Al>Os catalysts for low temperature vanillin HDO. Reaction studies indicated that PA-
modification significantly improved the liquid-phase HDO activity; the yield to the desirable
product, p-creosol, increased from 2.5% to 87% at 50 °C. This improvement was attributed to the
creation of metal/acid bifunctional sites upon PA modification. In addition, HDO activity
positively correlated with the Bronsted acidity of the PA modifier, which could be tuned by
adjusting the PA tail functionality.
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Expounding the Chemistry of Molecular Nitrides and Phosphides in Groups 3 and 5
Transition Metals and the Selective Catalytic Monoborylation of Methane

Daniel J. Mindiola, Lauren N. Grant, Dieter Sorsche
Department of Chemistry, University of Pennsylvania, Philadelphia, PA 19104 (USA)
Presentation Abstract

Metal nitrides and phosphides are indispensable archetypes in the context of catalysis and new
important materials. Despite this entry to molecular forms of these types of ligands in early
transition metals is exceedingly rare. Herein we report how low-valent titanium azides can allow
for entry to the nitride group by reductively promoted N> extrusion. We have expanded these

studies to the heavier congeners Zr and Hf and found
that similar nitrides (with higher basicities) can B-assisted pathway be also
prepared via reduction of tetravalent azide {(a; { e AD"T

precursors. We also showcase how the P @/‘Q”W

phosphaethynolate ligand OCP™ can allow us to ARQ L e e

investigate new binding modes and new ligands primpend e >0 types
(P-based) on early metals such as Sc, Ti, and V. e oo The
OCP™ ligand can undergo a series of reactions S RS I such
as radical coupling and decarbonylation to form DR | ey (Lo (87 new
ligands classes for these early transition metals e such
as P»?", P3> (via transient phosphido species), and

[OCPPCO]J*". Another component of our
research has been the optimization, via high-
pressure and high-throughput analysis, of the
selective catalytic monoborylation of the methane to H;CBpin (pin = pinacolato) using simple to
prepare Ir(I) homogeneous pre-catalysts. A combination of high-throughput techniques,
synthesis, and theoretical studies have been combined to allow us to understand the mode of
operation but also optimize conditions and selectivity with TON of up to 170 and selectivity of
9:1 for the monoborylation (versus diborylation of methane, H>C[Bpin]) as shown in the Figure.

High Throughput Optimization

DE-FG02-07ER15893: Synthesis and Exploratory Catalysis of 3d Metals: Atom and
Group-Transfer Reactions and the Activation and Functionalization of Small Molecules
Including Greenhouse Gases
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Surface Chemistry Experiments Related to Fischer-Tropsch Synthesis on Cobalt Deposited
on Au(111)
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Presentation Abstract

We have experimentally studied the interactions of molecules (CO and C>H4) with a
surface consisting of cobalt deposited on Au(111). Regarding carbon monoxide, we have briefly
studied and quantified the dissociative adsorption of CO on a cobalt/gold alloy surface at a
temperature of 470K. We also studied the co-adsorption of ethylene and cobalt (evaporated) onto
a Au(111) substrate. Here we note that when ethene and Co are co-adsorbed and subsequently
annealed higher hydrocarbons are produced. Such production does not occur when ethylene and
cobalt are adsorbed separately.
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RECENT PROGRESS
Dissociation of Carbon Monoxide on a Co/Au(111) Surface

A Cobalt/Au(111) surface was prepared by evaporating 15 monolayers (ML) of Co
(calibrated by a Quartz Crystal Microbalance (QCM)) onto a Au(111) sample held at 77 K. Prior
to surface chemistry experiments, the sample is heated to 450 K to desorb off background gas
molecules that are on the surface. The heating step allows for some of the gold in the substrate to
diffuse to the top of the deposited cobalt surface, but with a large amount of cobalt on the surface
remaining (confirmed by AES). This sample was then exposed to carbon monoxide by a molecular
beam followed by a temperature programmed desorption (TPD) measurement of the CO evolving
from the sample. CO will molecularly adsorb onto a Co/Au surface at 77 K. As seen in the figure
below (red curve), heating a Co/Au(111) sample exposed to CO will cause an increases in the mass
28 (CO) signal at relatively low temperatures, indicating molecular desorption of CO from the
surface. For the Co/Au sample exposed to CO at 77 K (red curve in the figure below), the large
desorption feature below 200 K is mostly due to weakly bound chemisorbed CO molecules. The
second large desorption feature at ~ 300 K is due to more strongly bound molecularly chemisorbed
CO molecules on the surface. If the Co/Au surface is held at an elevated temperature, CO
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molecules can more readily dissociatively adsorb. To test this hypothesis a Co/Au(111) surface
was held at 450 K during exposure by molecular to CO, and then cooled to 77 K. That sample was
then heated to 650 K. The TPD plot is shown in the figure below as the black curve. As readily
seen, the low temperature desorption peak (likely from background CO molecules physisorbed to
the surface once it was cooled) is much smaller than in the same temperature range of the red
curve. More importantly, there is no large desorption peak at 300 K, and there is a peak at 600 K.
The feature around 600 K is attributed to the recombination of carbon and oxygen atoms left on
the surface. These C and O atoms possibly come from dissociation of adsorbed CO while the
sample is held at 450 K during adsorption. The absence of the desorption peak at 380 K indicates
no strongly bound chemisorbed CO molecules on the surface, and the peak at 600 K can be argued
to be a result of the associative desorption of C and O atoms on the surface from the dissociative
adsorption of CO molecules at the
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Figure: TPD spectra of 15 ML
Co/Au surfaces exposed to CO
at 77 K (red curve) and 450 K
(black curve).

200 ' 400 ' 600
Temp (K)
Synthesis of Higher Hydrocarbons
from Simultaneous Deposition of Ethene and Co on Au(111)

We observe the production of various alkanes and alkenes due to the simultaneous co-adsorption
of ethylene at a partial pressure of 2x10” Torr and 4 ML of cobalt on a Au(111) substrate. Notable
masses that yielded appreciable signal are shown in the temperature-programmed desorption in
the figure below. Considering that hydrocarbons share many masses in their fragmentation
patterns, it is difficult to assign certain masses to particular molecules. However, some masses are
fairly unique to specific hydrocarbons, allowing us to suggest the production of pentene (m/z =
55), butane (m/z = 56) and (m/z = 58) at ~200 K. We also observe alkanes with at least five carbons
via m/z = 57, which shows an additional desorption feature at ~ 225 K. Very small signals from
m/z = 86 (hexane) and m/z = 71 (heptane) (not shown) were observed at the same desorption
temperature as the other hydrocarbons, supporting our claim regarding the production of larger
hydrocarbons. Regardless of the hydrocarbon designation, alkane production indicates
hydrogenation capability with the H source likely coming from decomposed ethylene molecules
or background H,. More importantly, products with larger masses indicate C-C bond formation
upon co-adsorption of cobalt and ethylene, which is a critical step in olefin production for Fischer
Tropsch synthesis. It is worth noting that while ethylene shows the unique characteristic of yielding
these other hydrocarbons with concurrent cobalt exposure, co-adsorption of ethane and Co only
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yields ethane desorption with some H» desorption, mostly due to background H». Perhaps co-
adsorption of cobalt with other alkenes will provide similar hydrocarbon production. These
experiments are currently underway.

_ — C,H, exposure on Au(111)

Co + C,H, co-adsorption
M/z = 42 (alkanes and alkenes)

m/z = 43 (alkanes)

/ \ ~ m/z =233 (pentene)

m/z = 56 (butene)
m/z = 37 (5+C alkanes)
et e ey,
n m/z = 38 (butane)
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Figure: TPD measurements after C2Hs exposure on Au(111) (black) and after cobalt and C2Hs co-
adsorption on Au(111) (red) at 77 K.

Intensity (AU)
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Presentation Abstract

The direct catalytic conversion of CO2 to CO or formic acid and their subsequent transformation
to fuels and chemical intermediates offers one potentially attractive route toward the development
of carbon-neutral sustainable strategies to meet increasing energy demands. Nature caries out these
transformations quite exquisitely and can be used guide the development of heterogeneous
electrocatalytic systems. Herein we examine the coupling of non-noble metal catalysts such as Bi
and Sn together with different ionic liquids to carry out these reactions with high current densities
and Faradaic efficiencies. Novel potential-dependent ab initio methods were used to explore these
systems in detail and compare with experimental results. The metal and electrolyte are manipulated
to control the selective formation to CO or formic acid. The active sites and the local solution
environment that forms upon cathodic polarization resemble those present in enzymes. The results
present insights into the mechanisms involved in the controlling proton and electron transfer steps
and suggest new ways to potentially engineer the catalyst and its environment.
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Efficient Oxygen Electrocatalysis by Nanostructured Mixed-Metal
Oxides
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and Eranda Nikolla
Department of Chemical Engineering and Materials Sciences, Wayne State University,
Detroit, Michigan-48202 (USA)

Oxygen electrocatalysis plays a critical role in the efficiency of important energy conversion and
storage systems. While many efforts have focused on designing efficient electrocatalysts for these
processes, optimal catalysts that are inexpensive, active, selective and stable are still being
searched. Nonstoichiometric, mixed metal oxides present a promising group of electrocatalysts for
these processes due to the versatility of the surface composition and fast oxygen conducting
properties. We demonstrate, using a combination of theoretical and experimental studies, the
ability to develop design principles that can be used to engineer oxygen electrocatalysis activity of
layered, mixed ionic-electronic conducting Ruddlesden-Popper (R-P) oxides. We show that a
density function theory (DFT) derived descriptor - Oz binding energy on a surface oxygen vacancy
— can be effective in identifying efficient R-P oxide structures for ORR. Using a controlled
synthesis method, well-defined nanostructures of R-P oxides are obtained, which along with
thermochemical and electrochemical activity studies are used to validate the design principles.
This has led to the identification of a highly active ORR electrocatalyst, nanostructured Co-doped
lanthanum nickelate oxide, which when incorporated in solid oxide fuel cell cathodes significantly
enhances the performance at intermediate temperatures (~550 °C), while maintaining long-term
stability. The reported findings demonstrate the effectiveness of the developed design principles
to engineer mixed ionic-electronic conducting oxides for efficient oxygen electrocatalysis, and the
potential of nanostructured Co-doped lanthanum nickelate oxides as promising catalysts for
oxygen electrocatalysis.
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Heterogeneous Electrocatalysts for Oxygen Evolution

PI: Eranda Nikolla
Postdoc(s): XiangKui Gu, Nuwandi M Ariyasingha
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DFT Predicted Activity Trend for Oxygen Electrocatalysis

The activity of electrochemical high temperature ORR/OER on R-P oxides is generally governed
by the surface oxygen exchange process. The first step in this process is the generation of a surface
oxygen vacancy via a surface lattice oxygen diffusion into an interstitial site. The second step
involves the dissociation of gas-phase O on this surface oxygen vacancy with one oxygen atom
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filling in the surface oxygen vacancy and the other one binding to the surface as an oxygen adatom.
In the third step, evolution of the oxygen from the oxide to gas phase occurs via the oxygen adatom
association with a surface lattice oxygen, leaving behind a surface oxygen vacancy. Lastly, the
interstitial oxygen is transported to a surface oxygen vacancy to close the catalytic cycle. DFT
calculations are used to determine the energetics associated with these elementary steps as a
function of the B-site composition (B = Fe, Co, Ni, and Cu) on B-site terminated (001) surfaces of
these oxides (the most active surfaces for ORR). These studies show that doping the Ni-site of
LNO with Cu leads to an increase in the energy barrier for surface oxygen vacancy formation
through the diffusion of a surface lattice oxygen into an interstitial site. Conversely, doping it with
Fe and Co facilitates this process, with Co-doped LNO exhibiting the lowest barrier of ~1.14 eV.
The next step involves O dissociation on a surface oxygen vacancy with one O atom filling the
vacancy and the other one binding to an adjacent transition metal atom. In the case of the oxides
with a mixed B-site, the O atom binds to the transition metal with the highest oxygen affinity, such
as Fe and Co. The third step in the catalytic cycle involves oxygen evolution. The energetics of
this step can be predicted using the formation energy of a surface oxygen vacancy (V) generated

from the desorption of a surface lattice O as 1/2 O in the gas phase. We find that this surface V;

formation energy is also linearly correlated to the binding energy of O, on a surface oxygen
vacancy and becomes lower as Oz binding becoming weaker. An intersection in the opposite linear
trends for the energy of the transition state for Oz dissociation and surface V;” formation energy

(O2 evolution) versus O binding energy is found. The oxides (i.e., Co doped LNO) near this
intersection provide the best compromise between the energetics associated with these two steps
(the most critical for surface oxygen exchange), and thus are predicted to result in the highest
activity for surface oxygen exchange. The last step involves healing of a surface vacancy via
oxygen diffusion from an interstitial site, which is generally favorable both kinetically and
thermodynamically on these oxides. A microkinetic model is used to determine the qualitative
activity trend for this process. A “volcano”-type relationship between the calculated rates and the
binding energies of Oz on a surface O vacancy is found, suggesting that the O binding energy is
a good descriptor for predicting the surface oxygen exchange activity of these oxides. This
structure-activity relation predicts that oxides near the top of the “volcano” (i.e., Co-doped LNO)
provide the optimal oxygen binding strength and should exhibit the highest activity for oxygen
reduction and evolution.

Synthesis and catalytic activity of controlled nanostructured R-P oxide electrocatalysts

Undoped La;NiOs+5 (LNO) and Fe, Co, and Cu-doped nanostructured lanthanum nickelate
oxides are synthesized using a facile reverse microemulsion method. The crystal structures of the
synthesized oxides (Co-LNO, Cu-LNO, Fe-LNO and LNO) are analyzed using powder X ray
diffraction (XRD) and the spectra are compared with that of the standard bulk LNO, which has a
K>NiF4 structure within the 14/mm space group. The morphology of the LNO and B-site doped
LNO nanostructures is analyzed using scanning electron microscopy showing predominantly a
nanorod-shaped geometry for all the synthesized oxides (Figure 1). Surface structure
characterization of these nanostructures is conducted using HR-STEM-HAADF, LEIS and EDS
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elemental mapping. These studies confirm the termination of the nanostructures by (001) transition
metal oxide surfaces.

[110]

Figure 1. (a) SEM image of the nanorod structures. (b) Bright-field STEM image of a
typical nanorod. (c) HAADF-STEM image of nanorod surface from the area outlined by
the red square in (b) showing continuous lattice fringes. (d) Corresponding Fast Fourier
Transform pattern showing that Co-LNO nanorods with the (001) surfaces perpendicular
to the projected zone axis, [110].

The activity toward surface oxygen exchange is determined using 'O, labeled isotopic
experiments on these nanostructured R-P oxides. Among all the catalysts tested, Co-LNO
displayed the best performance for the surface oxygen exchange process in terms of the lowest
apparent activation energy and highest normalized rates (TOFs) at a particular temperature as
compared to the other catalysts. The experimental results indicate that the activity trend for
thermochemical surface oxygen exchange follows: Co-LNO> Fe-LNO > LNO > Cu-LNO;
consistent with the DFT predictions. To evaluate the potential of the Ni-site doping on improving
the electrochemical activity of the R-P oxides toward electrochemical oxygen reduction, the most
catalytically active nanostructured Co-doped LNO is tested and compared to LNO nanorods using
button cell geometry SOFCs (Figure 2). In these experiments, we have used an anode-supported
SOFCs (Ni — YSZ (anode)|YSZ (electrolyte)]YSZ — R-P oxides (cathode)), where the anode is
exposed to pure hydrogen (50 ml min™") and the cathode to atmospheric air. In these cells, the O,
molecules are reduced (1/2 O, + 2¢” = O?") on the R-P oxide at the cathode generating oxygen
ions (O?"), which are transported through the YSZ electrolyte to the anode, where H, electro-
oxidation (H, + O* = H,0 + 2e¢") takes place. The electrochemical performance results suggest
that doping the Ni-site of nanostructured LNO with Co leads to significant improvement in the
overall cell performance at both temperatures. The power densities of the cells containing Co-
doped LNO are ~ 50% higher than the ones with LNO nanorods. No significant changes are
observed in the crystal structure of the Co-doped LNO nanorods after electrochemical studies,
suggesting that doping the B-site of LNO with small concentration of Co enhances the oxygen
reduction activity of the lanthanum nickelate oxide without compromising stability.
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Figure 2. (a) Impedance spectra for R-P oxides—YSZ | YSZ | YSZ-R-P oxides
symmetric cells operating at pO2 =1 atm and 600 °C. The equivalent circuit used to fit
the polarization resistance curves is shown as an inset. (b) Area specific resistance for
R-P oxides—YSZ | YSZ | YSZ-R-P oxides symmetric cells as function of Oz binding
energy on a surface oxygen vacancy at 600 °C.
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Presentation Abstract

A useful concept in Hydrogen Atom Transfer (HAT) in organic reaction systems is radical
polarity. For example, if radicals are classified as either electrophilic or nucleophilic, an
electrophilic species will react more readily with a nucleophilic He donor than with an
electrophilic He donor (and vice versa). Thus, a single-step HAT reaction that is slow because
the donor and the acceptor have the same polarity can be replaced with two HAT steps in which
the He donor and acceptor have opposite polarities. This is known as Polarity Reversal Catalysis.
We are investigating the applicability of this concept to He transfer from transition-metal
hydrides to radical substrates. As a model system, He transfer from (CsPhs)Cr(CO):H (1) to
tris(p-tert-butylphenyl)methyl radical (2) has been studied. The electrophilicity of the radicals
has been determined by Density Functional Theory calculations as the global electrophilicity
index (®). Both 1 and 2 have similar electrophilicities, i.e., ® = 3.0 and 6.7, respectively. The
second-order rate constant and the activation energy for the reaction between 1 and 2 are 1.4 x
102 M s and 9.5 kcal mol™ at 25 °C, respectively. To catalyze this HAT reaction, we have
used TEMPO radical (3) which is much more electrophilic (o = 15.5). As expected, He transfer
from 1 to 3 to form TEMPO-H and metalloradical is very fast, with a second-order rate constant
of 1.7 x 10> M''s™ and an activation energy of 2.1 kcal mol™ at 25 °C. The reaction between
TEMPO-H and 2 has a second-order rate constant of 4.1 x 102 M's™! and an activation energy of
7.2 kecal mol™! at 25 °C. We then studied the reaction of 1 and 2 in the presence of 25 mol% 3.
Kinetic simulation and experimental results show a noticeable, albeit modest, catalytic effect.
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Figure 1. Time profile (0 — 250 minutes) of UV-Visible spectrum for the reaction between 1 and
2 (Eq1).
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Figure 3. Stopped-flow kinetics for the reaction between 1 and 3 (Eq 2). (left) Time profile (50 —
500 msec) of UV-Visible spectrum; (right) Time profile of absorbance at 611 nm.
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Green; in the absence of TEMPOe. Blue; in the presence of 25 mol% of TEMPOe. Symbols are
data, lines are simulation results using ReactLab-KinSim.
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Poster Abstract

This poster will discuss an emerging class of contorted aromatic molecules made from perylene
dimide ribbons that can be formed into twistacenes and helicenes. The electron transporting
twistacenes and helicenes can be incorporated into rigid macrocyclic structures that form
semiconducting materials possessing open and functional spaces in them. We have named these
materials “cellular semiconductors”. These spaces allow these cellular semiconducting materials
to be useful in a number of applications. In the context of our DOE project the cellular
semiconductors are a locus for catalytic chemistry to occur. For example, in an operating transistor,
the electrical current can be used to detect and discriminate between guest molecules. Moreover,
the open spaces when the semiconductor is under electrical bias can serve as a nanoscale chemical
reactor. New, cellular materials with larger pore volumes have been shown to be useful as high
performance pseudocapacitors.®
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The results described here were recently published in Nature Communications, and are built
around the molecule shown in Figure 1, which is the union of three tetra-bromobithiophenes and
three perylene diimides (PDIs). PDIs are well known as electron transporting materials. Unlike
other cyclic molecules we have created that are good electronic materials, the materials in Figure
1 are conformationally locked up to temperatures >260 °C. Meaning it is a rigid molecule that
resembles a capsule or vessel. Figure 1b-d show views, where the top and bottom of the capsule
are capped with alkyl chains, and the walls are the aromatic moieties (the bithiophenes and PDIs).
As shown in Figure 1d, the interior of the macrocycle has space to accommodate host-guest
interactions. Remarkably, this structure exhibits robust self-assembly in thin films and in the solid
state. There is a strong three-fold halogen bonding interaction between the bromines of the
thiophene and the carbonyl of the PDI. The essential point in the context of this proposal is that
these assemblies are able to maintain their shape and organization when the films are placed under
vacuum or in the presence of vapors.
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Figure 1. (a) Molecular structure of a trimeric macrocycle that alternates brominated
bithiophenes and PDIs. (b) Structure from single crystal X-ray diffraction. (c) surface of
capsular semiconductors showing windows for guest entry and exit. (d) cut away to the interior
of the capsule. (e) the cellular semiconductors assemble into two dimensional layers. (f)
Depiction of the void space in the self-assembled, two dimensional layers. (g) the two-
dimensional layers stack to form the active layer in field effect transistor devices.

The self-assembly of this molecule forms the cellular semiconducting phase in thin films and
single crystals. The interior space of the capsule is a nanoenvironment that can accommodate a
guests (Figure 1c,d). This is where the catalytic chemistry occurs. The capsules are chiral and exist
as a mixture of enantiomers, each with an interior volume of ~415 A3. Each of these redox active
molecules assembled into two-dimensional layers (Figure le,f) held together through the halogen
bonding interactions described above. In the solid state and in films, these two-dimensional layers
assemble into the three-dimensional crystalline structure (Figure 1g) and they persist even if the
material is placed in vacuum.

Another key result for this grant is that this hollow material in Figure 2 is able to form the active
layer in field effect transistor devices. This is shown in the near text-book example of an OFET*~
“8 in Figure 2a. This material, while under operational conditions of the electric field from the gate
and source-drain bias, can be evacuated and back filled with gases and small molecules. These
guests can be a reactant in a very unusual nano-environment for catalysis. It is in these spaces that
we envision the catalysis will occur. Figure 2b shows the device as it is toggled between vacuum
and nitrogen gas. The difference in current in the device for these guests is small but more
polarizable guests such as ethanol or hydrocarbons produce much larger effects. This offers the
intriguing possibility that the FET could serve as a source of the electric field to influence the
reaction trajectory but it could also serve as a reporter of the chemistry that was occurring within
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the nano-environment of the cellular semiconducting phase. We utilize each of these modes of

action in in ongoing studies.
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Figure 2. (a) Transfer characteristics of OFET devices
for 1-Bri2. (b) Device cycling response under vacuum
(red circles) and N, atmosphere (blue triangles).

This research touches on several
areas of contemporary science:
organic electronics; cyclic,
conjugated molecules; photoredox
catalysis; catalysis in electric fields;
and conductive  covalent/metal
organic frameworks.
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Presentation Abstract
Micro and mesoporous catalysts, such as zeolites, mesoporous silicas, and MgO, used in
reactions relevant to biomass conversion, exhibit drastic structural collapse when placed in contact
with hot liquid water. The attack is a combination of hydrolysis of Si-O bonds initiated at Si-OH
terminal sites and dissolution in liquid water. Functionalization with organosilanes has a dual
effect of capping the highly reactive Si-OH sites and preventing the wetting of the surface by water
due to enhanced hydrophobicity generated by the functional groups. In this contribution we
compared several systems in which the presence of this hydrophobic groups not only protect the
oxides and zeolites against structural collapse, but also greatly modify the activity and selectivity
of acid- and base-catalyzed reactions. Specifically, we will discuss the following systems:
a) Organosilane-functionalized HY zeolite catalysts used in the cross condensation of
cyclopentanone and acetone.
b) Organosilane-functionalized MgO catalysts used in the cross condensation of
cyclopentanone and acetone.
c) Organosilane + sulfonic-acid functionalized mesoporous silicas (MCM-41 and SBA-15)
for acid catalyzed reactions in aqueous and biphasic systems (alkylation, dehydration).

DE-SC0018284: Hydrophobic Enclosures in Bio-Inspired Nanoreactors for Enhanced Phase
Selectivity - A Combined Experimental/Theoretical Approach
PIs: Daniel Resasco, Bin Wang

Postdoc(s): Gengnan Li

Student(s): Michael Zeets, Duong T. Ngo, Tuong Bui

RECENT PROGRESS

1. Interaction between water and zeolite.

The presence of water may have detrimental effects on catalysts. Among the most investigated
materials for C-C bond forming reactions, zeolites are of special interest because they have a well-
defined pore structure, high hydrothermal stability and Brensted acid strength that can catalyze the
coupling of C-C bonds. However, previous studies have shown that the zeolite structure is greatly
damaged by the presence of hot liquid water, which are necessary for C-C bond formation. C-C
coupling is an important step in the upgrading of biomass-derived compounds, however, the
presence of liquid water is practically unavoidable in biomass conversion. Therefore, it is
important to investigate methods to deal with its presence.
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A. D3+ We recently reported  Density
- ;/,/ﬂ functional theory (DFT) calculations,
N =] A through which we show that the spatial
. proximity between Brensted acid sites

> ?~ (BAS) can significantly affect the

e s . strength of water adsorption, which can
Figure 1: Adsorption-induced changes in electron be used as a molecular probe for the
densities are shown with the orange portions being local activity. We have shown that the
areas of electron density accumulation and blue adsorption energy of a water molecule
areas of depletion. D1 and D2 indicates Al-O-(Si- is significantly enhanced when two
O)x-Al with x=0 and 1, respectively, while D3+ BAS are in close proximity, such as Al-
indicates separation larger than 2 (Si-O) units. O-(Si-0)1-Al, and this enhanced water
adsorption results from the increased

H-bonding between water and the two
BAS.

This increase of adsorption energy is attributed to enhanced polarization of the water molecule
through pronounced interfacial charge transfer. We have observed that the two H atoms of water
lose electrons, while the O atom gains electrons, indicating enhanced polarization upon adsorption.
However, the extent of this exchange is greatly dependent on site proximity. In some case, we
observe that the proton becomes detached from the zeolite framework and forms a hydronium ion.
When the site separation distance is larger than that corresponding to Al-O-(Si-O)-Al, i.e. two
(Si-O) units separating the two BAS, water begins to adsorb at one of the two BAS with only a
single H- bond formed. Our results thus suggest that zeolites with adjacent acid sites may provide
more effective nucleation centers for water molecules to form clusters and droplets. We expect
that the proton delocalization from the zeolite framework into water may be more pronounced
when a large water cluster or an aqueous phase is present in the system. Both, the enhanced
polarization and proton delocalization may affect activity and selectivity in zeolite-catalyzed
reactions.

2. Functionalized acid catalysts with improved stability in biphasic liquid systems.

Surface functionalization of zeolites with silylating agents has emerged as an effective way to
improve the catalyst resistance to liquid water and biphasic water-organic systems. Conducting
alkylation in biphasic water-organic mixtures is highly advantageous due to the high concentration
of water-soluble compounds present in bio-oil and the low water solubility of the targeted products.
Besides, biphasic emulsions are promising systems that maximize the interfacial exchange area
for simultaneous reaction and separation.

We investigated C-C coupling reactions in biphasic liquid systems over a hydrophobized zeolite.
The work was focused on the alkylation of m-cresol with cyclopentanol, as two representative
compounds of biomass-derived streams to generate products in the molecular weight range that is
appropriate for transportation fuels. This reaction was studied in single and biphasic liquid systems
over a hydrophobized H-USY zeolite (Si/Al=30). The effects of functionalization on zeolites with
organosilanes of varying alkyl chain length (C2 and C18) to the catalytic performance and
structural stability were investigated upon exposure to reaction conditions in water/oil emulsions.
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Two oxygenate compounds derived from

( It different bio-oil streams, furfural and m-
.: cresol, were simultaneous converted into
- longer carbon chain oxygenates via alkylation
reaction. The alkylation reaction was
performed using OTS-modified H-USY
':th;Z(;US zeolite, in single organic phase (decalin) and

biphasic water-decalin emulsions.

The alkylation of m-cresol with cyclopentanol
was successfully achieved in single-phase,
yielding C-C and C-O alkylation products. It
was found that the C-C alkylation was
predominant over the C-O alkylation. The
temperature and nature of the aromatic
substrate showed a remarkably effect on the product distribution. Activating aromatic substituents
such as -OH and -OCH3s, which was the case of guaiacol, improved the rate of alkylation while
alkyl substituent -R cannot. Thedifference in activity with the aromatic substrates was attributed

to electro-donating and steric hindrance C-H effects.isti The rate of alkylation decreased when the
reaction was performed in biphasic water-decalin emulsions, showing that water competes with
active sites. However, it was clear that the hydrophobic zeolite exhibited a higher catalytic activity
in the biphasic system than the untreated zeolite, which was fully deactivated in a short reaction
time. Therefore, the grafting of organosilanes onto defect Si-OH groups in zeolite prevents a direct
contact of the zeolite with condensed water, decreasing the structural degradation and the loss of
catalytic activity. In this sense, the stability of the zeolites to hot liquid water via silylation will
enhance their utilization in aqueous phase processes, such as those involved in the bio- oil

upgrading reactions.

Figure 2: Hydrophobic zeolites for upgrading
of biomass-derived oxygenated compounds
in water/oil emulsions.

3. Functionalized base catalysts with improved stability
for aldol condensation.

MgO is a typical basic oxide commonly used in aldol-
condensation. While it is beneficial to enhance the
surface area of MgO for higher reaction rates, this
enhancement also enhances the uptake of undesirable
nucleophiles such as water and product oligomers, which
accelerate deactivation, as shown in several studies.
Finding catalytic materials that are effective for aldol
condensation and at the same time more resistant to
deactivation than conventional basic catalyst is an
appealing objective. Therefore, the main goal of this
contribution has been investigating novel materials with
improved stability during aldol condensation.

Hydrophilic Hydrophob

MgOo

Log Reaction rate

Reaction time
Figure 3: Improving stability of
cyclopentanone aldol condensation
MgO-based catalysts by surface
hydrophobization with organosilanes

We have found that MgO modified with mesoporous silica and subsequently grafted with an
organosilane (e.g. octodecyltrichlorosilane) renders the surface hydrophobic and greatly improves
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catalyst stability. In this case, we have used C-C bond forming reactions of cyclopentanone as a
probe reaction. Cyclopentanone is a promising building block in the conversion of biomass to
fuels. It can be readily obtained from furanics derived from biomass and can be converted to
intermediate products in the molecular weight range compatible with fuels via C-C bond forming
reactions. Among them, aldol condensation is a promising route. Conventional MgO catalysts are
intrinsically active to catalyze this reaction, but they usually exhibit low surface areas and low
stability in the presence of liquid water. The nitrate-citrate combustion method results in high
surface area oxides with high condensation activity, but they are still susceptible to water attack.

4 ’ 4‘*“ Jﬁ”a""?‘“ 4”‘4‘*‘ ’)"4}‘?‘ ’)’

We reach the following conclusions through the combined

R/
» ‘% vf %\, 3 dﬁ:,#z, AIMD simulations and experiments.Ls_E_pJ
{ A ,,’ 1 is “‘5 %@’ L A {a 1. While MgO is an active catalyst for aldol condensation
R S ““"“v-‘-x:;%-(ajjfv A of cyclopentanone, it exhibits a low catalyst stability in the

“wh- -

b

liquid phase, particularly in the presence of liquid water.
2. Functionalization with organosilanes increases the
hydrophobicity of the surface, which has important effects
on activity, selectivity, and stability. Speciﬁcally:{{%}}a) The
catalytic activity is maintained for a much longer time than
to water attack is greatly enhanced. c) The initial rate is
significantly reduced, most probably due to the selective
titration of the most basic sites on the parent oxide.

3. Hydrophobization is more effective than other methods
previously investigated for preventing deactivation of
basic catalysts during aldol condensation. For example,
while the addition of a hydrogenation catalyst is an
effective method for other systems in gas phase, such a
method is less effective for cyclopentanone on MgO in the
liquid phase. That is, at elevated Ha pressures, ketone feed
saturation reduces the overall rate of condensation. At low H» pressures, catalyst deactivation is
significant.

Figure 4: Snapshots taken from
AIMD simulations of 30 ps. Both
at room temperature and 200 °C,
some water molecules are trapped
at the interface.

4. Thought the hydrophobic functionalization forms a thick hydrophobic barrier for water
penetration. However, water, which is either formed through the aldol condensation or diffused
driven by gradients of chemical potentials, can be trapped at the MgO/OTS interface, as shown in
the AIMD simulations. These water clusters can deactivate the catalysts as well as change the
reaction mechanism.
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Presentation Abstract

The detailed kinetics of propylene epoxidation by H> plus O2 over Au supported on titanium
silicalite-1 (Au/TS-1) catalysts were measured in a CSTR free from temperature and concentration
gradients. Apparent reaction orders measured at 473 K for hydrogen (0.7 order), oxygen (0.2), and
propylene (0.2) for a series of Au/TS-1 catalysts with varied Au (0.02-0.09 wt%) and Ti (Si/Ti:
75-143) contents were consistent with those reported previously. Co-feeding propylene oxide
enabled measurement of the apparent reaction order in propylene oxide (-0.4 to -0.8 order) and the
determination that relevant pressures of propylene oxide reversibly inhibit propylene epoxidation
over Au/TS-1, while co-feeding carbon dioxide and water had no effect on the propylene
epoxidation rate. Analysis of previously proposed two-site reaction mechanisms in light of reaction
orders for oxygen (0.4), hydrogen (1), and propylene (0.4), corrected to account for propylene
oxide inhibition, provides further evidence that propylene epoxidation over Au/TS-1 occurs via a
simultaneous mechanism requiring two distinct, but adjacent, types of sites, and not a sequential
mechanism that invokes migration of H,O> formed on Au sites to Ti sites to form PO. Hydrogen
oxidation rates are not inhibited by propylene oxide, implying that the sites required for hydrogen
oxidation are distinct from those required for propylene epoxidation. In addition to this work, we
have begun to probe the site requirements for PO production via density functional theory
calculations as well as through the synthesis and characterization of novel materials designed to
overcome the technical challenges posed by the very small cluster size of the typical very low gold
content Au/TS-1 catalysts.

Grant title: Fundamental Studies of Oxidation Reactions on Model Catalysts

Grant number: DE-FG02-03ER15408

PI: Fabio H. Ribeiro and W. Nicholas Delgass
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RECENT PROGRESS

In our effort to understand the molecular details of this reaction we have used a new continuous
stirred tank reactor (CSTR) to focus on the kinetics of propylene epoxidation and hydrogen
peroxide production over Au/TS-1 catalysts. Previous literature reports of kinetics over these
materials have accounted for the dependence of the rate on the reactants but have not accounted
accurately for the effects of the products. While the presence of product inhibition can be detected
by analysis of the dependence of the rate on space time® a more precise analysis is afforded by co-
feeding products to a CSTR. As discussed in Cybulskis et al. (Cybulskis, V.; Smeltz, A. D.;
Zvinevich, Y.; Gounder, R.; Delgass, W. N.; Ribeiro, F. H. Chem. Eng. Educ. 50,202-210 (2016)),
this method permits operation at differential conditions and yields the intrinsic kinetic parameters.
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The results show significant inhibition by

PO (See Figure 1) but no effects of CO; or 50
water. This result reveals that all PO order: -06
previously measured orders of reaction,
none of which account for inhibition, must
be corrected (Cybulskis, V. et al., Chem.
Eng. Educ. 50,202-210 (2016)). We have,
thus, reevaluated the two-site mechanisms
proposed in the literature in light of these
corrected orders to differentiate between
them. The ‘simultaneous’ mechanism,
which requires the Au and Ti (or Au-Ti
interface) sites in Au/TS-1 to be
neighboring one another, is consistent with
all of our measured kinetics, however the 4.2 -
‘sequential’ mechanism, which calls for

formation of H>O, on Au followed by its

4.8 1

y=-06x+8

4.4 1

Ln(Net PO rate [gpo h! KGcar"])

migration to the Ti site to form PO, was 40 . | |

found to be incapable of describing any of 50 53 55 58 6.0
our measured sets of kinetics. Another

important insight gained from this work is Ln(PO pressure [kPa])

the distinction between  propylene

epoxidation and hydrogen oxidation site

ensembles. A lingering question in the literature has been whether the sites primarily responsible
for the direct combustion of hydrogen to water are an intrinsic feature of the sites primarily
responsible for the epoxidation of propylene, or whether these two site ensembles are separable.
Our data show that while PO inhibits propylene epoxidation it does not inhibit hydrogen oxidation,
revealing that these two site ensembles are distinct, giving credence to the possibility that a targeted
synthetic strategy could be produced in which propylene epoxidation sites could be made without
making sites which will directly combust hydrogen. Ongoing work will delve further into
mechanistic details and effects of catalyst composition on kinetic parameters.

Another goal of this work is the identification of the catalytic sites. One focus is on the use
transmission electron microscopy (TEM) to more fully characterize the Au clusters relevant for
propylene epoxidation. Development of this skillset has made clear the need for novel materials
designed to be amenable to a more complete analysis via TEM. The large crystallites characteristic
of conventional Au/TS-1 catalysts obscure signals from the small gold clusters in the interior
zeolite pores, preventing analysis. To

overcome this technical difficulty, we are Figure 2- Example propylene epoxidation PO order

Ki thesis of sheet-like Ay/Ti Measurement over Au/TS-1 catalyst (Au wt% = 0.07,
working on synthesis of sheet-like AwTi n ") T o5 he o in CSTR, SV = 26,000 emd

N]IDFI Cat:.‘lyStS Whﬁ%&lu ?nablf dtheldlie“ ge W, T=473 K, feed = 10% Ha/ 10% O,/ 10% CsHe
ooservation via or go clusters /0-0.24% PO / balance Nz

inhabiting the micropores of MFI catalysts.

To learn more about the structural details that affect activity, we have begun to use updated
DFT and molecular dynamics calculations to probe the importance of the size, geometry and
mobility of gold clusters located inside the micropores of TS-1. Although this effort is still in its
initial stages, preliminary results suggest that the location, size, shape and “fit” of a gold cluster in
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a zeolite pore structure can affect both its stability and the nature of the active, undercoordinated
Au sties. These findings will aid understanding of Au/TS-1 and are also leading us to consider
various other frameworks and altered synthesis procedures to indirectly probe the site requirements
for propylene epoxidation. Potentially relevant parameters including confinement, pore linearity
and diameter, and dimensionality of the pore network, will guide a search for structures that can
sufficiently stabilize the optimum Au cluster size, thus allowing synthesis of catalysts with higher
activity.
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Demystifying atomic environments within heteroatom substituted zeolite frameworks with
solid-state nuclear magnetic resonance
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The identity of the active sites of hydrophobic Lewis acid zeolites was elucidated by solid-state
3IP nuclear magnetic resonance (NMR) spectroscopy following adsorption of trimethylphosphine
oxide (TMPO) probe molecules. The adsorption of TMPO on these materials resulted in distinct
3P NMR resonances between 8iso = 59.9 and 54.9 ppm that correspond to unique chemical
environments of the Lewis acidic heteroatoms in the Beta zeolite framework. The *'P NMR
resonances were assigned to sites in Sn-Beta zeolites by correlating the variation of *'P NMR
spectra during TMPO titration experiments with the corresponding changes in the ''?Sn NMR
spectra. This method allowed us to establish quantitative relationships between the assignments
for each site and the catalytic activity for the glucose isomerization and aldol condensation
reactions. The rate of glucose isomerization directly correlated with the combined integrated
intensities of >'’P MAS NMR resonances at iso = 55.8 and 54.9 ppm, which amounted to 12-33%
of total Sn sites. In contrast, the integrated peak area of a different site at diso = 58.6 ppm was
shown to correlate with aldol condensation activity. The probing method used to identify and
quantify distinct active sites within the framework of low-defect Lewis acidic zeolites developed
in this work is applicable to a wide range of microporous materials, regardless of heteroatom
identity.

DOE-BES - DE-SC0016214
Title Molecular Understanding of Bifunctional Solid Lewis Acid Zeolites for the C-C
Coupling of Alpha Keto Acids

RECENT PROGRESS

Active site speciation with NMIR

Phosphorous-31 MAS NMR spectra were acquired after dosing a representative Sn-Beta sample
(S1/Sn molar ratio of 300, Sn-Beta-300a) with different loadings of TMPO using a
dichloromethane (DCM) solvent-assisted technique. The TMPO occupancy at each site (Table 1)
was calculated from the relative peak area normalized by the total P and Sn contents measured
by inductively coupled plasma mass spectrometry (ICP-MS). The relative quantity of TMPO
occupying different sites in the Sn-Beta zeolite is reflected by the integrated areas of the *'P
NMR peaks. At low TMPO loadings (e.g., TMPO/Sn molar ratio = 0.12), two resonances appear
at diso = 58.6 and 54.9 ppm at a ratio of ca. 3:1. When the TMPO dosing is increased to
TMPO/Sn = 0.48, the areas of these first two resonances increase while maintaining an
approximately 3:1 ratio. New resonances with relatively low area (<6%) are observed at diso =
63.1,61.3, 59.9, and 57.2 ppm. At TMPO loadings above unity (i.e., TMPO/Sn = 1.09 and 1.14),
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the 3'P NMR

4 5 6 Sisc
a N 3 o d nsg, (ppm) a1p resonances at diso =
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Sn-Beta Eisn -600 58.6 along with a new,

“iSn -715t0-760 57.2&59.9  relatively high
intensity signal (20-
6] 6l 25%) at Oiso = 55.8
(51 [3] ppm.

Peak assignments
were further refined
by using data from
%Sn MAS NMR
spectra of '"°Sn-
enriched Sn-Beta
samples with a Si/Sn
ratio of ~300 (!"°Sn-
Beta-300m,
synthesized with
119Sn-enhanced metal
precursor) dosed with
———. . . v : ———— TMPO (Figure 1). As
-200 -300 -400 -500 -600 -700 -800 -200 -1000 70 65 60 55 50 45 expected, pristine,
"Sn Chemical Shift (ppm) P Chemical Shift (ppm) dehydrated 119g .-

Figure 3. Elucidation of active site speciation in Sn-Beta zeolites using NMR.  Beta-300m exhibits
(a) pristine sample. (b) and (e) dosed with TMPO/Sn = 0.52. (c) and (f) dosed sharp !!°Sn resonances
with TMPO/Sn = 1.17. Spinning sidebands for the 1'°Sn spectra are marked  at §;s0 = —434 and —
with asterisks. Experimental NMR spectra are shown in black (lower traces), 443 ppm
while the simulated spectra are shown in gray (upper traces). corresponding to two
different four-
coordinate, pseudo-tetrahedral Sn (1!Sn) environments in the zeolite framework with
approximately a 30:70 ratio (Figure 1a). In addition to these two sharp resonances, a broad
component spanning the JSn region was observed, which could be potentially attributed to
disordered Sn distributed randomly throughout the framework. When TMPO was adsorbed onto
119Sn-Beta-300m at a ratio of TMPO/Sn = 0.52 (Figure 1b), the ''Sn MAS NMR spectrum
showed a single peak at diso = —450 ppm corresponding to pseudo-tetrahedral Sn and two new
signals at iso = —600 and —582 ppm assigned to penta-coordinated Sn (1*’Sn).[5, 6] Importantly,
the resonances at diso = —600 and —582 ppm appeared at a 3:1 ratio and could be clearly assigned
to the two sites with *'P MAS NMR resonances at 8iso = 58.6 and 54.9 ppm, respectively, which
appeared in approximately the same ratio (4:1, Figure le). The spinning sideband manifolds
were accounted for in these area ratios due to a considerable chemical shift anisotropy (CSA)
contribution observed experimentally and our inability to attenuate the spinning sidebands at
moderate spinning frequencies. A minor contribution of six-coordinate Sn (t*)Sn, ~5%, estimated
from experiments acquired using multiple spinning frequencies at both 7.1 and 11.7 T) was
observed for this sample. Unfortunately, the low S/N and appreciable spinning side bands from
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the [*)Sn signals did not allow us to determine the exact chemical shift or concentration of this
[61Sn site.

Unlike prior characterization techniques, our TMPO dosing method allows correlating catalytic
activity to distinct sites within the zeolite framework. Site time yields (STY's) were plotted
against the % integrated peak area normalized by total Sn content showed a linear trend for
glucose isomerization only when combining the contributions from the 3'P NMR resonances at
Oiso = 55.8 and 54.9 ppm. This combination yielded a relatively good linear fit with an R* value
of 0.69 and intersected the origin within error. The concentration of this active site ranged from
12 to 33 % of the total Sn content for our samples, which is in remarkable agreement with the
13-33% concentration of active sites calculated with FTIR spectroscopy for a variety of fluoride-
synthesized Sn-Beta samples used for glucose isomerization. This site was related to an “open”
configuration. In contrast, plots of the STY for aldol condensation versus the peak areas of
different *'P MAS NMR resonances showed drastically different trends compared to those found
for glucose isomerization. Specifically, linear correlations were only found for the combination
of the 1*Sn site at 8iso = 58.6 ppm and either &iso = 59.9 or 57.2 ppm of the [*Sn site pair, which is
a site correlated with a closed configuration. The difference in Sn-Beta active site assignment for
glucose isomerization and aldol condensation is striking and significant. The current results are
especially illuminating, as many theoretical and experimental researchers have previously
proposed that the same site, a hydrolyzed “open” site, is the catalytic site for both of these
reactions!

Encapsulation of nanoparticles via concerted demetallation.

We developed a novel synthetic approach was developed to produce PtZnx nanoclusters
encapsulated inside zeolite micropores by introducing Pt2+ cations into a zincosilicate
framework via ion exchange, followed by controlled demetallation and alloying with framework
Zn. The resulting zeolites featured nanoclusters with sizes ~1 nm, having an interatomic
structure corresponding to PtZnx alloy as confirmed by pair distribution function (PDF) analysis.
These materials featured simultaneous shape and substrate specificity as demonstrated by the
selective production of p-chloroaniline from the competitive hydrogenation of p-
chloronitrobenzene and 1,3-dimethyl-5-nitrobenzene.
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Structural evolution of titanium dioxide during reduction in high pressure hydrogen

Xunhua Zhao, Sencer Selcuk and Annabella Selloni
Department of Chemistry, Princeton University, Princeton, N.J. 08544

Presentation Abstract

The excellent photocatalytic properties of TiO under UV light have long motivated the search for
doping strategies capable of extending its photoactivity to the visible, but progress has proven
difficult. An alternative approach is high-pressure hydrogenation, which results in reduced “black
Ti0O2” nanoparticles with a crystalline core and a disordered shell that absorb the whole spectrum
of visible light. We have studied the formation mechanism and relevant structural features of black
TiO2 using first-principles-validated reactive force field molecular dynamics simulations of
anatase TiO; surfaces and nanoparticles (NPs) in high-temperature, high-pressure hydrogen
atmosphere. Our simulations show that surface oxygen vacancies (Vos) created upon reaction of
H> with surface O atoms tend to diffuse toward the bulk but encounter a high barrier for subsurface
migration on {001} facets, which initiates the disordering of NP’s surface. Besides supporting the
key role of the hydrogenated amorphous shell in the photoactivity of black TiO», our results
provide insight into the properties of the disordered surface layer that is observed on anatase
nanocrystals under reaction conditions relevant to photocatalytic water splitting.

DE-SC0007347: Understanding Surfaces and Interfaces of Photocatalytic Oxide Materials
with First Principles Theory and Simulations

Postdocs: Xunhua Zhao
Students: Xiao Shi, Marcos Calegari Andrade

RECENT PROGRESS

Methanol on anatase TiO:; (101): Mechanistic insights into photocatalysis — We have
investigated the the photoactivity of methanol adsorbed on the anatase TiO> (101) surface by a
combination of scanning tunneling microscopy (STM), temperature-programmed desorption
(TPD), X-ray photoemission spectroscopy (XPS), and density functional theory (DFT)
calculations. Isolated methanol molecules adsorbed at the anatase (101) surface show a negligible
photoactivity. Two ways of methanol activation were found. First, methoxy groups formed by
reaction of methanol with coadsorbed O> molecules or terminal OH groups are photoactive, and
turn into formaldehyde upon UV illumination. The methoxy species show an unusual Cls core-
level shift of 1.4 eV compared to methanol; their chemical assignment was verified by DFT
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calculations with inclusion of the final-state effect. The second way of methanol activation opens
at methanol coverages above 0.5 monolayer (ML), and methyl formate is produced in this reaction
pathway. The adsorption of methanol in the coverage regime from 0 to 2 ML is described in detail;
it is key for understanding the photocatalytic behavior at high coverages. There, a hydrogen-
bonding network is established in the adsorbed methanol layer, and consequently methanol
dissociation becomes energetically more favorable. DFT calculations show that dissociation of the
methanol molecule is always the key requirement for hole transfer from the substrate to the
adsorbed methanol. We show that the hydrogen-bonding network established in the methanol layer
dramatically changes the kinetics of proton transfer during the photoreaction.
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Figure 1. Calculated energy barriers for photoconversion of CH3O™ (left) into formaldehyde (right). The CH30 first
accepts a hole, forming a methoxy radical (middle). This can either covert into formaldehyde with an energy barrier
of 0.2 eV, or accept an electron from the n-doped TiO,; the backward reaction is hindered by an activation barrier.
We consider that excess electrons are present in the sample by having a Ti atom substituted with a Nb atom, causing

the presence of an extra electron (e7). The energies are based on PBE+U calculations, except for the energy marked
by asterisk, which is based on B3LYP.

Electronic Structure and Photoabsorption of Ti*" Ions in reduced Anatase and Rutile TiO2>. We
have investigated the electronic structure and photoabsorption of the reduced anatase TiO2 (101)
and rutile TiO> (110) surfaces using two-photon photoemission (2PPE) spectroscopy and first-
principles density functional theory calculations. 2PPE measurements on anatase (101) show an
excited resonance induced by reduced Ti** species centered around 2.5 eV above the Fermi level
(Er). While this state is similar to that observed on the rutile (110) surface, the intensity of the
2PPE peak is much weaker. Calculation of the oscillator strengths of the transitions from the
occupied gap states to the empty states in the conduction band show peaks between 2.0-3.0 eV
above the conduction band minimum (CBM) on both surfaces, confirming the presence of empty
Ti*" resonances at these energies. Although the crystal field environment of Ti ions is octahedral
in both rutile and anatase, Ti** ions exhibit distinct d orbital splittings, due to different distortions
of the TiO¢ units. This affects the directions of the transition dipoles from the gap states to the
conduction band, explaining the polarization dependence of the 2PPE signal in the two materials.
Our results show that the Ti*" induced states in the band gap are shallower in anatase than in rutile.
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In addition, d—d transitions from the occupied gap states to the empty Ti** excited states in
anatase can occur at energies well below 3 eV, consistent with the observed visible-light
photocatalytic activity of Ti*" self-doped anatase.
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Cooperativity of the outer coordination sphere with the active site for molecular catalysts for
small molecule conversions

Wendy J. Shaw, Aaron Walsh, Nilusha Boralugodage, John Linehan, Sriram Katipamula
Pacific Northwest National Laboratory

Presentation Abstract

The performance of molecular catalysts that are being developed for multi-proton and multi-electron
reactions still lag the superior catalytic activity and specificity observed in enzymes. Our group has
been adding an enzyme-inspired outer coordination sphere to electrocatalysts for H2 oxidation and to
thermal CO2 hydrogenation catalysts. By incorporating additional functional features from enzymes,
we have been able to use proton pathways to lower overpotentials and increase rates, to use functional
groups to alter the active site structure either statically or dynamically, and to enable electrochemical
reversibility while maintaining fast rates, the highest form of electrochemical efficiency. The simplicity
of the functionalities that we introduce demonstrates that the entire scaffold does not need to be
recreated for substantial performance improvements. We have demonstrated a clear impact of the outer
coordination sphere on both types of catalysts noted above. Of particular importance is the
demonstration of features within the first, second, and outer coordination sphere working together to
achieve enhanced performance, a cooperativity dominant in enzymes and likely essential to develop
the best catalysts. Conversely, we show that a lack of cooperativity can severely diminish performance.

Grant or FWP Number: Low-Temperature Catalytic Routes for Energy Carriers via Spatial
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Presentation Abstract

The enormous scale of conventional and non-conventional methane reserves has motivated
significant research activities regarding its conversion to fuels and chemicals. Since large
amounts of natural gas are located in remote areas and transporting gases in pipelines is difficult,
processes for converting methane into denser, preferably liquid, value-added products are highly
desirable. Significant efforts have been undertaken to activate and upgrade methane, but in many
cases, different temperatures are required for different parts of the catalytic cycle, or expensive
oxidants (e.g., HoO» or organic perioxides) are consumed in the process.

To address these challenges, we developed multi-functional NiO/ceria-zirconia (NiO/CZ)
catalysts that is capable of activating methane. Depending on activation and reaction conditions,
non-oxidative coupling, combustion, reforming, and selective oxidation to alcohols can occur as
the dominant reaction path. In the absence of other reactants, methane can be converted to
ethane, but the conversion at 350-500 °C remains low due to thermodynamic limitations.
Combustion is the dominant reaction in the presence of significant amounts of O2. When the NiO
particles are reduced to Ni prior to reaction, methane is predominantly converted by reforming
followed by water-gas-shift. Selective oxidation to alcohols is possible under well controlled
reaction conditions with limited Oz supply. The presence of very small NiO clusters is an
essentially prerequisite for the formation of alcohols, while larger NiO or Ni particles tend to
form carbonaceous deposits. Consequently, we developed improved synthesis procedures for
NiO/CZ with very highly dispersed Ni species.

Grant or FWP Number: DE-SC0016486 (Production of Higher Alcohols from Methane
over NiO/CexZr1xO; Catalysts)

Student(s): Chukwuemeka Okolie, Yimeng Lyu
RECENT PROGRESS

Conversion of Methane without Oxygen in the Feed
The conversion of methane over Ni/NiO on ceria-zirconia in the absence of other reactants was
investigated in the temperature range of 350 to 500 °C after activation of the catalysts in
nitrogen. Several distinct regimes were observed (Figure 1). In each reaction, the conversion of
methane initially increased with increasing time on stream. At 450 and 500 °C, it reached a
maximum at 0.64 + 0.02% and 1.16 + 0.01% after about 10 h, respectively (Figure 1a). Then, the
conversion declined and approached the thermodynamic limit for the conversion of methane to
ethane. Specifically, the conversions of methane after 4400 min at 500 °C, 450 °C and 350 °C
were 0.40 £ 0.01%, 0.22 + 0.01% and 0.118 + 0.002%, respectively.

The increase in methane conversion in the beginning is attributed to activation of the catalyst
by progressive reduction of the NiO particles to metallic Ni. In the early stages of the reactions at
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450 and 500 °C, some of the methane was converted into aromatics and carbonaceous deposits as
indicated by the limited carbon balance closure. This reaction is comparable to the formation of
carbon nanotubes that was reported under similar conditions.! As the conversion declined after
the maximum, ethane became the dominant product. It is suggested that the formation of
aromatic deposits is favored over sufficiently large Ni particles. This reaction path ceases as
these particles are covered with carbonaceous deposits. In contrast, the sustained production
ethane is attributed to the presence of a substantial amount of Ni clusters that are too small to
assemble aromatic deposits and consequently retain their activity.
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Figure 1. (a) Conversion of methane over NiO/CZ at different temperatures. Selectivity of
carbon containing products at (b) 500 °C (¢) 450 °C (d) 350 °C.

Influence of Activation and Reaction Conditions on the Performance of NiO/CZ

The conversion of methane in the presence of steam and Oz over NiO/CZ activated under
different conditions was studied at 450 °C. After activation in H» at 450 °C, CO; and H, were
observed as the as major products along with small amounts of CO. It is save to assume that the
NiO particles were reduced during the activation procedure. It is suggested that methane is
converted by steam or oxy-reforming on the reduced Ni particles. The low CO yield is probably
due to the presence of excess steam, which shifts the water-gas-shift almost entirely to CO> and
Ho.

When the catalyst was activated in Oz or H2O, methane was converted to CO; in both cases.
However, the conversion of methane is higher when activated in Oz than in H>O. During these
activation procedures, the NiO clusters remain in the oxidic state. NiO clusters are capable of
activating methane, but this reaction occurs at a lower rate compared to reduced Ni particles.
Under the present conditions, catalytic combustion appears to be the dominant reaction path. The
results also indicate that methane activation appears to be partially inhibited on by large amounts
of steam.
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The strong dependence of the performance of NiO/CZ on the activation conditions illustrates
that this catalyst can favor very different paths for methane conversion depending on the
oxidation state of the Ni/NiO clusters and the nature of surface species in the beginning of the
reaction. Selective oxidation to alcohols is possible when the catalyst is reduced in N> and a very
limited amount of O is fed.

Characterization and Performance of NiO/CZ Catalysts Prepared by Different Synthesis
Techniques

Our previous reactivity and characterization studies of NiO/CZ led us to hypothesize that activity
of this catalyst for selective oxidation of methane to alcohol depends on the presence of very
small NiO clusters. To study this hypothesis, we used different synthesis techniques to prepare
NiO/CZ aiming to increase the dispersion of NiO particles compared to the benchmark catalyst
prepared by dry impregnation (DI). For strong electrostatic adsorption (SEA), a net surface
charge was introduced on the support, which allowed for adsorption of nickel precursors with the
opposite charge. This technique is based on the notion that strong adsorption of metal complexes
on the surface reduces agglomeration during calcination. Co-precipitation (CP) of Ni, Ce, Zr
precursors was also used to prepare NiO/CZ. Since CP is a bulk technique and only a fraction of
nickel atoms end up on the surface, several catalysts with different loading of Ni were prepared
to find the optimum loading.

The reactivity results for the conversion of methane with steam and oxygen at 450 °C were
consistent with the hypothesis. Among the catalysts with 2 wt% Ni, the one prepared by SEA
gave the best performance in terms of methane conversion and alcohol selectivity (Figures 2a
and b). The conversion of methane over 2NiO/CZ_CP was lower compared to the other catalysts,
this samples had the highest selectivity to alcohols. Varying the Ni loading of catalysts prepared
by CP showed that the catalyst prepared with 6 wt% Ni loading had the optimal composition, as
it provided the best alcohol yield (Figure 2¢). All of these observations are consistent with the
expected correlation of high dispersion of NiO particles with the formation of alcohols.

Thus, it was essential to rigorously probe the size distribution of the NiO clusters on this
catalyst. In our earlier study, EDX mapping showed that most of the NiO in 2 wt% NiO/CZ_DI
is present in particles of less than 2 nm, but a higher resolution was not available by this
technique or other microscopy methods due to detection/stability limits.? In a less conventional
approach, we utilized the Lewis acidity of NiO (in contrast to the very weak Lewis acidity of
CZ) to probe the dispersion of Ni. Specifically, the concentration of accessible Lewis acidic sites
(LAS) was measured by pyridine adsorption followed by IR spectroscopy and normalized for the
amount of Ni in the sample. The highest apparent dispersion of 31% was observed for
NiO/CZ_SEA. The lower LAS concentration for the catalyst prepared by CP is not surprising
because only a fraction of the Ni is expected to be accessible on the surface. Due to the size of
the pyridine molecule, it might not be possible to adsorb two molecules on adjacent sites, but
these results clearly show that NiO is highly dispersed. More detailed insight into the distribution
of Ni was obtained in recent EXAFS measurements that confirmed the presence of very small
NiO clusters in our samples.

213



48

20 T DI can222l 72

2 SEA| & 46 g3t

SRR PR LTI ceer “CP | 2 oaa Lpfatt £ 68

5 [ ) vesee| = 24 3

§ 16 B s

2 10 : § 4013 2

g 1 ""Essssmssssunas > 2 . Do S

8] S 38 - : SEA| 8 60

~ 14 ]a E . <

T ‘AA S 36 " cP

5 1 “A““A a) < . 56 1 = .

12 ] Afaisaasanad 34 - b) l °)
0 100 200 300 400 500 0 100 200 300 400 500 2 4 6 8 10
Time /min Time /min Ni Loading / wt.%

Figure 2. (a) Methane conversion in the presence of steam and oxygen at 450 °C over 2 NiO/CZ
prepared by different techniques. (b) Alcohol selectivities over 2 NiO/CZ prepared by different
techniques. (c) Alcohol yields over catalysts prepared by CP as a function of Ni loading.
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Milton R. Smith, 111
Electrocatalytic ammonia splitting at ambient temperatures

Reza Ghazfar, Thomas Hamann, Mona Maleka Ashtiani, Faczeh Habib Zadeh, Susanne L.
Miller, and Milton R. Smith, III
Michigan State University, Department of Chemistry

Poster Abstract

The combined biological and abiological production of ammonia from N is one of the largest
scale chemical syntheses on Earth. The reaction of N> and H»> to make NH3 is thermoneutral.
Thus, very little of the energy in Hy is lost in NH3 synthesis. Thus, the regeneration of H> and N>
from NHj3 can potentially generate Ha efficiently. Since ammonia liquefies at low pressure, has
an energy density similar to methanol, has been transported across the U.S. by pipeline for
decades, and N is atmosphere abundant, ammonia is an attractive liquid fuel for storing and
distributing Ho.

Compared to NH3 synthesis, its conversion to N> and H» has received far less attention. Most
reactions require high temperatures, which can exceed those of the Haber-Bosh process.
Electrolysis offers the possibility of ‘on demand’ H» generation, but the most efficient examples
are run in aqueous media using catalysts that are alloys of precious metals.'

The conversion of liquid NH; to H> and N> at ambient temperatures has never been described

with a molecular catalyst. We have designed Ru systems capable of catalyzing these reactions.
Synthesis, electrocatalysis, and mechanistic studies will be presented.

Grant or FWP Number: DE-SC0016604
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Jin Suntivich
Measurements of the Oxygen Electroadsorption on Well-defined IrO2 and RuOz:
A Discussion of the Scaling Relation and Sabatier Principle

Jin Suntivich
Cornell University, Department of Materials Science and Engineering

Presentation Abstract

We present the measurements of hydroxide (‘OHad’) and oxide (‘Oad’) electroadsorption energies on
well-defined IrO2(110) and RuO2(110) surfaces and discuss the implications of the measurement
results on our ability to design electrocatalysts for the oxygen reduction reaction (ORR) and oxygen
evolution reaction (OER). The ORR and OER are the major contributor of overpotential in many fuel-
cell and electrolyzer devices. A highly active ORR/OER electrocatalyst can reduce this overpotential
requirement by stabilizing the ORR/OER intermediates via surface electroadsorption. While this idea
has led to a number of new ORR/OER electrocatalysts, the fundamental relationship between the
electroadsorption and the oxygen electrochemical kinetics has still not yet been measured on oxides.
We present a measurement of this relationship on IrO2 and RuOz2 grown using molecular-beam epitaxy
on TiO2(110) single crystals. The high quality of the IrO2 and RuO2 films affords a measurement of
the oxygen electroadsorption energies. We use these measurements to test (1) the scaling relation, an
idea that the first surface bond can approximate the trend of the intermediates adsorption, and (2) the
Sabatier principle, a concept that a catalyst is most active when the intermediate stabilization is
moderate, not too weak such that the surface is inert and ineffective, nor too strong such that the
intermediate cannot leave and disrupt the subsequent catalytic cycle.

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

Yogesh Surendranath
Massachusetts Institute of Technology, Department of Chemistry

Presentation Abstract

The interconversion of electrical and chemical energy requires catalysts that can efficiently
transfer multiple electrons to or from small molecules. Heterogeneous catalysts have extended
band structures with high densities of states at the Fermi level, allowing these surfaces to engage
in concerted electron transfer and substrate activation; however, it is difficult, if not impossible, to
obtain significant molecular-level understanding for most heterogeneous catalysts because surface
active sites are inherently dynamic, difficult to modify at the molecular level, and hard to identify,
much less characterize. Recently, we have developed a new class of catalysts that incorporate
molecularly well-defined, highly-tunable active sites into heterogeneous graphite surfaces. These
graphite-conjugated catalysts (GCCs) feature a unique conjugated linkage between a discrete
molecular active site and the delocalized states of graphitic carbons. Electrochemical and
spectroscopic investigations establish that GCCs exhibit strong electronic coupling to the
electrode, leading to electron transfer (ET) behavior that diverges fundamentally from that of
solution phase or surface-tethered analogues. We find that: (1) ET is not observed between the
electrode and a redox-active GCC moiety regardless of applied potential. (2) ET is observed at
GCCs only if the interfacial reaction is ion-coupled. (3) Even when ET is observed, the oxidation
state of a transition metal GCC site remains unchanged. From these observations, we construct a
mechanistic model for GCC sites in which ET proceeds exclusively through inner-sphere
mechanisms. This behavior is identical to that of catalytically active metal surfaces rather than to
that of molecules in solution, making GCCs the first platform in which molecular active sites
behave as metal surface sites. Our results demonstrate that GCCs provide a versatile platform for
investigating and controlling interfacial inner-sphere reactivity in both elementary ET steps and
electrocatalysis at the molecular level.

DE-SC0014176: Tunable Oxygen Reduction Electrocatalysis by Phenazine-Modified
Carbons

PI: Yogesh Surendranath

Postdoc(s): Tomohiro Fukushima

Student(s): Megan Jackson, Seokjoon Oh, Corey Kaminsky, Travis Marshall-Roth
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RECENT PROGRESS
In the past year, we have also discovered that the unique conjugated linkage formed between
GCC sites and carbon electrodes leads to a distinct mechanism of electron transfer.

Electrochemical and spectroscopic studies led to three key observations, from which we have
constructed a mechanistic model:
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(1) ET is not observed between the electrode and GCC sites.

05~  [Ru(dmbpy),(phen)*

GCC-Ru

-850+

—052 O,IO O.I2 0,I4 0?6 058 1.IO 1?2 14
E !V vs Fct?

Figure 4. CVs of dissolved [Ru'(dmbpy).(phen)]?*

(5mM, 100 mV s1) (top) and GCC-Ru (10 mV s)

(bottom)recorded in acetonitrile electrolyte

containing 0.1 M TBAPFs.

In the absence of bond cleavage or formation, redox
features are not observed at GCC sites. Cyclic
voltammograms (CVs) of the dissolved complex
[Ru'l(dmbpy)2(phen)]** (dmbpy = 4,4'-dimethyl-2,2'-
bipyridine, phen = 1,10-phenanthroline) display a
reversible Ru(III/II) wave, and the same wave is
observed when the molecule is anchored to an electrode
surface through an insulating aliphatic linkage.
Remarkably, conjugating this Ru center to the graphite
surface causes the redox waves to disappear (Figure 1).
Similarly, CVs of phenazine in aprotic acetonitrile
electrolyte show a reversible feature attributed to one-
electron reduction and re-oxidation of phenazine, but no
wave is observed when a phenazine unit is conjugated to
a carbon electrode (Figure 2).

The inability to do outer-sphere ET to these GCC
sites suggests that varying the potential does not lead to

the same change in ET driving force for the conjugated system. This lack of driving force is
consistent with double-layer theory if and only if the molecular fragment is electronically coupled
to the electrode. In metallic electrodes, the metal atoms are strongly coupled to the band states of
the solid, and the effective conductivity of a metal ensures that the Fermi level of the surface-

exposed metal atoms is identical to that of the bulk. Upon
application of a potential, the ensuing interfacial field gradient
raises the Fermi level of the solid and the energy levels of
surface atoms in synchrony; thus, the energy separation
between the donor/acceptor states of the surface atoms and the
Fermi level remain the same irrespective of the applied
potential. Our data indicate that the same phenomenon is
occurring in GCCs. In particular, the inability to observe
outer-sphere ET in GCCs indicates that the pyrazine linkage
electronically couples the molecular fragment to the electrode.
This electronic coupling ensures that the separation between
the Fermi level of the carbon and the molecular
donor/acceptor states of the appended fragments remain
largely invariant with applied potential; i.e., varying the
applied potential does not change the difference in the
potential between the electrode and the GCC site, thereby
eliminating the possibility of outer-sphere ET between them
(Figure 3, bottom).
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(2) ET is observed at GCCs only if the interfacial
reaction is ion-coupled.

GCC sites do undergo ET if the ET process is
coupled to forming or breaking a bond with an ion in
solution. Although CVs of GCC-phenazine do not
display any redox features in aprotic acetonitrile
electrolyte, they display reversible redox waves when
tosylic acid is added to solution or when the electrode
is scanned in an aqueous electrolyte (Figure 4).
Additionally,  [Rh™Cp*(phenda)Cl]" (Cp* =
pentamethylcyclopentadienyl) loses a chloride upon
reduction of the metal center, and likewise the
conjugated Rh molecule gives rise to a redox feature

(top) and electrodes modified with conjugated Ru"
surface sites (bottom). The diagram denotes the Fermi

level of the electrode, E¢, and the redox potential of transfer that is
the molecule, E(Ru'""), upon varying the applied ..

potential (left to right). The electrostatic potential derlng ET. Even
across the electrochemical double layer is indicated by though our data

the red dotted line. Varying Ef does not impact
E(Ru'"/") for the dissolved molecule, leading to classical
outer-sphere ET (top) at the interface. For GCCs
(bottom), varying E; simultaneously shifts the energy
levels of donor/acceptor states in the conjugated
molecule by a similar magnitude, and the driving force
for ET remains unchanged.

suggest that there is
negligible potential
drop between the
electrode and the
GCC site, there is a
potential drop
between the GCC site and the solution. Therefore, varying the
applied potential can alter the driving force for ions to transfer
between the GCC site and the solution, provided that the surface
site is able to bind the ion in question. GCC-phenazine can form
and break bonds with protons in the presence of a proton donor.

When the applied potential is sufficiently negative, the
electric field drives protons to cross the double layer and bind to
the N sites. Since protons carry a positive charge, compensating
electrons must flow from the external circuit in order to maintain
the electrode potential. This compensatory current is observed as
a surface redox wave. Since all N sites are expected to bind
protons with similar affinity, ET occurs over a relatively narrow
potential range, leading to a distinct wave above the background
double-layer charging current. Similarly, the Rh in GCC-Rh
binds a CI” ion, and when the potential is sufficiently negative,
the electric field drives this negatively charged ion across the
double layer into solution. Again, this ion dissociation leads to
compensatory electron flow from the external circuit, which we
observe as a redox wave (Figure 5b).
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coinciding with loss of halide (Figure 5).
We believe in both of these cases, it is the ion
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Figure 7. (a) Cyclic voltammogram (10
mV s 1) of GCC phenazine recorded in
0.1 M NaOH. (b) Ey/> vs pH for dissolved
phenazine (red) and GCC-phenazine
(black). Values for dissolved phenazine
are re-plotted from literature values
obtained from linear sweep
voltammograms recorded in 10%
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(3) Even during ET, the oxidation state of a transition metal GCC site
remains unchanged.

Perhaps most surprisingly, in situ X-ray absorption near-edge
spectra data (Figure Sc¢) indicate that the oxidation state of the Rh
remains constant throughout the redox event for GCC-Rh, suggesting
that ET at GCCs is electrode-based rather than metal-based. This
observation in particular has important implications on catalyst design.
Since the oxidation state of the GCC site can remain constant
throughout an ET process, the valency and reduction potential of the
molecular analogue do not direcly dictate the rate and driving force for
elementary and catalytic redox reactions at GCCs. Instead, redox
chemistry at GCCs must be driven by the binding strength of substrates
and intermediates with the surface sites.

In sum, the reactivity patterns of GCCs mimic those of metallic
surface sites. At metal surface sites, ET proceeds exclusively via inner-
sphere mechanisms in which electron flow is driven by ions or
molecules crossing the double layer. As a result, ET is only observed
when bonds are made or broken at metallic surface sites, and no ET
occurs in the absence of a species that is able to adsorb to the surface.
Our data suggest that ET at graphite-conjugated molecules also
proceeds exclusively via inner-sphere pathways, making GCCs
mechanistically indistinguishable from authentic metallic surfaces.
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Platinum Single-site Centers through Metal-ligand Self-assembly on Powdered Metal
Oxide Supports and their Selective Catalytic Activity

Steven L. Tait
Department of Chemistry, Indiana University

Presentation Abstract

The central hypothesis of this project is that two-dimensional coordination of single-site
metals at oxide surfaces will produce metal sites with well-defined chemistry and high selectivity
in catalysis. We are developing single-site transition metal centers at oxide surfaces for
hydrocarbon chemistries, particularly C-H activation in small alkanes, a prerequisite to selective
oxidation, oxidative coupling, and other desirable chemistries for upgrading methane to value-
added chemical commodities. Most of this work is accomplished by developing novel synthesis
strategies to produce metal-organic complexes on high surface area oxide powders. Much of that
design is based on studies in highly-controlled vacuum environments on model single crystal
surfaces. The reaction chemistry on powder supports guides the surface science studies and,
conversely, studies of model systems have led to highly effective designs for the high surface
area catalysts.

The long-term goal of this research is to develop metal-organic complexes as surface
catalysts that can be tuned to specific selective alkane functionalization reactions. In the past
year, we have made significant advances in demonstrating the single site character of Pt
stabilized by tetrazine-based ligands on Al,O3, MgO, and CeO; powder supports. These are
characterized by photoelectron spectroscopy, electron microscopy, CO adsorption, and by X-ray
absorption spectroscopy (at Argonne National Laboratory). We have also demonstrated catalytic
activity and turnover in a hydrosilylation reaction, where we are able to demonstrate activity and
selectivity in the metal-organic single-site catalysts that competes with and exceeds those of the
industrial standard catalyst. Our ongoing studies seek to extend these results to other systems and
also to develop new coordination geometries.

DE-SC0016367: Single-Site Metal Organic Complexes on Oxide Supports for Selective
Alkane Functionalization

Student(s): Iyad Ali, Linxiao Chen, Tobias Morris, Miao Wang, Christopher Williams
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RECENT PROGRESS
Oxide-supported Pt single-site catalysts by metal-ligand self-assembly

We have investigated and developed oxide-supported Pt single-site catalysts (SSCs) by metal-
ligand self-assembly. This involves a novel synthesis method that we have been developing
during this project, which involves a modified wet-impregnation approach to introduce small
organic ligands to stabilize single-site Pt centers on the surface of the powdered oxides. The
ligands are designed to have excellent coordination sites for the Pt, as well as a strong electron
accepting character to induce a redox exchange upon assembly. The wet impregnation method is
modified to introduce the ligand at a stage that will achieve a high level of single-site formation
through metal-ligand complexation. Impregnating Pt and a ligand 3,6-di-2-pyridyl-1,2,4,5-
tetrazine (DPTZ, Figure 1) simultaneously (one-step) creates Pt-DPTZ single-sites on powdered
MgO, AlxO3, and CeO>. MgO has the most uniform single-sites due to a strong, non-competitive
support-ligand interaction, and a support-metal interaction of appropriate strength. Pt(II) centers
are stabilized between the N binding pockets of DPTZ, with minimal metallic nanoparticle

formation.
a) N N—
/7 N\__/ \ o

b)

Figure 1. (a) Structure of DPTZ ligand. (b) Potential structure of Pt single-site centers in Pt-
DPTZ complexes, illustrating quasi-square planar coordination geometry and likely Cl bonding
on some Pt. Pt binding with surface oxygen also exists, but is not included in this drawing.
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X-ray Absorption Spectroscopy (XAS) was performed at Argonne National Laboratory to
examine the formation of single-sites and elucidate the local coordination structure of MgO and
CeOz-supported Pt-DPTZ SSCs (Figure 2). We find that the coordination sphere of the Pt is
chiefly composed of N (ligand), O (oxide support), and some Cl (residual from Pt precursor), but
it does not show evidence of Pt-Pt interactions. This system was also characterized by XPS,
TEM, XRD, and CO adsorption. Sequential impregnation of Pt and DPTZ (two-step) was also
tested on Al2O3 and CeOz, but is not as effective as the one-step method due to limited Pt
accessibility and mobility. This work is currently in press for publication in the Journal of
Catalysis.

Pt-DPTZ/MgO

E Pt foil
=
x

Mg, PtO,

PtO2

o 1 2 3 4 s

Radial distance (A)

Figure 2. Comparison between EXAFS Fourier transform magnitudes of one-step Pt-
DPTZ/MgO, Pt foil, Mg>PtO4, and PtO.. Note the absence of Pt—Pt shell in one-step Pt-
DPTZ/MgO, which is the dominant feature in Pt foil.

These SSCs were applied in alkene hydrosilylation reactions, and showed satisfactory activity as
well as improved yields over commercial Speier and Karstedt catalysts. Pt-DPTZ SSCs catalyze
side reactions (alkene hydrogenation and isomerization) less than commercial catalysts, form less
colloidal Pt that lead to deactivation after reactions, and are more tolerant with highly reactive
epoxide substrates. We found that, despite some Pt leaching, the reaction is mostly
heterogeneous in nature and high yield can be maintained after multiple iterations of recycling
the catalyst. Pt-DPTZ SSCs exhibited higher turnover frequency (TOF) than oxide-supported
nanoparticles, emphasizing the advantages of single-site catalysis. The activity (and TOF) of Pt
SSC is dependent on the nature of the support and ligands.

We also discovered that after H> pre-treatment at moderate temperature (150 °C), CeO»-

supported Pt-DPTZ SSC is capable of activate CHs at room temperature. The formation of
surface —OH and adsorbed —CO after CH4 exposure was verified by in situ DRIFTS.
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Sulfate-promoted selective catalytic reduction of NO by NH3 (NH3-SCR) on CeO:

We discovered that modifying CeO; with ligands containing —SOsH group promotes its NHs-
SCR activity after O activation. The main species that contribute to this promotion effect was
proved to be surface sulfates that increase Lewis acidity and suppresses active surface oxygen.
We investigated the reaction mechanism using in situ DRIFTS, concluding that the reaction has
two mechanisms (Langmuir-Hinshelwood and Eley-Rideal). Surface sulfates do not only
promote key steps in both mechanisms, also suppress the NH3 oxidation side reaction. We also
compared sulfates with classic inorganic promoter FeOx, finding out that sulfates outperform
FeOx particularly at high temperature due to its unique capability in oxygen deactivation and
facilitating hydrogen extraction from adsorbed NH3. We are also preparing a manuscript on the
sulfate promotion effect in CeO»-catalyzed NH3-SCR.

Redox-active complexation by vibrational spectroscopy in highly controlled environments

High Resolution Electron Energy Loss Spectroscopy (HREELS) and other techniques were used
to demonstrate that single-site V atoms in metal-organic complexes at surfaces are active and
highly selective toward O» activation. Dipyridyl-tetrazine (DPTZ) forms ordered complexes with
single-site V atoms on Au(100) at RT. After 50 L O, exposure at RT, a single V=0 stretch mode
shows up in HREEL spectra, indicating activity in dissociating Oz molecules at V single sites. In
comparison, Oz exposure to V nanoparticles induces multiple vibrational modes including V=0
stretch and O-V-O bridging modes. Those results clearly show better selectivity of single-site V
atoms compared to V nanoparticles. This study of interaction between gas molecules and single
metal atoms in metal-organic complexes shows potential catalytic significance and could
possibly be mimicked at metal-oxide surfaces in the future. This vibrational spectroscopy work
allows us to correlate studies under highly controlled UHV conditions with the high pressure cell
DRIFTS measurements. The UHV studies have been very valuable in identifying strong
candidates for metal-organic complexation on high surface area oxides.
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Bin Wang
Water Trapped at the Interface of Hydrophobized Catalysts for C-C Coupling Reactions

Duong T. Ngo, Bin Wang, Daniel Resasco
Center for Interfacial Reaction Engineering (CIRE), School of Chemical, Biological and
Materials Engineering. University of Oklahoma, Norman

Presentation Abstract

The presence of liquid water is practically unavoidable in some reaction systems, such as biomass
conversion. Cyclopentanone is a promising building block in the conversion of biomass to fuels.
It can be converted to valuable products via C-C bond forming reactions. Among them, aldol
condensation is a promising route. Conventional MgO catalysts are intrinsically active to catalyze
this reaction, but they usually exhibit low stability in the presence of liquid water. Here, we show
that hydrophobic MgO-based catalysts functionalized with octadecyltrichlorosilane (OTS) exhibit
remarkable stability in the liquid phase under conditions in which a conventional MgO deactivates
in short time. Ab initio molecular dynamics (AIMD) simulations suggest that OTS forms a thick
hydrophobic barrier for water penetration. However, these simulations also show that water, which
is either formed through the aldol condensation or diffused driven by gradients of chemical
potentials, can be trapped at the MgO/OTS interface. These water clusters can deactivate the
catalysts as well as change the reaction mechanism.

DE-SC0018284: Hydrophobic Enclosures in Bio-Inspired Nanoreactors for Enhanced
Phase Selectivity - A Combined Experimental/Theoretical Approach

PIs: Daniel Resasco, Bin Wang

Postdoc(s): Gengnan Li

Student(s): Michael Zeets, Duong T. Ngo, Tuong Bui

The grant section in extended abstract by Daniel E. Resasco
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Robert M. Waymouth
Selective Catalytic Oxidations: Scope and Mechanism

Robert M. Waymouth, Wilson Ho
Department of Chemistry, Stanford University, Stanford, CA 94305

Presentation Abstract

We have developed a versatile Pd catalyst for the chemoselective aerobic oxidation of alcohols,
vicinal diols, polyols and carbohydrates. The cationic Pd dimer [(neocuproine)Pd(u-
OAC)]2[OTf]2 (neocuproine = 2,9-dimethyl-1,10-phenanthroline) is an active catalyst precursor
for the oxidation of a variety of primary and secondary alcohols. This complex exhibits modest
chemoselectivity for the oxidation of primary alcohols in the presence of secondary alcohols, but
terminal 1,2-diols are selectively oxidized to the hydroxyketones. More complex polyols, such
as glycerol, threitol and unprotected alkyl pyranosides are also oxidized in high selectivity to the
hydroxyketones; for alkyl pyranosides oxidation occurs selectively to afford the 3-ketoses.
Mechanistic and kinetics studies have illuminated some of the factors responsible for the reversal
in chemoselectivity observed for vicinal diols relative to primary and secondary alcohols.

For aerobic alcohol oxidations, competitive oxidative degradation of the ligand limited
the catalyst lifetime. Mechanistic studies, including in situ mass spectrometry techniques,
provided insights that guided the development of effective strategies for mitigating catalyst
deactivation. Specifically, the addition of H-atom donors and appropriate ligand modifications
improved the catalyst lifetime, enabling the efficient aerobic oxidations of a variety of polyols on
a multigram scale with as little as 0.25 mol% Pd without any appreciable loss in
chemoselectivity.

During the course of these studies, we identified the trinuclear species [(LPd)3(p*-0)2]*"
(L = neocuproine = 2,9-dimethyl-1,10-phenanthroline) as a product of dioxygen activation that is
formed during aerobic oxidations catalyzed by [LPd(OAc)]2(OTf).. The role of this compound
in catalysis and its mechanism of formation have been investigated by a series of kinetic
investigations, isotope labeling, and reactivity studies. The results suggest the trinuclear
compound is involved in the decomposition of hydrogen peroxide, the initial product of oxygen
reduction during catalysis.

DOE DE-SC00181168: Selective Catalytic Oxidations: Opportunities and Challenges for
Selective Conversion of Renewable Resources

PI: Robert M. Waymouth

Postdoc(s): Timothy R. Blake

Student(s): Wilson Ho

Affiliations(s): Department of Chemistry, Stanford University, Stanford CA 94305
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RECENT PROGRESS

Improved Catalyst Lifetimes and Turnover Numbers:(1) Kinetic and mechanistic studies of
alcohol oxidation with [LPd(OAc)].(OTf), complex 1 (L = neocuproine = 2,9-dimethyl-1,10-
phenanthroline) are consistent with the mechanism outlined in Figure 1. Prior studies had revealed a
competitive oxidative degradation of the neocuproine ligand when O; or air is used as the terminal
oxidant. Several strategies were employed to illuminate the pathways for the competitive oxidative
degradation of the neocuproine during aerobic oxidations with the goal of increasing turnover numbers
and enabling lower catalyst loadings. In-operando mass spectrometry studies, carried out in collaboration
with the Zare group at Stanford, revealed several ions whose intensities increased in an inverse correlation
with the decrease in rate during the course of the aerobic oxidation reactions.(7,3)

{inactive)

miz 386.0115
Figure 1. proposed mechanism for the aerobic oxidation of alcohols with Pd complex 1.

Ions corresponding to the peroxo species D (Fig. 1) were identified during aerobic catalysis, whose
structures were inferred by both MS/MS fragmentation data and '®0,/H,'*0 isotopic labeling experiments.
Complex E, which plausibly derive from species such as D, was previously isolated from aerobic reaction
mixtures, characterized, and shown to be catalytically inactive. The peroxo complexes D are highly
suggestive of a free-radical oxidative ligand degradation pathway initiated by hydrogen-atom abstraction
from the neocuproine ligand, as shown in Fig. 1.

Guided by this hypothesis, we prepared the ds-ligand F and nitro-substituted ligand G, both of
which resulted in modest increases in catalyst turnover numbers (from 35 to 54-59 mole ketone/mole Pd,
Figure 2).(1)

0.5 moi% Pd OH OOH
1 aim airor Oy '
- | Pr Pr
S U NS o, culieg
)\/()H - )J\/OH : N N=
MeCN o !
TON=35{noaddiive) | Di€ F CDs H, 50 mM J, 50 mM
010.25M .24 h ToN:gﬁ{E[Phaddiﬁq),e) ; TON=54 TON =59 TON=75  1:1 MeCN/EtPh
! TON =95

Figure 2. Ligand and additive strategies to increase catalyst turnover numbers (TON).
A variety of sacrificial reductants were also investigated. Aromatic solvents containing benzylic hydrogens

exhibited modest improvements in catalyst turnover numbers; mechanistic studies revealed that benzylic
hydroperoxides J, generated from oxidation of ethylbenzene, were particularly effective as sacrificial
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hydrogen atom donors. Phenol anti-oxidants such as H proved a particularly useful additive for mitigating
oxidative degradation of the catalyst. In addition, styrene additives proved to improve catalyst lifetimes by
intercepting Pd hydrides, facilitating re-oxidation of the Pd hydride species and mitigating formation of Pd

black.(1) —
i

OH 0.5 0q Phenol H OH These insights enabled us to modify our aerobic
HO O OCH, — = HO 0 oxidation protocols for the aerobic oxidation of a
HO "7 MeCN, 1atm O, OCgHyy ) ) :
OH 60+C,6h o”  OH variety of polyols on a multigram scale with
Ta% R catalyst loadings as low as 0.25 mol % Pd (Figure
o or:m(;:nﬁemH 3). The mechanistic studies on the oxidative
'1%% Jremee HO’;O degradation of the neocuproine ligand and the
OMe  MeCN,1am0o, o Ho strategies we developed for extending catalysts
2 mmol 60°C,6h o o1 : .
’ 3% lifetimes were utilized to improve catalytic

trategies for the chemoselective oxidation of
125 P total strategies fo e chemoselective oxidation o

OH 3.5 eq styrene total o unprotected carbohydrates, the selective oxidation
OH bubbling air HLO of glycerol to dihydroxyacetone, and the oxidative
BooN MeCN, 30 h BocN lactonization of a variety of 1,5-diols. With these
20 mmal 30°¢ 10 new protocols, the chemoselective oxidation of the
54% unprotected alkyl glucosides can be carried out
OH ;?metﬁﬂ o aerobically with catalyst loadings as low as 1
H OH bubbling air Hko mol% Pd to afford excellent yields of the 3-ketoses
o_/ MeCN, 17 h o in high chemoselectivity (Figure 3).(2)
DEG »0C p-dioxanone
12.5 mmol 59%

The mechanistic origin of the high selectivities of
Figure 3. Selective Oxidation of Carbohydrates  these oxidations reactions remains unclear and
and 1,5-diols. represents one area of active investigation.

Scope and Utility of Chemoselective Catalytic Oxidations: Fundamental investigations to improve the
scope of the Pd-catalyzed alcohol oxidations has proven an enabling advance for collaborative studies with
the Wender group at Stanford to generate functional polyesters as novel degradable polymers useful for the
delivery of messenger RNA in cells and live animals.(6-8) The oxidative lactonization of substituted
diethanolamines to generate new families of morpholinones (Figure 4),(1/) which have proven a versatile
class of monomers for generating

OH Organo-catalytic
on PdCat J\ o o 4
- > (DBU/TU, TBD) Boc TFA/DCM 2
K/NBOC Air K/NBOC _— ROQJ\/N\/\O)H Rogk/g\/\oy-'
n S n
PEA1 TFA

Figure 4. Oxidative lactonization of functionalized diethanolamines and ring-
opening polymerization of resulting morpholinones.

functionalized, degradable polyesters. Lactones accessed via the Pd-catalyzed oxidative lactonization of a-
o diols(1) were polymerized (by organocatalytic ROP) to generate functionalized poly(alpha-aminoester)s
(PAESs) of precise molecular weight and low polydispersity. Removal of the Boc protecting group affords
novel cationic, water soluble poly(aminoesters) PAEs (Figure 4) that we have shown are efficient vectors
for the transfection of cells with mRNA, DNA and other bioactive oligonucleotides.(6-8)

Publications Acknowledging this Grant in 2015-2018 (publications prior to 08/2017 were
funded by prior related DOE Grant DE-SC0005430)
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Size-Selected Metal Oxide Clusters as Model Inverse Catalysts

Michael G. White,'* Meng Xue,' Kenneth R. Goodman,' Yilin Ma,' Jason Wang' and Ping Liu?
"Department of Chemistry, Stony Brook University, Stony Brook, NY 11794
2Chemistry Division, Brookhaven National Laboratory, Upton, NY 11973

Presentation Abstract

Size-selected cluster deposition is being used to prepare model inverse catalysts of metal oxides
on Cu, Cuz0 and Au surfaces that have proved to be highly active for the alcohol dehydration,
water-gas-shift and CO; hydrogenation. Size-selected cluster deposition is unique in its ability to
control cluster stoichiometry which provides a means of introducing oxygen “vacancies” and
varying the average cation oxidation state. Recent experiments demonstrated that TinO2, (n =3, 4,
5) clusters deposited on Cu(111) are active for catalyzing the water-gas-shift under ambient
pressure (AP) conditions using the AP-XPS end station at NSLS-II. Under these conditions, we
observe reaction-induced O-vacancy formation via the appearance of Ti*" (Ti 2p spectra) as well
as the formation of formate intermediates (C 1s spectra). These results show that under elevated
pressures, the very small stoichiometric oxide clusters can be reduced and thereby act as actives
site for water dissociation. STM imaging of Ti30s 6 clusters deposited on Au and Cu surfaces is
also being used to investigate cluster binding sites, morphology and thermal stability towards
sintering which is a major concern for small clusters at elevated pressures and temperature. At
room temperature, the stoichiometric Ti3O¢ cluster form small assemblies of 3-5 clusters on Au
terraces while individual clusters decorate the step edges with nearly uniform spacing. The
assemblies are composed of individual clusters in close contact, but not chemically fused to form
larger TiOx islands. By comparison, the “reduced” TizOs cluster forms larger fractal-like
assemblies consisting of 10-200 clusters that can extend across steps edges. For annealing
temperatures up to 700K, the size of the Ti30¢ assemblies remain mostly unchanged, although the
appearance of smaller structures above 550K suggest some cluster decomposition. The Ti3Os
fractal structures become smaller at higher temperatures, but the individual clusters appear to retain
their size and shape. The binding structures and temperature behavior of the metal oxide clusters
can be contrasted to similarly-sized metal clusters where agglomeration into larger nanostructures
is typical at high coverages and temperature.

This work is funded through FWP-BNL-CO-040: Catalysis for Advanced Fuel Synthesis and
Energy
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Ross A. Widenhoefer
Force/Activity Relationships in Transition Metal-Catalysis

Ross A. Widenhoefer, Stephen L. Craig, Robert G. Carden, Patricia N. Johnson, Liqi Wang,
Yichen Yu
Department of Chemistry, Duke University

Presentation Abstract

Strategies to increase the efficiency of catalytic reactions remain a fundamental need in basic
energy sciences. A promising and emerging approach is to reversibly switch ligand geometry
within a catalytic cycle, so that the catalyst is optimized for each of multiple elementary reaction
steps. Our program is focused on using mechanical force to reversibly perturb the ligand geometry
of transition metal complexes, ultimately to bias catalysis. A key effort is directed at identifying
quantitative relationships between an applied force of tension and the energetics of elementary
steps such as oxidative insertion and reductive elimination within catalytic coupling reactions.
These studies are impacting our understanding of ligand geometry effects broadly and inspiring
new designs for catalytic approaches that have the potential to reach broadly across the basic
energy catalysis spectrum. New catalytic transition metal complexes have been synthesized that
have the potential to deterministically direct multiple forms of primary energy input, including
acoustic waves, physical deformation, and light, into catalytic cycles through mechanochemical
coupling.

DE-SC0018188: Multi-State Catalysts Modulated by Mechanical Force

PIs: Ross A. Widenhoefer, Stephen L. Craig
Students: Robert G. Carden, Patricia Johnson, Liqi Wang, Yichen Yu

RECENT PROGRESS

The long-term objective of this project is to funnel mechanical forces to the molecular level
and use those forces to improve catalyst activity and/or selectivity. Key questions include: how
does an applied force of tension to a ligand affect reactivity in the various elementary steps of a
catalytic cycle? What types of ligands, metals, and reactions are most susceptible to mechanical
perturbation? How precise must the quantity of delivered force be to achieve a specific outcome?
And ultimately, what materials are the most promising supports for bulk multi-state
mechanocatalysis? Our current activities are directed toward understanding the fundamental
underpinnings required to develop mechanically-responsive catalysts, including the elucidation of
force-reactivity relationships, force-modulated catalytic reaction mechanisms, and force-modulated
potential energy landscapes, and toward understanding the geometric modulation of flexible catalysts
embedded within a bulk elastomeric matrix.

Quantitative force-activity relationships for elementary steps within catalytic coupling
reactions

233



Recent efforts are directed toward understanding and quantifying the effects of applied
mechanical force on the energetics of reductive elimination and oxidative addition from palladium
bis(phosphine) complexes. These transformations represent two of the most important steps
required for synthetically important cross-coupling reactions. Both steps involve significant
perturbation of the P-M—P bond angle in the ground state relative to the transition state and, for
this reason, are likely to be strongly affected by external mechanical force. Our approach toward
this objective employs molecular force-probe ligand 1 and related compounds comprising a stiff
stilbene (1,1’-biindane) photoswitch tethered to a MeO-BIPHEP-derived bis(phosphine) ligand.
The force delivered to the BIPHEP ligand can be switched photochemically without perturbing the
electronic structure of the ligand. For
example, DFT calculations at the

B3LYP/6-311+G(d) level reveal that

ligand (2)-1 produces 130 pN of o
compressive force along the O---O 365nmlight_

coordinate relative to MeO-BIPHEP, while RO
photochemically-generated (E)-1 produces o

pN of extension force relative to MeO- ¥ PPh, {"P"z
BIPHEP. M

The first step toward our larger

objectives is to identify model reactions through which to establish quantitative force-activity
relationships. For reductive elimination, systematic screening efforts have led us to focus our
efforts on the reductive elimination of ethane from dimethyl palladium complexes of the form (P—
P)PdMe,, where P-P = MeO-BIPHEP and force probe ligands. Here, commercially available
MeO-BIPHEP serves as the force-free benchmark against which to quantify the effect of applied
mechanical force. We required a synthesis that would provide analytically pure (P-P)PdMe;
complexes at or below room temperature and on short time scales to avoid the potential
decomposition of more reactive complexes and we have identified such conditions. For example,
treatment of (MeO-BIPHEP)PdCl, with MeLi (2.1 equiv) at —78 °C followed by aqueous/ether
extraction and evaporation provides pure (MeO-BIPHEP)PdMe; in near quantitative yield.
Importantly, thermolysis of (MeO-BIPHEP)PdMe; in CsDs containing dibenzylideneacetone as a
trapping ligand at 60 °C leads to clean and reproducible first-order decay through >3 half lives (k
=1.32£0.02 x 10*s™") to form (MeO-BIPHEP)Pd(DBA) as the exclusive phosphine-containing
species and ethane as the sole organic product in 77 + 12% yield (‘"H NMR). Concurrent with
these efforts, we have synthesized force-probe ligand (Z)-1 and the corresponding dimethyl
palladium complex [(Z)-1]PdMe:.

P _Cl MeLi (2.1 equiv) Meo™ _Me  CqDg, dba, 60 °C
Spal oo mre e o e, Pd(DBA) + Me—Me
P cl » ethe Me Me k=1.32£0.02 10%s

Ph, 77£12%

quant

Similar considerations apply to oxidative addition, and we have identified a model system
based on the oxidative addition of aryl halides to the anionic, three-coordinate palladium chloride
complexes of the form [(P-P)PdCl]", where P-P = MeO-BIPHEP and 1. Toward this objective,
reduction of (MeO-BIPHEP)PdCl, with sodium borohydride in acetone at —78 °C formed (MeO-
BIPHEP)PACI as the exclusive product as evidenced by the single resonance in the *'P NMR
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spectrum at 8 = 20.0. Reaction of (MeO-BIPHEP)PdCI™ (33 mM) with excess bromobenzene (330
mM) at 5 °C led to clean pseudo-first-order kinetics to >3 half lives (kobs = 1.21 £ 0.04 x 107* s71)
to form (MeO-BIPHEP)Pd(Ph)Br as the exclusive product. In a similar manner, reduction of the
force-probe ligand complex [(Z)-1]PdCl, with NaBH4 generated [(Z)-1]PdCl", which reacted with
bromobenzene to form [(Z)-1]Pd(Ph)Br. Importantly, reaction of [(£)-1]PdCI” with bromobenzene
was ~16 times faster than was reaction of bromobenzene with (MeO-BIPHEP)PdCI .

This result represents the first demonstration of enhanced reactivity in a transition metal
catalyzed reaction via a

mechanically perturbed

- R Gl R

hgand, apd more N NaBH, \P@d—CI CoflsBr (330 mM)_ /R

importantly it provides a o’ g acetone-ds s 5°C < Pd first
quantitation of a force- =78 - 25°C P er rate

relationship of this type. P
Gratifyingly, the (P =MeOBIPHEP, (2)-1
methodology should be
applicable to a range of
forces and ultimately other substrates, catalysts, and reactions (including reductive elimination,
above), but even these early results are raising interesting questions. For example, *'P NMR
chemical shifts suggest that the electronic structure of the catalyst is trivially perturbed. That is,
the change in reactivity is not due to changes in the ground state of the catalyst, but due to the
effect of force on restricting catalyst conformation during the reaction. Further experiments will
be needed to fully assess this hypothesis, but the nature of quantitative force-activity relationships
have the potential to provide new insights into the factors that underlie ligand effects more broadly.
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Presentation Abstract

Ammonia synthesis via the Haber-Bosch process is a pillar of modern agriculture, which
converts the abundant but inert dinitrogen in the atmosphere to nitrogen-based fertilizers. Despite
more than a century of optimization, the Haber-Bosch process remains energy intensive and carbon
intensive. Distributed and modular ammonia synthesis via the electrochemical nitrogen reduction
reaction (ENRR) at or close to ambient conditions, powered by renewable electricity is an
attractive alternative because it allows as needed production of ammonia, and in turn N-fertilizers,
as well as drastically reduces or eliminates the carbon footprint. However, selective ENRR catalyst
is lacking.

We developed two transition metal nitride catalysts (VN and CrN) with ammonia
production rates and Faradaic efficiencies (FE) 50-200 times higher than precious metals. Catalysts
are evaluated in a membrane electrode assembly (MEA) configuration to ensure the performance
can be easily reproduced in devices. In particular, we demonstrate that VN nanoparticles are active,
selective and stable ENRR catalysts in the membrane electrode assembly configuration with an
ENRR rate and Faradaic efficiency (FE) of 3.3 x 1071 mol s™! cm ™ and 6.0% at —0.1 V within 1
h, respectively. An ammonia production rate of 1.1 x 107! mol s™' cm™ can be maintained for 116
h, with a steady state turnover number of 431. ENRR with '°N; as the feed indicates that the
reaction follows a Mars-van Krevelen mechanism.

Grant: Low temperature, ambient pressure electrochemical ammonia synthesis in alkaline
media — Mechanistic studies and catalyst design

Postdoc(s): Xuan Yang
Student(s): Jared Nash, Jacob Anibal
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ENRR Catalyzed by VN Catalysts
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Figure 1. VN is active and selective ENRR catalyst. (A) Production rate and Faradaic efficiency of VN
catalysts at different potentials for 1 h tests. Time-dependent production rate (B) and Faradaic efficiency
(C) at—0.1 V and —0.2 V, respectively. (D) 'H nuclear magnetic resonance (NMR) spectra for the post-
electrolysis 0.05 M H,SO4 at —0.1 V in '*N; and Ar, and at OCP in "N, For 48 h.

ENRR Catalyzed by Noble Metal Catalysts
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Figure 2. Noble metal catalysts are not selective for ENRR in acid conditions. The ammonia production
rate and Faradaic efficiency (FE) on noble metal catalysts tested in PEMELs for 1 h at —0.2 V and —0.4
V. The nroduction rate is normalized bv the ECSA.
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Figure 3. Noble metal catalysts are not selective for ENRR in alkline conditions. The ammonia
production rate and Faradaic efficiency (FE) of different noble metal catalysts in HEMELs at —0.2 V for
1 h. The production rate is normalized by the ECSA.

Publications Acknowledging this Grant in 2015-2018
1. Nash, J.; Yang, X.; Anibal, J. ; Wang, J.; Yan, Y., Xu, B., Electrochemical Nitrogen Reduction

Reaction on Noble Metal Catalysts in Proton and Hydroxide Exchange Membrane
Electrolyzers, J. Electrochem. Soc. 2017, 164, F1712-F1716.
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Ye Xu
Interaction of Hydrogen with CoCrFeNi High Entropy Alloys

Yuxin Fang,' Frank McKay,? Philip Sprunger,? John C. Flake,! William A. Shelton,' and Ye Xu'
!Cain Department of Chemical Engineering, 2Department of Physics and Astronomy, Louisiana
State University, Baton Rouge, LA 70803

Presentation Abstract

High-entropy alloys (HEAs) are solid solutions of equal or nearly equal quantities of several
metals, for which the entropy of mixing is maximized thus contributing notably to the stability of
the alloy phase. They often exhibit unique material properties such as high tensile strength and
fracture resistance, but their chemical reactivity is incompletely understood. Here we report the
findings of our study on the interaction of hydrogen with CoCrFeNi-based HEAs. XPS and
EELS spectroscopies, cyclic voltammetry, and mass spectrometry are among the experimental
techniques used to characterize the interaction of the HEAs with hydrogen under surface science
as well as electrochemical settings, while theoretical KKR-CPA calculations are performed to
determine the stability and composition of the alloy surfaces and the adsorption strength of H as
a function of bulk composition. The accuracy of our theoretical approach is validated against
adsorption on the monometallic alloying components via literature or DFT-GGA calculations.

DE-SC0018408: Toward a universal electronic structure model for catalytic
transformations on multi-metallic alloys

PI: Ye Xu

Co-PI: William A. Shelton

Affiliation: Louisiana State University

RECENT PROGRESS

We have begun simulations of the CoCrFeNi-based HEAs using the Korringa—Kohn—Rostoker
(KKR) coherent potential approximation (CPA) method. For the parent 4-component bulk alloy
in the fcc phase we have found the system to be non-magnetic with a minimum lattice constant
of a=3.447 A but near a ferromagnetic transition at approximately ¢=3.52 A. H and O
adsorption studies have been carried out on fcc(111) surfaces. The key advantage of our
approach is the use of the CPA within multiple scattering theory. The CPA is a mean-field
approximation for the configurational average. It restores the underlying periodicity, which
means that surface unit cells of any size that can constructed for an ordered fcc metal (e.g. Pt)
can equally be used for the high-component HEAs.

Publications Acknowledging this Grant in 2015-2018

None to report so far.
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Interfacial catalysts for transformations of oxygenates: construction, characterization,
catalytic activity and reaction mechanisms

Aaron D. Sadow, Takeshi Kobayashi, Marek Pruski, Igor I. Slowing
Ames Laboratory, U.S. DOE, Iowa State University, Ames, [A 50011-3111

PRESENTATION ABSTRACT

The overarching goal of this collaborative project is to elucidate the key properties that control
catalytic phenomena at liquid-solid interfaces and thereby guide the rational design of selective
and efficient heterogeneous catalysts for redox conversions of oxygenated compounds. To this end
our research team combines expertise in mesoporous and nanostructured catalyst synthesis,
organometallic chemistry, kinetics and mechanisms of catalytic reactions, and solid-state
(SS)NMR, including the ultrasensitive dynamic nuclear polarization (DNP) technique. Herein, we
report the development of novel additive manufacturing methods to produce heterogeneous
catalysts, the investigation of binding kinetics and equilibria of phenolics on nanostructured ceria
in aqueous media, and the synthesis and electrocatalytic properties of doped ordered mesoporous
carbons (OMCs). Precatalytic sites, containing activated Si-H bonds, were prepared to react with
mesoporous silica, high surface area ceria, and carbon materials for catalytic hydrosilylations. In
addition, a cobalt compound is selectively oxygenated with O,. We also describe SSNMR studies
of the mechanisms of formation and atomic-scale structure of OMC materials, the DNP-enabled
characterization of binding of the organometallic ligands to catalyst surface, and the development
of improved strategies for DNP-enhanced SSNMR of surfaces.
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(1) Additive manufacturing of catalytically active materials. A general strategy was developed
for 3D printing of structures containing organocatalytic or metal active sites.>® The approach
involved the spatially resolved photopolymerization of substituted alkenes, where the substituent
carried the target catalytic activity and was inert to the polymerization conditions (Fig. 1a). Three

types of catalytic functionalities
were demonstrated: 1) carboxylic
acid moieties produced using
acrylic acid as a precursor gave 3D
architectures catalytically active
for a three-component Mannich

reaction; 2)  primary and
secondary allylamines co-
polymerized with acrylic acid
produced bifunctional 3D
structures  that  acted  as

cooperative catalysts for an aldol
condensation; and 3) Cu*
carboxylate-bearing objects were
3D printed as catalysts for a
Huisgen cycloaddition. The value
of additive manufacturing for
producing catalytic architectures

was shown by assembling: 1) a
cuvette adaptor for solution UV-
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Figure 1. a) Additive manufacturing via laser-guided photopolymerization of
functionalized alkene monomers. b) Kinetics of Mannich reaction between
aniline, benzaldehyde and cyclohexanone monitored by UV-Visible
spectroscopy, with (blue) and without (red) the catalyst. Measurements
were enabled by a 3D printed cuvette adaptor containing the catalytic
species. c) Cuz*-containing millifluidic reactor (left) and its CAD design (right)
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Visible spectroscopy that allowed tracking in situ the overall kinetics of an acid catalyzed Mannich
reaction, and each of its major steps (Fig. 1b); and 2) a millifluidic catalytic reactor with Cu®"
active sites homogeneously dispersed on its channel walls (Fig. 1c). This work showed the
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Figure 2. a) Dissociative chemisorption of
phenol on oxygen vacancy sites of CeO,
nanocubes and b) kinetic and equilibrium
parameters of the process obtained by T,
relaxation measurements of *H NMR.

potential of combining the versatility offered by novel additive
manufacturing technologies with the arsenal of chemistries
available to the catalysis community.

(2) Studying the dynamics of phenol binding at water-CeO;
interfaces. The phenol hydrogenation activity of Pd is much
higher when supported on CeO; than on carbon, silica, or
alumina. This has been attributed to a non-innocent behavior
of CeO» during substrate binding. Previous studies suggested
that phenol binding to oxygen vacancy sites of CeO; results in
deprotonation to form a phenoxide (Fig. 2a), which is more
readily reduced by Pd-activated H.** *®* However, phenol
binding is limited by competition with the solvent, especially
water. We explored the dynamics of phenol binding to CeO:
nanocubes in water by following changes in '"H NMR spin-
spin (T>) relaxation times in aqueous suspension.’! To prevent
nanoparticle sedimentation during long acquisition times we
employed a novel approach using an agarose gel to entrap the
nanoparticles (40 — 100 nm) within micron-sized pores.
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Control experiments in the absence of CeO, demonstrated negligible interactions between the gel
and phenol. The measurements revealed a two-step process (Fig. 2b) characterized by a weakly
bound state (R ~ 90 s), with 12 mM affinity constant corresponding to relatively mobile phenol
molecules at the interface, that favorably transitions (K ~ 2) to a strongly bound state (R, 10* s™),
likely corresponding to the chemisorbed phenoxide. Further experiments are being conducted to
characterize the binding in the presence of catalytic Pd and additional competing species, and to
examine possible correlations between binding and reaction kinetics.

(3) S-doped ordered mesoporous carbons (OMC) as electrocatalyst for the selective reduction of
nitroaromatics. An S-doped OMC was prepared using ;

thiophenol precursor and SBA-15 type mesoporous silica
nanoparticles (MSN) as a hard template (Fig. 3a).?* The
high surface area and S-doping (~600 and 400 m?/g, and
1.5 %S and 0.5%S at 600 and 900 °C pyrolysis
temperatures respectively) of the semigraphitic materials
allowed their use as metal-free electrocatalysts for the
selective reduction of nitro groups in the presence of other
reducible moieties (amide, sulfoxide, thiophosphate). The
cathodic transition of the nitro group in chloramphenicol
to hydroxylamine was obtained with a 7-fold enhancement
in peak current and ~170 mV potential shift (-440 to -267
mV) compared to glassy carbon electrode in a 0.1 M
H>SO4 solution (Fig. zb). Transition of the hydroxylamine
to aniline using the S-OMC coated electrode was observed
at -700 mV. To determine the role of S on the
electrocatalytic performance of the material, an N-doped
OMC was prepared using aniline as a starting material and
the same MSN template. Initial studies comparing the
voltammograms of the [Fe(CN)s]*™ couple showed _

approximately 50% higher peak currents for the S-doped zge‘;:)i;o:)s Tigfbg“agfs_‘g“zg) S':‘:‘zedb)"”is;‘:ii
material SuggeSting the heteroatom may play a role in the voltammogram of the eIectroch;micaI conversion
electrochemical process. Additional characterization and of chloramphenicol using bare (black) and S-OMC
reactivity studies will provide more insights into the effect coated glassy carbon electrodes. The numbers by
of the dopant on the electrocatalytic behavior of this type SOMC correspond to pyrolysis temperatures.

of OMC.

a)

b)

-50 —GC

—S-0MC600
==S-OMC900

i (HA)

100

-150

-

-

— T
e — H o
i i
/@’ c2Peai® /@/ calearf /@’»*
" 5
R © A e R
-0 0.4

.4 0.8

-200

0.8 0
E vs Ag/AgCl (V)

(4) Rare earth homoleptic silazidos for carbonyl hydrosilylation. We have previously studied
MSN supported dimethylamido zirconium(IV), prepared by protonolytic grafting of Zr(NMez)4 at
surface silanol sites, in catalytic hydroboration of ketones.!* Next, we targeted new rare earth
silizido compounds of the type Ln{N(SiHMe;)R}3* to access sites with increased activity and
through new mechanisms for hydroelementation of oxygenates. These compounds contain
bridging Ln<H-Si, the 'Jsiu of which provide means to characterize the coordination number of
surface grafted species. A new silazido ligand N(SiHMez)Dipp (Dipp = 2,6-diisopropylphenyl)
also reacts with LnX3 salts to provide homoleptic tris(silazido) rare earth pseudo-organometallic
compounds Ln{N(SiHMe>)Dipp}3 (Ln = Sc, Y, Lu; Fig. 4) as salt-free and donor-solvent-free
coordinatively unsaturated and low electron-count compounds for surface grafting.®> The steric
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bulk of the diisopropylphenyl group favors an unusual
planar LnN3 core, whereas the dissimilar steric properties
of dimethylsilyl and diisopropylphenyl substituents lead to
highly asymmetric Ln—N(SiHMe:)Dipp interactions. These
include inequivalent Ln—N and Ln—H distances in X-ray
structures, SiH stretching modes in the IR, and chemical
shifts and 'Jsin values in low temperature NMR spectra.
One of the three bridging Ln=<H-Si is notably more
activated ('Jsin = 116 Hz) than the other two (!Jsin = 141
and 132 Hz). Moreover, one of the three silazido ligands
reacts with acetophenone to give a hydrosilylation product,
indicating that the combination of bridging SiH and a

Figure 4. Single crystal X-ray structure of

highly electrophilic metal center can facilitate Si—O bond
formation. This step may provide a new mechanism for

Sc{N(SiHMe2)Dipp}3, containing three
inequivalent Sc~H-Si and an agostic CH.

\//@ M P catalytic  hydrosilylation  of
F 0o carbonyls, to complement late
Meﬁ{j}g{ N-“aMez j\ benzene  MeSi E_\Y/_ N“ﬁuez metal catalysts. Our current
" estHN// [\% " pn <Smin  Me,SEN th efforts are exploring supported
_ analogues for interfacial singles-
4\©ﬁ\ 464\ site catalysis.
60.9%

(5) Oxygenation of a cobalt(Il) methyl. The oxygenation of a cobalt(Il) acetyl, formed from cobalt
methyl and CO, by O occurs rapidly in a tris(4,4-dimethyl-2-oxazolinyl)borate-supported
compound to give cobalt(Il) acetate.’® Acetate is a biological energy carrier and part of the Krebs
cycle, which also involves acetyl compounds formed from methyl and CO. In the natural system,
methyl and CO are both derived from carbon dioxide. Acetate might also be formed from the direct
addition of a methyl group and naturally abundant carbon dioxide, yet nature chooses an

energetically less efficient route. Our studies of the synthetic cobalt system indicate that both
routes (oxygenation or direct
insertion of CO3) yield acetate, but (Q\ co O//zu‘

the pathway involving carbon ph-g NFCO—CHS - ph_B.?’:N/\COmCO
monoxide is kinetically preferred i@ -100°Ctort. RN ~gMe
over carbon dioxide by more than 92X, <1 min. - 0
10° times. Living organisms cannot Y)j f/

wait for the slow reaction, and zwefrs ~100 °Cto rit.

instead enzymes have developed a - 0N

fast, low  temperature, mild o -N\Co/o>>_

alternative. This idea also applies in =N 0

synthetic catalytic chemistry, in
which carboxylate moieties are
installed by the combination of carbon monoxide with an organometallic compound followed by
oxidation, rather than direct treatment with carbon dioxide. That is, approaches for utilization of
carbon dioxide as a C; reagent in catalytic synthesis might be advantaged by a three-step process
involving reduction to carbon monoxide, reaction with organometallics, followed by oxidation.
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(6) Characterization of Catalytic Materials by Solid-State (SS) NMR. SSNMR spectroscopy is
extensively developed and used to provide atomic-scale structural information about the catalytic
heterogeneous catalysts developed in this project. Our studies take advantage of two state-of-the-
art SSNMR technologies: (ultrafast)fast magic angle spinning (MAS) and dynamic nuclear
polarization (DNP). The DNP technique, which offers 100-to-1000-fold enhancement in
sensitivity, is particularly well-suited for the studies of catalytic systems, because it can efficiently
and selectively sensitize surfaces and interfaces, enabling measurements that are off-limits to
conventional SSNMR.

We used SSNMR in concert with elemental analysis and textural characterization to detail the
structures of OMC materials prepared using Pluronic F127 as template with resorcinol and
formaldehyde as polymerizing precursors.” Analysis of *C MAS spectra provided quantitative
distribution of carbon functionalities at various stages of pyrolysis and offered new insights into
the pyrolysis mechanisms. The important findings are: (1) the formaldehyde carbons were fully
converted to —CH>— links between adjacent six-membered rings at temperature below 80 °C, (2)
the structural changes upon pyrolysis include the formation of methyl groups (below 300 °C),
gradual incorporation of aliphatic carbons into aromatic structures (advanced at temperatures
above 300 °C), and the formation of polycyclic aromatic substructures via a series of
deoxygenation and radical reactions, and (3) the average sizes of aromatic clusters in samples
pyrolyzed at 300, 400, and 500 °C are close to 2, 3 and 4 respectively, whereas one treated at 900
°C comprises a highly carbonized aromatic network composed of much larger clusters.

The DNP-enhanced "0 SSNMR experiments for characterization of single-site organometallic
catalysts were carried out.'” Until now, the '’O studies used the so-called indirect DNP approach,
which relies on the hyperpolarization of 'H nuclei by DNP and the subsequent transfer of this

magnetization to the nearby oxygens. The Me,N
shortcoming of this approach is that it relies on .N‘H. \Z T
close proximity (typically less than 0.2 nm) 4 r\NMeZZ
between 'H and 'O nuclei, thereby precluding 1

the detection of non-protonated oxygens. The /Si-\u,
novelty of our work is that it uses direct .i ﬁ

. . 17 . .
polarization of 'O nuclei by DNP, without the 17
‘help’ of protons, to observe all oxygen atoms. diECt o DNP SENS
This enabled, for the first time, the detection Figure 5. Direct 1’0 DNP enabled observation of oxygen
of non-protonated catalytically relevant | sites that link the catalyst to the surface.

oxygen sites, especially those responsible for
binding the organometallic ligands to catalyst surface (Fig. 5).

We improved strategies for DNP-enhanced SSNMR of surfaces, by using 'H-free solvents to
eliminate the solvent-derived correlation signals from the 2D HETCOR spectra of materials.*® This
methodology implies that there is no H/D isotope exchange with deuterated solvents and relies
upon the sample’s strongly coupled innate protons to mediate the spin diffusion and hyperpolarize
the targeted spins on the surface or in the bulk. In samples where such networks of protons exist,
the use of proton-free solvents yielded significantly improved 2D HETCOR spectra with no loss
in sensitivity. Also, we systematically studied the efficacy of DNP in the studies of alumina, silica,
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and OMC) materials with vastly different surface areas, as a function of the biradical
concentration.!® Importantly, our studies show that the use of a “one-size-fits-all” biradical
concentration should be avoided when performing DNP experiments and instead an optimal
concentration should be selected as appropriate for the type of material studied as well as its surface
area. In general, materials with greater surface areas require higher radical concentrations for best
possible DNP performance. This result is explained with the use of a thermodynamic model
wherein radical-surface interactions are expected to lead to an increase in the local concentration
of the polarizing agent at the surface. We also show, using plane-wave density functional theory
calculations, that weak radical-surface interactions are the cause of the poor performance of DNP
SENS for carbonaceous materials. Finally, we carried out a series of SSNMR studies to elucidate,
for the first time, the spatial distributions of functional groups on the surfaces of mesoporous silica
materials (see abstract entitled “Spatial distribution of organic functionalities on silica: exploration
by conventional and DNP-enhanced homonuclear SSNMR”).
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RECENT PROGRESS

Goals

The long-term goal of our current efforts are to understand and manipulate isolated,
“homogeneous-in-function” supported single-site catalysts for kinetically-limited transformations
(e.g., alkane C—H activation and functionalization) and elucidation of the operant mechanisms.
The energy input required to drive such reactions using traditional heterogeneous catalysts could
compromise the product selectivity and stability, resulting in a distribution of reaction products
and deactivation, respectively. The use of single-site catalysts overcomes these problems. Our
group recently developed synthetic control of isolated, single-site catalysts on metal oxide supports
(i.e. Si02) employing the tools of surface organometallic chemistry (SOMC) and atomic layer
deposition (ALD). The nature of these active site support platforms provides efficient and general
routes to isolated, single-site surface species that exhibit catalytic activity, selectivity and stability,
notably under reaction conditions where their molecular analogs are largely unstable and/or
unreactive.

Description of the Results

Our group achieved successes in two major project thrusts in FY 16-18. The first project thrust has
been focused on control of the reactivity and stability of sensitive single-atom catalysts supported
on tailored metallo-ligand environments/surfaces (Thrust 1). By employing stepwise synthesis of
multicomponent catalyst scaffolds, we successfully developed site-isolated organometallic
catalysts on surfaces equipped with metal anchoring sites/promoter ions. In parallel, we have
developed rational design via well-defined, single-site catalysts on support platforms for
controlled hydrocarbon transformations such as non-oxidative dehydrogenation of alkanes to
alkenes and its microscopic reverse, alkene hydrogenation (Thrust 2). Our recent achievements
cover advances in the (1) synthesis of well-defined, supported organometallic sites using state-of-
the-art synthetic techniques (e.g., ALD, surface organometallic synthesis), (2) development of
spectroscopic strategies to elucidate operant reaction mechanisms and (3) computationally guided
development of supported single-atom catalytic sites.

Thrust 1: Promoter and Anchoring Site Effects in Single-Site Catalysts. Single-ion catalysts
based on highly reducible noble metals (e.g., Pt) remains challenging due to their susceptibility to
sintering. To date, two notable strategies have been shown effective in stabilizing single-ion or
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pseudo-single-ion noble metal catalysts on solid supports, which include (1) nucleation on defect
sites on bulk oxides and (2) support on carbonaceous surfaces where the surface hydroxyl
concentrations are low. Air-stable, well-defined, isolated organoplatinum(IV) precatalysts were
deposited on ALD-Zn**(submonolayer)/SiO> surfaces, employing solution-phase synthesis
conditions under which SiO; is largely unreactive (Figure 2). The straightforward deposition of
the trimethyl(methylcyclopentadienyl)platinum(I'V) [(MeCp)PtMes] precursor is attributed to the
increased acidity of surface silanols associated to Zn** cations. DFT modeling of the platination

reaction suggests that the o CHy

metalation  of  Zn*"-bound oH ol on off mour ' (CHs

silanols is thermodynamically a) /°0.$'b§ é'bb jwoo,énbgé.j;m MLn/Hzos—a» o 04 %0 4 é. more
favorable (AG = -12.4 kcal/mol) AL g ok y -9 N{jfmﬂ?%%?l 3 'Jwﬂxm 9. than
with silanols of non-modified Si0s.
The results of a combination of 1C DNP-enhanced SSNMR 195pt DNP-enhanced SSNMR
spectroscopic (e.g., XAS, SS ' F H,
13C, and '“Pt NMR, DRIFTS, () CPVIAS D DR-
UV-Vis) and surface JAVN_ simuistion
characterization (e.g., TPR) £350.
techniques are consistent with MW off the
presence of site-isolated Pt*" (ii) BCP-WCPMG sites.
The Pt*" sites deposited via simulation
solution-phase synthesis Ilmu‘"lllh -y
((MeCp)PtMe/Zn/Si10,) are MW off

stabilized by a 00 200 " 300
methylcyclopentadienyl ligand, 5("*Pt)/ ppm one
unreacted methyl group, and an NO, NH,

anionic siloxy group (Figure 2), . @ PYZn + Ho as
confirmed by advanced solid ¢ . @ state
DNP NMR (in collaboration  x= Vi adensis, etone, 60 080 % conversion with
DOE Ames Lab/ Dr. M. Pruski). ' ' 80-100 % selectivity to the aniline derivative

Solution-phase, chemoselective hydrogenation of a series of functionalized nitroaryls to the
corresponding anilines was achieved under mild conditions employing (MeCp)PtMe/Zn/SiO; with
excellent tolerance of other hydrogenation-sensitive functionalities (e.g., vinyl, aldehyde, ketone,
esters, nitriles and halides). On the other hand, Pt(NP)/SiO, (NP = nanoparticles) fully
hydrogenated the —NH; group and other unsaturated functionalities (i.e., alkene and carbonyl
groups). TPR, variable-temperature DRIFTS, and in situ XAS experiments under H> provided
important insights into the precatalyst activation mechanism. In particular for
(MeCp)PtMe/Zn/Si0,, at the reaction temperature of 135 °C, the Pt—-CH3 group undergoes
hydrogenolysis to yield a Pt*"-H species, identified via in situ DRIFTS, while the CpMe ligand is
not cleaved. This suggests that the ancillary ligand is necessary for the observed chemoselectivity.

Thrust 2: Rational Design of Supported Single-Site Catalysts. Hydrogenation of unsaturated
hydrocarbons using noble metals such as Ru, Rh, Pd and Pt has been extensively investigated over
the past few decades in both homogeneous and heterogeneous systems. Recently, the utilization
of late first-row transition metals (Fe, Co, Ni and Cu) have garnered much attention due to their
lower cost and abundance. The hydrogenation activity of early- and mid-first row transition metals
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NR o comerson (Sc, Ti, V, Cr, Mn), however, have not
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Q 80 their role as metal ion dopants to
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hydrogenation catalysts. Our group
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polymer (CatPOP) which are active for
alkyne semi-hydrogenation. Among the catalysts tested, superior hydrogenation activity was
observed using the [(CatPOP)V!(Mes)(THF)], with turnover frequency (TOF) 40 times higher
than others. As a follow-up study, we incorporated same organovanadium (III) species on the
redox-innocent silica support (SiOz) via surface organometallic synthesis. Through a combination
of characterization techniques (ICP, '"H NMR, TGA-MS, DRIFTS), the presence of one mesityl
and one THF donor groups bound to the vanadium center was confirmed. Results of EPR, XPS,
DR-UV/Vis and XAS experiments verified isolated V(III) sites. The catalytic performance of the
[(Si02)V(Mes)(THF)] catalyst was examined for hydrogenation of diphenylacetylene and 1-
octene in the liquid-phase, and hydrogenation of ethylene in the gas-phase. In both cases, the
catalyst showed unprecedented high hydrogenation reactivity. Kinetic poisoning experiments were
conducted using 2,2’-bipyridine and confirmed that all V sites are active. All of these results show
that the redox properties of the support is not a prerequisite to obtain high hydrogenation activity
over the [(SiO2)V"(Mes)(THF)] catalyst.

A series of supported single-site first-row transition metal (V**, Zn*") and main group element
(Ga*") hydrogenation catalysts have been developed in our program. The generality of the active
site design strategy that we demonstrated encouraged us to pursue rational active site design based
on molecular-level understanding of catalytic properties and reaction mechanisms. Thus, we have
carried out a combined theoretical and experimental study to demonstrate computationally guided
active site design strategy, specifically developing descriptors for single-site catalysts for
hydrogenation reactions. Density Functional Theory (DFT) calculations are used to investigate the
structures and thermodynamic stabilities of active sites of the type M/SiO, (M = Ga*", Zn*", Mn**
and Ti*"), as well as the periodicity of reaction mechanisms and rate-limiting steps based on
representative single-atom catalysts for propylene hydrogenation. A cluster model with six silica

rings and up to four hydroxyl groups are used to represent 497, pe

the structure of the M/Si0; catalysts. The results show that 5| JAELTOR
catalyst activation proceeds through H, activation over a M- o * Terget Gandiaate
O bond, resulting in M-H and Si-O-H bond formation. This 4 !

intermediate can then hydrogenate propylene through two 34 asn

probable metal-dependent mechanisms: Ga**, Mn*‘and Ti*" I, ‘

ions go through a concerted hydrogenation step, while Zn*" .

undergoes a stepwise pathway. The calculations also H ‘\.egu; _

indicate that the stability of the M-H is critical to the kinetics o riéo'“{'eé”ﬁ ol
of hydrogenation. This approach generated a computational 20 0 10 20 30 40 50

activity descriptor that closely correlates with the AGyy(keal/mol)

experimental activity observed during catalysis. The experimental activities show a remarkable
trend as a function of the calculated AGwm.u. Specifically, an exponential correlation is observed
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between the calculated AGm.n and the experimental TOF, enabling the prediction that lower the
AGwu gives rise to more active single-site catalysts. Among the cationic sites considered, Pd*",
In** and Sn**are predicted to be more active than the experimentally discovered Ga** catalyst. The
validity of this computationally guided active site design strategy has been confirmed by the higher
experimental hydrogenation activity of the In**/SiO, (TOF = 3.4 h™! at 200 °C).

The accessibility of spectroscopic techniques to probe the transformations of supported
catalytic sites under reaction conditions remains a grand challenge in fundamental catalysis
research. For example, Ga catalysts on solid supports such as zeolites and oxides are employed for
a range of industrial alkane activation and functionalization processes. Despite the diverse and
rigorous attempts to understand the mechanism of these alkane transformations, the nature of the
active Ga species has not been definitively elucidated. Hence, our group postulated that well-
defined, homogeneous molecular organometallic complexes that mimic the changes in the Ga®*
coordination environment can elucidate the oxidation state of the active Ga species. A series of
Ga*" organometallic model compounds have been prepared, and their XANES spectra compared
to those of the heterogeneous Ga-SiO» catalyst acquired under reducing conditions. The resulting
spectra clearly demonstrate that shifts in XANES edge energy cannot be assumed to arise from the
change in oxidation state from Ga®" to Ga'. This range overlaps with the edge energy range of
known Ga" compounds. Consequently, XANES edge energy cannot definitively distinguish Ga*"
alkyls or hydrides from Ga®, thus the formation of Ga** alkyl or hydride intermediates cannot be
ruled out. Comparison of the XANES spectrum of

. . R R
Ga-SiO2 exposed to hydrogen at high temperature Ro PR RO O, O
with the XANES spectra of molecular reference Taon ¥ gR RPN

. R
compounds further suggests that these catalysts may 16 | /
. . . . . R
contain three-coordinate Ga®" dihydride species 14 - GaR /\k
. R
rather than Ga'. Grafting of molecular models to 12 N /

silica support confirms the similarity between 10 7
spectra of three-coordinate Ga alkyls and in-situ 08

spectra of supported Ga-SiO» catalysts under 06

Normalized XANES

reducing conditions. These findings agree with the 04

observation in the literature of the formation of Ga— 02

H species under catalytic conditions, suggesting that 00 =

Ga*" hydrides are mechanistically relevant. Finally, 10365 10370 10375 10380 10385

. .. . Energy [eV]
catalytic activity of Ga-SiO; catalysts for olefin

hydrogenation — the microscopic reverse of alkane dehydrogenation —is observed at temperatures
as low as 110°C, and it is chemically unlikely that Ga** can be reduced under such mild conditions.
Therefore, we believe that Ga** does not undergo reduction to Ga* during alkane dehydrogenation,
and that C—H bond activation on Ga*' catalysts instead proceeds via a non-redox, heterolytic
cleavage mechanism involving Ga** alkyl and hydride intermediates.
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Presentation Abstract

In the area of C1 Chemistry, the water-gas shift reaction (WGS: CO + H2O < Hz + COy)
and the hydrogenation of CO; to methanol (CO; + 3H> — CH30H + H;O) are important processes
which involve the formation or cleavage of C-O bonds. Complex metal-oxide interfaces play a
fundamental role in materials used to catalyze these processes. Fundamental studies have been
performed to investigate the chemistry associated with the WGS reaction and CO; hydrogenation
on a series of model and powder Cu-ZnO and Cu-CeO: catalysts. Several in-situ techniques {X-
ray diffraction (XRD), pair-distribution function analysis (PDF), X-ray absorption spectroscopy
(XAS), environmental scanning tunneling spectroscopy (ESTM), infrared spectroscopy (IR) and
ambient-pressure X-ray photoelectron spectroscopy (AP-XPS)} and theoretical calculations
{Density Functional Theory and kinetic Monte Carlo} were used to characterize the properties of
the active phase in the catalysts and the reaction mechanism. The active phase in these catalysts
involved metallic copper in contact with ZnO or CeOx. The in-situ studies indicate that metal-
oxide interfaces useful for the WGS and CO> hydrogenation are dynamic entities which change
with reaction conditions. The highest activity is seen in conditions where the metal and oxide
participate in the binding and conversion of key intermediates such as HOCO and HCOO. In
general, the highly active WGS and CO; hydrogenation catalysts are bifunctional with the metal
and oxide catalyzing different parts of the reactions. The complexity of the metal-oxide interface
can be modified by the controlled use of alkali metals. The alkali-modified metal-oxide interfaces
display a good selectivity for the production of C>-Cs4 alcohols during the hydrogenation of COx.
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RECENT PROGRESS
C1 chemistry involves the conversion of molecules that contain one carbon atom into valuable

products. C1 chemistry is expected to become a major area of interest for the transportation fuel
and chemical industries in the relatively near future. In general, the feedstocks for C1 chemistry
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include natural gas (mostly methane), carbon monoxide, carbon dioxide, methanol and synthesis
gas (a mixture of carbon monoxide and hydrogen). Thus, a fundamental understanding of the
conversion of C-O and C-H bonds is essential for controlling C1 chemistry. The Catalysis Group
at BNL has been quite active in this area. In the period 2015-2018, seventy-one papers have been
published in peer-reviewed journals (Science, Angewandte Chemie, Journal of the American
Chemical Society).!””! Thirteen of them were exclusively funded by this grant and for the other
fifty-eight this grant made the major intellectual contribution. The reactions investigated included
the oxidation of CO, the water-gas shift, the hydrogenation of CO; and the activation of methane
and its dry reforming. Experimental and theoretical studies have been performed exploring
correlations between the structure and reactivity of typical metal catalysts or catalysts that contain
oxides and carbides. Work was done with high-surface area powders and model catalysts. In the
last three years, major research achievements within this program have been:

e Discovery of the essential role that complex metal-oxide and metal-carbide interfaces play in
the catalysis associated with C1 chemistry,®3%43:482

e Detailed proof through operando studies that metal/oxide catalysts are dynamic entities that
change as a function of reaction conditions during the water-gas shift, CO hydrogenation and
methane dry reforming,'41°-38:5%.36.70

e Discovery of the importance of metal-support interactions in active catalysts for Cl
chemistry, 71819223643

e Identification of A/CeOx/TiO2 and A/MoC (A= Au or Cu) as highly active and stable catalysts
for the hydrogenation of CO; to methanol.'843:44.5052.59

e Identification of HOCO as a key intermediate for the water-gas shift reaction by /n-situ and
theoretical studies.!8:44-50.59

e Discovery of the high surface mobility of K as a promoter of the activity of catalysts used for
CO oxidation, the water-gas shift and CO, hydrogenation.*>-%>

e Identification of Co-CeO; and Ni-CeO; as active systems for the low-temperature activation
of methane. %

A. Studies on the water-gas shift and CO; hydrogenation: C-O bond conversion

A.1 In-situ studies with XRD, PDF, XAFS and AP-XPS: Evolution of metal/oxide catalysts. In-situ
time-resolved X-ray diffraction (XRD), Pair-distribution function (PDF) analysis, X-ray
absorption fine structure (XAFS) and ambient-pressure X-ray photoelectron spectroscopy (AP-
XPS) were used to study the active phase of a series of metal/oxide powder catalysts (Cu/CeO»-
spheres, Cu/CeOz-rods, Cu/CeO,-cubes, Pt/CeOx/Ti0O2, Au/CeOx/Ti02, Ce1-xNiOz.,, CeOx/CuO)
used for the hydrogenation of CO» and the water gas shift reaction***>18595270 {nder reaction
conditions most of these metal/oxide catalysts underwent chemical transformations that drastically
modified their chemical composition with respect to that obtained during the synthesis process.
The active phase of catalysts which combine Cu or Au and ceria consisted of metal nano-particles
on partially reduced ceria.'®’® A typical result is shown in Figure 1 where we displayed the effects
of H> and a CO»/H> mixture of catalysts generated by dispersing copper of ceria nanorods (CeO»-
NR) and nanospheres (CeO>-NS).”
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Figure 1. In-situ time-resolved XRD patterns for (a) CuO/CeO,-NR and (b) CuO/CeO,-NS catalysts with
H, pretreatment (50%H>/He), and pre-reduced (c¢) Cu/CeO>-NR and (d) Cu/CeO»-NS under RWGS
reaction condition at different temperature (10%C0O/50%H,/ He).”

Pulse experiments showed that the oxide was not a simple spectator.'>”" Significant
differences in chemical and catalytic activity were found when the morphology of the ceria was
changed from spheres, to rods, and to cubes.”® The order of catalytic activity increased following
the sequence: Cu/CeO»-cubes < Cu/CeOs-spheres < Cu/CeO,-rods.”® This order matched well
trends in the degree of dispersion of copper. Small Cu particles and a strong metal-support
interaction were found for the Cu/CeO-rods system.”” On the opposite end was the Cu/CeQ»-
cubes system which exhibited big copper particles and a weak metal-support interaction.'>”°

A.2 Importance of metal-oxide interface for the water-gas shift and CO: hydrogenation

Inverse oxide/metal catalysts have been quite useful in the study of the conversion of C-O
bonds. The CeOx/Cu(111) and ZnO/Cu(111) systems have shown the important role played by the
metal-oxide interface during the WGS and CO» hydrogenation reactions.'*##6> Cu(111) has
problems dissociating the H2O molecule during the WGS or binding CO: during synthesis of
methanol. In general, Cu(111) is a poor catalysts for the conversion of C-O bonds.*>% The addition
of nanoparticles of CeOx or ZnO to Cu(111) opens new routes for the WGS and CO> hydrogenation

260



increasing the rates of reaction by 2-3 orders of magnitude.*>®* Experiments of ambient-pressure
XPS and infrared spectroscopy revealed that the metal-oxide interface is very active for the
dissociation of water into OH during the WGS or the binding of CO> and the formation of
HOCO/HCOO intermediates during CO2 hydrogenation.>>® Results of DFT calculations indicate
that all the important steps of these reactions occur at the metal-oxide interface with the reactants
and intermediates bound to metal and O centers. Furthermore, the calculations show a huge
reduction in the key energy barriers for the reaction that leads to a very large increase in the rate
for the production of hydrogen and CO>

A.3 Water-gas shift and hydrogenation of CO: on metal-carbide interfaces

For small Cu and Au clusters supported on TiC or MoC, strong admetal <> Csurface
interactions induce charge polarization over the surface.'”** As a result, there is a significant
enhancement in the catalytic activity when going from metal bulk surfaces to carbide-supported
small clusters, and systems such as Au/MoC and Au/TiC display a high catalytic activity for the
low-temperature water-gas shift reaction.’*>"->

Experimentally, a promotion in activity and selectivity for CO; hydrogenation is observed
when depositing small particles of Au, Cu or Ni on TiC(001).*4%>? Although the major product is
CO, in the cases of Au/TiC(001) and Cu/TiC(001), a substantial amount of methanol is also
produced and no methane is detected. On the other hand, Ni/TiC(001) produces a mixture of CO,
methanol, and methane. For all three systems, the highest catalytic activity is found for small 2D
particles or clusters of the admetals in close contact with TiC(001) In addition, Cu/TiC is more
active for the synthesis of methanol than Au,Ni/TiC and a model for a Cu/ZnO industrial catalysts.
DFT calculations show that the charge polarization induced by the Cu-C interaction enhances the
COz adoption via a n*-C,0,0 bonding configuration on Cu/TiC(001), and therefore the production
of methanol probably involves the hydrogenation of a HCOO intermediate or of the CO generated
by the RWGS.
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Figure 2 Left: Rates for the production of methanol on Cu(111), Cu/ZnO(0001), ZnO/Cu(111)Error! B
ookmark not defined. bare f-M0>C(001) and Cu/M0,C(001). In a batch reactor, the catalysts were exposed
to 0.049 MPa (0.5 atm) of CO; and 0.441 MPa (4.5 atm) of H at a temperature of 550 K; Right: DFT-
calculated energy profile of methanol on a Cus/B-M0,C(001) surface model.***

Depositing Cu clusters on B-Mo2C(001) increases the methanol production to a level above
that seen for a model of a technical catalyst (Figure 2); besides, it lowers the selectivity to methane
according to our experimental observations.**>' DFT calculations on surfaces with C- and Mo-
terminations corroborate the experimental observations.
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preparation and characterization of supported sulfide clusters, MxSy (M=Fe, Mo. W), as model
catalysts for CO; activation and CO/CO; hydrogenation. This work is motivated by early studies
that identified alkali-promoted metal sulfides as promising catalysts for alcohol synthesis, and
more recent theoretical studies that suggest small clusters like MosSs are active for CO2 conversion
to methanol.”” We have found that the MSs (M=Mo, W) clusters co-deposited with K-atoms at
low coverage on Au(111) reversibly bind CO, above 400K (see Figure 3). Different preparation
schemes and DFT calculations suggest that the CO» binding sites are at the cluster-K interfaces,
either at the Au surface or on the cluster itself. More recently we have used a mixed metal target
in the cluster source to prepare Fe-Mo sulfide clusters, e.g., FesMo2Ss, which bind CO; above room
temperature without alkali promotion. The latter results open the possibility of using multiple
metals to “tune” the reactivity of sulfide (and oxide) clusters with well-defined M1/M,/S(O)
stoichiometry afforded by cluster sources and mass-selection. Future studies will explore the
electronic and reactivity properties of these sulfide cluster surfaces under CO; hydrogenation
conditions.

A.5 FeRh Alloys for Alcohol Synthesis from CO Hydrogenation

Early and late transition metals are often combined as a strategy to tune the selectivity of catalysts
for the conversion of syngas (CO/H;) to Ca+ oxygenates, such as ethanol.”° In a recent study, we
were able to show how the use of a highly reducible Fe,O3 support for Rh leads to the in-situ
formation of supported FeRh nanoalloy catalysts that exhibit high selectivity for ethanol
synthesis."? In-situ x-ray characterization methods show that Rh/Fe,Os undergoes dramatic phase
changes under CO hydrogenation conditions including the formation of metallic FeRh nanoalloys
and the complete transformation of the iron oxide support to carbide (&’-Fe,2C).!* The presence of
FeRh alloy phases can be correlated with significant increases in selectivity for Cz+ oxygenates
(see Figure 4). The formation of nanoalloys by in-situ reduction of a metal oxide support under
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working conditions represents a simple approach for the preparation bi-metallic catalysts with
enhanced catalytic properties.

B. Fundamental studies on the activation and dry reforming of methane: C-H bond
conversion

A part of our program is focused on the activation of methane on metal-oxide and metal-
carbide surfaces and the conversion of the hydrocarbon through dry reforming with the CO»
molecule.*®%% Ceria reacts with methane only at high temperatures (> 500 K). However, the
deposition of Ni and Co atoms on CeO>(111) produces systems that can activate methane at 300
K388 This is a consequence of strong-metal support interactions which modify the intrinsic
properties of Ni and Co. DFT -calculations show bonding interactions for methane on
Ni/CeO2(111) and Co/CeO2(111) which are stronger than those seen on surfaces of pure nickel
and cobalt.’®*®% On the other hand, the activation energies for C-H bond cleavage on the
metal/oxide systems are well below 1 eV with O sites and the admetal participating in the
dissociation of the hydrocarbon. C 1s XPS spectra for the interaction of methane with
Ni/CeO2(111) and Co/CeOx(111) at 300 K show peaks for adsorbed CHy and COx species.*3%¢
Some of the adsorbed methane molecules undergo a quick CH3; — CH> — CH — C transformation
on the surface with the produced C atoms reacting with O centers to generate COx species. At 300
K, there is only chemisorption of methane on the metal/oxide systems and no significant reduction
of the substrate was observed.**>%% Catalytic activity for methane dry reforming was observed at
temperatures above 500 K. At elevated temperatures methane reduced the ceria and on the O

vacancies there was dissociation of CO> to close the catalytic cycle for methane dry reforming:
38,58,69

CHa(gas) = C(ads) + 2Hx(gas)
C(ads) + O(oxide) = CO(gas) + Ovac(oxide)
CO; (gas) + Ovac(oxide) = CO(gas) + O(oxide)

More details on the work of the BNL Catalysis group on methane activation and conversion will
be included in the presentations of Dr. Ping Liu and Dr. Sanjaya Senanayake.
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RECENT PROGRESS

The overarching goal of this project is to understand how to control reaction pathways through
tuning synergism in multi-functional catalysts with well-defined structures. The vision of our
research is that by fundamentally understanding the composition, structure and interaction of
catalytic sites and the reaction pathways, we will be able to precisely assemble different catalytic
sites/entities into a synergistic catalyst to achieve the desired level of selectivity and activity in
multi-step reactions. Specifically, we will elucidate the synergism among site geometry, surface
and bulk composition, acid-base and redox sites, and metal-support interactions in controlling
reactivity, selectivity and stability in reactions catalyzed by oxide surfaces and supported metal
particles. We summarize here our recent progress along these lines. To understand the catalytic
consequence of composition and structure of oxides, we choose perovskites as the model ternary
oxides because of the wide tunability of the A and B cations in ABO; perovskites that can result
in tunable catalytic chemistry. One of the foci of our research is to understand surface
reconstruction behaviors of complex oxides by investigating both model single crystal, thin film
surfaces and nanoshaped particles of perovskites. From these studies, we learned about the
importance of the synergy among different surface sites and between surface and subsurface in
catalyzing acid-base and redox reactions and how to take advantage of surface reconstruction to
achieve the synergism. We have also investigated how to tune the synergism at the interface
between metal and support to stabilize metal particles and enhance their catalytic reactivity. These
include utilizing perovskite as a support to stabilize single atoms and bimetallic particles, core-
shell structures to enhance metal-support interactions and utilizing interfacial charge flow from
novel support to metal nanoparticles for enhanced catalysis.

Composition and structure effect in oxide catalysis

The goal of this part of work is to achieve a fundamental understanding of how acid-base and
redox sites on oxide surfaces work synergistically to control reaction pathways and catalytic
selectivity. We hypothesize that this can be achieved via tuning the surface structure and
composition of oxides and probed by studying the adsorption and reaction of oxygenates and
hydrocarbons over ternary oxides including perovskites and mixed oxides where both surface and
bulk structure and composition can be widely tuned. We have used the comparison of oriented
film vs shaped nanocrystals to probe structure-function relationships in oxide catalysis. A key
focus was to understand the impact of surface reconstruction of complex oxides on both acid-base
and redox reactions. For nanoshaped particles, similar reactions were studied via reaction kinetic
measurements, DRIFTS/Raman, microcalorimetry, and inelastic neutron scattering (INS). We
probed the surface species over thin film surfaces with ambient pressure x-ray photoelectron
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spectroscopy (AP-XPS) and the desorption products in TPD. DFT has enhanced our understanding
of the reaction mechanism, the surface structure and composition of perovskites and provided
predictive catalytic descriptors. Together these studies have led to a detailed description of reaction
pathways of model oxygenates and understanding of the synergism among various catalytic sites
over complex oxides where surface reconstruction cannot be underestimated.

Surface reconstruction overrides facet effect of perovskite
f f ﬁ fp SrO Termination TiO, Termination

in acid-base catalysis. Shape-controlled nanocrystals of
oxides have shown to be good models for understanding

. . . . (001)
oxide catalysis because they display specific

crystallographic faces. However, such studies have been
focused primarily on single component oxides and have not :
been reported for complex oxides. We studied for the first
time the acid-base reactivity of the (001) and (110) crystal
facets of a model perovskite, strontium titanate by using Figure 1. Illustration of ethanol reactivity
dehydrogenation of ethanol as a probe reaction over various  trend over shape-controlled STO particles.
shape-controlled SrTiOs (STO) nanocrystals (Foo et al.,

2018).24 Cubes, Truncated Cubes, Dodecahedra, and Etched Cubes STO with varying ratios of (001) and
(110) crystal facets are synthesized and their surface acid-base properties were characterized. Kinetic,
isotopic, and spectroscopy methods show that the dehydrogenation of ethanol proceeds through the facile
dissociation of the alcohol group, followed by the cleavage of the C,-H bond over an acid-base pair.
Rigorous turnover rates, obtained through kinetic measurements and chemical titration of active sites,
allow the comparison of activity between the various shape-controlled STO nanocrystals. The results
show that ethanol turnover rate is not directly correlated to the percentage of either surface facet ((001) or
(110)) of the STO nanocrystals. Instead, the reaction rate is found to increase with the strength of acid
sites but decrease with the strength of base sites (Figure 1). The acid-base property is directly related to
the surface composition as a result of different surface reconstruction behaviors of the three shaped STO
nanocrystals. The finding here underscores the importance of characterizing the top surface compositions
and sites properties ideally under reaction conditions when assessing the catalytic performance of shape-
controlled complex oxides such as perovskites.

Stronger Acid Sites, Weaker Base Sites

Ethanol Dehydrogenation Turnover Rate

Surface reconstruction of perovskites improves redox catalysis.
Taking advantage of our understanding of surface
reconstruction behavior of perovskites from acid-base catalysis,
we investigated the impact that the reconstruction of surface
and subsurface monolayers of perovskite catalysts has on redox
reaction such as methane combustion, using SrTiO; (STO) as a
model perovskite. Several STO samples obtained through
different synthesis methods and subjected to different post-
synthesis-treatments were tested for methane combustion.
Through top surface characterization, kinetic experiments
(inclqding isotope labelling @perimepts) and density Figure 2. Illustration of methane
functional theory (DFT) calculations, it is shown that both  ,ctivation on reconstructed STO
surface segregation of Sr and creation of step-surfaces of STO  surfaces.

(Figure 2) can impact the rate of methane combustion over an

order of magnitude. Applying these STO catalysts to oxidative coupling of methane also shows
that surface segregation of Sr and the co-existence of Sr-O-Ti moiety at the subsurface play an
important role in determining the Cz including ethane and ethene selectivity. This work highlights
the possibility of utilizing and tuning the surface reconstruction of perovskites for efficient
methane activation and conversion.
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Descriptors of catalytic activity of perovskites for methane activation from DFT prediction.
Parallel to our experimental effort in understanding methane conversion over a limited selection
of perovskites, our DFT effort aims at finding general principles for methane activation over a
wide range of perovskites. By building upon the compositional diversity of the perovskites, we
establish catalytic descriptors based on DFT to correlate with the key reaction steps of methane
activation on the oxide surfaces. From the analysis of first and second C-H activation energies and
their correlation with the hydrogen adsorption energy on a variety of ABO; perovskites, general
trends emerge that an optimal range of hydrogen adsorption energy strikes the right balance
between easy first C-H activation and difficult second C-H activation energies to avoid further
oxidation. Moreover, the tradeoff between first C-H bond breaking and methyl desorption suggests
a sweat-spot in oxygen reactivity for oxidative methane coupling. This study (Fung et al., 2018)*
presents an initial attempt toward addressing the compositional diversity of perovskites in the
context of energetic descriptors as well as methane activation. Experimental verification of the
predicted trend is underway using methane combustion as the model reaction.

Effect of surface reconstruction on the catalytic behavior of perovskite thin films. Doping an
additional A-cation (4’) into T ercammonon J— B [T
the perovskite lattice can alter ' *1

the catalytic behavior of the

non-doped perovskite by
altering the strain of the P i
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Figure 3. Temperature programmed reaction of 2-propanol on (a)

through  different 1 \in0,(100) and (b) LaosSrosMnO3(100)
compositional terminations at

the surface. We explored this

effect by synthesizing a series Sr-doped La;xSrxMnO3(001) (x = 0, 0.3, 0.7) (LSMO) thin films
grown on single crystal SrTiO3(001) by pulsed laser deposition (PLD). The catalytic oxidation of
methanol, ethanol and 2-propanol, and acetic acid was characterized by temperature programmed
desorption/decomposition (TPD) and temperature programmed reaction (TPR) in an ultrahigh
vacuum environment. TPD of all three alcohols indicated that the LSMO was essentially
unreactive with only the adsorbed alcohol desorbing below 300 K. LaMnO3; (LMO) was much
more reactive and the activity increased as the size of the alcohol increased, i.e. 2-propanol >
ethanol > methanol. The product distribution indicated that the LMO was primarily redox in
behavior with ethanol and 2-propanol producing primarily

acetaldehyde and acetone, respectively. TPR produced Wy o By u

very different results from the TPD. As shown in Figure e u"*“"%"h*« sl

3, both surfaces demonstrated 2-propanol oxidation 101 s e %

activity (similar behavior was observed for methanol and L N ,’P\\\ /0'—‘621
ethanol). LMO is clearly more active than LSMO. Further, [Z o] -/ om ) ;‘;&h
the reaction products primarily indicated dehydration to (& . -~ oy ‘.l e
propylene rather than dehydrogenation to acetone as | 5; 4 Jki‘;;’-’» ! -
observed in TPD. The relative activity of the two surfaces | 17 P \;;;i;g |

and the change in product distribution between TPD and e o ‘T e

TPR can be ascribed to the different surface 'M Reaction Coondinate
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reconstruction-resulted terminations of LMO (enriched in Mn) and LSMO (enriched in Sr) as
probed by energy dependent XPS analysis. The reducible, weakly acidic MnO; is more active than
the non-reducible, more basic SrO, which explains well the TPD and TPR results.

DFT insights into C-C coupling over perovskite surface. Understanding how different surface
sites work to direct the interaction of difference surface species is essential for designing catalysts
for coupling reactions. C-C coupling of oxygenates is relevant to many important processes such
as methanol-to-olefin and ethanol-to-higher-alcohols. . .
Although zeolites and transition metals are commonly used ~ F1gure 4. The reaction pathway of C-C
for the conversion, oxides such as perovskites are much coupling between CH.0 and CHO groups
> v . on the SrTiO3 (100) B termination. Color
less explored. Especially, the tunability of the perovskite  code: Ti, cyan; O, red; C, dark gray; H,
composition provides a great many opportunities for  white. Only the surface layer is shown.
exploring oxygenate chemistry. To this end, we recently
observed by surprise formation of acetate on the SrTiO3(100) surface from C-C coupling of
methanol via ambient-pressure XPS.?*> To understand how this coupling takes place and how it
relates to the termination of the SrTiO3(100) surface, we have performed a detailed DFT study of
the surface chemistry of methanol on both the A and B terminations of the SrTiO3(100) surface
(Huang et al., 2018).*® We were able to find out the most likely pathways for the coupling
reactions, and more important, we found that the B termination can greatly facilitate the acetate
formation from coupling of the CH20 and CHO intermediates (Figure 4). Our findings can well
explain the observations from the ambient-pressure XPS spectrum and shed new light on designing
perovskite surfaces for oxygenate coupling reactions.

Neutron spectroscopy of surface chemistry on mixed 10 . I ————_
oxide catalysts. In the conversion of hydrocarbon . RWGS: CO 2 H, e oG oump
and oxygenates over oxide surfaces, hydrogen § | formic acia —— 0C180mINRT pump
transfer is commonly involved in the dehydration, .

dehydrogenation and oxidation reactions. To % hydride + OH
understand how an oxide manages surface hydrogen, 8 o4

we studied CO> hydrogenation — reverse water gas §

shift reaction (RWGS) and forward WGS over a 24

commercial CuCrFeOx catalyst with various in situ : :
spectroscopy including neutron spectroscopy (INS), S0 a0’ w0 1200 | 1800 | 2000
IR and AP-XPS. The reaction mechanism of high Energy Transfer (em’)

temperature (HT) WGS over CuCrFeOx remains  Figure 5. INS spectra collected at 10 K over
unclear and has no spectroscopic support for either =~ CuCrFeOx catalyst after RWGS at 350°C.
redox or associative pathways (via formate HCOO or Reference spectra from water, hydride and
COOH intermediate). Both IR and AP-XPS did not formic acid are also shown for comparison.
show strong evidence for any H-containing surface

species during the reaction. Interestingly, INS gave clear signal for surface hydride and OH species
(see Figure 5) and possible presence of surface formate species. Combined with SSITKA study
of the CO — H,O and CO- H,'"®O switches at steady state condition at different reaction
temperatures, we are able to conclude that the HTWGS reaction proceed mostly via a redox
mechanism with less contribution from the associative route, which is currently under verification
by DFT calculations. This is for the first time the reaction mechanism is clearly revealed for the
important HTWGS reaction over a commercial CuCrFeOx catalyst.
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Tuning metal-support interface for enhanced stability and catalysis

The goal of this part of work is to understand how synergism can be tailored at the metal-support
interface to control catalytic activity and selectivity and stability. Our hypothesis is the long-range
synergism arising from the chemical and electronic interactions between metal nanoparticles and
oxides can provide an amplification of catalytic activity, selectivity and/or stability of the
supported metal centers. In the past year, we have explored various ways to tailor the interfacial
structure and electronic property to achieve highly stable metal single atoms and nanoparticles
(NPs) with enhanced catalytic reactivity and selectivity.

Ultra-stable and active single Au atoms and AuPd intelligent particles on perovskite support. We
hypothesize that the unique ability of perovskites in stabilizing noble metal NPs can be extended
to stabilize single atoms (SAs). We have recently shown that small Au NPs supported on LaFeOs-
MCF (mesoporous cellular foam silica) displayed high sintering-resistance, catalytic activity and
stability for CO oxidation, thanks to the strong interfacial interaction from the heterostructured
perovskite. The observed ultrastability of the supported metal NPs prompted us to investigate how
the strong interfacial interactions can be utilized to anchor the often-unstable SAs on perovskite
supports to form a highly stable and reactive catalytic active center with desired catalytic
performance. We found that it is possible stabilize even single atom Au over the heterostructured
LaFeO; surface up to 700 °C. DFT calculations showed Au single atom bind to the LaFeOj; surface
much stronger than to the TiOx surface, supporting the observation of high sintering resistance.
The designed Au single-atom catalysts not only demonstrated sintering-resistance but also showed
high catalytic activity and unique “reversible” self-regeneration under reaction conditions,
suggesting great potential for practical applications. Mechanistic studies confirmed that the surface
Au active sites are predominately positively charged and the reaction pathways over this Au SAC
system follow both redox and Langmuir-Hinshelwood (LH) mechanisms for CO oxidation.

Pd/perovskite is a well-known intelligent catalytic system
with reversible movement of Pd species in and out of '

perovskite a function of oxidizing/reducing conditions at T
Au AuPd: l
Au®

P({-pemvskire

il
R ——

high temperatures. We hypothesize that an intelligent | Silicasurface Pd

bimetallic system can be made based on Pd to control Obo
Ha

catalytic activity and selectivity. We recently demonstrated -
the intelligent behaviors of AuPd bimetallic systems ¢ o0 ¢
supported on the heterostructured LaFeOs surface (Figure
6). Different reduction and oxidation conditions were  Figure 6. Schematic illustration of the
systematically applied to induce the migration of Pd species ~ AuPd-LaFeOs-MCF preparation and

. . . .- intelligent behavior.
to interfaces for controlling AuPd particle compositions.
The catalytic consequence of alloying was probed with
selective hydrogenation of acetylene. Due to the drastic difference in ability to activate H, between
Pd and Au, the alloying and de-alloying of Pd with Au NPs were found to impact the activity and
selectivity significantly, confirming the intelligent behavior of the bimetallic AuPd system as also
supported by STEM and EXAFS studies. We envision that the new type of intelligent bimetallic
catalysts can be utilized to tune the catalytic chemistry and reaction pathways in more complex
reactions.

|
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Stabilization of single metal sites through high entropy oxide. In addition to perovskite support,
we also explored new strategy to stabilize active metal centers. Our hypothesis was that

introduction of noble metals into an appropriate
mixed metal oxide solid solution would afford a
randomly dispersed, homogeneous system of
single atoms which are entropically stabilized at
elevated temperatures. Recently, we report
(Chen et al., 2018)* the successful preparation
of an entropy-stabilized, single-phase, mixed

i NiM Z t Pt high-
oxide (NiMgCuZnCoOx) supported '8 Figure 7. Scheme of the formation of 0.3 wt%

te.:mperature catalyst as ,Shown 1 Figure .7.' The PtNiMgCuZnCoOx entropy-stabilized metal oxide
single-phase and entropically-driven stability of  4o1id solution.

the PtNiMgCuZnCoOx (0.3 wt% Pt) endowed

the catalyst with a superior activity for CO oxidization, even after treatment at 900 °C. We expect
that this exciting new synthetic approach will hold great promise for the development of stabilized
single atom materials for high temperature reactions such as methane oxidative coupling which is
currently under study.

Stabilization of metal particles through core-shell nanoarchitectures. Although Metal — oxide
core-shell architectural strategy has been employed for inhibition of metal sintering, it often results
in a decrease of activity of the metal centers due to physical blockage by the oxide. We recently
developed a “double confinement” strategy, which both enhanced metal oxide interaction via solid
solution and core—shell confinement, through confinement of ultrathin Pd-CeOx nanowire (2.4
nm) within SiO, (Peng et al., 2018).>° These “doubly confined” catalysts enable CH4 total
oxidation at a low temperature of 350 °C, much lower than that of a commercial Pd/Al>Oscatalyst
(425 °C). Importantly, unexpected stability was observed even under harsh conditions (800 °C,
water vapor, and SOy), owing to the confinement and shielding effect of the porous silica shell
together with the promotion of CeO». This strategy can lead to the design of more active and stable
metal catalysts for use under severe conditions.

Controlling catalytic selectivity with a yolk-shell system. The

yolk-shell structure is generally used to stabilize metal

centers, here we demonstrate that it is also possible to utilize

such structure to control catalytic selectivity. By developing

a unique structure of yolk-shell Pd-FeOx system, we explored

the catalytic consequence on catalytic hydrogenation of

acetylene in such a confined system because it not only
introduces the electronic effect (change of d-band center of Pd
by FeOx) but also geometric effect (the spatial confinement)
at the interface (Figure 8). Several parameters have been
controlled, including the shell thickness and the volume of the voids to allow the accessibility of
the Pd sites. The optimized structure shows a highly selective hydrogenation of acetylene to
ethylene under mild conditions as compared to supported Pd catalyst. The FeOx oxide shell may
constrain core expansion, suppressing the formation of B-hydride as confirmed by neutron
spectroscopy study, while voids in the shell still provide abundant active sites for adsorption,
leading to the highly selective hydrogenation to ethylene.

Figure 8. The unique Pd-FeOx yolk-
shell structure demonstrates high
selectivity in C;H; hydrogenation.
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Controlling the degree of charge transfer at metal — support interface. Surface charge state of
metal catalysts plays a vital role in heterogenous catalysis as it regulates the adsorption and
activation of reactants and intermediates. To date, it remains obscure as how to maneuver the
surface charge state of metal catalysts to improve catalytic activity and selectivity. We recently
demonstrated a scenario of “Mott-Schottky modulated catalysis” on Pt nanoparticles (NPs) via an
electron—donating carbon nitride (CN) support (Figure 9). The Fermi level of CNs were controlled
by our synthetic conditions. By adjusting the relative Fermi levels of CNs and Pt NPs, we can
control the degree of charge transfer from CN to Pt. Exemplified by the CO oxidation catalysis, in
which the excess negative charge on Pt acts as a double-edged sword: on the one hand, the
negatively-charged Pt brings in an enhanced CO activation and dissociative adsorption of Oz, on

the other hand, Pt—CO bond is
strengthened, leading to a “CO
poisoning” on Pt; here we
discovered that a properly—charged
Pt by CN is an excellent catalyst for
CO oxidation with an initial
conversion temperature as low as
25 °C and a total CO conversion
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Figure 9. Schematics of a “Mott—Schottky modulated catalysis” on
Pt nanoparticles via an electron—donating carbon nitride support with
a tunable Fermi level.

below 85 °C. Additionally, we

found that the deeply charged Pt NPs by CN with a higher Fermi level is opposite to the
improvement of catalysis, proving an indispensable role of the degree of charge transfer. This
study shed light on how to regulate the degree of charge transfer at metal-support interface to
impact catalytic activity. The follow-up study will be focused on how to utilize the charge transfer
at the interface to control reaction pathways in multi-step reactions.

DFT prediction of charge transfer at metal — support interface. To explore novel routes to control
the charger transfer at metal — support interface and thus catalytic activity and selectivity, we
propose an interface-engineering design where the transition-metal surface is covered by a
monolayer of two-dimensional atomically thin material such as hexagonal boron nitride (h-BN).
We show from first principles DFT that this h-BN layer can effectively suppress hydrogen
adsorption, but adsorption of some oxygen-containing intermediates channel is not affected due to
the charge transfer between h-BN and the underlying metal that provides the binding site for the
oxygen-containing intermediates (Hu et al., 2018).?® Specifically, we predict h-BN/Ni and h-
BN/Co to be very good catalysts for CO2 reduction to HCOOH, while filtering out the hydrogen
evolution channel. This charge-transfer interface design could be very instrumental for
experimental efforts in controlling catalytic selectivity using supported metal catalysts.
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RECENT PROGRESS

The central goal of this BES Catalysis Sciences research program, “Transdisciplinary approaches
to realize novel catalytic pathways to energy carriers” is to develop insight into novel approaches
for designing catalytic centers and their environments. We aim to catalyze C-C and C-H bond
formation and C-O bond cleavage on acid-base and hydrogenation sites with rates that exceed the
current state-of-the-art by at least an order of magnitude and with selectivities that match the best
currently known. We target the fundamental catalysis of these reactions because high rates for
these reactions at mild reaction conditions coupled with high selectivity is one of the keys for more
flexible production of fuels and chemicals.

We are convinced that in order to enhance the rates and selectivity of acid-base catalyzed C-C
coupling and metal-catalyzed hydrogen addition to C-O bonds, the nature of active sites has to be
understood at a level of complexity that markedly exceeds the current state. We acquire and use
new insights for the design of active sites by placing specific emphasis on both, (1) the nature,
nuclearity, and local environment of active centers and (2) the extended chemical and structural
environment around the active center to support suitable self-organization of reactants and solvents
and to stabilize transition states. Our work is rooted in the knowledge that the nature of the active
center (its electronic properties, spatial arrangement, and nuclearity) determines the chemical
specificity and intrinsic reactivity and is guided by the fundamental hypothesis that activity along
selected pathways for metal and acid-base catalyzed reactions can be markedly enhanced by (i)
positioning of functional groups around the active center, (i1) adjusting the available space around
the active center to match that of the rate-limiting transition state, and (iii) self-organization of
solvent and reactant molecules around the active center. This environment can have the form of a
void (maximizing van der Waals contacts with minimal distortions of the host and the guest in the
transition state), a functional group aiding the stabilization of reactants along the reaction path,
and solvent/reactant molecules engulfing the active center.

To achieve our goal of enhancing rates and selectivities for our target reactions, the program is
organized into two thrusts that focus on “Tailoring acid-base sites for controlled C-C bond
formation” and “Enhancing H» addition rates by designing the metal center and its environment.”
To gain molecular level insight into catalysis on both types of sites, computational catalysis is
integrated in the crosscutting subtask, “Novel theoretical approaches to describe catalysts and
catalysis,” and will support, enhance, and guide experimental efforts. The first thrust explores the
impact of the geometric and electronic properties of Lewis and Brensted acid-base sites on C-C
bond formation by combining precision synthesis of homotopic active sites of chosen nuclearity
and the stabilization of such sites in homogeneous catalysts, inert substrates, faceted oxides,
mesoporous solids, and zeolites. Spectroscopic characterization of these sites and the catalytic
transformations allow for directed cross coupling of the obtained insights. The second thrust
addresses the fundamentals of hydrogen addition to CO groups in molecules such as COz, alcohols,
aldehydes, ketones, and carboxylic acids. We will exploit novel, highly active sites comprised of
single metal atoms and small clusters of defined nuclearity supported on homogeneous scaffolds
of increasing complexity and heterogeneous supports, such as graphene and faceted oxides, as well
as in micropores. We designed our program structure to promote cross-disciplinary collaborations
within and across thrusts and subtasks. The structure-activity relationships dominated by the acid-
base or metal center are highlighted in the first subtasks in each thrust, while the second subtasks
feature the impact of the environment (ligands, confinement, solvent, and reactant molecules).
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Examples of Recent Results

Hydproalkylation to Adjust the Size of Alkanes. Acid-

catalyzed C-C coupling of phenols with alcohols 04

yields alkylated phenols with carbon-numbers in the 1 é

same range as transportation fuels. In zeolites, the 037 &Q
02{

catalytic activity, mechanism, and reaction pathways
| "‘: é E{ >=—s OH
01 1 = |* OH

[V
-

(C- or O-alkylation) depend on the concentration and
strength of acid sites, space constraints for the

Concentration/mol-L-

reaction, and alkylating agent. Detailed kinetic 3 > ossessosossoson
analyses and in situ '*C Magic Angle Spinning o L - o0 |
Nuclear Magnetic Resonance (MAS NMR) 0 200 400 600 800
spectroscopy in non-polar media show that phenol Time/min

alkylation with cyclohexanol does not appreciably b) g6 |

occur before a majority of cyclohexanol has been ]

dehydrated to cyclohexene. Figure 1 shows that 3

alkylation reactions are retarded when cyclohexanol % 041

and cyclohexene are present. In contrast, alkylation § 03

products are readily formed when the solution 8, ]

initially contains just phenol and cyclohexene. The 8 1

strict reaction sequence is not posed by competitive .

. - 0
adsorpt}on (phenol and cyclohexanol show 51m1.1ar S T N
adsorption strengths) but by the absence of a reactive Time/min

electrophile. This is due to the preferential formation

of protonated dimers of cyclohexanol at Brensted
acid sites, which hinders the adsorption of ) :

T cyclohexene only (a) and with equimolar
cyclohexene. At low coverage of the aCId.SIteS by concentrations of cyclohexene and cyclohexanol
protonated dimers, cyclohexene adsorption and (p)at 127 °c.
protonation yield cyclohexyl carbenium ions, which
perform an electrophilic attack on phenol to produce alkylated products. This further implies that
carbenium ions are formed at much lower concentrations, if at all, from the protonated dimer.

Figure 9. Concentration profiles, monitored by in
situ NMR, during the alkylation of phenol with

The rate of alkylation is much lower in water than in decalin. We attribute this to the generation
of the cyclohexyl cation from cyclohexanol being energetically more demanding in the aqueous
phase and the olefin protonation by the hydronium ion having a significantly higher barrier than
protonation by a framework-bound proton. These insights have important implications for process
design, emphasizing the importance of maintaining low concentrations of water and alcohol during
alkylation and hence the use of back-mixed reactors operated at high conversions.

Key Roles of Lewis Acid—base Pairs on ZnxZr,O; in Direct Ethanol/acetone-to-Isobutene
Conversion. In this effort, we have been focusing on the effects of surface acid-base properties on
the cascade ethanol-to-isobutene conversion using ZnyZryO, catalysts. The ethanol-to-isobutene
reaction was found to be limited by the secondary reaction of the key intermediate, acetone, namely
the acetone-to-isobutene reaction. Although catalysts with coexisting Brensted acidity could
catalyze the rate-limiting acetone-to-isobutene reaction, the presence of Brensted acidity is also
detrimental. First, secondary isobutene isomerization is favored, producing a mixture of butene
isomers. Second, undesired polymerization and coke formation prevail, leading to rapid catalyst
deactivation. Most importantly, both steady-state and kinetic reaction studies as well as Fourier
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transform  infrared  spectroscopy

H;C_ CHj3

+H,0

(FTIR) analysis of adsorbed acetone- \g o e
d6 and D,O unambiguously showed Ketonization HO=2r" 2028 R\ Enoltization
that a highly active and selective nature
of balanced Lewis acid-base pairs was Mo, o HchCjz“'
masked by the coexisting Brensted \O\/ "’5 S Y
acidity in the aldolization and self- ooz 2 Ho-ze "7z
deoxygenation of acetone to isobutene. 0 Adsorption /?K
As a result, ZnZryO, catalysts with _ Py Decomposition '/
only Lewis acid-base pairs were ORI~ cbutons ) \ e o —
discovered, on which nearly a . zc 9 e
theoretical selectivity to isobutene \g/Y O hey,  H 0 8.

: — N HO-Zr" /Zr
(~88.9 percent) was successfully Ho-z" sz oz~
achieved. Moreover, the absence of  wesiyioxice (n Aldol-addition U

Bronsted acidity in such ZnxZryO,
catalysts also eliminates the side
isobutene isomerization and undesired
polymerization/coke reactions, resulting in the production of high purity isobutene with
significantly improved catalyst stability (< 2 percent activity loss after 200 h time-on-stream). Our
integrated experimental and theoretical work suggested that Lewis acid-base pairs on a ZrO»
catalyst can catalyze the acetone aldolization reaction to form mesityl oxide. The formed mesityl
oxide strongly adsorbs and blocks the Lewis acid-base active site, resulting in the dominant
acetone decomposition (Figure 2, red highlighted pathway), as well as other possible side
reactions, such as polymerization. However, adding ZnO significantly modifies the properties of
surface Lewis acid-base pairs. As a result, the cascade acetone aldolization and self-de-
oxygenation reactions are significantly accelerated, leading to the highly active and stable
ZnxZry0, catalyst for both acetone-to-isobutene and ethanol-to-isobutene reactions.

Figure 10. Proposed acetone-to-isobutene reaction mechanism
over ZnZr,0O, catalyst.

Phenylalkanol Deoxygenation Pathways on Rutile TiOz(110). In this work, we focus on the
deoxygenation of biomass-derived alcohols. In this regard, the role of radicals in the reaction
mechanisms leading to functionalized aromatics has been extensively argued. The involvement of
radical species has been firmly established for a number of simpler reactions on high surface area
oxide catalysts, such as oxidative coupling of methane and selective oxidation of propylene.
However, the formation of free radicals is rarely demonstrated. In this work, the reaction pathways
of simple lignin-derived aromatic alcohols (i.e., phenol, phenylmethanol, and 2-phenylethanol) on
a prototypical model oxide surface, rutile TiO2(110), are studied using a combination of molecular
beam dosing and temperature programmed desorption (TPD). For phenylmethanol, the coverage
dependent TPD data show that about

40% of molecules adsorbed on the @oo

surface at a saturation coverage are & .oo 0,0 +{Q)=cryo -oo @.cu- .oo

converted to reaction products, g- o
indicating that the reactions proceed on Q} 9 ?330 A c%} 5@ 2% _, oo? ° 90
regular five-fold coordinated Ti sites. G0 g 200-as0k O 0 @ o amk O ¢ @
This is in contrast to aliphatic alcohols oo "x, ® ®°

. * Tis, row
where the reactions are shown to * 0, row
proceed exclusively on bridging ' '
oxygen vacancy defect sites. The Figure 11. Reaction pathways for the conversion of

phenylmethanol on TiO,(110).
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studies of OD-labelled phenylmethanol demonstrate that a fraction of OD hydrogen is transferred
to the benzyl group to form toluene that desorbs between 300 K and 480 K (Figure 3). In the
competing reaction, the OD hydrogen is converted to water at ~350 K. Once the OD hydrogen is
depleted above 480 K, the remaining plenylmethoxy surface species dissociate yielding benzyl
radicals in the gas phase. Combined, these results show that the conversion of phenylmethanol on
TiO2(110) proceeds via a unique chemistry. In contrast, both phenol and 2-phenylethanol exhibit
expected surface chemistry analogous to that of aliphatic alcohols. These findings reveal for the
first time the formation of free radical species from the interaction of phenylmethanol with
TiO2(110) and demonstrate a new direct mechanism for deoxygenation of lignin-derived benzylic

alcohols to aromatics on TiO».

Comparing Cobalt and Rhodium
Complexes for the Hydrogenation of
CO,. Using an exceptionally active
class of catalysts that we have
identified for the hydrogenation of
CO», we performed systematic studies
of a series of M(diphosphine),H (M =
Co, Rh) complexes with an aim to
understand how to design active
catalysts that work under ambient
conditions. The catalytic turnover
frequency  was  correlated to
thermodynamic driving force of the
three catalyst steps: (1) hydride
transfer, (2) H» addition, and (3)
deprotonation  (Figure 4). This

== Co(depe),” (TOF =21h")
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Figure 12. The tradeoff between driving force and rate must be
balanced for every step in a catalytic cycle to obtain the most active
catalyst.

analysis demonstrated that the most active catalyst, Co(dmpe):H, has the optimal balance in
driving force for the three reaction steps. Hydride transfer for the Co catalysts was found to be
rate-limiting, so catalysts with extra driving force in the other steps are not as active. The Rh
catalysts have a much stronger driving force for hydride transfer, but this comes at the cost of too
little driving force for H> addition and deprotonation, which are rate-limiting in the Rh catalysts.

Designing New Catalytic
Cycles and Mechanisms in

COH
H, ®

Water. Through  the v, e, I HC0s Me, H Mo 12"
. ne ol PuciiaP
fundamental understanding oS Cpr%9p )

Me,

of the impact of solvent

HCO,
gained through our initial

Me.
2 Me, H+H  Me,

N
Me, H 1

studies in aqueous solution, THF %E”;Cii‘i‘“:“ﬂez H,0

we have been able to  co QMeZJ Hy

design a new catalytic “ge%ﬁ‘l e, o e e n et
cycle that involves an e °EA > CPheanfy 2 Pro

alternate mechanism in T Vid - o, Mo,  Me Mo, OH Me;
water, resulting in a highly oy Heo, resing state

active, nonprecious metal

Figure 13. By understanding the impact of solvent upon reduction of CO, using

catalyst . for the cobalt complexes, we have redesigned a catalyst to work in water using
hydrogenation of CO in cheaper reagents.
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water. Using solvent-dependent hydricity, we have demonstrated that Co(dmpe)2(H):" is an active
catalyst for aqueous hydrogenation of CO,, and it operates by different mechanisms in water and
organic solvent, as illustrated in Figure 5. Previous studies in tetrahydrofuran solvent demonstrated
that Co(dmpe)>(H)," must be deprotonated by a strong organic base, such as Verkade’s superbase,
before it can transfer a hydride to carbon dioxide. In water, direct hydride transfer from
Co(dmpe)2(H):" to carbon dioxide is thermodynamically favorable. As a result of the change in
mechanism, Co(dmpe)>(H):" can be regenerated using NaHCOs instead of a strong organic base.
This cobalt catalyst is more active than all of the other base-metal catalysts that hydrogenate carbon
dioxide in water.

-]

Controlling the Selectivity of CO: Reduction over 100
Metal/y-Al;03 Catalysts. The focus of our work has been
understanding the factors that govern product selectivity in
COz hydrogenation over Pd/y-Al>Oj3 catalysts. To this end,
we  have conducted  SSITKA/operando  FTIR
measurements on Pd/y-Al,O3 catalysts in order to identify
the nature and the kinetics of surface species present on the
catalysts under steady-state conditions. These studies were 0
built in our prior investigations in which we have identified
the nature and reactivity of surface species formed over
these catalysts in well-controlled adsorption'? and in situ
transient kinetic experiments. The activation energies of
CO and CH4 formation estimated from the real mean
surface residenc§ time§ were identica.I to those dete.:rmined Figure 14. Controlling selectivities in CO,
from the IR intensities of alumina-bound bidentate | oqyction by tailor-made catalysts
formates and Pd-adsorbed CO, respectively. These results  through mechanistic understanding: a:
let us conclude that the key intermediate in CO formation CH, and CO selectivities and CO,
is formate, while that in CH4 formation it is strongly conversion as a function of Pd loading at
adsorbed CO. The selectivities toward CO and CHs 573 K- b, ¢, d: TEM images of the 2.5, 5,
productions were governed by the balance between the —2nd 10 wt% Pd/ALOs catalysts.

reaction rate of adsorbed formate reduction to CO, and the

rate of strongly held CO hydrogenation to CHa. At low reaction temperature, the methanation rate
is low, while the formate hydrogenation rate is relatively high. Therefore, the Pd particles are
populated with both strongly and weakly adsorbed CO, and most of the weakly held CO desorbed
into the gas phase. This results in a high selectivity toward CO and low selectivity toward CH4
formations. In contrast, at high temperature where the methanation rate is higher than the formate
reduction rate, most of the CO produced in the formate reduction will adsorb strongly on the Pd
particles, and will further be reduced to CHa. Under these conditions, the pool of weakly adsorbed
CO is only partially full, or empty. This results in high CH4 formation, but low CO formation
selectivities. This hypothesis was tested on Pd/Al>O3 catalysts with Pd loadings of 2.5, 5, and 10
wt%, but with very similar particle size distribution (Figure 6). The catalyst with the lowest Pd
loading exhibited the highest CO selectivity, while the catalyst with the highest metal content
showed the highest CH4 selectivity. The pool of the key intermediate to adsorbed CO formation
(formate) is full in all three cases. However, the pool of sites that can hold adsorbed CO (sites on
Pd clusters) varies strongly with metal loading. At low Pd loading, the pool of adsorbed CO is
small, so a lot of the CO from the reduction of adsorbed formates ends up at weak adsorption sites
and desorb into the gas phase (high CO selectivity). On the other hand, at high metal loading, due

—=—C0
801 ——CoO,

60
40

201

Selectivity or conversion (%)
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to the large pool of adsorption sites on Pd clusters, most of the CO from formate reduction is bound
to strong adsorption sites and can be further reduced to CHas. As a result, this catalyst produces
CHs with high selectivity. This demonstrates our ability to prepare materials with controlled
properties toward specific reactivity and selectivity, which is critical for future research efforts of
this subtask.

Formation of Supported Graphene Oxide. Graphene functionalization is a promising approach in
the preparation of well-defined model systems with a broad range of applications in many
disciplines. In catalysis, a variety of functional groups anchored on or embedded in graphene films
can provide a reliable attachment point via further reactions or nucleation. In this work, we
employed temperature-dependent STM imaging with parallel large-scale DFT calculations to map
out the relative stability of various atomic oxygen (AO) species in different regions of defect-free
graphene (Gr) supported on Ru (0001). Differences in the Gr/Ru lattices result in the
superstructure, which offers an array of distinct adsorption sites.

In contrast with the expectations, we reveal
that for strongly-bound Gr on Ru(0001),

Oxygen on Graphene/Ru(0001)

. . st
terminally bound enolate oxygen species 03
: D o4 EEats
are preferred over the bridge-bonded epoxy & e
species that dominate on free-standing Gr, " °2 G S SN
nanotubes, and graphite. The AO diffusion = == 09 _Eoy e
is utilized to show that in the regions that Enolate 1 i Enolate 1

- =

are close to the metal substrate, the
terminally bonded enolate groups are

et

. Figure 15. Combined STM and DFT studies demonstrate the
strongly preferred over bridge-bonded > : :
critical role of metal-C contacts in controlling surface

epoxy configurations. No OXYgen SpeCICS  fynctionalization of Gr oxide with terminal-bonded
are observed on the graphene regions that (enolate) being the preferred configuration.

are far from the underlying Ru, indicating

their low relative stability. DFT calculations further provide a clear fundamental basis for
understanding the local structural and electronic factors and C-Ru bond strengthening/weakening
processes that affect the stability of enolate and epoxy species, Figure 7. The preferred enolate
binding sites that are periodic in nature with distances of ~3 nm should allow for future
engineering of ordered arrays of well-defined catalytic materials.

Subsequently, the thermal stability of physical vapor deposited Pd (sub-monolayer to multilayer
coverages) was investigated on pristine Gr and O-Gr on Ru(0001) using X-ray photoelectron and
FTIR spectroscopies. The IR spectra of adsorbed CO indicated that Pd deposited at 300 K formed
small clusters. On Gr, Pd clusters readily agglomerate when the temperature is increased to 900 K
and form large Pd particles. In contrast, when the Gr was pre-oxidized by AO prior to Pd
deposition, the agglomeration was strongly suppressed. The Pd atoms deposited at 300 K spread
on the O-Gr layer without the formation of large metal clusters. However, between 900 and 1100
K, Pd was found to intercalate between the Gr layer and the Ru(0001) substrate on both the pristine
and oxidized Gr. At even higher temperature, Pd desorbs, and at >1300 K the Gr dissolves into the
Ru substrate. These findings provide critical insight into the stability of metal particles on C-based
supports that, in turn, will guide our proposed work on the preparation of highly dispersed metal
on carbon-based supports.
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Presentation Abstract

In recent years, the price of renewable electricity has dropped to extraordinarily competitive levels,
leading to widespread market penetration. This has created a substantial opportunity to develop
new technologies that make use of low-cost, carbon-free electricity for productive purposes. One
particular area with significant potential is using electricity to produce fuels and chemicals; another
is converting fuels into electricity, especially for transportation applications. In both of these cases,
a key technological challenge is the development of catalyst that can execute such transformations
with high efficiency, selectivity, and stability. This presentation will describe efforts to understand
and develop catalysts along these lines, focusing on several key transformations including: H2O:
production by means of oxygen reduction or water oxidation, water electrolysis for the production
of Ha, and oxygen reduction to water.
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RECENT PROGRESS

We seek to establish a systematic theory of heterogeneous catalysis by integrating the work in
the four tasks below.

1. Theory of Catalysis and Electrocatalysis (Jens Norskov, Karen Chan)

The overarching goal of Task 1 is the development of a systematic theory of heterogeneous
catalysis. The primary developments in FY2018 have been in fundamental electrocatalysis, which
pose significant new challenges on top of gas-phase catalysis. Our primary focus has been on
extending our methods beyond a simplistic surface-science approach towards a detailed
description of the electrochemical interface, including ions and solvent explicitly in our model
systems. Given the importance of ion charge to the energetics and potential dependence of
electrochemical activation energies, we have performed extensive studies of the charge of protons
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and hydroxide ions at the interface. Using our recently developed schemes to obtain barriers at
constant potential we have obtained acidic and alkaline barriers for both hydrogen evolution and
2- and 4-electron oxygen reduction processes towards an understanding of the pH dependence of
these processes.

From the applied perspective we have examined, from a thermochemical perspective, the trends
in oxygen evolution on oxides and perovskites, and in the 2-electron reduction of oxygen on oxides
and defected carbons. Based on these trends we have in collaboration with experimentalists
developed new active electrocatalysts for these processes. We have also studied the trends and
activity descriptors for syngas conversion towards valuable C2+ oxygenated products on transition

metals and methane activation on zeolites.
2. Computational Catalysis (Frank Abild-Pedersen, Michal Bajdich)

An understanding of the breaking and making of chemical bonds at a solid surface is the starting
point for any fundamental description of reactions at the solid-gas or solid-liquid interface. It is
particularly important to understand which properties of the surface determine its chemical
activity. The description and understanding of activation energies for elementary surface reactions
is a prime focus of this task. In addition to activity of catalysts we also focus our attention on the
loss of active surface area through either strong metal-support interactions or sintering. The ability
to prevent such side-reactions from happening would greatly enhance catalyst life-times and
increase the activity/mass ratio significantly. This task is divided into two very general areas:
reactivity of transition metal surfaces and transition metal- oxide surfaces.

The surface reactivity of transition metal oxides is also the main determinant of their activity for
oxygen evolution reaction (OER). Big part of this task is also focused on achieving a better
understanding of the underlying fundamental barriers that limit the performance of the OER
catalysts and to identify ways to overcome them.

When it comes to our effort on the chemistry of transition metals, we have made significant
advances in describing metal-metal interactions on mono-metallic as well as bi-metallic
nanoparticle structures and we have built a framework in which thermodynamic stability on a
single-atom swap basis can be predicted with very high accuracy. This allows for fast screening of
stable particle structures based on little input from DFT. We have also made significant progress
in linking this site stability to the chemistry thus providing a mapping between surface structure
and reactivity.

We have extended our scaling relations to involve activated structures. This enables us to extract
transition state energies using limited input from DFT. In addition, the similarities between the
local nature of the bond breaking and hence the electronic structure variations for specific
reactions, C-H, N-H and O-H activation provides a way to classify reactions and through that
obtain kinetic information from analysis of ONE member of the class only.

For our effort on the chemistry of transition metal-oxides, we have made significant progress in
identification of active sites for oxygen evolution reaction in layered LixCoO2. The presence of

under-coordinated Co-metal site at the surface and its local chemical environment were shown to
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be the most important factor determining OER activity. Next, we have investigated the role of
metal support in the growth and stabilization of cobalt oxide nanostructures on common fcc(111)
surfaces by means of high-resolution scanning tunneling microscopy and DFT calculations. The
metal-edges of the Co- oxide nanostripes were found to be the active sites for water dissociation
and OER. Additionally, we have benchmarked the ability of DFT/GGA+U and DFT/GGA+EXX
methods to capture the adsorption energetics and the structure of dissociatively adsorbed of H2O

and HCOOH molecules to careful single crystal calorimetry of Charles T. Campbell.

3. Experimental catalysis (Thomas Jaramillo, Stacey Bent, Matteo Cargnello, Zhenan Bao,
Simon Bare, Melis S. Duyar, Drew C. Higgins)

Experimental catalysis efforts are focused on synthesis, characterization and testing of catalysts
for both thermal heterogeneous catalysis as well as electrocatalysis. The work is closely coupled
to the theoretical tasks. Fundamental studies identifying active site motifs and mechanisms and
establishing kinetics are core to the program. In situ and operando investigations play a key role
in understanding the structure and properties of the catalysts under operating conditions. Novel
catalyst synthesis routes are also a key feature as is the use of spectroscopy and microscopy
techniques for catalyst characterization. A tightly coupled theory-experiment feed-back loop for
catalyst discovery is one of the main defining features of the effort.

We have expanded our work on transition metal phosphide catalysts for CO/CO2 hydrogenation

and examined MoP catalysts under working conditions using operando XAS, XRD and DRIFTS.
We used colloidal synthesis techniques to study the effects of different supports on methanol
synthesis activity on MoP catalysts. Based on insight from synthesis parametric studies and
support/promoter effects we developed a carbon supported MoP catalyst with improved activity
and selectivity towards higher alcohols. We studied the phase formation and stability of this
catalyst under reaction conditions using XAS and XRD while following product formation from
CO and CO2 hydrogenation. We have discovered a new RuP catalyst for methanol synthesis from

syngas. While a Ru analogue of this catalyst shows negligible activity towards methanol,
phosphide formation activates methanol synthesis on the RuP catalyst. We have also studied sulfur
incorporation onto well-defined Rh surfaces, known to have selectivity to higher oxygenates. New
work showed that S atoms not only block Rh sites, but RhxSy clusters exist that are present on the

catalyst surface are much more active towards the synthesis of higher oxygenates compared to Rh
metal sites. At SSRL we have designed a suite of in-situ cells that are compatible with the full
complement of catalysts being developed at SUNCAT and designed a second portable feed
manifold with associated on-line analytical tools. In parallel to these efforts, we started the
systematic study of activity and stability of Pd-based materials for methane activation, looking in
particular at methane combustion as a starting point. Uniform nanocrystals were used as starting
materials to show how Pd oxidation state and morphology affects its activity, and how Pd/Pt
materials can provide water resistance and improved thermal stability. In-situ and operando
spectroscopic techniques helped us characterize the working state of the catalysts. A novel
deactivation process has been unveiled with the use of these materials, where particle density and
interparticle distance have been directly correlated with the stability of Pd catalysts under reaction
conditions. Additionally, new efforts in the development of selective catalysts for oxidation of
hydrocarbons have been started by looking at uniform alloys in the diluted regime. Structure-
property relationships utilizing x-ray absorption spectroscopy and kinetic characterization have
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been used to demonstrate the high activity and selectivity of single Pd atoms embedded within Au
nanocrystals.

We have also made progress developing and investigating new core-shell electrocatalyst
configurations, including understanding the role and effects gold cores had on the activity of metal-
oxide shells towards the oxygen evolution reaction. Advances have been made to identify the
active site structures present in nanostructured carbon that are selective for the two- electron
oxygen reduction reaction to form hydrogen peroxide. Advancement of electrochemical cell
designs and experimental techniques for conducting in sifu synchrotron (x-ray diffraction, x-ray
absorption) characterization in situ characterization of electrocatalysts under reaction conditions.
Methods for characterizing nanoparticles, in addition to surface sensitive approaches to
characterize thin film electrocatalysts are ongoing efforts, providing an experimental
understanding of the electrocatalyst surface that will be crucial input for theoretical investigations.

4. Data and Computational Infrastructure (Thomas Bligaard, Johannes Voss, Karen
Chan)

Current catalyst search or design studies have been highly successful in finding new catalyst leads
for a number of reactions based on few simulations. It would; however, be strongly desirable if we
were able to accurately investigate orders of magnitude more systems in a design study than we
currently are. This would for example allow us to investigate reaction networks of a more realistic
complexity, and in particular to carry out such an analysis over many (thousands to millions) of
facet structures and material compositions in parallel. It would also open for the possibility of
utilizing a range of more advanced approaches for calculating free energy contributions to the
surface reaction energetics. Such a big-data revolution will soon occur in the computational
catalysis field, provided we establish the enabling technologies. This will require a transformation
in the way we create and manage simulations, and in the way we featurize the simulations for
machine learning purposes. It will transform the way we perform analysis of data and it will deepen
the scientific questions that we can address based on simulations. In this Task we aim to lay a
foundation for this future - radically more data-rich - computational heterogeneous catalysis and
electrocatalysis approach.

We have in FY18 finalized a novel GGA-based functional with the minimally code-sensitive D3-
BJ van der Waals force field. This will make the use of error estimation functionals less
computationally demanding, especially for small systems, and will drastically reduce the
dependence of BEEF-results between different codes and choices of pseudopotential/PAW-setup
hardness.

We have developed a method for using surrogate machine learning models to accelerate the search
for ground state structures and for determining NEB-paths. This methodology speeds up DFT
ground state structure simulations by approximately a factor of two and NEB calculations by a
factor of 20. This will be key to enable the construction of automated mapping of large and
complex reaction networks.

We have established a cloud-based web-hosting service for catalysis-related apps that we call the
Catalysis-hub.org. An app on this site has been established to host electronic structure simulations
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of surface chemical properties such as adsorption energies and reaction barriers. This is a deeper
data base with more meta data than the earlier used CatApp, and as such takes over from CatApp
as SUNCAT’s online adsorption and reaction energy service. We have calculated more than
10,000 new adsorption energies which are served through the app.
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