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FOREWORD

The 2014 Catalysis Science Program 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 20-23, 2014, at the Westin Annapolis Hotel,
Annapolis, 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 participants, and to discuss the new challenges and opportunities
recently emerging in energy technologies.

Catalysis activities within BES emphasize fundamental research aimed at understanding
mechanisms and ultimately controlling the chemical conversion of natural and artificial
feedstocks. The long-term goal of this research is to discover fundamental principles and
produce insightful approaches to predict structure-reactivity behavior. Such knowledge,
integrated with advances in chemical and materials synthesis, in situ and operando
analytical instrumentation, and chemical kinetics and quantum 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 same goal as the 2013 meeting of highlighting the potential
advances in catalysis science to be made at the interface between homogeneous and
heterogeneous systems. These advances entail creating new catalysts structures as well as
different approaches to control the pathways of catalytic transformations of reactions
relevant to DOE’s missions: C-H activation in general, selective oxidation, biomass-related
conversions, polymer synthesis, energy generation and storage, etc. Methods classical in
organic and organometallic chemistry can be combined with solid state and surface
chemistry to study reaction mechanisms and structures of catalytic sites, and eventually
produce innovative approaches and new catalysts.

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, and to the session moderators for their invaluable help. We also
thank Diane Marceau® and the Oak Ridge Institute for Science and Education staff for the
logistical and web support and the compilation of this volume.

Geoffrey Coates!, Jens Norskov? and Raul Miranda®

!Cornell University
2Stanford University and SLAC National Accelerator Laboratory
30ffice of Basic Energy Sciences - U.S. Department of Energy
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Sunday, July 20
3:00 pm Registration opens

6:45 pm Welcoming Remarks

Biomass Conversion
7:00-7:30 pm  James Dumesic (Wisconsin)
7:30-8:00 pm Robert Waymouth (Stanford)

8:00-10:00 pm Poster Session |

Monday, July 21
7:00-8:30 am Breakfast

Catalysts for Polymer Synthesis
8:30-9:00 am Richard Schrock (MIT)
9:00-9:30 am Colin Nuckolls (Columbia)
9:30-10:00 am Coffee Break

Catalysis in Energy Applications
10:00-10:30 am Umit Ozkan (Ohio State)
10:30-11:00 am Thomas Jaramillo (Stanford)
11:30-12:00 pm Steve Overbury (ORNL)

12:00-2:00 pm Networking Lunch

Catalysis Basic Advances
2:00-2:30 pm  John Berry (Wisconsin)
2:30-3:00 pm Franklin Tao (Notre Dame)
3:00-3:30 pm  Joshua Figueroa (UC San Diego)
3:30-4:00 pm  Coffee Break



4:00-4:30 pm Thomas Bligaard (SLAC)
4:30-5:00 pm Christine Thomas (Brandeis)
5:30-6:00 pm John Kitchin (Carnegie Mellon)

6:00-7:30 pm Dinner

8:00-10:00 pm Poster Session |l

Tuesday, July 22
7:00-8:30 am Breakfast

Catalysis of C—H Activation
8:30-9:00 am  William Jones (Rochester)
9:00-9:30 am John Yates (Virginia)
9:30-10:00 am Coffee Break

Catalysis of C—H Activation
10:00-10:30 am Melanie Sanford (Michigan)
10:30-11:00 am Horia Metiu (UC Santa Barbara)
11:30-12:00 pm Daniel Mindiola (U Pennsylvania)

12:00-2:00 pm Networking Lunch

Nanocluster Catalysts
2:00-2:30 pm  Richard Finke (Colorado State)
2:30-3:00 pm  Charles Campbell (U Washington)

3:00-3:30 pm  Peng Chen (Cornell)
3:30-4:00 pm Coffee Break

4:30-5:30 pm Breakout Session |
(Energy Conversion, Small-molecule activation, Selective oxidation,
Tandem and parallel conversions)

5:30-6:30 pm Dinner
7:00-8:00 pm Breakout Session Il
(Energy Conversion, Small-molecule activation, Selective oxidation,

Tandem and parallel conversions)

8:00-10:00 pm Poster Session Il



Wednesday, July 23

7:00-8:30 am

8:30-8:45 am
8:45-9:00 am
9:00-9:15 am
9:15-9:30 am

9:30-10:00 am

10:00-10:30 am
10:30-11:00 am
11:30-12:00 pm
12:00-12:30 pm

12:30 pm

Breakfast

Breakout Sessions Presentations and Discussion
Energy conversion — Tobin Marks (Northwestern)
Small-molecule activation — Aaron Sadow (lowa State)
Selective oxidation — Alex Bell (UC Berkeley)

Tandem and parallel conversions — Ged Parkin (Columbia)

Oxidation Catalysis

David Dixon (Alabama)

Cynthia Friend (Harvard)

Shannon Stahl (Wisconsin)

Fabio Ribeiro (Purdue)

Final Discussion — Bruce Gates (UC Davis)

Departure
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James A. Dumesic

Liquid-phase conversion of lignocellulosic biomass to fuels and chemicals
James A. Dumesic
Department of Chemical and Biological Engineering
University of Wisconsin, Madison, W1 53706

We will present strategies for the catalytic conversion of the Cs and Ce sugars present in
hemi-cellulose and cellulose, respectively, to produce gamma-valerolactone (GVL). We will
present a processing approach that uses GVL as a solvent to convert simultaneously the Cs and
Ce sugars in biomass, thereby simplifying separation steps, because GVL is one of the reaction
products. Additionally, GVL solubilizes the degradation products typically formed during
biomass deconstruction, and this approach can thus be implemented using continuous flow
reactors. We will demonstrate that we can produce soluble carbohydrates from corn stover,
hardwood and softwood at high yields (80-90%) in a solvent consisting of biomass-derived
GVL, water, and dilute acid (0.005 M). We will show that these carbohydrates can be recovered
and concentrated (up to 130 g/L) in an aqueous phase by extraction of GVL using CO». These
yields and sugar concentrations are comparable to those obtained using multiple steps and/or
high-cost chemicals or bio-catalysts, such as hydrolysis in concentrated mineral acids,
pretreatment and enzymatic hydrolysis, or ionic liquid hydrolysis. We will then present results
from reaction kinetics studies to quantify the effects of polar aprotic organic solvents on reaction
rates and selectivities of acid-catalyzed reactions of relevance for biomass conversion (e.g.,
xylose dehydration to furfural). We will suggest that the aprotic organic solvent affects the
stabilization of the acidic proton relative to the protonated transition states, leading to accelerated
reaction rates for these acid-catalyzed biomass conversion reactions.

Fundamental Studies of the Reforming of Oxygenated Compounds over Supported Metal
Catalysts (DE-FG02-84ER13183)
James A. Dumesic (PI)
University of Wisconsin — Madison

The main objective of our research is to elucidate the fundamental concepts associated
with controlling the activity, selectivity, and stability/recyclability of heterogeneous catalysts for
liquid-phase conversion of oxygenated hydrocarbons, such as compounds derived from biomass.
In our recent work, we have shown that bimetallic catalysts that combine a highly-reducible
metal (e.g., Pt, Rh) with an oxophilic promoter (e.g., Re) are promising materials for conversion
of oxygenated hydrocarbons because of their high activity and selectivity for C-O scission
reactions. We have synthesized nanoparticles with well-controlled and defined particle size and
composition by means of controlled surface reactions. We have studied the active site of these
synthesized catalysts by a multi-technique analytical approach employing temperature-
programmed reduction (TPR), scanning transmission electron microscopy-energy dispersive
spectroscopy (STEM-EDS), Fourier transform infrared spectroscopy (FTIR), X-ray absorption
spectroscopy (XAS), and by their performance in selective C-O hydrogenolysis reactions.

An important issue in liquid-phase catalytic processing is catalyst stability and
recyclability. It would be desirable to replace precious metals (e.g., Pt) with base metals that are
more earth abundant (e.g., Cu); however, base metals are more susceptible to irreversible
deactivation through sintering and leaching, especially in the reaction conditions common in the



processing of biomass-derived oxygenates. To address this challenge, we have employed a
method to stabilize copper nanoparticles supported on y-Al.O3 by atomic layer deposition (ALD)
of an alumina overcoat. We have extended our work on ALD overcoating of catalysts by
utilizing the overcoat to add functionality to the catalyst, such as the addition of niobia to add
acidity. This research has employed the use of high resolution STEM studies to map elemental
composition and to quantify morphologies and spatial distributions of ALD overlayers on model
catalysts consisting of non-porous silica nanospheres as catalyst supports.

The primary focus of our studies is to elucidate the catalytic properties of catalysts for
liquid-phase reactions of oxygenated hydrocarbons. We anticipate that the knowledge obtained
from these studies will allow us to identify promising directions for new catalysts that show high
activity, selectivity, and stability for important reactions in the conversion of biomass-derived
oxygenated hydrocarbons to fuels and chemicals.

Publications with joint funding from DOE (2011 — 2014):
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Robert M. Waymouth

Challenges and Opportunities in the Selective Transformation of Biomass to
Useful Chemical Intermediates and Materials

Robert M. Waymouth
Department of Chemistry, Stanford University,
Stanford CA 94305
waymouth(@stanford.edu

Catalysis is also a foundational pillar for sustainable chemical processes; the discovery of highly
active, environmentally benign catalytic processes is a central goal of Green Chemistry. The
development of biomass-derived chemical and energy feedstocks is a key element of strategies to
identify alternatives to our current petrochemical-based economies.

The dominance of fossil fuels and the environmental impact of petroleum and coal-based
economies highlight the need for alternative and more varied sources of energy and chemicals to
provide the energy, materials, products and technologies that improve our lives while preserving
the environment for future generations. The utilization of renewable biomass requires selective
catalysts that can convert highly hydroxylated biomass feedstocks into new chemical
intermediates and thermoplastics. New scientific advances in the development of selective
catalysts to transform these highly functionalized feedstocks will expand the range of options for
transforming biomass into useful and environmentally sustainable products. We have
developed new catalytic methods for transforming biomass feedstocks into new monomers and
chemical intermediates based on the chemoselective oxidation of polyols. Mechanistic and
theoretical investigations have illuminated several of the factors that lead to high
chemoselectivities, but many challenges remain for the design of catalysts that are both tolerant
and selective for the transformation of highly functionalized feedstocks.

DOE DE-SC0005430 - Enabling Catalytic Strategies for Biomass Conversion

PI: Prof. Robert M. Waymouth
Students: Timothy Blake, Kevin Chung

RECENT PROGRESS

Selective Catalytic Oxidation of Biomass-derived Polyols.” We discovered the cationic
palladium-neocuproine complex 1 as a catalyst precursor that can mediate the selective aerobic

oxidization of biomass-derived polyols to oa-hydroxyketones (Fig. 1). The chemoselective
oxidation of glycerol yields dihydroxyacetone.’

Either air or benzoquinone can be utilized as terminal oxidants; oxidations proceed under
mild reaction conditions and can be carried out on a large scale (20 g) in organic solvents or in
water. This is an important advance, since glycerol is typically produced as a 12 wt% aqueous
solution in bio-refineries.
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with our first generation of catalysts was moderate (e.e. approx. 24% for the oxidation of
erythritol to (S)-erythulose), these promising results illustrate the potential for converting
unprotected biomass-derived polyols to new families of important chemical intermediates.” The
selective catalytic oxidation of erythritol to erythrulose provides a new strategy to this
commodity product used in the cosmetics industry. In addition, the catalytic oxidative
lactonization of oxa- or aza-1,5-diols generates the corresponding lactones,” which we are
investigating as monomers with the organocatalytic polymerization strategies developed in our

group.

Mechanistic insights on Aerobic Pd oxidation catalysis.” Mechanistic studies of the

aerobic oxidation of polyols led to the identification of a novel trinuclear palladium oxide
[(LPA(I))3(m*-0),]*" (L = 2,9-dimethylphenanthroline). This trinuclear Pd compound was
independently prepared and shown to be a competent intermediate in these aerobic oxidation
reactions, illuminating a new pathway for the oxidation of Pd by O, (Fig 3).
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Figure 3. Generation of trinuclear [(LPd)3(m’-0),]*" in aerobic oxidation reactions.

Integrated catalytic strategy for the synthesis of high-melting polycarbonates from

glycerol.”  Our discoveries of a catalytic strategies for the selective oxidation of glycerol to
dihydroxyacetone, and the oxidative carbonylation of 1,3-diols to cyclic carbonates
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an important advance, as the standard procedure ) . )
for generating polymerizable 6-membered Figure 4. -~ Oxidative carbonylation of
carbonates involves phosgenation of 1,3-diols, but diols to cyclic carbonates.
the hazards associated with phosgene-derived
reagents limit the attractiveness of this approach.®

We have utilized our recently developed organic catalysts’ for the ring-opening
polymerization of the dimethyl acetal of dihydroxyacetone carbonate (MeODHAC, Fig. 5). The
polymerization of MeODHAC can be carried out in the melt to generate poly(dihydroxyacetone
carbonate) p(DHAC), after removal of the dimethyl acetal protecting groups. Investigation of the
p(DHAC) homopolymer by differential scanning calorimetry (DSC), thermogravimetric analysis
(TGA) and wide-angle X-ray scattering (WAXS) reveals this material to be a semicrystalline
thermoplastic with a melting point of 245°C. The similarity of the melting point of p(DHAC)
to that of the ethylene/CO alternating copolymer Carilon™ (T, = 260°C)'>"" supports our
original hypothesis that the polycarbonate derived from dihydroxyacetone would be a high

melting thermoplastic. Co-polymerization of MeODHAC with e-caprolactone (CL) in the

presence of 2.5-5 mol% TBD at 90-120°C generates random copolymers of caprolactone and
dihydroxyacetone carbonate (Figure 5).
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Figure 5. Bulk synthesis of p(DHAC) and co-polymers in using TBD as catalyst.
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Richard R. Schrock

Synthesis of Stereoregular ROMP Polymers

Richard R. Schrock
Massachusetts Institute of Technology

Presentation Abstract

Some of the most readily available and inexpensive monomers for Ring-Opening-
Metathesis Polymerization (ROMP) are norbornenes or substituted norbornadienes.
Polymers made from them have tacticities that remain in the polymer backbone after the
C=C bonds in the polymer backbone are hydrogenated. Formation of polymers with
exclusively one tacticity was rare until approximately twenty years ago when well-defined
ROMP catalysts based on molybdenum imido alkylidene complexes that contain a
biphenolate or binaphtholate ligand (Mo(NR)(CHR')(Biphen) catalysts) were shown to
yield cis,isotactic poly(2,3-dicarbomethoxynorbornadiene) and related polymers from other
monomers. In the last five years Mo and W MAP (MonoAryloxide Pyrrolide) imido
alkylidene initiators, M(NR)(CHR")((Pyrrolide)(OR™), have been found to produce
cis,syndiotactic polynorbornenes and substituted norbornadienes through what has been
called stereogenic metal control. A syndiotactic structure is formed because the approach of
the monomer to the metal is regulated by the chirality at the metal, and that chirality
switches with each monomer addition.  The mode of forming cis,syndiotactic
polynorbornenes has allowed the formation of a third regular structure, syndiotactic
polymers prepared from racemic monomers that contain alternating enantiomers within the
main chain, so-called "cis,syndiotactic,alt” structures where alt refers to the alternating
incorporation of enantiomers. Although pure trans ROMP polymers prepared from Mo or
W catalysts is not yet possible, pure cis,syndiotactic and cis,isotactic ROMP polymers can
be formed with good generality. Therefore, pure syndiotactic and isotactic hydrogenated
polymers can be formed from them for the first time. ROMP polymerizations of this
general type often are also living, so a variety of more elaborated polymers with
stereoregular sequences in them should be possible. The talk will focus on the use of
recently prepared tungsten oxo alkylidene initiators in ROMP chemistry.

6412100: Catalysts for the Living Polymerizations of Olefins
Postdocs: William Forrest, Benjamin Autenrieth
Students: Hyangsoo Jeong
Publications Acknowledging this Grant in 2011-2014
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Catalytic Growth of Molecular Scale Wiring

Prof. Colin Nuckolls

Columbia University

Presentation Abstract

This presentation will present the catalytic methods for the synthesis of carbon-
based nanoelectronic materials. This is a field that is currently limited by the dearth of
methods available to cleanly produce atomically defined materials such as carbon
nanotubes and graphene ribbons. We utilize ring-opening alkyne metathesis
polymerization (ROAMP) as the basis for creating an entire class of new electronic
materials. The presentation is comprised of three integrated areas: (1) monomer design,
(2) catalyst design, and (3) post-polymerization reactivity. These studies promise state of

the art catalysts and monomers to create advanced materials.

DE-FG02-01ER15264: Catalytic Growth of Molecular Scale Wiring
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RECENT PROGRESS
We have developed the first example of a living ROAMP reaction, and further
shown that multidentate ligands in the form of salicylimine ligands create more well-
behaved living polymerizations. Building from these studies, we recently discovered the
first new bench stable catalytic system that is able to effect the ROAMP reactions in
protic solvents such as methanol and water. We have also begun a detailed mechanistic
study of the ROAMP reaction of a dibenzocyclooctadiyne derivative reaction and have

identified a metallotetrahedrane intermediate in the reaction.
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A comparison of N-containing Carbon Nano-structures (CNy) and N-coordinated Iron-
Carbon Catalysts (FeNC) for the Oxygen Reduction Reaction in Acidic Media
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! Department of Chemical and Biomolecular Engineering, The Ohio State University.
2Chemical Sciences and Engineering Division, Argonne National Laboratory.

Presentation Abstract

Two different classes of non-precious metal oxygen reduction catalysts for Proton Exchange
Membrane (PEM) fuel cells, namely nitrogen-containing carbon nanostructures (CN) and iron-
nitrogen co-ordinated catalysts supported on carbon (FeNC) were studied. The motivation behind
this study was to understand some of the key differences between the two and help resolve the
existing active site debate related to these two classes of non-noble metal catalysts. Activity
evaluation was performed by voltammetry techniques and fuel cell testing. X-ray Photoelectron
Spectroscopy (XPS), Temperature Programmed Oxidation (TPO), X-ray Absorption Near Edge
Spectroscopy (XANES), Extended X-ray Absorption Fine Structure spectroscopy (EXAFS),
Mdssbauer spectroscopy, Transmission Electron Microscopy (TEM), and SQUID magnetometry
were used for characterization.
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Heteroatom-doped carbon materials as oxygen reduction electro-catalysts in acidic and
alkaline media

Postdocs: Juan Tian, Anne-Marie Alexander, Doruk Dogu, Department of Chemical and
Biomolecular Engineering, The Ohio State University

Graduate students: Deepika Singh, Kuldeep Mamtani, Department of Chemical and
Biomolecular Engineering, The Ohio State University

Undergraduate students: Jesaiah King, Christopher R. Bruening, Kyle Qian, Robert Warburton,
Department of Chemical and Biomolecular Engineering, The Ohio State University

Collaborators: Dr. Jeffrey Miller, Argonne National Laboratory, Dr. Jean-Marc Millet, CNRS
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Biomolecular Engineering, The Ohio State University.
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RECENT PROGRESS

A comparison of N-containing Carbon Nano-structures (CNy) and N-coordinated Iron-
Carbon Catalysts (FeNC) for the Oxygen Reduction Reaction in Acidic Media

The primary objective of this study was to evaluate the differences in active sites of CNy and
FeNC catalysts to help resolve the long-standing active site debate about these NNMCs. The
study involved activity tests in a half-cell and fuel cell as well as a number of catalyst
characterization techniques.

The Rotating Ring Disk Electrode (RRDE) activity test results showed that, between the two
catalysts, FeNC is clearly more active than CNy, with an onset potential of 0.87V (unwashed)
versus the onset potential of CNy, which is 0.78V vs. NHE (washed). The effect of acid washing
is markedly different on the two catalysts. While CNy shows a dramatic improvement in activity
after acid washing, FeNC, on the other hand, shows a noticeable decrease in its activity for the
washed catalyst. This trend is an evidence of the inherent differences in the catalytic active sites
of the catalysts. Acid washing possibly leaches away some of the Fe from the active Fe-Ny sites
in FeNC, leading to an activity loss, while in the case of CNy, the effect of acid washing is to
eliminate the inactive iron species from the catalyst surface, along with the oxide support. After
acid washing, CNy, which does not have exposed iron species, and consists of carbon
04 nanostructures with Fe embedded within the graphitic
matrix, exhibits significantly higher ORR activity.
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Accelerated durability tests (ADTs) were also
conducted on CNy and FeNC. Figure 1(a) shows
performance losses by ADTs in FeNC-unwashed. We
2 observed that, over FeNC, there was a continued
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activity with increasing cycles, CNx demonstrated the
highest activity loss during the first 100 cycles of
repeated CVs (Figure 1b). It reached a pseudo-steady
state thereafter, as there was no significant activity loss
between cycles 100, 500 and 1000. As we reported
; previously [2], CNy materials do not undergo carbon
T Cnwasned corrosion as severely as some other carbon supports,
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Figure 1. Accelerated durability tests factor responsible for its prolonged stability.
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2(a) for CNy-washed and FeNC-unwashed, the most active forms of the two catalysts. While
CNy performed worse than FeNC, it exhibited better retention of initial activity. FeNC, on the
other hand, showed a dramatic loss of activity, such that after the 100-h potential hold, the
activities for the two catalysts were very similar. It is worth noting that although CNy exhibited
lower initial activity than FeNC catalysts, it also showed significantly less degradation over time.
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Figure 2. Fuel-cell polarization curves for (a) FeNC-unwashed and CN.-washed, (b) FeNC-
unwashed and FeNC-washed before (solid lines) and after (dashed lines) 100h potential
hold at 0.5V

We also compared activities of acid-washed and unwashed FeNC catalysts. Figure 2(b) shows
polarization curves of FeNC with and without an acid-wash. Although, the unwashed FeNC
catalyst possessed a higher initial activity, after the potential hold, it is apparent that both the
catalysts deactivated to almost the same level. This observation indicated that the activity loss
due to acid washing is similar in magnitude to the activity loss suffered by the catalyst during the
potential hold.

In addition to electrochemical performance evaluation, FENC and CNy catalysts were also
characterized using techniques like XPS, TPO, EXAFS, XANES and SQUID magnetometry.
The characterization studies showed major differences in surface functional groups, oxidation
behavior, magnetization characteristics and oxidation state/coordination environment of Fe in
these two groups of catalysts.

Use of H,S to probe the active sites in Fe-N-C catalysts for the Oxygen Reduction Reaction
(ORR) in acidic media

In a previous study conducted by the PI’s group, H>S was used a probe molecule to attempt to
exclusively poison any Fe active sites (if present) in CNy catalysts. It was seen that CNy catalysts
do not deactivate for ORR with exposure to H,S, indicating that iron active sites for ORR are
absent in these materials. In this study, we have attempted to poison the Fe sites in FeNC
catalysts with an initial hypothesis that Fe-based active sites would indeed get poisoned upon
exposure to H,S, thus highlighting the difference in active sites of FeNC and CNy catalysts.
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Figure 3 (a) shows the ORR activity for FeNC catalysts, which have already gone through high-
temperature Ar and NH3 exposure steps, before and after H,S treatment at 350 °C for 4h. It is
evident that H,S treatment significantly lowers the activity for FeNC catalysts. To uncouple the
heat treatment effect and the reduction effect of H,S, the experiments were repeated this time
with an inert (Ar) and 5% H./N; instead of H,S and no drop in the activity was observed. . The
effect of H,S treatment at two different stages in FeNC synthesis, namely before any heat
treatment and after Ar and NH; heat treatments was also studied (Figure 3(b)). Onset potential
for the catalysts that are exposed to H,S are identical, regardless of the stage at which H,S was
introduced.
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Figure 3. ORR Activity measurements by RDE in 0.5M H,SO,4 at 2500rpm (a) Effect of treatment with
H.S, H, or Ar after high-temperature Ar-NHj3 treatment (b) Effect of H,S exposure at two different
stages (pre-Ar and post-NHj; treatment)
Characterization studies have also shown Fe coordination with sulfur. Fig. 4 shows a comparison
of the FT magnitudes for poisoned and un-poisoned FeNC catalysts. The poisoned catalyst
exhibits a very different coordination state from the unpoisoned one, implying that the sulfur
treatment brought about a pronounced change in the local bonding environment of iron in FeNC.

These results are significant in highlighting the differences between FENC and CNy catalysts in
the terms of the role of iron in their active

sites for ORR. In our previous studies, we %92
observed no detrimental effect of H,Son CNy, =
S i _ = 0.02 {Ar-NH;-H,S
while it deactivated platinum/carbon catalyst 5
for ORR quite readily [3]. By demonstrating 0015
that H,S has a negative effect on ORR activity E
of FeNC catalysts, we provide concrete § 0.01
evidence that while Fe plays a critical role in '2
catalyzing ORR for FeNC, it does not E e
participate in catalyzing ORR in CNy, thereby 0 YV MY VoA
proving that the two catalysts are indeed o 1 2 3 4 5 6 7 8
different classes of materials with different Figure 4. FT Magnitudes of p%‘i?c))ned and un-poisoned
active sites for oxygen reduction. FeNC catalysts.
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Presentation Abstract

In this project, we are outlining a systematic approach to develop active, selective, and stable
catalyst materials for important electrochemical reactions involving energy conversion. Over the
past year, we have focused our attention on developing active catalyst materials for the hydrogen
evolution reaction (HER) and oxygen reduction reaction (ORR). There is significant room for
improvement even for today's state-of-the-art materials. New strategies and approaches are
needed to improve HER precious-metal free catalysts and ORR catalysts in order to enable
economical hydrogen fuel generation and utilization.

In an effort to develop a scalable HER catalyst with an increased number of active sites
we have developed supported thiomolybdate [Mo3S;3]*" nanocluster catalysts in which most
sulfur atoms in the structure exhibit a structural motif similar to that observed at MoS, edges.
Supported sub-monolayers of [Mo3S;3]* nanoclusters exhibited excellent HER activity and
stability in acid. Imaging at the atomic scale with scanning tunneling microscopy (STM) allowed
for direct characterization of these supported catalysts. The [MosS;3]* nanoclusters reported
herein demonstrated excellent turnover frequencies; higher than those observed for other non-
precious catalysts synthesized by a scalable route. This work was recently published in Nature
Chemistry, Vol.6 248-253 (2014).

Regarding catalyst development for the ORR, we have developed a Ru-core, Pt-shell
system that exhibits increased specific activity as well as improved mass activity compared to
commercial state-of-the-art Pt/C from TKK catalysts. This is an important contribution to the
DOE goal of reducing Pt loading since a higher mass activity helps enable low Pt fuel cell
electrodes.

DOE Grant #: DE-SC0008685: Directed surfaces structures and interfaces for enhanced
electrocatalyst activity, selectivity, and stability for energy conversion reactions

Pl: Lead PI(s) Name(s) (include only if different from above.)

Postdoc(s): Jakob Kibsgaard
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RECENT PROGRESS
Hydrogen evolution on thiomolybdate [M0sS:13]* clusters

In this project we have developed a new molecular hydrogen evolution reaction (HER) catalyst,
thiomolybdate [MosS;3]* nanoclusters that, upon supporting onto carbon electrode surfaces,
bridges molecular and solid state electrocatalysis. The [M03813]2' nanoclusters demonstrated
excellent turnover frequencies; higher than those observed for other non-precious catalysts
synthesized by a scalable route.

In the modern chemical industry, molecular hydrogen (H;) is a crucial chemical
feedstock with a production rate at the global-scale of approximately 50 billion kg/yr, used
primarily in petroleum refining and in the synthesis of NHj for fertilizer. The demand for H; is
likely to continue to increase as petroleum feedstocks are getting heavier and as the global
population continues to increase. It is widely believed that electrocatalysis can play a key role in
next generation sustainable energy conversion technologies and as such significant attention has
been devoted to clean hydrogen production through electrocatalytic processes such as
photoelectrochemical (PEC) water splitting or electrolysis coupled to renewable energy sources.

The hydrogen evolution reaction (HER, 2H" + 2¢” — H,) constitutes half of the water
splitting reaction; active catalysts are required to increase process efficiency by minimizing the
overpotential needed to drive the HER. Platinum is currently the best known catalyst for the
HER as it requires negligible overpotential even at high reaction rates, but the scarcity and high
cost of Pt limits its widespread technological use. Non-noble metal alternatives include nickel
and nickel alloy catalysts but their use is typically restricted to alkaline solutions due to corrosion
issues in acidic solutions. Recently, MoS, nanoparticles have been identified as promising
hydrogen evolution catalysts However, only the edges of MoS, nanoparticles are active,
whereas the (0001) basal planes of MoS, are catalytically inert, and high HER activity thus
requires MoS; nanocatalysts with a high number of exposed edge sites.

Thiomolybdate [MosS 13]2' nanoclusters contain 3
different types of sulfur ligands, all intrinsically located as
edge sulfur atoms, see Figure 1, and can be viewed as
molybdenum sulfide with a significant fraction of active
sites as nearly all the sulfur atoms have the appropriate
atomic structure for effective catalysis.

The catalytic activity of the [M03813]2' clusters was

evaluated for the hydrogen evolution reaction (HER) using a
three-electrode electrochemical cell. Figure 2a shows iR-
corrected linear sweep voltammograms in the cathodic
direction for the bare anodized HOPG surface compared to
that with supported [M03813]2' clusters, normalized to the ) 1/
projected geometric area of the electrode. The bare anodized - W -
HOPG surface shows no HER activity in the investigated  Figure 1. Model of a single
potential window. The [M03SB]2'\HOPG sample on the
other hand shows a sharp, exponential increase in the
magnitude of the cathodic current density with increasing
overpotential, indicative of HER activity.

" (bridging)

[Mo3S 3] cluster containing 3
different types of sulfur
ligands, top and side view.

25



The HER activity of [Mo3Si3]* was further evaluated by depositing the clusters onto
graphite paper (GP) disks at higher loadings for a more direct comparison to literature data on
other molybdenum sulfide HER catalysts. The HER activity of these samples is shown in Figure

2b as iR-corrected cyclic  , oo 2 b o -
voltammograms. All four
samples exhibit excellent 5
catalytic activity for the 01 1=
. £ £-10
HER, as evidenced by a S |8
<< =T
very early onset for the E Es| |
. . = -02 1=
I‘eactlon at OVCI‘potentlaIS | = Blank Toray graphite paper |4
-20| | 10 ug [Mo35ul per cm’
of only 0.10 V - 0.12 V 1 | — 20 g [MosS.l” percm’
. ’ — Ancdized HOPG ] l I —— 50 g Mo;5,3]" per cm
and by reachlng a CuI‘I‘ent 03 —[Me,5,]" clusters on anodized HOPG | 25 . =100 pg [Mo,5,]" per cm
1 2 -0.2 -0.1 0.0 0.1 -0.2 -0.1 0.0 0.1 0.2
density of 10 mA/cm” at B0 B RHE .-

low overpotentials,
between 0.18 V — 0.22 V.
As expected, we see that
higher loadings result in a
higher current density at a
given potential.

In this presentation, data will be shown that reveals the excellent stability of the
[Mo3S13]> catalysts in acid, along with a direct comparison to other high performance HER
materials by means of turnover frequency (TOF). These catalysts represent some of the highest
TOF catalysts ever developed for the HER, among those that consist of earth-abundant elements
with proven stability in acid.

Figure 2. HER activity of [M0sS;3]* clusters. (a) Polarization
curve of sub-monolayer coverage of [M03813]2' clusters on
HOPG. (b). Cyclic voltammograms of [M03SI3]2' clusters on
Toray graphite paper (GP) with loadings of 10, 20, 50, and 100
ug per cm’, respectively.

Core-Shell Ru@Pt Electrocatalysts for Oxygen Reduction

The viability of fuel cell electrochemical systems relies on the identification of active and stable
electrocatalysts for the oxygen reduction reaction (ORR). Based on density functional theory
(DFT) calculations, ORR activity could be enhanced beyond that of Pt with a suitable weakening
of the binding of oxygen intermediates relative to Pt. In the past year we have published on a
new catalyst system based on a Ru core and Pt shell (Ru@Pt), which improves the per site
activity by a factor of 2.1 over standard nanoparticulate Pt (Pt/C provided by TKK). DFT
calculations from our collaborators in Jens Nerskov's group were used to guide the synthesis
parameters. The DFT results showed that two opposing effects could be balanced in order to tune
the oxygen adsorbate binding energy to the Pt surface (AEp). Undercoordinated sites (such as
edges and corners) that are prevalent in nanoparticles slightly strengthen AEo, while electronic
and strain interactions with the Ru core significantly weaken AEq. The careful combination of
the two effects allows for the slight overall weakening of AEp compared to pure Pt, resulting in
the higher ORR activity.
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Our recent research has focused on

Mass Activity
improving the mass activity and —
1fvi ili L —— RP19-N1-5u-5D3
quantifying the stability of the Ru@Pt 0.04 B
system. A number of approaches have —— RP19-N1-5u-6A3

0.93F
been used to improve the mass activity

from a starting point of ~40% of Pt/C.
The first step was reducing the amount of
Pt, therefore achieving a thinner Pt shell.
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A thinner Pt shell improves the mass osol |
activity in two ways; it decreases the

amount of Pt in the subsurface—which is 088F i
not directly involved in ORR—and 087 - ”~ -
increases the prevalence of thin-shell Activity [A/mg,]

active sites. The second step has been to

reduced particle growth due to sintering Figure 3. Mass activities of 3 Ru@Pt samples
in post synthesis cleaning and processing.  (labeled RP19-xx-xx-xxx) in blue, red, and
Particle sintering and growth has the orange; and a representative Pt/C sample (labeled
same negative effects on mass activity, TKK-6B6) in green. The Ru@Pt samples have
too much Pt present in the subsurface and ~ 125-200% the mass activity of Pt/C.

a reduction in the availability of thin-shell

active sites. The main method to reduce

sintering has been to replace a high temperature anneal with a room temperature electrochemical
conditioning process.

Figure 3 shows the mass activity for several optimized Ru@Pt samples and a
representative Pt/C sample matching the upper end of literature values. The Ru@Pt samples have
125-200% the mass activity of Pt/C at 0.9 V vs RHE. This represents up to a 5-fold improvement
over the initial Ru@Pt mass activity. The value of 0.72 mA mg'p; is above the 2017 DOE target
of 0.44 mA mg'lpt.

Finally, we have investigated the stability of the Ru@Pt samples and find that they meet
or exceed those of Pt/C. The samples are cycled between 0.6 and 1.0 V vs RHE at 125 mV s for
30,000 cycles. At the end of 30,000 cycles the Ru@Pt sample maintained 80% of its initial mass
activity, while we measured Pt/C as maintaining 75% of its mass activity. This indicates that the
Ru@Pt is at least as stable as Pt/C. Additionally, at the end of 30,000 cycles, Ru@Pt has a mass
activity of 0.58 mA mg'p,, thus even at the end of life (30,000 cycles) the Ru@Pt catalyst is still
above the 2017 DOE target for mass activity.
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Presentation Abstract

Within our project, we have been probing the interactions and catalytic reactions of small oxygenates on
model CeO, surfaces in order to obtain a fundamental understanding of reaction pathways and the
relationship between surface structure and catalytic function. To probe this relationship, we have used
two types of model catalysts with well-defined structures: highly oriented films of oxidized and reduced
Ce0O, with (100) and (111) orientations examined in a UHV environment, and CeO, nanoparticles
exhibiting {100} and {111} facets and examined within a reactor environment. Using these tools we are
able to deduce the role of structure and bridge the gap between these experimental approaches. In this
talk | will discuss our results on alcohol and acetaldehyde reactions using this approach.

FWP: ERKCC96
Fundamentals of Catalysis and Chemical Transformations
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RECENT PROGRESS

Structure-function relationships in oxide catalysis

A principal goal of this program is to understand the role that atomic surface structure plays in controlling
selectivity in catalysis at oxide surfaces. We have focused upon CeQ, as a catalytic oxide because of its
reducibility that enables redox pathways and the fact that its bulk structure can accommodate high oxygen
deficit without large scale change in the bulk structure. We have used two approaches to meet this goal.
In the first approach we use highly oriented films with (100) and (111) orientation and explored surface
chemistry within a UHV environment. [Mullins,2013a] In the second approach we have used highly
oriented nanoparticles, (cubes, rods and octahedra that terminate in specific crystallographic orientations)
and explored their catalytic chemistry within a reactor environment. [Qia0,2013] The combination of the
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two approaches and comparison of the surface chemistry on the different surfaces led to a new
understanding of the structure-function relationships in oxide catalysis.

We have focused on the surface chemistry of alcohols, aldehydes and acids and their interconversions and
interactions with the CeO, surface. By probing the species in temperature dependent soft x-ray

50 photoelectron spectroscopy (sXPS), near edge x-ray absorption
— Geoi11) fine structure (NEXAFS) at the C and O edges, and the
— ce0,(100) ~ H, desorption products in TPD the trends in reactivity have been

50| mapped out. Adsorption of methanol, ethanol and i-propanol on
M/L both the CeO,(100) and CeO,(111) surfaces show differences
co associated with the variation in structure. [Albrecht,2013;
40 oo, Mullins,2013a] Alcohols bond to both surfaces by
deprotonation to form alkoxy on oxidized or partly reduced
surface as established by sXPS. However, products during
subsequent TPD differ in that the (100) surface generally shows
H,0 more complete dissociation to H, and CO than the (111) surface
(Fig. 1), a trend that is observed for all three alcohols. CO, is
also observed and is indicative of surface reduction by reactive
alcohol adsorption. Selectivity to CO, and the ratio of H,/H,O
are consistent with greater ease of reduction of the (100)
10 compared to (111). Dehydrogenation to aldehyde and
dehydration to the alkene is observed in comparable amounts for
CH.OH both surfaces, when in the oxidized state, but reduction of the
oL , : : : ,3 CeO, strongly favors the dehydration pathway. The latter is
W om0 attributed to the enthalpic tendency of the reduced surface to
Figure 2 TPD following methanol recover oxygen. Although low T water desorption and
adsorption compared on two surfaces of 'ecombinative alcohol
CeO, desorption is observed, most
products desorb by reaction
limited processes that occur in the range of 525 to 550 K for all
alcohols.

[
=1

RGA Intensity (arb)

h
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CH,O
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DFT calculations were performed to clarify the origin of the selectivity
differences between the (100) and (111) surfaces for the ethanol
selective oxidation.  Transition state barriers and structures were
computed for the cleavage of the a- and B-CH bond using the climbing
image-nudged elastic band methodology. Transition states are found
for both surfaces in which the ethoxy is interacting with the surface
through the O and the methyl H, corresponding to pathways for
ethylene formation (Fig 2). Two-step pathways involving a shallow
minimum are also predicted. Heights of the barriers tended to favor
acetaldehyde over ethylene for the fully oxidized surfaces for both
(111) and (100) although the barriers were lower for the (100). The
transition state structures clarify how the ethoxy rotates and shifts in
order to activate either the a- or the B-CH bond on both surfaces (not
shown). Interestingly, the (100) surface structure enables the
incorporation of the O (from ethylene) or acetaldehyde into the top
layer, thereby, stabilizing products and transition states.

The structural dependence found for the oriented films was extended to Figure 1 Side view of transition
determine if this factor leads to different selectivity in a catalytic gte structure for ethylene
reactor. Structure specific CeO, nanoshapes can be synthesized in the  formation on CeO, (100) and (111).
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form of cubes that expose primarily {100} facets while octahedra expose primarily {111} oriented
surfaces [Lin,2014]. Wires/rods contain high defect levels and a mixture or terminations. Nanosized
particles lead to high surface area and so they can be studied directly under catalytically relevant
conditions by temperature programed methods, steady state reaction and DRIFTS surface spectroscopy.
This approach was used to probe structure effects in ethanol partial oxidation.[Li,2013] Shape dependent
differences are observed in surface adsorbates, their transformation temperatures and the selectivity for
dehydration, dehydrogenation and decomposition. Ethoxide and acetate are the primary surface species
observed by DRIFTS under both TPD and TPSR conditions for all shapes. Different rates of a- and 3-CH
bond scission on the different shapes are responsible for different product selectivity. Structure
dependent, reductive vacancy formation and availability of reactant O, combine to control surface H
which in turn plays a role in controlling product selectivity. For all shapes, the dominant surface species
during both TPD and under reaction conditions (TPSR) conditions are ethoxide below 575 K which is
eventually reacted away and displaced by acetate and carbonates at higher temperature. Significant
differences between TPD in He and TPSR in an ethanol/O, reaction mixture are observed including
inhibition of ethylene formation under selective oxidation reaction conditions compared to TPD, yielding
pronounced differences in acetaldehyde: ethylene: CO, selectivity. Factors that may lead to the observed
structural differences are the oxygen storage and availability especially as it relates to H,O/H, selectivity,
base strength, and mobility of oxygen anions on different surface terminations, variation in acid strength
of the Ce cation sites caused by variation in their oxygen coordination, geometry of the adsorption site
relative to the molecules and intermediates, and the relative numbers of vacancy or active sites created
from oxygen removal during the reaction.

Reactions of acetaldehyde were also examined. On the highly oriented CeO,(100) and CeO,(111) films,
differences were observed in the surface species and product distribution during TPD. Acetaldehyde is
weakly adsorbed in an n'-bonding configuration on CeO,(111) , but pre-reduction of the surface leads to
stronger adsorption, coupling of the aldehyde on the surface that is observable by RAIRS and the
formation of enolates that are stable to above 400 K [Calaza,2012; Chen,2011] Deoxygenation and
dehydration also occur, producing ethylene and acetylene at 580 and 620 K, respectively.
Crotonaldehyde, a result of an aldol condensation reaction, could be produced by preparation of enolate at
400 K followed by re-adsorption of acetaldehyde at lower temperature. We propose that crotonaldehyde
results from coupling of keto-cation and enolate that coexist on the CeO,(111). Acetaldehyde adsorption
on Ce0,(100) is stronger than on the (111) surface and desorption extends through a larger T range from
200 K to above 400 K [Mullins,2013b]. In addition to the parent molecule, decomposition products are
observed above 400 K. Total decomposition to CO, CO, and H,O are the principal pathways with a small
amount of dehydration to produce acetylene at 700 K. A small amount of crotonaldehyde is evident at 430
K, a result of the aldol condensation coupling reaction.

60 The observed coupling reaction was of key
interest in reactor based studies of CeO,
nanoshapes. Rich catalytic chemistry is
observed including coupling reactions (to
crotonaldehyde, crotyl alcohol, 1,3-butadiene,
2-butene), ketonization (to acetone), Cannizzaro
disproportionation (to ethanol and acetate), ring
closure (to furan and benzene), and C-C bond
cleavage (to methane and COx). Differences
are observed in the reaction selectivity, surface
0 - species, and desorption products among the

% acetaldehyde  CUPES Wires Octahedra different nanoshapes. (Fig. 3) These
converted: 5% 5% % differences are attributed to structure-related
Figure 3 Product distribution observed in acetaldehyde variation in defect density, surface oxygen
TPSR over three ceria nanoshapes coordination, vacancy formation energy, and

% Selectivity

>
Crotyl Alcohol
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acid/base properties. Although rapid deposition of carbonaceous material on the surface occurs, thereby
altering the surface chemistry, the following trends in structure-reactivity are observed.

* Reactive coupling of acetaldehyde to produce crotonaldehyde occurs by aldol condensation on all
nanoshapes but with higher selectivity on the octahedra at 675 K in TPSR and isothermal reactions.
* Enolate is observed by DRIFTS only on the cubes, but it is the believed to be a short-lived
intermediate in the aldol condensation to crotonaldehyde observed on all shapes.
* Ethanol is formed by a Cannizzaro disproportionation in TPD and TPSR leaving acetate; wires =
cubes >> octahedra. Higher base strength of defects and {100} surfaces leads to the activation of
acetaldehyde to initiate this reaction.
* Similarly, decreased acetone production from octahedra compared to cubes and wires in TPD,
TPSR, and isothermal reaction is attributed to the relative lack of surface acetate caused by the lower
base strength predicted for the {111} surfaces compared to {100} and defects.
» C-C bond cleavage to CO, and methane occurs increasingly as T increases on all shapes, with a
selectivity at 675 K of wires = cubes >> octahedra. This ordering is attributed to easier activation at
defects and lower vacancy formation energy of {100} surfaces.
* Desorption of crotonaldehyde from the less reactive {111} facets of octahedra in comparison with
the increased activation of adsorbates on defects and active {100} surfaces may explain the lower
rates of coking on the octahedra compared to wires and cubes.
The relatively broader distribution of products observed in the reactor compared to TPD from films in
UHYV s attributed to the increased contacts through repeated adsorption/desorption processes within the
reactor and to increased defects and surface hydroxyls groups on the nanoshapes. The variation between
the different shapes demonstrates that even in a complex reactor environment the atomic structure of the
oxide surface plays a controlling role.

To probe the base sites on CeO, we explored adsorption of carbon dioxide. CO, adsorbs weakly on
Ce0,(111), but much more strongly on CeO,(100) surface. For both oxidized CeO,(100) and reduced
Ce0,,(100), dosing CO, at 180 K results in carbonate » N . Y
formation and a small amount of physisorbed CO, that
desorbed by 250 K. [Albrecht,2014] Both species are
distinguished by soft x-ray photoemission. Angle-
dependent C k-edge NEXAFS reveals that the carbonate is
oriented parallel to the surface in a tridentate configuration.
This and other adsorption geometries were tested using DFT
PBE+U calculations which confirmed that this most stable
configuration (Fig 4). The carbonate decomposes in TPD
solely as CO, (no CO) even after adsorption on the reduced
surface, indicating absence of surface oxidation by CO..
However, carbonate is more stable on the reduced surface

o Figure 4 Carbonate formation on CeO,(100) by
than on the oxidized surface. DFT. (grey balls O, blue balls Ce, red ball C)

We have examined water interactions on CeO, cubes and octahedra by NMR to elucidate site and
dynamic differences that arise from water adsorption. We achieve high resolution proton NMR spectra
using ultra-fast magic angle spinning (MAS) and proton dilution using deuterium oxide (D;0O).
Fundamental differences in water behavior are observed. Under ambient conditions, both nanoshapes
contain freely exchanging water whose resonance positions depend upon the number of water overlayers
and the exchange processes with tightly held water and metal hydroxyl resonances. Also in both shapes,
the water resonance exchanges easily with D,O while the tightly held species exchange slowly. Upon
removal of the ‘free’ water, the cubes reveal two broad bands, with multiple resonances apparent within
each band. The latter must arise from unique binding sites for both the water and CeOH sites. In
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contrast, octahedra exhibit two broad resonance bands but without indication of unique sites. The spin-
lattice relaxation time, T;, monitors the physical coupling of the NMR spin states with lattice motions. In
the presence of multiple layers of free water, T, of this rapidly exchanging water (~10 ms) dominates the
relaxation processes, causing all species on the surface to relax at this rate. Distinct differences for cubes
and octahedra become apparent as free water is removed. Reducing the free water to less than monolayer
coverage leads to a lengthening of all site-specific resonances on the cubes by an order of magnitude.
The octahedra show the same trend but the relaxation times on the octahedral are on the order of seconds.
Bimodal relaxation for resonances of both nano-shaped ceria particles is the norm, a direct proof that
resonances are heterogeneous with respect to relaxation pathways. A ca. 9 ppm band in the octahedra
relaxes with an extraordinarily long T, (~70 s) that suggests the protons at this site are isolated from the
motion of all other proton species on the surface. We suggest that this is due to subsurface water or
hydroxyl.

Au catalysts, clusters, bimetallic catalysts and oxides

Utilization of metal clusters presents a means to prepare uniformly sized metal NPs, and we are
combining Au cluster compound with uniformly structured CeO, supports to prepare structurally defined
catalysts. Ligands play a key role of stabilizing

the Au clusters, but may poison or alter the co-ce*
activity of the Au catalytic sites. Therefore, a key 5 1‘77
guestion is how the ligands and the oxide support o2 \ oA’ COA® oA

affect the nature of the Au sites and how they
evolve as ligands are removed. Ligand stabilized
metal clusters are of interest because it is not
known how variation in the metal coordination
and the ligands affect the activity of the metal.

The effect of thiolate ligands was explored on the : . , AuCe-473
catalysis of CeO,-rod supported Au,s(SR)ss (SR = ___//_/\__ 5P
-SCH,-CH,-Ph) by using CO oxidation as a probe L —

—— as-synthesized

2157 2117 l
: 2076
; AuCe-673
AuCe-573
AuCe-523
AuCe-498

Absorbance (a.u.)

reaction. Reaction kinetic tests, in situ IR and X- o, 2200 2160 2100 2060
ray absorption spectroscopy, and density
functional theory (DFT) were employed to
understand how the thiolate ligands affect the
nature of active sites, activation of CO and O,, as
well as the reaction mechanism and kinetics. The intact Au,s(SR)1g on CeO, -rods is found not able to
adsorb CO (Fig. 5). Only when the thiolate ligands are partially removed, starting from the interface
between Au,s(SR)1g and CeO, at temperatures of 423 K and above, can the adsorption of CO be observed
by IR. DFT calculations suggest that CO adsorbs favorably on the exposed Au atoms. Accordingly, the
CO oxidation light-off temperature shifts to lower temperature. Several types of Au sites are probed by IR
of CO adsorption during the ligand removal process. The cationic Au sites (charged between 0 and +1)
are found to play the major role for low temperature CO oxidation. A similar activation energy and
reaction rate are found for CO oxidation on differently treated Au,s(SR):s/CeO2-rod, suggesting a simple
site-blocking effect of the thiolate ligands in Au nanoclusters catalysis. Isotopic labelling experiments
clearly indicate that CO oxidation on Auy(SR)s/ CeO, -rod proceeds predominantly via a redox
mechanism where CeO, activates O, while CO is activated on the de-thiolated gold sites.

Figure 5 DRIFTS showing speciation of CO adsorbate as
Au cluster catalyst loses its ligands stepwise.

A strategy for stabilizing ultra-small gold clusters, derived from thiolated gold clusters (Aus, Auis) Was
devised. After removal of the protecting thiolate ligands by thermal treatment, the Au clusters can be
stabilized onto heterostructured mesoporous supports.[Ma, 2012] The essence of this strategy lies in use
of the heterostructured binary oxide supports (M,Oy-mSiO,) synthesized through a combination of a
transition-metal oxide and an ordered mesoporous silica. Monodispersed Au clusters can be readily
absorbed into the pores of this heterostructured oxide. The size of the clusters is maintained after
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removing the thiolate ligands by thermal treatment in air, making this method superior to in vacuo
treatment. Small gold clusters supported on these heterostructured mesoporous supports were found to be
active for CO oxidation.

Various salts have been explored as supports for Au nanoparticles, including phosphates and sulfates, that
may stabilize Au catalysts for gas phase reactions such as CO oxidation. Au catalysts containing BaSO,
nanocrystals (5-8 nm) were prepared by an in situ growth method using an amphiphilic sodium dodecyl-
benzene sulfonate (SDBS) as the sulfate source, leading to new, highly stable, non-reducible but
“‘active’” Au catalyst supports that may be preferable to the typical reducible oxides for low-temperature
CO oxidation. [Tian,2013] The results suggest a unique interaction between Au nanoparticles and
nanosized BaSO, supports. In another approach, heterostructured PbSO,-MCF mesoporous material was
prepared by an in situ growth method using SDBS as a sulfonate precursor and was used as a Au support.
[Li,2014] After pretreating at 300 °C this catalyst showed high CO conversion below 100 °C and were
found to be highly sinter-resistant.

We have developed a synthetic methodology to create supported, nanoscale AuCuPd ternary alloy
nanoparticles through the diffusion of Cu® and Pd° atoms in an organic solvent using hexadecylamine as a
reductant and ligand stabilizer. [Bauer,2013Bauer,2013] Subjecting the AuCuPd catalyst to reductive or
oxidative pretreatment conditions greatly affected the catalytic activity for the oxidation of CO. In situ
XRD and EXAFS indicated that oxidizing the catalyst to 300 °C produced a AuPd alloy core that was
separated from CuO and a small amount of PdO. Oxidation at 500 °C resulted in the segregation of PdO
and CuO to form a decorated Au rich particle. Forming a PdO and CuO rich surface on the AuPd or Au-
rich core decreased O,y spill over from Cu to Au or Pd sites and hindered access to the Au active sites
resulting in decreased catalytic activity. Reducing the catalyst under H, formed an AuCuPd alloy with a
Cu rich surface and formed the most active catalyst. It is likely that Cu, a base metal, helped to lower the
activation energy through the activation O, that could migrate to Au or Pd sites. However, AuCu/SiO,
demonstrated an opposite structure-activity relationship. It showed highest activity following oxidative
treatment that formed a oxide-metal heterostructure. The CO oxidation activity of the Au-CuO catalyst
was inhibited when C3Hg or NO was introduced into the reaction stream. Interestingly, a physical mixture
of Au-CuOx/SiO2 and Pt/Al203 worked in synergy to enhance the oxidation of NO to NO, with 90%
conversion near 300 °C in the presence of CO. It is postulated that Pt oxidizes NO to prevent the Au—
CuOx surface from NO inhibition while Au prevents CO from inhibiting the NO oxidation reaction on the
Pt.

Oxides that are highly active in CO oxidation can be synthesized by addition of Cu and Co oxides to
CeO0.. [Liu, 2013] Calcination temperature has a strong effect upon the catalytic activity of ternary CuO,-
Co0O,-CeO, catalyst synthesized by co-precipitation. Effects of calcination temperature include water
desorption, dehydration of hydroxides, mutual interaction among the metal oxide species and
decomposition of Co3O,4 to CoO. In these steps, mutual interaction between Co;0,4 and CeO, plays a key
role in enhancing the catalytic activity of catalysts and this occurs at temperature equal to or higher than
400 °C. Further, at 600 °C, the enrichment of Cu” on the surface of the oxide along with the appearance
of oxygen vacancies in CeO, lead to highly active (non-precious metal) catalyst that can perform nearly
complete conversion of CO in air at 345 K.
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Studies of Metal-Metal Bonded Catalysts for Group Transfer Reactions
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Metal-metal bonded derivatives of dirhodium tetraacetate are well-known catalysts for
carbenoid and nitrenoid transformations of organic compounds. Despite the widespread use of this
methodology in synthesis, few mechanistic details of the reactions are known. | will present my research
group’s efforts to isolate and study reactive intermediates, dirhodium carbene and amido complexes,
relevant to these important catalytic transformations, emphasizing the relationship between electronic
structure, bonding, and their reactivity. Catalyst stability is a critical issue underlying the quest for
designing new catalysts with ultra-high turnover numbers. We will examine how concepts such as the
chelate effect and redox stability pertain to catalytic carbenoid and nitrenoid transformations. The use
of these concepts toward the development of first-row transition metal catalysts that are cheaper and
more sustainable than their precious metal counterparts will also be explored. Related diruthenium
nitrido intermediates will also be presented, including their C—H amination reactivity and nitrogen atom
transfer reactivity.
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Presentation Abstract

It is critical to develop a catalyst made of earth-abundant elements highly active for a
complete combustion of CH, at a relatively low temperature for transforming the earth-abundant
energy resource, CH, to electricity without release of any CH4 to ambient environment. The
currently available catalysts with high activity consist of precious metal nanoparticles supported
on rare earth oxides. The high cost limits the application of these catalysts at industrial scale.
Early transition metal oxide-based catalysts, NixC0,xO4 and NiO;x only consisting of earth-
abundant elements can completely combust CH,4 at 350°C-400°C at a gas hourly space velocity
of 1200 ml pure CH4 on 1 gram in one hour. The complete combustion of CH, at 350°C results
from an integration of two necessary catalytic sites at atomic scale, in which CH,4 dissociates on
Ni cations at a low temperature and a following oxidation of dissociated species by highly active
surface lattice oxygen atoms formed from dissociation of molecular O, on oxygen vacancies.
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Understanding of catalysis on early transition metal oxide-based catalysts through
exploration of surface structure and chemistry during catalysis using in-situ
approaches
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Recent Progress

1. Catalysis and in-situ studies of sufecelattice i Oxygen
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resource. Maturation of hydraulic fracturing ‘oS oS e-8 4/ "
technology has dramatically increased the 00 0" 0.0
. . 0°0 0 ©0°0,
available supply and therefore use of this 0:0 0:0 00
clean-burning energy source in a safe, <SS
reliable manner. ExxonMobil predicted that ———_
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w

+)  (24)

will increase from the current level of three
thousand terawatt hours to ten thousand (a) (k)

. . . Figure 1 Schematic showing the difference between (a) a catalyst
terawatt hours in 2040 (1) An efficient surface consisting of metal cations (here Ni cation) and surface

chemical or energy transformation Of oxygen atoms integrated at the atomic scale which offers
methane has been quite challenging. To interaction of dissociated species CHy (x=0-3) from CH, with
efficiently environmentally-friendly immediately neighboring surface lattice oxygen atoms, and (b) a

icallv t f th h ical typical bi-functional catalyst consisting of metallic nanoparticles
economically transtorm the chemical energy and a reducible oxide. In cases (a) and (b), Ni atoms are at cationic

and metallic states, respectively.
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10% CH, balanced with Ar and 100% O,. Molar
ratio of CH, to O, in the mixture of the two
gases is always 1:5. By using 500 mg NiCo,0,
catalyst, the GHSV is 12,000 ml 10% CH, g~ h™,
which is equivalent to 240,000 ml 0.5% CH, g'l h
1 or 1,200 pure CH, g* b at this GHSV, the
conversion of CH. at 350°Cis 100% .
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Figure 3 Photoemission features of Ni 2p, Co 2p, O 1s, and C 1s of NiCo,0, at
different temperatures during catalysis in CH,and O, with a molar ratio of 1:5
at Torr pressure range.

of CHy to electricity through catalytic combustion to drive
gas turbines at industrial scale, it is necessary to design
efficient catalysts made of earth-abundant elements which
are highly active for complete combustion of methane.

Here we propsoed to integrate two different catalytic
sites to perform the catalytic cycle of CH4 combustion. One
is a site (A) to dissociate CHy; the other is a site (B) to
dissociate molecular O,. We integrated sites A and B at the
atomic scale on the same surface of a catalyst particle to
avoid the necessity of spillover across surfaces or/and

interfaces, which may be slow and thus reduce the efficiency of the reaction.
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Figure 4 Track of evolution of products of (a) CH4 combustion in 028 on NiCo,02%, and (b) CH,
combustion in 02 on isotope-replaced catalyst NiCo,0315,0%8. To exclude the possibility that
gas expansion at high temperature or fast diffusion of molecules from reaction cell of AP-XPS to
UHV chamber of mass spectrometer results in an increase of partial pressure of product
molecules, Ar gas was introduced as a reference gas (background) to the reaction cell. No any
change of the partial pressure of Ar along the increase of reaction temperature (a and b) shows
that the increase of partial pressure of CO, and H,O is not due to thermal expansion of gas or
faster thermal diffusion of product molecules at a relatively high temperature.

Inspired by the

3 cn i1 high activity of
T1E6 4 wpe swe o |21 C0304 in dissociation
E . sec PP hosus 1 %1° ] of molecular oxygen
| oesrand (02) () to atomic
=58 ; oxygen at a low

1E© temperature and the

high adsorption
1E-10

energy of CH,; on Ni

0 1 2 3 4 5
Time (h) atoms, we
(o) incorporated Ni

atoms into the spinel
Co30, lattice (Figure

1a) and thus
developed a new
catalyst  exhibiting

extraordinarily  high

activity for complete combustion of CH, at a relatively low temperature. Our studies reveal that
methane can be completely combusted in O, at 350°C at a gas hourly space velocity (GHSV) of
1200 ml pure CH,4 per gram per hour on NiCo,0, (Figure 2). In-situ AP-XPS studies shows the
formation of Ogyrtace-C-Osurface iNtermediate (peak 2 in Figure 3d) at a low temperature (<150°C).
Methane combustion on isotope-labeled catalyst NiCo,0.%, 08 confirms that the participation
of surface lattice oxygen atoms and the formation of O tace-C-O"tace intermediate on the
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surface. These studies show that this integration offers a new catalyst made of earth-abundant
elements extraordinarily active for CH4 combustion at a relatively low temperature of 350°C.

2. Catalytic combustion of methane on nonstoichiometric NiO;.x
Semi-mesoporous  nonstoichiometric ; \
nickel oxide was synthesized by preparing
Ni(OH), through a hydrothermal method
(Figure 5a) and a following calcination in
O, at 400°C. The synthesized
nonstoichiometric nickel oxide (NiO1)
appeared as a hexagonal disk (Figure 5b)
COHSiSting of fand0m|y PaCKEd synthesized semi-mesoporous NiO1, (b), and high-resolution TEM
nanocrystals as seen in the high resolution image of a part of semi-mesoporous NiOx., (c).
TEM image (Figure 5c). The synthesized

nickel oxide is highly active ) pr———— g3 8 R ————
- < F CH,+20,—C0,+2H, YE E
for methane combustion at & s f - =09f NiOg., ]
- - c E 1 =
400°C with a conversion of & F_ ! SosF
100% at a GHSV (1,200 ml € 60 f—— joemiioet [} ¢ Q06E  NiOy,,
. . g 50 F—— NiO o *200°CH, 1 / | © 0.5 F
pure CH4/min-gram) (Figure & ,jF—— wocn ! ¢ /7 04 CH,+0,—C0,+H,0
- - [} E —
6). In-situ studies by AP- § o I s | 5323 ]
XPS show that the O/Ni ratio 3 2 F LA To1k
f the as-synthesized NiOpx > of st acg=tEf=t=2"s 1 Y e 70 w0 &
- - T T T T T T T T T T T
IS 0.81 (Figure 7). 250 300 350 400 450 500 Reaction Temperature (°C)

. Reaction Temperature (°C) Figure 7 Atomic ratio (O/Ni) of
Obviously, there are oxygen ; ;
Y: Yo Figure 6 Catalytic performance of  commercial NiO and synthesized NiO,.,

vacancies on surface of the methane combustion on synthesized during catalysis.

Synthesized nickel oxide nonstoichiometric NiO;., stoichiometric

during catalysis. To confirm 20mieEio, 0o s commercl

that the activity of the as-

synthesized catalyst results from the oxygen vacancies, catalytic measurements from methane
combustion on commercial NiO without reduction (O/Ni ratio is 1) and with reduction at
different temperatures (O/Ni ratio is lower than 1) were performed. As shown in Figure 6,
commercial NiO without reduction is nearly not active (only 1% and 2% conversion at 400°C
and 450°C, respectively). The commercial NiO reduced at 200°C, 250°C, and 300°C can convert
6%, 18%, 26% of CH, at 450°C, respectively (Figure 6). AP-XPS studies showed that the O/Ni
ratio of NiO¢mm (without any reduction before catalysis) remains nearly no change (100%)
(Figure 7); however the NiOsynn preserves at ~81% during catalysis in the temperature range of
25°C-400°C (Figure 7). Figures 6 and 7 clearly suggest a correlation of catalytic activity with the
oxygen vacancies of nickel oxide. In addition, AP-XPS studies observed the formed intermediate
at low temperature and preservation of spectator in the whole temperature range.

3. In-situ surface chemistry and catalytic performances of methane partial oxidation for
production of syngas on ceria-doped with palladium, platinum, and rhodium
One of the main applications of CH, is the chemical transformation of methane to syngas

through partial oxidation. Doped CeO; is one type of catalysts active for methane partial
oxidation (MPO) reported in literature (3). Here we performed a fundamental study of MPO on
this type of catalysts through in-situ characterizations of the surface chemistry during catalysis
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Figure 8 TEM images of Rh-CeO,-H,

and measurements of the corresponding catalytic performances
(4). CeOj-based catalysts prepared with different
pretreatments, including Pd-CeO,-air, Pd-CeO;-H;, Pt-CeO,-
air, Pt-CeO,-H,;, Rh-CeO,-air, and Rh-CeO,-H;, were
synthesized through doping noble-metal ions in the synthesis
of CeO, nanoparticles. The catalytic activity and selectivity in
the production of H, and CO through MPO on these ceria-
based catalysts as well as their surface chemistries during
catalysis were investigated (4). Those catalysts exhibit quite
different catalytic performances in MPO under an identical
catalytic condition.

Correlations between the catalytic performances of these

?Zf’a,yf}ﬁ’,’ce"z’”” before. and after catalysts (Figure 9) and their corresponding surface chemistries
during catalysis

e "l (Figure  10) were
- 2 g built. Among these
W £ : u catalysts, Rh-doped
% . CH4+1/202~>C0(COiiH':h(::;z).air g . CH,+1/20,5CO (coith(/:zzy | % ., CH4+1/202—>CC; :COZ)H-.iz (H,0) CEOz (Figure 8)
T o .mon “meon  exhibited the highest
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Figure 9 Catalytic performance of methane partial oxidation on Rh-CeO,-air and Rh-CeO,-H,.
(a) Conversion of CH, at different reaction temperature. (b) Selectivity for production of H, at
different temperature. (c) Selectivity for production of CO at different temperature.

References

(1) ExxonMobil, The Outlook
for Energy: A View to
2040.
http://corporate.exxonmobi
l.com/en/energy/energy-
outlook, (2013).

Xie, X. W.; Li, Y.; Liu, Z.
Q.; Haruta, M.; Shen, W. J.

)

350 400 450 500 550 600 650 700

Reaction Temperature (°C)

350 400 450 500 550 600 650 700

catalytic activity and

Reaction Temperature (°C)

selectivity in MPO
(Figure 9).
(@l)Rh3d . (b1)Rh3d .
/ (a2)ce3d ; (b2) Ce 3d
s 0 .1,' 600°C 0 ésoo‘*c m
» Y A 500°C !
00 Co W ot X 400°C
) AN A 400°C !
00 ™M gt N W 300°C
A A 300°C ﬂ f :
S e N, i 25°¢
: A25°C
920 910 900 890 880 920 910 900 890 880
316 314 312 310 308 306 Binding Energy (eV)  31¢314 312 310 308 306 Binding Energy (eV)

Binding Energy (eV)

Binding Energy (eV)

Nature 458, 746 (Apr, Figure 10 In-situ studies of surface chemistry of Rh-CeO,-air and Rh-CeO,-H, during

2009)- catalysis at different temperature. (al) Rh 3d of Rh-CeO,-air; (a2) Ce 3d of Rh-CeO,-
(3) Tang, W.; Hu, Z.; Wang, air; (b1) Rh 3d of Rh-CeO,-H,; (b2) Rh 3d of Rh-CeO,-H,.
M.; Stucky, G. D

Metiu, H.; McFarland, E. W. J. Catal. 2010, 273, 125-137 (2010).
(4) zZhu, Y.; Zhang, S. R.; Shan, J. J.; Nguyen, L.; Zhan, S. H.; Gu, X. L.; Tao, F.; ACS Catalysis 3,
2627 (2013).

45



Publications Acknowledging this Grant in 2012-2014

1.

10.

11.

12.

13.

14.

15.

16.

Shan, J.; Huang, W.; Nguyen, L.; Yu, Y.; Zhang, S.; Li, Y.; Frenkel, A.; Tao, F. “Conversion of
methane to methanol with a bent mono(u-oxo)dinickel anchored on internal surface of micro-pores
oxide”, Langmuir, 2014, accepted.

Zugic, B.; Zhang, S.; Bell, D.; Tao, F.; Flytzani-Stephanopoulos, M. “Understanding the Low-
Temperature Water-Gas Shift Activity of Platinum Catalysts Mediated by Pt-Na-OH Stabilization on
Carbon Supports”, J. Am. Chem. Soc. 2014, 136, 3238-3245.

Zhang, S; Shan, J.; Zhu, Y.; Frenkel, A; Patlolla, A; Huang, W; Yoon, S; Wang, L.; Yoshida, H.;
Takeda, S.; Tao, F. “WGS Catalysis and In-situ Studies of CoO;, PtCo,/C030,, and Pt,,C0,,/C001.4
nanorod catalysts”, J. Am. Chem. Soc. 2013, 135, 8283-8293.

Sneed, B.; Brodsky, C.; Kuo, C. H.; Lamontagne, L.; Jiang, Y.; Wang, Y.; Tao, F.; Huang, W.;
Tsung, C. K.; “Nanoscale-Phase-Separated Pd-Rh Boxes Synthesized via Metal Migration: An
Archetype for Studying Lattice Strain Effects in Catalysis”, J. Am. Chem. Soc. 2013, 135, 14691-
14700.

Zhang, S.; Shan, J.; Zhu, Y.; Tao, F., “Restructuring Transition Metal Oxide Nanorods for 100%
Selectivity in Reduction of Nitric Oxide with Carbon Monoxide”, Nano Letters, 2013, 13, 3310-3314.
Zhang, S.; Nguyen, L.; Zhu, Y.; Zhan, S.; Tsung, S.; Tao, F. “In-situ Studies of Nanocatalysis”, Acc.
Chem. Res. 2013, 46, 1731-1739.

Zhu, Y.; Zhang, S.; Shan, J.; Nguyen, L.; Zhan, S.; Gu, X.; Tao, F. “Catalytic performances and in-
situ surface chemistries of ceria doped with palladium, platinum and rhodium in methane partial
oxidation for production of syngas ”’, ACS Catalysis, 2013, 3, 2627-2639.

Wang, L.; Zhang, S.; Zhu, Y.; Patlolla, A.; Shan, J.; Yoshida, H.; Takeda, S.; Frenkel, A. I.; Tao, F.
“Catalysis and In-situ Studies of RhCo, Nanoclusters Supported on Co;04 Nanorods”, ACS Catalysis,
2013, 3, 1011-1019.

Shan, J. J.; Zhu, Y.; Zhang, S.; Zhu, T.; Rouvimov, S.; Tao, F. “Catalytic Performance and In-situ
Surface Chemistry of Pure a-MnQO, Nanorods in Selective Reduction of NO and N,O with CO”, J.
Phys. Chem. C. 2013, 117, 8329-8335.

Nguyen, L.; Cheng, F.; Zhang, S.; Tao, F. “Visualization of Surfaces in Reactive Environments Using
Ambient Pressure Scanning Tunneling Microscopy and Insights on Restructurings of Surfaces of
Model Metal Catalysts under Reaction Conditions at Near Ambient Pressure”, J. Phys. Chem. C,
2013, 117, 971-977.

Tao, F.; Nguyen, L.; Zhang, S. “Design of A New Reactor-Like High Temperature Near Ambient
Pressure Scanning Tunneling Microscope for Catalysis Studies”, Review of Scientific Instruments,
2013, 84, 034101.

Nguyen, L. Zhang, S.; Ye, Y.; Zhu, Y.; Wang, L.; Tao, F. “Visualization of Surface Structure of
Heterogeneous Catalysts under Reaction Conditions or during Catalysis with High-Pressure Scanning
Tunneling Microscopy”, in Book “In-situ Characterization of Heterogeneous Catalysts” edited by
Rodriguez, Hanson, and Chupas, Wiley, ISBN: 978-1-118-00016-8, 2013.

Ma, Z.; Tao, F. “Metal Salt-based Gold Nanocatalysts”, in book “Metal Nanoparticles for Catalysis:
Advances and Applications” edited by Tao, RSC, ISBN: 978-1-78262-033-4, 2014.

Deng, X.; Tao, F. “Application of Soft X-ray Absorption Spectroscopy for In-Situ Studies of
Catalysts at Nanoscale”, in book entitled “Heterogeneous Catalysis at Nanoscale and Energy
Applications” edited by Tao, Schneider and Kamat, Wiley, ISBN: 978-0-470-95260-3, 2014.

Ma, Z.; Tao, F.; “Development of new Catalysts for Removing CO from H,”, in book entitled
“Heterogeneous Catalysis at Nanoscale and Energy Applications” edited by Tao, Schneider and
Kamat, Wiley, ISBN: 978-0-470-95260-3, 2014.

Wen, C.; Zhu, Y.; Ye, Y.; Cheng, F.; Wang, P.; Tao, F. “Water-Gas-Shift Reaction on Metal
Nanoclusters Encapsulated in Mesoporous Ceria Studied with Ambient Pressure X-ray Photoelectron
Spectroscopy”, ACS Nano, 2012, 6, 9305-9313.

46



17.

18.

19.

20.

21.

Pei, Y.; Zhou, G.; Nguyen, L.; Zong, B.; Qiao, M.; Tao, F.; Synthesis and catalysis of chemically
reduced metal-metalloid amorphous alloys”, Chem. Soc. Rev. 2012, 41, 8140-8612.

Gu, J.; Zhang, Y.; Tao, F. “Shape Control of Bimetallic Nanocatalysts through Well-designed
Colloidal Chemistry Approaches”, Chem. Soc. Rev. 2012, 41, 8050-8065.

Tao, F.; Zhang, S.; Nguyen, L.; Zhang, X. “Action of Bimetallic Nanocatalysts under Reaction
Conditions and during Catalysis: Evolution of Chemistry from High Vacuum Conditions to Reaction
Conditions”, Chem. Soc. Rev. 2012, 41, 7980-7993.

Zhu, Y.; Zhang, S.; Ye, Y.; Zhang, X.; Wang, L.; Cheng, F.; Tao, F. “Catalytic Conversion of Carbon
Dioxide to Methane on Cobalt-ruthenium Bimetallic Nanocatalysts and Correlation between Surface
Chemistry of Catalysts under Reaction Conditions and Catalytic Performances”, ACS Catalysis 2012,
2, 2403-2408.

Sun, B.; Xu, K.; Nguyen, L.; Qiao, M. H.; Tao, F.; ""Preparation and Catalysis of Carbon-supported
Iron Catalysts for Fischer-Tropsch Synthesis”, ChemCatChem, 2012, 4, 1498-1511.

47



Joshua S. Figueroa
Modeling Catalytic and Stoichiometric Intermediates with Transition-Metal Isocyanides

Joshua S. Figueroa (PI), Douglas W. Agnew, Alex E. Carpenter and Treffly B. Ditri
Department of Chemistry and Biochemistry, University of California, San Diego

ABSTRACT

Encumbering m-terphenyl isocyanides have been used to kinetically stabilize high-reactive,
coordinatively unsaturated transition-metal complexes. In several cases, these unsaturated metal
isocyanides serve as direct analogues to the unsaturated binary carbonyls. Importantly,
unsaturated binary metal carbonyls have been implicated as catalytic protagonists or
intermediates in several transformations mediated by saturated metal-carbonyl precursor
complexes. In this presentation, new results relevant to the modeling of homo- and heteroleptic
unsaturated metal carbonyl complexes by m-terphenyl isocyanides are presented. Specific
attention is paid to the isolation and characterization of important catalytic intermediates in
electrocatalytic CO; reduction by Group 7 metal [XM(CO);L,] complexes (M = Mn, Re; X =
halide, pseudohalide). In addition, new reactivity patterns of unsaturated metal isocyanide
complexes with small-molecule substrates are presented and contextualized to carbonyl
analogues where appropriate. For these latter investigations, an expanded library of sterically and
electronically diverse m-terphenyl isocyanides has been prepared and used to further refine

electronic-structure/function properties of this class of complexes.

DE-SC0008058: Bond-Formation and Catalysis by Base-Metal Unsaturated Isocyanides

Student(s): Douglas W. Agnew, Alex E. Carpenter and Treffly B. Ditri

RECENT PROGRESS

Specific Goal # 1 — Mn-Based Electrocatalysts: The major recent results for this award include
the detailed characterization, the spectroscopic properties and the reaction chemistry of the Mn-
monoradical complex Mn(COh(CNArDipp %),. This species is a key intermediate in Group 7 metal
electrocatalytic CO; reduction sequences and is the first to be isolated and studied in detail by a
complement of spectroscopic and synthetic techniques. As described, Mn(CO);(CNATr>""?),

displays an intriguing reaction chemistry with a diverse host of substrates. It is shown that this
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species is not competent for CO, activation, which is a main finding of the work. The

interconversion
between
Mn(CO)3(CNArPPP?
) and the mono-
hydride  complex
HMn(CO);(CNAr™
P2y, was  also

explored in detail

and it is shown that

o

Figure 1. Synthesis, solid-state structure and EPR characterization of
Mn(CO);(CNArP??),

neither complex is a major contributor to a productive CO, reduction sequence. However, the k'-

formate complex HC(O)O-Mn(CO)3;(CNAr"P?), has been prepared by an independent route and

is shown to decompose with CO, loss HMn(CO);(CNATr""?), via a mechanism not previously

considered for Group 7 MLs electrocatalysts.

Also described are synthetic and spectroscopic efforts leading to an extensive library of

electronically
diverse m-
terphenyl
isocyanide
ligands. As a
result of this
study, topological
and electronic
criteria have been
established for the
construction  of
isocyanide ligands
that present a

significant -

co
N=C —Mn—C=N

>~ odl €0 _

N=C—Mn—C=N
>~ oc 0 <

Figure 2. One-electron, substrate-reduction reactions accessible to
Mn(CO);(CNArP™),. All complexes have been structurally characterized.

acidic ligand field akin to carbon monoxide (CO), but that also promote coordinative

unsaturation.
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Specific Goal # 2 — Co-Based Substrate Activation Reactions: Synthetic studies and pK,
measurements have been conducted on the full series of cobalt monohydride complexes
HCo(CNAr*?),.,(CO),. These studies have sought to establish the relative nuceophilicity this
cobalt system toward exogenous substrates, with CO, being the target of interest. The major
result of this work is that the relative pK, changes as a function of isocyanide ligand have been
established. Recent results also demonstrate the reactivity patterns available to the
HCo(CNArM*?),,,(CO), complexes, as well as the tris-isocyanides (1°~PPN)Co(CNAr"*?);
(PPN = [Ph;P=N=PPh3]") and Co(SiR3)(CNAr™*?); (R = Me or Ph), with CO,.
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Presentation Abstract

A fitting methodology for empirical exchange-correlation functionals is presented. The
method reproduces catalysis-relevant benchmark materials and chemical properties
reasonably, while allowing for a quantitative error estimation ensemble to be
constructed. The uncertainties on different but related materials properties are typically
correlated, and the error estimation ensemble reproduces to some extent such
correlations, while being flexible enough to calculate uncertainties on any property
calculate by density functional theory. Often, density functional theory results are used as
input to subsequent layers of modeling. The use of density functional theory calculations
to parameterize microkinetic models in catalysis is one such use of compounded models.
If the uncertainty ensemble reproduces the correlated errors well, it means that
uncertainties on conclusions based on a compounded model can be accurately evaluated
by establishing compounded models for every functional instance in the error ensemble
and evaluating the statistical properties of these compounded models. We utilize this
general approach for analyzing the electronic structure uncertainty on catalytic rates over
a range of transition metal catalysts. In general the estimated error is significantly
reduced due to correlations in the error between various intermediates and surfaces,
which highlights the need for systematic methods of error estimation. Uncertainties are
shown to be a complex function of reaction condition and catalyst material, and we
demonstrate that relative rates between different catalysts are better described than the
absolute rates.

FWP-10049: SUNCAT Center for Interface Science and Catalysis
Task 1: Method Development

PIs: Jens K. Norskov (SUNCAT lead-PI), Thomas Bligaard (Task 1 Lead), Jens Strabo
Hummelshgj
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RECENT PROGRESS
Over the past couple of decades, electronic structure simulations, especially in the

form of density functional theory (DFT), have had a profound impact on the detailed
understanding of catalysts, catalytic mechanisms, and catalytic processes. This
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impact has relied on the wide availability of highly optimized electronic structure
codes with continuously improving exchange-correlation approximations. A
fundamental tenet underlying SUNCAT is that theory even has the potential to play a
key role in addressing the fundamental challenges associated with the design of
catalysts for novel chemical transformations of interest in energy conversion and
storage. In order to harvest this potential, further integration between theory and
many aspects of catalysis experimentation is needed, and many aspects of theory
have to be improved. The Method Development Task at SUNCAT aims to unleash the
potential of theory in transition metal surface catalysis by devising efficient and
reliable simulation methods and models, create large amounts of high-accuracy
simulation data for well-defined model systems, and make the methods and the data
available not only to the other SUNCAT theory tasks but to the catalysis community
in general. The ambition is to enable faster, more accurate, and more reliable
modeling of catalytic systems. This will ultimately enable further integration of
modeling and experimentation for the design of catalysts for novel processes. Our
approach follows two parallel paths, the development of improved accuracy
exchange-correlation functionals with error estimation capabilities, and the
development of web-tools to store and analyze massive amounts of simulated
catalysis data.

Bayesian Error Estimation Functionals

We have developed an exchange-correlation (XC) functional that allows for the
accurate simultaneous treatment of covalent, metallic, and van der Waals bonding,
and which offers quantitative error estimation. Accurate simulations of larger and
more realistic systems are computationally intensive, and density functional theory
(DFT) currently provides an attractive compromise between accuracy and speed.
The accuracy of DFT, however, relies on our ability to find good approximations to
complicated quantum mechanical effects through the exchange-correlation
functional. Very good functionals have been established for separate materials
properties, such as e.g. bulk metals and solids, covalent molecular bonding,
adsorption, and van der Waals complexes. Simulations relevant in catalysis studies
often involve a number (or all) of these different types of bonding. A functional that
simultaneously improves e.g. surface energies, cohesive energies, covalent bonding,
and van der Waals bonding is highly desirable. Traditionally, two main avenues of
functional development exist, one where exact bounds for simple systems are used
to derive functionals that fulfill “reasonable” design criteria, and one where the
functional is fitted to accurate databases of small systems. Currently, functional
development typically involves some aspects of both approaches.

In order to substantiate the reliability of the scientific conclusions drawn from a
catalysis simulation, an understanding of the errors in the underlying calculations is
essential, such that these can be combined with a sensitivity analysis to establish
confidence in the results. When following a fitting approach, it is possible to use
ensemble ideas to establish such a quantitative error model. We have therefore
taken a fitting approach to establish the Bayesian Error Estimation Functional with
van der Waals interactions (BEEF-vdW). The resulting BEEF-vdW functional is not
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extremely good at simulating any specific property, but establishes a “reasonable”
compromise between all the represented properties.

We have established a very flexible basis for representing the XC-functional which
we optimize using Tikhonov regularization and cross-validation methods from
machine learning. We have demonstrated that this yields well-behaved
approximations in flexible model spaces, thus avoiding over-fitting. The primary
variational freedom in the BEEF-vdW functional is introduced through variations in
the exchange enhancement factor.

For complex van der Waals bonded systems, which are difficult for many other
functionals does a very reasonable job. Also for more simple reactions, such as
hydrogenation of CO and CO; to methanol over transition metal surfaces, the BEEF-
vdW shows significant quantitative improvements in the descriptions of the
reaction energetics.

Improving the Catalysis-Relevant Data

Fitting improved ensemble exchange correlation functionals to catalysis relevant
properties requires three basic ingredients: A functional form that is flexible enough
to allow for an accurate fit, good methods for systematically avoiding challenges
with over-fitting, and accurate data for a broad palette of catalysis-relevant
properties. In our opinion, the currently weakest point of the three key ingredients
is the availability of accurate adsorbate-surface interaction data. We thus work with
leading experimental experts on establishing databases of reliable experimental and
theoretical adsorption energetics. Together with Professor C.T. Campbell we have
recently established a set of 25 adsorption processes for which we are making or
have high quality single crystal adsorption calorimetry data and computations at
various levels.

Improving the Fitting Methodology

Fitting complex functionals requires careful avoidance of over-fitting. We currently
avoid over-fitting by performing Tikhonov regularization with bootstrap cross
validation, and by using a “smoothness” norm on the Tikhonov penalty functional,
where we define the measure of “smoothness” as an integral of the weighted
absolute values of the second derivatives of the exchange enhancement factor. We
have recently extended this methodology to define a measure of smoothness for a 2-
dimensional exchange enhancement factor. This has been done in a way, which
avoids cross validation in more than one dimension. We have utilized this new
methodology to design the first Bayesian Error Estimation Functional that includes
second derivatives of the electron density (a so-called meta-GGA).

We have then implemented functional fitting with Tikhonov regularization in other
norms than the L2 norm. This for example gives access to self-consistently detect
outliers in the benchmark data, and to down-weigh outliers systematically, thus
carrying out more robust fitting. We have tested this methodology systematically,
and consistently obtain better fits (with smaller bootstrap-estimated prediction
errors). The robust fitting methodology has been applied to the problem of
determining a meta-BEEF functional that includes van der Waal’s interactions, and
very promising results have been obtained.
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Catalysis Informatics

We have designed a stand-alone web applet called CatApp that allows online access
to a repository of catalysis-relevant adsorption data from SUNCAT and other
catalysis simulation groups.

The CatApp was first designed as a graphical user interface to the CMR, but soon it
became a stand-alone web applet with client-side data. This enables facile access to
a database of the results of electronic structure calculations of catalysis-relevant
properties. It is implemented as a web application in JavaScript, SVG, and HTML, and
runs in any modern web browser without any plug-ins. The code and data are
downloaded when the application is accessed for the first time, and are kept in the
local storage of the browser. This feature allows the user to use the applet even if
there is no Internet connection. Very importantly, it also guarantees the user
complete privacy, since all queries are performed locally, and not by connecting to
our server. On startup, the application will look for any updates to the application
code or newly available data, and update itself.

The idea behind the CatApp is that the development of new catalysts could
potentially be accelerated significantly if the broader catalysis community had
access to systematic data for accurate activation and reaction energies of
elementary surface reactions. Such a database would enable the search for new
catalyst leads. Ideally, data would come from detailed, systematic experiments, but
it is generally not possible to find such data, and electronic structure calculations
provide a powerful alternative. We have introduced a set of calculated reaction and
activation energies for a large number of elementary surface reactions on a series of
metal single-crystal surfaces, including surfaces with defects such as steps. The
database includes reaction energies for all surface reactions that involve C-C, C-H, C-
0, 0-0, O-H, N-N, C-N, O-N, and N-H splitting for molecules with up to three C, N, or O
atoms on close-packed face-centered cubic fcc(111), hexagonal close-packed
hcp(0001), and body-centered cubic bcc(110) surfaces, as well as stepped fcc and
hcp surfaces of Ag, Au, Co, Cu, Fe, Ir, Mo, Ni, Pd, Pt, Re, Rh, Ru, Sc, and V. It also
presents C and O adsorption energies on more than thousand transition metal
alloys. For reactions for which an activity volcano has been established in terms of
the adsorption energies of O and C, this for example makes it possible to get
inspiration about which alloys to look at as novel catalyst leads. We have used this
feature for example in the search for novel catalysts for anhydrous formaldehyde
synthesis from methanol and steam reforming.

The application is not only available to the catalysis community for free, but has also
been open for contributions from non-SUNCAT researchers and research groups in
form of submission of computational data for surface reactions to the database upon
publication. Each piece of data in the CatApp is tied to information about the paper
in which it was first published. This gives access to the details about how the
calculations were performed, hence turning the CatApp into a search tool for
published simulations.

There is ample scope for making the database better and more useful by including
more surface structures including nanoparticles, uncertainties in the simulations as
established by a Bayesian Error Estimation Ensemble, and by integrating it with
other databases of materials properties. CatApp can thus provide the most basic tool
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for looking up reaction energies and activation energies over well-defined surface
facets, and can serve as a starting point for building more advanced data-mining
tools.

The CatApp currently allows access to information about the reaction energies and
barriers of a few thousand surface chemical processes, essentially one at a time. This
can be useful if one is interested in one particular process. Often, however, we wish
to use the data to get an overview of activity or selectivity trends, inspiration for
which experiment one should do next, or to figure out whether or not a given
catalyst lead is expected to be active and stable under specific reaction conditions.
This is the tool that we are currently developing the CatApp into.

Integration of Reaction Cycle Analysis

The central tool in catalysis studies that DFT helps establish is the potential energy
diagram for the reaction cycle. We shall develop an interface for CatApp through
which the user can specify a desired catalytic cycle, in terms of elementary
reactions. The CatApp will then draw the potential energy diagram for the full
reaction cycle based on the elementary reactions currently included in the CatApp.
This will give the user a first overview of a given reaction of interest, showing which
elementary steps can be problematic due to large barriers or too strong/weak
adsorption of intermediates. To take this analysis tool one step further, we shall
extend the simulation data available in the CatApp to include the atomic structures,
such that the user easily can view the atomic configurations underlying the
processes shown in the potential energy diagrams simply by clicking on the
appropriate parts of the diagram. The data is also being extended to include
vibrational frequencies for adsorbed species and frequencies and gas phase
entropies for reactant and product molecules, such that zero-point energy, Cy-
contributions, and entropic contributions can be established, and Gibbs free energy
diagrams for the catalytic cycle can be accessed.

We are designing algorithms that can aid the user by automatically decomposing a
given gas phase reaction into appropriate catalytic cycles of elementary reaction
steps present in the CatApp. Currently, this allows the user to not only obtain the
exact set of mechanisms originally specified, but we are working on also having the
app obtain a new set of “system-proposed” mechanisms that can be considered
further. This type of web-based tool design marks the first significant step toward
turning the CatApp into an actual “research tool”. The natural way to make our
research available to the community and the public in a transparent fashion is to
allow open access not only to data, but also the analysis tools we use. Conversely,
the natural way to analyze and access our own research data in a scalable way that
allows for intra-group and inter-group collaborations, while ensuring full
reproducibility, is exactly through the kind of loosely coupled REST-API structure
that CatApp is built upon. A central goal is thus that CatApp becomes not just a
graphical interface to our research results, but also the actual research platform for
the work performed at SUNCAT.

Integrated Methods for Catalyst Screening and Genomics
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The CatApp is intentionally not limited to specific experimentally observed surfaces
or observed surface processes. This relates to our perspective, that if we want the
simulations to contribute new knowledge and to enable us to address questions
such as: “Which of several different mechanisms is the relevant one?” Then we need
to include both the experimentally observed and alternative mechanisms. In
addition, the mechanisms may change with the reaction conditions, such that
different but similar processes may be relevant under differing circumstances. This
naturally raises the question of whether a given surface in the database can exist at
all under reaction conditions, and whether the underlying crystalline structure is
the experimentally relevant one to be considered. We are thus working on
algorithms to identify the most relevant (experimental) structure to help the users
of CatApp to obtain not just the data they ask for, but the data “they need”.
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Presentation Abstract

Our group has been using bridging phosphinoamide ligands to investigate -early/late
heterobimetallic complexes. The metal-metal interactions in these compounds provide a unigue method
for tuning redox potentials and promoting o bond activation processes. In an early example of this
phenomenon, a representative tris(phosphinoamide)-supported Zr/Co complex was shown to undergo
two-electron reduction at a potential 1 VV more positive than a monometallic Co tris(phosphine) analogue.
Once reduced by two electrons, the resulting coordinatively unsaturated Zr/Co complexes have been
shown to undergo one-, two-, and four-electron transfer processes, activating a wide variety of ¢ bonds
(e.g. O-H, N-H, C-X) and = bonds (e.g. the C=0 bond in CO,). The reactivity of Zr/Co heterobimetallic
complexes has been applied to several catalytic processes, including Kumada cross-coupling and the
hydrosilylation of ketones and aldehydes, and it has been demonstrated that both metal centers play a
crucial role in catalysis. Computational investigations into the nature of the Zr/Co bonds in
tris(phosphinoamide) systems reveals a relatively weak donor/acceptor interaction in Zr'VCo' complexes,
but much stronger metal-metal bonding in reduced Zr'VCo™ species (oxidation states firmly established
using XANES) with both ¢ and = contributions. Extension of the tris(phosphinoamide) framework to a
variety of different metal-metal combinations has been pursued in an effort to expose new reactivity
patterns and provide fundamental insight into metal-metal bonding involving first row transition metals.
The bonding between early and late first row metals in V/Fe, Cr/Fe, and Cr/Co complexes is much
stronger, but this appears to hinder reactivity rather than promote more facile transformations. Ti/Co
complexes are under further investigation but appear more promising. We have also investigated homo-
bimetallic complexes in which the two metals are differentiated by their vastly different coordination
environments (tris(amide) vs tris(phosphine)) and investigations into cooperative small molecule
activation reactivity are underway.
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RECENT PROGRESS

Scheme 1. Further exploration of CO, reactivity with reduced heterobimetallic Zr/Co complexes

suggests a mechanism involving initial coordination and one-electron transfer occurring at the Zr
site.
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Scheme 2. The C=0 bond of ketones is cleaved across heterobimetallic Zr/Co bonds in a similar
fashion to CO, via a one-electron-transfer mechanism involving ketyl radical intermediates
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Figure 1. A fundamental study involving systematic variation of ligand substituents reveals that
the electronic nature and reactivity of the heterobimetallic Zr/Co complexes is remarkably
sensitive to variations in aromatic amide substituents.
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Figure 2. Examination of heterobimetallic combinations featuring first row metals reveals more
covalent interactions with variations in bond order as a function of metal-metal combination,
electron count, and axial ligand substitution.
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Scheme 3. Heterobimetallic chemistry has been extended to Ti/Fe and Ti/Co, with Ti in both the
Ti(IV) and Ti(lll) oxidation state.
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Presentation Abstract

The bulk composition dependent dissociative adsorption energy of hydrogen on CuPd alloys has
been measured experimentally and modeled using density functional theory. The hydrogen
adsorption energy cannot be simply defined by a single reactive site, nor as a composition
weighted average of the pure metal components. Detailed modeling of such systems is difficult
due to the distribution of active sites with varying composition, site-dependent, and effects such
as segregation. We utilized a composition spread alloy film approach to measure the kinetics of
hydrogen dissociation on Cu-Pd alloys as a function of composition. We developed a modeling
approach that uses a basis of active sites to estimate the bulk composition dependent adsorption
energy, weighted by the site probability distribution for a random alloy. With this method we can
explain the composition dependent adsorption energy on Cu-rich alloy surfaces with relatively
little computational effort. Deviations from predicted trends in the Pd-rich region can also lend
insight into the experimental results at an atomistic level. In Pd-rich alloys a Pd-hydride phase
forms which results in deviations from adsorption on the metallic alloy surface.
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RECENT PROGRESS
Discovery of a new Fe-based molecular electrocatalyst for oxygen evolution

We demonstrated that a carbon-black immobilized prototype tetra-amido macrocyclic ligand
(TAML) 1 can electrocatalytically oxidize water

(Reference 1). The significance of this finding is that the :
molecular catalyst is based on Fe, a cost-effective, earth NTper N
abundant element, and the catalyst is oxidatively stable. It @EN

- ( 0 CH,
is expected that better, more active electrocatalysts may o)
be made by modifying the ligands on 1.
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Prediction of metastable oxide polymorphs

Different polymorphs of oxides can have very different catalytic properties. For example, anatase
TiO; is a better photocatalyst than rutile TiO,, and the brookite polymorph is a better
photocatalyst than either of those polymorphs. The challenge is how to make these different
polymorphs, since they tend to be metastable. Pressure is one way to favor the formation of a
low-volume polymorph. Polymorphs may also be stabilized as epitaxial thin films. In Reference
2, we illustrated a methodology to estimate the relative stabilities of BO, oxide polymorphs to
identify potential candidates for epitaxial stabilization. A schematic of the methodology is shown
below for RuO,. It can be seen that the anatase polymorph is much higher in energy than the
known rutile polymorph, and it is probably
inaccessible by epitaxial stabilization (and
since it is a larger volume phase it cannot
be reached by pressure. The columbite

polymorph, on the other hand, falls in a 20 G l\ Estimated Epitaxial
window of metastability that we Of oo WeeStable. V] sepiiy indow
hypothesize makes it a candidate for 242028 30 32 34 36 38 40 42

epitaxial stabilization.
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Relating the electronic structure and reactivity of the 3d transition metal monoxide surfaces

Another goal in this project has been to identify descriptors for oxide surface reactivity. In
Reference 3 we describe a successful identification of a descript for the 3d metal monoxide
surfaces. We recognized a simple structural transformation of an fcc metal to the rocksalt
structure. One first expands the metal, and then inserts an fcc lattice of oxygen atoms. We used
these steps to identify changes in the adsorption of oxygen on each surface due to the expansion,
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and sites modeled for each step.

and lattice oxidation. The adsorption on the metals was well described by the d-band model, and
we examined each step as a perturbation of that model. We found that for this system, the
oxygen p-band and d-band were moderately coupled, which led to the identification of the
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oxygen p-band center as a reasonable descriptor for the adsorption energy of oxygen on all three
surfaces, with only a few exceptions.

Reproducible Research Tools

We have made significant progress in developing tools for documenting and sharing research
methods and results. We now document all of our work in a plain text-based format called org-
mode. This format enables one to embed source code into documents, run the code and capture
the output. Additionally, one can embed images, links, and export the format to a variety of
different formats including HTML and PDF. The PI gave a talk on this methodology at the 2013
Scipy conference (http://www.youtube.com/watch?v=1-dUkyn_fZA) which has been viewed
over 12,000 times already. The code we use for this is available at
http://github.com/jKkitchin/jmax.

The power of this new approach is best illustrated by the published papers prepared by us in org-
mode (references 2-4 at the end). Notably the supporting information files contain complete
records of how the work was done, the actual data, how the data was analyzed, and how the
figures were prepared. All future publications are being prepared in this fashion.
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William D. Jones

A Systematic Investigation of Ligand Effects on the Energetics
of C-H Activation at Rhodium in Tp'Rh(L)(R)H Complexes

William D. Jones, Meagan E. Evans, James Morris, and Yunzhe Jiao
Department of Chemistry, University of Rochester, Rochester, NY 14627
E-mail: jones@chem.rochester.edu

Presentation Abstract

A series of kinetic measurements of Tp'Rh(L)(R)H complexes (where L = CNneopentyl,
PMes;, P(OMe);; R = alkyl, aryl, vinyl, benzyl, allyl, and CH,X (X = CN, C=CMe,
CH,C(=O)CHs, and others; Tp' = tris-(3,5-dimethylpyrazolyl)borate) have been used to
determine relative metal-carbon bond energies in these compounds. A thermodynamic
analysis allows for the extraction of an increase in bond energy for R groups in which the
corresponding anion is resonance i

stabilized, associated with an increase in

/1
the iqnic contributign to metal-carbqn How does this ligand OT Eb IO
bonding. Trends will be analyzed in NI affect this bond?

terms of inductive vs. resonance N R“\ L
contributions to the bonding. The bond (CNR vs MesP vs (MeO),Pf \‘H’
energies will be used to establish factors R

controlling regioselectivity.
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PI: William D. Jones
Students: Meagan E. Evans, James Morris, and Yunzhe Jiao

RECENT PROGRESS

Summary

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 methane substrates (CH3X) and fundamental studies of their effects on
metal-carbon bond strengths (M-CH,X); (2) C—H bond activation in terminal aryl and alkyl
alkynes; (3) C—CN cleavage vs. C—H cleavage in nitriles; and (4) DFT studies of the above
reactions. These results have been disseminated in the current 3-year grant cycle in the form
of 14 publications. Specific accomplishments of this grant period include:

(1) We have measured and quantified experimentally and theoretically the
rhodium-carbon bond strengths in 7_terminal alkyne complexes (Rh—C=CR). This has been
done with Tp'Rh(CNR), Tp'Rh(PMes), and Tp'Rh[P(OMe)s] substituted systems.8

(2) We have made a breakthrough in our understanding of metal-rhodium bond strengths
by the examination of the kinetics and thermodynamics of C—H bond activation in several
substituted methyl derivatives (Rh—CH,X). These derivatives all show a strong effect of
substitution at the a-carbon attached to rhodium. The shocking result is that these
substitutions usually weaken the Rh-C bond, not strengthen it.”

(3) We have extended this work to investigate the effect of the spectator ligand on the
metal-carbon bond strength in Tp'Rh(PMes) and Tp'Rh[P(OMe);] substituted systems.>*'°

(4) We have answered the question "what makes the [Ni(dippe)] fragment react so
differently than the [Tp’'Rh(CNR)] fragment with the same substrates?" This was done by
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comparing reactivities of [Tp'Rh(PMeg)] [Cp*Rh(PMe3)], [Cp*Rh(CNR)] [Rh(dlppe)] and
[Pt(dippe), allowing comparison of Tp' vs Cp*, PMes vs. CNR, and d'® Rh vs. d'° Ni/Pt. The
bottom line: it’s the isocyanide that is respons1ble for the unusual change in selectivity.>~*°

(5) We determined the complete mechanism of C-CN vs. C-H activation of
2-methyl-3-butene nitrile (2M3BN) by [Ni(dippe)] using DFT, which is critical to the DuPont
synthesis of Nylon from butadiene. The study includes some 36 intermediates and transition
states. These results compare favorably to our earlier experimental investigations of this
system, and provide deeper understanding as to what controls selectivity. Solvent effects are
incredibly large. ngand effects on selectivity are also large (e.g., phosphine vs.
N-heterocyclic carbene).!

(6) The PI has also participated and pubhshed in the Organometallics Roundtable and
investigated new nickel PONOP complexes’ and disulfide add1t10ns to [Ni’“NHO)]."? A
book chapter was written on metal mediated C-C bond activation.'*

C—H Activations of Substituted Methyl Derivatives using Tp'Rh(CNR).

The reaction of the fragment [Tp'Rh(CNR)] generated either by irradiation of the
carbodimide or by loss of RH from Tp'Rh(CNR)(R)H with a variety of substituted methanes
(CH3X and CH,F,) were examined and found to give cleanly single products (Scheme 1).
Each of these products was then examined for the barrier to reductive elimination in benzene
to obtain AG for the elimination. Competition experiments were examined in benzene to
give AAG* values. As above, these values

were used to then obtam relative Scheme 1. Reactions with substituted methanes.
rhodium-carbon bond strengths for these H
substituted derivatives. A full account /7"\
- 2

appeared in JACS recently. o ﬁ‘} Né

Figure 1 shows a plot of the &N\h‘ .
metal-carbon bond strengths of the ﬁ\
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example, Tp'Rh(CNR)(CH,CN)H must \CF3 oo
be heated to 100 °C to induce reductive 5 6 7

H

RNC“'

70



elimination (t = 3 d), whereas I

Tp'Rh(CNR)MeH loses methane at| - 7 p_C'(;fg;ﬁ_'BZ%S;':’A;T,\ES’Q’GW
22 °C with a tj; of about 5 h. Why
does the molecule with the weaker
Rh—C bond appear to be more stable
(require heating)? The answer is
that when reductive elimination of

15 +

(kcal/mol)

CH,CN

Relative Experimental M-C Bond Strengths

acetonltrlle takes place, a 95 kcal 51 CHF,
mol' bond is formed in the HngzF\/
. 2
transition  state, whereas with sl A )Y CH,CFs
reductive elimination of methane, a Meoc\ / o ON (2.5
105 keal mol ' bond is formed in th Buoct A M (OHION (=29
cal mo ond 1s formed 1n the 25 o cc\ & n-pentyl

.o . . - ‘M H
transition state, which lowers the eArCHZ 3" & ooyl s’

. . . . c-pen
barrier to methane elimination N methallyl‘ peny
compared to acetonitrile elimination. 80 9 100 110 120 130

Another important result is that Carbon-Hydrogen Bond Strengths (kcal/mol)

these bond strengths explain the | Figure 1. Plot of relative experimental M-C bond
regioselectivity of olefin insertions | strengths vs. C—H bond strengths. The solid line is fit to
in a way that has not been previously | the hydrocarbons and aliphatic nitriles -(CH,),—CN (n =
recognized. As shown in equation 1, | 2-5) (m), and the dashed line is fit to the -CH,X substrates
primary alkyl derivatives are | and -CHF, (A). Also shown are —CgFs and —CH,CF; (A),
thermodynamically favored over | which are not included in either fit.

secondary alkyl derivatives.
However, introduction of an electron withdrawing group can reverse the selectivity, favoring
the branched isomer (eq 2). Most organometallic chemists have taken this as an indication
that the electron withdrawing group strengthens the metal-carbon bond, using electronics to
overcome the unfavorable sterics in the branched isomers. Not true, however, as our
bond-strength studies show. The metal carbon

bonds in the branched isomers are actually @ <7

weaker. The real reason for the reversal in . N (1)

selectivity is indicated in equations 3 and 4. It PP l \r\ Ph%{: ~

is the C—H bond that is not even shown that 100%

controls the regiochemistry. In the branched 7

isomer a strong methyl C—H bond is formed ? =s

(100 kcal mol ") whereas in the linear isomer PhsPf >"cN th“‘ie\/ (2)

a weak secondary a-cyano/benzylic C-H oc oC  ¢n

bond is formed! This result suggests that 100%

olefin insertion selectivities need to be <, o

re-evaluated throughout the literature. Fle\i T (3)

C-H Activations of Hydrocarbons using "l ’ th\oé LM

Tp'Rh(L); L = PMes, P(OMe)s). 100%
Similar investigations of termmal alkyne

activations and C—H activations of sp* and sp’ o .

C-H bonds were made with [Tp'Rh(PMe;)] F XPh ( /F ﬂ

(generated by photolysis of Tp'Rh(PMes)H; or

methane loss from Tp'Rh(PMes)(Me)H) and [Tp‘Rh(P(OMe)g)] (generated by methane loss
from Tp'Rh[P(OMe);](Me)H). In both cases, C—H act1vat10n products are obtained. As before,
reductive ehmmatlon barriers in benzene give AG* values, and competltlon experiments with
benzene give AAG* barriers. For each of these metal fragments a series of rhodium—carbon
bond strengths can be determined. These are plotted in Figure 2a for [Tp'Rh(PMes)] and
Figure 2b for [Tp'Rh(P(OMe);)]. As before, two trendlines are observed, one for the parent
hydrocarbons and one for the substituted methyl derivatives. The difference to be noted is
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that with PMe; as spectator ligand, the slopes increase to 1.54 and 1.71, respectively. The
effect of substitution of a m-acceptor CNR by a o-donor PMe; is to spread out the range of
rhodium-carbon bond energies. Examination of the slopes for the [Tp'Rh(P(OMe);)] show
that they lie in between those for the CNR and PMejs derivatives (1.55 and 1.45), as expected
for a ligand with more modest o-donating ability. These systems were also examined by DFT,
and as before, showed an overestimation of the slopes by ~10%. These results were published
recently in JACS'! and Chemical Science."

R-C=C-, R = CF3, hexyl,
SiMe;, t-Bu, Ph,
Tp'Rh(PMe3)RH CoH4CF5, CgHiOMe g
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Fig 2. Plot of Dy (M-C) vs. D(C-H) for Tp'Rh(L)RH (a) L = PMe; and (b) L = P(OMe)3, kcal mol™
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John T. Yates, Jr.

C-H Bond Activation at Perimeter Sites on Au/TiO,- The Oxidative-Dehydrogenation of
Alkyl Side Chains in Carboxylic Acids

John T. Yates, Jr.
Department of Chemistry
University of Virginia
Charlottesville, VA 22904

Biomass can be converted into chemicals, energy and fuel in order to replace
nonrenewable fossil fuel resources. The activation (0.5 eV = E,) of molecular oxygen occurs
at the dual perimeter sites surrounding ~3 nm diameter Au particles on TiO,, via a peroxy
type intermediate. The oxidative-dehydrogenation of three carboxylate species (acetate,
propionate and butyrate) has been investigated by transmission IR spectroscopy and density
functional theory on Au/TiO, catalysts. The partial oxidation of the three acids proceeds by
the scission of the C-H bonds adjacent to the carboxylate group. In the case of the two higher
carboxylates, C=C bond formation is observed followed by C-C bond scission. A common
intermediate, Au,=C=C=0, gold ketenylidene, is observed for all three acids which is a
precursor to final oxidation to CO,. The IR observation of the rate of formation of
Au,=C=C=0 provides a convenient anchor point for Kkinetic intercomparisons. Kinetics
measurements show that site blocking by alkyl groups reduces the rate of reaction of the
carboxylate groups in a monotonic manner scaling with the alkyl group size. Studies of the
deuterium kinetic isotope effect have been informative about the role of C-H bond activation
on the transition state for partial oxidation of each of the acids.

DE-SC0002365 “ Observing Carbon-Hydrogen Bond Activation in Chemisorbed
Species Using New Highly Sensitive Optical Method”
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Synthesis, Characterization, and Activity of Single Site Catalysts Supported in
Metal Organic Frameworks via Ion Exchange

Melanie S. Sanford, Douglas Genna, Signe Korsager, Antek G. Wong-Foy, Adam J.
Matzger
University of Michigan, Department of Chemistry

Presentation Abstract

This presentation will discuss our efforts to use the well-defined porous structures of
metal organic frameworks (MOFs) as heterogeneous supports for single site alkene
hydrogenation and C-H functionalization catalysts. An ion exchange approach to
supporting cationic catalysts in anionic frameworks has been developed. The
characterization of these supported catalysts and the influence of MOF structure on
catalyst performance will be described in detail.
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RECENT PROGRESS

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 Pd-derived C—H functionalization catalysts. In collaboration with Professor
Adam Matzger (University of Michigan), we tethered Pd(OAc), to a Zn-derived metal
organic framework, MOF-5(0Oy), to generate the supported catalyst PA(II)@MOF-5(Op).
MOF-5(0y) is believed to have the microporous cage structure of MOF-5, which contains
terephthalic acid organic linkers joined by Zn4O(CO,)s nodes (CO, = carboxylate from

Scheme 1.

Lemm T K—b Microporous
= ab . *,  cage of MOF-5
Pd(OAc),, CH,Cl,

/
S/’ Uncoordinated
- carboxylate of BTB
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the linker). However, the addition of small amounts of 1,3,5-tri(4-carboxyphenyl)benzene
(BTB) during the MOF-5 synthesis results in defect sites that contain dangling
carboxylates. As shown in cartoon form in Scheme 1, the Pd(II) of Pd(I)@MOF-5(0y) is
believed to be covalently attached to the MOF through these defect sites.

We first compared Pd(II)@MOF-5(0y) to Pd(OAc), as a catalyst for the C—H
arylation of naphthalene. Under otherwise identical conditions, the MOF-supported
catalyst provided a significant enhancement in reaction yield (64% versus 17%). The
enhanced yield appears to result from slower decomposition of the MOF-supported
catalyst. The site selectivity (ratio of a : f[Iproducts) also changed significantly from 8 :
1 with Pd(OAc); to 2 : 1 with Pd(II)@MOF-5(0Oy) (Scheme 2). Based on these results in
combination with a number of control reactions, we conclude that the MOF support is
having a significant influence on

catalyst activity and selectivity in o @ O O
this C-H functionalization “ . cat. [Pd] .
reaction. However, this system ‘O OO OO

(®) (b)

a:b=8:1;17% yield
a:b=2:1; 64% yield

remains limited by the poorly Pd(OAC),
defined  (and  difficult  to PA@MOF-5(On)
characterize) tether sites between the MOF and the Pd catalyst as well as by the modest
stability of Pd(II)@MOF-5(0y) under the C—H functionalization reaction conditions.

On the basis of these initial findings, we turned our attention to identifying better
ways of supporting homogeneous catalysts in MOFs. We aimed to develop an approach
that: (1) provides a well-defined mode of catalyst immobilization, (2) avoids the need to
covalently tether the catalyst to the MOF (which often requires multistep synthesis and
can often adversely impact catalyst activity), (3) has the potential to be applied to diverse
catalysts, and (4) generates robust and recyclable supported catalysts. We hypothesized
that these objectives could all be accomplished by supporting cationic transition metal
catalysts in anionic MOFs via ion exchange (Scheme 3). Importantly, ion exchange has
been used previously to introduce diverse cations into MOFs but has not, to our

Scheme 3. knowledge, previously been
Mool Moot employed in MOF catalysis. This
\eo ¢ 5! o xe approach would enable well-defined
{0'/ . Ok ‘ 4o 0 o—d immobilization of cationic catalysts
N 5{ o E 6 ‘/; ﬁ’ © %; based on a simple balancing of
A C~apOpN A, T~ charged sites. It would avoid the

Q/ b\:g L/ i\tpf requirement for covalent tethering

e o - and would enable us to support
o:cationic transition metal catalyst diverse catalysts without altering

= endogeneous cation

their chemical structures.

We selected the anionic MOF ZJU-28 as a support for initial investigations based
on its well-known ability to participate in cation exchange as well as its redox inert
indium tetracarboxylate metal nodes. The treatment of ZJU-28 with DMF solutions of
[FeCp(CO)(thf)|BF4, [PA(CH3CN)4][BFu]o, [Ir(PCy3)(CsHsN) (COD)]PFs,
[Rh(dppe)(COD)]BF4, or [Ru(Cp*)(CH3CN)3;]OTT for 3 days resulted in exchange of the
endogenous cation, HyNMe, ", for the requisite metal complex. We examined MOF-
supported Rh(dppe)(COD)" as a catalyst for the hydrogenation of 1-octene to n-octane.
As shown in Scheme 4, the activity of this supported catalyst compares favorably to its
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homogeneous counterpart; furthermore, it could be recycled at least four times without an
appreciable decrease in catalyst TON.

Scheme B8. 0.02 mol % [Rh]
10 atm H,
T oron s T NS
ANNNF 75 °C, neat

5000
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z
S 2500 8 2500
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1500 1500'
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0 o
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Overall, this work provides a new and general approach for supporting catalysts
in MOFs. It also sets the stage for us to use metal organic frameworks to tune catalyst
stability and selectivity in both alkene hydrogenation and C-H functionalization
reactions, both of which we are currently pursuing.
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Investigation of C-H bond Activation and Doped Metal Oxide Catalysis

Eric W. McFarland, Michael J. Gordon, and Horia Metiu
Departments of Chemical Engineering and Chemistry & Biochemistry, University of California,
Santa Barbara

The activity and synthesis of doped oxide catalysts whereby some of the cations in the
oxide are replaced with a different cation has been investigated. From our theoretical work we
anticipated and demonstrated several effects of the dopants: 1. Some of the dopants will weaken
the bond of the oxygen atoms to the surface, making the doped oxide a better oxidant. 2. Some
dopants will be undercoordinated and will adsorb oxygen molecules and activate them. These
activated adsorbed O, will react with alkanes. Such systems could be used for partial oxidation.
3. Some dopants will make it easier to reduce the oxide and the reduced surface catalyzes
reduction reactions (e.g. CO; +4 H, — CH4 + 2 H,0 or H,O + reduced oxide — H; + oxide).
By combining all oxides with all possible dopants one obtains a very rich class of potential
catalysts. We use theory to help us choose the most promising dopant-oxide pairs and then we
synthesize the promising systems by a variety of methods, characterize them, and test their
catalytic activity for alkanes or CO, activation. Recently we have extended our investigations
into halogen mediated oxidative dehydrogenation (ODH) of alkanes. Experiments are
performed in which the halogen in I, which is either introduced as a gas in the feed, or is
obtained in situ by oxidizing molten Lil. lodine mediated ODH of propane has an excellent
propylene yield and theoretical and experimental work is under way for optimizing the process
and understanding the mechanism.

Department of Energy DE-FG03-89ER14048: Investigation of C-H bond Activation and
Doped Metal Oxide Catalysis

Postdoc(s): Henrik Kristoffersen
Student(s): Alan Derk, Ches Upham

RECENT PROGRESS

e The activity of the irreducible metal oxide, La,O3, was modified by substitution of higher
valence and lower valence dopants for La(lll). A beautiful correlation between activity for
C-H bond activation and the DFT calculated oxygen vacancy formation energy was
discovered.

e Pd-substituted CeO, catalysts prepared by ultrasonic spray pyrolysis were found to be active
for C—H bond activation only when Pd is in metallic state. Partial oxidation of CH4 over
Ceo.95 Pdo.050,-5 yields combustion products along with hydrogen-rich synthesis gas.

e Understanding the impact of specific dopants and the vacancy energetics allowed us to
extend the approach used for C-O oxidation to C-H bond activation. The choice of dopant
strikes a fine balance between the ability to dissociate the C-H bond on the dopant and
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oxidize the reactant, with the ability to form surface oxygen vacancies. Electrophilic Pt
atoms were used as atomic dopants in ceria hosts to regulate and utilize the mobile oxygen
vacancies. Whereas complete combustion of methane in oxygen occurs preferentially on
traditionally supported Pt catalysts, high selectivity for the partial oxidation of methane to
CO and H; was achieved on Pt-doped CeO,. The critical step in facilitating the synthesis gas
formation is the decrease in vacancy formation energy caused by the Pt doping of CeO..

We have investigated “inverse catalysts”, consisting of small oxide clusters supported on a
metal surface. We performed density functional calculations for VO3 and VO, supported on
Au(111) and Ag(111). Isolated V atoms on Au(111) surface are oxidized when exposed to
gas-phase O, at a given pressure and temperature and the VO clusters formed this way are
capable of breaking the C-H bond in methane with a low activation energy.

The activity of Ru-substituted CeO, catalysts was further investigated and the catalyst shown
to be active for dry reforming as well as methanation and water-gas shift. The activity was
correlated to the reduced oxide and using pulses of oxygen/hydrogen the activity could be
“switched off’/*“switched on”. Synchrotron-XRD on doped Ru showed no formation of
ruthenium crystallographic phases in the catalyst which confirms that we are making pure
doped Ru catalyst. No measurable difference in the catalytic activity for dry reforming of
methane between Ru-doped cerium oxide and ruthenium oxide supported on ceria.

Atomically doping ceria and zirconia with 5% Ru activates both metal oxides for partial
oxidation of propane. Low-temperature dry reforming activity for the CeO, doped ruthenium
may be of interest for syngas production. The catalyst under working conditions is the
reduced oxide. We have also found, to our surprise, that there is no difference in reactivity
for syngas production between Ru-doped ceria and Ru metallic supported on ceria, even
though they differ when physical measurements are used to characterize them.

Cr-doped SiO, catalyst showed the highest yield to propylene with the least coking among all
other Cr-doped oxides. Other dopants were also tried. We proved that the doped metal oxide
catalyst is more active for propane dehydrogenation than the supported chromium oxide
catalyst that has been studied extensively in the literature. Cr-doped SiO, was also active for
oxidative dehydrogenation of propane with CO,. The propylene yield increased with
increasing CO,:C3Hg feed ratio.

Ru-doped ceria as a methanation catalyst was studied using in situ FTIR. Reduction of CO,
by hydrogen traditionally follows the Fischer-Tropsch mechanism pathway where CO is
reduced to CO via formate ion intermediate. CO thus formed is hydrogenated further to
eventually give methane. We found that if Ru is doped (and maintained as ionic) in the CeO,
matrix (rather than dispersed as nano particles) the mechanism is changed significantly. Ru
doped CeO, follows the mechanism as CO; — CO3* — CHy, rather than CO, — HCOOH —
HCHO — CHy. The structure of the carbonate intermediates was found to be dependent on
the degree of reduction of the bulk catalyst.

We continued to develop and refine consistent methods to synthesize and characterize the
doped metal oxides to demonstrate that true “doped oxides” are achieved and not mixed
phases. Using synchrotron XRD and Raman, we have increased our confidence that doping
has been achieved. Novel reactant-pulse techniques to probe the valence of the active state
for dry reforming in ruthenium-doped ceria were also utilized.

We proposed a set of general rules: doping an oxide with a lower-valence dopant lowers
substantially the energy of oxygen-vacancy formation, increases the energy of alkane
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dissociative adsorption, and lowers the activation energy for breaking the C-H bond and
forming a hydroxide and an alkoxide. An oxide doped with a higher-valence dopant adsorbs
gas-phase oxygen and activates it so that it adsorbs alkanes dissociatively.

We proposed and documented that there is a very strong interaction between a Lewis acid
and a Lewis base, when they are coadsorbed on an oxide surface. We showed that the
behavior of a very large number of different systems can be explained by this rule: the
formation of oxygen vacancies, the difference in behavior between reducible and irreducible
oxides, the chemistry of doped oxide surfaces, and the structural changes induced by
adsorption of a Lewis acid or a Lewis base.

We published calculations that show that the activity of dopants, whether having lower and
higher valence, is long-ranged. The dopant does not have to be in the top surface layer to
influence the catalytic properties of an oxide.

We found that all alkane dissociation on oxide surfaces (doped, undoped, or having steps)
follows the same mechanism. A hydrogen atom from the alkane binds to an oxygen atom in
the surface and after that the alkyl group travels along the surface to find another surface-
oxygen to bind to. We have also shown that the activation energy for the dissociative
adsorption of alkanes on irreducible oxides (doped or not) is close to the activation energy
for making a hydroxyl and an alkyl in the gas.
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Synthesis and Exploratory Catalysis of 3d Metals: Group-Transfer, Alkane Activation and
Functionalization with Greenhouse Gases

Rick Thompson, Ba L. Tran, Gang Wu, Jurek Krzystek, Andrew Ozarowski, Joshua Telser,
Karsten Meyer, Daniel J. Mindiola*

Department of Chemistry, University of Pennsylvania, Philadelphia, PA 19104

Low-coordinate V(+2) complexes having the skeleton (nacnac)V(X) (nacnac =
[ArNC(Me)].CH, Ar = 2,6-'Pr,C¢Hs, X~ = amide, or alkoxide ligand) have been prepared in our
group in multi-gram scales. Our goal is to utilize these systems as templates for small molecule
activation, and then take advantage of the V(+3) — V(+5) redox couple to promote H—X bond
activation (functionalization of the small molecule) and then promote product release. These
highly reduced forms of low-coordinate vanadium are the first of their kind, and are thus highly
reactive, given rise to dinitrogen complexes [(nacnac)V(X)]2(uz;n'n*-N2) (upon exposure to N,
at 25 °C and 1 atm), P4 activation to form (nacnac)V(X)(cyclo-Ps), terminal vanadium imides
(from organic azides), oxides (from N,O or other O-sources) and sulfides (from Sg), and many
other vanadium(+4) complexes bearing cumulene groups. We have also developed a convergent
synthetic approach to four-coordinate vanadium complexes bearing a terminal nitride ligand,
namely species of the type (nacnac)V(N)(X). We also provide compelling evidence for how
these terminal nitrides are formed, in part provided by a series of crossover and synthetic
experiments. In addition, reactivity studies surrounding the terminal nitride ligand are reported
and in progress (B—H bond activation, Si—H activation, carbonylation, reduction, etc), including
catalytic S-atom transfer via a reactive thionitrosyl (nacnac)V(NS)(X) using elemental sulfur.
Although the nitride motif has nucleophilic character, this one atom ligand serves as a conduit
for electron transfer, thus promoting the reduction of the V(5+) metal ion with concurrent
oxidation of the incoming substrate. Lastly, we have expanded our nitride work to titanium and
constructed the first well-defined titanium parent imides and nitride salts that serve as a source of
mononuclear [LTi=N] . The nitride motif is superbasic and can engage in heterolytic bond
splitting reactions.
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Nucleation is Bimolecular in Strong Bonding Systems

R. G. Finke and W. W. Laxson

Colorado State University

Abstract

Nucleation and growth processes are ubiquitous throughout nature and its phase changes, being
central to the formation, size and shape of particles and aggregates such as rain, snow, crystal
formation, protein aggregation in all the major neurological diseases, nanoparticle formation,
nanoparticle catalyst synthesis, and supported-nanoparticle catalyst formations, to mention just a
few among many, many more examples. However, the simplest. most fundamental and therefore
most general nucleation, growth and agglomeration mechanism at its (pseudo)elementary step
level has proved elusive. Moreover, nucleation rate constants are notoriously hard to measure
precisely. The talk will detail our recent DOE-funded work which reveals that nucleation, in the
strongly bonded, prototype mechanistic system of Ir(0), nanoparticles stabilized by

P, W sNb3Og,”” polyoxoanions, is actually bimolecular, not the higher molecularity implied by
Classical Nucleation Theory. The significance and anticipated broad application of this
fundamental finding to nanoparticle science will be presented and briefly discussed. That
discussion will include the 4-step mechanism for supported-nanoparticle catalyst formation and
agglomeration in contact with solution discovered through DOE support, also a deliberately
minimalistic, Ockham’s-razor-obeying, disproof-based and thus expected to be reliable

mechanism.
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DE-FG02-03ER15453: Supported-Nanoparticle Catalyst Formation in Contact
With Solution: Kinetic, Mechanistic and Synthetic Fundamental Studies

PI: Professor Richard G. Finke
Student: William W. Laxson

RECENT PROGRESS

Supported-Nanoparticle Catalyst Formation

Work has continued on the mechanisms of supported-nanoparticle catalyst formation in contact
with solution, resulting in four publications [1,3,6,8] including an “editor’s choice” review of
surprising poor state of knowledge of the mechanisms of formation of practical, non-UHV
supported-nanoparticle heterogeneous catalysts [3]. Importantly, evidence for bimolecular
nucleation in the formation of supported-Ir(0), nanoparticles was obtained and published[6].
Related work on the mechanism of Au(0), nanoparticle aggregation was also published via a
collaborative effort with Professor W. Buhro and his research group [5]. Some necessary
synthetic improvements and characterization work was also published [13], work on the
important [(7-C4Ho)4N]oP, W sNb3Og; system and its supported (1,5-COD)Ir(I)" organometallic
precatalyst, [(n-C4Hg)4N]sNas[(1,5-COD)IreP,W;5sNb3Os;], the precatalyst which underpins the

Ir(0)-300 nanoparticle bimolecular nucleation and growth system and studies.

The “Who’s The True Catalyst?” and “Is It Homogeneous or Heterogeneous Catalysis?”
Problems

An underlying issue in nearly every catalysis study is the precise nature of the actual, true,
catalytically most active site. Identification of the true catalyst, and its distinction from the
starting precatalyst, is of enormous significance and general importance to catalysis. This point
follows since the rational improvement of any catalyst requires an understanding of the catalyst’s
true identity, since all catalytic properties of interest—selectivity, activity, lifetime, poisoning,
recovery, regeneration and so on—derive from the catalysts composition, structure and therefore
true identity. For this reason, work on the “who’s the true catalyst?” and “is it homogeneous or

heterogeneous catalysis?” problems started with prior DOE grants has continued at a lower level,
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yet resulted in six publications, including work in the important current area of energy research
of water-oxidation catalysis [2,9,10,12]. The first JACS communication there has attracted 96
citations already in under 3 years [2]. Fundamental catalyst poisoning studies were also
published, catalyst poisoning proving to be one of the most powerful methods of distinguishing
homogeneous from nanoparticle heterogeneous catalysts [4]. Catalyst poisoning is also

important for counting the number of catalytically active sites [7].

Publications Acknowledging this Grant in 2011-2014
1. Mondloch, J. E.; Finke, R. G. Supported-Nanoparticle Heterogeneous Catalyst
Formation in Contact with Solution: Kinetics and Mechanism of the Conversion of

Ir(1,5-COD)Cl/y-Al,03 to Ir(0)~o00/y-Al203 J. Am. Chem. Soc. 2011, 133, 7744-7756.

2. Stracke, ].].; Finke, R. G. Electrocatalytic water oxidation beginning with the cobalt
polyoxometalate [Cos(H20)2(PW9034)2]19-: Identification of heterogeneous CoOx as the
dominant catalyst J. Am. Chem. Soc. 2011, 133, 14872-14875.

3. Mondloch, |. E.; Bayram, E.; Finke A Review of the Kinetics and Mechanisms of
Formation of Supported-Nanoparticle Heterogeneous Catalysts J. Mol. Catal. A 2012,
355, 1-38. (“Editor’s Choice” selection).

4. Bayram, E.; Linehan, ]. C.; Fulton, |. L.; Roberts, J. A.S.; Szymczak, N. K.; Smurthwaite,
T. D.; OzKkar, S.; Balasubramanian, M.; Finke, R. G. Is It Homogeneous or Heterogeneous
Catalysis Derived from [RhCp*Clz]2? In Operando XAFS, Kinetic and Crucial Kinetic
Poisoning Evidence for Subnanometer Rh4 Cluster-Based Benzene Hydrogenation
Catalysis J. Am. Chem. Soc. 2011, 133, 18889-18902.

5. Shields, S., Buhro, W. E,, Finney, E. E.; Finke, R. G. Gold Nanocluster Agglomeration
Kinetic Studies: Evidence for Parallel Bimolecular Plus Autocatalytic Agglomeration
Pathways as a Mechanistic Alternative to an Avrami-Based Analysis Chemistry of
Materials 2012,24,1718-1725.

6. Mondloch, J. E.; Finke, R. G. Kinetic Evidence for Bimolecular Nucleation In
Supported-Transition-Metal-Nanoparticle Catalyst Formation In Contact With Solution:

The Prototype Ir(1,5-COD)Cl/y-Al;03 to Ir(0)~900/Y-Al203 System ACS Catalysis 2012,
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2,298-305.

7. Bayram, E.; Finke, R. G. Quantitative 1,10-Phenanthroline Catalyst-Poisoning Kinetic
Studies of Rh(0), Nanoparticle and Rhs4 Cluster Benzene Hydrogenation Catalysts:
Estimates of the Poison Kassociation Binding Constants, of the Equivalents of Poison Bound
and of the Number of Catalytically Active Sites for Each Catalyst ACS Catalysis 2012, 2,
1967-1975.

8. Bayram, E,; Ly, |J.; Aydin, C.; Uzun, A.; Browning, N. D.; Gates, B. C.; Finke, R. G.
Mononuclear Zeolite-Supported Iridium: Kinetic, Spectroscopic, Electron Microscopic,
and Size-Selective Poisoning Evidence for an Atomically Dispersed True Catalyst at 22
°C ACS Catalysis 2012, 2,1947-1957.

9. Stracke, ].].; Finke, R. G. Water Oxidation Catalysis Beginning with 2.5 pM
[Co4(H20)2(PW9034)2]10-: Investigation of the True Electrochemically Driven Catalyst at
>600 mV Overpotential at a Glassy Carbon Electrode ACS Catalysis 2013, 3,1209-1219
10. Stracke, ].].; Finke, R. G. Water Oxidation Catalysis Beginning with
Co04(H20)2(PW9034)10- when Driven by the Chemical Oxidant Ruthenium(III)tris(2,2’-
bipyridine): Stoichiometry, Kinetic, and Mechanistic Studies En Route to Identifying the
True Catalyst ACS Catalysis, 2014, 4, 79-89.

11. Kent, P. D.; Mondloch, |. E.; Finke, R. G. A Four-Step Mechanism for the Formation of
Supported-Nanoparticle Heterogeneous Catalysts in Contact with Solution: The
Conversion of Ir(1,5-COD)Cl/y-Al203 to Ir(0)~170/y-Al203 J. Am. Chem. Soc. 2014, 136,
1930-1941.

12. Stracke, J. J.; Finke, R. G. Distinguishing Homogeneous from Heterogeneous Water
Oxidation Catalysis When Beginning with Polyoxometalates ACS Catalysis, 2014, 4,
909-933.

13. Laxson, W. W.; Ozkar, S.; Finke, R. G. The Tri-Niobium, Wells-Dawson Type
Polyoxoanion, [(n-C4H9)4N]oP2W15Nb30¢2: Improvements in the Synthesis, Its
Reliability, the Purity of the Product and the Detailed Synthetic Procedure Inorg. Chem.
2014, 53, 2666-2676.
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Supported Metal Nanoparticles:
Correlating Structure with Catalytic Function via Metal Atom Energetics

Charles T. Campbell (PI), Trevor James, Stephanie Hemmingson, James Sharp and Jason Sellers
University of Washington, Departments of Chemistry and Chemical Engineering

Presentation Abstract

Many important catalysts for energy and environmental technologies involve late transition
metal nanoparticles dispersed across the surface of some support material. The relationships
between the energetic stability of late transition metal particles on oxide supports and their
structural, electronic, chemisorption and catalytic properties will be reviewed. Oxide-supported
metal catalysts have been studied using well-defined surfaces involving vapor-deposited metals
on single-crystal oxide surfaces, where the metal atoms nucleate and grow nanoparticles. The
energetic stability of the metal atoms in these nanoparticles has been measured as a detailed
function of particle size and support properties using metal atom adsorption calorimetry. The
small-molecule chemisorption properties and sintering kinetics of these metal particles have also
been measured. Trends in adsorption and metal / oxide adhesion energies will be reviewed. We
find correlations amongst the energy of the metal atoms in these nanoparticles (i.e., their
chemical potential, which depends on both their particle size and their oxide support) and the
strength with which they bond adsorbates, their catalytic kinetics and their sintering rates. This
has led to new ideas for sinter-resistant catalysts that were synthesized and proven to sinter more
slowly.

Work supported by DOE-OBES under Grant # DE-FG02-96ER14630.

Grant # DE-FG02-96ER14630: Supported Metal Nanoparticles:
Correlating Catalytic Kinetics, Energetics and Surface Structure

Postdoc: Yong Yang
Students: Trevor James, Stephanie Hemmingson, James Sharp, Jason Sellers, Trent Silbaugh,
James Lownsbury

RECENT PROGRESS

Introduction

This research program combines experiments with theory with the goal of providing the
basic understanding needed to develop better catalyst materials for energy and environmental
technologies. Our main focus has been on catalysts based on late transition metal nanoparticles
anchored to oxide supports. Our results have helped clarify how metal particle size affects
catalyst activity and selectivity, and how to maintain catalyst particles at their optimum size for
extended periods while running chemical reactions. We have also elucidated several reaction
mechanisms. We have done this by studying model catalysts involving well-defined metal
nanoparticles on single-crystalline oxide supports, prepared under the clean conditions of
ultrahigh vacuum (UHV). The structure of these materials was characterized using a variety of
state-of-the-art experimental techniques including surface spectroscopies (XPS, AES, LEIS,
TPD) and surface microscopies (STM, AFM). Most importantly, we have used single-crystal
adsorption calorimetry (SCAC) to measure the energies of the transition metal atoms in these
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catalytic materials and determine how their energy depends upon details of the catalyst structure
(particle size and support). We have also measured surface reaction kinetics and catalytic
reaction rates, both steady-state and transient (sometimes in UHV and sometimes at higher
pressures). We have often interpreted our results using computational results provided by
collaborations with theoreticians. Finally, we have also developed some semi-empirical
theoretical methods for estimating rate constants in surface reactions.

Metal Adsorption / Adhesion Energies onto Catalyst Supports by Microcalorimetery

Our metal adsorption calorimetry results are beginning to reveal systematic relationships
between the energy of a catalytic surface metal atom and (1) the size of the metal nanoparticle on
which it resides, and (2) the support surface to which this metal particle is anchored. We found
that the metal atom’s energy (or chemical potential) increases strongly with decreasing particle
size below ~6 nm but remains nearly constant near the bulk metal value above ~6 nm (see Fig.
la). For particles below 6 nm, it deceases with increasing metal/support adhesion energy.
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Figure 1b shows that the adhesion energy (E,qn) of different metals to the same oxide surface
grows linearly with the heat of formation of the metal’s most stable oxide from metal vapor plus
0Oa(g) (i.e., AHgwm-AHgmox, Where AHgyp M 1s the metal’s heat of sublimation and AHgmox is the
standard heat of formation of the most stable bulk oxide of that metal). This heat reflects the
strength of the chemical bonds that metal atom can make to oxygen, consistent with the fact that
DFT calculations predict that such metals bind mainly to the oxygen atoms of the oxide’s
surface. The factor NAQMZ/ 3 here converts units from kJ/mol to J/m>. Our newest data show that
the line for CeO,(111) is parallel to this MgO(100) line but lies almost 2 J/m? higher.

By going to 100 K, we measured the first heat of adsorption of any late transition metal
adsorbed as a monomer on any oxide terrace site: Cu; on CeO,(111). Such monomer energies
have been a long-sought goals, since they are much easier to compare to a DFT calculations than
are the energies for metal clusters, and thus serve as key benchmarks for theory. Our newest
measurements are of Au adsorption heats, only possible due to calorimeter improvements [17].

Comparing E,q, for the same metals to oxide pairs, we also found the following order of
increasing adhesion energy: MgO(100) = TiO(110) < a-Al,03(0001) < CeO,4(111) <
Fe;04(111) [11]. This is the first reported ranking of clean oxide surfaces with respect their
adhesion energies to late transition metals. (Enqy values on clean oxide surface are 2-3 fold larger
than old data without verified cleanliness.) We do not yet have a physical explanation for this
ranking, but have discussed the factors involved [11]. Qualitatively, it means that metal atoms in
the same size nanoparticle on these different supports would have a chemical potential that
increases in the opposite order (i.e., with the highest chemical potential when on MgO(100)).
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Chemisorption energies of molecules and atoms on well-defined, oxide-supported metal
nanoparticles: effects of particle size and support

We presented a new model for understanding the relationships between metal
nanoparticle size and the support material to which it is anchored and the strength with which it
chemisorbs small adsorbates, which correlates that strength with the metal’s chemical potential
[11]. This provides a new way for understanding particle size and support effects in catalysis by
transition metals, and even alloy effects. We helped develop a new calorimeter at the Fritz-
Haber Institute in Berlin designed for measuring the energies of adsorbed catalytic reaction
intermediates as a function of nanoparticle size on clean and well-defined single crystal supports
[2], and collaborated in using it to measure how the heat of CO adsorption on size-controlled Pd
nanoparticles supported on Fe;O4(111) depends on particle size [4].

We also compiled the most comprehensive list of experimental adsorption enthalpies and
entropies for atoms and molecular adsorbates on single-crystal oxide surfaces yet reported [12].

We developed a model for sintering kinetics whereby the effects of both particle size and
support on sintering rates are calculated based on this same chemical potential of the metal
atoms in the nanoparticles that we measure by SCAC [9]. The results led us to a new idea for
making more sinter-resistant transition metal catalysts, which we implemented through
collaboration with an expert in nanomaterials synthesis, Younan Xia, who developed a wet-
chemical method for making this 3-phase material (see Fig. 2) in high-surface-area form [15].
As with the similar structure previously prepared by Atomic Layer Deposition (ALD) by the
group at Argonne National Labs (with PC Stair), we found this to sinter much more slowly than
Pt on either pure silica or pure titania supports. Our synthesis method would be far easier to
implement in making catalysts on an industrial scale than that prior ALD method.

Fig. 2. Synthesis of Sioz PVP
. : e agh v
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where Pt particles selective calcination in
SiOz depasition ) air at 500 °C ]
are surrounded by a TiO2 — TiO2 — TiO2
8102 Coatlng [15] PH/TiO2 Pt/TiO2-Si02 as-calcined PY/TiO2-Si02

Mechanistic and kinetic studies, education and outreach

Using sensitive transient kinetics measurements, we elucidated the mechanisms of the
methanol synthesis reaction over Cu-based catalysts [8] and the water-gas shift reaction over Pt.
Based on a trend in adsorbate entropies we recently discovered, we also developed some new
semi-empirical theoretical methods for estimating rate constants in surface reactions [14].

Numerous graduate students, undergraduate students and postdocs have been trained
through this highly interdisciplinary research effort. Also, the PI served on numerous national
and international advisory boards and review committees, and in major editorial roles.

Publications Acknowledging this Grant in 2011-2014

1. Campbell, C. T.; Sharp, J. C.; Yao, Y. X.; Karp, E. M.; Silbaugh, T. L. Insights into
Catalysis by Gold Nanoparticles and their Support Effects through Surface Science
Studies of Model Catalysts. Faraday Discussions 2011, 152, 227-239 (invited).

2. Fischer-Wolfarth, J-H.; Hartmann, J.; Farmer, J. A.; Flores-Camacho, J. M.; Campbell,
C. T.; Schauermann, S.; Freund, H-J. An improved single-crystal adsorption calorimeter
for determining gas adsorption and reaction energies on complex model catalysts, Review
of Scientific Instruments 2011, 82, art. No. 024102 (15 pages).
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Campbell, C. T.; Sellers, J. R. V. Introductory Lecture: Anchored Metal Nanoparticles:
Effects of Support and Size on Their Energy, Sintering Resistance and Reactivity,
Faraday Discussion 2013, 162, 9-30.
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4106—4135.
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Lu, P.; Campbell, C.T.; Xia, Y. A Sinter-resistant Catalytic System Fabricated by
Maneuvering the Selectivity of SiO, Deposition onto TiO, Surface versus Pt
Nanoparticle Surface, Nano Letts 2013, 13, 4957-4962 (highlighted: IOP’s
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Monomers on CeO(111) Terrace Sites by Calorimetry, (in preparation).

James, T. E.; Hemmingson, S. L.; Campbell, C. T. Cu Nanoparticles CeO,(111) Steps
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Single-Molecule Nanocatalysis: from Intraparticle Catalytic Communication to Reactivity-
Guided Engineering of Single-Particle Photoelectrocatalysts

Peng Chen
Department of Chemistry and Chemical Biology, Cornell University, Ithaca, NY 14853

Presentation Abstract
This oral presentation will cover two topics: (1) The discovery and the mechanistic
investigation of intraparticle catalytic communication among different reactive sites on the
surface of a single nanocatalyst, phenomenologically in analogy to allosteric effects and
cooperativity in enzymes. (2) Using single-molecule super-resolution imaging to map reactive
sites for photoelectrocatalytic oxidation of water on semiconductor nanocrystals so as to guide

the engineering and optimization of these nanocrystals by cocatalysts.

DE-FG02-10ER16199: Chemical Imaging of Single-Particle Photo(electro)catalysis
Postdoc(s): Justin Sambur (5%)
Student(s): Kaori Kubo (21%), Ace Santiago (21%), Eric Choudhary (48%), Guanqun Chen
(21%), Ningmu Zou (35%), Danya Smart (18%)

RECENT PROGRESS

1. Site-specific activity mapping and discovery of radial activity gradients on single 2D
nanocrystal catalysts

We have used single-molecule super-resolution imaging to map catalytic N-
deoxygenation reactions on single pseudo-2D nanocrystal catalysts, triangular and hexagonal
Au@mSiO; nanoplates (Fig 1A). We localized the positions of individual catalytic products on
single Au@mSiO, nanoplates, and mapped them onto their SEM images (Fig 1B and C). This
mapping immediately allowed us to dissect individual Au@mSiO, nanoplates and the associated
product locations into three types of regions: corners, edges, and flat top facets (Fig 1C), and
within the top facets, further into different radial segments (Fig 1D). We found:
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1) Within any single nanoplate,

the specific activity follows the
trend of corners > edges > flat
facets (Fig 1E). This trend could
be rationalized by the percentage
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Fig 1. Spatial reactivity patterns on single Au@msSiO, nanoplates. (A) TEM
image of two triangular Au@mSiO, nanoplates. (B) SEM image of a triangular
. . . . Au@mSiO, nanoplate. (C) Locations of 2325 product molecules overlaid on top of
spatially dissected into different | the SEM image of the Au@mSiO, nanoplate in B. Each dot is the location of one
product molecule. The locations are color-coded according to their respective regions
regionsl show strong Size- on the nanoplate: flat facet (red), edges (blue) and corners (green). The solid black
line outlines the outer contour of the mSiO, shell. The dashed black line outlines the
iFi H perimeter of the Au nanoplate core. (D) Locations of 1055 product molecules
dependent SpECIfIC catalytlc overlaid on top of the SEM image of a Au@mSiO, nanoplate in B. The facets (i.e.,
top and bottom) are divided into radial segments from the center toward the
periphery; the product locations in different segments are colored differently. The
. .. . . product molecules residing in the corner and edge regions are excluded here. (E)
lower speC|f|c aCtIVIty. This side Specific activities of the different regions of the nanoplate from C. (F) Dependence
of specific activities of radial segments on rfor the nanoplate in D. r is the distance

dependence can be accounted for between the center of the nanoplate and the midpoint of the segment along the
center-to-corner vector. Solid line is a linear fit.

analyzed as a whole unit or each

activity, with larger ones having

by their size-dependent chemical
potentials, similar to the size-dependent activity of pseudo-spherical Au nanoparticles we studied
previously.

3) Surprisingly, but consistent with our findings on Au nanorods, the specific activities among
the radial segments within the same flat facet of a single nanoplate are not uniform, and instead
show a clear radial gradient, highest at the center of the facet and decays approximately linearly
toward the periphery (Fig 1D, F). We attributed this radial activity gradient of Au nanoplates to
an underlying radial gradient of surface defect density that came from the decaying growth rate

when the nanoplate grew in 2D from a seed during their synthesis.

2. Development of a massively scalable, parallel method for screening catalyst activity at the
single-particle level and sub-diffraction spatial resolution

For catalyst discovery and optimization, once the catalysts are made or modified, one
always needs to screen their activity, where high data throughput and quantitative activity
information are desired. Along this line, we have further developed our single-molecule
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fluorescence microscopy approach into a massively scalable, parallel method for screening
catalyst activity, using two fluorogenic probe reactions: one oxidative deacetylation reaction and
the other a reductive deoxygenation reaction. This method offers the following capabilities: 1) Its
wide field imaging format allows imaging the catalysis on a large number of catalyst particles in
parallel, giving high data throughput. 2) It offers sub-diffraction spatial resolution, i.e., super
optical resolution, where individual particles can be resolved. 3) It offers quantitative activity
information of every catalyst particle, which can be directly correlated to its structural properties,
such as its size from SEM. 4) It can resolve subpopulations readily, such as in a binary mixture
of catalyst particles. 5) Although it is based on fluorogenic probe reactions, we have shown that
the activities of catalyst particles in the two fluorogenic catalytic reactions are directly correlated
with standard model catalytic reactions such as 4-nitrophenol reduction and hydroquinone
oxidation, so their activities in the fluorogenic probe reactions can be extrapolated and

generalized to other non-fluorogenic reactions.

3. Single-molecule super-resolution imaging of photoelectrocatalysis in correlation with
single-particle current-voltage responses in photoelectrocatalytic oxidation of water by TiO;

nanorods

Here we have: (1) Applied the super-resolution imaging method to spatially resolve the
photoelectrocatalytic reactivity of electrons and holes on TiO, nanorod surfaces. (2) Correlated
the surface reactivity with current-voltage (i-V) behavior with sub-nanorod resolution. (3) Used
photoelectrochemical deposition to deposit an oxygen evolution catalyst in a spatio-selectively
and correlate the i-V response of the catalyst-modified nanorod with the intrinsic reactivity
properties. (4) Used SEM to correlate nanorod surface structure with catalytic reactivity and i-V
behavior.

Fig 2 shows single-molecule imaging and i-V data from a single TiO, nanorod. A scatter
plot of the localizations of every product molecule detected over all applied potentials is shown
in Fig 2B,C for amplex red oxidation and resazurin reduction, respectively, where the locations
of the reactions also represent the location of photo-excited minority (holes) and majority
(electrons) carriers that react with either AR or S at the interface. The density of events on the
nanorod surface are shown in the 2-D histograms in Fig 2F,G. Fig 2D,H shows the AR

oxidation rate and S reduction rate (s* nm™) versus applied potential for two regions of the
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Fig 2. Representative quantitative super resolution imaging and i-V measurements from a single TiO, nanorod. (A) SEM image of the
nanorod. The amorphous Co-Bi catalyst is clearly visible on the bottom left portion of the nanorod, marked as Region 2. (B) and (C) are the
scatter plots of all product molecules overlaid on the nanorod contour determined via SEM, detected over all applied potentials during
amplex red oxidation (10,079 events) and resazurin reduction (1,156 events) experiments, respectively. (D) and (H) Amplex red oxidation
rate and resazurin reduction rate versus applied potential, respectively. The red and purple traces indicate where the data was binned,
according to the circular areas in (B) and (C). The black traces represent the reactivity averaged over the entire surface area of the nanorod.
(E) i-V response when the nanorod was excited before (solid lines) and after catalyst deposition (dashed lines); colors correspond to the same
regions indicated in (B) and (C). (F) and (G) are the 2-D histograms of events from (B) and (C) binned in 40 x 40 nm? areas.

nanorod, as well as the whole rod averaged reactivity (black trace). These circular regions also
represent the laser spot size relative to the rod contour determined by SEM imaging and
correspond to the location used for sub-nanorod i-V measurements. Fig 2D shows that the AR
oxidation rate increases with positive applied potentials, whereas the resazurin reduction rate
increases sharply at negative potentials (Fig 2G). In addition, the region that exhibited higher AR
oxidation rates over all potentials also exhibited higher resazurin reduction rates at negative
potentials. The i-V behavior of the same two regions of the bare nanorod is shown in Fig 2E. The
bare nanorod region with lower surface electron and hole reactivity exhibited lower photocurrent
than the high activity region. The dotted lines in Fig 2E represent the i-V behavior from the same
regions after modification with the Co-Bi oxygen evolution catalyst. The photocurrent increased
for both nanorod regions; the relative increase in photocurrent was larger for the region with
initially lower photocurrent, however.
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David A. Dixon
Catalytic Reactions of Alcohols on Transition Metal Oxide NanoClusters

David A. Dixon,* Zdenek Dohnélek,? Roger Rousseau, > Bruce D. Kay?
! Department of Chemistry, The University of Alabama
Fundamental and Computational Sciences Directorate and Institute for Integrated Catalysis,
Pacific Northwest National Laboratory

Presentation Abstract

The reactions of alcohols (ROD, R = CH3, C;Hs, n-C3Hy, i-C3Hy7, n-C4Hg, sec-C4Hg and t-C4Ho)
over cyclic (MO3); (M = Mo, W) clusters were studied experimentally and computationally. The
cyclic clusters were prepared by sublimation of MoO3; and WO3 powders in vacuum. To evaluate
the cluster activity in dehydration, dehydrogenation, and condensation reactions, they were
suspended in an ethanol matrix on an inert substrate, graphene monolayer on Pt(111). The
reaction products formed upon heating were followed and quantified using temperature
programmed desorption. The experimental results were corroborated using coupled cluster
CCSD(T) calculations at DFT optimized geometries that provide quantitative molecular-scale
information of the reaction mechanisms. The dehydration and dehydrogenation of ethanol probe
both the Lewis/Brgnsted acid/base and redox properties of the metal centers. Reactions with one,
two, and three alcohols per M3Og cluster have been studied computationally. Two alcohols are
required to provide agreement with experiment for dehydration and dehydrogenation. The initial
reaction step is a Lewis acid/base addition to the metal followed by the elimination of water via
proton transfers to form a dialkoxy species which serves as the active intermediate. Dehydration
is through a B hydrogen transfer to a terminal M=0. Dehydrogenation takes place via an a
hydrogen transfer to an adjacent M¥'=0 atom or a W"' metal center with redox at the metal for
M = Mo and no redox for M = W. Condensation requires the presence of 3 alcohol molecules
with one alcohol sacrificed to form a metal hydroalkoxide, which is a strong gas phase Brgnsted
acid. The overall conversion of the alcohol (W > Mo) is governed by the Lewis acidity of the
metal center and product selectivities, as determined by the relative weights of dehydrogenation
and dehydration, are governed by the reducibility of the metal center (Mo > W). The results
show that CCSD(T) is needed for agreement with experiment.

This work is part of the PNNL FWP 47319, “Multifuncational Catalysis to Synthesize and
Utilize Energy Carriers”.

Postdocs: Monica Vasiliu (UA), Zhenjun Li (PNNL)

Graduate Student: Zongtang Fang (UA)
Undergraduate Students: Matthew S. Kelley (UA), Jamie, M. Hennigan (UA)
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Cynthia M. Friend
Closing the Materials and Pressure Gap: Selective Oxidation Catalysis using Gold

Cynthia M. Friend
Harvard University, Department of Chemistry and Chemical Biology/School of Engineering and
Applied Sciences

Presentation Abstract

The overall goal of this project is to develop a molecular-scale mechanistic understanding for
complex selective oxidation of alcohols on O-covered Au and Ag-Au alloys that guides the
design of selective and energy efficient processes. On the basis of fundamental studies on
single crystals, new classes of reactions have been discovered. The mechanisms derived from
these fundamental studies have also been successfully applied over a wide range of pressures
and materials complexity by demonstrating catalytic activity using nanoporous Au. We are
focusing on selective oxidation of alcohols because it is a key technology for large-scale
chemical synthesis and for biomass conversion.

Theory and experiment have been combined to establish a predictive framework for
selective oxidation reactions on O-covered Au(111). Our recent significant accomplishments
are: (i) development of molecular-scale mechanisms for selective alcohol oxidation over Au
surfaces; (ii) discovery of two new classes of reactions on O/Au—amide synthesis from amines
and aldehydes and carbonylation of alcohols; and, (iii) demonstration that the mechanisms
derived from our fundamental work predict the conditions for efficient catalysis using
nanoporous Au catalysts under flow conditions at atmospheric pressure. Our recent work has
made an unprecedented connection between our fundamental studies and their implementation
under catalytic conditions.

Grant Number: DE-FG02-84-ER 13289

Grant Title: Molecular-scale Understanding of Selective Oxidative Transformations of Alcohols
Promoted by Au and Au-based Alloys

Postdoc(s): Drs. Martin Schmid, Kara Stowers, Branko Zugic
Student(s): Cassandra Freyschlag Siler, Joshua E. Klobas

RECENT PROGRESS
Our DOE-sponsored work during the past three years has focused on oxidative
transformations of alcohols induced by metallic Au surfaces, including

(A) Fundamental studies of selective reactions of alcohols on model gold surfaces:1

(1) development of a mechanistic framework for selective oxidation of alcohols by
oxygen adsorbed on metallic Au allowing prediction analogous catalytic reactions; and,

(i) discovery of two new classes of reactions--carbonylation and dimethylamide
synthesis.

(B) Catalytic studies of alcohol oxidation using nanoporous Au catalysts and O, as an oxidant at
atmospheric pressure that bridge the “pressure gap” by extension of the reaction principles
derived from our fundamental studies to catalytic conditions.
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These studies provide a foundation for understanding complex catalytic processes that
are important for transformations of oxygenates into key chemicals and a means of predicting
and developing new paradigms. We plan to build on this foundation in our future work in which
Au-based alloys will be investigated for selective functionalization of alcohols and polyols in
order to improve the catalytic performance relative to pure gold.

Fundamental studies of selective oxidative processes on model gold surfaces

We have combined theory and experiment to understand selective oxidation reactions
on Au because of the intense interest in using gold to promote reactions with high selectivity at
low temperature. Our recent accomplishments have been to: (a) establish principles for
oxidative reactions of key organic reagents; and, to use density functional theory (DFT)
calculations to establish key aspects of bonding and reactivity for oxidative transformations on
Au. Our work has demonstrated the high activity of oxygen on Au for oxidation of CO,? and
alcohols.>® We also showed that the local bonding of O and the presence of defects affect
reactivity and selectivity.>®"

R

R H\fc; H Formed
H;C'\ H 9/0 Rin situ
R “o= R R H HR O
On e n Au(111 Nl A w Hae-O~c? c.__C
¢ > /"()\ Ricg = HH—>H‘0 R
o o OH O 00 H : 00
“H,0 —— : H,0
Au(111) Au(111) Au(111) Au(111)

Figure 1: Schematic of the coupling of primary alcohols with methoxy formed from methanol on O-activated
Au. The rate of C-H dissociation to form the aldehyde is a major factor in determining selectivity.

Mechanistic principles for oxidation of alchols on Au activated by atomic oxygen.

We have established generalizable principles of surface reactivity that predict oxygen-
assisted processes on metallic gold. The key conclusions of our work are that (a) adsorbed O is
required for bond activation on Au, leading to highly selective formation of key intermediates;
and (b) coupling reactions that occur on Au are governed by the principle that electron rich
centers attack electron-deficient carbon to form new bonds. Gold is particularly effective for
coupling because surface intermediates are generally weakly bound and, therefore, readily
diffuse and rearrange on the surface to assume the geometry necessary for coupling. * This
paradigm, built on our investigations of a wide range of molecules, provides the basis for
understanding known catalytic reactions, e.g. ester synthesis from alcohols, and for predicting
entirely new classes of reactions, such as alcohol carbonylation.™

These principles are illustrated here by the oxidative coupling of methanol on gold to
yield the ester, methyl formate. Ester synthesis from alcohols is an important class of reactions
because of the widespread use of esters in many products, including in insulation, synthetic
polymers, fragrances and flavorings. Our mechanistic understanding of ester production on Au
activated by oxygen affords control of the selectivity for ester production from alcohols even for
complex processes (Figure 1).**'®  Oxygen adsorbed on Au (created either by Oz in UHV or by
O, at atmospheric pressure using nanoporous materials), activates the O-H bond in methanol
(and higher alcohols) to produce methoxy (alkoxy) and OH. In vapor phase processes, two
adsorbed OH species rapidly disproportionate to form water and adsorbed O. (In solution,
adsorbed OH can be stabilized at high pH '.) A fraction of the methoxy, for example, further
reacts to form formaldehyde, allowing its electron-deficient carbon to be attacked by another
methoxy.  The resultant hemiacetal intermediate subsequently yields methyl formate.
Theoretical studies in our group show that formation of formaldehyde can be facilitated by
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adsorbed O and also by other methoxy intermediates.®> This mechanism predicts the catalytic
behavior of nanoporous Au catalysts at atmospheric pressure (Section I1.B).

We have also generalized the case of methanol oxidative coupling to a series of more
complex reactions, including the coupling of dissimilar alcohols®*'>'" and the coupling of
methanol with other aldehydes.®”*'"'® We have further used our paradigmatic understanding
of reactivity to predict new catalytic reactions. One such reaction is the carbonylation of
methanol to produce dimethyl carbonate and =
other derivatives.

Development of new reactions derived from
mechanistic principles.

Dimethyl carbonate is an essential
commodity chemical used in biofuel production
and methylation processes. It is currently
produced commercially in a catalytic process that
yields HCI as a byproduct. A potential alternative
pathway for dimethyl carbonate production was
discovered in our group through our fundamental
studies (Figure 2).**™ On Au this reaction is
governed by the paradigm of reactivity in which
the electron deficient C in CO is attacked by
adsorbed methoxy. The only co-product of this
process is water. Other competing processes  Figure 2: Schematic of the mechanism for
yield CO, and methyl formate. This process  methyicarbonate formation from
occurs at moderate temperatures—just above carbonylation of methoxy on Au(111) and the
room temperature—suggesting that low ensuing reaction with a nucleophile (Nu).

temperature carbonylation promoted by Au is  When Nu is CH30 s derived from methanol,
feasible. dimethyl carbonate ((CH30):C=0) is produced.

Our understanding of the mechanism for

the carbonylation of methanol is based on fundamental studies that combine X-ray
photoelectron and vibrational spectroscopies with reactivity studies. These spectroscopic
studies identified the methoxy carbonyl intermediate on the surface that is formed from attack of
CO by methoxy.?31%'"* We used isotopic labeling and modeling of the vibrational modes based
on DFT studies to make assignments and to definitively identify the intermediates depicted. This
intermediate is a versatile synthetic reagent that allows for synthesis of other molecules that can
serve as nucleophiles. Thus far, we demonstrated the synthesis of (CH30),C=0 (dimethyl
carbonate), (CH30)(C2Hs)O)C=0, (CH30)(CeHs)O)C=0, and (CH30)((CHj;),N)C=0.*>"

This example demonstrates the value of a fundamental understanding of surface
reactions relevant to catalytic processes for discovery of entirely new classes of reactions
on Au not previously reported. We plan to investigate this class of reactions on under catalytic
conditions to determine if there is potential for a viable catalytic process.

Bridging the Pressure Gap: Implementation of Nanoporous Au catalysts based on
mechanistic principles

Nanoporous Au (NP Au) is a fascinating material that has efficacy for selective oxidative
transformations at relatively low temperature.™'*?' NP Au is an unsupported, porous catalyst
comprised primarily of metallic gold with a small amount of Ag (Figure 3). The Ag is present
because the NP Au is synthesized by chemically dealloying a Au-Ag alloy.**">#2
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determined in our model studies, we found  conversion and selectivity data as a function of

that the rate of C-H breaking in the alkoxides temperature are shown for selective oxidative
of higher alcohols occurs more rapidly than  coupling of methanol over nanoporous Au using O
for methoxy. As a result, there is a propensity  as an oxidant at atmospheric pressure on the right.

to form the corresponding aldehydes from

selective oxidation of higher alcohols, whereas no formaldehyde is detected from methanol
oxidation under the same conditions. There is also coupling of ethanol to form ethyl acetate via
a mechanism analogous to that determined for methanol (Figure 1).

Selective oxidation of methanol on Au-Ag alloys as a model for catalyst.

Nanoporous gold, a dilute alloy of Ag in Au activates molecular oxygen and promotes
the oxygen-assisted catalytic coupling of methanol. Since this trace amount of Ag inherent to
nanoporous gold has been proposed as the source of oxygen activation, a thin film Ag/Au alloy
surface was studied as a model system for probing the origin of this reactivity.”® Thin alloy
layers of AgxAuqy, with 0.15 < x =< 0.40, were examined for dixoygen activation and methanol
self-coupling. These alloy surfaces recombine atomic oxygen at different temperatures
depending on the alloy composition. Total conversion of methanol to selective oxidation
products, i.e. formaldehyde and methyl formate, is achieved at low initial oxygen coverage and
at low temperature. Reaction channels for methyl formate formation occur on both Au and
Au/Ag mixed sites with a ratio as predicted from the local 2-dimensional composition.
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2.b. Future Objectives:

The next phase of our research is to investigate dilute Ag-Au alloys on the Au(110)

surface in order to more closely mimic the nanoporous gold. The Ag(110) surface is known to
dissociate Oy; this, we selected the (110) orientation for these studies. Our plan is to use a
combination of reactive measurements, spectroscopy (X-ray and vibrational) and scanning
tunneling microscopy to characterize this class of materials. Subsequent chemical studies will
provide a more detailed understanding of selective oxidation reactions and O, dissociation on
these alloys.
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Aerobic Oxidation of Organic Molecules
with Homogeneous, Nanoparticle and Heterogeneous Pd Catalysts

Shannon S. Stahl
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Palladium-based catalysts have widespread utility in liquid-phase aerobic oxidation of
organic molecules. Most of our work in this area has focused on the development and
mechanistic characterization of a new class of homogeneous Pd catalyzed reactions that
employ ancillary ligands to promote direct aerobic catalytic turnover (without Cu
cocatalysts) and to influence reaction chemoselectivity, regioselectivity and
stereoselectivity (for leading references see: Science 2005, 309, 1824-1826 and Acc.
Chem. Res. 2012, 45, 851-863). Recently, we have identified nanoparticle and
heterogeneous Pd catalysts that offer complementary reaction selectivity in several
different classes of aerobic oxidation reactions, including oxidative dehydrogenation of
cyclohexanones, allylic acetoxylation of alkenes, alcohol oxidation, and oxidative
coupling reactions of arenes. This presentation will highlight selected case studies from
these reactions, emphasizing reactions mechanisms and insights relevant to the interface
of homogeneous, nanoparticle and heterogeneous catalysis.

Copper-Catalyzed Aerobic Oxidation of Alcohols and Arenes
DE-FG02-05ER15690

Postdocs: Dr. Jessica M. Hoover

Students: Alison E. Wendlandt, Alison M. Suess, Lauren M. Huffman, Amanda E.
King, Bradford L. Ryland, Jodie F. Greene, Janelle E. Steves

Collaborators: Prof. Thatcher W. Root (Dept. Chem. Biol. Engr., UW-Madison),
Prof. Thomas C. Brunold (Dept. Chemistry UW-Madison), Prof. Christopher J.
Cramer (Minnesota), Prof. Xavi Ribas (University of Girona)

RECENT PROGRESS

Development and Mechanistic Characterization of (bpy) Cu/Nitroxyl-Catalyzed Aerobic
Alcohol Oxidation.

Development of a Practical Method for Catalytic Aerobic Oxidation of Primary
Alcohols. Aldehydes and ketones are ubiquitous products and intermediates in industrial
chemical synthesis. Effective alcohol oxidation reactions often must exhibit one or more
types of "chemoselectivity", such as: A) oxidation of a primary alcohol to an aldehyde
without over-oxidation to the carboxylic acid, B) selective oxidation of an alcohol in the
presence of other oxidizable and/or potentially inhibitory functional groups, and C)
oxidation of one alcohol in preference to another within a diol or polyol.

In 2011, we reported the development of a highly practical method for chemoselective
aerobic oxidation of primary alcohols to aldehydes with a catalyst consisting of an
inexpensive Cu' salt and TEMPO (2,2,6,6-tetramethylpiperidinyl-N-oxyl) (Figure 1). The
method is effective with both activated (benzylic, allylic, propargylic) and unactivated
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(aliphatic, electron-deficient) alcohols, and
many of the reactions, especially those

5 mol% Cu'OTf, 5 mol% bpy
5 mol% TEMPO, 10 mol% NMI
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with activated alcohols, reach completion MecN.t
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Figure 1. Aerobic oxidation of aliphatic alcohols with
bpy/Cu'/NMI/TEMPO.

molecules containing electronically more 95% 71%
activated, unprotected secondary alcohols.
The high activity of this catalyst system
arose from the serendipitous discovery that use of a Cu' source results in dramatically
higher rates relative to catalyst systems that employ a Cu"' source.

The efficiency and synthetic scope of these Cu/TEMPO-catalyzed alcohol oxidation
potentially also make them attractive for large-scale applications. In order to demonstrate
safe and scalable operation of these reactions,
we performed the reaction with dilute oxygen
gas (9% O, in Ny, 35 bar total pressure, which

is outside the O,/CH3CN flammability limits)

RCH,0H
cat.
Cu(OTf)/bpy
TEMPO

N2

S@ -

. . . RCHO
in a stainless steel tube reactor (Figure 2). The 0N, cat. Cu(OTf)bpy
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they exhibit inherently slower reaction rates >99% v09% >99%
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and also because the reaction temperature had
to be lowered to 60 °C to minimize
overoxidation of the aldehydes to carboxylic
acids (carboxylic acids inhibit catalytic
turnover, resulting in incomplete conversion

aliphatic (60 °C):
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Figure 2. Continuous flow applications of Cu/TEMPO-

catalyzed aerobic alcohol oxidation.

of the starting alcohol).

Mechanistic Studies of Cu/TEMPO-Catalyzed Aerobic Alcohol Oxidation Reactions.
The practical utility of this new Cu/TEMPO catalyst system prompted us to undertake a
systematic mechanistic study of the catalytic reaction. In early 2013, we reported a
mechanistic study of (bpy)Cu'OTf/TEMPO/NMI-catalyzed alcohol oxidation. An
oxoammonium pathway, in which TEMPO" serves as the active oxidant, had been
proposed previously by Semmelhack for a different Cu/TEMPO catalyst system.
However, this mechanism was excluded on the basis of several pieces of evidence,
including electrochemical data showing that Cu' is not a strong enough oxidant to
oxidize' TEMPO to TEMPO', a lack of kinetic competence of the TEMPO"
oxoammonium species, and isotope effect analysis. Instead, the data suggest that Cu and
TEMPO work in concert, as coupled one-electron oxidants, to achieve a net two-electron
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oxidation of the alcohol. Aerobic oxidation of Cu'
and TEMPOH affords a Cu"-OH species and Lo
TEMPO. The unique effectiveness of a Cu' catalyst TEMPO- /" iv i

0 R + TEMPO-H 1120,

precursor is evident from this sequence: aerobic H H
oxidation of Cu' generates a hydroxide base Lioul-0” R /2 [LaCule(Oe)
(LnCuH—OH) that is needed to deprotonate the i ii /— TEMPO-H
alcohol in the substrate oxidation half-reaction. "0 L cul-on

A major component of this study focused on Ho ' TEMPO:

. .. . . . Figure 3. Expanded mechanism of (bpy)Cu-
comparison of reactivity of benzylic and aliphatic TEMPO-catalyzed alcohol oxidation.

alcohols, including analysis of catalytic rates by
gas-uptake and in situ IR kinetic methods, and characterization of the catalyst speciation
during the reaction by EPR and UV-visible spectroscopic methods. Overall, catalytic rate
laws, kinetic isotope effects, and spectroscopic data provided evidence for different
turnover-limiting steps for activated (benzylic and allylic) vs. unactivated (aliphatic)
alcohols. Benzylic and other activated alcohols exhibit faster overall rates and show no
kinetic dependence on [alcohol] or [TEMPO]. A rate dependence on [Cu] and [O-] in
these reactions suggests that aerobic oxidation of the Cu catalyst (step 7, Figure 3) is the
turnover-limiting step of the reaction. A second-order dependence on [Cu] at low Cu
concentrations indicates that O, activation involves two Cu centers. Aliphatic alcohols
react more slowly than benzylic acohols, and their rate exhibits a saturation dependence
on [alcohol] and a first-order dependence on [TEMPO]. Alcohol oxidation proceeds via
pre-equilibrium formation of a Cu"-alkoxide species (step iii) followed by hydrogen
transfer to TEMPO (step iv).

Development of a Practical Method for Catalytic Aerobic Oxidation of All Classes of
Alcohols. The insights obtained from the mechanistic studies described above provided a

foundation to address o OH  (pyCUTEMPONMI O

two limitations of the @ R R2 recopy Gl ABNON ™ R A2
(bpy)Cw/TEMPO/NMI Yoo o on 9
catalyst system: (1) the = "°"C  'ewoAeNe Sk @OH o> g ©)\,(HBOC
oxidation rates of unactivated aliphatic "wbenzyle  2*benzflc 1 alphatic 2 alphatic 2 benzylc

alcohols are significantly slower than
those of activated alcohols and (2)
secondary alcohols are unreactive. The
latter feature is appealing because it

1° benzylic

(umol)
3

TEMPO
rate and

-

o

o
!

2° benzylic

E
. . .. 2 1° aliphatic AN
underlies the reaction chemoselectivity 8 s selectivity
. . . ~ by sterics
(e.g., selective oxidation of unprotected  © - aiphatc | g9
. . . . 0- o . electronics
diols), but it also limits the scope. 5 A Srincoriy
Ime (min
In 2013, we showed that replacement
of TEMPO with a bicyclic nitroxyl, such ~_**] 2° bonayic (indered)
. ° 1° aliphatit
as ABNO or ketoABNO, led to dramatic §150 2° lipnatic @

N .
aBNO ©
all

substrates
exhibit

rate  enhancements with  aliphatic

alcohols and rendered the catalyst

compatible with secondary alcohols. nearly
identical

Whereas the Cu/TEMPO catalyst system os : o 15 2 rates

h ignificantly different rates for Time ()

S,OWS S1g ¢ Y differe ‘CS OO Figure 4. Rate comparison of five different alcohols with

different classes of alcohols (i.e., 1 Cu//TEMPO and Cu/ABNO alcohol oxidation systems.
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benzylic > 1° aliphatic/2° benzylic >> 2° aliphatic and/or sterically hindered 2° benzylic),
the closely related Cu/ABNO catalyst system exhibits nearly identical rates with all
classes of alcohols (Figure 4). These observations suggest that replacement of TEMPO
with ABNO significantly increases the alcohol oxidation step (step iv, Figure 4) and that
the rate is controlled by an alcohol-independent step, such as aerobic oxidation of Cu'
(step i, Figure 4). This conclusion is supported qualitatively by the beneficial effect of an
electron-rich bpy ligand (M*°bpy, 4,4'-dimethoxy-2,2'"-bipyridyl) and the ability to lower
the ABNO loading from 5 to 1 mol % without affecting the rate. The optimized
Cu/ABNO catalyst system shows excellent reativity with a broad range of activated and
aliphatic primary and secondary alcohols, including those bearing diverse functional
groups and stereocenters adjacent to the product aldehyde group. The good reactivity
with secondary alcohols undoubtedly reflects the smaller steric profile of the bicyclic
ABNO structure relative to TEMPO.

Cu-Catalyzed Aerobic Oxidation of Aromatic C—H Bonds.
Copper(Il) has an extensive history as a stoichiometric oxidant in organic chemistry,
but such oxidation and oxidative coupling reactions are typically initiated by single-

electron transfer (SET) from electron-rich organic molecules. In 2010, we reported the
direct (spectroscopic) evidence for an aryl-Cu™

intermediate in a Cu"-catalyzed C-H aerobic C ] @(iﬁ
oxidation reaction. It seems reasonable that other l: HN NUN
Cu'-catalyzed oxidation reactions proceed via NOR @[N‘*R
organometallic intermediates. In 2011, we reviewed @EH X X X=0N
"Copper-Catalyzed ~ Aerobic ~ Oxidative =~ C-H r—=- AN
Functionalizations", in which we classified reactions Pl " ) @p\_ .

according to their probable mechanism, SET wvs.

organometallic. Recognition of these two distinct pathways provides a framework for the
design of new catalytic reactions, and we are interested in elucidating the factors that
dictate the mechanistic course of the reaction.

I .
In a recent StUdy of Cu’-mediated Scheme 1. Divergent Reactivity in Cu"-Mediated C-H Oxidation.

OXidation Of N- -(8 -quinolinyl)benza— Single-Electron-Transfer Mechanism cl
. . .. (acidic conditions) N

mide, we observed divergent reactivity, H 20 ot G (ji; Kho =1
depending on the reaction conditions. B 1atm O,, 2 eqLiCI Yl o

. . . N/ AcOH, 100 °C,17 h
Under basic conditions, the benzamide g “
group  undergoes directed C-H " 2 6q GU(OAT)s P
methoxylation or chlorination. Under 1m0z 1 29 05,00 HN._O
acidic conditions, the quinoline group MeOH, 50°C, 24h Meo\é ko = 5.7
undergoes non-directed chlorination. O st sonditione) "

Experimental and  computational

mechanistic studies implicate an organometallic C-H activation/functionalization
mechanism under the former conditions and a single-electron transfer mechanism under
the latter conditions. This rare observation of divergent, condition-dependent mechanisms
for oxidation of a single substrate provides a valuable foundation for understanding Cu'"-
mediated C—H oxidation reactions.
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Presentation Abstract

The discovery by Haruta more than a decade ago that by co-feeding H2 with propylene and Oz and
using Au/TiOz as the catalyst, one can produce PO with high selectivity provides the potential for
a single-step, direct and green solution to this long standing catalytic partial oxidation challenge.
Moreover, the catalytic chemistry of this system offers unique opportunities to study the role of in
situ generated hydrogen peroxide as a selective olefin oxidant and to probe the catalytic properties
of nanometer and subnanometer metal particles. We focus here on Au/TS-1 catalysts, which
display the improved stability and activity associated with isolated Ti centers, and probed the
nature and location of the active Au. Since proximity of Au and Ti is required for the catalysis,
the activity of Au on a support made by coating TS-1 with an S-1 shell showed that Au clusters
small enough to enter the MFI pore structure are active for PO production. Addition of Au to
uncalcined TS-1, the pores of which were still blocked by the template, led to an unprecedented
20 hour activation period. Correlated changes in apparent surface area and other supported data
showed that peroxide generated from Hz and Oz over the Au particles burned some of the template
out of the pores, allowing Au migration to the Ti anchor points that create the active sites in the
pores. Analysis of the most active catalysts yet reported, with a rate of reaction of 300 groh™'kgear ™,
showed that the Cs salt used in deposition precipitation of the Au in these catalysts helps to
stabilize the small Au particles in the TS-1 pores, thus maximizing the number of stable Au sites.
These studies all confirm the importance of Au clusters small enough to enter the TS-1 pore
structure as active sites for propylene epoxidation.

Grant title: Fundamental Studies of Oxidation Reactions on Model Catalysts
Grant number: DE-FG02-03ER 15408

P1: Fabio H. Ribeiro and W. Nicholas Delgass

Student(s): Viktor J. Cybulskis, Wen-Sheng Lee, lan T. Smith

RECENT PROGRESS

Recent work has focused three areas. The first is closure of the work on Au supported on
uncalcined TS-1 supports, Au/U-TS-1. The motivation for that work was to force the gold to be
deposited on the outer surface of the TS-1 crystallites by blocking the interior pore structure by
not removing the template around which the TS-1 structure grows during its synthesis. Second is
elaboration of the discovery that the reaction rate of Au/TS-1 can be dramatically enhanced by
using Cs2COs instead of our standard Na>COs as the pH control agent during the deposition
precipitation (DP) of the Au. The third is examination of the effects of the residual Na left from
the standard DP process, the Cl left from the chloroauric acid gold precursor, and the method of
activation.
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AU/U-TS-1: The preliminary results of this approach given in last year’s annual report have now
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Figure 1 PO rate per gram of catalyst as a function of time
for 0.05Auw/UTS-1(119) samples first pretreated under
different conditions for 5 h at ~200 °C (including the time
for temperature ramping with a ramping rate ~1 °C min™":
(m) normal reaction conditions (10 vol% each of
Hz,Oz,C3H6 in Nz), ( ) pure N» ( ) 10 vol% O, in N, (0)
10 vol% each of O, and C3Hs in N2 (%) 10% each of H, and
O, in N, and then tested under normal conditions for
another 1-2 h. For reference, the BET apparent surface
area of UTS-1(119) was 21+1 m? g,

been published in the Journal of Catalysis. The
unique feature of this catalyst is its slow
activation, taking nearly 20 hours to reach full
activation. In contrast, Au/TS-1 with the same
Au loading rises almost immediately to its
highest activity and then shows some
deactivation over time. The fact that Au
particles large enough to be seen by TEM form
after Au deposition (before reaction) only on
UTS-1 and not on calcined, open-pore TS-1 is
further evidence that a significant amount of the
Au enters the pore system when it is accessible
during DP. The slight opening of the pores
indicated by an increase in the area measured by
BET and the loss of template in the near-surface
region indicated by a decrease in the N 1s line
in XPS confirm the correspondence of the
opening of the pores with the increase in PO
activity, while TEM shows that Au particle size
does not correlate with the rate. Interestingly,
Fig 1 shows clearly that it is the presence of Hz
and Oz together in the reaction mixture that
pore opening and thus the activation of the

Also of particular interest in this system are the
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Figure 2. H; selectivity/conversion as a

function of time

observations that, once activated, this catalyst has high
stability and, over the entire time, a hydrogen selectivity
that is significantly improved over that of Au/TS-1, as
shown in Fig. 2. This is important because the hydrogen
selectivity may well be the deciding factor on whether this
catalyst will ever be applied commercially. We note that
the sample 0.01 Au/U-TS-1(119) showed the Ha selectivity
at the level of 55% with PO rate 60 gPO h™! kgCat™! at
200 °C, which is the highest H> selectivity yet reported at
similar conditions.

Effects of Cs on Au/TS-1: We have known for some time that Au efficiency for the PO reaction
is highest at the lowest loadings, an observation consistent with need for small, isolated Au
clusters. Thus an optimal gold loading can be expected at a point where the increase in the number
of sites with increasing loading is offset by the decrease in Au efficiency. This effect is illustrated
in Fig 3. Fig 3b show clearly that the efficiency drops with loading regardless of the method of
catalyst preparation. Fig 3a, however, shows a surprising effect of Cs vs. other alkali metals as the
cation of the DP agent. With Cs the drop in efficiency is delayed as the rate increases, allowing
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the rate to continue increasing to higher Au loading. The net effect is a doubling of the rate to the
highest value yet recorded for PO production over Au catalysts.

OAU/TS-1(121)Na 600 -
400
AUTS-1(121)K OAU/TS-1(121)Na
® AU/TS-1(121)Rb <N 2 AU/TS-1(121)K
250 - uTS-1(121) 2 oo B uTs-1(121)
e AA A Au/TS-1(121)Cs S o ® Au/TS-1(121)Rb
"S 300 4 T A AU/TS-1(121)Cs
> A A g 400 &
X 250 - AR 2 A
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o
co 200 - A o S 3001 O
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Figure 3. a) (left) PO rate per gram of catalyst and b) (right) PO rate per gram of gold for Au/TS-1(121) with different
gold loadings prepared by using different precipitation agents: Na,CO3, K,COs3, Rb,CO3, and Cs;COs. The data were
taken as the average values of the first 1-2 h at 200 °C. The circled data points were the rates right at 200 °C (reacted
at 200 °C for less than 0.5 h).

As shown in Figure 4, there is some deactivation of these high rate catalysts, but they still level
out at well above 200 gpoh''gcat™!. It is also interesting to note that we have found that the Cs
enhances the catalyst performance even if it is added after DP with Na, provided the Au loading

400 is high enough. At very low Au loading, sintering is not a
3501 o problem and Cs is not needed. This can be seen in the low

= a0 loading portion of Fig 3a, where the slopes are about the
° | °°° g8 og 592°,. same for the Na and Cs samples. At higher loading,
£ Aaa ,‘%Q%*@AQOM oo however, the presence of Cs retards sintering and preserves
& 207 the population of optimal sites. The small Au clusters
Lg 150 - associated with those sites show a slightly higher hydrogen
o 100 selectivity relative to the Na analogs (~20% vs. 12-15%),
T s but not as high as that found for the uncalcined catalysts
0 , ‘ , | discussed above. There is clearly some chemical interaction

0 5 Tlifne - 20 %5 of the Cs with both the TS-1 and the Au. With Cs DP, the

Au capture onto the catalyst is enhanced by about a factor
Figure 4. PO rates for 12 Au/TS-1 (121)Cs  of 4 relative to that with Na and XPS of the Ti 2p region of
catalysts as a function of time on stream  the fresh catalyst shows some Ti**. Nevertheless, the
activation energies and orders of reaction are independent of the alkali used, indicating that the
chemistry of the Au sites is unchanged. We conclude, therefore, that the role of the Cs is to
increase the number, but not the nature of the Au sites.

Effects of Residual Alkali, Chlorine and Activation Method on the PO Rate: Effects of both

Na and particularly Cl might be expected for these catalysts, but as shown in Figs 5 and 6 they are
not important descriptors of performance. In Fig. 5, a four times increase in the Na/Au ratio does

119



not affect the Au efficiency. Fig. 6 shows that post impregnation of additional NaCl or NaNO3
also has little effect on the rate.

350 1 [ AAUTSL(100) pH9- Na/Au - 500
AAU/TS-1(100) pH7 - Na/Au 160 1
300 - A AU/TS-1(100) pH9 - Gold atom efficiency | | 450 o
A AUITS-1(100) pH7 - Gold atom efficiency | | 400 C;? :.'\ 140 A
©
201 F a0 E S 120 -
£ A A - 300 5% X i
520 N A . S 100 S
) A % A P 250 ¢ o
£ 150 - A 3 o 80 -
= A 200 & >
=) b T
< | 150 g 8 g0 1| ¢Original sample
3 1007 S o ®Imp D.I. water
A A A4 100 8 O 40| AIMPNaCI
% Al 8 x ® IMP NaNO3
O
20 T T T 1
0 . \ 0 3 35 4 45 5
0.02 0.03 0.04 0.05 .
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Figure 5. Na/Au molar ratio and the gold atom Figure 6. PO rate per gram of catalyst vs. time on
efficiency of the Aw/TS-1(100) samples prepared at stream

pH~7 and pH~9. The samples are prepared at different
pH with different Na/Au molar ratios but have similar
gold atom efficiency at ~250 gPO h-1 gAu-1.

To study the effects the activation procedure on the rate of reaction, we compare Hz, N2, and Oz
individually to the standard activation in the reaction mixture in Fig. 7. Pure hydrogen and oxygen

PO rate (gpo ht kgcar®)

200 +

160

120 -

80

40 -

M reaction mixture
Pure hydrogen
Pure nitrogen

X Pure oxygen

xxxxxxxxxxxxx

o 2 4 6
Time (h)

Figure 7. PO rate (gPO h-1 kgCat-1) vs. time on
stream for the 0.11Au/TS-1(121) samples activated
in different environments: (triangle) pure Ha,
(round) pure Ny, (cross) pure O2, and (square)
reaction mixture from RT to ~200 °C with ramping
rate ~1-1.5 °C min™..

are clearly poorer choices, while N2 is only slightly
below the reaction mixture activation. TEM analysis
of the activated samples showed that in hydrogen and
oxygen the average particle sizes were 3.91 and 3.68
nm respectively, compared to 3.29 nm for activation
in the reaction mixture. While the change is
relatively small, coupled with the broadening of the
distribution, it is in keeping with our findings that
loss of the smallest particles is most detrimental. A
complete study of the effects of the size of the
particles that can be seen by TEM, i.e. larger than 1
nm, shows that the rate does not correlate with
particle size or with the number of edge, corner, or
surface sites. This finding again confirms that the
TEM invisible small particles in the pores are the
important active sites.
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Presentation Abstract

Understanding the workings of a catalyst at the atomic level and building on this knowledge
to develop new and better catalysts is a scientific grand challenge that requires a close
interplay between front-line experimental capabilities and significant theoretical efforts.
The search for new materials based on computational screening approaches has proven to
be a very cost-efficient way of identifying possible catalyst candidates if the right tools and
methodologies are developed. Realizing that the complexity of a given process can be
reduced significantly by a number of simple principles has been instrumental for the
progress and the development of such simplification schemes for a larger group of materials,
surface orientations, surface compositions and catalyst size regimes where the distinction
between heterogeneity and homogeneity is unclear, is a necessity in order to take

computational catalyst screening to a new level of predictability.
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Recent Progress

The aim is to significantly enhance our understanding of chemistry at the nm size regime

and through this, speed up the development of novel design strategies for computational

catalyst screening that goes beyond extended systems.

The lateral interaction in the surface layer due to compressive strain or alloying and the

interaction between the surface metal layer and a different host material in metal particles

is expected to result in significant variations in reactivity of the active components in the

surface.
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Fig. 1 Oxygen binding energies on series of Pt and Au near-surface alloys. Black dots indicate
full DFT calculations for oxygen adsorption in the fcc site on the close-packed metal surfaces.
The red dots are oxygen binding energies calculated from the DFT extracted d density of states
using the Newns-Anderson approach. On Au binding energies are seen to vary significantly
between the DFT results and the Newns-Anderson results. This indicates that changes in bond
strength on Au depend more on the overlap of metal states than coupling between adsorbate
and surface d-states. On Pt on the other hand the agreement between the DFT and Newns-
Anderson results is much better suggesting that the effects observed on Au only have a
secondary contribution to the binding on Pt which in this case is mainly driven by the

hybridization between the adsorbate states and the metal d-states.
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We have studied this using a series of model systems that were designed explicitly to target
each effect separately. Subsurface ligand effects were studied by looking at near-surface
alloys where a different metal is substituted in the second layer of a surface slab. We found
(see Fig. 1) that for coinage metal near surface alloys an increased binding energy could be
obtained even though hybridization with the filled d-states should give a net zero variation
in the bond strength. The effect is related to secondary interactions between the first two
metal layers where variations in bond strength are governed by coupling between the small
perturbations in the metal states in the first layer induced by the adsorbate and the second
layer.

In the case when the metal surface has empty d-states this effect is still present but here

variations in bond strength are mainly driven by adsorbate state and d-state hybridization.
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Fig. 2 Left figure shows projected density of states (PDOS) on Pd 4d orbitals (solid lines) in Pd
and Pd/Ag alloys together with the C 2p orbital PDOS (dashed lines) for C adsorbed on Pd and
Pd/Ag alloys. The energy zero is the Fermi level and the vertical solid lines are used to denote
the d-band center of the Pd atoms in the (111) surface of pure Pd and Pd alloys. The star (*) is
used to mark the position of C 2p-Pd 4d anti-bonding states. The middle figure shows Hilbert
transforms of the local d-DOS of the surface Pd atoms in the pure Pd and Pd/Ag alloys. The
dashed line represents the adsorbate function defined as y = ¢ — e, where ¢, is the
renormalized adsorbate state after the interaction with the sp-band of the substrate. The

intersection between the adsorbate function and the upper part of the Hilbert transform
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(marked with circles) represents the position of adsorbate-metal anti-bonding states. The
upper d-band edge is defined as the peak position of the Hilbert transform of the local d-DOS
and is marked with a star (*). Right figure shows adsorption energies of C, N, and O on pure Pd
and Pd alloys, with atomic metal ratio of 3:1, 1:1, and 1:3, plotted as function of the position of
the upper d-band edge, given by the intersection between the Hilbert transform and the

adsorbate function.

To understand ligand effects in the surface layer we studied a set of Pd/M alloys where M is
chosen among the late transition metals. Here we found (see Fig. 2) that the simple d-band
model that correlates d-state position and activity can be extended to include not only
metals but also metal alloys by explicitly accounting for effects from the structure of the
density of states. This effect is captured by the upper band edge of the d-band and it is most
pronounced when the band structure of the active surface component is split into separate
bands such that not only the position and the width become important but also the

distribution of states in the vicinity of the Fermi-level.
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Fig. 3 Oxygen adsorption energies calculated on different size cubo octahedral Pt and Au
clusters. Quantum-size effects are observed for Au clusters giving rise to large fluctuations in
the binding energies of small clusters an effect that is less pronounced for Pt clusters. Secondly,

very slow size convergence towards the unstrained slab calculations for the binding energies

128



are observed for both Au and Pt clusters. This effect is mainly due to in-plane relaxations
(lateral). A 2-3% compressive lateral relaxation of the clusters clearly underlines the necessity
for a deeper understanding of the effects of cluster compression and how to incorporate that

into existing models.

Studies of lateral compression in metal clusters and its effect on adsorption was made
possible with the use of the super-computer at Argonne National Lab.

Fig. 3 shows the adsorption energies of oxygen on relaxed freestanding Pt and Au clusters.
The adsorption energy on Pt clusters appears to approach a value that is around 0.3 eV
weaker than the value on a strain-free surface. In addition, this limit corresponds to
adsorption energies observed for Pt surfaces with 2-3% compression. The adsorption
energy of oxygen on Pt clusters reaches this limit very quickly, already at 55 atoms. In
contrast, the oxygen adsorption energy on Au clusters approach to a similar strained limit,
however, this occurs first when the cluster size reaches 561 atoms. This difference in
adsorption energies between large clusters and the traditional surface model has been

identified to be due to self-compression of the metal clusters.

New materials discoveries have really only been possible through a careful understanding
of the complex reaction network at the atomic level. Hence, expanding the model approach
to a larger number of materials and structures and pushing our understanding into different
size regimes where the boundaries between heterogeneity and homogeneity are unclear is

a necessity in order to move the field forward.
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Presentation Abstract

The focus on Co oxide surfaces is motivated by the activity of Co-containing oxides for a
wide range of reactions, yet continuing uncertainties regarding even the identity of the
catalytically active phase. In the bulk, the thermodynamically stable phases of Co oxide
are CoO and Co304 with the latter favored at atmospheric pressure up to ~ 1100 K. It will
be shown, however, that a support can stabilize CoO nanoparticles under conditions where
Co304 is favored. On high energy substrates, the inherent bilayer structure of Co3Os
dictates that the oxidation of CoO monolayers increases the exposed area of the substrate,
thereby stabilizing CoO against oxidation. Further, the dewetting required to form Co0304
increases the occupancy of high energy edge sites, especially for small CoO islands. As a
result, the oxidizability of CoO clusters decreases with size, the opposite of the usual trend.
As CoO is difficult to reduce, this renders small Co oxide islands inactive for CO oxidation.
It will be shown that specific island edges initiate oxidation of larger CoO islands leading
to characteristic defect structures in the resulting Co30O4 nanoparticles. Moreover, we find
that even a weakly interacting support can modulate the favored shape of the CoO islands
simply through lattice mismatch thereby altering the reactivity towards oxygen. One
consequence of this modulation is that the particle shape does not converge to the
continuum shape anticipated from surface and edge energies until the clusters contain
thousands of atoms. Recent results characterizing the Co oxide particles under near ambient
conditions using XPS and high pressure STM will be presented. Finally, a new direction
for surface science models of transition metal cations and oxides on zeolite surfaces will
presented; this work builds upon two recent PI publications on 2D silica bilayers.

DE-FG02-98ER14882: Structure-Reactivity Relationships in Multi-Component
Transition Metal Oxide Catalysts

Postdoc (Research Scientist): Min Li

133



RECENT PROGRESS
Shape, Morphology, and Phase Transitions During Co Oxide Growth on Au(111)

The surface structure and morphology of cobalt oxide thin films grown on Au(111)
were studied using scanning tunneling microscopy (STM) and ultra-violet and x-ray
photoelectron spectroscopies. Initial growth in Oz led to 2-D CoO clusters exhibiting a
superstructure in STM images characteristic of the lattice mismatch between the rocksalt
(111) surface and the substrate. The superstructure governed the CoO cluster shape; as a
result, the shapes of clusters containing up to thousands of Co atoms were modulated by
the most efficient packing of spheres. Continued growth led to a transition to 3-D, fully
oxidized, spinel phase Co30s clusters. These Co0304 clusters were embedded with
characteristic “Y” shaped grain boundaries that result from high reactivity towards oxygen
at specific edges of the CoO clusters, and the doubling of the periodicity when CoO is
oxidized to Co304. Exposure of the Co304 films to O atoms induced oxidation towards
C0203 which roughened the surface. Reducing these over-oxidized films produced CoO in
a 3-D morphology. The results demonstrate how the shape and morphology of Co oxide
nanostructures is intertwined with the support, the phase and the history of the structures.

\

Figure 1. STM images of CoO islands
(left) display a characteristic moiré
pattern due to the lattice mismatch
with Au. Oxidation to Co304 (right)
eliminates the lattice mismatch and
the moire pattern but creates
characteristic "Y' shaped defects.
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Figure 2. For CoO, the moiré maxima replace individual atoms as the building blocks that govern the

particle shape. The shaded balls represent the observed white spots on moiré patterned CoO clusters
in STM. The white circles highlight kinks resolved in the cluster edges for n = 33 and 40. Since each
ball contains 110 Co atoms, the clusters exhibit “magic sizes” of hundreds of atoms.
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Figure 3. When oxidation of CoO (a) proceeds preferentially at the distinct alternating edges, the
doubling of the periodicity in going to CosOa (b) causes “Y” shaped grain boundaries highlighted in
green to form. c) 3D rendering of an STM image showing the “Y” shaped groove.

Cluster-Size Dependent Phase Transitions of Co Oxides

In the sub-monolayer regime, cobalt oxide nanoparticles on Au(111) undergo a phase
transition from CoO to Co30s4 as the coverage is increased. At low coverages, only CoO
was observed even though the oxygen pressure was orders of magnitude higher than that
required to form bulk Co3Oas. The stabilization of the reduced phase is due to the higher
surface energy of the substrate and the lower areal density of the more oxidized phase.
These findings explain prior observations of transitions to more oxidized Co and Fe phases
after initial layers of the monoxide form on various substrates. The distinction here is that
the combination of the low surface energy of the Au substrate and the weaker interaction of
Co with Au than Fe with either Au or ZrOz, where Fe oxide switches from FeO to Fe3O4
after the monolayer is completed, dictates that the phase transition occurs well before the
substrate is entirely covered. This indicates that an appropriate choice of substrate, be it a
metal or an oxide, and particle size can allow a tuning of the oxidation/reduction properties
of oxide clusters for catalysis. The results can be generalized to any system in which either
a high substrate surface energy or strong attractive interfacial interaction favors wetting,
and the reaction decreases the covered area of the substrate.

Figure 4. The plot shows the
enhancement in the oxygen pressure
required to form CosOas clusters on
Au(111) relative to the bulk oxygen
equilibrium pressure at 670 K as a
function of cluster size. The inset
STM images show the structures of
the two phases. The CosO4 above the
equilibrium line is a bilayer
compared to single layer CoO below
the equilibrium line accounting for
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Presentation Abstract

A strong interaction between the catalyst surface and the graphitic lattice of the nanotube
was found necessary for healing and formation of defects during growth of single-walled
carbon nanotubes. Defects can be healed independently of their degree of embedment of
the defective structure into the tube structure. Diffusion and catalytic events at the
catalyst/tube interface are the main sources of nanotube structural recovery on the catalyst
surface. Optimal growth conditions are identified that allow significant structural healing in
nanotubes. On quartz supports, selective functionalization of low-coordinated surface sites
may cause exposure of low-coordinated Si atoms that bond strongly to nanotube walls. On
the other hand, saturation of low-coordinated oxygen also favors carbon nanotube adhesion
to the substrate. A chirality preference towards zigzag over armchair nanotubes was found
on functionalized quartz surfaces. Magnetization effects on the surface originated by the
presence of adsorbed functional groups were found to enhance adsorption of arm-chair
nanotubes compared to that on clean surfaces. Based on the findings, it was suggested that
surfaces may be engineered to favor horizontal adsorption of specific chiralities along
preferential directions. Catalyst nanoparticles have adjacent surfaces with different works of
adhesion for graphene. This difference is crucial for nanotube growth efficiency because it
offers the required anchoring and lift-off sites. Our results indicate that the faceting
geometry of the nanoparticles determines the nanotube cap structure, thus defining both the
diameter and the chiral angle of the single-walled carbon nanotubes during their birth.
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RECENT PROGRESS

Dynamics of defects on nanotube walls during CVD growth

The type of topological defect that nucleates in the nanotube wall is linked to the catalyst
shape and therefore to the metal-support interaction energy (Ems). The 5-7 type of defect
was found in every nanotube grown from our reactive molecular dynamics (RMD)
simulations independently of the Eys value, because of their low formation energy, the
dynamic nature of the growth process, andthe high growth rates. For stronger Eys the
catalyst becomes flatter, and 5-7 defects are more frequently found in the tube structure



(Figure 1). Although Stone-Wales (SW) defects can be found at low Eys interactions
(associated with low amount of defects), their presence in the nanotube sidewall results
from local concentrations of 5-7’s that recombine into 5-7-7-5 arrangements Vacancy
defects were seen more often in nanotubes grown on bi/mono-layer catalysts. At these
conditions, carbon caps lift-off so rapidly that they are not able to minimize dangling bond
through structural rearrangements on the catalyst surface. Therefore, low coordinated
carbon atoms were frequently observed in the tube sidewall during growth on catalysts
with these particular shapes.
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it Figure 1. Role of the catalyst surface in healing defects.

Defects can be healed on the catalyst surface via three
mechanisms: Carbon adsorption, carbon surface diffusion,
-y Or carbon precipitation from bulk (top). Once the defect
{:1. lifts off, the defect cannot be healed (bottom).
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Figure 2 illustrates a defect formation mechanism valid for vacancy and di-vacancy
defects. The mechanism follows six steps after starting with the formation of nanotube
edge delimited by carbon atoms potentially forming a defect. Rapid addition of catalyzed
carbon to the edge as a result of high pressures, leads to the fast growth of carbon chains in
close interaction with the support.

Ring reduction (Bambaa)

Eing growih

Zigzag edge Catalysls at edge

Figure 2. Formation mechanism for vacancy type of defects (mono and di-vacancy). The
flatness of the catalyst is the key factor to the nucleation of large rings due to their fast
stabilization on the nanotube wall. Red dots represent the atoms that will finally form the
large ring.

Carbon chains formed in the 2™ step bend because of substrate repulsion to neighbor
carbon atoms. Highly unstable pentagons are formed due to rapid formation of rings, which
leads to ring recombination into larger rings assisted by carbon diffusion on the catalyst
surface. Part of the large ring lifts off the catalyst surface. The size of the ring grows, as the
flatness of the catalyst does not allow the healing of this defect through further carbon
diffusion. Catalysis of carbon atoms at the edge leads to formation of even less stable
carbon squares and triangles that end incorporated into a bigger carbon ring. However,
very large rings are also unstable and low coordinated carbon atoms from the large ring try
to interact with metal atoms at the top of the catalyst. This favors the ring size reduction by
imposing a bamboo growth through formation of carbon chains at the inner part of the
nanotube cap. Once the large ring lifts off from the catalyst surface eliminating any kind of
interaction with it, the defect becomes stable and the catalytic healing is impossible. This
mechanism differs in some details for differggt growths at the same conditions.



Intermediate states may vary (Figure 2), such as the number of pentagons formed at the
edge, the size of the first ring, and/or the extent of ring growth and reduction. Nonetheless,
the overall defect formation mechanism remains the same, and vacancy/di-vacancy defects
are generally related to bamboo growth.

The analysis of defect equilibration within the nanotubes structure, as shown in Figure 1
applies to most kind of defects. However, Stone-Wales (SW) arrangements are not
included in this hypothesis and stabilize along the nanotube structure as soon as all carbon
atoms belonging to the defect stop interacting with the catalyst surface. Figure 3 illustrates
the formation mechanism of a SW defect elucidated by the RMD trajectory. Unlike what it
has been said about SW defects, the nucleation of this defect does not involve a bond
rotation in the graphitic structure of the tube. Although carbon diffusivity makes bond
rotations plausible on catalyst surfaces, we observe that the net rotation of the main bond
(green bond in Figure 3) is practically null.

Figure 3. Formation mechanism
for Stone-Wales defects. The
green bond represents the
principal bond separating the two
heptagons in the 5-7-7-5
configuration. The rest of atoms
involved in the defect represented
by red dots.

Only ~3 ns elapse since the main
bond is initially formed until the SW defect is finally stabilized outside the reach of the
catalyst surface. During these 3 ns, the main C-C bond undergoes insignificant alterations
in its orientation respect to the nanotube principal axis, despite catalytic phenomena taking
place around it. This bond becomes part of different carbon rings before permanently settle
in the center of the 5-7-7-5 configuration of the SW defects. The SW defects are then
nucleated as a result of the incorporation of a newly created 5-7 defect into a preexistent 5-
7 defect (1.99 ns). This phenomenon is frequently observed in our RMD simulations due to
high local concentration of 5-7 defects because of the use of elevated growth rates.
Accounting the presence and measuring the concentration of SW defects in nanotubes
represents an experimental
challenge since this defect
affects only four adjacent
hexagons without having
repercussions on the
physical behavior.

Figure 4. Reconstruction
mechanism of embedded
carbon networks. Systems
were analyzed by the time
(t1), where t6 > t5 > t4 > t3
>t2>tl. A. Embedded 5-7
defect healed on the catalyst
surface via carbon surface
diffusion. B. Embedded
hexagonal network disrupted via carbon surface diffusion and precipitation of carbon atom
(yellow) from bulk. 139




The enhanced surface area of the largest catalyst particle does not only assist defect healing
but also favors defect formation. Hexagons embedded into a near perfect graphitic network
are exposed to network reconstruction, as they remain deposited on the catalyst surface.
The stability of the hexagonal network might be then jeopardized by the high kinetic
energy at the catalyst-cap interface and the mass transfer from the bulk of the catalyst
toward the interface. As seen in Figure 4B, an embedded network comprising three
adjacent hexagons (t1) is disrupted by surface diffusion and reorganization into a
transitional 6-6-7 configuration (t2). The instability of this arrangement allows the
reconfiguration of the network back to six adjacent hexagons (t3). A single carbon (yellow
atom in Figure 4B) is precipitated into the nanotube-catalyst interface at t3 and favors
breaking of a C-C bond in order to accommodate in the middle of two heptagons at t4.
After this event takes place, the original perfect hexagonal network is never recovered
despite the probability for defect healing inherent to the cap-catalyst interaction. The
carbon precipitation at the interface has a significant repercussion on the concentration of
defects.

Factors that influence horizontal growth on quartz surfaces

A general scenario of depletion and accumulation of charges before and after nanotube
adsorption provides insightful information about the repulsive/attractive nature of each
interaction and the migration of charges upon adsorption. Charge depletion and
accumulation were computed for an isosurface value of 0.8 /A3 for nanotubes along the
[100](2) direction of the monohydrated surface. The results confirm the repulsion
experienced by the (4,4) tube as charges are depleted at the interface and accumulated
inside the nanotube. In the top half of the (4,4) nanotube, charges are also displaced in the
positive direction of the z-axis. This overall charge shift in the SWCNT (4,4) denotes a
strong repulsion undergone by the nanotube after contact with the surface that results in a
displacement of carbon nuclei away from the surface. In contrast, SWCNT (6,0) shows the
strongest adsorption energy along the same direction of the monohydrated surface, and
allows a significant charge accumulation at the interface. Electron depletion is found at the
inner part for the lower nanotube half, as well as accumulation in the inner and depletion in
the outer part of the upper half of the nanotube wall.

Electron cloud depletion at the interface was occasionally observed for hydrated surfaces,
unlike the behavior on clean surfaces. Localized migration of charges away from the
interface combined with accumulation at Si-C connections, are a result of structural
deformation of strongly adsorbed nanotubes. As a consequence of these deformations,
nuclei might move away from the surface at specific locations, such as stiff OH functional
groups, and approach lower energy spots such as unsaturated Si sites. Therefore,
simultaneous electron depletion and accumulation is observed at different points of the
interface, shown for the (6,0) tube along the [110] direction of the di-hydrated surface. This
analysis allows us to conclude that low-coordinated Si atoms guide preferential alignment
of carbon nanotubes on the ST-surface of quartz. It was previously reported that
unsaturated O atoms at the surface were critical on defining preferential alignment through
partial oxidation of nanotubes. However, we demonstrate that if the low-coordinated O is
bonded to low-coordinated Si, as in the case of the ST-cut, the unsaturated Si is most likely
to cause the attraction and charge concentration at the interface. We believe these results
can be extended to any kind of silica surface no matter the spatial arrangement of atoms
within the lattice. Only the coordination states of the Si and O atoms will define the
adsorption strength of carbon nanotubes on the surface, and therefore, the surface
concentration and distribution of this kind of atoms will establish the directions of
preferential alignment.
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Presentation Abstract

We present experimental and theoretical investigations of the structure and chemical interaction of single-
layer films/islands of MoS, and related molybdenum-sulfur compounds on Cu(111) and SiO,/Si
substrates. In particular, our work focuses on the properties of sub-stoichiometric sulfides and sulfur
vacancies, which we find to have a significantly higher affinity for reactants than — unsurprisingly — the
MoS, basal plane but also the brims/edges of MoS; islands. Our multipronged effort involves scanning
tunneling microscopy imaging, density functional theory simulation, photoluminescence spectroscopy
and submicron optical imaging. The latter two approaches required the setup of dedicated
instrumentation; they offer a complementary approach to the properties of this catalyst material that
permits probing at ambient pressures and above.

Additional work in this project addressed the role of the support in facilitating reactions on supported
metal catalysts. This is described in a separate poster.
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RECENT PROGRESS

Atomic Scale Imaging

In extension of our prior work on adsorption of anthracquinone on MoSCs grown on Cu(111) we further
evaluated the binding of small oxygenate species (formic acid and ethanol). This project revealed images
like in the figure, showing exclusive binding of formic acid to M0,S; (and not to MoS; or its edges).

We also performed mass spectrometry during backfilling and heating of the chamber in order to evaluate
the activity of the material and find traces of conversion of formic acid to ethanol (even at typical UHV
pressures, Fig. 1 center).

Atomic Scale Modification

In a parallel effort we address the formation of vacancies in MoS, and their activity. Computational
modeling shows far higher activity at vacancies and vacancy clusters than on the basal plane or even at
the cluster edges. As a prototype we have evaluated the propensity for catalytic activity of an MoS, layer
with two types of sulfur-vacancy structures (row and patch) and find the energetics for alcohol synthesis
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Fig. 1 Left panel: a) MoS, (central), M0,S; (nearly square) and S-terminated Cu (hexagonal) on a Cu(111) surface.
Formic acid molecules exclusive stick on the Mo,S; (and not on the MoS, step edges), as highlighted on the left,
b). The center panel shows TPD from the surface under constant formic acid pressure. The right panel depicts the
potential energies along the reaction pathway of the formation of CH;OH via the CO hydrogenation on MoS, with
a row of sulfur-vacancies (Solid connections) and with a patch of 7 sulfur-vacancies (dotted connections).
Thicker-longer bars represent the intermediate states while thinner-shorter bars represent transition states.
Numbers (in eV) are energetic barriers. Superscript * indicates adsorbed specie. Subscript (g) indicates gas phase.

from syngas to be more favorable for the layer with a sulfur-vacancy patch. The comparative reaction
energetics for the two types of vacancy structures in Fig. 1 (right panel) show that while the vacancy
patch is better suited for conversion of syn gas to methanol, there are still hurdles that need to be
overcome before we arrive at optimal configurations that would facilitate the reaction. We have obtained
similar results for water gas-shift reaction on defect laden MoS,, a manuscript of which is available.

An interesting finding in our DFT calculations for vacancy formation on one side of an MoS; layer is that
vacancies tend to form rows: the formation energy per sulfur vacancy is the lowest when the vacancies
form a row and that the longer the row, the lower the formation energy In addition, we find that the
lowest energy barrier for the diffusion of sulfur vacancy at the row structures through the exchange of a
vacancy with a nearby sulfur atom is 0.79 eV and that this barrier increases as the row elongates. Guided
by the above theoretical findings, we have fabricated vacancies on MoS, by means of sputtering of the
substrate using low energy Ar® ions. To this end, we set up a vacuum system that allows in-vacuo
photoluminescence spectroscopy. This task required integration of a laser system and a spectrometer with
the vacuum chamber.

Since we found that MoS; grows as an inverted catalyst on Cu(111) only on the 10nm scale, we have also
developed capabilities for the fabrication of MoS, monolayers on the micron (optical wavelength) scale.
This was accomplished by using SiO,/Si as a substrate, which provides the added benefit of being
inert/dielectric and, hence, does not quench the PL yield.
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Fig. 2 (left) schematic representation of sulfur removal from MoS; via sputtering with low-energy Ar* ions.
(center) Calculated formation energy of sulfur-vacancies on MoS,. Each data point (circle) represents the
formation energy of a vacancy structure. The magenta line connects the data of sulfur-vacancy row. (right) UHV
chamber (back) with attached setun for in-vacuo PL spectrosconv (front)
To utilize sputtering to create a defined number of vacancies, the first question we had to answer was
whether sputtering allows the material to remain integral overall or leads to a randomized structure. We
used XPS to ascertain that the core level signature (i.e., oxidation states) of the material’s components
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remain unchanged. After sputtering we find the material to be sulfur deficient (by up to % of the initial
amount) and air sensitive, validating that we indeed activated it.

Concurrent PL measurements reveal a vacancy induced dimming of the native photoluminescence (PL)
yield of MoS,. PL spectroscopy, once a system is set up for it, is a very facile and rapid way of
monitoring material quality and the presence/absence of defects. Our research effort in the first year of the

5:Mo Ratio

current grant was to ascertain that we can utilize PL A

spectroscopy for real-time following of surface reactions. In
this context, we deposited a sulfur source (benzenethiol) both
on an unperturbed and a sputtered MoS; film. In the case of
the unperturbed film, we deposited the sulfur source at
cryogenic temperature and see a decrease of the PL intensity
due to the presence of the physisorbed species. The material
regains its original PL yield once a temperature is reached, at
which benzenethiol desorbs thermally (Fig. 3, bottom left).
At higher temperatures, the PL intensity resembles that of the
untreated substrate. In contrast, if we first sputter the sample,
we see low PL intensity both at low and high temperature
(Fig. 3, bottom right). Annealing in the presence of the sulfur
source recovers the PL intensity almost completely. This
finding verifies that we can create vacancies that are
sufficiently localized and embedded in an intact MoS, film,
SO as to serve as a test bed for local surface reactivity.
Currently, we are setting up a manipulator whose heating
elements remain dark (and, thus, do not interfere with PL
measurements) at realistic process temperatures of MoS,, so
that we can monitor activity of the film under realistic
conditions.

Submicron Scale Monitoring of Catalyst Performance

PL measurements have over the past year attained interest in
the DOE BES Catalysis community because efforts such as
those led by Peng Chen at Cornell or Suzanne Blum in Irvine
have shown that PL permits real-time monitoring of catalytic
reactions. MoS, offers as advantage over other catalytic
systems, that here the untreated catalyst is PL active so that
no specific chromophores as reactants or spectators are
required. We are currently setting up a reactor chamber, in
which we can rapidly vary the pressure over more than 10
orders of magnitude (UHV to a few atmospheres) and the
temperatures from cryogenic to beyond the decomposition
temperature of MoS, while maintaining sub-micron optical
resolution of a set of MoS, catalyst islands. Fig. 4 shows a
set of MoS; catalyst islands on the left as optical image and
on the right by their PL emission in the spectral range
between 675 and 685 nm.

In the first data from this setup (Fig. 4), each MoS, single-
layer islands is about 1-3 micron in size) with jagged edges
reflecting their domain structure. Variation of the nitrogen
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Fig. 3 (too) Molybdenum to substrate and
sulfur to molybdenum ratios as obtained
by XPS measurements (left inset) during
the sputtering of an MoS, film. The
absence of a marked change in the spectra
indicates that the MoS, stays overall
intact. The right inset shows the
concurrent reduction in PL yield. (bottom
left) PL intensity of an MoS, film before
(red) and after adsorption of benzenethiol
(BT) at cryogenic temperatures. The
recovery of PL signal at 180K coincides
with the desorption of intact BT. (bottom
right) PL intensity of an MoS; film prior to
(red) and after (blue) creating sputter-
induced vacancies, after subsequent anneal
(green) and after exposure to BT and
renewed anneal (orange).
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Fig. 4: (left) visible light image of about 1
micron size single-layer MoS, islands on
SiO, in high vacuum. (right) direct
imaging of photoluminescence from these
islands during excitation with a 532 nm
filter. Exclusively PL light in the 675-685
nm range was used to acquire this image.



pressure inside the reactor reveals a strong pressure dependence of the photoluminescence despite the
inert nature of the gas. PL yield is a sensitive indicator of the electronic structure of the material and this
finding highlights the importance of including pressure as a parameter in studying surface reactants.

Images similar to Fig. 4 can also be obtained by conventional PL mapping, where the sample is moved
under a small laser spot and a spectrum is taken at each point. However, acquisition of our images takes
only a few seconds and not a few hours and proceeds through windows inside our reactor. Imaging during
exposure of the islands to oxygenate reactants at various pressures and temperatures is ongoing.

Theoretical modeling of active sites, reaction rates and turn-over frequencies

We have carried out combined density (a)
functional theory and kinetic Monte 100

Carlo  simulations  for  ammonia :: I I
oxidation on RuO,(110) wusing a 4
database of 24 reaction processes and 20 I I
compared the selectivity for reaction ® s
products under ultrahigh vacuum (UHV)

and ambient pressures at selected (b)
temperatures*>. We find that in keeping
with earlier experimental and theoretical
findings NO selectivity is almost 100%
above 600 K in UHV. However, this v .
selectivity disappears for reactions at R
ambient pressures (Fig. 5). We relate the
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convert to N,O and to active
recombination of Ngs + Ngs Owing to

partial pressure, for selected temperatures.

the abundant supply of N species in ambient pressure as a result of active NH, decomposition by plenty of
O species on the RuO,(110) surface. The importance of the work is that it establishes the importance of
kinetics in considerations of chemical reaction rates. Our calculations show that with the same set of
reaction intermediates it is possible to obtain selectivity for a certain product, in this case NO, in UHV but

not under ambient conditions.

In a related work on methanol decomposition on titania
supported Au nanoparticles, we find® that the higher
activity of interfacial sites originates from charge transfer
induced Coulomb interaction among the gold, reactant,
and reducible TiO, support, brought about through the
formation of an ionic O-Au bond between gold and
methoxy in such sites (Fig. 6), which turns the
participating perimeter gold atom cationic, leading to
pronounced elongation of O-C bond length and the
tilting of the methoxy axis, which facilitate reaction of
methoxy through C-H scission. More generally, our
proposed mechanism for the reactivity of the

10.89
* o4+

+
+ Auot+ +

Fig. 6 Bader charge of gold, methoxy,
and support at the interfacial site.

gold/TiO; interface should hold for oxidation of organic molecules with the structure of R—O-R’, where R

and R’ are (saturated) hydrocarbons.
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Presentation Abstract

Converting solar energy to chemical energy is a major challenge for generating hydrogen
from water and for improving the atom economy of small-molecule transformations. For
activating water, molecular catalysts can help overcome the kinetic limitations of water oxidation
and typically generate oxygen faster than do semiconductor photoelectrocatalysts. However,
molecular catalysts typically require sacrificial oxidants (e.g.—Ce*" or S,05%), and they only
operate in the dark unless a separate photosensitizing component is added. To address these
drawbacks, an iron complex, Fe(tebppmcn)Cl, (1, tebppmcn = tetraethylNV,N’-bis(2-
methylpyridyl-4-phosphonate)-N, N -dimethyl-cyclohexyldiamine) has been tethered to the
semiconductor, WO3 through its phosphonate linker to generate a solar-responsive oxygen-
evolving system (1-WOs3). 1-WO3 exhibits a 61% increase in selectivity for water oxidation (over
sulfate oxidation) in acidic sulfate solution. Preliminary data for the copper analog shows nearly
quantitative conversion to O, with 14 hours of continuous 1-sun illumination. Copper is of
particular interest because other work in our group establishes that the copper-based hole in the
semiconductor CuWO;, is not as oxidizing as *OH generated on WO3, allowing this strategy to
translate to organic transformations. As proof of concept, CuwWO, can perform selective
oxidative coupling of amines to imines. These efforts present a new avenue toward bridging
homogeneous catalysts and substrates and semiconductor photoelectrodes to eliminate the need
for sacrificial oxidants for energy-relevant chemistry.

DE-FG02-11ER16262: Bridging Homogeneous and Heterogeneous Catalysis through
lon-Exchangeable Materials

Students: Tanya M. Breault and Benjamin M. Klepser
RECENT PROGRESS
Synthesis and Characterization of Visible-Light Absorbing TiO,:(Nb,N) Semicondutors

Synthesizing narrow band gap semiconductors that absorb longer wavelengths of the solar
spectrum (A < 550 nm) is an active research area focusing on using sunlight and a photocatalyst
for water splitting to evolve hydrogen gas as renewable energy. Harnessing the energy of
sunlight through electron transfer is also useful for environmental remediation since industrial
effluents often contain a high concentration of organic dyes that require degradation. The goal of
this project was to create lower band-gap materials by alloying donor-acceptor pairs. Ti; x\NbyO,-
«Nx 1S our target composition for visible-light dye degradation and water oxidation
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photocatalysts. Furthermore, knowing the mechanistic —Non2s

pathways by which organic dyes are degraded allows us NBN-20
to target new catalytic organic transformations relevant to Nons
energy science. e

A series of co-incorporated compounds, TiO:(Nb,N), — T,
were synthesized via a facile sol-gel process. This
technique allows wus to synthesize mono-alloyed
compositions, Tii_(sx4NbxO2, which are converted to co-
incorporated forms by annealing under flowing ammonia
to afford Tii_sxa)NbO2 5Ny, referred to as NbN-x, w0 so . so | 700 800
where x = 1 — 30 % niobium. The series of compounds »/nm
crystallize in the anatase structure, determined by powder Figure 1. Optical gap changes as a function of
X-ray diffraction.  Diffuse reflectance  UV-vis Nbloadingin TiO,:(Nb,N).
spectroscopy in Figure 1 shows that the indirect band gap
ranges from 2.37 eV (x = 1) to 2.20 eV (x = 30). Without the nitridation treatment, all
compounds display a band-gap energy of ~3.1 eV, the same as that of pure anatase TiO,.

The XP spectra for the N(1s) peak in all samples exhibit peaks centered around 400 eV,
which are attributed to interstitial nitrogen (N;) in an N-O-Ti chemical environment. The line at
396 eV is the reference line for substitutional nitrogen (Ns) in TiN, forming a N-Ti-N
environment. The intensity of the peak increases with increasing niobium incorporation,
suggesting the amount of nitrogen replacing oxygen on the titania lattice increases with
increasing mole-percent of niobium. This result is also consistent with the decrease in band gap
with increasing niobium content, suggesting that high mole-percent niobium allows for increased
solubility of nitrogen (Ns). Furthermore, EPR results support this concept: the Ti** signal
decreases with increasing mole-percent niobium. This observation also provides evidence for
greater charge compensation between niobium and nitrogen at high mole-perents niobium,
resulting in less Ti*".

normalized F(R)

Photocatalytic Activity on Visible-Light Absorbing TiO,:(Nb,N) Semiconductors

Methylene blue (MB) degradation was performed in order to interrogate the photocatalytic
activity of these compounds. We note that as the mole-percent of niobium increases, the rate of
dye degradation also increases (Kao ppm mB, max ~ 0.779 h*, NbN-25). The fastest degradation rates
also correspond to the compounds with the smallest band-gap values by UV-vis spectroscopy,
the weakest Ti** signals in the EPR spectra, and the greatest quantity of substitutional nitrogen
by XPS analysis. We proposed that in addition to giving rise to larger band gaps, Ti*" sites can
act as charge recombination centers for small x and decrease the rate of dye degradation for these
compounds with low mole-percent niobium incorporation. We probed the mechanistic pathway
for dye degradation, and found that degradation was favored over simple photobleaching, with
identified reactive species including superoxide radicals and hydroxyl radicals. Upon
illumination, the photogenerated active species results in products such as the azure dyes and
thionine, as well as ring breaking products that include 4-((hydroxymethyl)
(methyl)amino)benzene-1,2-diol, benzenesulfonic acid, and dimethylaniline, illustrated in Figure
2.

149



AN We also showed that in
. & B addition to redox

by O L, chemistry leading to dye
/2 = 264,06 degradation by active
idememylaﬁon oxygen  species,  our
champion compound,

)(\:[ Q /@i Q NbN-25, acts as a visible-
o or oy o light responsive  water
oxidation photocatalyst in

L iz = 27005 ] L e = 541,04 1 the presence of a cocatalyst
) . and an electron acceptor.
N An impregnation technique

/CE Ij\ o QD\ o Wwas used to load the
HaN $ NH, desired quantity of RuO;

azure A l thionine cocatalyst, starting from

HsC— N

L iz = 256.04 . - e = 22691 " RuClk3H,O followed by
annealing for 1 hour at 350
°C to maintain Ns in the

,< \} N\ ) compound, confirmed by
Q / X-ray photoelectron
SO,H

ring breaking

-((hydroxymethyl)(methyl)amino)benzene- N,N-dimethylcyclohexa- Spect rosco py The
1,2-diol benzenesulfonic acid 1,5-dienamine .
miz = 167.08 miz = 158.93 miz = 123.07 cocatalyst load ing percent
Figure 2. Methylene blue dye degradation products observed by ESI-MS analysis. was optimized, with 1 wt%
RuO,

yielding the fastest rate for water oxidation (~ 7 pmol O, h™*). NbN-25 was tested as a water
oxidation photocatalyst in 1 mM NalO3; under solar simulated irradiation (AM1.5G filter).
Without added RuO,, no oxygen is evolved, even when the irradiance is increased to ~600
mW/cm?. Under 6-sun illumination of a 1 mM NalOj3 solution with 1 wt% RuO, loaded onto
NbN-25, 16 umol O, are observed after 3 hours of irradiation. Notably, the control experiment
shows that no oxygen is generated in the dark with 1 wt% RuO, loaded.

Important to photo-catalysis, we investigated the
visible light response of this compound by using a 150 W
Xe lamp fitted with a water filter to eliminate IR light
that can cause fluctuating temperatures that occur upon
illumination (T = 23 + 3 °C). The reaction conditions _
included 50 mg of catalyst in 30 mL of N,-purged 1 mM &
NalO3 solution in an air tight cell. The cut-on filters used
to probe oxygen evolution at longer wavelengths
included A > 295, 400, 455 and 515 nm. The irradiance
for each experiment was ~ 600 mW/cm® Figure 3 w0 400 s00 | oo 700 800
highlights that oxygen evolution tracks the absorption wavelength / nm
profile of the semiconductor; maximum O; is evolved ﬁ'rg;;i:n Vf;ﬁﬂeggigﬁefﬁ';e% :o\;oll\lljtt)llilngftlgrageg
(~33 HmOD Wh?n UV light is include_d_ (A =295), but Oz it 1w RuO, (red). The diffuse reflectance
evolution persists under solely visible wavelengths. spectrum of NbN-25 is also shown (black).
Oxygen detection at longer wavelengths suggests that the Reaction conditions: 50 mg catalyst, 1 mM

. . NalO3 (30 mL), 150 W Xe lamp with water filter,
N-based impurity levels formed above the O(2p) valence . ciom built Pyrex cell fit with quartz window.

total umal O, after 3 hours
|
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band, formed by introducing both Nb®>* and N* in anatase, contribute to the photocatalytic
activity of this co-incorporated compound for water oxidation. O, evolution after 3 h using the
295 nm cut-on filter increases linearly with spectral irradiance (shown as the inset of Figure 3).

Tethering Molecular Catalysts to the Visible-Light Absorbing Solid-State Semiconductor,

WOs3

Molecular catalysts are attractive because of their
chemo-selectivity, fast reaction rates, and readily
characterized mechanisms. However, many molecular
catalysts for high-energy transformations such as water
oxidation require sacrificial reagents such as ceric
ammonium nitrate (CAN). As a result, the atom
economy of these reactions is often limited to the
selected oxidant. Since the primary function of the
sacrificial oxidant is to accept electrons irreversibly, we
recently proposed that the electrons stored in the catalyst
could be transferred to photogenerated holes from
semiconductor electrodes under illumination. However,
for rapid reaction rates, the molecular catalyst must be
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tethered to the electrode surface. We have recently Scheme 1

demonstrated that we can covalently anchor a derivative of the known molecular water oxidation
catalyst Fe(bpmcn)Cl, (bpmcn bis-N,N’-(2-pyridylmethyl)-N, N -dimethyl-
transcyclohexyldiamine) using a diethyl-phosphonate anchor (2 = Fe(tebppmcn)Cl,) illustrated
in Scheme 1. Since this catalyst best functions under acidic conditions, we synthesized WOj3 as
the semiconducting photoelectrode since it gives the highest photcurrent in acids. We observe a
nearly two-fold enhancement the current density and also the chemoselectivity for water
oxidation in the presence of sulfate anions (the electrolyte) as depicted in Figure 4. This finding
demonstrates the proof of concept that we initially proposed: the sacrificial oxidant CAN is
replaced by photoelectrochemcially generated holes in WO3.
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Figure 4. Photocurrent enhancement of 1-WOjelectrodes in pH 3 Na,SO4 under 100 mW cm? AM 1.5G at 1.23 V vs. NHE.

WO, light absorber water oxidation catalyst
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Catalysts for the Selective Oxidation of Hydrocarbons
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Abstract
FWP CHO030201; Catalysis Research Program
RECENT PROGRESS
Synthesis and characterization of high-surface area oxides

Highly dispersed metal oxide species exhibit high activity for the selective oxidation of
hydrocarbons and alcohols, for the metathesis of alkenes, and alcohol dehydration. The activity
and selectivity of such species are particularly sensitive to the local composition and structure of
the active site. The goal of our research is to relate the local composition and structure of
catalytically active sites to their activity and selectivity. This effort has focused on the
preparation of isolated-site metal oxo species, and in particular vanadate species supported on
either silica or silica modified by a layer of titania, zirconia, or ceria grafted onto the silica using
organometallic precursors.'” Characterization of the modifier by Raman and UV-Visible
spectroscopy, XANES, and EXAFS revealed that deposited layer is two-dimensional in structure
anchored to the silica surface by M-O-Si bonds. Isolated vanadates species were then grafted
onto the support using VO(O'Pr); as the precursor. Spectroscopic characterization of the
supported vanadate species revealed that they are present as O=V(O-Si); of O=V(0O-M); (M =Ti,
Zr, or Ce) species. The oxidation of methanol to formaldehyde was then used to probe the
activity of these catalysts. Figure 1 shows that the activity of supported vanadate units is
influenced to a greater degree by the coverage of silica by the modifier than by its composition.

N4 1
3
® Sample Name kappo (mol CH,O+(mol Veatmes)™) Eqpp (keal mol™)
% VO,/SiO, 2.3x 10’ 23
3 01
% ® \0/Zr0/Si0, VOUTiO./SiO, 1.8 x 10° 18
& v VO/TiO/SiO,
o .
e ¢ V0/Ce0/SiO, VO,/Zr0,/Si0, 4.0x10° 16
S m VO/SiO,
o
Eoo0rl, . . : : : . s
& 00 05 10 15 20 25 30 VO,/CeO,/SiO0, 22x10 18
=~ Modifier surface coverage (W/nn’)
Fig. 1 Apparent rate constants for Table 1 Apparent pre-exponential factors and activation

VO,/Ti0,/SiO,, VO,/Z1r0,/Si0,, and energies for VO,/Ti0,/Si0,, VO,/Zr0,/Si0,, and
VO0,/Ce0,/Si0, as a function of MO, surface VO,/Ce0,/Si0,. All rate parameters were determined for a
density (M = Ce, Ti, Zr) at 543 K. modifier coverage of 1.5 M/nm” (M = Ti, Zr, Ce).
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The rate parameters for formaldehyde oxidation are also significantly different for vanadate units
supported on a monolayer of modifier oxide than on silica itself, but the differences in the rate
parameters for the former group do not differ significantly. Quantum chemical simulation of
methanol oxidation on silica- and titania- supported vanadate species indicate that while the first
step of the reaction mechanism is the same for both systems and involves the equilibrated
addition of methanol across a V-O-M (M = Si or Ti) bond, e.g., CH;0H + O=V(-OM); <> O=V(-
OM),(-OCH3) + M-OH, the second, rate-limiting step is different.” For silica-supported vanadate
species the rate limiting step is O=V(-OM),(-OCH3) — HO -V(-OM),(OCH,), whereas for
titania-supported vanadate species the rate-limiting step is O=V(-OM),(-OCH3) + M-O-M —
O=V(-OM),(-OCH,) + M-OH-M.

Investigations of the mechanism and kinetics of hydrocarbon oxidation

The selective oxidation of organic molecules is central to the production of both commodity and
specialty products (e.g., aldehydes, alcohols, carboxylic acids, epoxides). While both mono- and
multi-metallic oxides are used extensively for such applications, their selection is largely
empirical. The goal of our work is to understand the roles of different metals in mixed oxides on
the activity and selectivity of these oxides and to find descriptors that could relate the activity
and oxide to its physical properties. To this end, we have focused first on the preparation,
characterization, and evaluation of Bi(j.y3Vi.xM0xOs because this series of oxides can be
prepared with only minor changes in the crystal structure as x is varied from 0 to 1.0.
Experimental studies were conducted to establish the role of composition on the activity and the
rate parameters for propene oxidation to acrolein and this work was complemented by theoretical
studies.

The activity and selectivity of Bij.x3VxMo0xO4 for the oxidation of propene to acrolein changes
in a systematic manner with x = Mo/(Mo+V).> The maximum activity for acrolein formation
occurs at x = 0.45, whereas the maximum in the selectivity to acrolein (85%) occurs at x = 0.15.
At temperatures above 573 K, the rate of acrolein formation is first order in the partial pressure
of propene and zero order in the partial pressure of oxygen of all values of x between 0 and 1.0,
suggesting that the catalyst is fully oxidized and that the formation of acrolein does not involve
gas-phase O,. Powder x-ray diffraction demonstrates that the crystal structure of Bijx;3V).
Mo, O, varies only slightly with composition. XANES data reveal that Bi*" is not reduced, but
that Mo®" is reduced to Mo>" and V°" is reduced to V*" upon reaction with propene. Based on
these observations and the measured kinetics for acrolein formation, we have proposed a
mechanism for acrolein formation on Bi,Mo030,; (see Figure 2). The rate-limiting step in this
scheme involves abstraction of a hydrogen atom from the methyl group of propene to form an
allylic species, which then rapidly reacts with a Mo=0O group to form a Mo-OCH,-CH=CH,
group. The resulting rate expression is fully consistent with the reaction kinetics. A model for the
dependence of catalyst activity on catalyst composition was developed that correctly describes
the experimental results. According to this model, vanadium and molybdenum are randomly
distributed to form three types of sites (Mo-Mo, Mo-V, and V-V) each associated with its own
set of rate parameters. Mo-V sites exhibit the highest activity. Since vanadium affects the ease of
H abstraction, V-V and Mo-V sites are characterized by lower apparent activation energies
compared to Mo-Mo site. The proposed model gives a very good description of the effects of
catalyst composition on the rate of acrolein formation as a function of catalyst composition, and
reactant partial pressures.
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Figure 2. Mechanism for propene Figure 3. Energy profile for rate-limiting step and illustration

activation over Bi,M0;05. of orbital overlap for Bi lone pair with O,q of Mo=0.

Density functional theory calculations were performed using both the RPBE+U and MO06-L
functionals to study the conversion of propene to acrolein over the (010) surface of a-
Bi2M03012.6’8 The most active site for the initial, rate-determining hydrogen abstraction on the
most abundant exposed surface is molybdenyl oxygen weakly coordinated to a proximal bismuth
atom, designated as Ogq. Orbital interactions of bismuth with the O of the Mo=O center
destabilizes the HOMO and stabilizes the LUMO on the molybdate unit, thereby facilitating the
promotion of an electron into a Mo-O =©* orbital that must accompany the abstraction of
hydrogen from propene. Figure 3 shows the energy profile for this rate-limiting step and the
overalp of the Bi lone pair with Oq of Mo=0.

The development of a descriptor or descriptors that can relate the activity of catalysts to their
physical properties is a major objective of catalysis research. We have found that the apparent
activation energy for the oxidation of for propene oxidation to acrolein over scheelite-structured,
multicomponent mixed metal oxides (BisFeMo0,01,, BioxM0,5Wo5012, and Bijx3V.xM0xOs,
where 0< x < 1) correlates with to th e band-gap of the catalyst measured at reaction
temperature.'® Theoretical analysis of the energy components comprising the activation energy
show why the band-gap energy is the primary component dependent on catalyst composition
and, hence, why one should expect the activation energy for propene oxidation to correlate with
the band-gap energy. A further finding is that the change in band-gap energy with composition
arises from the interplay between the sizes and energies of the V 3d, Fe 3d, Mo 4d, and W 5d
orbitals that give rise to the lowest unoccupied crystal orbitals. Both the utility of the band gap
energy as a descriptor for catalytic activity and the role of orbital overlap in determining the band
gap are likely to be general features in mixed metal oxide oxidation catalysts, enabling the
rational design of catalysts with greater activity for oxidation reactions.

A novel approach for the synthesis of high surface area mixed metal oxide catalysts

A significant limitation for our studies of metal oxide catalysts has been their low surface area (~
0.1 m%/g) when prepared by conventional methods making it impossible to carry out studies of
adsorbed species. To overcome this limitation, we have investigated the preparation of Bi; 43 V.
«Mo0xOy4 using high surface area silica and carbon templates.9 The preparation of such oxides in
mesoporous silica, MCM-48 and KIT-6, produced materials with high surface areas but removal
of the silica template contaminated the surface of the oxide rendering it catalytically inactive. We
therefore developed a double templating method. In this approach MCM-48 or KIT-6 was used
as a template to form mesoporous carbon frameworks, CMK-1 or CMK-8. The silica template
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was then removed, leaving behind the mesoporous carbon. The mesoporous carbon was then
used as the template to form the mixed metal oxide via incipient wetness impregnation followed
by drying and calcination in air. At the end of the last step, the carbon template was destroyed by
combustion leaving behind a mesoporous monometallic or mixed metal oxide. BiVOy,
Big35V0.55M004504, and Bi;Mo30;;, catalysts by this method had surface areas > 15 m*g and
catalytically active for propene oxidation to acrolein. Measured surface areas for BiVOy,
Big 85V0.55M00 4504, and Bi;Mo030,; produced using a mesoporous carbon template are 350x, 90x,
and 180x higher than reference materials prepared using conventional synthetic techniques.
Bigs5V0.55M004504 and Bi;Mo30;, formed single phase materials, while partial segregation of
V,05 was observed in the BiVO,4 sample. The per-gram activities of the high-surface area oxides
for propene oxidation to acrolein are 14-85 fold higher than those of catalysts produced via
conventional hydrothermal synthesis and are stable over a 24 h period. While the acrolein
selectivities of high-surface area BijgsV(.s55M00.4504, and Bi,Mo30;, are comparable to those of
conventionally prepared materials, high surface area BiVO, has lower acrolein selectivity than
its low-surface are analog. This difference is attributed to V,0s formation during the preparation
of high-surface area BiVO,.
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Catalytic deoxygenation
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Abstract
The (CH,0), stoichiometry of biomass implies that its conversion to energy carriers and other
petroleum-derived hydrocarbons centers on the removal of oxygen. This presentation will
discuss cases studies of hydrodeoxygenation chemistry on metal carbide catalysts. Specifically, it
will include a discussion of: (i) the potential for using CH,4 — instead of molecular hydrogen — so
that in essence, CH,4 serves as a surrogate for molecular hydrogen for biomass deoxygenation
while biomass serves as the oxygen carrier for hydrogen removal from CHg,; and (ii) the site
requirements and mechanism for selectively cleaving C=0 and C-O linkages in sugar and lignin

monomers for the synthesis of bulk and specialty chemicals.

DE-SC000084818: One-pot catalytic conversion of biomass and alkanes: Kinetically
coupling deoxygenation and dehydrogenation pathways
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Recent Progress
Dehydroaromatization of CH4, CHa/H,, and CH/CyH,O, mixtures:

(@) C/Hesr < 0.25: Co-processing acetic acid, formic acid, or carbon dioxide with methane on
Mo/ZSM-5 catalysts at 950 K resulted in reforming of the CH,/oxygenate co-feed to produce CO
and H, upstream while concurrently oxidizing a part of the catalyst bed deeming it unavailable
for CH,4 dehydroaromatization. Oxygen is stoichiometrically removed as CO irrespective of the
concentration or identity of the oxygenate and no change in the forward rate of benzene synthesis
was observed at varying CO concentrations in the effluent. The C/H ratio, defined as (C-H)/O,
represents a descriptor for all co-feeds that are stoichiometrically oxygen rich with respect to
methane — the addition of all such co-feeds results in a decrease in the net rate of benzene

synthesis because of (i) a fraction of the catalyst being unavailable for methane pyrolysis and (ii)
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upstream production of hydrogen which consequently results in higher thermodynamic
reversibility of CH4 decomposition to benzene.

(b) C/Hets > 0.25: The addition of co-feeds that are stoichiometrically carbon rich with respect to
methane (e.g., CH3COCHj; or CH3;CH,CHO) resulted in an increase in the net benzene synthesis
rate when co-processed with CH, (oxygenate/CH, = 0.01-0.1) over Mo/ZSM-5 formulations at
950 K. Isotopic and chemical transient studies suggest that benzene synthesis pathways in
presence of oxygenates with C/Het > 0.25 differ from those present when co-processing oxygen-
rich hydrocarbons and that a fraction of the benzene is directly formed from the oxygenate.

Hydrodeoxygenation on self-supporting metal carbide catalysts: We report the selective
deoxygenation of biomass-derived C,.3 and Cs.s 0xygenates, and phenyl ethers over non-precious
metal carbide catalysts for the synthesis of olefin and aromatic chemical precursors at
atmospheric pressure and 420-520 K. Two characteristics of metal carbide formulations, the high
selectivity for C-O bond cleavage and the near absence of sequential hydrogenation reactions of
carbon-carbon double bonds, are distinct from what has been observed for hydrodeoxygenation
on noble metal or hydrotreating catalysts, and these selectivity characteristics clearly
demonstrate the potential of using metal carbides as deoxygenation catalysts. Chemical and
structural characterization was combined with transient and steady state Kinetic measurements,
isotopic tracer methods, and probe reaction studies to infer that (i) high-surface area p-Mo,C
formulations initially synthesized are modified in presence of the oxygenate such that sequential
hydrogenation pathways are inhibited on the oxygen-modified catalyst, (ii) distinct sites are
required for the activation of the oxygenate and molecular H,, and (iii) turnover rates
normalized by the number of CO adsorption centers are nearly invariant suggesting that metallic

sites are involved.

Publications (2013-2014)
1. J. W. Bedard, D-Y. Hong, A. Bhan “Co-processing CH, and oxygenates on Mo/H-ZSM-5: 2.

CH4/CO, and CH4,/HCOOH Mixtures” Physical Chemistry Chemical Physics 15 (2013)
12173-12179

2. J. W. Bedard, D-Y. Hong, A. Bhan “CH, dehydroaromatization on Mo/H-ZSM-5: 1.Effects
of co-processing H, and CH3COOH” Journal of Catalysis 306 (2013) 58-67.
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Prof. Suzanne A. Blum
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Presentation Abstract

DOE Interest and Global Interest in Catalysis: Polymers are workhorse materials. The macroscopic
properties of a polymer, e.g., its flexibility, melting point, chemical degradation, and optical characteris-
tics, are determined partially by the microscopic arrangements of individual polymer strands. Multiple
physical and chemical processes over the course of the reaction often determine this polymer morpholo-
gy. Identification of the steps involved in these processes, their relative rates, and the mechanisms
through which they dictate polymer morphology are therefore central for creating polymerization cata-
lysts that produce materials of desired properties (project period schematic, Figure 1).
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Figure 1. Project period schematic, single-particle and —molecule microscopy studies; showing
green and orange fluorescent tools developed in our laboratory that enabled mechanistic insight into
polymerization.

Single-Molecule Fluorescence Imaging for Studying Organic, Organometallic, and Inorganic Re-
action Mechanisms
DE-FG02-08ER15994
Pl: Prof. Suzanne A. Blum
Postdocs: Eva Hensle
Students: Alexander Fast, Quinn Easter, N. Melody Esfandiari, Yong Wang, Jonathan Y. Bass
Affiliations: University of California, Irvine

RECENT PROGRESS

We established a single-particle and -molecule fluorescence imaging technique to address these questions.
This thrust involved the synthesis of new organic probe molecules, development of microscopy condi-
tions, image collection and data evaluation. This imaging revealed a precipitation polymerization process,
the relative rates of certain chemical and physical steps, and an aggregation mechanism responsible for
“dumbbell” polymer morphology in the polymerization of dicyclopentadiene catalysed by a ruthenium
carbine complex, Grubbs 2nd generation catalyst. This information was obtained because of the ability of
the technique to probe individual polymer particles (Figure 2).

Efficient catalysts exhibit high selectivity for the desired product. The structure of the catalyst can
change over the course of the reaction—sometimes to degrade, sometimes to reveal a more selective cat-
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alyst after an induction period. The ability to determine the time at which an individual product molecule
of particular selectivity formed would allow more accurate modelling of the structure of the catalyst at
that time. Single-particle fluorescence microscopic imaging permitted the identification of the time of
formation of individual particles of polymer in this proof-of-concept study. These polymer particles were
formed during the course of the ruthenium-catalyzed polymerization reaction described in Figure 3.

A timestamp or “pulse/chase” experiment swapped the solution of green BODIPY probe for a solu-
tion of orange BODIPY probe after 2.4 minutes of reaction. Otherwise identical polymers then could be
identified by color as has having formed early in the reaction (green) or later in the reaction (orange) re-
gardless of when the polymer precipitated (Figure 3). In this way, the ability to determine the timing of
the chemical reaction that resulted in polymerization of an individual polymer molecule was decoupled
from the timing of the observed physical precipitation process.
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Figure 2. (a) Fluorescence microscopy image of DCPD polymerization at t = 187 s showing dumb-
bell morphology of polymer particles (examples in red boxes). (b) Mixing experiment of DCPD
polymerization using both fluorophores 2 and 3 revealed that aggregation of two preformed polymer
particles is responsible for the dumbbell formation.

Figure 3. Timestamp or “pulse-chase” experiment with green and orange fluorescent polymers in
same sample. Color of polymer particle indicates time of chemical synthesis, with green polymers
synthesized at earlier reaction stages (<2.4 min) and orange polymers synthesized at later reaction
stages (>2.4 min).

These experiments also determined that the active catalyst in a widely used polymerization system is
exclusively homogeneous though fluorescence microscopy imaging; as the first such application, it
demonstrated a new analytical tool for chemists to address this long-standing challenge of catalyst iden-

160



tification. Specifically, the location change microscopy method was employed to image the location of
nascent polymers relative to a solid surface of a crystal of ruthenium metathesis catalyst at early reac-
tion stages this way, the early stage polymers could be probed for their location: on the crystals (grow-
ing from them, heterogeneous catalysis) or in solution (homogenous catalysis).

Specifically, polymerization of dicyclopentadiene by Grubbs catalysts is used in the industrial synthesis
of polydicyclopentadiene and in self-healing materials. In the case of self-healing materials, the catalytic
reaction occurs in the presence of solid particles of metathesis catalyst embedded in wax, raising the
possibility that the solid catalyst could contribute to the polymerization reactivity. Similarly, in the
course of our studies, we noted that Grubbs II catalyst polymerized dicyclopentadiene in proximity to
particles of solid Grubbs II, such that polydicyclopentadiene encapsulated the solid (Figure 3a).

Figure 3. (a) Photograph of bench-scale experiment. Dicyclopentadiene polymerizes around solid
particles of Grubbs II, encapsulating the solid maroon-colored precatalyst in clear
polydicyclopentadiene. (b) A 53 [Im x 63 [Jm microscope image with ambient light, showing indi-
vidual crystals of Grubbs II on the surface of a glass microscope slide. (c) Overlay reveals that
polymer growth is not spatially associated with solid particles of Grubbs II precatalyst. Fluorescent
polymers are false colored green to facilitate spatial comparison. The location of the polymeriza-
tion differentiates between homogeneous and heterogeneous catalysis.

This macroscale colocalization was consistent with the possibility that the polymerization could be oc-
curring on the solid surface, as has been suggested recently for other polymerization catalysts. We then
asked the fundamental question: Does this reaction occur by heterogeneous catalysis, homogeneous ca-
talysis, or both? We developed and applied an analytical technique capable of directly imaging the loca-
tion of polymer growth to differentiate between homogeneous and heterogeneous catalysis.

Our microcopy data revealed that dicyclopentadiene polymer growth occurred exclusively in solution
by soluble homogeneous Grubbs II catalysts (Figure 3c). The solid precatalyst was unreactive toward
polymerization and even single metathesis reactions. This method therefore provided an understanding
of the nature of the active catalyst at a level of detail that would not be available from prior methods.
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Interaction of D,O, CO, and Na with Manganese Oxide and NaMnO,-Like Surfaces
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Virginia Tech, Department of Chemical Engineering

Presentation Abstract

Our work on transition metal oxide surface chemistry has previously focused on structure-
function relationships in the reaction of hydrocarbon fragments on a-Cr,03 and a-Fe,O3
surfaces. Both materials crystalize in the corundum structure, and examination of similar low-
index surface among the two materials allows for an examination of a nearly pure electronic
effect since Cr** has a 3d® electronic configuration, and Fe** a 3d° configuration. In that work, it
has been demonstrated that the electronic structure of the 3+ cations have a far greater impact on
reaction selectivity than surface atomic structure. Manganese oxide provides an alternative look
at the dependence of reactivity on electronic structure since it can be manipulated in UHV to
several different forms: MnO (Mn?*, 3d°®), Mn;O4 (Mn*+ and Mn**), and Mn,O3 (Mn**, 3d*).
Alloying with alkali metals like sodium also provides an additional route to Mn®* via the
formation of NaMnO,-like surfaces. In this work, we start with a well-defined MnO(001) single
crystal surface in ultra-high vacuum (UHV), then modify the system by thermal and oxidative
treatments and the deposition of Na metal. The surface compounds generated by of these
treatments have been characterized by X-ray photoelectron spectroscopy (XPS) and low-energy
electron diffraction (LEED). Oxidation and UHV annealing of the Na-precovered MnO(001)
surface yields a surface compound with a composition close to NaMnO,.

Water and CO; have proven to be useful probe molecules for characterizing oxide surfaces.
Therefore, temperature programmed desorption (TPD) of D,O and CO, and co-adsorbed D,0O
and CO; were investigated on manganese oxide surfaces, NaMnO,-like surfaces, and Na-
precovered MnO(001). H.,O interacts with preadsorbed CO, to stabilize the binding through the
formation of carbonates and bicarbonates. Results will also be presented for the interaction of
water and carbon dioxide with Na-precovered MnO(001). These results are related to the
Na,CO3/MnO low-temperature (850°C) system for the catalytic production of hydrogen via
thermochemical water splitting that has been identified recently by the Davis group at Caltech.
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RECENT PROGRESS

C: Reactions on Chromia Surfaces

Chromia was chosen as a target material because it exhibits an ability to selectively
dehydrogenate butanes to butylenes, although the selectivity for ethane dehydrogenation or
oxidative dehydrogenation is limited. For butane dehydrogenation, coordinately unsaturated
Cr®" centers are thought to be the primary reaction sites for the dehydrogenation chemistry.

Reactions were studied on the a-Cr,03(1012) and a-Cr,03(0001) surfaces to examine the
structure sensitivity of the methyl, CHs, dehydrogenation reaction and the diffusion and couplin%
of methylene, :CH,, to ethylene, CH,=CH,. These chromia surfaces, because of the 3d
electronic configuration of the Cr** cations, are highly nonreducible in UHV, even when exposed
to hydrogen atoms. As a result, no oxygen-containing products are observed in TPD from these
surfaces.

The (1012) and (0001) surfaces expose Cr®* cations with coordination numbers of five (one
coordination vacancy relative to the bulk) and three (three coordination vacancies), respectively.
We have shown experimentally that methyl dehydrogenation is structure insensitive, showing no
significant variation in the activation barrier to dehydrogenation to methylene with changes in
cation coordination or local site geometry. Methylene coupling to ethylene is associated with a
rate-limiting surface diffusion step on both a-Cr,03(1012) and (0001) surfaces, and shows a
significant structure sensitivity. The rate-limiting step shows a 85 K increase in the reaction
temperature in TPD on the (0001) due to the lower accessibility of surface O atoms on the
stoichiometric (0001) surface. The local site geometry also requires longer, less-stable bonds as
the methylene diffuses across the surface.

For both surfaces, DFT gives an interesting picture of the methylene surface diffusion process.
DFT suggests methylene can n-bond to a surface cation, or bridge bond between a surface cation
and anion on either surface. The diffusion process is simply a thermally-driven rehybridization
in which methylene varies between n-bonded (sp”) and bridge-bonded (sp®) configurations, with
the barrier to diffusion significantly lower than that for methylene dehydrogenation to surface
carbon.

Ci Reactions on a-Fe;03

Because a-Cr,03; and a-Fe;O3 both crystallize in the corundum bulk structure with only minor
(less than 2%) differences in the lattice parameters, a comparison of surface chemistry over
similar terminations of the two materials allows one to test the impact of a nearly-pure electronic
effect associated with the 3d® and 3d° electronic structure of Cr®* and Fe** cations, respectively.
The iron oxide is known to be much more reducible than the chromia, so differences in
selectivity due to the reactivity of surface lattice oxygen were anticipated.
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Variations in the M®" d-electron density cause dramatic but predictable changes in the surface
chemistry of methylene, :CH,, fragments on stoichiometric corundum-structure (1012) surfaces
when Cr®* cations are replaced with Fe**. The reaction selectivity on stoichiometric o-Fe,Os
(1012) is entirely towards the non selective oxidation products CO and CO, for small
submonolayer doses of the reactant, consistent with the reducible nature of the surface. CO and
CO; evolve simultaneously (often an indication of a carboxylate surface intermediate) at 630 K
in TPD. The reaction of formate formed from the adsorption of formic acid occurs in a similar
temperature range to give CO and CO,, in support of this assignment. No other products are
observed from the stoichiometric surface. However, for consecutive TPD runs, the production of
CO and CO; drop off quickly with the first few doses of reactant, and formaldehyde (H,C=0)
and ethylene (H,C=CHy,) appear as major products.

From the products formed, it is clear that methylene fragments reduce the surface via the
extraction of lattice oxygen to make CO, CO; and H,C=0. The shift in the product slate from
nonselective oxidation products (CO, CO,) to selective oxidation (H,C=0) and H,C=CH, occurs
as the surface becomes reduced. For methylene coupling to ethylene, the generation of reduced
Fe?* surface sites is clearly important, although the specific site requirements (if any) for the
coupling reaction are unclear because of a lack of information about the surface structure.
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Abstract

Work on an informatics protocol for design of heterogeneous catalysts is currently focused on the metal-
support interface of catalysts for the water gas shift reaction. Studies of supported Au on Fe-doped TiO,
have shown an increase in rate and strong effects of Fe on both the activation energy and the CO order of
reaction. The influence of Fe on the CO bonding to metal sites is supported by in situ FTIR spectra.
Removal of Co from PtCo/MWCNT, on the other hand, shows promotion by oxidized Co. Oxidized Mo
sites also promote Pt/Mo,C. Detailed DFT modeling of Pd and Pt (111) surfaces confirms the importance of
carboxyl intermediates but also shows that: i) the metal alone cannot account for experimental results, and ii)
that coverage effects of the CO binding energy can be accounted for with a new cluster expansion approach.
Calculations on metal nanowire models of Pt on Al,O; and Au on MgO confirm the carboxyl kinetic model
and clearly show enhanced water activation at the metal/oxide interface and CO bonding to the interfacial
metallic sites. The theory work is aimed ultimately at developing descriptors and scaling for the metal-
support effects. Homogeneous catalyst studies have moved to non-Cp coordination catalysts for olefin
polymerization and oligomerization. A binuclear catalyst complex is invoked to account for changes in rate
and molecular weight distribution at sub-stoichiometric activator conditions and effects the electronics of the
pendant group on the rate constants for propagation, misinsertion, and recovery correlate with corresponding
changes in HOMO energy. Effects of catalyst structure on oligomer formation, extraction of activation
energies for individual rate constants, the kinetic consequences of Ti, Zr, and Hf in a family of catalyst
complexes, and co-polymerization of 1-hexene with styrene are current research activities. Kinetic modeling
capabilities have been expanded with a new algorithm based on Dynamic Monte Carlo methods.

DOE Grant No. DE-FG02-03ER15466 CATALYSIS SCIENCE INITIATIVE:
Catalyst Design by Discovery Informatics

Co-Pls: M. Abu-Omar (Chemistry), J. M. Caruthers, F. H. Ribeiro, K. T. Thomson, W. F. Schneider
(University of Notre Dame), Research Associate: G. Medvedev, Postdocs: Z. Zhao and Houyu Zhu (Notre
Dame), Students: J. Clay (N. D.), Y. Cui, , T. Gunanskera (Chem.), J. Kim, P. Pletcher (Chem.), S.
Pradhan, A. Preston (Chem.), S. McDonough (N. D.), K. Sabnis, K. Steelman (Chem.), J. Switzer, S. Xiong,
Collaborators: J. P. Greeley, Purdue; J. T. Miller, Argonne Nat. Lab.; E. A. Stach, Brookhaven Nat. Lab.;
M. Neurock, University of Virginia.

Recent Progress

Water Gas Shift Reaction: Au supported on Fe-doped Rutile (TiO,): The negative apparent order with
respect to CO for Au/Fe,0; (-0.7~-0.43) found in previous results implies much stronger CO adsorption on
that catalyst compared to Au supported on other oxides. To pursue the
possibility that Fe electronically modifies the CO adsorption strength on Au
and thus changes the catalyst activity, we prepared a series of different Fe-
doped rutile (TiO,) supports loaded with ~1wt% Au by the deposition-
precipitation method. WGS rate per mole of Au at 120 °C was promoted by a
factor of 4 for 1 wt% Fe content. Significant changes in kinetic parameters
were observed at varying Fe contents. Apparent orders with respect to CO
decreased (from 0.7 to -0.3) and apparent activation energy increased (from
53 to 98 kJ (mol)™) with Fe content increasing from 0 wt% to 5 wit%,
leading to a maximum WGS rate versus CO order, Figure 1.
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Figure 1 WGS rate versus CO order
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To examine the CO binding more closely, operando Fourier Transform Infrared Spectroscopy (FTIR)
was performed on the 1 wt% Fe-doped catalyst and the result compared with Au supported on un-doped
rutile. IR peaks at wavenumbers of 2097 cm™, 2015 cm™, 2044 cm™, 1967 cm™ and 1888 cm™ were
observed. The peak at 2097 cm™ can be assigned to CO adsorbed on metallic Au, while the lower frequencies
of 2044 cm™ and 1967 cm™ have been associated with CO adsorbed on partially negatively charged Au. The
IR bands at frequencies below 2050 cm™ were stronger than the corresponding peaks of Au supported on un-
doped rutile and thus suggest a participation of Fe in the neighborhood of the CO bonding site. The results
show that Fe-doping can modify the CO adsorption properties of Au/Rutile and that WGS rates can be
optimally promoted with appropriate Fe content.

WGS on Metal Surfaces: We used the VASP code and density
functional theory to compute the adsorption energies, reaction
energies, and activation barriers for four candidate reaction pathways
over Pd and Pt. Figure 2 summarizes the computed free energy
surfaces at representative low-temperature WGS conditions. The two ey e
metals exhibit similar reaction profiles at these conditions. We then (C) Redox Pathway (D) Dunl OH Pathway
developed analytical representations of the kinetics based on these
models which allow us to decompose the rates into contributions
from each pathway. Using DFT-only numbers, we find that (a) the
surfaces are CO-covered, (b) routes involving carboxyl (COOH) are ]

preferred, (c) the computed kinetics underestimate observed rates and ReachonCooinZ pr ——pg o o
do not recover observed kinetic parameters. The high CO coverage _

is a consequence of the neglect of coverage-dependent CO binding. Eﬁﬂ;ij;iewi;e% iﬂ:@gﬁ;fﬂ;gi@}
We systematically varied the CO binding energies (as well as binding  pathway, (C) Redox Pathway, (D) Dual OH
entropies) upwards from the low-coverage limit and recomputed the pathway on Pt and Pd(111). Conditions: P=1
kinetics. Rates increase dramatically as the coverage attains more atm, T=553 K, yc0=6.8%, yc0,=8.5%,
reasonable values, activity over Pd is always higher than over Pt, Yn0=21.9% Y;=37.4%, balance inert.
consistent with observation, and the rate-limiting step shifts from water dissociation to carboxyl formation.
Over the whole space of model values, the model kinetics cannot capture experimental observations. We
conclude that even over “inert” y-alumina, the support is participating materially in the catalysis.

WGS at the metal-support interface: We have initially chosen systems that exhibit minimal lattice mismatch
between the oxide surface and the (111) and (100) surfaces of transition metals. We construct quasi-two-
dimensional transition metal nanowires, containing multiple rows and 2-3 metal layers on a supercell model
of the oxide surfaces. A Pd stripe on a-Al,O3(0001) illustrates through charge density differences and Bader
charge analysis that the electronic communication between metal and support is localized to the interface.
Consistent with these results, models containing as few as two metal layers represent the interface similarly,
while a single metal layer behaves qualitatively differently.

We used the DFT models to 140
compare adsorption of WGS reactants g | FR =
and intermediates at various Pd/a- i J&(—
Al,O3(0001) interface sites with that on ® et
isolated Pd(111) and a-Al,05(0001) sites
(Figure 3). Based on these results and N
additionzl work on Aula-ALOJ000L) - pe JAYAYS
and Au/MgO(100) (below), we find TI-@
several important general conclusions: rigure 3: Stable CO and H,0 binding configurations on a-Al,05(0001),

CO prefers the metal sites and its binding pd(111) and 3-layers Pd stripe/a-Al,04(0001), along with the corresponding

is relatively unaffected by the oxide; adsorption energy (eV).

H,O prefers metal cation sites right at the metal/oxide boundary; and water dissociation barriers are
decreased at the metal/oxide boundary relative to the metal alone. In addition, these results begin to isolate
the sensitivity of computed results to the model details, for instance that the description of the bottom of the
oxide slab can have substantial influence on the chemistry at the slab top.

(A) Carboxyl Pathway (B) Carboxyl-Hydroxyl Pathway
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We have also extensively analyzed WGS catalysis on Au -

interaction of the H product with available oxygen atoms on the
MgO surface. This result hints that a Bronsted-Evans-Polanyi
type of relationship may govern molecular activation at Figure 4: Energy profile of carboxyl mechanism at
metal/oxide interfaces, as has been previously shown on pure AWMgO interface. Red ones indicate a transition state.
metal and oxide surfaces, and further exploration of this potential relationship will be a central focus of our
future efforts.

Our calculation implies that after water dissociation, the reaction follows a carboxyl mechanism. The

highest barrier is 0.78 eV for the formation of COOH via CO and OH combination. The calculated PW91
reaction energies and barriers have been further refined by single point calculations with the highly accurate
hybrid functional HSEO06. As expected, weaker binding is predicted by HSEO06, especially for the CO
adsorption. However, the rate-limiting activation barriers between these two functionals are quite similar,
with a difference of less than 0.05 eV.
Olefin Polymerization: Selective Degenerative Benzyl Group Transfer in Olefin Polymerization: A
comprehensive kinetic study of the Zr[tBu-ON™0]Bn,/B(CsFs)s system under sub-stoichiometric activator
conditions has shown that decreasing the amount of activator causes (i) the rate of monomer consumption to
decrease and (ii) the molecular weight distribution (MWD) to narrow and shift to lower values. The proposed
mechanism includes the formation of a binuclear complex (BNC) consisting of the neutral catalytic species
and an active site connected via degenerative transfer of a benzyl ligand, as shown in Fig. 5. Bridging via
methyl and chloral ligands has been previously postulated, but not bridging via a benzyl ligand, which has
been argued to not be feasible. The BNC can be formed when a pre-catalyst species reacts with an active
catalyst thereby providing a second channel for activation. The most significant finding of this study is that
the BNC is only formed by the normally inserting active sites and not by mis-inserting sites, resulting in
narrowing of the MWD of the polymer as compared to the case of stoichiometric activator, where the BNC is
not formed. Although the BNC concentration is small compared to the total concentration of active sites, due
to the small equilibrium constant of BNC formation, it is shown to play an important role in initiation which
is faster via the BNC, and dominates the product distribution.

particles. Previous theoretical studies have shown that pure gold o5 puss o=

is not a good WGS catalyst due to its very high barrier (>2eV) | FsEos e

for water dissociation. In contrast, our efforts have demonstrated m ot

that the catalytic properties of Au/MgO can be favorable for °° s BT ow ) \ew A
WGS (Figure 4). Using the quasi-two dimensional oxide- 4/ o5 2% ~_/ /o= 7 A0
supported nanowire models described above, we have found that -0.8} |V W oo o7 /OT =
the barrier for water dissociation is dramatically decreased at the 12! s 0%
Au/MgO interface, to essentially zero. We have traced this 2560888828818
important interfacial effect to stronger binding of the OH product fT3ve3ig ; e300 %
between an Mg and the Au nanowire edge and to similar strong £§88 3 1I3% 3 E: e
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Figure 5: 1-Hexene Figure 6: Catalysts studied in pendent electronics analysis by the BNC
polymerization

Effects of Pendant Electronics on Olefin Polymerization: A detailed kinetic study of the four catalytic

systems shown in Fig.6, based on Zr amine bis-phenolate complexes bearing an electronically modified

pyridyl pendant, has been completed. The mechanism includes initiation, normal propagation, misinsertion,

recovery, and chain transfer. The most significant finding is a correlation between the HOMO energy in the

precatalyst structure and the first order rate constants for propagation, misinsertion, and recovery from mis-
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insertion. Specifically, for catalysts 1-4, the logarithm of the rate constants (kp, Kmis, and k) decreases
linearly with the HOMO energy. This indicates that the systematic addition of electron withdrawing
character to the pendant results in a lowering of the energy barrier associated with each monomer insertion
event. Chain transfer rates across catalysts 1-4 were relatively unaffected, indicating that the electronic
nature of the pendant is selective.

Alpha Olefin Copolymerization with Styrene Using Salan and Amino Bis(phenoxide) Catalysts: We have
recently begun a focus on the copolymerization between 1-hexene and styrene monomer feeds in an effort to
further tune the final polymer product and to expand our modeling capability to copolymers. Initial work
with a dichloride phenoxide substituted Zr Salan catalyst has shown rapid consumption of styrene (up to 30%
of the initial styrene feed) during the conversion of 85% of the 1-hexene. Studies of the effects of styrene
and other monomers with 1-hexene on the copolymerization mechanism are currently underway.
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Presentation Abstract

The interaction of water with solid surfaces is of great interest and importance in many areas
including heterogeneous catalysis, photocatalysis, electrochemistry, and others. In this study, we
prepared stoichiometric, reduced and oxidized RuO,(110) surfaces and examined water
adsorption, dissociation, and diffusion using time-lapsed scanning tunneling microscopy. On
stoichiometric RuO,(110) we show that water monomers adsorb on top of the Ru sites and are
immobile below ~225 K. At temperatures above ~240 K, the monomers are found to diffuse
along Ru rows and form water dimers, trimers and tetramers with dimers being the most stable
configuration. The onset for dimer diffusion is observed at ~280 K indicating higher diffusion
barrier than that for monomers. The diffusion barrier for water dimers is determined to be ~0.73
eV, which is significantly higher compared to 0.35 eV determined previously on the isostructural
TiO, (110)." On reduced RuO,(110), we find that water molecules dissociate in bridging oxygen
vacancies forming pairs of bridging hydroxyls. Subsequently, both the along- and across-row
diffusion of proton is observed at room temperature. On oxidized RuO,(110), water molecules
react with oxygen adatoms on Ru rows and form pairs of terminal hydroxyl groups that can
reversibly dissociate back to water and adatom. Along- and across-row diffusion of water
molecules at room temperature is tracked by following the position of hydroxyl pairs. Further
mechanistic insight is obtained from detailed density functional calculations and ab initio
molecular dynamics simulations.
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Presentation Abstract

Elucidating the complex structure-property-rate relationships of catalysis calls for the use of multiple characterization
techniques. X-ray Absorption Spectroscopy (XAS) and Transmission Electron Microscopy (TEM) are the premier methods
for obtaining ensemble-average and local, statistical information about nanocatalyst structure. The major challenge toward
combining multiple probes to study the same reaction is the strong sensitivity of reaction mechanisms to the environmental
conditions that vary between different in situ cells. In our approach, the application of same catalytic conditions to these two
probes is implemented by using a portable micro-cell that is fully compatible with the sampling requirements for XAS, TEM
(and a few other probes). This cell is developed by E. Stach and is used by our group to investigate a model reaction of
ethylene hydrogenation over Pt/Si€atalysts. XAS measurements were done at beamline X27A (NSLS, BNL) with focused

(10 um) beam. STEM images and EELS data were taken at Titan E-TEM (CFN, BNL). For these two measurements,
identical gas input/output system was used in which reaction process was monitored by quadruple mass spectrometer.
Combination of EXAFS and STEM results reveal the restructuring of Pt catalysts during the reaction and indicate formation
of nanophases of platinum carbide. Calculation of absorption spectra of Si L edgEisily x-ray absorption code FEFF 8

by J. J. Rehr’s group sheds light on the effects of Si-O bond length, Si-Si distance and Si-O bond valencesupp@iO

the changes of which are evidencedperando EELS data.
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RECENT PROGRESS

A major goal to better understand catalytic reaction mechanisms being addressed in our current work is to provide means that
will make it possible to inter-operably explore catalytic materials with multiple techniques, with the hope of using this
combined data to elucidate the complex structure-property-rate relationships of catalysis with unprecedented clarity. A main
challenge we have surmounted is to establish how to best combine the ensemble-average and local information about
nanoscale structure that is commonly provided by XAS and TEM measurements. The chief problem is that these two probes
are usually applied at different conditions, complicating interpretations relevambperando conditions. Our efforts are
highlighting new means to investigate catalytic system®perando using a portable/inter-operable cell that is fully
compatible with the sampling requirements for most relevant probes. In the first experiment of this kind, we investigated a
model reaction system by XAS and STEM, the ethylene hydrogenation reaction carried out overdatédySts in the
micro-cell, in collaboration witlE. Stach (CFN, BNL) and with help of R. Tappero (NSLS, BNL). In each experiment (at

the focusing XAS beamline X27A at NSLS and the Titan E-TEM at CFN) we used an identical setup: a micro-cell for sample
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analysis by XAS and TEM, and a coupled quartz capillary plug-flow cell placed downstream from the micro-cell for product
analysis. The new results emerging from this work revealed that the changes in,tsa@pi@t evidenced in Si EELS data
correlate with the atomistic changes evidenced in the bonding environment of Pt atoms before, during and after the reaction.
These impacts are highly responsive to the reactant atmosphere composition and conversion regime of the reaction (Fig. 1).
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Figure 1. Data and results of the combined, in operando XAFS-TEM ethylene hydrogenation reaction experiment
over P/Si0O, nanocatalysts in the portable micro-cell. Top row, from left to right: RGA data taken during XAFS
and TEM measurements. HAADF image during the 3:1 C,H.: H, flow at 1 atm in the cell, 8iL, ; edges EELS data
taken in operando conditions during different stages of the reaction. Bottom row, from left to right: EXAFS data in
r-space taken for the 3:1 and 1:3 ratios of C,H, to H,, analysis results for the coordination numbers and bond
distances illustrating restructuring of the nanoparticles during the reaction.
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Presentation Abstract

One of the critical limitations of past studies of the surface chemistry of adsorbed enantiomers
was the inability to distinguish one enantiomer from the other when adsorbed as mixtures. A
methodology has been developed that uses mixtures of amino acids in which the L-enantiomer is
labelled with **C, thus allowing enantiomer differentiation using mass spectrometry. Using a
racemic mixture of D- and *C-L-aspartic acid it has been possible, for the first time, to
demonstrate enantiospecific adsorption and separation on naturally chiral metal surfaces,
Cu(3,1,17)*%. Exposure of these surfaces to a racemic vapor phase with an enantiomeric excess
of eeg = 0 results in the adsorption of a mixture with ees = 39 + 3%. This translates to an
enantiospecific difference in the adsorption energies of D- and L-Asp of AAGags =3.2 £ 0.3
kJ/mole. The new methodology has allowed us to discover a phenomenon that would never have
been observed without *C labelling. Not surprisingly, exposure of a racemic mixture of D- and
13C-L-aspartic acid to the achiral Cu(111) results in the adsorption of a racemic mixture; in other
words, a gas phase mixture with eey = 0 results in an adsorbed mixture with eey = 0. However,
exposure of the achiral Cu(111) surface to a gas phase mixture with eey = 0.2 results in an
adsorbed phase with ees = 0.4. In spite of the fact that the surface is achiral, adsorption results in
auto-amplification of enantiomeric excess. Although the mechanism of this auto-amplification
has not been confirmed, one can show that this can be a simple consequence of adsorption of gas
phase monomers in the form of homochiral clusters L, or D,. Auto-amplification and
enantiospecific adsorption energetics must be ubiquitous to enantiomer adsorption and catalysis.
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RECENT PROGRESS
Naturally Chiral Surfaces
Catalytic decomposition of D- and *L-Asp. Recently, we have demonstrated that the

decomposition of D- and *L-Asp can be performed catalytically and in steady state on the
Cu(111) surface. The decomposition mechanism for aspartic acid on Cu(111) is:
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0,CCH(NH,)CH,CO, - 0,CCH(NH,)CH, + CO,
0,CCH(NH,)CH, — CO, + N = CCHs + H,.

Because all of the decomposition products desorb from the surface, the decomposition reaction
can be performed catalytically in steady state at a fixed temperature and in a flux of gas phase
Asp. The reaction has been performed to ~50 turnovers at 600 K without signs of deactivating
the surface (Figure 1). The enantiospecific catalytic decomposition of D- and *L-Asp or
mixtures of the two can now be studied in steady state on achiral and chiral Cu surfaces.

Spatial mapping of enantiospecific decomposition. We have now begun to collect data on
the decomposition of tartaric acid decomposition on Structure Spread Single Crystal Surfaces
(S'Cs). These are spherical sections of Cu single crystals that expose a distribution of crystal
planes that span a continuous region of the stereographic projection. Explosive decomposition of
tartaric acid has been shown in our prior work to be highly enantiospecific on chiral single
crystal surfaces. We have mapped the structure sensitivity of TA decomposition across a
Cu(111) S*C surface that spans all crystallographic orientations within 6° of the Cu(111) pole.
The explosive decomposition has been initiated by isothermal heating and then quenched at
different extents of reaction. Following the quench, imaging XPS is used to map the local
coverages TA on the surface (Figure 2). These initial experiments clearly show structure
sensitivity in that the decomposition is more rapid along the directions which expose (100) steps
than along those directions that expose (111) step edges. Furthermore, the decomposition
kinetics clearly depend on step density and the rate of decomposition increases as one moves
away from the (111) pole.

Templated Chiral Surfaces
Work on chiral templates has focused on our ability to correlate surface structures with the
enantioselective adsorption of a chiral probe on modified surfaces, primarily using propylene
oxide as the probe molecule. First, the Tysoe group has extended the range of chiral modifiers to
TA, a chiral modifier for the hydrogenation of B-ketoesters, and to using other chiral probes,
glycidol. Tysoe has also used
density functional theory to
identify the nature of the dimer,
tetramer an dimer row
structures formed from
aminoacids on Pd(111)
surfaces, where the tetrameric
structures are found to be
enantioselective.
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Figure 2. Coverage map of TA

In the second area, the
Zaera group is exploring auto-
enantioselective effects by
using propylene oxide as a
modifier for itself. The idea
underlying this approach is that
different packing structures
may be available for chiral and
racemic mixtures of propylene

Figure 1. CO, production during
steady state decomposition of D-
Asp on Cu(111). The spike at 16
min is explosive decomposition of
the Asp monolayer during initial
heating to 600 K, after which the
Cu(111) is held at 600 K in a flux
of D-Asp. A shutter is
periodically closed and then re-
opened during steady-state
decomposition.

remaining on the Cu(111)+6°
surface after heating a saturated
surfaces at 440K until the extent
of the decomposition reaction
reached 70%. The remaining
TA is clearly distributed along
the directions that expose
straight (111) step edges. The
TA remaining at the top of the
sample is due to a defect in the
surface around that point.
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oxide that modify the attainable saturation coverages.
Enantiospecific, adsorbate-enhancement of the
sticking coefficient is found for propylene oxide on
Pt(111).

In the last year, the Zaera group has focused on
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chiral compounds exhibit different properties than each of the enantiomers alone. This is
because opposite enantiomers usually pair up and form racemic compounds via strong
interactions such as hydrogen bonding. In Zaera’s study of the uptake of propylene oxide (PO)
on Pt(111), a unique behavior was observed where the differences are due to a kinetic effect
instead. First, temperature-programmed desorption (TPD) data showed that the density of the

saturated monolayers of propylene oxide (PO) adsorbed on a

Pt(111) single-crystal surface

changes monotonically with enantiomeric composition, decreasing by approximately 20% when

going from enantiopure to racemic layers (Figure 3).
Scanning tunneling microscopy (STM) images were then used

to corroborate the coverage

changes, and also to reveal that there is no racemate formation or long-range ordering on these
surfaces. This work was done in collaboration with Prof. Charles Sykes, of Tufts University. It
was found that the density of the racemic PO layers could be increased slightly, if the uptake is
carried out at higher temperatures, an indication that the observed behavior is kinetically
controlled. However, this effect was found to be limited by competition with desorption from
the surface. Additional STM work is currently being carried out by the Tysoe group on
triflouropropylene on Pd(111) to supplement this information. Here, the fluorinated molecules
were used to enhance the contrast in STM. Preliminary results are shown in Figure 4 suggesting

that there are attracting lateral interactions between the molecules.

New Chiral Materials

One of the possible routes to formation of chiral catalytic
materials on a large scale is the imprinting of chirality by
molecular adsorbates into initially achiral materials.  This
phenomenon differs from chiral templating in which the adsorbed
layer is chiral but does not cause reconstruction of the underlying
substrate. During the decomposition of TA on Cu(110) we have
observed that Cu atoms are extracted from the surface to form a
chiral structure whose handedness depends on the chirality of the
TA decomposing on the surface. LEED patterns show this
reconstructed surface to have (2,1; 6,7) periodicity when formed
from L-TA and (2,1;6,7) when formed from D-TA. This type
of imprinting phenomenon may be quite common and may well
occur with the Asp being used in these studies.

We have continued to develop the synthesis of chiral Au
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Figure 4. STM omage (Vp=-
0.5V, =75 pA) of
trifluoropropylene on Pd(111)
at 120 K.




nanoparticles and our methodology for studying
enantioselective adsorption using optical polarimetry. o) .
Over the past year we have developed and published a 043 o s o P
methodology for using polarimetry measurements as the B 4y
basis for a robust means of measuring the : L

0.0 a

enantiospecificity of adsorption equilibrium constants 1 ‘e Tew
for chiral molecules on chiral Au NPs. In one Lot
experiment we measure optical rotation, «, for solutions g
containing either D- or L-modified Au NPs (at constant 0
concentration) and R- and S-probe molecules in varying Bory
ratl_os, B. In. a complemgntary eXp?r.lment.’ WE measure Figure 5. Optical rotation by solutions
optical rotation for solutions containing either R- or S- | containing either D- or L-cysteine coated
probe molecule (at constant concentration) and D- and | AuNPs with mixtures of R- and S-2-
L-modified Au NPs in varying ratios, y. Examples are | butanol in varying ratios, B. And optical
shown in Figure 5 for R- and S-2-butanol in solutions fOtStIé)nbbty SOI|u“%nS c_:otntanmp% e|th3r F-
s H or S>-Z-putanol and mixture or D- an -
containing D- or L-cysteine coated AuNPs. The cysteine coated AUNPS in varying ratios,
following expression can be used for parameter

: _ . e ] R y. The symmetry of the data around (0.5,
estimation of the enantiospecific adsorption equilibrium | 0) indicates diastereomerism.
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constants, Kp and K, from the optical rotation data.
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a's(y) =

1+ a(yK,+ (1 —y)Kp)
1+ (yK, + (1= y)Kp)

a'g(y) =

Recently, we have developed syntheses of Au NPs that are coated with N-acetyl-L-cysteine
(N-acetyl-D-cysteine) or with N-isobutyryl-L-cysteine (N-isobutyryl-D-cysteine). These sets of
optical rotation measurements are now being extended to AuNPs coated with these chiral ligands
and using new chiral probes that include known chiral pharmaceuticals for which we can
purchase both enantiomers. Finally, we have learned how to synthesize nanoparticle that with
tetrahexahedral shapes, exposing 24 facets that have high Miller index orientations. Because
these expose a single crystal surface, these ought to be superior nanoparticles for enantioselective
adsorption once they are modified by adsorption of chiral ligands. Current work is aimed at

chiral modification of these nanoparticles.
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Partial Oxidation of Alkenes on TiO,(110) Through Photochemistry

Michael A Henderson
Physical Sciences Division, Fundamental and Computational Sciences Directorate,
and Institute for Integrated Catalysis, Pacific Northwest National Laboratory

The partial oxidation of alkenes (ethene, propene and isomers of butene) was examined on the
model rutile TiO,(110) surface using temperature programmed desorption and photostimulated
desorption.' This class of molecules interacts weakly with most semiconducting oxide surfaces,
with little reactivity to partial oxidation products at low temperature. Photooxidation reactions
offer a means of low temperature partial oxidation if the selectivity can be controlled and the
extent of reaction limited (to prevent full oxidation). These factors pose significant challenges to
researchers interested in using oxide surfaces to photocatalyze partial oxidation reactions.
Fundamental studies with these molecules on TiO,(110) demonstrate a variety of photochemical
phenomena that include direct activation (involving charge transfer between the molecule and
the surface), indirect activation (in which secondary species, such as O, are photochemically
activated first), competition between photochemical pathways, and variations in oxidation
selectivity depending on the form of activating oxygen. For example, atomic oxygen leads to
undesirable C=C bond activation (to acetone) in isobutene, but physisorbed O, promotes
photochemical formation of methacrolein and isobutanal. In the general case of 2-butenes,
methyl configurations about the C=C play a major factor in the molecule’s photoactivity.
Understanding these processes is key toward controlling photocatalytic selectivity and ultimately
being able to use semiconductor photocatalysis for performing selective chemistry.

This work was supported by the US Department of Energy, Office of Basic Energy Sciences,
Division of Chemical Sciences, Geosciences & Biosciences. Pacific Northwest National
Laboratory (PNNL) is a multiprogram national laboratory operated for DOE by Battelle. The
research was performed using EMSL, a national scientific user facility sponsored by the
Department of Energy's Office of Biological and Environmental Research and located at Pacific
Northwest National Laboratory.

! Henderson, M. A. Comparison of the Photodesorption Activities of cis-Butene, trans-Butene,
and Isobutene on the Rutile TiO,(110) Surface." J. Phys. Chem. C 2013, 117, 23840-23847.

? Henderson, M. A. Photooxidation and Photodesorption in the Photochemistry of Isobutene on
TiO,(110). J. Phys. Chem. C 2013, 117, 14113-14124.
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Presentation Abstract

The objectives of this research program are to develop and validate a hierarchy of multi-
scale methods for computing reaction and activation free energies of elementary processes
occurring at metal-water interfaces and to apply these methods to the rational design of novel
heterogeneous catalysts with exceptional activity and selectivity for the liquid-phase conversion
of lignocellulosic biomass into transportation fuels or commodity and specialty chemicals. An
overarching theme of our method developments has been practicability and rapid applicability
such that we aim at limiting the computational cost of our novel methods for computing free
energies of elementary processes at metal-liquid interfaces to a cost of only two orders of
magnitude higher than that of similar calculations at solid-gas interfaces. To achieve at the same
time high accuracy in our free energy calculations, we rely on adapting and optimizing
previously developed computational tools in the enzyme and homogeneous catalysis
communities. In particular, by adapting already parameterized and validated methods from these
communities, we reap the benefits of experience of many decades of computational studies in
liquid phase environments. Consequently, we can minimize our own parameterization effort
which is often very time consuming and dependent on the availably of a large and well-balanced
set of experimental or “high-level” computational data. In the heterogeneous catalysis
community these data are often lacking due to the extreme complexity of heterogeneous
catalysis. As model systems for our computational study, we investigate selectivity issues in the
reductive deoxygenation of ethylene glycol, glycerol, guaiacol, and propionic acid over transition
metal catalysts under liquid-phase processing conditions.

DE-FGO02-11ER16268: Theoretical Investigation of Heterogeneous Catalysis at the Solid-
Liquid Interface for the Conversion of Lignocellulosic Biomass Model Molecules

PI: Andreas Heyden

Postdoc: Jianmin Lu

Students: Muhammad Faheem, Sina Behtash
RECENT PROGRESS

Explicit Solvation for Metal Surfaces (eSMS)

We report the development of a quantum mechanics/molecular mechanics free energy
perturbation (QM/MM-FEP) method for modeling chemical reactions at metal-water interfaces.
This novel solvation scheme combines planewave density function theory (DFT), periodic
electrostatic embedded cluster method (PEECM) calculations using Gaussian-type orbitals, and
classical molecular dynamics (MD) simulations to obtain a free energy description of a complex
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metal-water system. We derive a potential of mean force (PMF) of the reaction system within the
QM/MM framework. A fixed-size, finite ensemble of MM conformations is used to permit
precise evaluation of the PMF of QM coordinates and its gradient defined within this ensemble.
Local conformations of adsorbed reaction moieties are optimized using sequential MD-sampling
and QM-optimization steps. An approximate reaction coordinate is constructed using a number
of interpolated states and the free energy difference between adjacent states is calculated using
the QM/MM-FEP method. By avoiding on-the-fly QM calculations and by circumventing the
challenges associated with statistical averaging during MD sampling, a computational speedup of
multiple orders of magnitude is realized. The method is systematically validated against the
results of ab initio QM calculations and demonstrated for C-C cleavage in double-
dehydrogenated ethylene glycol on a Pt (111) model surface.”

Applications of our Implicit Solvation Model for Metal Surfaces: HDO of Propionic Acid

We recently developed an implicit solvation model for metal surfaces (iSMS) that permits rapid
computation of approximate reaction free energies of elementary reactions occurring at
solid—liquid interfaces within the framework of planewave DFT and implicit solvation models
developed for nonperiodic clusters.? Here, we report the application of our iSMS method to
identify the effects of liquid water, n-octane, and n-butanol on the hydrodeoxygenation (HDO) of
propanoic acid over Pd (111) model surfaces. We developed a microkinetic model for the HDO
based on parameters obtained from first principles and studied the reaction mechanism in vapor
and liquid phase environments at a temperature of 473 K.*®> Our model predicts that for all
reaction media, decarbonylation pathways are favored over decarboxylation pathways.
However, in the presence of polar solvents like water, decarboxylation routes become
competitive with decarbonylation routes. The activity of the Pd surface varies as a function of
the environment as follows: water > n-butanol > octane ~ gas phase. Finally, a sensitivity
analysis of our models suggests that both C-OH and C—H bond cleavages control the overall rate
of the catalyst in all environments and are likely to be activity descriptors for the HDO of
organic acids. The importance of C-H bond cleavage for the HDO over Pd catalysts has recently
been experimentally confirmed by us by observing a primary Kinetic isotope effect (KIE) on
labeled propionic acid (CH3CD,COOQOH). The experimental KIE of 1.6 is in excellent agreement
with the computed one of 1.49.

Applications of our Implicit Solvation Model for Metal Surfaces: HDO of Guaiacol

As a second application for iSMS, we investigated the reaction mechanism of the HDO of
guaiacol to aromatic products over Ru (0001) and Pt (111) model surfaces in vapor and aqueous
environments. Coverage dependent adsorption energies have been considered in the models that
suggest that over Ru catalysts® the dominant HDO pathway proceeds via O-H cleavage of
guaiacol, C¢H4(OH)(OCHj3), to CgH4(O)(OCHs3), followed by dehydrogenation of the methoxy
group to CgH4(0)(OC), decarbonylation to CgH4O, and finally hydrogenation to phenol. In
agreement with experimental results, phenol is predicted to be the major product and further
deoxygenation of phenol to benzene is very slow. In contrast, over Pt catalysts catechol is the
main reaction product which does not involve removal of any oxygen atoms.’

Applications of our Implicit Solvation Model for Metal Surfaces: HDO of Ethylene Glycol

Finally, a third application of iSMS and our test bed system for our eSMS method development
has been the HDO of ethylene glycol and glycerol over Pt (111) catalysts. Ethylene glycol is the
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simplest molecule containing C-C, C-O, C-H, and O-H bonds and having a C/O stoichiometry of
1:1 as it is common in most biomass-derived polyols. As a result, ethylene glycol is an ideal
model molecule to study solvent effects in the catalytic HDO of polyols over metal catalysts
where the product distribution critically depends on competing C-C and C-O bond scissions. We
developed a detailed microkinetic model for both the vapor and aqueous phase HDO of ethylene
glycol over Pt (111) model surfaces and observe that a liquid phase environment facilitates C-O
bond scissions relative to C-C bond dissociations.®
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RECENT PROGRESS

This collaborative research program has focused on the design and understanding of cooperative
catalysts that combine two distinct catalytic sites (e.g. acid and base) into a single material or
molecule to effect catalytic reactions that are accelerated by cooperative interactions with the
two sits, relative to catalysis by a single site. In a new direction within the team, these
cooperative reactions are being extended to cascade reactions, whereby multiple individual
catalytic steps are catalyzed in a series using different active centers. Cooperative catalysis and
cascade catalysis are two examples of the use of designed, multi-functional catalysts, with both
sites interacting with a substrate(s) simultaneously to effect a reaction in the former case, and
with different sites working independently in a series in the latter case.

A major initiative in the past years has been the development of cooperative Co-Salen
catalysts for epoxide ring-opening reactions (Weck, Jones), whereby some of the most efficient
catalysts known have been synthesized and characterized. In recent work, the team has sought to
understand on the molecular level the catalytic reaction pathway (Sherrill, Ludovice, Weck,

Jones), which was proposed by Jacobsen and Blackmond ten years ago based on kinetic studies.
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We (Sherrill) have used density functional theory (DFT) to study the rate-determining
step for the hydrolytic kinetic resolution (HKR) of terminal epoxides as catalyzed by Co(Ill)-
Salen-X, with X a counterion. The rate-determining step is thought to involve activation of the
epoxide through its coordination to one Co(IlI)-Salen-X catalyst, concomitant with a ring-
opening attack by activated OH- from Co(IlI)-Salen-OH [in-situ generated by loss of counterion
from Co(Ill)-Salen-X]. Our previous studies of Metal-Salen complexes suggest an intricate
electronic structure, hence we have used both the B3LYP and BP86 functionals to test variation
in DFT results. We find quantitative differences but overall similar qualitative trends. Semi-
empirical London dispersion corrections (DFT-D) lead to slight differences in the relative
energies of attack at secondary vs tertiary carbons in the epoxide. Co(Ill)-Salen-OH by itself,
without the presence of Co(Ill)-Salen-X (X being some other counterion), is not active in HKR.
This might seem a result of Co(IlI)-Salen-OH being insufficiently Lewis acidic to activate the
epoxide. Our computations indicate, however, that X=OH- binds epoxide nearly as well as
X=ClI- (gas-phase or with implicit solvent correction). We are thus seeking the transition state
with X=0OH- to verify that its inactivity is primarily due to transition state destabilization and to
probe the origin of this destabilization relative to active counterions. The computed barrier
height for X=0OAc- is less than half that of X=Cl-, consistent with the higher experimental
reaction rate at half-conversion observed for OAc-. Propylene oxide and 1-hexene oxide exhibit
similar barrier heights, meaning that observed differences in experimental reaction rates are due
to other factors [such as different rates for initial counterion loss to create Co(IlI)-Salen-OH]. To
date, significant new insights into the epoxide ring-opening reaction have been obtained, but the
complete catalytic cycle is not yet defined.

Building on the above work, which involves cooperative activation of substrates by
electrophilic and nucleophilic centers, we (Jones, Weck) are working on silica-supported and
polymer-supported orgnaocatalytic acid-base catalyzed (aldol, nitroaldol) reactions. Having
determined that weakly acidic silanols were better cooperative partners than carboxylic acids in
aldol reactions, we elucidated the optimal distance between the amines and silanols for aldol and
nitroaldol reactions, showing they depend on the pore curvature and nature of the coupling
partners in the reaction (ketone/aldol vs. nitroalkane/nitroaldol). By synthesizing a homologous
series of aminosilanes (C1-C5 linkers), we showed that we could alter the catalytic activity by an

order of magnitude by changing only the pore curvature and linker length in the nitroaldol
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reaction. In contrast, the aldol reaction was much less sensitive to linker length, suggesting
significant differences in reaction pathway of these seemingly similar reactions. Most recently,
in addition to our linker length and pore size studies, we also examined the effect of
incorporating heteroatoms (B, Al, Ga, Ti, Zr, and Ce) into the framework of the silica support for
amine-silanol bifunctional catalysts. For the nitroaldol condensation, four of the six heteroatoms
(B, Al, Ga, and Ti) increased the catalytic activity compared to the supported amine-silanol
catalyst with no heteroatom substitution. Incorporating Ce into the silica did not change the
catalytic activity, but incorporating Zr decreased the catalytic activity. We observed a decrease
in catalytic activity for the aldol condensation for all heteroatom substitutions compared to the
catalyst with no heteroatom substitution. These differences will be the subject of future
theoretical/computational investigations by the team (Sherrill, Jang).

Moving from cooperative reactions to consecutive, cascade reactions, a major initiative
within the team is the design of well-defined reaction environments to promote or control
cascade reactions (Weck, Jang, Jones). Operation of multiple catalytic reactions in one pot is
often limited by incompatibilities of the catalysts and reaction conditions. Inspired by nature
where the compartmentalization of cells enables metabolism pathways to proceed
simultaneously, we have designed and synthesized metal catalyst containing shell cross-linked
micelles (SCMs) as well as multi compartment micelles (MCMs) that enable the site isolation of
two or more incompatible catalytic systems. The SCMs were prepared from amphiphilic poly(2-
oxazoline) triblock copolymers with orthogonal functional handles in the side-chains of
hydrophobic and hydrophilic blocks to attach different metal catalysts and a cross-linkable
middle block to stabilize the micelle structure from disassembly. As a test system, we
immobilized Ru(Il)-porphyrin in the shell and Co(IlI)-Salen complexes in the core respectively
for tandem catalytic reactions. The first step of the tandem reaction is the Ru(Il)-porphyrin-
catalyzed epoxidation of terminal olefins and the second step is the Co(Ill)-Salen-catalyzed HKR
of the racemic epoxide intermediate. We are also developing another class of tandem catalysis
supported by SCMs combining transition metal- and organocatalysis. = We use the
immobilization of a Rh-TsDPEN complex that catalyzes the asymmetric transfer hydrogenation
(ATH) for the enantioselective reduction of prochiral ketones in combination with a DMAP-
derived organocatalyst (DMAP: 4-dimethylaminopyridine) for the acylation of secondary

alcohols.
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Multicompartment micelles are a particular type of supramolecular assembly, which
features an additional level of microphase separation within a micellar core. Such a phenomenon
is accessible using a triblock copolymer consisting of hydrophilic, hydrophobic, and fluorophilic
blocks. The former of these three blocks solubilizes the polymer in an aqueous environment
while the latter two are both internalized into the micellar core, where they phase separate to
form discrete hydrophobic and fluorophilic domains. To date multicompartment micelles have
been prepared and visualized but their applied uses remain non-existent. We are preparing
multicompartment micelles where each block possesses a functional "handle," through which a
series of modified catalysts can be covalently attached to during post-polymerization
functionalization. Such a modified multicompartment micelle can be viewed as a nano-reactor,
capable of carrying out a wide variety of multistep "cascade reactions."

To achieve predictive and mechanistic understanding of the correlation between the
transport of reactant/product molecules and the structures of multicompartment micelles, full-
atomistic molecular modeling simulations have been performed using the molecular dynamics
simulation method (Jang, Weck). For this purpose, first, using density functional theory,
thermodynamic characteristics such as the solvation free energies of key molecules such as
reactants, products and blocks of micelle have been calculated to assess their
hydrophilicity/hydrophobicity, which determines how regions of the micelle are associated with
water molecules. The molecular interactions of reactants/products with the various blocks of the
micelle and the segment-segment interactions between the blocks in the micelle have been
evaluated by calculating the Chi-parameter based on Flory-Huggins theory to characterize the
association of reactants/products with each compartment in the micelle and the block-block
immiscibility, respectively, since it is desirable that the reactants/products have miscibility to
some extent, while the individual blocks of the polymer need to attain a compartmentalized via
the segregation among the blocks. To investigate the structure of overall multicompartment
micelle, the distribution of compartments, the water content in each compartment, and the
thickness of interphase between the compartments have been characterized from the equilibrated
micelle structure via molecular dynamics simulations. For direct assessment of the transport
properties of reactants/products, the energy barriers for molecular diffusion are being estimated

using the potential of mean force via steered molecular dynamics simulations.
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Goals

The analysis and control of catalytic properties of essentially molecular supported metals by
choice of metal (e.g., Rh, Ir, Os), metal nuclearity (e.g., Ir, Iry, Os, Osz, Oss, Oss, Os;0), ligands,
and support (which can also be considered to be a ligand), including control of metal surface
reactivity in a supported Iry cluster catalyst, is leading to a better understanding of catalytic
properties and the design of new catalysts. These systems can be viewed as simple mimics of
enzymes — whose metal active sites function in water and are able to direct selective chemical
transformations by virtue of their ability to control binding in an even off-on fashion at an active
site.

DOE Interest

The ability to program an electronic environment at will on a metal catalyst surface, in a way that
switches bonding of a molecule back and forth from an on state to an off state, has profound
implications (e.g., carbon dioxide (CO,) electroreduction to give alkane fuels and
hydrodesulfurization of compounds in petroleum for production of clean-burning low-sulfur
fuels), whereby one molecule present in a mixture is prevented from poisoning the site by
bonding too strongly to it and blocking reaction of other molecules that must bond to be
converted. Indeed, the enabling molecular-scale structure-function relationships in catalysis that
control such electronic environments and their performance constitute a central catalysis grand
challenge. This project focuses on harnessing the power of synthesis, self assembly,
spectroscopy, atomic-resolution microscopy, electronic structure theory, and catalyst
performance testing to understand well-defined, essentially molecular metal clusters as catalysts
on support surfaces. Our intent is to lead the forefront in the synthesis, characterization, and
imaging of metal cluster catalysts consisting of well-defined sites for catalysis, encompassing
fundamental understanding of catalysts and discovery of active sites with new selective
properties.

Recent Progress

By changing the ligand-imposed electronic environment, the bonding of ethylene to the same
cluster was turned on, as illustrated by the molecular modeling image in Figure 1 below. We
thereby demonstrated that this could be used to turn off and on ethylene poisoning during H-D
exchange catalysis, as well as the catalytic activity of the cluster site for ethylene hydrogenation.
This progress opens the way to new structures for on-off control of binding and activation of
molecules via programming of the electronic environment at active sites in metal-containing
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nanostructures and other surface-catalytic structures, offering an attractive strategy to control
reactivity and poisoning at a catalyst active site.

Our design builds on one of the simplest metal surfaces, using the Irs(phosphine)s;(CO)g family
of clusters. Active sites for binding and catalysis are created on this surface by selective and
controlled removal of CO ligands, which consist of open coordination sites on iridium atoms.
The other ligands present consist of phosphines and a weakly interacting mesoporous silica
surface. While the silica, being a support, was chosen for site isolation of the clusters, the
phosphine ligands facilitate selective access to open sites on the underlying metal surface. The
phosphines also act as a steric barrier against aggregation/coalescence of the clusters. We
elucidated the essential role of the nanoscale calixarene phosphine (1.4 nm x 1.3 nm) in a
comparative study involving the less bulky non-calixarene (PPh,CHs) phosphine (1.0 nm x 0.7
nm) ligand. These are represented schematically in Figure 1 by clusters 1 (calixarene) and 2
(non-calixarene). A key role of the calixarene phosphines is to donate electron density to the
metal core and facilitate thermally driven decarbonylation at basal-plane Ir atoms in the presence
of a flowing gas that sweeps away dissociated CO — all while keeping the cluster stable. Such
stability is impossible to accomplish with 2 under similar conditions. We demonstrate that the
resulting open “CO vacancy” sites are within nanoenvironments that readily take up newly added
CO while completely excluding ethylene, even when treated with just ethylene for a prolonged
period of time. We also demonstrate the synthesis—by reactive decarbonylation—of open sites
in a different nanoenvironment as shown by cluster 3, involving the apical iridium atom, which
leads to binding of both CO and ethylene. These results are supported by infrared spectroscopy,
as well as density functional theory (DFT) calculations, which are based on the structure of 1
(previously determined by single-crystal X-ray diffraction) as a starting point. We also used
catalytic reactions consisting of H-D exchange and ethylene hydrogenation to contrast the two
different open-site nanoenvironments on the tetrairidium cluster. Our results illustrate a clear
influence of the differing reactivities of the separate open sites on the metal surface. The data
demonstrate one site where CO binds and ethylene does not—and no ethylene hydrogenation
catalysis occurs on it and no ethylene poisoning of H-D exchange occurs on it. On the other
open site, both ethylene and CO bind, and ethylene hydrogenation catalysis takes place, as does
ethylene poisoning of H-D exchange catalysis. Such a distinction between equally accessible
active sites is unusual, since they differ so markedly in their relative binding energy of ethylene,
which is otherwise known to bind and interact strongly with Ir metal surfaces.

In addition, the adsorption of dinitrogen on structurally well-defined dealuminated HY zeolite-
supported iridium diethylene complexes synthesized by the adsorption Ir(C,H4).(acac) was
investigated experimentally and computationally. Iridium-dinitrogen complexes formed when
the supported iridium diethylene complex was exposed to N, in the presence of a pulse of H, at
298 K. The structures and reactivities of the iridium dinitrogen species were investigated with
isotopically labeled N, as infrared spectra were measured during changes in the supported
structures in various flowing gases. Four supported iridium dinitrogen complexes formed: Ir(N>),
Ir(N2)(No), 1r(CoHs)(N2), and Ir(H)(N). Conversion of Ir(N2) to Ir(N2)(N2) or Ir(H)(N,) was
reversible, but conversion of Ir(C,Hs)(Ny) to Ir(N2) was not. In the presence of N, Ir(N2) was the
predominant dinitrogen species at temperatures between 273 and 373 K. Ir(CO)(N,) formed
transiently as CO flowed over the sample, forming the highly stable Ir(CO),. In the presence of
H,, rather stable iridium hydride complexes compete with iridium dinitrogen complexes. The
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experimental results are in good agreement with calculations at the level of density functional
theory with two different models of the zeolite. Calculated ligand dissociation energies were

used to propose a reaction network.

Fig. 1. Ethylene binding and activation in a supported tetrairidium cluster catalyst are controlled
by selective nanoenvironments at the metal surface, formed by three calixarene-phosphine
ligands surrounding and bonding to the cluster at sites neighboring the site where reactivity is

switched off and on.

@T’ versus {f

vacuum
- Me;N

«if GO,
1+1Me;NO —2> [3 + Me,N]

2 + 1 Me;NO ——>  nanoparticulate aggregate

vacuum

-2CO,
1+2Me;NO ——> [4+MeN] ———
= 3

199



DE-SC0005822 B. C. Gates, I. Arslan, D. A. Dixon, A. Katz

Fig. 2. Schematic representation of Irs(CO)q(phosphine)s clusters consisting of calixarene
phosphine 1 and PPh,Me in 2. Bottom panel represents the method of synthesizing a vacancy by
reactive decarbonylation using TMAO. This procedure is used to synthesize stable calixarene-
bound open clusters 3 and 4.

There are significant differences in the reactivities of zeolite-supported Rh(C,Hs), and Ir(C;Hs)2
with Na: (a) Ir(Ny) is the predominant dinitrogen species other than Ir(N2)(Ny) in the presence of
N, at temperatures between 273 and 373 K, whereas Rh(N_) is totally converted to Rh(N2)(N2)
under the same conditions and (b) iridium hydrides incorporating dinitrogen ligands are more
stable than the corresponding rhodium complexes, so that the dinitrogen ligands tend to
predominate on the rhodium complexes more than on the iridium complexes.

The structures and energetics of low energy isomers of the Iry(PHs)y(CO), complexes (n=1, 2, 4)
were studied using density functional theory and coupled cluster theory. The ®B97X-D
functional gave the most consistent ligand dissociation energies as compared to the CCSD(T)
benchmark calculations, so it was used to predict the ligand dissociation energies for the larger n
= 4 clusters. The ligand dissociation energies of CO depended on the position of PH3. The steric
bulk of the phosphine leads to cis-IrPH3(CO),, trans-1r(PH3),CO and trans-1r(PH3),(CO), being
more stable than the other isomers. The calculations predict three fundamental structures for
Ir2(PH3)y(CO),: Cay (Cs), C, and D3q with the lowest energy structure dependent on the position
of the PH3’s and CO’s. The Csy structures of Ir4(PH3)y(CO), clusters have lower energies than
the T4 isomers and become even more favored as more phosphines are introduced due to less
steric interactions. Dissociation of a bridging CO ligand often involved hydrogen atom transfer
from the PH3 to the Ir, and such reaction products always had the lowest relative energies.
Except for the bridge ligands with dissociation involving hydrogen transfer, the ligands at the
equatorial positions have the highest LDEs, while those at apical positions have the lowest.
Carbonyls are strong m-electron accepter and phosphines act as a strong c-electron donor and
weak m-electron accepter. These electronic effects strengthen the Ir-C and Ir-P bonds and
increase the LDEs. However, phosphines are easier to dissociate as more are substituted for CO
due to steric interactions. The larger increase in the CO LDEs is predicted to make it difficult to
get very highly substituted phosphine iridium carbonyl clusters.
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Functionalized molecular nanocages haveAt()jztr:l?J?ltstrated interesting chemical and catalytic
properties. Recently, we have synthesized a discrete nanocage of a core-shell design, in which
carboxylic acid groups were tethered to the core and silanol to the interior of the carbosilane
shell, possessed a hydrophilic interior and a hydrophobic shell. The hydrophilic interior also
enabled internalization of metal salts in an organic medium. The interior carboxylic acid groups
were found to react with Co,(CO)g to form and stabilize a Co(l)-CO species. The singular CO
stretching band of this new Co species at 1958 cm™ and its magnetic susceptibility were
consistent with Co(l) compounds. When exposed to O,, it transformed from an EPR inactive to
an EPR active species indicative of oxidation of Co(l) to Co(ll) with the formation of H,0,. It
could be oxidized also by organoazide or water. Its residing in the nanocage interior was
confirmed by size selectivity in the oxidation process and the fact that the entrapped Co species

could not be accessed by an electrode.

Grant DE-FG-02-01ER15184; Molecular Engineering for Selective Catalysis

PI: Harold H. Kung
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RECENT PROGRESS

Discrete nanocages have been shown to stabilize ionic reaction intermediates and
moisture sensitive materials, and alter molecular conformation, reaction regioselectivty, reaction
rates and extent of sequential reaction, as well as protonation affinity. Recently, we have
extended our study of molecular nanocages to bifunctional structures of a core-shell design, in

which the core and the shell interior harbor different functionalities.
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We constructed the structure starting with a spherosilicate with 8 silane groups, one at
each of the corners, that was converted by hydrosilylation with dibenzyl allylmalonate to 1V,
[SigO12]-(0SiMe,CH,CH,CH,CH(COOH),)s which had 16 -carboxylate groups at the
periphery (Scheme 1). Subsequent hydrolysis of the carboxylate groups followed by

condensation with trivinylchlorosilane generated a dendrimer [SigO12]-
(OSiMe,CH,CH,;CH,CH(COO0SIi-(CH=CH;)3)2)s V with 48 peripheral vinyl groups and labile
silyl ester bonds. Intramolecular cross-linking of the vinyl groups in V by hydrosilylation with
1,4-bis-dimethylsilylbenzene created a nanosphere in which the core and the shell are covalently

linked. Finally, cleaving the silyl ester bonds by hydrolysis resulted in a core-shell nanosphere,
in which the shell was detached from the core.
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Scheme 1. Synthesis scheme to form nanocage VI.

The identity of each of these compounds in the synthesis scheme was confirmed by a
combination of analytical techniques, including *H, **C, and ?°Si NMR spectroscopy and mass
spectrometry. For example, *H NMR spectrum of V did not show any signal of carboxylic
proton, and its °Si NMR spectrum only contained three peaks for the Si in three different
environments, indicating complete conversion of —-COOH to —-COOSIi(CH=CH,)3; in its
formation. Its ESI-MS signal was detected at m/z = 1969.5 (for (V + 2 NH4)?"). In the formation

of VI, the cross-linking reaction could be monitored by the disappearance and broadening of
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multiplets at & 6.1 (vinyl region of V) and the appearance of a broad peak at 6 7.6 (aromatic H
from the reacted linker) in *H NMR spectroscopy, and the presence of four major peaks in
the °Si NMR spectrum.

Hydrolysis of the silyl ester bonds in VI with a controlled amount of water generated
carboxylic acid groups inside the structure. Although the nanocage was hydrophobic and soluble
in toluene because of the carbosilane nanocage shell, the carboxylic acid groups rendered the
interior hydrophilic. These acid sites were potential metal binding sites, and we observed that a
toluene solution containing VI and solid PdCl, or TiClz turned yellow slowly, whereas the
toluene without VI remained colorless, suggesting transfer of Pd or Ti ions into VI.

Reaction of VI with Co,(CO)g (Scheme 2) followed by purification to removal excess

v\ ’ [ \ _. Co02(C0O)g generated Co@VI, which contained
)/ \ "I/, g \'\ | { #//, .

g 2 CoyCOs ~si” CO S~ ~4 Co per nanocage at saturation (M.W.

OH HO HO. , OH ; .
I Co’ 111~7900/g). Evidence that Co@VI contained

OH OH Smopex - 301 o “OH + 12 H;

o /,JQ‘O O{,AY.,.L\\O Co(l) inside the nanocage included: a single
~ L intense CO stretch at 1958 cm™ (Fig. 1), absence
Scheme 2. Formation of Co@V1. of redox peaks between -2 and 1 V vs SCE from

the Co**/Co° couple in the CV curve, absence of a EPR signal but appearance of a signal at g =
4.0 upon exposure of Co@VI to O, (Fig. 2), a room temperature effective magnetic moment of
3.55 ug, and size-selective reaction with organoazide with concomitant change of the orange
solution to pale yellow.

Thus, we have demonstrated that a molecular nanocage with a core-shell structure,
containing a prescribed number of common functional groups and restricted interior space for
movement of complexes, can be used to generate and stabilize metal complexes of an uncommon

oxidation state with a high degree of uniformity.
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Presentation Abstract
The catalyzed conversion of lignin to hydrocarbon energy carriers requires a cascade of reactions
for deconstructing and reducing the polymeric, highly oxofunctionalized material. While lignin
is the most intractable component of lignocellulose, its conversion to useful products is
particularly important, because the carbon in lignin is the most reduced fraction of
lignocellulose. Our main focus has been on understanding the properties of catalysts in aqueous
environments and the catalytic chemistry of lignin fragments in aqueous and biphasic oil-water
environments. We have studied the catalysis of ether hydrogenolysis and hydrolysis, the
reduction of phenols, hydrodeoxygenation of alcohols, and the hydroalkylation of (substituted)
phenols in the aqueous phase. Hydrogenation, hydrogenolysis, and even hydrolysis were found
to be effectively catalyzed by supported noble and base metals allowing for higher reaction rates
than observed previously by molecular catalysts. Catalysts with dual functions, consisting of
highly dispersed nickel nanoparticles on acidic supports including sulfonated carbons and
zeolites (HZSM5 and HBEA), have been synthesized and characterized. The catalysts efficiently
convert liquid phase lignin components to cycloalkanes, the nickel particles catalyzing
hydrogenation of unsaturated C=C and C=0 bonds and the acidic sites on the support catalyzing
dehydration of cycloalkanols. As these measurements and simulations have led the way to better
catalysts for lignin conversion, we now also work to address the challenge of quantitatively and
qualitatively exploring all individual steps of these reactions to use this information to synthesize

tailored catalysts that combine the functions in catalysts organized at a mesoscale level.
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Background

The central role and critical importance of catalysis in a future based on sustainability, together with the insight that
developments have to be knowledge-based have motivated significant efforts to better understand catalyzed
processes and to develop new catalytic routes from this knowledge. Overall, three main energy carriers are used
worldwide, carbon (and hydrocarbons), hydrogen, and electrons. Conventionally, the stored energy is accessed by
oxidizing carbon and hydrogen, forming O-H and C-O bonds and performing work with the produced heat or
electricity. Conversely, to synthesize energy carriers sustainably, it is consequently required to reverse the
direction, i.e., to break C-O and O-H bonds and form C-C, C-H and H-H bonds.

Structure of the program
To address these challenges, PNNL’s BES-

sponsored program comprises three thrust e Reduction of CO, to Generation and
areas with subtasks, focusing on the Sl el energy carriers conversion of H,
with and without water

fundamentals of biomass conversion

processes, direct and indirect CO, reduction, :Multifunci:ic;nal Sotlﬁid catalysts for Multifunctional catalyst for CO,  Fundamental studies of
. . ignin to hydrocarbons — reduction (§T2.1) photocatalysis (S8T3.1)
and on elementary studies aimed at | understanding and controlling

. . - NS lable catalytic routes i
generating and using H,. Multi-functionality, | Soncns et ierin" Activation of small molecules with
i.e., the simultaneous interaction of more | welldefinedmetal oxide bi-functional ambiphilic catalyst

K X X . - ) An energy-based approach to complexes (ST 3.2)
than one catalytically active site with the | j2qyse - Understanding bifunctional molecular catalysis
for CO, reduction and fuel H, activation and conversion

1 levi transformati d the role of .
substrate is the key to achieving the atom and ot ullization (ST2:2) cataiyzod by ambiphilic surfaces

energy efficiency in individual steps. The | st12) (ST3.3)
cqmblnatlon of several types Of these sites Overview of thrusts and project clusters for understanding
with carefully selected energetics and rate principles of multifunctional catalysis to synthesize and utilize

constants is used to generate complex
catalysts able to enhance the rates of multistep processes.

Thrust Area 1: Conversion of biogenic molecules in the presence and absence of water addresses the multi-
step conversion of polar molecules on multifunctional surfaces. The aim is to develop a better understanding of the
role the metal as well as the acid-base functions on oxide surfaces as they interact with increasingly complex polar
biogenic molecules. Hydrodeoxygenation and hydroalkylation will be the reactions we will use to exemplify
potential routes from lignocellulosic biomass to alkane energy carriers requiring several catalytic functions
acting sequentially. Since most reactions will either involve water or will occur in the presence of water, we will
explore its role on catalytic transformations.

Thrust Area 2: Conversion of CO, to energy carriers is focused on mechanistic understanding of the catalytic
reduction of CO, to energy carriers (e.g. methane, methanol, formaldehyde, and formic acid, as well as C, and
higher fuels). The bifunctional sites for CO, reduction in enzymes motivate us to design and test potential
heterogeneous and homogeneous catalysts with bifunctional motifs. Our primary goal is to compare and contrast
various mechanistic aspects of the observed chemistries, gain a molecular level understanding of the
fundamental reaction steps, identify the reaction intermediates and their stability, and determine the role that
reaction conditions can have on the energetics and kinetics.

Thrust 3: Generation and conversion of H, assumes as its central hypothesis that efficient production and
utilization of molecular hydrogen is key to sustainable synthesis of energy carriers; i.e., for storing energy
chemically. The three tasks described in this thrust address formation and activation of molecular hydrogen by
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multifunctional catalysts. All of the tasks focus on the fundamental understanding of properties and chemistry at
polar interfaces; i.e., the hydrogen formation from water notably in the absence of bulk water, as well as the
activation by sterically well-defined Lewis acid - base pairs (frustrated Lewis pairs, of FLPs) and the subsequent
utilization of H™ and H" for hydrogenation reactions.

Examples of Recent Results:

Subtask 1.1.: From lignin to hydrocarbon energy carriers — understanding and controlling scalable
catalytic routes in aqueous phase

The catalyzed conversion of lignin to hydrocarbon energy carriers requires a cascade of reactions for
deconstructing and reducing the polymeric, highly oxofunctionalized material. In our current work, we are studying
ether hydrogenolysis and hydrolysis, the reduction of phenols, HDO of alcohols, and the alkylation of (substituted)
phenols in the aqueous phase using supported noble and base metals as well as zeolites. Hydrogenation,
hydrogenolysis, and even hydrolysis were found to be effectively catalyzed by supported palladium and nickel
catalysts allowing for higher reaction rates on these metal particles than observed previously by molecular catalysts.

The impact of water on the supported metal has been explored, using X-ray absorption spectroscopy. We followed
the state of palladium and catalysts under reaction conditions. We have demonstrated that both metals were not
oxidized and interacted only weakly with water in the presence of 30 bar H,. We showed that under typical
operating conditions with temperatures up to 200°C, the metal surfaces were in equilibrium with H,. The high
partial pressure of the H, kept the metals in a reduced state even in acidic solutions (0.5 wt% H3PO4 or 15 wt%
CH;3CO,H) at 200°C. The results also demonstrate that neither the palladium particles nor the hydrogen/palladium
ratio in the nanoparticle are influenced by water, but dynamically adapts to reaction conditions. In support of these
observations, density functional theory (DFT) ab initio molecular dynamic (AIMD) simulations have shown that
palladium-water interactions are relatively weak for metallic palladium metal and that these interactions become
even weaker in presence of H> and when hydrogen atoms are incorporated into the metal particles. We also
modeled the effects of liquid water on metal-catalyzed hydrogenation of phenol.

Zeolites have been shown to be uniquely effective at cleaving carbon-oxygen bonds, and are also effective in
forming carbon-carbon bonds. Using in situ Bc magic angle spinning nuclear magnetic resonance (NMR)
spectroscopy, cyclohexanol dehydration was shown to be reversible and the protonation/deprotonation of
cyclohexene was shown to be fast compared to the addition of water. To perform these experiments, we developed
a micro-autoclave/solid-state NMR rotor capable of withstanding temperatures up
to 200°C and pressures up to 20 bar. As an example, our Bc spectra show that the
conversion of cyclohexanol is accompanied by significant migration of the
hydroxyl group in cyclohexanol and the double bond in cyclohexene with respect
to the initial position of the labelled carbon.

The degree of substitution of Si** by A" in zeolite framework determines the
concentration of Brensted acid sites. As the location of these aluminum-tetrahedral
sites will influence the subtle steric requirements for the catalyzed reactions,
quantitative information about the location of aluminum T-sites in the framework
is critical to rationalize catalytic properties and to design new catalysts. Using a

140 100 100 80 60 40 20 ppm combination of extended X-ray absorption fine structure analysis and *’Al MAS
C NMR spectra acquired NMR spectroscopy supported by DFT-based molecular dynamics simulations, a
during hydrolysis of first quantitative distribution of AP’ in the HBEA zeolite framework has been
cyclohexanol over HBEA150  attained. The distribution of aluminum T-sites in samples of HBEA150 and
at 130 °C in liquid water. HBEA25 differed markedly and in neither zeolite did the distribution follow the

predicted thermodynamic stability of the aluminum T-sites. This strongly suggests
that the incorporation of aluminum into the zeolite lattice during hydrothermal synthesis is controlled by kinetics
and primarily determined by the templating constituent. While the details of this dealumination process are yet to
be explored, the analysis using a combination of extended X-ray absorption fine structure, NMR, and theory
demonstrates the potential to analyze zeolite active sites in a depth and detail, which were not available hitherto.

Subtask 1.2:  Well-defined metal oxide catalysts - understanding fundamental chemical
transformations and the role of water for catalyzed reactions
Catalytic materials for upgrading biomass-derived molecules to fuels include metals dispersed on oxide- and
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carbon-support materials, and oxide materials themselves (including zeolites) that are essential as catalysts for
acid/base and redox reactions. Among these materials, oxides have been the subject of far fewer fundamental
studies aimed at developing structure/function relationships. Current oxide-based heterogeneous catalysts are
structurally and chemically complex and their experimental assessment can seldom be interpreted with atomic-level
precision. We seek to reduce the complexity to levels addressable and controllable at the atomistic level —
structurally and mechanistically — while maintaining rigorous connections with the conditions and materials
relevant to catalysis.

High Surface Area Model Catalysts. We are synthesizing dispersed transition metal oxides with controlled
domain size and atomic connectivity supported on high surface area scaffolds with nominally inert and

00 homogeneous surfaces and then providing a detailed characterization.
o Recently, we prepared CeO, supports including nanocubes, nanorods, and
0435 nanopolyhedras with dominating low index (100), (110) and (111) facets.

e 5V-CeO R In the presence of mixed facets, infrared and Raman spectroscopic

S, = 792 kJimol measurements demonstrate that surface vanadia species preferentially

g e deposit on the (100) facet of CeO,, presumably because of its higher
L surface energy. At the same surface vanadium densities, VOx species on
E.= 1089 kMOl sy 0L (100) facets show better dispersion, followed by (110) and (111) facets.

001] E, = 102.2 kiimol The VOx species on CeO, nanorods with an approximately equal amount

195 : 205 21 2 of (110) and (100) facets display higher oxidative dehydrogenation

1000/T(17K) activity and lower apparent reaction activation energies compared to VOx

Arrhenius plots of 5V-CeO,-R/C/PL species on CeO; nanopolyhedras with dominating (111) facets and CeO,

catalysts in oxidative dehydrogenation  panocubes with dominating (100) facets. The higher activity for

of methanol VOx/CeO,(110) might be related to the fact that more abundant oxygen
vacancies are present on the (110) facets, evidenced from Raman spectroscopic measurements.

Planar Model Catalysts. In our recent studies, we have followed a complete sequence of elemental steps in the
reaction of both ethylene glycol and 1,3-propylene glycol on TiO»(110) at low coverages using STM, TPD
measurements and DFT simulations. The use of ethylene glycol and 1,3-propylene glycol allowed us to compare
and contrast the chemistries of two functionally similar molecules with different steric constraints and yielded
information about how molecular geometry may influence the observed chemical reactivity. Our temperature-
dependent studies provided evidence for:

e Oxygen-hydrogen dissociation of titanium-row-bound diols at  temperatures
as low as 125 K

e Diol diffusion to and dissociation in bridging oxygen vacancy sites via both carbon-oxygen and
oxygen-hydrogen bond cleavage above ~230 K.

Coverage-dependent temperature-programmed desorption studies further showed that alkenes and aldehydes are the
major carbon-containing products formed from ethylene glycol and 1,3-propylene glycol. While the alkenes are
observed from the lowest coverages, aldehydes form primarily at high coverages.

HO(CH,),OH CHiCH,
EDM Q”
125K 260 K 260 K 350 K 450 K

A sequence of elemental steps in the conversion of diols on TiO,(110).

Subtask 2.1: Multifunctional catalysts for CO, reduction to fuels.
Experimental and theory capabilities are combined to investigate the mechanistic chemistry of catalytic CO,
conversion to value added fuels by well characterized multifunctional catalysts in a wide range of media.
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High Surface Area Model Catalysts: Synthesis, Characterization, and Kinetics Studies. We have prepared
active metals (palladium and ruthenium) in geometries ranging from atomically dispersed metals to two-
dimensional rafts and three-dimensional metal particles and tested
their activity for carbon dioxide reduction with hydrogen. Our
work has also substantiated the critical role oxides play in 008
providing a Lewis acidic site for the activation of carbon dioxide.
Intriguingly, we have recently observed the formation of bi-
carbonates under catalytic operating conditions, suggesting that
these species may be intermediates in the overall reduction

0.5%Pd/ALO, .

0.06

0.044

Absorbance/a.u.

mechanism. 0024 o
Homotopic Polyoligomeric Silesquioxane (POSS) Clusters — 000 co,,
Synthesis, Catalysis and Kinetics. A series of ruthenium- oo,

0.0217CO,

supported POSS catalysts have been synthesized and deployed in oeereey &
either homogeneous solution and/or supported on surfaces to 2400 22002000 1500 1800 1400 12001000
function as heterogeneous catalysts. We have demonstrated that
homogeneous catalysts can be tethered to POSS without loss of In situ Fourier transform infrared spectroscopy
reactivity. Moreover, catalysts where ruthenium 1is directly measurements on palladium/Al,O; samples
integrated into the POSS framework can reduce carbon dioxide to during CO, hydrogenation at 473 K.

formate in solution as well and carbon dioxide to carbon monoxide

when supported on alumina. Indeed, we found the reactivity of the ruthenium-supported POSS sites is equal to that
of the monoatomic sites employed in the high surface area studies.

Subtask 2.2: An energy-based approach to bifunctional molecular catalysis for CO, reduction and
fuel utilization
In this subtask, the goal is to learn how to rationally design

Wavenumbers/cm™

/H
O=C *+ Q

catalysts for the interconversion of energy and fuels, o=c{ H\ O:C/H+ o/H o C/EH . dH

specifically for the reduction of carbon dioxide to C1 species, \ y / HoOH H W

including carbon monoxide, formic acid, formaldehyde, and o=¢

methanol. By controlling the energies of the catalytic OH

intermediates, artificial barriers in the overall transformation 2H" + 2e AH" + 4e 6H™ + 6e-
(or 1 Hy) (or2 Hy) (or 3Hy,)

can be avoided by stepping smoothly in energy from the
reactants to the products. Use multiple catalyst-substrate interactions, as ubiquitously observed in enzyme catalyzed
reactions, gives multifunctional catalysts typically more active than their monofunctional analogs.

Hydrogenation of Carbon Dioxide to Formic Acid. The first step in carbon dioxide hydrogenation is the transfer

of a hydride from the catalyst to carbon dioxide. Based on thermochemical data, we have designed an active
catalyst system utilizing a molecular cobalt complex that efficiently operates at 1 atm and 21°C. At elevated

pressure, this complex of a first-row transition metal has comparable < "
catalytic performance to the fastest precious metal-based molecular catalysts |
for carbon dioxide hydrogenation. ON -"?Re\c\% @
Reduction of Carbon Monoxide to Methanol. The development of R © \ wRe___o
molecular catalysts for carbon monoxide reduction has been a long-standing %,:p/ (;:
challenge. In initial work, the energetics of a series of possible catalytic < " H
intermediates have been characterized, revealing that the classic rhenium R|e on /
complexes that have been studied for this transformation will always be on"y Sc~

. R3P | —
energetically unfavorable. H \ |
Ketone Hydrogenation. Reduction of carbon dioxide to a liquid fuel will ON.-nyRe\C/OH
require multiple catalytic transformations, including hydrogenation of the = L, ReP /\
carbon-oxygen double bond in formaldehyde to produce methanol. To | /

understand the requirements for the reduction of carbon-oxygen double
bonds, we are examining the use of molybdenum and tungsten complexes as
catalysts for hydrogenation of ketones and aldehydes to alcohols. We are ~ Thermochemical studies have been
currently investigating the effects of incorporating bifunctionality into these  performed to understand how to design
catalysts for ionic hydrogenations, so that the catalytic activity can be  molecular catalysts for the reduction of
improved by independently tuning. carbon monoxide to methanol.
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Subtask 3.1: Fundamental studies of water splitting on model mixed TiO,, RuO, catalysts.
The objective of this subtask is to provide fundamental insight into catalytic and photocatalytic water-splitting
reactions using model TiO,, RuO, and mixed titanium dioxide-ruthenium dioxide materials. The exciting potential
of combining STM and photochemistry is highlighted in our recent invited article in Chemical Review.

The Importance of Diffusion in Photocatalysis on Titanium Dioxide. Using methanol photochemistry on
TiO»(110), we have shown that thermal processes can be as important in photocatalysis as those associated with
charge transfer. Under conditions in which diffusion is hindered (such as at low temperature and coverage or when

the surface is packed with competing species),

100418 [110] r . .
OH, b - the rate of methanol dissociation to methoxy,
(OFY ‘® SO and hence the rate of methanol
iy 3 i - photodecomposition, will depend on the

thermally activated process of diffusion. We
have recently illustrated the importance of
diffusional limitations to photochemistry in a
combined temperature-programmed desorption

same TiO(110) surface area: (a) and STM study. The amount of photoreaction is

before and (b) after TMAA exposure, and (c) after UV
irradiation. Inset in panel (b) displays the magnified area marked
by a rectangle, with positions of TMA’s and Tis, rows indicated.

fairly limited for preheating temperatures below
~200 K, while the yield of the photoreaction
significantly increased above 200 K.

Preparation of Well-Defined RuO,(110) Surfaces. RuO; is a promising oxide-based co-catalyst in many catalytic
and photocatalytic processes. We have proposed to examine the role of ruthenium dioxide as a photochemical co-

catalyst on TiO,(110). The first step in this process is to
prepare well-characterized ruthenium dioxide surfaces
and understand how small probe molecules interact with
these surfaces. RuQ; is stable in the rutile bulk structure
and its (110) surface is thermodynamically stable,
resembling the TiO,(110)surface. Oxidation of Ru(0001)
at 550 K in ~10” Torr oxygen resulted in large (110)
terraces with atomically well-defined structures.

Subtask 3.2: Activation of small molecules with bi-functional ambiphilic catalyst complexes.

formed

on Ru(0001)
after oxidation
“lin UHV at 550

This subtask is studying the chemical and physical properties of bifunctional ambiphilic molecular complexes using
a combination of experiment and theory to study the relationship between structure and reactivity in Lewis acid-

Lewis base pairs involved in the catalytic reduction of polar substrates.
We are studying the quantum effects in hydrogen-bonding and
hydrogen-activation reactions, the role of large amplitude motions and
anharmonics in strained molecular complexes, and how weak
interactions, such as van der Waals, and electrostatic interactions affect
the structure and dynamics in the ionic salts of Lewis acid-Lewis base
pair complexes. We are developing new reaction calorimetry
techniques and approaches to provide a direct measure of kinetics and
thermodynamics simultaneously. These approaches are providing the
first detailed experimental insights into the energy landscape describing
the catalytic reduction of polar substrates by frustrated Lewis pairs.
Specifically, using a unique approach to reaction calorimetry, we have
shown that the activation of hydrogen by the inter-molecular frustrated
Lewis pairs is well described by a termolecular reaction between the
Lewis acid, Lewis base, and molecular hydrogen with a very low
activation barrier, Ea = 20-25 kJ/ mol. We have also studied the
catalytic reduction of t-butylbenzylimine (imine) using the linked
frustrated Lewis pair (Mes)2P-(CH2CH2)-B(CsFs)2. The overall reaction

= =TMP
— Lt

- 'P}T

L]
L]
L
L

ppm

"B NMR spectra of three distinct Lewis
acid—base equilibrium conditions: (1)
tris(pentafluorophenyl)borane (BCF)
with pyridine, (2) BCF with 2,2,6,6-
tetramethylpiperidine or TMP, and (3)

BCF with 2,6-lutidine or Lut.

enthalpy for the reduction of the imine, AH, is ca. -75 kJ/mol. It is also notable that hydrogen activation is rate
limiting. This suggests that the disappearance of the imine will appear linear as a function of time. Our initial
measurement of the catalytic reduction of the imine using in situ NMR is consistent with this prediction.
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Water gas shift reactions on metal-oxide catalysts: mechanistic understanding
and rational catalyst optimization
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White
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Presentation Abstract

Optimization of catalyst behaviors in a rational way is one of great importance
in catalysis. Here, we made a coordinated experimental and theoretical efforts to
better understand promising transition metal-doped nanostructured oxide catalysts,
and to develop concepts for their improvement for the water gas shift (WGS, CO +
H,O — H; + CO,) reaction. The calculations based on DFT and kinetic modeling
identified that water dissociation is the key step to control the WGS activity on
Au,Cu-oxide systems, where the calculated reaction energy for water dissociation
correlates well with the experimental measured WGS activity. Accordingly, the
calculated reaction energy for water dissociation was used as the scaling descriptor
to screen the inverse model catalysts, oxide/Cu(111), for the better WGS activity.
During the process, both Cu and oxides participate in the reaction directly. The
strong oxide-Cu interaction is able to tune the electronic structure of oxides and

therefore the activity towards water dissociation.
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RECENT PROGRESS

We made a coordinated experimental and theoretical effort to better understand
promising transition metal-doped nanostructured oxide catalysts, and to develop
concepts for their improvement for the water gas shift (WGS, CO + H2O — Hz +
CO2) reaction. It combines three thrusts: (i) in-situ studies to determine catalyst
structure, oxidation state and chemistry under reaction conditions; (ii) studies of
relevant model systems, primarily based on nanoparticles supported on single crystal

substrates; and (ii1) computational modeling.

In-situ studies of WGS catalysts with XRD, PDF, XAFS and TEM
The active phase of a series of metal/oxide powder catalysts (Pt/CeO2, Pt-

Ru/CeOs, Pt/CeOx/TiO2,

Au/CeOx/Ti02, Ce1xNixOz2vy,
CeOx/CuO) was investigated

using a combination of in-situ

time-resolved X-ray diffraction

_ CucCuicwd) |
] )
riA)

(XRD), Pair-distribution function

(PDF) analysis, X-ray absorption

Fig. 1: Left : TEM image of an inverse CeOx/CuO
fine structure (XAFS) and catalysts. Right: In-situ timeresolved PDF data for
environmental TEM. Under | aCeO,/CuO catalyst during the WGS.

reaction conditions most of these WGS catalysts underwent chemical
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transformations that drastically modified their composition with respect to that
obtained during the synthesis process. The active phase of catalysts which combine
Cu, Ni, Au or Pt with oxides such as CeOz2, TiO2 and CeOx/TiO2 essentially involved
nanoparticles of the reduced metals. The oxide support underwent partial reduction

and was not a simple spectator, facilitating the dissociation of water and in some

cases modifying the chemical properties of

Au-Ti(xCe)O
the supported metal. Therefore, to optimize | _ 80- <
o —8— Au-TiO,
the performance of these catalysts one must | £ go- - f.;'/,-
take into consideration the properties of the 2 10. > /L = A
. . 3 >

metal and oxide phases. Figure 1 shows a | & o o

20+ & ./”
TEM image and PDF data for an inverse . 1—--:,/-/

0
CeOx/CuO powder catalyst. In the TEM 100 150 200 250 300 350

. Temperature ( "C)
image, taken for the as-prepared catalysts, ) ) ]
Fig. 2: Conversion of CO during the

one can see crystallites that in many cases | WGS on Auw/ TiO, and Au/CeOx/TiO,
catalysts.

exhibit a (111) surface termination. The

PDF results illustrate the effects of WGS reaction conditions and show a
simultaneous disappearance of the Cu-O vector of CuO with the appearance of a Cu-
Cu vector for metallic copper. These data, and in-Situ results obtained for other
catalysts in our group, indicate that a WGS metal/oxide catalyst is a dynamic entity
that changes with reaction conditions.

Previous studies at BNL indicated that the Au/CeOx/TiO2(110) and
Pt/CeOx/TiO2(110) model surfaces are excellent catalysts for the WGS. We have
prepared and characterized powder samples of Au/CeOx/Ti02 and Pt/CeOx/TiO2. The
activity data in Figure 2 indicate that the Au/CeOx/TiO2 catalysts are more active
than plain Au/TiO2. The improvement in activity is very pronounced at 300°C. The
ceria nanoparticles deposited on the titania powder act as anchoring sites for Au,
reducing the sintering of the admetal and, thus, improving the long term stability of
the Au/CeOx/TiOz2 catalysts. Powders of Pt/CeOx/TiO2 were also excellent catalysts

for the WGS. As a result of complex Pte>ceria and ceria<stitania interactions,
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Pt/CeOx/TiO2 catalysts are much more active and stable than Pt/CeO2 or Pt/TiO2
catalysts. The characterizations using a combination of TEM, XAFS or NEXAFS,
and EELS point to the existence of a mixed-oxide interface in which the Ces+ is
trapped. Furthermore, in Situ measurements with XANES indicate that the Ces+
cations in the ceria nanoparticles are much easier to reduce than in bulk ceria. The Pt
L3-edge spectra pointed to the initial presence of a PtOx that got reduced to Pt under
WGS reaction conditions at temperatures as low as 100°C. The ceria nanoparticles in
contact with titania do have special electronic and spatial properties that contribute to

the very high catalytic activity of Pt/CeOx/TiOz2.

Mechanistic study of WGS on well-defined model Catalysts

A series of model catalysts (CeOx/Cu(111), CeOx/Au(111), Pt/CeO2(111),
Ni/CeO2(111), Pt/Ti02(110), Pt/CeOx/TiO2(110)) was used to study fundamental
aspects of the WGS reaction. These studies revealed that the oxide component of the

catalyst can affect the reaction process in two different ways. First, the presence of O
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Fig. 3: Calculated structures and energies for the WGS reaction interface
path on the CeO,/Cu(111) system. Ereact stands for “reaction ' ‘
energy” and TS stands for Transition State. Energy barriers are in (bifunctional
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effect). And
second, the electronic properties of the metal can be affected by interactions with the

oxide producing special chemical properties to catalyze the WGS reaction (electronic
effect).
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The WGS reaction on inverse CeOx/Cu(111) model catalysts was studied using
combined ambient-pressure XPS, infrared spectroscopy and DFT. Under reaction
conditions no adsorbed formate was detected, instead a COz2-like species was formed
at the metal-oxide interface. The results of DFT calculations indicate that the CO2-
like intermediate is a product of the decomposition of an unstable HOCO species
(Figure 3). The DFT results suggest that the high performances of CeOx/Cu(111) in

the WGS reaction is a consequence of a bifunctional effect by coupling the moderate

chemical activity of Cu to the more .
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of carboxyl and the final release of CO2 and Hz at the metal-oxide interface.

In contrast, the electronic effect plays an essential role for the WGS on Pt/
CeO2(111) and Pt/CeOx/TiO2(110). The large electronic perturbations seen for small
Pt particles in contact with ceria significantly enhanced the ability of the admetal to
adsorb and dissociate water and made it a highly active catalyst for the WGS (Figure
4). When going from Pt(111) to Pts/CeO2(111), the results of DFT calculations
indicate that dissociation of water becomes a very exothermic process. The ceria-
supported Pts appears as a fluxional system that can change geometry and charge
distribution to better accommodate adsorbates. Compared to other WGS catalysts

(Cu(111), Pt(111), Cu/CeO2(111) and Au/CeO2(111)), the Pt/CeO2(111) surface has
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the unique property that the admetal is able to dissociate water in an efficient way.
Furthermore, for the codeposition of Pt and CeOx nanoparticles on TiO2(110), we
found a transfer of O from the ceria to Pt that opens new paths for the WGS process
and makes the mixed-metal oxide an extremely active catalyst for the production of
hydrogen. The behavior seen for Ni/CeO2(111), Pt/CeO2(111) and
Pt/CeOx/Ti02(110) systems illustrates the positive effects derived from electronic
metal-support interactions and points to a promising approach for improving or

optimizing the performance of metal/oxide catalysts.

Theoretical optimization of the components in metal-oxide catalysts for the WGS
reaction
The key for theoretical catalyst optimization is to identify the key factors,

which are able to scale well with the overall activity. What we learn from our studies
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kinetic parameter for the first cycle

dissociation. As shown in Figure 5,

energy and activation barrier for
H20 dissociation on pure metal (Au, Cu) and metal (Au,Cu)-oxide correlates with

the WGS activity measured experimentally. By using oxides, an enhanced WGS
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activity is observed due to the fact that the oxides help the rate-limiting H20
dissociation via bifunctional effects. As a result, moving from non-reducible oxides
to reducible and reduced oxides, H2O dissociation is more exothermic with a
strengthened interaction with dissociated H and OH, the barrier for H20 dissociation
is lowered and an increasing WGS activity is observed experimentally. The second-
cycle optimization is based on the reaction of CO with catalysts which are active for
H,0 dissociation.

Recently, we performed the catalyst optimization on Oxide/Cu(111) systems.
Two different models are considered for the optimization (Figure 5). One is oxide
chain (MxOy), which is constructed according to the bulk structure. It is a reasonable
model to represent the brim of relatively big oxide islands on metal surfaces, which
was observed in STM. The other is oxide trimmer (M3Osy) to simulate the relatively
small particles of oxides. Our first-cycle optimization based on H,O dissociation
show that the size of oxides matters (Figure 6). The most significant difference is
observed for Mo oxide/Cu(111). Although Mo:O ratio is same in both case, the chain
is able to break O-H bond with no barrier, while the trimer does not adsorb H,O
molecule at all. In addition, the stable MgO in such small size and a unique
hexagonal conformation can be further oxidized, which facilitate the O-H bond
cleavage. However, we also notice that some data points for the catalysts with facile
H,O dissociation are not in range of the previously determined red line (Figure 5),
but in the extrapolated dash line region. As indicated previously, the estimated WGS
activity may not be valid. Therefore, currently we move to the second-cycle
optimization based on the CO reaction of the catalysts, which are active towards H,O
dissociation.

Overall, our systematic study using combined in-situ measurements of real
catalysts with experimental and theoretical studies on well-defined model systems
takes advantage of unique capabilities for in-situ studies in the BNL catalysis
programs and at BNL facilities. Our approach allows more insight into the active

sites and reaction mechanism for the WGS on promising metal-oxide catalysts.

226



Publications Acknowledging this Grant in 2011-2014

2011

1.

Senanayake, S.D.; Evans, J.; Agnoli, S.; Barrio, L.; Chen, T.-L.; Hrbek J.;
Rodriguez, J.A. Water-Gas Shift and CO Methanation Reactions over Ni-
CeO,(111) Catalysts, Topics in Catal. 2011, 54, 34-41.

Ciston, J.; Si, R.; Rodriguez, J.A.; Hanson, J.C.; Martinez-Arias, A.;
Fernandez-Garcia, M.; Zhu, Y. Morphological and Structural Changes during
the Reduction and Reoxidation of CuO/CeO; and Ce;xCuxO, Nanocatalysts:
In-situ Studies with Environmental TEM, XRD and XAS, J. Phys. Chem. C,
2011, 115, 13851-13859.

Rodriguez, J.A. Gold-based Catalysts for the Water—gas Shift Reaction:
Active Sites and Reaction Mechanism, Catal. Today, 2011, 160, 3-10.

Barrio, L.; Zhou, G.; Gonzélez, 1. D.; Estrella, M.; Hanson, J.; Rodriguez, J.
A.; Navarro R. M.; Fierro J. L. G. In situ characterization of Pt catalysts
supported on ceria modified TiO, for the WGS reaction: influence of ceria
loading on catalytic behavior, Phys. Chem. Chem. Phys., 2012, 14, 2192-
2202.

Senanayake, S. D.; Sadowski, J.; Evans, J.; Kundu, S.; Agnoli, S.; Yang, F.;
Stacchiola, D.; Flege, J.I.; Hrbek, J.; Rodriguez, J.A. Nanopatterning in
CeO,/Cu(111): A New Mechanism for Surface Reconstruction and
Enhancement of Catalytic Activity, J. Phys. Chem. Lett., 2012, 3, 839-843.
Vidal, A.B.; Liu, P. Density Functional Study of Water-gas Shift Reaction on
M;0(3x)/Cu(111), Phys. Chem. Chem. Phys. 2012, 14, 16626-16632.

Bruix, A.; Rodriguez, J.A.; Ramirez, P.J.; Senanayake, S.D.; Evans, J.; Park,
J.B.; Stacchiola, D.; Liu, P.; Hrbek, J.; Illas, F. A New Type of Strong Metal-

227



10.

11.

13.

Support Interaction and the Production of H, through the Transformation of
Water on Pt/CeO,(111) and Pt/CeO,/TiO,(110) Catalysts, J. Am. Chem. Soc.
2012, 134, 8968-8974.

. Xu, W.; Si, R.; Senanayake, S. D.; Llorca, J.; Idriss, H.; Stacchiola, D.;

Hanson, J. C.; Rodriguez, J.A. In situ Studies of CeO,-supported Pt, Ru, and
Pt—Ru Alloy Catalysts for the Water—gas Shift Reaction: Active Phases and
Reaction Intermediates, J. Catal. 2012, 291, 117-126.

Kubacka, A.; Si, R.; Michorczyk, P.; Martinez-Arias, A.; Xu, W.; Hanson, J.
C.; Rodriguez, J. A.; Fernandez-Garcia, M. Tungsten as an Interface Agent
Leading to Highly Active and Stable Cu-Ce Water Gas Shift Catalyst,
Applied Catal. B: Environmental, 2012, 132/133, 423-432.

Si, R.; Tao, J.; Evans, J.; Park, J. B.; Barrio, L.; Hanson, J. C.; Zhu, Y.;
Hrbek J.; Rodriguez, J.A. Effect of Ceria on Gold-Titania Catalysts for the
Water-Gas Shift Reaction: Fundamental Studies for Au/CeOy/TiO,(110) and
Au/CeOy/TiO; Powders, J. Phys. Chem. C, 2012, 116, 23547-23555.
Rodriguez, J.A. Supported Gold in CO Oxidation, the Water-gas Shift, and
DeSOx Reactions, book chapter for Supported Metals in Catalysis, 2™
Edition (Editors: James Anderson and Marcos Fernandez-Garcia), Imperial

College Press, London, 2012 (invited book chapter).

. Ramirez Reina, T.; Xu, W.; Ivanova, S.; Centeno, M. A.; Hanson, J;

Rodriguez, J. A.; Odriozola, J. A. Operando Characterization of Iron-
promoted Ceria-alumina Gold Catalysts during the Water-gas Shift Reaction,
Catal. Today, 2013, 205, 41- 48.

Rodriguez, J.A.; Hanson, J. C.; Stacchiola D.; Senanayake S., In-
situ/Operando Studies for the Production of Hydrogen through the Water-Gas

228



14.

15.

16.

17.

18.

19.

Shift on Metal Oxide/Catalysts, Phys. Chem. Chem. Phys. 2013, 15, 12004-
12025 (invited).

Mudiyanselage, K.; Senanayake, S. D.; Feria, L.; Kundu, S.; Baber, A. E.;
Graciani, J.; Vidal, A. B.; Agnoli, S.; Evans, J.; Chang, R.; Axnanda, S.; Liu,
Z.; Sanz, J. F.; Liu, P.; Rodriguez, J. A.; Stacchiola D. J. Importance of the
Metal-Oxide Interface in Catalysis: In Situ Studies of the Water—Gas Shift
Reaction by Ambient-Pressure X-ray Photoelectron Spectroscopy, Angew.
Chem. Intl. Ed. 2013, 52, 5101-5105.

Johnston-Peck, A.C.; Senanayake, S. D.; Plata, J. J.; Kundu, S.; Xu, W.;
Barrio, L.; Graciani, J.; Fdez. Sanz, J.; Navarro, R. M.; Fierro, J.L.G.; Stach,
E. A.; Rodriguez, J. A., Nature of the mixed-oxide interface in Ceria—Titania
catalysts: clusters, chains, and nanoparticles, J. Phys. Chem. C, 2013, 117,
14463-14471.

Senanayake, S.D.; Rodriguez J.A.; Stacchiola, D. Electronic Metal-Support
interactions and the production of hydrogen through the Water-Gas Shift
reaction and ethanol steam reforming: fundamental studies with well-defined
model catalysts, Top. Catal. 2013, 56, 1488-1498.

Senanayake, S.D.; Stacchiola, D.; Rodriguez, J. A. Unique Properties of
Ceria Nanoparticles Supported on Metals: Novel Inverse Ceria/Copper
catalysts for CO Oxidation and the Water-Gas Shift Reaction, Acc. Chem.
Res., 2013, 46, 1702—-1711 (invited).

Mudiyanselage, K.; Kim, H-Y.; Senanayake, S.D.; Baber, A.E.; Liu, P;
Stacchiola, D. Probing adsorption sites for CO on ceria, Phys. Chem. Chem.
Phys., 2013, 15, 15856-15862.

Liu, P. Synergistic Effect of metal/oxide catalysts in the water-gas shift
reactions: a theory-guided rational design of better catalysts” in New and
Future Developments in Catalysis: Hybrid Materials, Composites, and
Organocatalysts, 1st Edition, S. Suib (Ed.), Elsevier (2013) 213-241132
(invited book chapter).

229



2014

20. Rodriguez, J. A.; Senanayake, S. D.; Stacchiola, D.; Liu, P.; Hrbek, J. The

21.

Activation of Gold and the Water-Gas Shift Reaction: Insights from Studies
with Model Catalysts, Acc. Chem. Res., 2014, 47, 773-782 (invited).

Zhao, F.; Liu, Z.; Xu, W.; Yao, S.; Kubacka, A.; Johnston-Peck, A. C.;
Senanayake, S. D.; Zhang, A.-Q.; Stach, E.A.; Ferndndez-Garcia, M.;
Rodriguez, J.A. Water Gas Shift Reaction on Ni-W-Ce Catalysts: Catalytic
Activity and Structural Characterization, J. Phys. Chem. C, 2014, doi
10.1021/jp410790z.

230



Tobin J. Marks

Supported Organometallic Complexes: Surface Chemistry, Spectroscopy, Catalysis and
Homogeneous Models

Presentation Abstract (Poster)

Tobin J. Marks
Department of Chemistry and the Center for Catalysis and Surface Science, Northwestern
University, Evanston IL 60208-3113

This presentation outlines efforts to model, understand at a fundamental level, expand, and exploit
the unique pathways by which organometallic molecules of varying nuclearity undergo
chemisorptive activation and catalytic activity enhancement on solid surfaces. These processes
connect to real-world, large-scale industrial hydrocarbon processes and to manufacturing cleaner,
greener, more environmentally acceptable products, including those from sustainable resources.
The research effort combines catalyst synthesis, surface chemistry and spectroscopy, homogeneous
analogue catalysis, structural analysis, and computation, and involves collaboration with US
national laboratories and industry. Advances in the past year include: 1) Investigating mononuclear
and binuclear organometallic chemisorption on  “super Brensted acid” oxides, ant the
polymerization and hydrogenation catalytic properties of these unusual species, 2) Synthesizing
and characterizing mononuclear and polynuclear catalyst precursors for the above chemisorption
and comparing the results to homogeneous catalytic properties in solution, 3) Computationally
modeling both the chemisorbed catalysts and their reactivity/selectivity modalities, 4) Employing
this information to design and catalytically produce new types of efficient, nanocomposite energy
storage materials.
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Recent Progress

The program consists of three complementary, interlinked and synergistic efforts: 1) Metal
Hydrocarbyl Chemisorption on Brensted “Super Acid” Surfaces to Produce Single-Site Heterogeneous
Catalysts, 2) Catalyst Nuclearity Effects on Homogeneous and Heterogeneous Catalysis, 3)
Heterogeneous Catalytic Synthesis of Energy Storage Materials. The catalytic transformations
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of interest here involve modification of small hydrocarbon molecules, including polymerization
and hydrogenation, asking how and why the environment of molecule-based catalysts (e.g.,
support, presence of other metal centers) can so profoundly alter activity and selectivity, and how
these fundamental phenomena can be used to produce unusual functional materials.

Metal Hydrocarbyl Chemisorption on Sulfated Metal Oxide Surfaces. Electrophilic Zr surface
alkyls are created in high coverages by protonolytic chemisorption of group 4 alkyls, and these
species exhibit extreme activity and selectivity for arene and olefin hydrogenation as well as for
olefin polymerization--benzene hydrogenation rates exceed those of Pt metal catalysts. The
kinetics and mechanism were characterized, revealing that almost 100% of the surface Zr species
are catalytically significant--unusual for any heterogeneous catalyst. Density functional theory
(DFT) was used to study the sulfated y-alumina (AIS) surface as well as the pathway for
Cp2Zr(CHs)2 (2; Cp = n°-CsHs) chemisorption.  Using the most stable configuration of the
sulfated surface, it is found that Zr-CHs; protonolysis yields cationic species which interact with
the surface sulfate species to form electrostatically anchored cations. Computed changes in
sulfate vibrational spectra on zirconocene chemisorption are in good agreement with experiment.
Furthermore, Zr K-edge XAFS and XANES characterization of Cp,ZrH, (1), 2, Cp*2ZrH; (3)
(Cp* = °-(CH3)sCs) and Cp'ZrMe; (4) and as well as their AlS—supported product catalysts
1/AIS, 3/AIS and 4/AIS are used to elucidate the metrical nature of the Zr---AlS interaction,
complemented by high-resolution solid state NMR. The XAFS data yield key structural
information: the supported cationic organozirconium catalysts have electrostatic interactions
with the surface sulfate O atoms at average (long) Zr---O distances of 2.25 - 2.36 A, in good
agreement with the DFT results. EXAFS analysis of benzene dosing experiments with 4/AIS
reveals that benzene is captured by essentially all of the Zr centers and is bound in an #° fashion,
with an average Zr—C bond distance of 2.27 A. These results are in excellent agreement with the
computational and catalytic mechanistic results.

Metal Nuclearity Effects on the Homogeneous/Heterogeneous Catalytic Interface. The hetero-
bimetallic complexes, (5°-indenyl)[1-Me,Si('BuN)TiCly]-3-CyHau-[ N, N-bis(2-(ethylthio)ethyl)-
amine]CrCl; (n = 0, Ti-Co-Cr™™; n = 2, Ti-C,-Cr™™%; n = 6, Ti-Ce-Cr™™), (5°-indenyl)[1-
Me;Si(‘BuN)TiCly]-3-CoHy-[N,N-bis((0-OMe-CgHy),P)amine]CrCly  (Ti-Co-Cr™), and (-
indenyl)[1-Me,Si('BuN)TiCl,]-3-C,H4-[N,N-bis((diethylamine)ethyl)-amine]CrCl; (Ti-C»-
Cr™Y), were synthesized, fully characterized, and employed as olefin polymerization catalysts.
With ethylene as the feed and MAO as cocatalyst/activator, SNS-based complexes Ti-Co-Cr™™°,
Ti-C,-Cr™® and Ti-Ce-Cr®™® afford linear low-density polyethylenes (LLDPEs) with exclusive
n-butyl branches (6.8 — 25.8 branches/1000C), while under identical polymerization conditions
Ti-C,-Cr™ and Ti-C,-Cr™™ produce polyethylenes with heterogeneous branching (C,, C4, and
Cs6) or negligible branching, respectively. Under identical ethylene polymerization conditions,
Ti-Co-Cr™® produces polyethylenes with higher activity (4.5x and 6.1x, respectively), My, (1.3x
and 1.8x, respectively), and branch density (1.4x and 3.8x, respectively), than Ti-C,-Cr™™ and
Ti-Cs-Cr®™5. Versus a CGC™'Ti + SNSCr tandem catalyst, Ti-Co-Cr™® yields polyethylene
with lower activity, but with 22.6x higher M,,, and 4.0x greater branching density under identical
conditions. In the ethylene + 1-pentene competition experiments, Ti-Co-Cr™® yields n-propyl
branches as low as 5.5% of the total, predominantly n-butyl branches, while the tandem
CGC"'Ti + SNSCr tandem yields 91.0% n-propyl branches. The homopolymerization and 1-
pentene competition results argue that Ti--Cr spatial proximity, as also supported by DFT
computation, significantly influences relative 1-hexene enchainment and chain transfer rates and
that such proximity effects are conversion insensitive but are cocatalyst and solvent sensitive.
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Heterogeneous Catalytic Synthesis and Characterization of New Energy Storage Materials.
Low-cost materials combining the processability and mechanical properties of inexpensive
polymers with the high dielectric constants of ferroelectric oxides are highly desirable for energy
storage as in large-scale capacitors. In this work we find that chemisorption of the activated
metallocene propylene polymerization catalyst derived from [rac-ethylenebisindenyl]zirconium
dichlororide (EBIZrCl;) on the native Al,Os; surfaces of metallic aluminum nanoparticles,
followed by exposure to polypropylene, affords 0-3 metal-isotactic polypropylene
nanocomposites. The microstructures of these nanocomposites were characterized by XRD (X-
ray diffraction), TEM (transmission electron microscopy), SEM (scanning electron microscopy),
and AFM (atomic force microscopy). Electrical measurements show that increasing
concentrations of the filler nanoparticles increases the effective permittivity of the
nanocomposites to ¢, values as high as 15.4. Because of the high contrast in the complex
permittivities and conductivities between the metallic aluminum nanoparticles and the polymeric
polypropylene matrix, these composites obey the percolation law for two-phase composites,
reaching maximum permittivities just before the percolation threshold volume fraction, v¢ < 0.16.
These Al-polypropylene nanocomposites perform well as pulse-power capacitor materials, with
leakage current densities of ~ 107 — 10° A/cm? at an applied field of 10°V/cm, low dielectric
loss in the 100 Hz — 1 MHz frequency range, and a remarkable recoverable energy storage as
high as 14.4 J/cm®,
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Presentation Abstract

The long term goal of this project is to develop novel transition metal catalysts by combining
successful approaches from organometallic chemistry for the functionalization of unactivated
organic molecules with strategies from bioinorganic chemistry for the activation of small
molecules (e.g., O, and CO,;). We have recently investigated energy-related chemical
transformations such as the aerobically induced C-C and C-heteroatom bond formation reactions
relevant to the oxidative oligomerization of methane and hydrocarbon functionalization
reactions. Current studies are focused on Pd complexes — given their extensive use in catalysis,
and future studies will include Rh and Ir systems. These investigations take advantage of our
ability to judiciously design ligands that tune the electronic properties and catalytic reactivity of
metal ions in various oxidation states. We are also distinctively equipped to study the electronic
properties and reactivity of both paramagnetic and diamagnetic systems through an extensive
series of spectroscopic, mechanistic, and computational approaches.

The targeted energy-related chemical transformations would allow for a more efficient use of
natural gas reserves as an inexpensive energy resource and thus should have a major impact on
our society and the environment. In addition, the development of novel catalytic systems for
efficient C-H functionalization reactions has far-reaching energy-related implications, in line
with the mission of the Basic Energy Sciences — Catalysis Science Program of the Department of
Energy.

Grant Number DE-FG02-11ER16254
Novel Palladium Catalysts for the Oxidative Oligomerization of Methane & Carbon
Dioxide Reduction

Postdocs: Julia Khusnutdinova, Bo Zheng

Students: Fengzhi Tang, Fengrui Qu, Jia Luo, Jason Schultz, Kei Fuchigami
Collaborators:  Nicolai Lehnert (Univ. of Michigan), Jeffrey T. Miller (Argonne National Lab)
Contacts: Liviu M. Mirica, Washington University, Dept. of Chemistry, CB 1134, 1

Brookings Drive, St. Louis, MO 63130; Tel. 314-935-3464; mirica@wustl.edu

RECENT PROGRESS

Aerobically-induced C-C bond formation from organometallic Pd" complexes. In 2010 we have
employed the flexible tetradentate ligand BUN4 (N,N’-di-tert-butyl-2,11-
diaza[3.3](2,6)pyridinophane) to stabilize the first mononuclear organometallic Pd"' complexes
and we have investigated their C-C and C-heteroatom bond formation reactivity. We have also
reported that (*“N4)Pd"Me, undergoes facile aerobic oxidation to generate the Pd"' species
[(B'N4)Pd"'Me,]", followed by formation of ethane and the monomethyl complex
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(®“N4)Pd"Me(OH) (Scheme 1). Continuing our study of high-valent Pd chemistry, we have
employed the N-methyl (*N4) and N-isopropyl ("'N4) substituted N4 ligands, which lead to the
isolation and characterization of mononuclear Pd"' and Pd" complexes and allowed a direct
structural and reactivity comparison. Detailed mechanistic studies suggest an inner-sphere
mechanism for the (*N4)Pd"Me, oxidation by O, to generate a Pd"'-superoxide intermediate,
implying that one-electron oxidation and formation of a Pd"' center is a pre-requisite for the
aerobic oxidation of Pd" complexes. Subsequent protonation of the Pd"'-superoxide intermediate
generates detectable Pd'V-hydroperoxo and Pd'V-hydroxo intermediates, similar to Pt systems,
and comproportionation in the presence of the Pd"Me, precursor yields the Pd"'Me, complex.
Experimental results are consistent with a non-radical mechanism that involves Me group
transfer and formation of the [("N4)Pd'VMe;]" species as the key intermediate responsible for
ethane elimination. Overall, this study represented one of the first examples of C-C bond
formation upon aerobic oxidation of a Pd" dimethyl complex, with implications in the
development of Pd catalysts for aerobic oxidative coupling of C-H bonds.

R R
A
~CN
( N /N
Ly -Me O D20 [ Me
*Pd"™ 2 < “pgll 1 - R I
) \Me —»RT /’Nrfd\Me — % Me-Me + ("N4)Pd"Me(OH)
\
R R = Me, iPr, tBu R

Scheme 1. Aerobic oxidative C-C bond formation reactivity of (N4)Pd"Me, complexes.

Formation of isolable Pd” complexes by aerobic oxidation of Pd" precursors and subsequent
selective C-C or C-O bond formation. In addition to the studies using tetradentate "N4 ligands,
we have shown that the tridentate ligand N,N’,N’’-trimethyltriazacyclononane (Mestacn) can
stabilize both dinuclear Pd"' and mononuclear Pd" complexes upon sequential one-electron
oxidations of mononuclear Pd" precursors. We have also reported that the dimethyl Pd" complex
(Mestacn)Pd"Me, undergoes facile aerobic oxidation to yield the stable [(Mestacn)Pd''Mes]*
species, which eliminates ethane at elevated temperatures.

In addition, we have recently shown that the palladacycle complex
(Mestacn)Pd"(CH,CMe,CeHs) — or  (Mestacn)Pd" (cycloneophyl), undergoes rapid oxidation
with O, or H,0 to directly generate the isolable complex [(Mestacn)Pd'Y(OH)(CH,CMe,CgsH.)]*
without the need for alkyl group transfer (Scheme 2). Interestingly, thermolysis of the
organometallic Pd'Y-OH complex leads to selective C(sp?)-O vs. C(sp®)-O bond formation and
formation of 2-tert- butylphenol This represents a rare example of a selective Cary| -O reductive
elimination from a Pd'V-OH complex that is formed via aerobic oxidation of a Pd" precursor and
thus is relevant to Pd-catalyzed aerobic hydroxylation reactions. Additional reactivity studies
suggest that the tridentate ligand Mestacn employed herein leads to selective C(sp?)-O bond
formation, while no C-halide bond formation was observed for the analogous Pd'V-halide
complexes, suggesting that ligand denticity can be used to control the selectivity of these high-
valent Pd complexes in various C-heteroatom bond formation reactions.
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Scheme 2. Aerobic reactivity of the (Mestacn)Pd" complex and subsequent C,-O bond formation.

C-H bond activation at a Pd"" center. The activation of strong C-H bonds is the key step required
for achieving the long term goal of methane oligomerization and/or functionalization. In this
regard, we began investigating whether C-H activation can occur at high-valent Pd centers, with
possibly different chemo- and regioselectivity than the C-H activation at Pd" centers. Recently,
C-H bond activation at Pd" centers has been proposed in several systems and unambiguously
shown to occur in two related cases by Sanford et al. By comparison, no C-H activation has ever
been observed at a Pd"' center, likely due to the dearth of isolated or well-characterized Pd""
complexes. In this context, we first evaluated the ability of a (V*N4)Pd"' complex to undergo
intramolecular C-H activation by using an alkyl ligand that contains a tethered phenyl ring (i.e., a
neophyl group, Scheme 3). Interestingly, the isolated [(M*N4)Pd"'(neophyl)CI]* complex reacts
with 1 equiv AgOAc in MeCN at RT to vyield the C-H activated product
[(MN4)Pd"(cycloneophyl)]* in 75 % yield in 15 min, as confirmed by UV-Vis, EPR, and X-ray
characterization. Additional experiments suggest that Ag* is needed to remove the CI" ligand and
open a coordination site at the Pd center, while the acetate anion likely assists the C-H cleavage
by acting as an intramolecular base. By comparison, the (M®N4)Pd" (neophyl)CI precursor reacts
much slower under the same reaction conditions to yield the corresponding cyclopalladated Pd"
product, while the Pd" analog [(®N4)Pd"(neophyl)CI]** does not undergo C-H activation.
Most exciting is the observation of aerobic oxidatively-induced C-H activation of
(MN4)Pd" (neophyl)ClI to generate the Pd"" species [(M*N4)Pd"(neophyl)CI]* (Scheme 3). This
provides evidence that mono-alkyl Pd" complexes supported by “N4 can be oxidized
aerobically — an important requirement for aerobic C-H functionalization. In addition, these
preliminary results demonstrate the viability of C-H activation at a Pd"' center and suggest that
such step could be incorporated into a catalytic cycle for aerobic oxidative coupling of C-H
bonds.

RT, 24 h
70 %

Mé
[(MeN4)Pd"(neophyl)CIT* [(MeN4)Pd"(cycloneophyl)]* (MeN4)Pd'(neophyl)Cl
X-ray, EPR, UV-vis X-ray, EPR, UV-vis X-ray

Scheme 3. Unprecedented C-H activation at a Pd"' center.
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Synthesis and characterization of (*"N4)Rh" and Ir'"" complexes. There are a large number of
examples of Rh""" and Ir'"" systems that can activate strong C-H bonds, including those in
alkanes and methane, as well as promote C-C and C-heteroatom bond formation reactions. Given
our long term interest in the oxidative oligomerization of methane, we began exploring the redox
reactivity of analogous (*N4)Rh and (*N4)Ir complexes, including the paramagnetic Rh" and Ir"
oxidation states. Both ®'N4 and M*N4 ligands were employed to generate (N4)Rh' and Ir'
precursors that were crystallographically characterized and shown to exhibit square planar as
well as less-common square pyramidal geometries (Scheme 4). Interestingly, all these complexes
exhibit at least one oxidation wave at accessible potentials (0.0 - 0.3 V vs. Fc) and their chemical
oxidation generates both Rh" and Ir"" species that exhibit characteristic anisotropic EPR spectra,
suggesting a metal-based radical along with superhyperfine coupling to the axial N donor(s). For
example, oxidation of the five-coordinate [(M*N4)Rh'(COD)]* complex generates the six-
coordinate [(M*N4)Rh"(COD)]** complex that was crystallographically characterized, and whose
EPR confirms the coordination of both axial N donors in solution as well. By comparison,
oxidation of the four-coordinate [("®“N4)Rh'(COD)]* complex generates the corresponding
[(®“N4)Rh'(COD)]* complex that is proposed to adopt a five-coordinate geometry based on its
EPR spectrum (Scheme 4). Overall, these preliminary results suggest that the "N4 ligands can
stabilize paramagnetic Rh" and Ir'' complexes and control their structure and likely their
reactivity profiles in a similar fashion to our well-established Pd systems. Thus, we will
investigate in detail the oxidative reactivity of these Rh and Ir systems aimed toward the
development of catalytic systems for aerobic oxidative C-C coupling of hydrocarbons and C-H
functionalization.

X-ray, EPR, UV-vis

Scheme 4. Synthesis and characterization of (*N4)Ir'" and Rh" complexes.
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Crystallographic Orientations of Cerium Oxide*

David R. Mullins, De-en Jiang, Ye Xu, Steven H. Overbury,
Peter M. Albrecht, Tsung-Liang Chen and Florencia Calaza
Oak Ridge National Laboratory, Chemical Sciences Division

Cerium oxide is a principal component in many heterogeneous catalytic processes.
Recent work has demonstrated how the reactivity and selectivity of various molecules are
dramatically altered on different crystallographic faces of cerium oxide. The structure and
composition of different faces determine the number of coordination vacancies (CV) surrounding
surface atoms, the availability of adsorption sites and the spacing between adsorption sites.
These properties in turn influence the acid/base character and the reducibility of surface.

To investigate the role of surface orientation on reactivity, CeO, films with different
orientations were grown by two different methods. CeO,(100) films were grown ex situ by
pulsed laser deposition on Nb-doped SrTiO3(100). CeO,(111) films were grown in situ by
thermal deposition of Ce metal onto Ru(0001) in an oxygen atmosphere. The chemical reactivity
was characterized by the adsorption and decomposition of various molecules such as CO,, H,0,
alcohols, aldehydes and organic acids. In general the CeO,(100) surface was found to be more
active, i.e. molecules adsorbed more readily and reacted to form new products, especially on a
fully oxidized substrate. However the CeO,(100) surface was less selective with a greater
propensity to produce CO, CO, and water as products. This is related to the higher basicity of the
more highly under-coordinated O anions on this surface. It is possible to synthesize high surface
area shape-selected nanoparticles (octahedra and cubes), i.e. powders that expose a single, well-
defined surface. It will therefore be possible transfer the results from model surfaces to real
catalysts.

*This research is part of FWP ERKCC96. For a full description of recent progress see the
Abstract submitted by Steven H. Overbury.

240



C. Buddie Mullins

The Effects of Surface Hydroxyl and Oxygen Species on the Partial Oxidation of
Allylic Alcohols on Au(111)

G. M. Mullen, L. Zhang, E. J. Evans, Jr., T. Yan, G. Henkelman, C. B. Mullins
University of Texas at Austin, Departments of Chemical Engineering and Chemistry

Presentation Abstract

Partial oxidation of alcohols is a topic of great interest in the field of gold
catalysis. In this work, we provide evidence that the partial oxidation of allyl alcohol to
its corresponding aldehyde, acrolein, over oxygen precovered gold surfaces occurs via
multiple reaction pathways. Utilizing temperature programmed desorption (TPD) with
isotopically-labeled water and oxygen species, reactive molecular beam scattering, and
density functional theory (DFT) calculations, we demonstrate that the reaction
mechanism for allyl alcohol oxidation is influenced by the relative proportions of
atomic oxygen and hydroxyl species on the gold surface. Both atomic oxygen and
hydroxyl species are shown to be active for allyl alcohol oxidation but each displays a
different pathway of oxidation as indicated by TPD measurements and DFT
calculations. The hydroxyl hydrogen of allyl alcohol is readily abstracted by either
oxygen adatoms or adsorbed hydroxyl species on the gold surface to generate a surface
bound allyloxide intermediate, which then undergoes a-dehydrogenation via interaction
with an oxygen adatom or surface hydroxyl species to generate acrolein. Mediation of a
second allyloxide with the hydroxyl species lowers the activation barrier for the o-
dehydrogenation process. A third pathway exists in which two hydroxyl species
recombine to generate water and an oxygen adatom, which subsequently
dehydrogenates allyloxide. This work may aid in the understanding of oxidative
catalysis over gold and the effect of water therein.

Grant # DE-FG02-04ER15587: Surface Chemistry of Gold Model Catalysts

PI: Charles Buddie Mullins
Postdocs: N/A
Students: Gregory M. Mullen, Adrian J. Brush, Wen-Yueh Yu, Edward J. Evans, Jr.

RECENT PROGRESS

Hydrogen adsorption and absorption with Pd-Au bimetallic surfaces

Pd-Au bimetallic catalysts have shown promising performance in numerous reactions
that involve hydrogen. In this study, the interactions of hydrogen (i.e., adsorption,
absorption, diffusion and desorption) with Pd/Au(111) model surfaces were studied
using temperature-programmed desorption (TPD) under ultrahigh vacuum conditions.
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Our experimental results reveal Pd-Au bimetallic surfaces readily dissociates H, and yet
also weakly binds H adatoms, properties that could be beneficial for catalytic reactions
involving hydrogen. The presence of

CO-RAIRS on Pd-Au surfaces| 5 [ H,-TPD from Pd-Au surfaces contiguous Pd sites, characterized by
3 2 reflection-absorption infrared
5 § 3 g spectroscopy using CO as a probe
g il =1 NP hyfuiivivd molecule (CO-RAIRS), was found to
g $ 3 % - be Vij[al for the dissociative
E_ij_/u_i_ = 2090099 adsorption of H, at 77 K. The H

o’ ] adatom binds to Pd-Au alloy sites

2200 2100 2000 1900 1800 1700 100 200 300 400 500 more Strongly than to AU(lll) but

Wi b ! T ture (K
evenumoer (em’) emperature (19 more weakly than to Pd(111) as
FTIR and TPD of H atoms pre-adsorbed on Pd-Au . . .
indicated by  its desorption

alloy surfaces at low temperature [Ref. 13 below] .
temperature  (~200 K). With

hydrogen exposure at slightly higher temperatures (i.e., 100 - 150 K), extension of a low
temperature desorption feature was observed, suggesting the formation of subsurface H
atoms (or H absorption).

Model studies with gold: A versatile oxidation and hydrogenation catalyst

Here, we compare two inverse reactions, alcohol oxidation and aldehyde hydrogenation,
on a Au(111) surface. Beyond the expected different chemistry, there are intriguing
similarities observed since the same

surface is employed. First, both molecular O Au ®@o O+
oxygen and hydrogen have high barriers to

dissociation on Au(l111) and frequently

atomic O and H are employed to populate

surfaces for the study of chemical

reactions.  Recombinative  desorption OH oxidation "
features of oxygen and hydrogen are kR “hydrogenation kR
apparent at ~500 K and ~110 K, lower alcohol aldehyde
temperatures compared to other transition

metals. These results indicate that oxygen | dIgéLhrgti on\R'CHO ROH / further
and hydrogen have low desorption

activation energies and weakly chemisorb R~_O._R j\
on the surface, likely leading to selective other R'O” "R
reactions. On the oxygen-pre-covered ester
Au(111) surface, alcohols are selectively | rrom Ref. 14 below]

oxidized to aldehydes. Similarly, weakly
bound hydrogen atoms on Au(l11) also shows chemoselective reactivity for
hydrogenation of propionaldehyde and acetone. The second similarity is that the gold
surface activates self-coupling of alcohol or aldehyde with oxygen or hydrogen,
resulting in the formation of esters and ethers, respectively in alcohol oxidation and
aldehyde hydrogenation. During these two reactions, the different reaction
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intermediates, alkoxy groups and alcohol-like species, are produced, which likely play a
key role in the formation of coupling products. In addition, the cross coupling reaction
between alcohol and aldehyde occurs on both O- and H-modified surfaces, yielding the
production of esters and ethers, respectively. Thus, the synthesis of ester and ether can
be tuned regarding the molecular structure via selecting the corresponding aldehyde and
alcohol for the coupling reaction.

Interactions of hydrogen and carbon monoxide on Pd-Au bimetallic surfaces

Pd-Au bimetallic catalysts have shown potential applications in numerous
heterogeneous reactions in which hydrogen and CO act as reactants, intermediates or
products. In this study, the interactions of
hydrogen and CO with Pd/Au(111) model
surfaces were investigated by
temperature-programmed desorption
(TPD) and molecular beam scattering
(MBS) experiments. Our results reveal
that CO adsorbs competitively on the
hydrogen-precovered Pd-Au surface,
causing surface H adatoms to diffuse
away from stronger-binding sites (e.g.,
Pd(111)-like islands) to weaker-binding | SUriace. [Ref. 13 below]
sites (e.g., Pd-Au alloy sites and subsurface) as evidenced by a shift of the H,
desorption feature to lower temperatures in TPD measurements. Additionally,
evolution of H, was observed when a CO molecular beam was impinged onto the H-
precovered Pd-Au surface, providing direct evidence that CO induces recombinative
desorption of H adatoms. The presence of H adatoms on the Pd-Au surface was found
to decrease the initial sticking probability of CO during MBS experiments but had little
influence on CO desorption during subsequent TPD measurements.

Carbon monoxide adsorbs competitively
on the hydrogen pre-covered Pd-Au

Evaluating electrocatalysts for the hydrogen evolution reaction based on bi- and
trimetallic combinations of Co, Fe, Ni, Mo, and W using bipolar electrode arrays
- We reported on the
[M.] . development of a parallel
1 electrocatalyst ~ screening
platform for the hydrogen
evolution reaction (HER)
using bipolar electrodes
(BPEs). Electrocatalyst
TITTITTIII ﬂ ; candidates are subjected to
[ NG B screening in a Np-purged
) _ (M [M;] bipolar electrochemical
Schematic of candidate HER electrocatalyst array and strategy. cell where a pair of driving

Ref. 16 bel
[Re elow] electrodes  produce an

S
]

243



electric field in the electrolyte solution. The HER occurring at the BPE cathodes is
electrically coupled to the electrodissolution of an array of Cr microbands present at the
BPE anodes. The readout of this device is simple, where the species that dissolve the
most Cr microbands are identified as the most promising electrocatalyst candidates for
further evaluation. We demonstrate the utility of this technique by comparing several
bi- and trimetallic systems involving Co, Fe, Ni, Mo, and W, which are compared
directly to pure Pt. Of all the compositions tested, Nig-Mo, is demonstrated to be the
most active for the HER in a neutral electrolyte solution.

Oxygen and hydroxyl species induce multiple reaction pathways for the partial
oxidation of allyl alcohol on gold

Partial oxidation of alcohols is a
topic of great interest in the field of
gold catalysis. In this work, we
provide evidence that the partial
oxidation of allyl alcohol to its
corresponding aldehyde, acrolein,
over oxygen precovered gold
surfaces occurs via multiple
reaction pathways. Utilizing
temperature programmed
desorption (TPD) with isotopically-
labeled water and oxygen species,
reactive molecular beam scattering,
and density functional theory
(DFT) calculations, we demonstrate
that the reaction mechanism for
allyl alcohol oxidation is influenced
by the relative proportions of
atomic oxygen and hydroxyl species on the gold surface. Both atomic oxygen and
hydroxyl species are shown to be active for allyl alcohol oxidation but each displays a
different pathway of oxidation as indicated by TPD measurements and DFT
calculations. The hydroxyl hydrogen of allyl alcohol is readily abstracted by either
oxygen adatoms or adsorbed hydroxyl species on the gold surface to generate a surface
bound allyloxide intermediate, which then undergoes a-dehydrogenation via interaction
with an oxygen adatom or surface hydroxyl species to generate acrolein. Mediation of a
second allyloxide with the hydroxyl species lowers the activation barrier for the a-
dehydrogenation process. A third pathway exists in which two hydroxyl species
recombine to generate water and an oxygen adatom, which subsequently
dehydrogenates allyloxide. This work may aid in the understanding of oxidative
catalysis over gold and the effect of water therein.

Mass 56 (acrolein) QMS intensity / a.u.

120 160 200 240 280 320 360 400 440
Temperature / K
Partial oxidation of allyl alcohol occurs via several
pathways over the oxygen-covered gold surface. [Ref. 17
below]
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RECENT PROGRESS

ICEP research is focused on the understanding and advancement of heterogeneous catalytic oxidation by
supported late transition metals and supported early transition metal oxides. The report is organized into
two sections, each addressing one of these materials systems. Our work combines the preparation of highly
uniform, designed materials and state-of-the-art, atomic-scale characterization measurements and theory in
order to understand catalytic function.

Supported Late Transition Metals

The synthesis of supported Pt, Au, Pd, Ag, etc. catalysts begins with the support. The support imparts
stability to metallic nanoparticle (NP) and can influence their shape and electronic properties. It may also
participate directly in the active site.

The systematic investigation of how support structure and composition influences metal NPs has been
carried out using cuboidal, crystalline, perovskite nanoparticles having the composition BaxSr1.xTiO3 with
x in the range 0-1. We have demonstrated both (i) the general synthesis with lamellar microemulsions of
crystalline nanocuboids with uniform size and tunable composition and (ii) their subsequent assembly into
two-dimensional arrays by bent oleic acid in a nonpolar solvent. A porous version of these materials has
also been synthesized with a BET surface area of 46m?/g compared to 20m?/g for our previously synthesized
nonporous materials. BJH pore diameters of 2.5nm, 9nm, and 18nm were obtained indicating that the
porous SrTiOs nanocuboids should be an excellent support for precious metal catalysts.
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It was unknown whether the
different processes can result
in a surface structural change.
An example is the SrTiOs
nanocuboids.  We  have
obtained SrTiOz nanocboids
with  three  hydrothermal
processes. We performed
aberration-corrected HREM
in the profile imaging mode
and found that the atomic
Figure. 1 Three dimensional tomography analyses of SrTiOs nanocuboids surface structures are
synthesis- dependent. The
ones obtained by using
organic ligands (oleic acid) result in SrTiO3 nanocuboids with SrO termination. The ones prepared by acetic
acid synthesis result in a TiO, double-layer termination. The acetic acid synthesis conducted in a microwave
oven lead to a mixed termination, which indicates a surface which is closer to being stoichiometric. We
attributed the SrO termination to the preferably bonding between the oleate ligands to the surface Sr ions.
Organic ligands are usually believed to influence the electronic structures of catalysts or blocking the
reactants to reach the catalysts’ surfaces; this study demonstrates the ligands can also change the atomic
structures.

Detailed studies using X-ray absorption near edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS) combined with HRTEM examined the influence of SrTiOs termination on the structure
and composition of supported Pd nanoparticles prepared by ALD. On the SrO termination the average Pd
particle size is 2-3 nm independent of the loading. On the TiO, termination the size increases with loading.
The Pd particle composition

shifts with increasing numbers ®
of ALD cycles from oxide to RP-Y-PR, ®
metallic state. X SO RAEYR,

OH OH OH OH HX OH o) OH OH

The size of Pt NPs (measured by | - LI | LT
HRTEM) prepared using three ) | stertor aLoprocess

different atomic layer deposition ® ' a0

(ALD) procedures (AB-type, Rsz %»Ci' szRz ffi i
ABC-type, and static ABC-type) | Someciaon e il T 73
on SrTiOs nanocuboids was | mmeerefatpeyeies 0 S
determined as a function of Pt ”3C\A./C“3RZR2 o HsC\A,/CHsRZRZ G
loading and preparation d|> oo o, d|> oo 1
temperature in order to study the | "o bose

mechanism of NP formation. eng o mD brocess l ALD coating process g

Methods for the preparation of

calcinatjon

single-atom supported Pt and Pd £ ® £ _ £ £
materials have been explored. =3 R2R2 = T = an =
The strategies involve grafting

of a stable Pt(Pd)- Supnanometer pt particies

organometallic pincer
compound onto a support,
followed by encapsulation with
an ALD-deposited oxide, and finished by high temperature calcination to remove the ligands and open the
encapsulating layers. Evidence from TEM and CO FTIR is consistent with the formation of either ultra-

Scheme 1: Strategy to control the size of Pt(Pd) supported nanoparticles.
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small clusters or single-atom species. Future work will target more definitive characterization of the Pt and
Pd species and catalytic oxidation reactions.

A second support material we have studied is CeO; in collaboration with Oak Ridge National Lab. Its
excellent catalytic properties are attributed to the remarkable redox capabilities of its surfaces. Direct
observation of the CeO; surface atomic structures can provide insight about the atomic origin for surface-
dependent catalysis. We successfully imaged the Ce and O atom positions on the different surfaces of CeO,
nanoparticles by using the aberration-corrected high resolution electron microscopy (HREM). The (100)
surface has a mixture of Ce, O and reduced CeO terminations on the outermost surface as well as partially
occupied lattice sites in the near-surface region (~1 nm from the surface). The (110) surface has a
combination of reduced flat CeO.. surface termination and “sawtooth-like” (111) nanofacets. The CeO>
(111) surface is O-terminated. The surface structures derived from this HREM study are consistent with
results from the infrared spectroscopy investigation performed by our collaborators.

To study the direct participation of support atoms in the catalytic site responsible for selective propane
oxidation by supported Au, well-defined ligands for the Au particles have been created that: (1) can serve
as a surrogate of the metal-support interface; (2) can be precisely tuned with respect to the molecularity and
environment; (3) can be treated under mild conditions to remove unnecessary ancillary components. This
approach was used to study how the presence of Ti species influences oxidation catalysis, since TiO; is a
common support used for Au. We have found that

the activity of the Au catalysts for the selective _ He
oxidation of propane to acetone required the g \{O Y ) HiC A
presence of such Ti species, and the activity 0, Lo O] 0 W0 o
increased with increasing density of Ti, but o7 | ™ | Yo C et

. h - /o o ah
decreased when the Ti species was positioned farther L( A \- ¢ (|,R or
away from the Au surface. During the past year the e

focus was on manipulating the spatial distribution of 1 Il
Ti species around the Au NP and on whether there
was any effect caused by the number of Ti cations in | Figure 2: Ti Complexes
these species. Preliminary experiments were
performed to compare Ti species prepared using dinuclear complexes with mononuclear complexes. Both
materials oxidized propane primarily to acetone, but the catalyst prepared from the dinuclear complex also
formed propene.

In order to expand the scope of catalytic materials that can be
prepared by ALD, we have developed synthesis strategies for
supported Ag nanoparticles. Ag is an active and selective
catalyst for the epoxidation of olefins using O;.
Trimethylphosphine(hexafluoroacetylacetonato)silver (1) was
the Ag-containing precursor and formalin (AB-type) or
trimethylaluminum and H.O (ABC-type) were used as the
secondary reagents for AB-type and ABC-type ALD,
respectively. Metallic nanoparticles with an average diameter
of 2.2-2.5 nm (determined by HR-TEM) were prepared on an
alumina support.

Supported Early Transition Metal Oxides

Vanadium oxide, molybdenum oxide, chromium oxide,
manganese oxide, and other early transition metals in the form
of monolayer or isolated molecular species supported on a | Ffigyre 3: STEM image of Ag NPs
high surface area refractory oxide are active and selective
oxidation catalysts. During the past year, ICEP has targeted
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the synthesis of vanadium oxide on novel support materials that are expected to afford novel molecular
vanadia structures as well as the preparation of mixed oxide monolayers of vanadium and molybdenum.

One novel support material is a metal organic framework (MOF) structure termed UiO-66. UiO-66 exhibits
high thermal stability and catalytic activity for the oxidative dehydrogenation (ODH) of cyclohexene after
grafting of vanadyl groups to zirconium oxide
nodes in the structure (Scheme 1). At low
conversion (<2%) benzene is the sole product. At

H Zr H

A
VO(acac), /5 /pxo\
MeOH, 50°C 2,\-/

higher conversions the selectivity to benzene

decreases to 83% with the remaining products {\._:Zf(//Zr
being CO and CO,. The activation energy was H'°‘\\ir“°w:m
measured to be 110 + 10 kJ/mol, which is o
comparable to values obtained for vanadium O p
oxide supported on alumina. @»”O'_c,,o
The SrTiOz nanocuboids, described above, ¢

<0
represent a second novel support. Supported

vanadium oxide has been prepared on this ) ] ) )
support using ALD of vanadyl-triisopropoxide Scheme 2. Synthesis of VUiO-66 and its catalytic
(VOTP). Surface science studies of VOTP activity in the oxidative dehydrogenation of
reactions on SrTiOs; (001) single crystals have  cyclohexene using molecular oxygen as oxidant.
shown that the surface vanadia species bond to

the support through only two, not three, bridging oxygen atoms. ODH of cyclohexene using O- catalyzed
by SrTiOs-supported vanadium oxide produced primarily benzene but cyclohexadiene was also observed.

The catalytic properties of supported vanadium oxide species can be tuned

: by changing the support or by introducing a second oxide component on

‘ ‘ the surface. We have studied the influence of molybdenum and tungsten

Oy, oxides as a modifiers of vanadium oxide supported on alumina. The studies

- A have examined the role of preparation method on the interaction between

/ \ surface molybdena/tungsta and vanadia by comparing samples prepared by

O O conventional wet impregnation and by ALD. Changes in the structural

motifs exhibited by vanadia and molybdena have been probed using UV

Raman spectroscopy. In general, the ALD preparation method produces
more highly dispersed oxide species on the support.

Q

-~

H

F'.-'] r'.."]

Figure 4: Bidentate Vanadia | Catalytic oxidation by supported vanadium oxide materials has been
studied using the oxidation of cyclohexene as a probe reaction for kinetics
and mechanisms. The reaction pathways open to cyclohexene provide a
rich platform for the investigating the factors that govern several classes of oxidation reactions, especially
oxidative dehydrogenation, epoxidation, and alcohol formation. A special flow reactor that makes use of
gas phase H,0; as the oxidant has been developed to make possible a comparison to the more commonly
studied O, under identical reaction conditions. Reactions performed using gas phase H.O; are also free of
solvent effects that may complicate the elucidation of reaction mechanisms. Proof for the delivery of intact
H,O; into the catalyst bed has been obtained through the observation of cyclohexene epoxidation using
titanium-silicate as a catalyst. Preliminary experiments using vanadium oxide supported on SiO2, Al,Os,
TiO,, and ZrO; as catalysts for the oxidation of cyclohexene by H,O,. Oxidative dehydrogenation to
benzene has been observed as the major reaction pathway; however, small quantities of cyclohexane diol
have been obtained when SiO; is the support. Interestingly, in-situ FTIR measurements using O- as the
oxidant have detected formation of both the diol and the epoxide of cyclohexane using these same catalysts
whereas these oxygenates are not detectable in conventional catalytic reaction experiments.
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Presentation Abstract

Hydrogen atom transfers from metal hydride catalysts can be used in olefin hydrogenations
and isomerizations, radical cyclizations, and chain transfer during radical polymerizations. These
transfers leave metalloradicals, which can sometimes react with hydrogen gas to reform the hydride
complexes and make these reactions catalytic. We have studied the mechanism of these termolecular
(2 M+ + Hy) reactions in an attempt to improve catalyst efficiency.

We have investigated the hydrogenation of 2 CpCr(CO)z+/[CpCr(CO)s], to CpCr(CO);H as
well as the thermodynamically unfavorable reaction of Co(dmgBF,),L, with hydrogen, and have
found that both of these reactions are termolecular (first order in [H,], second order in [M¢]). DFT
calculations on the Cr reaction suggest that a sideways-bound H, complex is too high in energy to be
an intermediate, but that an end-on H, complex is plausible. The mechanism probably involves
either a collinear Cr..H..H..Cr transition state, or the heterolytic cleavage of an H, between one Cr
and a carbonyl oxygen on the other Cr. The cobaloximes must dissociate a ligand before H,
activation step occur — only the five-coordinate Co(II) species is reactive. We have quantified the
position of the equilibrium for the reaction of cobaloximes with H,, and have confirmed that the
reaction is uphill, with a Co—H Bond Dissociation Free Energy of 50.5 kcal/mol. We believe these
cobaloxime hydrides are involved in a tautomeric equilibrium with a ligand-protonated Co(I) species.
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Hydrogen atom transfers from metal hydride catalysts can be used in olefin hydrogenations
and isomerizations, radical cyclizations, and chain transfer during radical polymerizations. These
transfers leave metalloradicals, which can sometimes react with hydrogen gas to reform the hydride
complexes and make these reactions catalytic. We have studied the mechanism of these termolecular
(2 M+ + Hy) reactions in an attempt to improve catalyst efficiency.
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One reaction we have studied is the hydrogenation of 2 CpCr(CO);¢/[CpCr(CO)s],) to
CpCr(CO);H. The reaction is second-order in Cr and first-order in H,, with a rate constant (if the
rate law is written with [CpCr(CO)3¢]%) of 12(2) M s at 25 °C in benzene. DFT calculations rule
out a side-on H, complex as an intermediate, and suggest either (1) homolytic cleavage via a
collinear Cr-H-H-Cr transition state, or (2) end-on approach of H; to one Cr as charge is transferred
to the other, followed by heterolytic cleavage of the coordinated H, between the first Cr and the O of
a carbonyl ligand on the second Cr, and eventual isomerization of the resulting O-protonated
intermediate to CpCr(CO);H.
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We have also studied the hydrogenation of cobaloximes, which are usually prepared as six-
coordinate complexes with two solvent molecules (THF, MeOH, H,O, MeCN) as axial ligands. By
using the tris(p-tert-butylphenyl)methyl radical Ar;Ce as He acceptor we have been able to study the
kinetics of H; activation by cobaloximes. The reaction is independent of [Ar;C¢], second-order in
[Co], and first order in [H,]. By varying the concentration of added ligand we have shown that the
mechanism involves a dissociative pre-equilibrium and obeys the rate law given below.
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The reactive metalloradical is thus a five-coordinate cobalt(Il) with a single axial ligand. Of
the ligands examined, THF is the most weakly bound and gives the fastest reaction with Ho.
Strongly bound ligands like acetonitrile make the reaction very slow. The addition of PPh; to a
cobaloxime produces only a five-coordinate species (a second phosphine does not bind), so
additional PPhj; has no effect on the rate of the reaction with H,.
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The thermodynamics of H uptake are important in catalyst choice. The production of a
cobalt hydride by the reaction of cobaloximes with hydrogen gas is an unfavorable equilibrium at
pressures around one atmosphere. While such hydrides have been proposed as intermediates in
many catalytic cycles, they have not been directly observed. At pressures above 70 atm we can
prepare and observe the formation of a Co(IIl) hydride from a cobaloxime, and can see a second
species as well; we believe that the second species arises from tautomerism of the “hydride” to a
ligand oxygen, as shown below. By varying the hydrogen pressure we have determined the bond
dissociation free energy of the second species to be 50.5 kcal/mol and its pK, to be 13.4.
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Presentation Abstract

The rational design and understanding of supported catalysts is greatly aided by the quantification of
the number and nature of actives sites. While direct particle imaging and EXAFS fitting are available for
some materials, and a variety of chemisorption or redox probes exist for strong acid or reducible sites on
supported oxides, quantification of weaker Lewis sites, especially for lighter oxides, is not routine, or
minimally, requires ex situ spectroscopy. This is problematic, as many supported oxide catalysts undergo
significant structural changes as surface densities increase from statistically isolated sites to monolayers
and crystallites, so the number of kinetically relevant sites should not be assumed to be either the total
or the geometrically-accessible surface sites. As part of a larger research program, herein are described
selective titration methods for SiO,-supported TiO, and mixed TiO,-SiO, via phenylphosphonic acid (PPA)
to quantify both the total fluid-accessible surface area and the number of sites participating in
epoxidation of cyclooctene with H,0,. The latter method is entirely in situ and requires no additional
spectroscopy or other experiments to quantify specifically the undercoordinated sites for H,0,
activation. From these studies, we provide quantitative comparisons of TiOx dispersion on more than 22
materials; show that materials with poor average properties, as revealed by typical spectroscopy, can
actually have large numbers of undercoordinated active sites; and unify observed rates over all
materials, giving a single intrinsic turnover frequency when counting only the active sites. The latter
measurement shows that different catalyst preparations principally control the number, but not the
intrinsic reactivity, of these sites. Additional characterization of the chemisorbed PPA, and extensions of
the technique to other materials will be shown.
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RECENT PROGRESS

Goals and DOE Interest. Supported oxide catalysts are critically important for fuels conversion,
emissions control, and in the chemical industry. The foundations of catalyst development and
understanding lie in the development of tools for investigating their structure, methods of interpreting
reaction mechanisms, and techniques to design and synthesize supported oxide domains on the atomic
scale. The latter remains a long-standing DOE grand challenge, and it is essential for advancements in
catalysis since it enables findings from structural and functional studies to be translated into new
catalyst designs in a rational manner.

Specifically sought is an understanding of the requirements for synthesizing and stabilizing isolated
metal cations and small, supported oxide clusters and methods for evaluating these nanoscale domains,
including new quantitative titration techniques and nanoparticle tagging. Small clusters, in particular,
are believed to be present in important metalloenzyme active sites and exchanged zeolites, and have
been assigned high reactivity in several transformations. However, such mimics are challenging to make
unambiguously and as the dominant or only species on a surface (i.e. ‘single-site materials’). Progress
towards understanding and developing new oxide catalysts has been along three directions: 1)
Developing synthesis-structure-function maps for catalytic metal oxides, 2) Templating catalytic domains
via well-defined oxide cluster precursors, and 3) Templating catalytic domains via support design.

Refining Synthesis-Structure-Function Relationships. Since 2011, the 25 —_—

PI has developed a route to controlling surface speciation of | ST , CsfFe =1
supported FeOx catalysts using the chelating ligand ethylenediamine 201

tetraacetic acid (EDTA). The bulky, strongly-chelating, and net anionic - . | ... Brceerggeemnn 2]
Fe-EDTA complexes enforce unusually high levels of dispersion for E

FeOx-SiO, catalysts, as judged by XPS, XANES, DRUV-vis, and TPR, '9m'---------0---o----o------N-?'fE?f-l
particularly when alkali countercations are used in catalyst precursors | . Y0_0___9_______5@_?_1_
(e.g. NaFeEDTA). [1] The latter precursor gives verifiably ‘single-site’ ° 1

oxide catalysts (Fig. 1) and using it as a starting point, a full map was 0 . | ¢
developed for the reactivity of particular FeOx surface structures. It 0.0 0.5 10 15
was shown that alkane oxidation rates (with H,0,) increased with Loading, Fe-nm™

increasingly basic alkali countercations, and that the alkali was Figure 1. Alkali-dependent, single-
required to be in stoichiometric equivalence with Fe. Rates were Sité behavior (grey circles) in
shown to be independent of structure for isolated cations and very alrléizfsg;('[dlﬁnon using a Fe-EDTA
small clusters, but that the latter were relatively uncommon (<10%) P '

for more typical catalyst preparation routes. These results were

expanded to understanding and controlling the redox activity of CeO, with FeOx, CuOx, and CoOx
dopants. The M-EDTA precursors result in ~50% more redox active doped sites than for more traditional
precursors, improving activity in, for example NO H,-SCR catalysis. [2] This work is also the basis for a
recent patent application.
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Parallel work partially supported by this program has focused on developing and understanding
precursors for a variety of highly-dispersed metal oxides (TiOx, ZrOx, HfOx, NbOx, TaOx, MoOx, and
WOx) on SiO, and Al,Os for use in epoxidation and, in a novel approach, hydrogenolysis. In the latter, it
is shown that highly dispersed metal oxides (Ti, Ta, and Mo) on Al,O; are all capable of an unusual direct
C-N bond cleavage of anilines and quinolines under 20 bar H, and relatively mild conditions, although
the reactions are stoichiometric. [3]

In 2013 we determined structure and reactivity trends of TiOx-SiO, catalysts for benzyl alcohol
photooxidation. [4] Here, phosphonic acid titration was developed as a surface-sensitive compliment to
XRD, XANES, and DRUV-vis. It was first showed that two precursors (an ethoxide and a bulky titanocene)
give very different TiOx structures as judged by UV-edge energies, XANES pre-edge features, and
crystallinity. Moreover, the number and surface density of geometrically-accessible sites, as titrated by
phenylphosphonic acid, was very dependent on the synthesis method. A synthesis-structure-function
map was developed, including fine gradations between, for example, polymeric TiOx, 2D anatase-like
surfaces, and nanocrystalline anatase, which have not been previously proposed. In addition the
geometrically accessible surface area from phenyl phosphonic acid titration was used to normalize all
benzyl alcohol oxidation rates of the supported oxides, in spite of large differences in the
aforementioned properties.

80 +
More recently, an in situ phosphonic acid titration : T
method (Fig. 2) was used to assess the number of 50 ® [} T
sites active in a liquid phase oxidation by TiOx-SiO, : T lb n
catalysts. [5] Added phenylphosphonic acid 20 _‘. o __e- _‘_ _T -1 1-
monotonically decreases the rate of cyclooctene o 4 Py N
epoxidation with H,0, in acetonitrile over all % F§ 1 A
materials tested. From such plots, the intercept is o] 30 ‘1 e ©
the number of catalytically relevant sites; no F 0
assumptions or further characterization of the 20 + © @
material is needed and thus this technique can be @ 'e) |l'-|
applied to ‘unknown’ samples. This data set has 10 + AR 20 O i
three significant findings: 1) some synthesis I __O _____ | LA
methods, such as the metallocalixarene route 0 , - rn
pioneered by the PI while still a PhD student, are 0 5 10 15 30
guantitatively proven as the most disperse oxides, wt% Ti

2) mixed oxides that show evidence of aggregation
into crystallites are not necessarily poor catalysts,

Figure 2. Cyclooctene epoxidation rates of 22 catalysts
are normalized by phenylphosphonic acid titration

(filled) in ways not captured by typical correlations

d to th imult f highl . :
ue o € simuftaneous presence o 'en'y against total Ti content. (open) [5]

dispersed active sites not counted by most bulk
characterization techniques, and 3) using the in situ titration data, epoxidation rates are normalized over
22 different supported oxide catalysts, showing that it is the number, not the intrinsic activity, that
differs amongst the various materials. This method is now being applied to many other classes of
catalyst.

Templating via Well-Defined Oxide Precursors. Here, we seek to control supported oxide catalyst
structure via precursor design. Recent activity focused on completing a series of investigations with Mn
triazacyclononane (TACN) complexes of different nuclearity as precursors to supported MnOx-SiO,
catalysts that are more dispersed than typical precursors. Since 2011, we have sought to control the
synthesis of multinuclear domains in supported oxides via choice of the precursor. We originally
investigated the use of supported Mn(IV) triazacyclononane (TACN) complexes of different nuclearity
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(mononuclear Mn1, dinuclear Mn2, and tetranuclear Mn4, Mn(IV) oxide complexes) as alkane oxidation
catalysts. Immobilized onto carboxylate-functionalized surfaces, these are catalysts for room-
temperature alkane oxidation from the formation of carboxylate bridged structures of reduced
oxidation state, as determined by EXAFS and XANES. [6]

In parallel, precursors Mn1, Mn2, and Mn4 lead to unique structures of supported MnOx. After the
complexes are deposited intact on SiO,, all catalysts autoreduce to Mn(lll) oxides at 250°C or above,
when the ligand decomposes. After this mild calcination temperature, 1 shell Mn-O fits increase
monotonically from the Mn1, Mn2, and Mn4 precursors. While unambiguous fits of such complex oxide
structures are challenging, these results are consistent with higher nuclearity clusters from increasing
nuclearity of the deposited precursor. [7] With more aggressive calcination, Mn1, Mn2, and Mn4
precursors have similar coordination environments, and with no strong evidence of Mn-Mn interactions,
unlike for a typical Mn(NQs), precursor, which as begin to form small microcrystalline domains, even at
0.5 wt% loading.

In recent work, we have collaborated with researchers from the Humboldt University of Berlin to
immobilize a hexameric Cu(l) complex on SiO, through wet impregnation from dry THF. This and related
complexes have relatively short Cu-Cu distances (0.27 nm) and highly multidentate silanol ligands. These
complexes are unstable in solution and oxidize irreversibly, but we have collected preliminary evidence
that they remain as stable Cu(l) complexes in the solid state to ~450°C, much like Cu-exchanged zeolites.
Preliminary experiments show these catalysts to have activity in cyclohexane ODH at 250-350°C, which
is extraordinarily rare for Cu catalysts.

Templating via Support Design. Since 2011, we and collaborators have developed a new class of
materials by partially overcoating a carrier (oxide) particle with <2nm of a second oxide by repetitive
growth methods such as ALD. Molecular templates are used to generate nanocavities (nc) 1-2 nm in
diameter whose walls and floor can be different oxide compositions. We have first shown that Al,03-nc-
TiO, imparts reactant selectivity to oxidations and reductions catalyzed by the underlying TiO,. [8] For
example, in the oxidation of equimolar benzyl alcohol and more bulky alcohols to their respective
aldehydes, relative rates increased from ~1.5:1 for TiO, to nearly 10:1 for the overcoated materials. Such
selectivity had not, to our knowledge, been previously demonstrated in a formally non-porous oxide
catalyst. We are developing a library of supports, templates, and oxide deposition techniques to expand
this approach.

An open goal is to use the nanocavity space to template the
growth of other catalytic domains, or to tag these sites with
metal nanoparticles, which will also aid in imaging. In
preliminary work, we have developed two techniques to
‘backfill’ these nanocavities with catalytic domains of a
defined size: selective photoreduction onto partially
masked TiO, surfaces, and selective strong electrostatic
adsorption of cations onto exposed SiO, domains under
near-neutral pH. In the first route, the nanoparticle density
is limited by nucleation events, but the nanoparticle size is
restricted by the nanocavity dimensions. (Fig. 3) In the Figure 3. Representative TEM of Ag nanoparticles are
second case, metal deposition is in proportion to the deposited by photoreduction onto exposed TiO,

. i . . i K X domains on a SiO,-nc-TiO, nanocavity material.
number of cavities, while their ultimate size is relatively Nanoparticle sizes are controlled by the nanocavity.
constant. This work remains under development.
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Abstract
Formic acid has received considerable attention with respect to its potential as a chemical storage
medium for hydrogen fuel via its catalytic dehydrogenation into CO, and H,. In this regard, we have
observed that molybdenum complexes such as CpMo(CO), (PMe,), H (x = 1, 2, 3) are capable of
serving as catalysts for this transformation. Furthermore, these complexes are also capable of
converting formic acid into methanol, which is subsequently converted to methyl formate. There is also
much interest in converting CO, into useful chemicals and, in this regard, the zinc hydride complex,
[tris(2-pyridylthio)methyl]zinc hydride ([x3-Tptm]ZnH) is effective for the catalytic hydrosilylation of
CO,. Specifically, [*-Tptm]ZnH catalyzes the addition of (EtO)sSiH to CO, to give (EtO)sSiO,CH,
which may subsequently be converted into useful chemicals such as ethyl formate or N,N-
dimethylformamide. In addition to the direct reduction of CO, the reduction of bicarbonate to formate
has also garnered interest due to the fact that bicarbonates are easier to handle than CO, and, of
relevance to this issue, we have demonstrated that the zinc bicarbonate complex [«*-Tptm]ZnOCO,H
reacts with PhSiH; at room temperature to give the formate derivative [«*-Tptm]ZnO,CH.

Fundamental Studies of Metal Centered Transformations Relevant to Catalysis

Students: Ahmed Al-Harbi, Ashley Zuzek, Yi Rong, Michelle Neary
Contact: Department of Chemistry, Columbia University, New York, NY 10027;
parkin@columbia.edu.

Goals

The specific objectives and research goals of the research performed during the recent grant period have
been to obtain information that is relevant to metal mediated transformations that produce useful
chemicals from natural resources. For example, considerable effort is currently being directed towards
(i) the implementation of a “hydrogen economy”, in which hydrogen serves as a fuel, and (ii) the use of
ubiquitous carbon dioxide as a renewable C; source for the synthesis of useful chemicals. However, the
practical realization of both of these objectives presents daunting challenges. For example, a principal
problem with respect to the utilization of carbon dioxide as a chemical feedstock is concerned with the
fact that it is not only thermodynamically a very stable molecule, but it is also kinetically resistant to
many chemical transformations. Likewise, the energy efficient storage of hydrogen with a high
volumetric energy density is a critical prerequisite to the implementation of a hydrogen economy. The
discovery of new catalytic methods for (i) the rapid generation of hydrogen and (ii) the functionalization
of CO, are crucial for advancing the use of hydrogen as a fuel and for utilizing CO, as an effective C;
source for commodity chemicals.
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DOE Interest

An important objective of the Mission of the U. S. Department of Energy is to “Catalyze the timely,
material, and efficient transformation of the nation’s energy system and secure U.S. leadership in clean
energy technologies”. The research performed is of direct relevance to this goal because on demand
production of hydrogen is essential for establishing a future hydrogen economy to transform the nation’s
energy system. In addition, the effective utilization of carbon dioxide as a raw material for the chemical
industry will contribute considerably to the efficient implementation of clean energy technologies.
Furthermore, a fundamental understanding of the chemical aspects of catalysis is important because, as
emphasized by the Catalysis Science core research area of the Department of Energy, Basic Energy
Sciences: “Catalysts are crucial to creating new, energy-efficient routes for the production of basic
chemical feedstocks and value-added chemicals.”

Recent Progress

1. Reduction of Bicarbonate to Formate in Molecular Zinc Complexes

The use of carbon dioxide as a renewable C; source for the synthesis of useful chemicals is an important
objective that is also of interest due to concerns regarding the impact of CO, on the environment. For
example, the conversion of CO, to formic acid and formates has received much attention, not only
because the principal industrial method involves an energy intensive sequence of transformations, but
also because formic acid can serve as a material for energy storage via the release of H,. In addition to
the direct reduction of CO,, the reduction of bicarbonate to formate has also garnered interest due to the
fact that bicarbonates are easier to handle than CO,. For example, formic acid has been obtained by
reduction of bicarbonate by using a formate-utilizing methanogen as a biocatalyst. There are, however,
few reports concerned with the reduction of bicarbonate to formate in well-defined molecular systems. It
is, therefore, significant that we have discovered that the bicarbonate complex [k*-Tptm]ZnOCO,H
reacts with PhSiHsz at room temperature to give the formate derivative [«*-Tptm]ZnO,CH. Isotopic
labeling studies, however, indicate that the mechanism does not proceed via a direct exchange between
the bicarbonate ligand and PhSiH3, but rather occurs via the initial formation of the zinc hydride
complex [«*-Tptm]ZnH via metathesis of the Zn-OCO,H and PhH,Si-H bonds.  Subsequent
decomposition of the incipient silyl bicarbonate PhSiH,OCO,H releases CO; that is trapped by the zinc
hydride [«*-Tptm]ZnH to give the formate derivative [«*-Tptm]ZnO,CH.

2. Catalysts for the Release of H, from Formic Acid

Recent interest has focused on the use of formic acid as a hydrogen storage medium because it is a
liquid at room temperature and, as such, is easy to handle and transport. It is, therefore, of considerable
interest to develop more efficient catalysts for the release of H, from formic acid that incorporate earth
abundant metals. As such, we have investigated the ability of the series of molybdenum compounds,
CpMo(PMe3)3«(CO)H and Cp*Mo(PMes)sx(CO)H (x = 1, 2, or 3), because the electronic impact of
progressively substituting PMes; for CO ligands will provide a means to evaluate mechanistic
possibilities.  Significantly, although all of the compounds, CpMo(PMe;3)s;4(CO)H and
Cp*Mo(PMe3)s4(CO)xH, serve as catalysts for the release of H, and CO, from formic acid, their activity
varies considerably. For example, the bis(trimethylphosphine) compounds Cp*Mo(PMes),(CO)H are
much more active than either Cp"Mo(PMes)(CO),H or Cp"Mo(CO)sH (Cp~ = Cp, Cp*). Interestingly,
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while H, and CO; are the primary products of decomposition of formic acid, methanol and methyl
formate are also formed. The methanol that is formed is a product of hydrogenation of the formic acid,
while the methyl formate is a result of subsequent esterification. The amount of methanol/methyl
formate that is produced relative to the amount of formic acid consumed is dependent on the catalyst,
with the tricarbonyl compounds CpMo(CO)3;H and Cp*Mo(CO)sH exhibiting greater selectivities than
the PMe; derivatives, Cp"Mo(PMes3)(CO);H and CpRMo(PMes),(CO)H. Furthermore,
CpMo(PMe3)2(CO)H is more selective for formation of methanol/methyl formate than is
Cp*Mo(CO)(PMes),H.

3. Si-H and Si-C Bond Cleavage Reactions

The interaction of Si-H bonds with transition metal compounds is of fundamental interest, not only
because it is a key step in hydrosilylation, dehydrogenative Si-H/O—H coupling, and dehydrogenative
polymerization of silanes, but also because it provides a model for the corresponding interactions of C—
H bonds with metal centers. By comparison to substituted silanes, however, the reactivity of SiH,4
towards transition metal compounds has received relatively little attention. Therefore, it is significant
that we have now demonstrated that Mo(PMej3)s cleaves the Si-H bond of SiH, at room temperature to
give the bis(silyl) compound Mo(PMes)4(SiH3),H,. The latter compound reacts with H, to generate
Mo(PMes)4(SiH3)H3; and measurement of the equilibrium constant provides the estimate that the Mo-H
BDE is ca. 7 kcal mol™ stronger than the Mo—SiH3 bond. While a simple mechanism for the formation
of Mo(PMes3)4(SiH3)H; upon treatment of Mo(PMes3)4(SiH3),H, with H; could involve reductive
elimination of SiH, followed by oxidative addition of H,, isotope labeling studies indicate that such a
mechanism, which is commonly invoked for non-d® metal phosphine hydride compounds, does not
operate. Rather, the mechanism is proposed to involve metathesis between the Mo—-H and D-SiD3
bonds. Mo(PMes)s also undergoes facile oxidative addition of Si-H bonds of PhSiH; at room
temperature to give the bis(phenylsilyl) compound, Mo(PMe3)4(SiH,Ph),H,, which, in the presence of
excess PhSiH3z forms the silyl (SiHs) compounds Mo(PMes)4(SiH2Ph)(SiH3)H,, Mo(PMes)4(SiH3)2H;
and Mo(PMej3)4(SiH3)Hs. Interestingly, the reactivity of Ph,SiH, towards Mo(PMes)s is quite distinct
from that of either PhSiH3 or SiH, and has resulted in the isolation of several novel compounds, namely
Mo(PMes)4(i®>-Ha-H,SiPhoH)H,  Mo(PMes)s(i®-Ha-H,oSiPhs)H,  (the  first example of a disilane
complex) and Mo(PMe3)3(c-HSiHPh,)Ha.

4. Application of [O3] Ligands as Platforms for Early Transition Metal Olefin Polymerization
Catalysts

While cyclopentadienyl ligands are ubiquitous in olefin polymerization catalysis, we rationalize that
related L,X donor ligands that present an [O3] array could also provide catalysts with useful properties.
Specifically, we postulate that the oxygen rich environment provided by the
tris(oxoimidazolyl)hydroborato ligand system, [To"], could provide more robust catalysts for oxophilic
metal centers that are less sensitive towards degradation. In this regard, we have synthesized a series of
zirconium benzyl compounds, namely [To"®*"]Zr(CH.Ph); (R = Me, Bu', 1-Ad). Treatment of
[ToB""®")Zr(CH,Ph)s with [PhNMe,H][B(CsFs)4] in ether gives cationic
{[ T8 Zr(CH,Ph),(OEt,) }[B(CsFs)], which has been isolated and structurally characterized by X-
ray diffraction. Although six-coordinate {[To®"'®*"]Zr(CH,Ph),(OEt,)}B(CsFs).] exhibits low ethylene
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polymerization activity, activation of [To"®*"*]Zr(CH2Ph)s (R = Bu', 1-Ad) in benzene solution generates
a five-coordinate species {[To"®*"?]Zr(CH.Ph),}" that exhibits very high activity.

Future Plans

Future studies will include, for example, further development of (i) molybdenum and tungsten
compounds as catalysts for decarboxylation and disproportionation of formic acid, and as
hydrosilylation catalysts, (ii) the use of [O,] and [Os] as platforms early metal catalysts, and (iii) the use
of zinc compounds in the functionalization of CO, and other substrates.
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Pressures
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Presentation Abstract

Ruthenium dioxide has attracted considerable interest as a possible substitute for platinum-based
industrial catalysts for ammonia oxidation ever since Wang et al [1] showed RuO,(110) to exhibit NO
selectivity around 530 K, under UHV conditions. Related density functional theory (DFT) based kinetic
Monte Carlo (KMC) simulations [2] provided further support for this selectivity. Perez et al [3],
however, find N, to be the dominant product in experiments at ambient pressure on polycrystalline RuO,
samples. To address possible pressure and/or material gap in the products, we have extended our DFT-
based KMC calculations to include reactions rates for a large set of reaction intermediates that may be
found under ambient conditions. We have also carried out simulations using data-bases proposed by
Perez et al [3] and others. Interestingly, our KMC simulations [4] using any of the above databases show
NO to be the dominant species under UHV conditions at or above the peak NO desorption temperature, in
accordance with Wang et al. [1]. On the other hand, we find N, to be the dominant product under ambient
conditions. The rationale for the pressure gap is the activation of secondary reaction of NO i.e. active
formation and decomposition of N,O to N, owing to sufficient supply of N species, which is a result of
active NH, decomposition by plentiful O species on RuO,(110). Furthermore, we show that reliable
prediction of selectivity requires consideration of competing reaction processes as made feasible in
kinetic simulations such as KMC.

[1] Y. Wang, K. Jacobi, W. -D Schone, G. Ertl, J. Phys. Chem.B 109, 7883 (2005)
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Presentation Abstract

Pt nanoclusters on carbon supports have been shown to possess superior catalytic activity and
increased selectivity in a variety of electrochemical reactions as compared to bulk Pt electrodes;
however, the underlying mechanisms remain poorly understood. We examine the interaction of
Pt nanoclusters with point defects in graphene using first-principles density functional theory.
The presence of defects in graphene supports enhances the Pt-carbon bonding, which can
suppress cluster sintering thus allowing for sustained catalytic performance. Furthermore,
stronger binding of clusters at defects is found to substantively decrease the strength of CO
binding thus increasing the tolerance of bound Pt nanoparticles towards CO poisoning. Finally,
we examine the role of defective graphene supports on the activity of the cluster for the CO
oxidation reaction and obtain estimates for CO-oxidation Kkinetics. Our results suggest possible
avenues for controlling the dispersion and catalytic activity of Pt nanoclusters on carbon supports
via defect engineering.
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Students: Ms. loanna Fampiou, Mr. Raymond Gasper, Mr. Hongbo Shi

RECENT PROGRESS

CO Adsorption and Oxidation on Graphene-Supported Pt;3 Nanoclusters

We have systematically investigated the binding of CO to catalytically active Pti3
nanoclusters. CO is a well-known catalyst poison and also the thermodynamic sink in several
energy conversion pathways of interest to us such as methanol or formic acid decomposition.
Efficient removal of CO by oxidation is thus critical for ensuring sustained -catalytic
performance. Graphene—supported Pt nanoclusters have been shown in experiments to possess
improved tolerance towards CO poisoning although the precise mechanism that leads to this
effect is not understood. We have made significant progress in unraveling, at the electronic
structure level, the cause of this improved tolerance and establishing the key role of cluster—
substrate interactions. [1]

In previous work we established that defects in graphene substrates act as strong binding sites
for Pt nanoclusters through the formation of strong Pt-C bonds. In addition to stabilizing clusters
against sintering, the formation of these strong Pt-C bonds causes a downshift in the average
position of the cluster d-band, which is then expected to lead to weaker adsorption of molecules
on the cluster. [2] In our most recent work, [1] we have explicitly investigated CO binding on
unsupported and graphene-supported clusters. In general, the adsorption energy of CO to a
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binding site depends sensitively upon the
coordination of cluster the atom(s) at the
binding site. For Pt nanoclusters, which
typically display several near-degenerate
isomers, this variability in local coordination
results in variations in CO binding energy of
~0.2 eV, an order of magnitude smaller than
the binding energy. [1] To a good
approximation then, variability in coordination
of cluster atoms can be averaged out by
statistical sampling over several configurations
of adsorbed CO molecules. The remaining
differences in CO binding energies can then be
attributed to cluster—substrate interactions and
systematically analyzed. Figure 1 displays the
average adsorption energy of CO on
unsupported and supported Pt;3 clusters as a
function of the cluster d-band center, which in
turn is affected by the strength of binding
between the cluster and the graphene support.
For defective support, the cluster—support
binding is much stronger leading to a
downshift of the d-band center relative to the
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Figure 1: CO adsorption energy (Eaq) as a function
of d-band center (g4) relative to the Fermi energy
for supported Pty; clusters, free Ptyz clusters, and
Pt(111) surface. A downshift of the cluster d-band
center with respect to the Fermi level (more
negative g4) is directly correlated with weaker
adsorption of CO on the cluster. Error bars indicate
95% confidence intervals obtained from sampling
over multiple adsorption sites on the cluster.

Fermi level. This in turn leads to weaker adsorption of CO on the cluster and provides one
possibility for employing defect engineering of substrates as a means of controlling cluster
catalytic activity. Similar results have been obtained for oxygen binding as well.

While the weaker adsorption energy of CO on defective-graphene-supported Pt nanoclusters
provides a possible explanation for improved CO tolerance of Pt-graphene nanocomposites, it
does not furnish proof (other than through indirect Bronsted-Evans-Polyani arguments) of a
reduced reaction barrier for CO oxidation. To conclusively establish this, we are now in the
process of performing systematic DFT calculations of CO oxidation on supported and
unsupported Pty3 nanoclusters. [3] Given that CO binding to Pt;3 clusters is substantially stronger
(by 0.7-0.8 eV) than O, the Pt cluster is expected to be fully saturated by CO under normal
operating conditions. Therefore, we have gone beyond looking at single-CO adsorption studies
and systematic saturated and
optimized Pty3 clusters with
DFT. Studies of CO oxidation
on these clusters via a CO*-
assisted O, activation without
the involvement of adsorbed
O,* precursors, which is
expected to be favored over
the  Langmuir-Hinshelwood
mechanism, [4] are currently
underway. An interesting and
unexpected  outcome  of

Figure 2: (Left) Spontaneous desorption of a Pt;3 cluster from a
pristine graphene support upon saturation with CO. (Right) CO-
saturated Pty cluster bound to a vacancy in the graphene support.
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studies of CO saturation of Pty clusters is shown in Figure 2. As seen, for a cluster supported on
pristine graphene, CO can intercalate between the support and the cluster, bind to the cluster, and
cause complete desorption of the cluster from the support, leading to catalyst loss. Such cluster
desorption does not occur when a cluster is bound to a support defect though (which we have
confirmed more thoroughly with high-temperature ab initio MD simulations) further
emphasizing the role of support defects in stabilizing catalyst clusters.
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Presentation Abstract

Supported Pt nanoparticles are of wide interest in nanoscale physics and chemical sciences, and have many industrial
applications in energy research. Yet, a microscopic understanding of their structure and catalytic behavior is far from
complete. Experimental probes such as x-ray absorption spectroscopy (XAS) typically yield globally averaged properties,
e.g., mean bond distances, which alone can give a misleading characterization of their behavior. Here we present a
combination of ab initio molecular dynamics simulations and theoretical and experimental spectroscopy methods to obtain a
more detailed microscopic understanding that includes their interactions with adsorbates and the support. For example,
experimental observations by our team show that CO absorption affects both their conformational and electronic structure:
First, the mean Pt-Pt bond lengths increase with CO coverage. Second, the non-resonanalgEs émission line and

XANES Ls absorption edge show opposite shifts with increasing temperature. Third, experimental RIXS data have a main
peak that shifts toward higher energy loss with increasing CO coverage. Remarkably our theoretical simulations for small
supported Pt clusters reproduce all three observations. Also the shifts in RIXS spectra are explained in terms of movement of
the d-band center relative to the Fermi level. Finally, finite temperature density functional theory molecular dynamics
(DFT/MD) simulations of Pt nanoclusters undgerando conditions show that the nanoscale cluster structure and charge
distribution are inhomogeneous and dynamically fluctuating over several time-scales, ranging from fast (200-400 fs) bond
vibrations to slow fluxional bond breaking (>10 ps). Indeed, we find that this anomalous behavior can be attributed to
“dynamic structural disorder” (DSD) driven by stochastic motion of the center of mass over 1-4 ps time-scales.
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RECENT PROGRESS

1) Effects of adsorbate coverage and bond length disorder on the d-band behavior in carbon-supported Pt catalysts
Determination of the factors that affect the d-band center of catalysts is required to explain their catalytic properties.

Resonant inelastic X-ray scattering (RIXS) enables direct imaging of electronic transitions in the d-band of Pt catalysts in real
time and in realistic environmental conditions. Through a combinatiom sifu, temperature-resolved RIXS measurements

and theoretical simulations we isolated and quantified the effects of bond-length disorder and adsorbate coverage (CO and
H,) on the d-band center of 1.25 nm size Pt catalysts supported on carbon. We obtained that the decrease in adsorbatt
coverage at elevated temperatures is responsible for the d-band shifts towards higher energies relative to the Fermi level,
whereas the effect of the increase in bond-length disorder on the d-band center is negligible. Although these results were
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obtained for a specific case of non-interacting support and weak temperature dependence of the metal-metal bond length in &
model catalyst, this work can be extended to a broad range of catalysts in real catalytic reactions. Our RIXS experiments
were performed at the ESRF beamline ID26, in collaboration with M. Tr@hM, Germany).J. Rehr and his group have
developed the simulation method to calculate RIXS theoretically and compare with experimental data (Fig. 1). These
methods allow to directly compare the effects of coverage and strain on the d-band center behavior and, hence, catalytic
activity of supported noble metal catalysts. This work has been publist8ahih M.W. et al., Chem. Phys. Chem. 2014,

DOI: 10.1002/cphc.201400055.
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Figure 1. Experiment: RIXS maps and their intensity profiles visualizing the density of photo-excited electronic transitions
between Pt 5d states in Pt/C nanopatrticles for different atmospheres. The transition densities shown in (a, d) are shifted
toward lower energy transfers in (b, e) at elevated temperatures for both gases. Vertical dashed lines illustrate the direction of
the intensity profiles obtained for each map at the same incident energy of 11568.4 eV and are shown in (c, f). Theoretical
modeling: Simulated RIXS data for a 37-atom Pt cluster: bare (a), with CO (b) and H (c) adsorbed. The profile along the
11586 eV energy [shown as a vertical line in (a—c)] is shown in (d).

2) Investigation of CO-induced electronic evolution of supported heterogeneous catalysts with HERFD and RI XS

An in operando study using resonant inelastic X-ray scattering (RIXS) and high energy resolution fluorescence detection
(HERFD) was performed to understand the temperature-dependent adsorption of CO on nm-sized Pt nanoparticles on
different supports (C, SKDAI>0z3) and complemented witim situ XAS and DRIFTS experiments as well as pre- and post-
measurement characterization of the nanoparticle structure by STEM. In particular, the following points were addressed: (i)
the binding motifs of CO to Pt and how they change, (ii) the influence of metal-support interaction, (iii) metal-metal bond
length and (iv) metal-metal bond length disorder and, hence, strain. The supported Pt nanoparticles were prepared in the
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group ofR. Nuzzo, the RIXS and HERFD experiments were carried out at the SuperXAS beamline at the Swiss Light Source
(SLS) at the Paul Scherrer Institute by the groups.&irenkel andR. Nuzzo in collaboration withiM. Tromp, the XAS and

DRIFTS measurements at the NSLS, BNL (beamlines X18B and 19A, grodpgoénke andR. Nuzzo) and the STEM
measurements by the groupsRofNuzzo andJ. Yang. The RIXS measurements provide information on both absorption and
emission properties of the investigated system and therefore directly measure characteristics of bonding interactions between
particles and adsorbates. With HERFD characteristic spectral features of specific binding sites of the CO could be resolved
and, as was also demonstrated in our previous viFoekKel, A.l. et al., J. Phys. Chem. C 2013, 117, 23286), it is sensitive to

strain and electronic perturbations due to temperature changes. Both methods allow to directly compare the effects of
coverage on the d-band center behavior and, hence, catalytic activity of supported noble metal catalysts. Together with the
XAS and DRIFTS measurement our findings allowed the identification of the temperature-dependent adsorption of the
different CO species (e.g. a-top, bridge, three-fold hollow) and to unravel the effects of the different support materials. In
particular, a distinct temperature-dependent shift in the HERFD white line energy of ~-1 eV and a change in white line area
were observed with decreasing coverage and an opposite and less pronounced shift was observed for the non-resonant line i
the RIXS maps (Fig. 2)l. Rehr and his group are currently performing theoretical calculations to unravel the origin of these
changes in the electronic structure of the Pt nanoparticles. Preliminary results show similar trends induced by a change in Pt
atom charge upon CO adsorption.
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Figure 2. HERFD and RIXS data of the CO adsorption on C- ant-S@pported Pt nanoparticles. (a) Selected HERFD
spectra. (b) Temperature dependence of the HERFD white line energy for,P{tJidfferential white line area for Pt/SiO

(d) DRIFTS spectra for Pt/SiO(e) RIXS maps for Pt/C and Pt/SiQf) Non-resonant line energy for P/SiQQ)
Theoretical simulations showing the experimentally observed absorption edge and core emission shift induced by charge
transfer between the CO adsorbate and the Pt atom.
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Presentation Abstract

The project introduces a quantitative, molecular approach to the catalysis synthesis, which will aid the
development of methods for the synthesis of single-site or nanoparticle-based catalysts. The in-situ
approach will provide a direct correlation between the mechanism of transition metal complex (TMC)
adsorption and the pretreatment regime with the overall properties of the final catalyst. A molecular-level
treatment of catalyst synthesis will be developed via the application of novel in-situ technigques that
provide quantitative data on the thermodynamics and kinetics of the adsorption of TMCs, and in-situ
methods to probe morphological changes due to particle nucleation and growth during pretreatment. This
proposal represents a unique molecular-level picture of catalyst synthesis with a direct quantitative
comparison of its catalytic properties with the mechanism of TMC adsorption. We have applied
isothermal titration calorimetry to quantify the thermodynamics associated with the adsorption of TMCs
(Pt primarily) under interface conditions of ion-exchange (strong electrostatic adsorption) and inner-
sphere (covalent) to refractory metal oxides (silica and alumina) and perovskites. The measured
thermodynamics were then compared with catalyst properties after calcination-reduction pretreatments to
determine if these properties correlated with other. In effect, these experiments probed whether a
memory effect, or whether the final properties of the catalyst were influenced by the solution-phase
conditions. We find that the strength of adsorption (as measured by the apparent heat of adsorption)
during strong electrostatic adsorption displays a direct correspondence with the difference between the
PZC of the support and pH of the solution when the appropriate TMC (cation or anion) source is utilized.
The correspondence between adsorption conditions are correlated with the final properties of the
supported Pt catalysts as determined by high energy x-ray diffraction — pair distribution function (PDF)
analysis, x-ray absorption spectroscopy and high-resolution transmission electron microscopy. We
demonstrate through an identical experimental approach that this memory effect is persistent in covalent
bonding systems. We demonstrate the latter with the adsorption of Rh(OH); nanoparticles onto the
surface of Nb-based Dion-Jacobsen perovskite supports.

Recent Progress

Rhodium oxide and rhodium metal nanoparticles on niobate and tantalate supports are anomalously
stable. To understand this, the nanoparticle-support interaction was studied by isothermal titration
calorimetry (ITC), environmental transmission electron microscopy (ETEM), and synchrotron X-ray
absorption and scattering techniques. Nanosheets derived from the layered oxides KCa,NbsOy,
K4NbgO17, and RbTaO; were compared as supports to nanosheets prepared from Na-TSM, a synthetic
fluoromica (NagssM02.63(Siz08Al0.02)O10.02F1.96), and a-Zr(HPO,),H,O. High surface area SiO, and y-
Al,O; supports were also used for comparison in the ITC experiments. A Born-Haber cycle analysis of
ITC data revealed an exothermic interaction between Rh(OH); nanoparticles and the layered niobate and
tantalate supports, with AH values in the range -32 kJ-mol™ Rh to -37 kJ-mol™ Rh. In contrast, the
interaction enthalpy was positive with SiO, and y-Al,O3 supports. The strong interfacial bonding in the
former case led to “reverse” ripening of micron-Size Rh(OH);, which dispersed as 0.5 nm to 2 nm
particles on the niobate and tantalate supports. In contrast, particles grown on Na-TSM and o-
Zr(HPQO,4),H,O nanosheets were larger and had a broad size distribution. ETEM, x-ray absorption
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spectroscopy, and pair distribution function analyses were used to study the growth of supported
nanoparticles under oxidizing and reducing conditions, as well as

the transformation from Rh(OH); to Rh nanoparticles. The Time (h)
behavior of these nanoparticles on layered niobate and tantalates -
is not consistent with local reduction of the oxide support or
encapsulation of the metal nanoparticles, as are often invoked in sl
models of the strong metal-support interaction. Rather, it appears
that interfacial covalent bonding, possibly strengthened by d-
electron acid/base interactions, is responsible for the stability of
Rh(OH);, Rh,05, and Rh nanoparticles on niobate and tantalate
supports. 200}
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Isothermal titration calorimetry (ITC) was used to *,
investigate the strength of bonding between rhodium hydroxide I
nanoparticles and oxide supports. During a deposition reaction,
several reactions occur simultaneously, and the overall process
can be represented by the Born-Haber cycle shown in Scheme 1.
The enthalpy associated with the interaction of the Rh(OH);
nanoparticles and the oxide support (Reaction 3) is determined by o0 |
taking the difference between the overall reaction (Reaction 4) a0 |
and the heats of hydrolysis (Reaction 1, AH; = (-27 *5) kJ-mol™) ¢ 2 4 8 8 10 12
and neutralization (Reaction 2, AH, = (-58 + 2) kJ-mol™). (See Injection Number
Supporting Information for details of the determination of AH; Figure 1. A) Real-time ITC
and AHy) In this cycle, there is also a surface energy term that is thermogram for the addition of
dependent on the size of the particles produced. In order to obtain RhCl;  agueous  solution  to
a reliable comparison of bonding energies for different supports, =~ TBAo2:Ho76Ca:NbsO10 sheets in
the final sizes of the Rh(OH); nanoparticles should be similar. ~ €xcess TBA'OH' solution and B)
Rh(OH); particles deposited on Na-TSM ((5+ 1) nm, n=101)  the integrated heat data with an
are significantly larger than those deposited on Nb oxide independent model fit.
nanosheets (< 1 nm diameter).

20 L
40 |
60 |

-80 L

AH (kJ-mol™ Rh)

Scheme 1. Born Haber cycle for deposition of rhodium hydroxide particles onto nanosheet supports in
ITC experiments.

(1) RhCI(OH)(H20)sq) + 2TBA"OH s — Rh(OH)g +2TBA'CI" + xH,0 AH,
(2) HCl(aq) + TBA+OH_(aq) — TBA+C|>(aq) + H2O(|) AH,
(3) Rh(OH)3(5) + TBA'/ sheets’(s) — Rh(OH)3/sheets’(s) + TBA+(aq) AH3
(4) RhClz(OH)(HzO)g(aq)"' 3TBA+OH-(aq) +HC|(aq) + TBA™/ Sheets-(s) —>Rh(OH)3/SheetS-(5) +3 TBA+C|_(aq) + XH20(|)
AH,4

Therefore, high surface area SiO, and y-Al,O; were used as non-transition metal oxide supports in the
ITC experiments, as they gave Rh(OH); nanoparticle sizes of (0.7 + 0.2) nm (n = 100) and (1.3 + 0.4) nm
(n=100), respectively. The y-Al,O; used in these experiments had an average particle diameter of
(50 +£40) nm (n=127) and a surface area of (35.8+0.1)m*>g"'. The SiO, support had an average
particle diameter of (17 £ 6) nm (n=101) and a surface area of (408 + 8) m*-g"'. Both of these high
surface area oxides are used widely as supports for rhodium and platinum nanoparticles. In addition,
nanoparticles deposited on these supports are known to coalesce at temperatures as low at 550 °C.
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A representative ITC isotherm for Rh(OH); deposition onto TBA.4Hq76Ca;NbsO44 sheets and the
associated integrated area plot are shown in Figure 1.  The adsorption of Rh(OH); to
TBAO_24H0_75C32Nb3010, TBAO_7H2_2K1_1Nb6017, and TBAo_lHo.gRbollTao;@ is eXOthermiC, with AH; values
in the range of -32 kJ-mol™ Rh to -37 kJ-mol™ Rh. These three layered oxides are structurally different:
KCa,;Nb3O4, contains only corner-sharing NbOg octahedra, whereas the corrugated sheets of K;NbgO,;
and RbTaO; contain both edge and corner-shared octahedra. Nevertheless the AH; values are all
exothermic and quite similar. In contrast, AH; values obtained with SiO, and y-Al,O; were both
endothermic, (25 * 6) kJ-mol™ and (55 + 6) kJ-mol™, respectively. These differences are consistent with
a relatively strong covalent interaction between Rh(OH)s and the layered niobate and tantalate supports.
The difference in AH; between SiO, and y-Al,O3; may, in part, reflect a difference in the electrostatic
energy of bringing negatively charged Rh(OH); particles to the surfaces of these supports. SiO, and y-
Al,O; have zeta-potentials of (-37 £1) mV and (-44 + 1) mV, respectively. The less negative zeta-
potential of SiO, results in less electrostatic repulsion and therefore, a smaller endothermic heat of
interaction than with y-Al,Os. 4

A = KCa,Nb,O,,
® KNbO,,

Rh metal nanoparticles on oxide supports are used widely
in catalysis, and the temperature at which they can be used
under reducing conditions is limited by their stability against
growth. Therefore, in situ TEM was used to investigate the
growth of Rh nanoparticles on both Nb oxide nanosheets and
Na-TSM under reducing conditions. Figure 2A shows a plot of
average nanoparticle diameter versus temperature for samples
heated in hydrogen. The nanoparticles were too small to
retrieve size information when deposited on KCa,Nb;Oy, and
imaged at temperatures up to 200 °C. The nanoparticles
deposited on K4NbsO;; were (0.5+0.2)nm in diameter at
200 °C when heated in 200 Pa of hydrogen, compared to
(1.1 £ 0.4)nm when heated in vacuum (1 x 10°Pa). When
samples were heated in H,, the growth of the nanoparticles was
retarded for all supports relative to samples heated in vacuum
(Figures 2B-E). Interestingly, nanoparticles deposited on
KCa,;Nb;0;y and K4NbgO;; remain smaller than 2 nm diameter
up to 700 °C. Since the nanoparticles do not aggregate, they
retain active surface area at increased temperatures, and thus
niobates are likely to stabilize Rh nanoparticles under catalytic
conditions. Nanoparticles deposited on Na-TSM also remain
small ((3.6+0.9)nm) at 600 °C but they are not evenly
dispersed. Below 600 °C, the particles are present only at the
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Figure 2.

sheet edges (Figure 2D). At 600 °C, the nanoparticles move
from the edges onto basal planes of the sheets (Figure 2E). This
behavior differs from the other supports heated in H,, where the
nanoparticles were less than 2 nm and evenly distributed at all
temperatures studied. Rh(OH); nanoparticles deposited on Na-
TSM and heated under vacuum also behaved differently. Under
vacuum, the nanoparticles were unevenly distributed but did not
segregate to the edges of the sheets. The Rh,0O; nanoparticles
also grew rapidly with temperature under vacuum conditions.

diameter of nanoparticles heated in situ
in 200 Pa H, at increasing temperatures
on KCasz3010 and K4Nb6017. The
uncertainty reported for each measured
value is one standard deviation of the

mean for »n measurements. TEM
images of nanoparticles on B)
KCasz3010 at 600 OC; C) K4Nb6017 at
600 °C; D) Na-TSM at 200 °C and E)
Na-TSM at 600 °C.

Possible beam effects were investigated to confirm that the

increase in particle size was due to the intended increase in temperature and not due to irradiation. An
area of the support K4NbsO;; with deposited nanoparticles was bombarded with the electron beam for 12
min at 550 °C (electron density of 3 x 107 electrons-nm™"), which is the approximate length of time spent
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Figure 3. EXAFS spectra of rhodium
catalyst on A) KCa,;NbsO,y and B) Na-
TSM heated ex situ in hydrogen for half
an hour at each temperature. The spectra
were taken at ambient conditions; C)
Plot of Rh — Rh coordination number
versus temperature for KCa,NbsO,o and
Na-TSM shows the quicker reduction to
rhodium metal nanoparticles on Na-TSM
versus KCayNb3O4.

at each temperature during TEM imaging. During this time, no
nanoparticle growth was evident. This leads to the conclusion
that beam effects did not induce significant changes in
nanoparticle size.

Short timescale studies were also done in situ in the
TEM to determine if kinetics played a role in the growth of the
nanoparticles. During a typical TEM analysis, stabilization at
a given temperature took up to 30 min. Samples with
nanoparticles deposited on KCa,Nbs;O,y and Na-TSM were
heated at 600 °C for 2.5 h and the particle sizes did not
increase on either support. To further investigate kinetic
effects, nanoparticles deposited on KCa,Nbs;O;y were heated ex
situ at atmospheric pressure in pure hydrogen at 600 °C for
24 h and 48 h, and the average diameters of the nanoparticles
were (4+2)nm (n=116) and (4+3)nm (n=192),
respectively.

As noted above, many previous studies of SMSI show
evidence, especially from TEM and chemisorption data, that
encapsulation of late transition metal nanoparticles occurs
under reducing conditions. With oxide nanosheet supports
under the conditions investigated here, there was no evidence
in HRTEM images of encapsulation of the nanoparticles. Thus
it appears in the present case that the unusual stabilization of
Rh nanoparticles arises from a covalent bonding interaction
with the layered niobate supports. Rhodium oxide
nanoparticles have previously been deposited on SiO,, CeZrO,,
ZrO, and CeO, supports and heated in H, to reduce the
particles. It was found that the activity of the catalyst for CO
oxidation increased as SiO, < ZrQ, < CeZrO, < CeQ,. It was
suggested the activity increases in this manner because of the
distribution of rhodium oxide on the support. This trend
correlates with the d-electron acidity of the support, which
increases in the order of increasing catalyst activity. Another
study showed zirconia retarded the growth of Pd nanoparticles,
whereas SiO, and y-Al,Os supports did not have the same
effect at 900 °C. These trends are not easily explained by an
SMSI model involving reduction of the support. Zirconia is
not easily reduced nor does it suppress H, chemisorption, but it
does maintain small particle sizes for late transition elements
such as Rh and Pd.

The transformation of supported Rh(OH); to elemental
Rh was studied using extended x-ray absorption spectroscopy
(EXAFS). Samples were heated ex situ in hydrogen for 30 min
at each temperature before x-ray absorption data were obtained

under ambient conditions. X-ray Absorption Near Edge Structure (XANES) analysis of samples reduced
in 100 kPa H, indicates that Rh(III) is 80 % reduced to Rh(0) by 250 °C and 90 % by 500 °C on both
KCa)Nb3;0,9 and Na-TSM (Figure 3). While the rhodium is being reduced at the same rate for both
supports, the coordination number increases more rapidly for the particles on Na-TSM than KCa,;Nb;O.
As noted above, the difference can be attributed to differences in the size of the precursor Rh(OH),

particles.
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Presentation Abstract

This program pursues an improved understanding of chemical catalysis for
advanced fuels synthesis and energy conversion processes by elucidating
catalytically important properties of well-defined surfaces, powders and
nanostructures. Complexities stemming from the inherent multi-component aspects
of heterogeneous catalysis are explored using both ultra-high-vacuum surface
science investigations of well-defined model systems, and powder diffraction and x-
ray absorption studies of "real-world" systems. We have found very efficient
catalysts for desulfurization and the production of methanol from CO, hydrogenation
that take advantage of the chemical properties of metal-carbide interfaces such as
Au-TiC and Cu-TiC. Small clusters of Au and Cu in direct contact with TiC undergo
a polarization of charge which enhances the chemical reactivity of the admetals.
The metal-carbide interfaces contain special binding sites which are able to adsorb
and transform molecules that have a low reactivity (CO,, CHy4, thiophene, etc). In
contrast, the formation of a Ni-ceria interface reduces the ability of Ni to break C-O
bonds making the Ni/ceria system an excellent catalyst for ethanol steam reforming.
In the future, we plan to study and manipulate in a systematic way a series of
multifunctional catalysts which contain metal-oxide, metal-carbide or metal-sulfide
interfaces. One of our main objectives is to develop instrumentation or
methodologies for in-situ imaging (STM, TEM) of working catalysts. Part of our
efforts focus on the coupling of XRD and XAFS with infrared spectroscopy and in
the development of instrumentation for transient measurements and kinetic studies.
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RECENT PROGRESS

The research themes in this FWP are inspired by challenges in the production and
use of chemical fuels [1-34]. Specific themes are (i) the cleaning of oil-derived fuels
through hydrodesulfurization [1,9,10], (ii) the reforming of alcohols [12,21,28], (iii)
the synthesis of higher (C4-C,4) alcohols by the hydrogenation of CO, or CO [2,30],
and (iv) CO oxidation [3-7,13,23,29,31]. The last two topics are associated with C1
chemistry. These research efforts are also linked by an interest in the properties of
oxides [4,5,11,14,27,28], carbides [1,9,15-17] and sulfides [9], materials which may
be able to replace scarce noble metals in energy-related catalysis involving
hydrogen transfer, e.g. hydrogenation and hydrodesulfurization processes [2,9,30].
In many of our studies, the catalytic processes are carried out on multifunctional
catalysts which contain metal-oxide, metal-carbide or metal-sulfide interfaces
[1,5,9,28]. The research team has a strong interest in the development of tools for
the in-situ characterization of model and powder catalysts under reaction conditions
[8,12,18-20,23,29]. Since 2011, more than 30 papers have been published showing
the work done under this FWP [1-34].

Activation of Noble Metals on Metal-Carbide Surfaces: Novel Catalysts for

Desulfurization, CO Oxidation and Hydrogenation Reactions

Transition-metal carbides exhibit broad and amazing physical and chemical
properties. These properties may be viewed as resulting from a combination of
those of covalent solids, ionic crystals and transition metals. High-resolution
photoemission, scanning tunneling microscopy (STM) and first-principles periodic
density-functional (DF) calculations have been used to study the interaction of
metals of Groups 9, 10 and 11 with MC(001) (M= Ti, Zr, V, Mo) surfaces [1,2,16].
DF calculations give adsorption energies that range from 2 eV (Cu, Ag, Au) to 6 eV
(Co, Rh, Ir) [1,15,16]. STM images show that Au, Cu, Ni and Pt grow on the carbide
substrates forming two-dimensional islands at very low coverage, and three-
dimensional islands at medium and large coverage [1]. In many systems, the results
of DF calculations point to the preferential formation of admetal-C bonds with

significant electronic perturbations in the admetal, see Figure 1. A comparison of the
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behavior of Au deposited on MC(001) (M= Ti, Mo, V, Zr) indicates that the electronic

perturbations on the admetal

vary depending on the nature
of the carbide substrate
[1,15,16]. TiC(001) and
ZrC(001) transfer ~ some
electron density to the
admetals facilitating bonding
of the adatom with electron-
acceptor molecules (CO, O,,
CoH4, SO,, thiophene, etc)
[1,10]. In spite of the very poor
HDS performance of TiC(001)
or Au(111), a Au/TiC(001)

surface displays an activity for

the HDS of thiophene higher Figure 1: Electron density plots calculated after depositing Au,
on TiC(001), ZrC(001), VC(001) and 6-MoC(001). The probability

than that of  conventional
of finding the electron varies from 0 (blue color) to 1 (red color)

Ni/MoS, catalysts [1,9]. In

general, the Au/TiC system is more chemically active than systems generated by

depositing Au nanoparticles on oxide surfaces [1,2,9,10,15,16]. Thus, metal
carbides are excellent supports for enhancing the chemical reactivity of noble

metals.

Methanol synthesis from CO, Hydrogenation on Au/TiC(001) and Cu/TiC(001)

CO, chemistry has become a very attractive area of research not only because
environmental concerns but also due to the potential use of CO, as an alternative
and economical feedstock. This is a difficult task in C1 chemistry due to the
challenges associated with the chemical activation of CO,. In the area of
heterogeneous catalysis, a lot of attention has been focused on the synthesis of
methanol through the hydrogenation of carbon dioxide (CO, + 3H, — CH3;OH +
H>O) on metal and metal/oxide catalysts. Our studies indicate that small Cu and Au

particles in contact with a TiC(001) surface undergo a charge polarization (Fig 1)
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which makes them very active for CO, activation and the catalytic synthesis of

CH3OH synthesis

'
N
L

= Cu/TiC(001)

Au/TiC(001)
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»
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Ln{rate/(101°methanol molecules cm™ s

'
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Figure 2: Arrhenius plot for methanol synthesis on Cu(111), a
Zn0O(0001) surface pre-covered with 0.2 ML of Cu, clean TiC(001)
and titanium carbide pre-covered with 0.1 ML of Au or Cu. 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,. The reported values are for
steady state rates measured at temperatures of 600, 575, 550, 525
and 500 K

methanol [2,30]. The binding
energy of CO, on these
systems is in the range of
0.6 to 1.1 eV, much larger
than those observed on
surfaces or nanoparticles of
Cu and Au. Thus, in spite of
the poor CO, hydrogenation
performance of Cu(111) and
Au(111), the Cu/TiC(001)
and Au/TiC(001) systems
display a catalytic activity for
methanol synthesis
substantially higher than that
of conventional Cu/ZnO
catalysts, see Fig 2 [2,30].
The turnover frequencies for
methanol  production on
Cu/TiC(001) are 170-500
times much larger than on
Cu(111) [2]. Thus, our study

illustrates the advantages of using a metal carbide as a support for noble metals for

CO; hydrogenation.

Studies on Ethanol Steam Reforming on a NiO/CeO, Catalyst

In recent years, ethanol has received significant attention as a source of energy.

One objective is the production of hydrogen from steam reforming (C,HsOH + 3H,0O

— 2C0, + 6H,) and there is also a strong interest in directly using ethanol as a

fuel for mobile fuel cell applications. A major issue is the identification of non-

expensive and stable catalysts which can accomplish the cleavage of the C-C bond

in ethanol without subsequent deactivation by coke deposition. Our studies have
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shown that the NiO/CeO, can accomplish this [12]. The steam
reforming of ethanol on a Ni-based CeO,-supported catalyst,
see Figure 3, was studied using in-situ X-ray XRD, operando
DRIFTS, and mass spectroscopy with a focus on the structural

characterization of the catalysts, chemical identification of the

) ) reaction pathway, and understanding of the interaction
Figure 3. TEM image of

a NiO-CeO, catalyst between Niand the CeO, support [11,12]. The results of TEM

:’:f:rmmgfor ethanol g XRDindicate that the fresh catalyst consists of a mixture of

NiO and CeO,. Upon exposure to a mixture of ethanol and
water, or even pure ethanol, the NiO undergoes reduction at temperatures above
300 °C. At the conditions in which ethanol is transformed into H, and CO, (T > 300
°C), the sample contains nanoparticles of Ni dispersed on a partially reduced ceria
support [12]. Ethoxy, acetate, carbonate, and hydroxyl species were identified by
DRIFTS as surface intermediates that appear during the reaction process. The
oxidation of ethoxy to acetate and the decomposition of acetate were two key steps
in the steam reforming process on Ni/CeO, [12]. Electronically perturbed Ni
adatoms exhibited an unusual chemical reactivity [11,28]. In general, we have found
that the small Ni particles supported by CeO, are highly active towards ethanol
steam reforming displaying a better performance than the best catalyst reported in
the literature, Rh/CeQ,. Thus, in Ni/CeO, we have a highly efficient and non-

expensive catalysts for ethanol steam reforming [12,28].

CO Oxidation of Well-defined Surfaces of Mixed-Metal Oxides
Within the realm of C1 chemistry, the oxidation of CO (CO + 0.50, — COQO,) is the

simplest reaction that can be used to test the catalytic properties of novel materials.
In automotive exhaust emission control, the complete oxidation of carbon monoxide
is of prime importance to meet increasingly stringent environmental regulations
in a practical way. Our group has found that mixed-metal oxides of the CeO,/CuQO
TiO/CuO, and RuO./TiO, types are quite active for the oxidation of CO
[3,4,13,23,29,34]. In a set of experiments, the combination of XPS and STM
established that supported nanoparticles of CeO, and RuO, were quite efficient for

adsorbing and dissociating the O, molecule [3,4], with a subsequent spilling of O to
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the oxide support. The configuration of these mixed-metal oxide catalysts opens

interesting routes for technological applications.

Development of Techniques for In-situ Characterization of Powder Catalysts: Time-
resolved PDF, XAFS/XRD, XAFS/IR and XAFS/Raman

The development of techniques for characterizing the structural properties of
catalysts under the high-pressure conditions of industrial processes is widely
recognized as a top priority in the area of heterogeneous catalysis. In the last years,
the Catalysis Group at BNL has been very active in developing instrumentation for
the characterization of catalysts with pair-distribution function (PDF) analysis and
the integration of XAFS and XRD or XAFS and IR or Raman [18-20,23,25]. The
integration of IR and Raman with XAFS (Fig 4) allows a simultaneous determination
of the reaction intermediates on the surface and the chemical state and structure of
the catalyst [23]. Raman spectroscopy adds sensitivity to crystallographic phase and
long range order that both XANES and EXAFS are lacking. In-situ PDF has been
used to study the structure of amorphous metal and metal oxide nanoparticles under
reaction [31]. Using a XAFS/IR combination, we have investigated reaction

mechanisms and correlations between structure/reactivity for CO oxidation [29].

Raman Spectrometer

Gas Inlet

I Ionization Chamber

Reference Cu foil . \ . Gas Outlet

I Ionization Chamber I, Ionization Chamber
ref

Figure 4. Instrumental set-up for combining XAFS and Raman [23].
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Presentation Abstract

This work is part of Ames Laboratory research on "Homogeneous and Interfacial
Catalysis in 3D Controlled Environment”, described in detail elsewhere.

To prepare single site interfacial catalysts for conversions of oxygenated and partly oxidized
organic compounds, we have reacted ToMRh(CO)2 (ToM = tris(4,4-dimethyl-2-
oxazolinyl)phenylborate with benzenesulfonic acid functionalized mesoporous silica (MSN-
PhSOsH). The product, [HToMRh(CO),]* [MSN-PhSOs], is assigned based on a comparison to
soluble analogues, namely the reactions of TOMRh(CO), and PhSO3H or F3CSO3H.! ToMRh(CO):
is a catalyst for the photoactivated decarbonylation of alcohols to alkane, CO, and H>,> however
under homogeneous conditions, [HToMRh(CO);]"[PhSOs]~ does not catalyze decarbonylation. In
contrast ToMIr(n*-CsHi2) and PhoB(OxMe2)Ir(n*-CsHi2) (OxMe2 = 4 4-dimethyl-2-oxazoline)
catalyze the thermal decarbonylation of primary alcohols to alkanes. In order to further enhance
reactivity for carbonyl activation under photochemical or thermal conditions, we have
synthesized new oxazolinylborate ligands. In particularly, a new bis(oxazolinyl)
(carbene)phenylborate ligand [PhB(OxMe2),(ImMes)]~ (ImMes = 1-mesitylimidazole) is synthesized
by the reaction of the borane [PhB(OxM¢?),], and ImMe3 Metalation with rhodium gives
{PhB(OxMe2),(ImMes)} Rh(CO),. Although that compound is also not effective for photochemical
or thermal decarbonylation of primary alchols, it reacts with PhSiH3 under thermal conditions to
give {PhB(OxMe2),(ImMes)} RhH(SiH2Ph)(CO) via oxidative addition of a silane Si—-H bond.
Notably, the tris(oxazolinyl)borate analog is inert to silane oxidative addition.* The
deoxygenation of esters to ethers is readily catalyzed by {PhB(OxMe2),(ImMes)} RhH(SiH2Ph)
(CO) in combination with B(CeFs);. The mixed bis(oxazoline)(carbene)borate ligand also
supports zinc alkyls and zinc alkyl peroxides (formed from reactions with O2). Thus,
H[PhB(OxM¢2),(ImM*s)] and ZnR, (R = H, Me, Et) react to give {PhB(OxM¢2),(ImMes)}ZnR.
Reaction of {PhB(OxMe?)y(ImMes)}ZnEt and O: provides crystallographically characterized
{PhB(OxMe2),(ImMes)} ZnOOEt, whereas {PhB(OxMe2),(ImMes)lZnMe and
{PhB(OxMe2),(ImMes)} ZnH are inert toward Oa. This reactivity follows the trend of our previous
report of reactions between ToMZnR and O;.’
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The chemistry of C-C coupling reactions catalyzed by metal oxides is still under study.
One of the primary reactions for C-C coupling is aldol addition, in which two carbonyl
compounds react to form a larger molecule. In the literature, several “bifunctional” catalysts,
which contain both acid and base sites, have been reported to exhibit enhanced activity and/or
selectivity towards aldol addition, but rational design of superior bifunctional catalysts is still not
possible. Here, mechanistic insights on aldol addition catalysis are presented, based on recent
results on aldol condensation of ethanal to form 2-butenal (ethanal + ethanal - 2-butenal +
H,0). Ultrahigh vacuum experiments were performed with ethanal adsorption on oxidized and
reduced CeO,(111) and CeO,(100) followed by temperature ramps. Aldol condensation was
observed as a minor pathway on oxidized CeO,(100) at ~420 K. On partially reduced CeO(111),
stable enolates associated with Ce** were detected prior to 420K, but aldol condensation was
only observed as a minor pathway at the higher temperature of ~590K after a more complicated
experimental procedure. Analysis of the mechanism in the context of the literature suggests that
a) when a non-Brgnsted acid site activates the carbonyl, the mechanism requires a reducible or
partially reducible cation for the acid site (which Ce®** does not fulfill), and b) that in some cases,
such as reduced sites on CeOx(111), enolates may bind “too strongly” to metal cations sites,
preventing efficient aldol condensation.

Experiments were conducted on the liquid phase oxidation of benzyl alcohol to
benzaldehyde and side products over Pd nanoparticles supported on activated carbon, with the
aim of determining the operative chemical reaction network. From transient kinetic data, it was
determined that there are two primary reaction paths: A) an alkoxy pathway leading to toluene,
aldehyde, and benzyl ether, and B) a carbonyloxyl pathway (a radical species that is often called
a “carboxylate” or “acetate”) leading to benzoic acid, benzene, and benzyl benzoate. From the
mechanism elucidated, it is clear that site competition and the coverages of atomic hydrogen,
atomic oxygen, and surface hydroxyls must be accounted for to achieve a complete description
of the quantitative kinetics.

*This research is part of FWP ERKCC96. For a full description of recent progress see the
Abstract submitted by Steven H. Overbury.
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Presentation Abstract

Often in computational catalysis we are confronted with describing systems in which the
components interact in complicated, non-linear ways. For instance, interactions between the
atoms in an alloy may favor certain alloy compositions and structures; interactions between
atoms and vacancies at a surface may induce reconstructions; interactions between adsorbates
can result in coverage-dependent adsorption. A cluster expansion (CE) is a useful formalism for
representing the energy (or any scalar property) of a system in terms of the type, number, and
arrangement of its components. CE’s are conveniently fit to the results of DFT calculations and
can be applied to any problem that can be
mapped onto a lattice. In this work we
describe our recent work to develop and
apply CEs in the context of heterogeneous
catalysis. First, we compare several
common and one new approach to
parameterizing two-dimensional CE’s for
surface adsorption. Second, we use the example of oxidation of a Pt surface to show how the
process of fitting a CE can be helpful in discovering new, difficult to intuit surface features.
Third, we show how the CE can be used to quantify coverage-dependent chemisorption on
surfaces and how the CE can then be integrated into coverage-aware kinetic models. We use as
example the catalytic oxidation of NO to NO; on the late transition metals.

DE-FG02-06ER15839: Towards Realistic Models of Heterogeneous Catalysis: Simulations
of Oxidation Catalysis from First Principles

Post-docs: Dr. Kurt Frey
Students: Laura Herder, Anshuman Bajpai

RECENT PROGRESS
Coverage-aware kinetic models

In heterogeneous catalysis it is now well understood that the strength of the adsorbate-surface
bond is correlated with the rates of surface reactions. In general, though, this bonding is a
function not only of the surface and the adsorbate but also of the adsorbate coverage. This
dependence emerges because, unlike the assumptions made in the simplest Langmuir-
Hinshelwood kinetic models, adsorbates interact energetically with one another. The
implications of adsorbate interactions on observed kinetics—Ilike activation energies and rate
DE-FG02-06ER15839
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orders—and on “optimal” catalytic materials, remain to be fully explored. We are examining

these questions in the context of -catalytic
oxidations—reactions in which surfaces can
accumulate high coverages of reactants. We
combine density functional theory (DFT)
calculations and cluster expansion techniques to
develop and explore coverage-sensitive Kinetic
models.

Recently we have made progress on a number of
fronts:

(1) In work published in PCCP, we used DFT

Simulation
T T T T
By

Experiment

Rate (ML/s)

0.02

0.01r

calculations to look carefully at O, 0.00
dissociation pathways on Pt(lll) This topic 500 660T760 36? 968()16001100 400 sboTebo 76? ab(c:()gbo 1000
has generated a fair bit of confusion in the _ _ L
computational and experimental literature ~ Figurel: Simulated (left) and observed (right)

0, TPD from Pt(111).
because of the presence of a number of
competing reactions channels. We were able
to combine these into a unified picture of the dissociation process at low coverage, and
further showed that these competing channels all merge into a single one at higher coverages.
Further, we developed a Brgnsted-Evans-Polyani (BEP) correlation between dissociation
barriers and adsorption energies as a function of local adsorbate coverage.

(2) In work appearing in Surf. Sci. Lett. this year, we used the PCCP results in combination with

our CE-based “reaction site” Kinetic approach to predict the simplest of coverage-dependent
reactions: the temperature-programmed desorption of O, from Pt(111). While this spectrum
has been fit and modeled semi-empirically, this is the first fully first-principles, molecularly
detailed model of the TPD. As shown in the Figure, the model predicts remarkably well the
growth and temperature-dependence of the low and intermediate peaks observed
experimentally. Further, by applying standard TPD analysis to the simulated spectrum, we
are able to show how the underlying BEP relationships and presence of adsorbate ordering
contribute to the fitted kinetic parameters.

(3) We are interested extending the coverage modeling framework to lower-symmetry, more

structured surfaces. In work appearing in Topics in Catalysis and in a contributed chapter to
a Computational Catalysis, we describe a coverage-dependent adsorption model for oxygen
on Pt(321). This surface exposes kinks and steps that present multiple competing sites for O
and O, adsorption. With the aid of a five-site cluster expansion parameterized against 100’s
of DFT calculations, we are able to predict the growth of ordered oxygen structures on the
surface. The results agree with observed surface coverages and provide revised assignments
of the surface vibrational spectroscopy (HREELS).

DE-FG02-06ER15839
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(4) In work reported in Jason Bray’s 2013 dissertation and that we are preparing for publication,
we have combined the Pt(321)-O CE results with an O, dissociation BEP to predict oxidation
rates on this surface. We use the model to compare rates of NO oxidation to NO on Pt(321)
and Pt(111), two surfaces for which

there is high-quality experimental Reaction Site Model Experiment
results. As shown in the Figure to the o T T 2109 *
right, we recover absolute rates, rate ./ 8] |oamai) A
orders, and apparent activation s | 5.l ;m'}l
energies that correspond well with g |~ 1842
experiment.  Further, as with the = wapiTa0K Zgg_ﬁ
TPD, we are able to identified the  *° e | T 600
“site-averaged” activation energy as  °° oz siae g iz " MidpointNONO
the key descriptor of surface 110 L N
reactivity  and the leading 100 S - s, ]
contribution to  both  apparent % L= n itvciies 16
activation energy and apparent rate = ,f § Se wit J11%s]
Ol‘der. Lu‘%GD g % 50 .' il l
3 i
Surface reconstructions ] “ : e ;503*
(5) As is evident from Figure 1, the © e Smeltz ef . L:,%}:Z,ZG,ZMO

descriptions of oxygen chemistry on ) ) ) ) )
Figure 2: “Reaction site”-predicted and experimentally

Pt(111) that we have devel()p.e d so far observed reaction orders (top) and apparent activation
are not able to capture behavior at the  energies (hottom) for NO oxidation over Pt(111) and Pt(321).
very highest oxygen coverages. We

understand the origins of these discrepancies: at sufficiently high oxygen coverages, the
surface begins to reconstruct and oxidize. In this particular case, the reconstructions appear
to be associated with adsorption of oxygen in sites so close to one another that metal atoms
move out of the surface to “screen” the adsorbates from each other. As with the
chemisorption problems above, this is a system that can be described (with greater effort)
through a combination of DFT and CE models. To facilitate CE fitting, we have developed a
new, “steepest descents” fitting algorithm that we describe in a paper under preparation for
submission. With this tool in hand, we are proceeding to fit the reconstruction problem.

Future Plans

In the systems studied to date only one species (oxygen) dominates the surface coverage
problem. We are working to model more complicated multi-component systems in the same
way, again with the aims (1) of properly describing coverage dependence and (2) shedding light
on the manifestations of coverage on observed catalytic rates.
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Presentation abstract

Combining an organometallic precursor with a high surface-area oxide is frequently
claimed to lead to a “well-defined” or single-site supported catalyst, although difficulties
in characterizing and modeling such sites make such claims challenging to defend.
Motivated to explore the relationships between surface organometallic fragments and
self-initiating heterogeneous catalysts for olefin metathesis and polymerization, we aim
to understand the origins and ramifications of active site heterogeneity both
experimentally and computationally. The sites formed upon interaction of CH3;ReOs with
heavily chlorinated y-alumina, which are active in olefin metathesis, reveal chlorine
transfer from Al to Re which promotes tautomerization to the methylidene form, although
such sites remain minor components according to active site counting. Similarly, grafting
of Cr(CHSIi(CHs)3); onto amorphous silica produces sites which are active in ethylene
polymerization, but formation of large oligomers upon reaction with sub-stoichiometric
amounts of ethylene suggests that few sites participate. A systematic computational
method to explore the dependence of the activation barrier on small distortions in the
local structure of the active site accounts for this behavior and attributes the origin of the
heterogeneity to the active site-support interaction.

DE-FG02-03ER15467: Hierarchical Design of Supported Organometallic Catalysts
for Hydrocarbon Transformations

Postdocs: Alessandro Gallo, Zhenhuan Zhou
Students: Daniel Coller, Anthony Fong, Colin Gardner, Tacho Hwang, Daniel Ruiz,
Stefan Seritan, Joshua Simmons, Youhong Wang, Ye Yuan

RECENT PROGRESS

Effect of support chlorination on an MTO/AL;O; olefin metathesis catalyst. When
supported onto alumina and silica-alumina, MTO becomes an active catalyst for olefin
metathesis even at room temperature. The acidity of the support appears to be a key
factor in MTO activation. Early literature reports suggested that Brensted acidity was
responsible, although our work showed that it is the Lewis acid sites that are directly
involved in creating the active sites. In the past year, we explored chlorination of y-Al,O;
followed by grafting of MTO as a means to increase the catalytic activity for olefin
metathesis. It is well-known that chlorination leads to increased acidity of the support.
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We observed a dramatic increase in reactivity for
propylene homo-metathesis when MTO is grafted on | ]
Cl-y-Al,O3; compared to y-Al,O3, Figure 1. At 0 °C, ﬁ;
equilibrium was established after 5 min over MTO/CI- F ]
v-Al,O3, while MTO/ y-Al,O3 required > 60 min.
Interestingly, the increased activity is not directly
correlated to the increase in the number of active sites
for the chlorinated catalyst. In fact, active site counting
showed that 12-16 % of the MTO is active on o
chlorinated alumina, while only 2 % is active when
grafted on unmodified alumina. Despite the ca. 9-fold o s 1w = = = = =
increase in the number of active sites, the catalytic e (m
activity for propylene homo-metathesis increased by a
factor of 34. This implies that the active sites on Cl-y-
Al,O; differ from
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Figure 1. Kinetic profiles for propylene
homo-metathesis at 0 °C: propylene
consumption and product formation
(ethene+butenes) for MTO on Cl-y-Al,O3
N 16.7 W those previously (red dots: data; red line: fit) and on y-

d : o reported for ALO:; (blue dots: data; blue line: fit).

S MTO/y-ALOs, as we also evidenced by "C solid-

| 251 state NMR spectroscopy of MTO/Cl-y-Al,Os. The
effect of chlorination on the nature and number of
2, W surface OH groups on y-Al,O; was investigated
= 24 "lo/T\C using IR, 'H and "“C solid-state NMR, which
e R revealed that OH groups are largely displaced by
ClL. EXAFS analysis at the Re Ly edge revealed the

llb ) presence of a Re-Cl path.
pathway 1 \\j/c The role of Cl in MTO activation was modeled
20.3 e Ko\ using Al,Clg. MTO can interact with this cluster in
T ALK at least three ways: (1) via an oxo ligand binding to
< pathway 2 . Al, (2) via exchange of a bridging Cl with an oxo
A 1.7 Nl ligand, or (3) via binding of an oxo ligand to Al
e T el e with cleavage of a bridging Cl bond. All have
[ pathway3 ) similar energies, consistent with the observed
33.9 " heterogeneity of the active sites. However, transfer
™~ >'/ of Cl from Al to Re appears to promote

€ tautomerization, leading to a Re carbene that is

Fi 2. Reacti T : L oo
18UPE 2. FEACtOn eNeTBIes potentially active in metathesis, Figure 2.

(kcal/mol) for carbene formation

'c

Understanding self-initiation in supported catalysts for ethylene polymerization.
Grafting Cr[(CH(SiMe;):]; onto silica generates a high activity ethylene polymerization
catalyst. Reaction with the surface hydroxyls was confirmed by IR. Elemental analysis
(C, Cr) revealed the retention of one bis(trimethylsilyl)methyl ligand per grafted Cr site,
i.e., [(ESi0),Cr(CH(SiMes),)]. The supported organochromium catalyst spontaneously
initiates polymerization of gas phase ethylene at low pressure (ca. 125 Torr) with a rate
law that is first-order in both P(C,H4) and moles of Cr. The specific activity and apparent
activation energy of the model catalyst closely resemble that of the conventional Phillips
catalyst, suggesting that they share a common polymerization mechanism.
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Analysis of the products of super-low-pressure ethylene
oligomerization (Cr/C,H4= 8.3) by Field Desorption (FD)-
MS (Figure 3) revealed a mixture of hydrocarbons, most of
which do not contain the initiating —CH(SiMe3), ligand.
The formation of long-chain oligomers suggests that few
sites are highly active sites, as is found in the traditional
Phillips catalyst. The heterogeneity may arise from the
bonding of additional O-donor ligands derived from silica.
Unexpectedly, the chains consist of not only integer but
also half-integer numbers of ethylene subunits, with the
former actually being more abundant. Presumably, both
[(=Si0),CrH] and [(=SiO),CrCHs] are formed by chain ]
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. o .. . Figure 3. FD-MS analysis of
An algorithm for describing heterogeneity in catalyst sites  ,jigomers produced in carly-

on amorphous supports. For catalysts involving  stage low-pressure ethylene
amorphous supports, the usual paradigm of predicting polymerization by

properties from catalyst structure is not viable because the — [(5510):Cr(CH(SiMe),)].
molecular structure is unknown. Current computational

methods for modeling catalysis on amorphous supports use isolated cluster models with
arbitrary structural constraints, which is unsystematic and does not capture the
inhomogeneous distribution of active sites present on the amorphous support.

We developed a sequential quadratic programming (SQP) algorithm that reverses the
paradigm, and creates catalyst structures with specified catalytic activity, thus generating
the most stable active and inactive sites for a given cluster topology. The SQP algorithm
uses ab initio gradients and second derivatives of the energy to systematically generate
low energy active sites with successively lower or higher activation energies. At each
computed activation energy, the peripheral atoms are properly constrained to mimic the
rigid environment around a solid active site. By comparing the structural differences
between sites, important structure-property relationships can be uncovered, which can
then be used to better understand catalytic activity on amorphous supports. In the past
year, we have developed external plug-ins for use with the Gaussian 09 and Q-Chem
computational chemistry software. The framework shows great promise as a useful tool
for analysis of isolated sites on amorphous catalyst supports.
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Theoretical studies of water oxidation on titanium, cobalt, and nickel/iron oxides

Annabella Selloni, Jia Chen, Ye-Fei Li
Department of Chemistry, Princeton University, Princeton, N.J. 08544
Abstract

Water splitting on metal oxides has attracted a great deal of interest for more than forty
years. While most of the work has focused on TiO,, recently cobalt and mixed Ni-Fe oxides
have also emerged as promising electrocatalysts for water oxidation due to their low cost and
high activity. This talk reviews recent studies of our group on the oxidation of water on these
materials. Using DFT+U calculations, we have compared the energetics of the oxygen evolution
reaction (OER) on selected surfaces of Co3O4, CoOOH, NiFe,O,4, pure and Fe-doped NiOOH.
Based on the computed overpotentials, Fe-doped S-NiOOH is predicted to be even more active
than RuO,, a well-established catalyst for the OER. By combining First Principles Molecular
Dynamics simulations with hybrid functional calculations, we have studied the kinetics of the
first proton-coupled-electron transfer at the water/TiO, interface in the presence of a
photoexcited hole. Our results provide evidence that the proton and electron transfers are not
concerted but rather represent two sequential processes. Finally, we examined the OER activity
of a TiO, (001) film of anatase supported by a ferroelectric substrate. We find that the activity is
directly related to the changes of the dynamically induced polarization in the supported TiO, film
during the reaction. Our results further show that by combining strain with polarization it is
possible to generate a pathway with strongly reduced thermodynamic barriers relative to
unsupported TiO,.

DE-FG02-12ER16286: Understanding Surfaces and Interfaces of Photocatalytic Oxide
Materials with First Principles Theory and Simulations

Postdocs: Jun Hee Lee®, Ye-Fei Li

Students : Jia Chen®™, Weiyi Hou, Sencer Selcuk

Affiliations: @ Present address: Materials Science and Technology Division, Oak Ridge
National Laboratory, Oak Ridge, TN 37831, USA; ®Present address: Materials Science and
Engineering, Columbia University, New York, NY 10027

RECENT PROGRESS

Chemical Dynamics of the First Proton Coupled Electron Transfer of Water Oxidation on
TiO, Anatase - TiO; is one of the most widely used photoanode materials for photo-
electrochemical water splitting, yet its performance is limited by the large overpotential for the
oxygen evolution reaction (OER). To obtain insight into the origin of this limitation, we have
carried out a theoretical study of the first proton coupled electron transfer (PCET), which is
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generally considered the rate-determining step of the OER on TiO,. We use a periodic model of

e the TiOy/water interface that includes a slab
e ”:"j of anatase TiO, and explicit water
=0 molecules, sample the solvent

ET configurations by  First  Principles
l Molecular Dynamics, and determine the
energy profiles of the two electronic states

o
o0

bl
'S

%«éz;

Relative Energy (eV)

——a—8—a

N e Y involved in the electron transfer (ET) by
- ER = 2 J% Ad(A)  hybrid functional calculations. Our results
Proton transfer indicate that the proton and electron

transfer are not concerted but rather
sequential, with the proton transfer (PT) preceding the electron transfer (ET). The PT has a
significant activation energy, in the range 0.2-0.5 eV, whereas the following ET is essentially
barrierless and occurs via an inner sphere process, which is facilitated by a state in which one
electronic hole is shared by the two oxygen ions involved in the transfer. Based on these results,
the higher OER activity that is observed experimentally at high pH can also be explained.

TiO,/Ferroelectric Heterostructures as Catalysts for Water Oxidation — In the search for novel
photocatalytic materials that are more efficient than TiO,, recent experimental studies have
considered heterostructures composed of a TiO, thin film on a ferroelectric substrate. Despite

oo § 00 o o _o SOMe encouraging results, understanding of the reactivity of
O

;t ﬁ‘ v.fv{_o the_se heterostructures_, is still limited. _
o e 09 1040 Using DFT calculations, we have explored the chemical
0 activity of epitaxial heterostructures of TiO, anatase on
H) s *i"ﬁ"’ strained polar SrTiO3(STO) films focusing on the oxygen
P q?-o L : _‘;ﬁ’;;“’ evolution reaction (OER), the bottleneck of water-splitting.
ﬁviﬂ, | Our results show that the reactivity of the TiO, surface is
™ o-'? 50 tuned by electric dipoles dynamically induced by the
HU;) : o,lvf o adsorbed species during the intermediate steps of the

+@)  reaction while the initial and final steps remain unaffected.
By varying the strain and thickness of the STO substrate, we

[ - i - T ) . -
w(z p °q further show that the strain and the induced dipole can be
ng synergistically tuned to optimize the surface reactivity.
o-°-0-%9 Compared to the OER on unsupported TiO,, the combined

effects of the dynamically induced dipoles and epitaxial strain strongly reduce rate-limiting
thermodynamic barriers and significantly improve the efficiency of the reaction.

Mechanism and Activity of Water Oxidation on Pure and Fe-doped NiOy - Mixed nickel-iron
oxides have recently emerged as promising electrocatalysts for water oxidation due to their low
cost and high activity, but the composition and structure of the catalyst’s active phase under
working conditions is not yet fully established. Using density functional theory calculations with
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vty Bawe 0P ORI on-site Coulomb repulsion, we have studied

n: 0.52V n: 048V n: 046V m0.26V the energetics of the OER on selected surfaces

Ni Fe
s
B « L
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‘@ Se ©

Ni Fe : : .
SN of pure and mixed Ni-Fe oxides that are

possible candidates for the catalyst’s active
”r} phase. The investigated surfaces are pure -

©

Pure Fe dnped Pure F;;- dupcd NlOOH(O 115) and 'Y'NlOOH(lOl), Fe-dOped

y-NiOOH (101) B-NiOOH (0115)

B-NiOOH(01T5) and  y-NiOOH(101),

NiFe,04(001), and Fe30,4(001). We find that Fe-doped S-NiOOH(0115) has by far the lowest
overpotential, 1 = 0.26 V, followed by NiFe;04(001), 1 = 0.42 V. Based on the computed
overpotential, Fe-doped $-NiOOH is even more active than RuO,, a well-established catalyst for
the OER. NiFe,O, is another efficient OER catalyst, but less active than Fe-doped S-NiOOH.
Both Fe-doped #-NiOOH and NiFe,O,4 could contribute to the OER catalyst’s active phase of Fe-
doped NiOx.
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Wendy J. Shaw
Enhancing the Performance of Hydrogenase Mimics with An Enzyme-Inspired Outer
Coordination Sphere
Wendy Shaw, Arnab Dutta, Sheri Lense, John Roberts, Bojana Ginovska-Pangovska
Pacific Northwest National Laboratory
Presentation Abstract

We are designing an enzyme-inspired outer coordination sphere into redox active catalysts
(Ni(P?;N%',),) which oxidize and produce H,, mimicking the hydrogenase enzyme, with the
overall goal of using these well understood organometallics as a probe to understand how the
protein scaffold contributes to catalysis. The incorporation of a single amino acid into the P,N,
ring to make H, oxidation catalysts, [Ni(P<Y,NA™"° 89,y 12* ‘results in water soluble complexes
with rates up to 4 times faster than previously reported complexes, operating at 180 mV
overpotential, close to the energy efficiency of the enzyme. We have demonstrated that the
carboxylic acid groups facilitate rapid proton movement resulting in lower overpotentials, and
that side chain functional groups can influence the structure of the active site, enhancing catalytic
rates. Experiments at high temperature and high H, pressure have resulted in unprecedented
rates of H, oxidation, as high as 1.5 x 10° s™, at overpotentials below 300 mV. Despite these
phenomenal results, there is still evidence of limiting proton and/or electron transfer, suggesting
that even faster rates and lower overpotentials can be achieved. To realize or exceed the
combination of enzyme-like rates and overpotentials, future studies will include investigating
additional amino acids to understand contributions of other side chains in structural roles, as well
as the role of the pK, of the side chain in aiding proton movement. The addition of larger
peptides to further enhance proton movement and control the positioning of functional groups to
influence catalytic properties is also planned, building upon successes achieved attaching
peptides to H, production catalysts. Combining these approaches allows us to develop a
mechanistic understanding of the role of the outer coordination sphere on molecular catalysts,

and may also serve as a model system for understanding the protein scaffold in enzymes.

DE-ACO05-76RL0 1830: Early Career: Catalyst Biomimics: A novel approach in catalyst
design
Postdocs and Junior Staff: Arnab Dutta
Sheri Lense
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RECENT PROGRESS
1) Two-Relay Proton Channels. Summary: We have synthesized and characterized two

complexes ([Ni"(PSY,NEPyridazyhmetyl y 12+ Nl pCy, NCIveine y 14y with built-in proton channels.
This

work resulted in publications in Chemical Communications and the Journal of the American

Both of these complexes provide significant improvements in rate and/or overpotential.

Chemical Society.
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Figure 1. Proton channels enhance catalytic properties. A) Parent complex ([NI"(PcyzNBenzy'z)z]2+)
contains a single proton relay; B) the introduction of a second proton relay in the pyridazine group
([Ni"(PSY,N@Pyridazyhmetivl y 124y gacilitated proton transfer and reduced the overpotential of catalysis; C)
the introduction of the carboxylic acid group in glycine as a second proton relay ([Ni"(P<,N®"*",),]*")
resulted in water solubility while maintaining the activity of the fastest parent complex and operating at a
low (180 mV) overpotential under conditions relevant for fuel cells.

2) Water soluble H; oxidation complex with arginines enhances catalysis due to an enzyme-
like stabilization. Summary: We have designed, synthesized and characterized a hydrogen

oxidation catalyst with the amino acid arginine. The pairing between guanidiniums results in a

stabilization that enhances catalysis four times faster than the fastest reported catalyst. High
NH- 4 -
' NE: ] C (e k(s : - 500
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Figure 2. [Ni"(P®Y,N""%,),]®" is an active H, oxidation catalyst at all pH values, with enhanced rates at
low pH, conditions most relevant for fuel cells. Overpotentials also vary as a function of pH,
demonstrating a dependence on proton and/or electron transfer at high rates.
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pressure results in rates of 140,000 s at an overpotential of 480 mV. This has been published in

Angewandte Chemie.

3) Computationally predicted mutations improve [FeFe]-hydrogenase activity. Summary:

investigations of the proton channel of [FeFe]-hydrogenase using molecular dynamics revealed

a key residue at the mouth of the proton channel that was likely slowing activity due to the

formation of a salt bridge. Our collaborators (Hegg, U. of Michigan) determined that our

computations were correct:
mutating the residue from
arginine to Leucine enhanced
enzymatic activity 3-fold. This
suggests that there is a
regulatory mechanism
controlling proton transfer to
the active site. This work is
being prepared for submission

to Biochemistry.

Fi