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FOREWORD

The 2016 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 June 21-24, 2016, at the Marriott Washingtonian Hotel, Gaithersburg, Maryland. The
purposes of this meeting are to discuss the recent advances in the chemical, physical, and biological
bases of catalysis science, to foster exchange of ideas and cooperation among 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 computational chemistry methods, will allow the control of chemical reactions along
desired pathways. This new knowledge will impact the efficiency of conversion of natural resources
into fuels, chemicals, materials, or other forms of energy, while minimizing the impact to the
environment.

This year’s meeting pursues the continuing goal of highlighting the potential advances in catalysis
science to be made via studies of the mechanisms of important catalytic reactions, with the theme
of the “Science of Catalytic Reaction Mechanisms”. Such studies go to the heart of the essential
fundamental information needed to understand catalyst materials, and the chemical reactions that
are enabled by catalysts. In addition to a plenary address by Professor Alan Goldman, Rutgers
University (“Hydrocarbon Conversions Catalyzed by Iridium Complexes: High and Low Oxidation
States”), the meeting consists of 17 oral and 52 poster presentations by BES/Catalysis Science Pls.
Two special sessions are also being held to discuss progress, challenges and opportunities related to
the meeting theme, with a particular focus on the elementary processes of C-H, C-O, H-H and N-N
bond making and breaking.

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 breakout session moderators for their invaluable help. We also thank Diane Marceau3, Josh
Haines® and the Oak Ridge Institute for Science and Education staff for the logistical and web
support of the meeting. Finally very special thanks go to Raul Miranda® for his longstanding and
continuing contributions to the BES Catalysis Science Program, now from his role as Team Lead for
Chemical Transformations in the BES Chemical Sciences, Geosciences and Biosciences Division.

Tom Rauchfuss’, Peter Stair’, Viviane Schwartz® and Chuck Peden’
'University of Illinois, Champaign-Urbana

’Northwestern University and Argonne National Laboratory
*Office of Basic Energy Sciences - U.S. Department of Energy
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Alan Goldman

Hydrocarbon Conversions Catalyzed by Iridium Complexes:
High and Low Oxidation States

Alan S. Goldman,* Maurice Brookhart,” Karen 1. Goldberg,® William D. Jones,* and Karsten
Krogh-Jespersen®

'Rutgers University
2University of North Carolina
University of Washington
*University of Rochester

Presentation Abstract

Iridium has played a leading role in the organometallic chemistry of alkanes and unreactive C-H
bonds since the inception of the field 30 years ago. We have found that “PCP”-pincer-ligated
iridium complexes are particularly effective for the dehydrogenation of alkanes and have
incorporated this reaction into tandem systems for catalytic transformations based on
dehydrogenation. The selectivity for dehydrogenation at the terminal position of n-alkanes
displayed by some (PCP)Ir derivatives is of particular interest; the factors that determine such
selectivity (or the lack thereof) have been elucidated. More recently we have turned attention to
iridium Phebox complexes. Although the (PCP)Ir and (Phebox)Ir units are formally
isoelectronic, the former effects dehydrogenation via C-H activation by Ir(l) while the latter
operates via Ir(l11) (as an acetate complex) and possibly Ir(V) intermediates. Such a high-
oxidation-state catalytic cycle offers many potential advantages. In addition to dehydrogenation-
based conversions, we have found that (PCP)Ir can catalyze other conversions based on C-H
bond activation, including, most recently, dehydrogenative C-H bond coupling. In this reaction,
preliminary results indicate that (PCP)Ir appears to operate via a high-oxidation-state catalytic
cycle.
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Eric McFarland

Understanding and Controlling C-H Bond Transformations
and Partial Oxidation of Light Alkanes with Less and Less Oxygen

Mike Gordon, Horia Metiu, and Eric McFarland
University of California, Santa Barbara
Departments of Chemical Engineering and Chemistry

Presentation Abstract

Natural gas will provide a low cost source of light alkanes for several decades. Cost-
effective C-H bond activation and selective partial oxidation of alkanes to make olefins,
without producing carbon dioxide, is presently not possible and would be beneficial to
the United States. It is not possible, using molecular oxygen as an oxidant, to achieve
high single pass yields of olefins, alcohols, or aromatic hydrocarbons from light alkanes.
The activity of metal oxide catalysts for C-X bond transformations is shown to be
controllable by electronic modification of host oxides through doping. Density functional
theory combined with experiments is used to develop a predictive framework for design
of catalysts. Reducible metal oxides result in high selectivity to desired products and low
selectivity to carbon oxides, and exploration of these alternative oxidants suggests more
optimal partial oxidation pathways with intriguing potentials for significant changes in
yields and efficiencies of light alkane conversion. Many interesting fundamental
questions exist related to these alternative pathways for which we have little present
understanding.
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The surface chemistry of oxides and modified oxides

1. The coadsorption of Lewis acid with Lewis bases. In previous work, we postulated,
based on computations on a variety of oxides and adsorbates, that if two adsorbates are
amphoteric (each could be acid or base, depending on partner), they will adsorb so that
one is a base and the other is an acid. We found that this is the case in dissociative
adsorption of hydrogen* or methane® on oxides, where H binds to surface oxygen, and
donates electrons to CH;, which binds to cations even though both CH; and H bind to
oxygen if they are alone on the surface. Dissociative binding of methane is heterolytic,
while previous work assumed homolytic dissociation.



2. The water-oxide interface. We have performed ab initio molecular dynamics™ to
investigate adsorption of molecues at the water-TiO; interface. We studied catechol and
HCI as examples of weak and strong electrolytes, respectively, and showed that the
structure of the first two water layers next to the surface is very different from the bulk.
The binding energy of the two molecules at the water-oxide interface is dramatically
different from that in vacuum; for example, HCI binds strongly to the oxide in vacuum,
but it is equally happy at the water-solid interface, or in the water film. These studies are
an important step towards understanding electrocatalysis.

3. The energy of oxygen vacancy formation. The formation of oxygen vacancies is
invoked by the Mars-van Krevelen mechanism, which is widely accepted for alkane
activation. It is very difficult to measure the energy of vacancy formation, and for this
reason, it has been calculated for many oxides. It was generally assumed that the energy
of vacancy formation depends on concentration, which is no doubt correct. However, we
have shown’ that vacancy formation strongly depends on how they are distributed on the
surface, i.e., two system with the same vacancy concentration, but different surface
arrangement, will have very different formation energy.

4. Two-dimensional oxides. Some oxides have a layered structure and we became
interested in the possibility of exfoliating them to create two-dimensional, one-atom-thin
ribbons." We decided to examine V,0s and MoO; and showed that their ability to break
the C-H bond is very different from that of powders or supported submonolayers. Our
calculations show that they will react with water to form bilayers with very unexpected
structures® and protons in the surrounding water. These gels are potential Brensted acid
catalysts.

5. Vanadium oxide clusters supported on metals. Vanadium oxide submonolayers,
supported on an oxide, are are popular systems in catalysis. We used DFT calculations'
to show that such clusters supported on Ag or Au are active for methane dissociation.

Halogen-assisted alkane dehydrogenation in gas phase

In two publications'>"” we have shown that one can use Br, as an “oxidant” to convert
propane to propylene. A surprising result of this work was that the addition on I, to the
feed increased substantially the propylene yield and selectivity. I, acts as a gas-phase
catalyst. The use of two halogens is not additive: they cooperate in propylene production.
We have argued for the following mechanism for this cooperation: the iodine dissociates
more readily than Br,, the I atoms react with Br, to produce IBr and Br; the latter is more
agressive in removing hydrogen from propane. We believe that this procedure will work
for the dehydrogenation of other alkanes.

Halogen-mediated oxidative dehydrogenation of alkanes
1. Halogen-mediated oxidative dehydrogenation: the mechanism. We have performed
experiments’ that demonstrate that iodine is a gas-phase catalyst for propane oxidative
dehydrogenation with higher yields than those reported in the literature or in industry.
The reaction can be described formally by

C,H; + X, — C;H, + 2HX (1)



2HX+ 2 0, — X, + H,0O (2)
where X is a halogen. This reaction scheme is formal: it is used only to keep track of net
stoichiometry.

2. The mechanism of iodine-mediated oxidative dehydrogenation. We have found that
propylene production in our system proceeds through a radical mechanism initiated by
iodine dissociation. We have studied every step individually and the mechanism is well
documented. The most important question for us was why almost no CO; is produced
even though the feed contained propane, I, and O,? The answer is simple: the reaction of
O, with HI is extremely fast, much faster than hydrocarbon oxidation; as such, HI, which
is formed when propane reacts with I,, “protects” the hydrocarbon from oxidation. In
addition, the fast reaction of HI with oxygen shifts C;H;I disproportionation towards
higher yield. This suggests a very important improvement in the reactor: introduce
oxygen gradually along the reactor so that the amount of oxygen at any place in the
reactor matches the amount of HI produced by the reaction.

3. Halogen-mediated oxidative dehydrogenation: which halogen? Based on discoveries
made in previous work'>"”, we investigated using a mixture of I, and Br, with propane
and oxygen. This system produces the same yield as using I, alone, but propylene
formation is three times faster than when using I, alone). We now know the reaction
mechanism and we believe that using mixed halogens is very promising, and we plan to
study this system in detail and optimize reaction conditions.

4. The source of halogen. We have run halogen-mediated oxidative dehydrogenation in
two ways: (a) gaseous feed of propane, oxygen, and halogens and (b) generation of
halogen In situ by reacting propane and oxygen with molten Li halide. To generate a
mixture of bromine and iodine, we used a molten mixture of Lil and LiBr. Using molten
salts is beneficial because: (a) the melt has high heat capacity and conductivity, allowing
better heat management, and (b) the small amount of coke formed by the reaction floats
to the surface of the melt and can be easily removed, whereas in industrial processes,
decoking is frequent and expensive. We performed ab initio, constant-temperature
molecular dynamics calculations to explore the reactivity of Lil*, and concluded that the
melt is not a catalyst, but a source of I,. Our simulations are the first ab initio studies of
the structure and chemistry of molten salts.

5. Performance. (a) We have found that the single-pass propylene yield is 65%, which is
better than existing industrial processes or the published academic studies of oxidative
dehydrogenation in the absence of a halogen. (b) The yield we quoted was obtained at
500 °C, while industry works at 650 °C. (c) Our system produces very small amounts of
coke, while coking is a severe problem in the industrial process. (d) The net reaction, in
our case, is exothermic, while the industrial process is endothermic and consumes a large
amount of energy.

6. Should we use other iodides or bromides? We have no reason to believe that Lil and
LiBr are the best possible halogen sources. To be used in our scheme, a halide must react
with oxygen to form halogen and an oxide (or a hydroxide when water is present), and
the oxide (or the hydroxide) must react with HX to form the halide and water. We have
performed thermodynamic calculations and found 12 iodides and 18 bromides that satisfy
these conditions. We plan to explore these systems in search of better performance for



halogen-mediated oxidative dehydrogenation of propane. From the point of view of pure
science, it is interesting to learn how the charge of the cation in the halide influences the
ease with which the halogen is formed when the halide reacts with oxygen. This is also a
fertile field for ab initio molecular dynamics simulations since, except for our work,
nothing is known about the chemistry of structure of these melts.

7. Problems with HBr. The use of I, alone has the advantage that the HI produced is
rapidly and completely oxidized to regenerate I, in situ. While using a combination of I,
and Br, increases the rate of propylene formation, the fact that HBr is contained in the
effluent is a drawback. The problem is that HBr is oxidized very slowly at the
temperatures we studied. We have performed preliminary experiments with a system
consisting of a slurry of NiO in molten LiBr-KBr, and found that NiO reacts with HBr to
form NiBr, which is soluble in the melt. This is very beneficial since past work using
solid-to-solid transformations failed because of particle fracture. The NiBr, produced was
converted back to NiO using O, and the nickel oxide-bromide pair could be cycled back
and forth 50 times using O, and HBr.

Other work

1. We have performed DFT calculations® to compare the acidity of Al-containing zeolites
to that of Al-containing silica, both of which have hydroxyls on their surfaces. We
concluded that some of the hydroxyls in Al-containing silica are as acid as those present
in Al-containing zeolites. The main difference between the two is that the zeolites have
higher “area” and have shape selectivity.

2. We performed experiments that show that the effective activation energy for methane
oxidation by lanthana doped with Cu, Zn, Mg, Fe, Nb, Ti, Zr, or Ta follows the rules
predicted by DFT: the activation energy is a linear function of the calculated energy of
vacancy formation. Moreover the lower-valence dopants and the higher-valence ones
generate different lines indicating a different mechanism as predicted by calculations.

3. We have performed several studies'*'® aimed at determining why hydrogen oxidation

does not take place on a sulfide electrode with a HBr electrolyte. This system was studied
because of its potential use for energy storage. We found that the reaction H, + D, =
2DH proceeds very rapidly when the sulfide electrode is exposed to a mixture of gaseous
H, and D,. We concluded that H, adsorption and dissociation is not the reason for the
high overvoltage.

4. As part of our work to understand the role of dopants in catalysis by oxides, we studied
dry reforming of methane catalyzed by Ru-doped ceria. We found that the catalyst is the
reduced oxide, by pulsing oxygen in the system during reaction and showing that this
shuts off dry reforming. The role of Ru dopant is to facilitates the reduction of ceria. We
suggested that this behavior is general for all oxides doped with lower valence cations.



10.

11.

12.

13.

14.

15.

Publications Acknowledging this Grant in 2013-2016

(1) Exclusively funded by this grant

. Ding, K. L.; Metiu, H.; Stucky, G. D. Interplay between bromine and iodine in oxidative

dehydrogenation. ChemCatChem 2013, 5, 1906-1910.

Agarwal, V.; Metiu, H. Hydrogen abstraction energies and ammonia binding to BEA,
ZSM-5, and a-quartz, doped with Al, Sc, B, or Ga. J. Phys. Chem. C 2015, 119, 16106-
16114.

Upham, D. C.; Derk, A. R.; Sharma, S.; Metiu, H.; McFarland, E. W. CO, methanation
by Ru-doped ceria: The role of the oxidation state of the surface. Catal. Sci. Tech. 2015,
5, 1783-1791.

Chretien, S.; Metiu, H. Hydrogen dissociative adsorption on lanthana: Polaron formation
and the role of acid-base interactions. J. Phys. Chem. C 2015, 119, 19876-19882.

. Agarwal, V.; Metiu, H. Energy of oxygen-vacancy formation on oxide surfaces: Role of

the spatial distribution. J. Phys. Chem. C 2016, 120, 2320-2323.

Kristoffersen, H. H.; Metiu, H. Structure of V,05.nH,0 xerogels. J. Phys. Chem. C 2016,
120, 3986-3992.

Upham, D. C.; Gordon, M. J.; Metiu, H.; McFarland, E. W. Halogen-mediated oxidative
dehydrogenation of propane using iodine or molten lithium iodide. Catal. Lett. 2016, 146,
744-754.

Huang, C.; Kristoffersen, H. H.; Gong, X.-Q.; Metiu, H. Reactions of molten Lil with I,,
H,0, and O; relevant to halogen-mediated oxidative dehydrogenation of alkanes. J. Phys.
Chem. C 2016, 120, 4931-4936.

Pradhan, S.; Upham, D. C.; Metiu, H.; McFarland, E. W. Partial oxidation of propane
with CO; on Ru-doped catalysts. Catalysis Science & Technology 2016,
10.1039/C6CY0001 1H.

Kristoffersen, H. H.; Metiu, H. Structure and oxidizing power of single layer a-V,0s.
Top. Catal. 2016, 59, 809-816.

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

McFarland, E. W.; Metiu, H. Catalysis by doped oxides Chem. Rev. 2013, 113, 4391-
4427,

Ding, K.; Metiu, H.; Stucky, G. D. The selective high-yield conversion of methane using
iodine-catalyzed methane bromination. ACS Catalysis 2013, 3, 474-477

Derk, A. R.; Li, B.; Sharma, S.; Moore, G. M.; McFarland, E. W.; Metiu, H. Methane
oxidation by lanthanum oxide doped with Cu, Zn, Mg, Fe, Nb, Ti, Zr, or Ta: The
connection between the activation energy and the energy of oxygen-vacancy formation.
Catal. Lett. 2013, 143, 406-410.

Singh, N.; Upham, D. C.; Metiu, H.; McFarland, E. W. Gas-phase chemistry to
understand electrochemical hydrogen evolution and oxidation on doped transition metal
sulfides. J. Electrochemical Society 2013, 160, A1902-A1906.

Yu, J.; Scheffler, M.; Metiu, H. Oxidative dehydrogenation of methane by isolated
vanadium oxide clusters supported on Au (111) and Ag (111) surfaces. J. Phys. Chem. C
2013, 117, 18475-18483.



16.

17.

18.

19.

20.

21.

22.

23.

Sun, X.; Li, B.; Metiu, H. Ethane activation by Nb-doped NiO. J. Phys. Chem. C 2013,
117, 23597-23608.

Derk, A. R.; Moore, G. M.; Sharma, S.; McFarland, E. W.; Metiu, H. Catalytic dry
reforming of methane on ruthenium-doped ceria and ruthenium supported on ceria. Top.
Catal. 2014, 57, 118-124.

Singh, N.; Upham, D. C.; Liu, R.-F.; Burk, J. J.; Economou, N. J.; Buratto, S. K.; Metiu,
H.; McFarland, E. W. Investigation of the active sites of rhodium sulfide for hydrogen
evolution/oxidation using carbon monoxide as a probe. Langmuir 2014, 30, 5662-5668.
Chretien, S.; Metiu, H. Oxygen adsorption on irreducible oxides doped with higher-
valence ions: O, binding to the dopant. J. Phys. Chem. C 2014, 118, 23070-23082.
Chretien, S.; Metiu, H. Acid-base interaction and its role in alkane dissociative
chemisorption on oxide surfaces. J. Phys. Chem. C 2014, 118, 27336-27342.
Kristoffersen, H. H.; Metiu, H. Molten LiCl layer supported on MgO: Its possible role in
enhancing the oxidative dehydrogenation of ethane. J. Phys. Chem. C 2015, 119, 8681-
8691.

Kristoffersen, H. H.; Metiu, H. Reconstruction of low-index a-V,0s5 surfaces. J. Phys.
Chem. C 2015, 119, 10500-10506

Kristoffersen, H. H.; Shea, J.-E.; Metiu, H. Catechol and HCI adsorption on TiO»(110) in
vacuum and at the water-TiO; interface. J. Phys. Chem. Lett. 2015, 6, 2277-228]1.

10



Michel R. Gagné

Catalytic Approaches to Complex Molecules from
Carbohydrate Biomass

Michel R. Gagné, Trandon Bender, Laura Adduci, Phillipa Payne
University of North Carolina at Chapel Hill

Presentation Abstract

There are a number of interesting known catalysts for the heterolytic activation of silanes,
including those based on Ir and B complexes. This presentation will present the state-of-
the-art in utilizing these catalysts to activate the C—O bonds of carbohydrates, with a
special emphasis on their selective reduction (to C—H bonds). In contrast to traditional
methods for the deoxygenation of overly functionalized poly-saccharides, which are
eliminative in nature, these catalysts promote stercoselective and stereospecific
mechanisms that provide products that maintain a high sp> content (and are hence chiral
with multiple stereocenters), are functionalized and readily functionalizable, and may
thus provide routes to high-value materials from bio-renewables. From a recent study on
the readily available C606 and C505 starting materials (sorbitol, etc) our ability to
control the catalytic reactions have enabled the synthesis (in 1 or 2 steps usually) of a
number of new C60n and C50n compounds not previously reported in the literature.
Given how long synthetic chemists have been making derivatives of glucose and the like,
it is noteworthy that one can find derivatives that have not yet been synthesized.

In addition to describing the reaction chemistry, the influence of silane, catalyst, and the
substrate will be examined to paint a picture of the underlying mechanisms that control
reactivity and selectivity. Key intermediates that have been observed and/or proposed
include sila-oxonium ions (R,0-Si"), sila-oxocarbenium ions (C=0-Si"), and less exotic
Lewis adducts. Several methods have been uncovered to modulate the speciation of the
catalysts under reaction conditions and these will be also discussed.
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Chem. Sci. under review (abridged)

B(C¢Fs)s-Catalyzed Reductive Cyclopentane and Cyclopropane Formation

A powerful but difficult to realize
disconnection for the synthesis of
complex molecules are the carbon—
cartbon (C-C) bonds of their
carbocycles. These elements are
ubiquitous in natural products, drug

candidates, and agrochemicals (e.g.
Figure 1), with cyclopentane and
cyclopropane rings being common

motifs. Cyclopropane installation is a
well-established strategy for imparting
beneficial properties in active
pharmaceuticals, and more recently
cyclopentane cores have provided
intriguing activities differentiated from
other carbocyclic cores. Cyclopentane
synthesis strategies are varied, but often
are mediated by metal catalysis. It is
often the case that conformational
biasing via a tetra-substituted carbon in
the chain (Thorpe-Ingold) is required
for high efficiency and selectivity. Post
ring-forming diversification
consequently puts a premium on
methods that install functional groups
capable of being modified to installing
stereochemical complexity. Less
explored are methods for the ring
closure of highly pre-functionalized
compounds as these groups can
interfere with the catalyst.

We recently demonstrated that
B(C¢Fs);, exhibits high chemo- and
diastereoselectivity for C-O bond

12

reduction, functioning by a mechanism
first proposed by Piers (Scheme 1A).
The key feature is the activation of the
silane rather than the carbonyl (as with
BF;°OEt;). Silane  activation by
B(C¢Fs); in combination with a Lewis
base (e.g. carbonyl) transiently
generates a reactive ion pair, H-
B(C6Fs); and L-SiR;". Rapid C-O
reduction by H-B(C¢Fs); ensues unless
a good neighbouring group can trap the
activated species prior to reduction (e.g.
Scheme 1B).
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Figure 1. Examples of complex
bioactive materials built  upon
carbocyclic frameworks.

Knowing  that intramolecular

additions prior to reduction are feasible,
we examined the propensity of alkenes
to behave similarly and provide
interesting carbocycles. This notion has
been successfully realized to reveal
mild, catalytic C—C bond forming
reactions that efficiently transform
linear carbohydrate-derived molecules
into complex carbocyclic cores while



preserving much of the imbedded

stereochemistry.

previous work:
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Scheme 1. B(C¢Fs)3 mediated

hydrosilylative transformations.

We began with a series of alkenyl-
sugars that establish a 1,3 (homoallylic)
and 1,5 relationship between an olefin
and the alcohol targeted for activation
(Scheme 1c). Testing began with 1,
made from 2-deoxyribose in a single
step. 1 cleanly provides 2 as a 9:1
mixture of diastereomers (60%, Table
1, Entry 1). It results from preferential
activation (by silylium) of the single 1°
C-O bond (to form the C6-OSi,"),
followed by alkenyl attack and
carbocation reduction by H-B(CsFs)s .
Mechanistic data suggests a variant of
this mechanism may also be operative
(vide infra).

We reasoned that a substrate lacking the
1,5-relationship between the nucleophilic
end of the olefin and the 1° C-O bond
might favour an alternate ring size. For 4
(Entry 2), this cleanly provides a single
diastereomer of cyclopropane 4 (95%),
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Table 1. Formation of cyclopentane and
cyclopropane rings.
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R5SiH, CH,Cl,
N -30-25°C,3-18h;
e R
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1 MeEt KSJ\/\JJP“
? 67 1 90 10 dr?
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Ph
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Ph
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* per-MesSi-protected. b By analogy to

(23). ©assigned by NOE. 925 °C.c0°C.f
per-Me,EtSiH-protected. ¢ from NOE.

a result of preferential homoallylic C-O
activation.  The  gluco-derived 5
generated the diastereomeric
cyclopropane 6, with high efficiency
and selectivity (Entry 3). The existing
stereochemistry does not influence the



efficiency or selectivity of the reaction.
Dienes are also viable and are readily
functionalizable (Entries 4-7). High
diastereoselectivity is noted in all cases.

Control experiments with B(CgFs)3
alone converted 3 to furan 15 on a
slower timescale (18 h) than catalysis.
It results from the dehydrative
cyclization of the C;-OSi onto the
primary C; position. Reduction of 15
with Ph3;SiH yields 4 suggesting that A
may reside on the reaction path
(Scheme 2). If correct this suggests
that: 1) the enhanced basicity of the
ethereal oxygen (relative to silyl ether)
acts to sequester the silylium ion and
direct C—C bond formation to between
the C, and C4 positions (Scheme 2); and
2) catalytically generated silylium ion is
more active than BCF for
cyclodehydration. The
cyclopropanative ring opening of A
provides a model for the preferred
alkene addition onto C4 over C7
(Scheme 2).

3

A
S|o Iie H-| B(CEF5)3
Ph
LL‘A/{ . S| ,O Ph
Si 1

d/sfavoured f

Scheme 2. Model for
formation and selectivity.
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Njarderson has shown that allylic
C—0 bond reductions with B(Cg¢Fs); and
R3SiH are facile. Can intramolecular
trapping compete? Studies with the
galacto-derived alkenyl sugar 16 yields
a single diastereomer of methyl
pentene, 17. Deuteration studies with
Et;SiD indicate the intermediacy of
silyloxycarbenium ion B (Scheme 3),
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which is doubly reduced to 20. X-ray
diffraction of 19 verified an invertive
vinyl shift at C4. An alternative
mechanism invokes a precyclization to
C, which is analogous to A except that
it additionally contains an allylic silyl
ether at C3 and thus stabilizes the
intermediate  resulting from vinyl
migration (sila-oxo-carbenium ion, B).
Osi QSi OSi

1 10 mol%

6 4 Pz B(CeFs)s
7 Y5 3 Ar ——————
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Scheme 3. Proposed mechanism for the
conversion of 16 to 17.

As 1illustrated in Scheme 4,
reduction of 21 with B(C¢Fs); and
Me,EtSiH led to a single diastereomer
of 22, a product with 4 contiguous
stereocenters (83%). 22 could be
obtained in a single step from 16, and is
thus available from galactose in three
steps (Wittig, TMS-protection,
cyclization/reduction).  Altering the
stereochemistry of the poly-ol portion
had little effect on the efficiency and
selectivity. The manno- and gluco-
substrates converge on to 25 (86:14 dr,
Entries 3-4, Table 2).

The combination of B(C¢Fs); and
a tertiary silane enables the selective
deoxygenation of alkene containing
carbohydrates. C-C bond forming ring
closure is efficient and follows the trend
of 5 (1°) > 3 (2°) > 6 (1°), where the
substitution of the activated C-O



leaving group is indicated. Transiently
formed heterocycles may alter this
inherent kinetic profile. The reactions
are operationally robust, selective, and

efficient at converting alkene
containing biomass-derived feedstock
materials into stereochemically

complex materials. Our experiments
establish the role of neighbouring group
participation in guiding the reductions,
while also revealing a set of reactivity
principles that enable the predictive
synthesis of new synthons from
renewable feedstocks.

Table 2. Tetra-substituted cyclopentane

formation.
; G
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Scheme 4. 1-step synthesis of

tetrasubstituted cyclopentanes.
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Discovering Emergent Phenomena in Catalysis
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Roger Rousseau, Vassiliki-Alexandra Glezakou, Mal-Soon Lee, Wang-Gang Wang,
David C. Cantu, Manh-Thuong Nguyen.
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The current state of the art of electronic structure methods allows us to tackle model systems on
the order of 100s to 1000s of atoms with suitable speed and efficiency to perform statistical
mechanical sampling on millions of configurations. This has opened the door to using
theoretical tools such as ab inito molecular dynamics
(combined with enhanced sampling techniques) to
discover novel emergent phenomena that result from
chemical complexity. Nowhere is this more needed than
in catalysis where models need to include support
materials, the catalysts, the reactants and products all at
elevated temperature and pressures. In this context, both
global and local anharmonicities on the potential energy
surface can lead to unexpected phenomena that can be
discovered through large scale simulation yet are often not
accounted for in our current models. This will be
illustrated with examples drawn from the chemistry of
metal particles on reducible supports [1-2], Brgnsted acid
chemistry in confined spaces [3] and reactivity at solid-
liquid interfaces [4,5].  Our perspective is that modern
simulations tools, when directly compared with concurrent experimental measurements for
validation and verification, can be used to craft the next generation of concepts that better
account for emergent behavior and complexity than our current models.
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Presentation Abstract

Interest in the surface chemistry of late transition-metal oxides has been stimulated by
observations that the formation of metal oxide layers tends to dramatically alter the catalytic
performance of transition metals in applications of oxidation catalysis. As an example, the
formation of palladium oxide (PdO) is thought to be responsible for the exceptional activity of
supported Pd catalysts toward the complete oxidation of alkanes under oxygen-rich conditions.
In this talk, I will discuss our investigations of the surface chemical properties of a PdO(101)
thin film that is grown in ultrahigh vacuum using plasma-generated oxygen atom beams, and will
focus particularly on our studies of the adsorption and activation of alkanes as well as the
oxidation of CO. We find that n-alkanes adsorb strongly on the PdO(101) surface by forming c-
complexes along rows of coordinatively-unsaturated Pd atoms, and that this adsorbed state acts
as the precursor for initial C-H bond cleavage. I will discuss characteristics of the binding and
selective activation of alkane c-complexes on PdO(101) as determined from both experiment
and density functional theory (DFT) calculations. I will also discuss elementary processes
involved in the oxidation of CO on PdO(101) and clarify the role that oxygen vacancies play in
mediating this chemistry.

DE-FG02-03ER15478: Oxidation Chemistry on Pd and Pd-Pt Oxide Surfaces

Student(s): F. Zhang, L. Pan, J. Choi, M. Kim, V. Mehar

RECENT PROGRESS

Selective coordination and activation of primary C-H bonds of propane o-complexes on
PdO(101)

We reported results that clarify the molecular-level origin for an exceptionally strong preference
for propane to dissociate on the crystalline PdO(101) surface via primary C-H bond cleavage.
Using reflection absorption infrared spectroscopy (RAIRS) and DFT calculations, we find that
the Pd-coordinated C-H bonds of propane c-complexes on PdO(101) exhibit stretch frequencies
that are redshifted from the gas-phase values by up to 400 cm™, demonstrating that dative
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bonding with Pd.,s atoms significantly softens alkane C-H bonds. By performing experiments
with partially-deuterated propane compounds, we further show that the adsorbed propane
complexes undergo a configurational change as a function of the coverage, wherein the
molecules preferentially coordinate through the CHs groups at low coverage but through the CH,
groups at high coverage. Our results demonstrate that adsorbed propane o-complexes
preferentially adopt geometries on PdO(101) in which only primary C-H bonds datively interact
with the surface Pd atoms at low propane coverages and are thus activated under typical catalytic
reaction conditions. We show that a propane molecule achieves maximum stability on PdO(101)
at low coverage by adopting a bidentate geometry in which a H-Pd dative bond forms at each
CHj3; group. Our results demonstrate that structural registry between the molecule and surface can
strongly influence the selectivity of a metal oxide surface in activating alkane C-H bonds.

propane-dy + PdO(101)

Absorbance (-AR/R)

Figure: RAIR spectra obtained from propane-dy adsorbed on PdO(101) as a function of the
surface temperature from 80 to 300 K and corresponding evolution of propane complexes
predicted by DFT.

Promotion of CO oxidation on PdO(101) by adsorbed water

We investigated the influence of adsorbed H,O on the oxidation of CO on PdO(101) using
temperature programmed reaction spectroscopy (TPRS), RAIRS and DFT calculations. In the
presence of adsorbed H,O, the oxidation of CO on PdO(101) produces a CO, TPRS peak that is
centered at a temperature ~50 K lower than the main CO, TPRS peak arising from CO oxidation
on clean PdO(101) (~330 vs. 380 K). RAIRS shows that CO continues to adsorb on atop-Pd sites
of PAO(101) when H,O is co-adsorbed, and provides no evidence of other reactive intermediates.
According to DFT, hydrogen bonding interactions with adsorbed H,O species stabilize the
carboxyl-like transition structure and intermediate that result from the initial recombination of
CO and O on the PdO(101) surface. This stabilization lowers the energy barrier for CO oxidation
on PdO(101) by ~10 kJ/mol, in good agreement with our experimental estimate.

Tuning the reactivity of ultra-thin oxides: NO adsorption on monolayer FeO(111)

In collaboration with research groups in Sweden, we reported a study last year showing that
monolayer FeO(111) films supported on metal surfaces show large differences in reactivity
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depending on the metal substrate, potentially enabling tunability of these materials’ catalytic
properties. Using TPD and RAIRS, we show that nitric oxide (NO) adsorption is facile on silver-
supported FeO(111) monolayers, whereas a similar film grown on platinum is inert to NO under
similar conditions. Ab initio calculations link this substrate-dependent behavior to steric
hindrance caused by substrate-induced rumpling of the FeO layer, which is stronger for the
platinum-supported film. The calculations show that the size of the activation barrier to
adsorption caused by the rumpling is dictated by the strength of the metal-oxide interaction,
offering a straightforward way to tailor the adsorption properties of ultrathin films.
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Presentation Abstract

Transformations involving small molecules such as carbon dioxide and formic acid are of much
current interest. For example, formic acid has received considerable attention with respect to its
potential as a chemical storage medium for hydrogen fuel via its catalytic release of H,, while the
conversion of CO; into valuable chemicals provides a beneficial use of this greenhouse gas. In
addition to achieving these transformations, it is also important to perform them with non-
precious metal catalysts. Thus, with respect to the release of H, from formic acid, we have
demonstrated that this transformation may be achieved by cyclopentadienyl molybdenum
complexes, namely CpMo(CO), (PMe,), H (x =1, 2, 3). Furthermore, these complexes are also
capable of effecting the disproportionation of formic acid into CO, and methanol, which is of
relevance to a potential methanol economy. The disproportionation of formic acid is a
manifestation of a transfer hydrogenation reaction, which has also been applied to the reduction
of aldehydes and ketones. With respect to the conversion of CO; into useful chemicals, the zinc
hydride complex, [tris(2-pyridylthio)methyl]zinc hydride ([Tptm]ZnH), is effective for the
catalytic hydrosilylation of CO,. Specifically, [Tptm]ZnH catalyzes the addition of (EtO);SiH to
CO; to give (EtO);SiO,CH, which may subsequently be converted into useful chemicals, such as
N,N-dimethylformamide. [Tptm]ZnH is also an effective catalyst for other transformations, such
as the multiple insertions of carbonyl groups into the Si—-H bonds of silanes, and
dehydrocoupling of silanes with alcohols. Related reactivity of other metal complexes will also
be discussed.

DE-FG02-93ER14339: Fundamental Studies of Metal Centered Transformations Relevant
to Catalysis
Students: Michelle Neary, Serge Ruccolo

RECENT PROGRESS

1. Hydrosilylation of Aldehydes and Ketones Catalyzed by a Terminal Zinc Hydride
Complex, [Tptm]ZnH

Catalytic hydrosilylation of carbonyl compounds to afford alkoxysilanes provides a method to
achieve the overall reduction to the alcohol via subsequent hydrolysis of the alkoxysilane.
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Furthermore, alkoxysilanes have applications in organic synthesis and materials chemistry. In
addition to obtaining improved catalysts for this transformation, it is important to develop
effective catalysts that are based on abundant non-precious metals. Zinc is one such metal, and
we have demonstrated that the [tris(2-pyridylthio)methyl]zinc hydride complex, [Tptm]ZnH, is
capable of achieving multiple insertion of carbonyl compounds into the Si—H bonds of PhSiH3
and thSin.

A large variety of aldehydes and ketones undergo [Tptm]ZnH catalyzed insertion into the
Si—H bonds of PhSiH3, some examples of which include RCHO (R = Me, Ph) and R,CO (R =
Me, Et, Ph). In each case, treatment of a 1:3.3 mixture of PhSiH; and RC(O)R’ with 3.3 mol %
of catalyst (relative to PhSiHs) results in the quantitative formation of the triple insertion
product, PhSif[OCH(R)R’];. Aldehydes are the most active, and the reactions proceed to
completion in less than 20 minutes, with turnover frequencies (TOFs) > 200 h™' over this period.
Dialkyl ketones are the slowest but proceed smoothly to completion over a period of one day. In
contrast to dialkyl ketones, however, the diaryl ketone Ph,CO is very reactive and the reaction
proceeds to completion in less than 10 minutes at room temperature. The reactions can also be
performed in the absence of solvent. Thus, addition of PhC(O)Me (3.3 equivalents) to PhSiH; in
the presence of [Tptm]ZnH (3.3 mol %) results in the rapid formation of PhSi[OCH(Me)Ph]s.

While selective triple insertion is observed upon treatment of PhSiH; with three
equivalents of RC(O)R’, a mixture of single, double and triple insertion products,
PhSiH,[OCH(R)R’], PhSiH[OCH(R)R’], and PhSi[OCH(R)R’]3, is observed upon treatment of
PhSiH; with fewer equivalents of RC(O)R’. For example, a 1:1 mixture of PhC(O)Me and
PhSiH3 gives a mixture that contains predominantly PhSiH{OCH(Me)Ph],, together with a small
amount of PhSiH,[OCH(Me)Ph] (3 %) and unreacted PhSiHj, while a 2:1 mixture of PhC(O)Me
and PhSiH; gives a mixture that contains PhSifOCH(Me)Ph]; and PhSiH[OCH(Me)Ph],. The
observation that both 1:1 and 2:1 mixtures of PhC(O)Me and PhSiH3 give primarily the double
insertion product indicates that, whereas incorporation of one alkoxy group significantly
promotes the insertion into the remaining Si—H bonds, the effect is less pronounced upon
incorporation of a second alkoxy substituent.

A noteworthy feature of the reactions of prochiral ketones is that the triple insertion
products, PhSi[OCH(R)R’]s, exist as two diastereomers by virtue of the fact that the molecule
contains three chiral centers. Thus, PhSi[OCH(Me)Ph]; consists of two diastereomers, each of
which exists as an enantiomeric pair, i.e. RRR/SSS and RRS/SSR. Evidence for this assignment is
provided by the synthesis of enantiopure (R,R,R)-PhSifOCH(Me)Ph]; and (S,S,S)-
PhSi[OCH(Me)Ph]; by the [Tptm]ZnH catalyzed alcoholysis of PhSiH; with (R)-(+)-1-
phenylethanol and (S)-(—)-1-phenylethanol, respectively.

Ph,SiH; is also a commonly used reagent for the hydrosilylation of aldehydes and
ketones, although it often exhibits reduced reactivity compared to PhSiHs. Therefore, it is
significant that [Tptm]ZnH is also an effective catalyst for room temperature hydrosilylation
reactions employing Ph,SiH,, affording products derived from both single and double insertion.
The ability of [Tptm]ZnH to achieve double insertion of ketones into Ph,SiH, is of note since
only the monoinsertion product is typically observed.

A large variety of mechanisms for hydrosilylation of carbonyl compounds has been
discussed in the literature but, in view of the presence of the hydride ligand, a reasonable
mechanism for the [Tptm]ZnH catalyzed hydrosilylation of carbonyl compounds consists of two
principal steps, namely: (i) insertion of the carbonyl group into the Zn—H bond of [Tptm]ZnH to
form an alkoxide, [Tptm]ZnOCH(R)R’, and (ii) metathesis of the Zn—O and H-Si bonds to
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regenerate [Tptm]ZnH and release the alkoxysilane, PhSiH,[OCH(R)R’]. Additional cycles
allow for the subsequent formation of the double and triple insertion products,
PhSiH[OCH(R)R’]; and PhSifOCH(R)R’]s.

Several pieces of evidence indicate that the hydride ligand of [Tptm]ZnH plays a critical
role in the mechanism. For example, 'H NMR spectroscopy demonstrates that insertion of the
carbonyl group into the Zn—H bond of [Tptm]ZnH to form an alkoxide, [Tptm]ZnOCH(R)R’, is
facile, and that subsequent treatment with PhSiH; regenerates [Tptm]ZnH and liberates an
alkoxysilane.

2. Nickel-catalyzed Release of H, from Formic Acid

The growing demand for energy has prompted much effort in the utilization of fuels that are
more sustainable than those based on fossil feedstocks. For example, hydrogen, which can be
generated by renewable means, is a promising alternative because it can be used in either a fuel
cell or a combustion engine. A problem with the use of hydrogen as a fuel, however, is that
current storage and transportation techniques are inadequate. Therefore, much attention has been
directed towards discovering both physical and chemical methods to provide hydrogen on
demand. Formic acid, in particular, has garnered interest as a chemical medium for storing H»
because it is a liquid at room temperature and, as a consequence, is easy to handle and transport.
The utilization of formic acid as a storage medium for H,, however, requires effective catalysts
to release H, on demand and there is much interest in the discovery of catalysts that utilize earth
abundant non-precious metals. Therefore, we have investigated the ability of a nickel compound,
and specifically Ni(PMes)s, to serve as a catalyst for the release of H, from formic acid.

Significantly, Ni(PMes)s; does indeed catalyze this transformation. The ability of
Ni(PMej3)4 to achieve this transformation is noteworthy in view of the fact that there is only one
other example of a nickel compound, namely [K3—C(,H3(CH2PBut2)2]NiH, that has recently been
reported to release H, from formic acid. Also of note, Ni(PMes)s can achieve the catalytic
conversion in absence of a base, whereas [K3-C6H3(CH2PBut2)2]NiH requires the presence of an
amine (either EtsN or OctNH,) to achieve catalysis.

The essential features of the mechanism of the catalytic cycle are proposed to involve (i)
formation of a nickel formate species, (ii) decarboxylation of the nickel formate to afford a
nickel hydride intermediate, and (iii) release of H,. For example, one possible sequence involves
oxidative addition of formic acid to give a five-coordinate formate-hydride, namely
Ni(PMes;);(0O,CH)H, which exists in equilibrium with four-coordinate Ni(PMes),(O,CH)H.
Subsequent elimination of CO, forms a dihydride intermediate, Ni(PMes),H,, which releases H,
by either reductive elimination or by reaction with formic acid.

In view of the proposal that the catalytic mechanism for the release of H, from formic
acid involves decarboxylation of a formate intermediate, we sought to examine the ability of
PMe; to induce the transformation in a well-defined nickel formate complex. Significantly, we
observed that addition of PMejs to the pyridine complex, Ni(py)4(O,CH),, results in the release of
CO; and H; at room temperature, with the accompanying formation of Ni(PMe;)s. Furthermore,
PMe; also reacts with a suspension of Ni(O,CH),*2H,0 in benzene to release CO, and H, at 60
°C and form Ni(PMej3)a.

The ability of PMe; to induce the room temperature decarboxylation of a nickel formate
species is of considerable significance in view of the fact that the reverse reaction, i.e. the
insertion of CO, into a M—H bond, is more commonly observed. With respect to the mechanism
of the PMe; induced decarboxylation, a plausible sequence involves the initial coordination of
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PMe; to afford a four-coordinate adduct, Ni(PMes),(O,CH),. Two decarboxylation events
would sequentially form Ni(PMe;),(O,CH)H and Ni(PMe;),H,, of which the latter would be
expected to release H; in the presence of PMe; to form Ni(PMe;)s. Finally, in addition to the
PMe; induced decarboxylation of formate being of mechanistic interest, it is also of synthetic
relevance since it provides a very useful method for obtaining Ni(PMe3)s.

Publications (2013 — 2016)
(I) Exclusively funded by this grant

1.

2.

Wesley Sattler, W.; Parkin, G. Reduction of Bicarbonate and Carbonate to Formate in
Molecular Zinc Complexes. Catal. Sci. Tech. 2014, 4, 1578-1584.

Zuzek, A. A.; Parkin, G. Si—H and Si—C Bond Cleavage Reactions of Silane and
Phenylsilanes with Mo(PMe;)s: Silyl, Hypervalent Silyl, Silane, and Disilane
Complexes. J. Am. Chem. Soc. 2014, 136, 8177-8180.

Sattler, A.; Zuzek, A. A.; Parkin, G. Molecular Structure of W(PMes);Hg in the Solid
State and in Solution. Inorg. Chim. Acta 2014, 422, 102-108.

Sattler, A.; Parkin, G. Trinuclear, Tetranuclear and Octanuclear Chalcogenido Clusters of
Molybdenum and Tungsten Supported by Trimethylphosphine Ligands. Polyhedron
2014, 84, 74-86.

Shin, J. H.; Churchill, D. G.; Parkin, G. Bis(n’-pentamethylcyclopentadienyl) Complexes
of Molybdenum. Inorganic Syntheses 2014, 36, 58-62.

Zuzek, A. A.; Parkin, G. Oxidative Addition of SiH4 and GeHy to Ir(PPh;),(CO)CI:
Structural and Spectroscopic Evidence for the Formation of Products Derived from Cis
Oxidative Addition. Dalton Trans. 2015, 44, 2801-2808.

Sattler, W.; Ruccolo, S.; Rostami Chaijan, M.; Nasr Allah, T.; Parkin, G. Hydrosilylation
of Aldehydes and Ketones Catalyzed by a Terminal Zinc Hydride Complex, [ic’-
Tptm]ZnH. Organometallics 2015, 34, 4717-4731.

Green, M. L. H.; Parkin, G. The Covalent Bond Classification Method and its
Application to Compounds that Feature Three-Center Two-Electron Bonds. Struct.
Bond. DOI: 10.1007/430 2015 206.

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

9.

10.

11.

12.

grant

Zuzek, A. A.; Neary, M. C.; Parkin, G. o-Silane, Disilanyl, and [W(u—H)Si(u—H)W]
Bridging Silylene Complexes via the Reactions of W(PMe3)4(n*~CH,PMe,)H with
Phenylsilanes. J. Am. Chem. Soc. 2014, 136, 17934-17937.

Neary, M. C.; Parkin, G. Dehydrogenation, Disproportionation and Transfer
Hydrogenation Reactions of Formic Acid Catalyzed by Molybdenum Hydride
Compounds. Chem. Sci. 2015, 6, 1859-1865.

Neary, M. C.; Parkin, G. Nickel-catalyzed Release of H, from Formic Acid and a New
Method for the Synthesis of Zerovalent Ni(PMe3)4. Dalton Trans. DOL:
10.1039/c6dt01499b.

Neary, M. C.; Parkin, G. Structural Characterization of the Nickel(Il) Formate Complex,
Ni(py)4(O2CH),*2py, and Re-evaluation of the Nitrate Counterpart, Ni(py)4(ONO,),*2py:
Evidence for Non-Linear Nitrate Coordination. Polyhedron DOI:
10.1016/j.poly.2016.04.033.

25



Suljo Linic

Analysis of the Mechanisms of Electrochemical Oxygen Reduction and Development of Ag-
alloy and Pt-alloy Electro-catalysis for Low Temperature Fuel Cells
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Presentation Abstract
Electrochemical oxygen reduction reaction (ORR) is the major source of overpotential loss in
low-temperature fuel cells. Expensive, Pt-based materials have been found to be the most
effective catalysts. Exploration of alternatives has been hampered by stability constraints at the
typical operating conditions of low pH and high potential.
I will discuss our studies of elementary mechanism of ORR on various metal electrodes using
kinetic analysis of reaction pathways and quantum chemical calculations. These studies allowed
us to identify the elementary steps and molecular descriptors that govern the rate of ORR. Using
these performance descriptors we have been able to identify families of Pt and Ag-based alloys
that exhibit superior ORR performance is acid and base respectively.
We have synthesized these alloys to demonstrate the superior ORR activity with rotating disk
electrode experiments. We have also performed thorough structural characterization of the bulk
and surface properties with a combination of cyclic voltammetry, x-ray diffraction, and electron
microscopy with spatially resolved energy-dispersive x-ray spectroscopy and electron energy
loss spectroscopy

Grant or FWP Number: DE-FG02-05ER15686
Development of physically transparent, predictive structure-performance
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RECENT PROGRESS
Objectives
The broad objective of our research efforts is to employ combined experimental/theoretical
approaches to study the impact of small perturbations in the structure of solid catalysts (for
example promotion by alkali promoters, poisoning, or alloying) on the outcome of chemical and
catalytic surface reactions. Ultimately, we are interested in developing predictive theories that
would guide us in the design of new or improved solid catalysts and electro-catalysts.'
Accomplishments
So far we have focused on four central themes: (a) development of a general, physically
transparent framework designed to shed light on underlying mechanisms associated with the
impact of the perturbation of a metal surface on the chemical transformation on the surface, (b)
the analysis of the impact of alkali promoters on chemical transformation on metals and, (c) the
study of the effect of the perturbation in the chemical composition of active metal sites by
formation of an alloy on the chemical activity of the site, and (d) applying the predictive models
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to identify promising alloy catalysts in a number of probe reactions, including electrochemical
oxygen reduction reaction (ORR). Concrete accomplishments include:

1.

We have developed a general and physically transparent model, based on DFT methodology,
which allows us to identify underlying physical mechanisms that govern the changes in the
chemical activity of a metal surface site as the local chemical environment of the site is
perturbed. This framework allows us to de-convolute and quantify various mechanisms by
which the perturbation of a metal surface changes its chemical activity. These mechanisms
induce: (i) local electronic effect, (ii) electrostatic, and (iii) polarization effect. This
framework can be used to study various perturbations, including chemical promotion,
poisoning and alloying. The work has been accepted for publication in The Journal of
Chemical Physics.’

This model was utilized in a case study of the effect of Cs adsorbates (promoters) on the O,
dissociation reaction on Ag(111). These studies revealed that the main mode by which Cs
affects the dissociation of O, on Ag(111) is a long-range electrostatic/polarization interaction
between Cs and relevant reaction intermediates. These interactions stabilize the transition
state involved in the dissociation of O,, therefore lowering the activation barrier. We
demonstrated that these findings are fairly universal for metal surfaces promoted with alkali
promoters.3

We have also studied how a working state of an alkali promoter changes as a function of
external conditions, i.e., pressure and temperature of reactants. In this context, we have
examined possible formation of Cs-oxide complexes as a function of the chemical potential
of gas-phase O, (pressure and temperature). We employed ab-initio statistical mechanics to
account for the effect of finite temperature and pressure of reactants.We have investigated
whether and how the underlying mechanism of promotion depends on the nature of the alkali
complex.

We have also employed the model, referenced under Accomplishment 1, to analyze
mechanisms associated with the changes in the chemical activity of metal surfaces in
response to the formation of alloys. In this context, we developed a predictive framework that
can relate the geometric structure of an active center in a metal alloy material to its chemical
activity.” The model allows us to relate readily accessible physical properties of the metals
that form the active site in the alloy (electronegativity and the geometric extend of d-orbitals)
to various descriptors of catalytic activity (e.g., the adsorption energy of critical adsorbates).
We performed a number of experimental studies verifying and validating the predictive
capacity of the proposed framework.>™

We have used this predictive model to screen through large libraries of alloy materials
identifying the most optimal active sites for electrochemical oxygen reduction reaction
(ORR) in acid and base.'™*

The screening process has led us to the discovery of a number of Ag-based alloys for ORR in
base that could meet techno-economic targets.” We have synthesized and tested one of these
alloys in the form of Ag-Co nanoparticles. Rigorous measurements demonstrated the superior
activity and stability of this material in electrochemical ORR compared to pure Ag
nanoparticles of equal size. In base, this material reaches approximately 50 % the rate of
commercial Pt electro-catalysts which meets the techno-economic target.”

More recently, we have expanded our studies to the development of a new family of Pt-based
ORR celectro-catalysts for ORR in acid. This has led to the development of novel Pt-alloy
compositions which include layered structures of Au-Co core, covered by layers of Au and
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one layer of Pt. Testing of these alloy materials showed that the materials are ~ 4 times more
active that the commercial Pt standards for this reaction.’
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Presentation Abstract

Metal oxides have shown interesting catalytic behaviors in the transformations of oxygenated
molecules including dehydrogenation, dehydration, ketonization, condensation and coupling
reactions. Although it has been accepted that the composition of oxide catalysts plays an
important role in determining the catalysis, it remains largely unexplored how the surface
structure of the oxide catalysts impacts the activity and selectivity. In this talk, I will discuss our
recent work on understanding the role of surface structure and composition of oxide catalysts in
the conversion of C;-C; model oxygenates. To understand the surface structure effect, we
utilized both UHV oriented surfaces (single crystal/thin films) and shaped nanocrystals of ceria
to vary the surface site geometry, redox and acid base properties. The surface dependent
reactions of methanol, ethanol and acetaldehyde were explored over the two different types of
ceria surfaces to bridge material and pressure gaps. In extension to understand how composition
affects the reactions of oxygenates, we compared the conversion of model oxygenates over
mono-oxides and binary oxides including ceria, titania and perovskites. One common theme
among the two research areas is to reveal how the interplay between the acid-base sites and the
redox sites in oxide catalysts determines the reactivity and selectivity in the oxygenate reactions.
The implication for tuning the reaction pathways of oxygenates over oxide catalysts will be
discussed.
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RECENT PROGRESS

The overarching goal of this project is to understand how to control reaction selectivity through
tuning cooperativity in multi-functional catalysts. The vision of our research is that by
fundamentally understanding the composition and structure of catalytic sites and the mechanistic
pathways, we will be enabled to precisely assemble closely interacting components into a
catalyst to achieve the desired level of selectivity and activity. Specifically, we aim to elucidate
the role of site geometry, surface and bulk composition, acid-base and redox sites, confinement,
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and metal-support interactions in controlling selectivity in reactions catalyzed by oxides surfaces
and supported metal particles. Our approach has been based on model catalysts with increasing
complexity and model reactions with multistep pathways. The model catalysts range from thin
films and single crystal in UHV surface science study to oxide nanocrystals with controlled
surface facets and compositions, and supported metals with defined architectures. This allows us
to bridge the materials and pressure gaps between UHV and reactor based methods. Over the last
two years, the focus of this research has shifted from ceria-central to studying the transformation
of model oxygenates and hydrocarbons over binary oxides such as perovskites. The surface
chemistry, reaction kinetics and catalytic properties are studied by a collection of state-of-the-art
operando and in situ methods including the neutron scattering methods at ORNL. The
experimental work combines computational methods to aid interpretation of the experimental
measurements and to create detailed models of reaction pathways.

Surface composition effect of oxide catalysts

Adsorption and reaction of oxygenates and hydrocarbons can be controlled not only by the
surface structure of oxides such as CeO, with different facets (mentioned below), but also by the
surface composition of oxides such as binary oxides including perovskites and mixed oxides. We
choose perovskites as the initial model binary oxides because of the wide tunability of the A and
B cations in ABO; perovskites and thus great opportunity in tuning not only the redox property
but also the acid-base property of oxides to control catalytic reactions.

Alcohol reactions over perovskite particles. We aim to understand how the coupling of the
acid-base and redox properties of perovskites is controlling the reactivity and selectivity in
alcohol conversion. In an on-going effort, we have studied ABO; where A = Ba, Sr, Zn, La, Ce
and B = Ti, Zr, Mn, Co for alcohol conversion because these perovskites differ in reducibility
and acid-base properties. The dehydration vs dehydrogenation of isopropanol was used as a
model reaction to understand the acid-base catalysis while methanol oxidation was tested to
probe the interplay between the redox and acid-base sites. In situ IR, inelastic neutron scattering
(INS) and microcalorimetry were used to characterize both qualitatively and quantitatively the
surface acid-base, redox sites and reaction chemistry of alcohols. The type, strength and amount
of acid-base sites were found to vary with the A and B cations in the perovskites. Reactivity tests
are currently underway to correlate the acid-base and redox properties to the reaction activity and
selectivity.

Ambient pressure XPS of alcohol on perovskite thin film. It is worth noting that there is little
work reported on the surface chemistry of any perovskite surfaces in surface science study. Our
goal is to use model perovskite surfaces to understand the interplay of the A and B cations in
controlling the surface reactivity, selectivity and reaction mechanism of oxygenates. One of our
aims is to correlate the surface science results to the catalysis observed on powder counterparts
through bridging the “pressure gap” using ambient pressure x-ray photoelectron spectroscopy
(APXPS). We are taking advantage of the BES material science programs at ORNL which
provides us well-characterized perovskite thin films. We started with a thin film of doped
Lag 7Sro3MnO; (001) for methanol and ethanol oxidation. In order to investigate the “pressure
gap” that may occur between reactions studied under vacuum conditions and at pressure
approaching atmospheric pressure, experiments were conducted at nominally 10 torr and at 0.1
torr between 250 °C and 350 °C in the APXPS. Results using methanol or ethanol as the reactant
are generally the same (see Figure 1), i.e., only methoxy/ethoxy on the surface at lower

31



pressures, a mixture of methoxy/ethoxy and formate/acetate at higher pressure in the absence of
0O, and exclusively formate/acetate on the surface when O, was present. The only significant
difference between methanol and ethanol was a greater tendency for ethanol to form the
carboxylate in the absence of O,. At higher pressures, the Mn 2p spectra indicated that the
alcohol partially reduced Mn®* to Mn”" and there was also an indication in the O 1s spectra that
O was removed from the surface. These observations indicated that methanol was being oxidized
through reaction with the surface.

Hydrocarbon oxidation over mixed oxides. Catalytic synergy often occurs when two oxides are
intimately mixed such as in a solid solution. We aim to probe how this synergism may be tuned
to control reaction pathways.

We synthesized a ]
MngsCeosOx solid solution = ”3oure ™ T e o
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catalytic performance in the
low temperature, /
heterogeneous oxidation of | L. s s b
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molecular oxygen as the oxidant. It is significantly superior to the best current technology (140—
160 °C, conversion: 3—-5%). Detailed investigation indicates several unique characteristics of the
Mny sCeosOx solid solution: (1) A high proportion (44.1%) of active oxygen species on the
surface to promote O—O/C—H bond activation; (2) the introduction of 50 mol% Mn"*" ions into
ceria matrix for the formation of maximum solid solution phases that can lower the energy for
oxygen vacancy formation and benefit the rapid migration of oxygen vacancies from the bulk to
the surface, thus continuing the activation of gas oxygen molecules; (3) a mesoporous structure
for fast mass transfer/diffusion, and rich porosity to expose any more active sites ready for
interaction with cyclohexane/O,. We expect that the Mng sCeo sOx solid solution will provide a
strategy for oxidation of cyclohexane and other hydrocarbons under mild conditions.
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currently expanding this effort to binary oxides including nanoshaped perovskite particles and
oriented perovskite thin films and single crystals.

DFT studies of ethanol reactions on ceria. In our experimental efforts, we have observed many
cases where molecules react differently on CeO,(111) and CeO(100). In general, the CeO,(100)
surface has been more reactive than CeO(111) as indicated by a stronger adsorption energy for
molecules such as water, CO,, alcohols and aldehydes. To further understand our experimental
observations, we used computational methods to gain insights into chemical conversion on ceria
surfaces at the atomic level. Specifically, we employed density functional theory, where the
surfaces were modeled as semi-infinite, two-dimensional slabs applying periodic boundary
conditions. We studied ethanol reactions on the (111) and (100) ceria surfaces starting from
ethoxy, the experimentally determined dominant surface species. Reaction pathways leading to
cthylene and acetaldehyde are shown in Figure 2. Ethylene and acetaldehyde can be produced in
a single step through simultaneous B-scission and oxygen-carbon bond cleavage and a-scission,
respectively. Alternatively, ethylene and acetaldehyde can be formed through a common radical
intermediate formed from the B-scission reaction. The kinetically and thermodynamically
preferred pathway on both surfaces, however, is the single step acetaldehyde formation via a-
scission. We observed that intermediate and transition state structures are stabilized on the (100)
surface compared to the (111) surface. To assess pathway contributions, we computed transition
state rate constants and carried out kinetic analysis. Our results are consistent with temperature
programmed surface reaction and steady-state experiments, where acetaldehyde was found as the
main product and evidence was presented that ethylene formation at higher temperature
originates from changes in adsorbate and surface structure.

SO, adsorption on ceria. It is our goal to understand how SO, interaction with ceria is
dependent upon the surface structure of the oxide. It has shown that CeO, has a high affinity for
the adsorption of SO,, which can be detrimental as in the poisoning of automotive exhaust
catalysts but could also possibly be exploited by utilizing ceria to traps SO, in effluent streams.
Previous studies have shown that SO, adsorbs on fully oxidized CeO,(111) as sulfite, SO32'. This
species is non-reactive and eventually desorbs as SO, at elevated temperatures. On partially
reduced CeO,.x(111), the SO, adsorbs as sulfite at low temperatures but decomposes into 0% and
S* creating a sulfide and re-oxidizing Ce** to Ce*".

We hypothesized that the increased reactivity of CeO,(100) might result in sulfate (SO4>)
following SO, exposure and possibly different decomposition paths with S° as a product.
Surprisingly, considering the differences observed for other molecules on CeO,(111) and
Ce0,(100), the adsorption of SO, on these two surfaces was virtually identical in terms of the
species formed on the surfaces and their stabilities. SOs> was the only species observed on the
fully oxidized surfaces. The sulfite decomposed into sulfide on the reduced surfaces.

Supported Metal nanoparticles

Catalysis of oxides can be drastically tuned or changed when metal nanoparticles are attached on
the surface. Additional complexity arises from the introduced metal — support interaction where
the perimeter sites between metal and oxide seem to be important for catalysis. We have
explored ways how to tune the interface structure to tune the catalysis of supported metal
nanoparticles.
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Interface engineering via surface structure of oxides. The strong support effect is known for
metal catalysis, especially for gold catalysis. Instead of the changing the composition of the
support, we investigated how the surface structure of an oxide (CeQO;) can affect the catalysis of
gold nanoparticles. The different CeO, nanostructures (i.e., nanorods vs. nanocubes) can impact
the size, morphology, and interface structures of Au catalysts through the metal-support
interaction. Yet a detailed and atomistic view of the interface in Au-CeQO; catalytic system is still
missing. Recently, we have performed aberration-corrected high angle annular dark field
(HAADF) scanning transmission electron microscopy (STEM) imaging on Au-CeO,
nanostructures with well-defined shapes. With atoms clearly resolved, the size, morphology, and
atomic interface structures of the Au-CeO; catalysts before and after the water-gas shift (WGS)
reaction were systematically analyzed. It was found that the oxidation state of the ceria substrate
plays a major role for both Au-CeO, systems, with larger adhesion for Au under oxidative
condition. Under oxidative condition, Au particles with SK layers are present on the Au-CeO,
nanocubes (see Figure 3). The SK layers vanish and there is a morphological change of the Au
particles after the WGS reaction, which
is attributed to reduction of the Au-
CeO, (100) interface. In contrast, the
Au-CeO; nanorods contain regular Au
particles and some rafts under oxidative
conditions. After the WGS reaction, the
Au atoms in the rafts migrate to the
particles. The Au particles on the CeO,
nanorods are almost uncharged before
and after the WGS reaction. The loss of
strong adhesion of Au to the support
CeO, (the SK layer and the rafts) is -
partly responsible for the decrease of  Figure 3. The morphology and atomic structures of
the activities in the WGS reaction. Au-CeO, nanostructures before the WGS reaction:
C : . : _ atomic resolution HAADF image of an Au
onstruction of hierarchical metal .

L . . nanoparticle on CeO, nanorods (a) and on CeO,
oxide interfaces. .Decrea‘smg the size of nanocubes (c); Schematic view of an Au particle and
metal nanoparticles is a general g supported by the CeO, (111) nanorods (b) and by
approach to enhance the catalytic  the CeO, (100) nanocubes.
activity. But it comes with the price of

instability of small metal particles. One dimensional (1D) metal nanowires, small in diameter
and with a high percentage of exposed active sites, are more stable than the nanoparticle
counterparts. Further increase of their activity can involve the engineering of the interfaces. We
demonstrated in constructing catalytic active hierarchical interfaces in 1D nanostructure as
exemplified by the synthesis of TiO,-supported PtFe—FeOx nanowires (NWs). The hierarchical
interface, constituting atomic level interactions between PtFe and FeOx within each NW and the
interactions between NWs and support (TiO;), enables CO oxidation with 100% conversion at
room temperature. We identify the role of the two interfaces by probing the CO oxidation
reaction with isotopic labeling experiments. Both the oxygen atoms (Os) in FeOx and TiO,
participate in the initial CO oxidation, facilitating the reaction through a redox pathway.
Moreover, the intact 1D structure leads to the high stability of the catalyst. After 30 h in the
reaction stream, the PtFe—FeOx/TiO, catalyst exhibits no activity decay. Our results provide a
general approach and new insights into the construction of hierarchical interfaces for advanced

(b)
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catalysis. Current on-going effort includes the tuning of the support thickness by using BN thin
sheets to control the electronic property and consequently the catalysis of supported Pt
nanoparticles.

Kinetic Modeling.  One of our goals is to use kinetic modeling to connect fundamental surface
science studies with liquid or gas phase reactor studies. This is showcased by our work on
benzylic alcohol oxidation over supported palladium nanoparticles. In the first of two studies, we
used surface science knowledge and kinetic studies to elucidate the mechanism for benzylic
alcohol oxidation over palladium nanoparticles. We found that the six different products were
produced by a mechanism that included two main branches (an alkoxy pathway, and a
carbonyloxyl pathway). In the second study, we used that mechanism for micro-kinetic modeling
of the transient kinetics under various conditions, including applying the concept of a sticking
coefficient in solution. The kinetic simulations were able to reproduce the 18 trends observed in
the responses of the six products when varying the alcohol concentration, oxygen pressure, and
temperature. The six products were benzaldehyde, toluene, benzyl ether, benzene, benzoic acid,
and benzyl benzoate. Along similar line, we are currently planning on obtaining molecular beam
steady state methaonl oxidation reaction data over perovskite surfaces in UHV to use in
conjunction with atmospheric pressure reactor studies of the same reaction.
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Presentation Abstract

Density functional theory (DFT) has become the work horse for determination of reaction
pathways and activation energy barriers. It has also been used extensively to determine reaction
mechanisms, site selectivity and reactivity. Yet it is clear that in addition to thermodynamics,
kinetics plays a major role in predicting reaction selectivity and turn over frequencies. In this
talk I will present some examples which illustrate the crucial role played by kinetics, particularly
when reactions are carried out under ambient conditions. One case in point is that of ammonia
oxidation on RuO,(110) for which Wang et al [1] found high selectivity for NO formation
around 530 K, under UHV conditions. Related DFT based kinetic Monte Carlo (KMC)
simulations [2] provided further support for this selectivity. On the other hand, Perez et al [3],
showed 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 extended our
DFT-based KMC calculations to include reactions rates for a large set of reaction intermediates
that may be found under ambient conditions [4]. We also carried out simulations using data-
bases proposed by Perez et al [3] and others. Interestingly, all databases show NO to be the
dominant species under UHV conditions at or above the peak NO desorption temperature. On the
other hand, we find that N, is 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, an intermediate not found under UHV. I will also include results
from our recent work on methanol synthesis on defect-laden MoS,, which again points to the
importance of inclusion of kinetics in making predictions of product selectivity.
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Presentation Abstract

The objective of our joint theoretical and experimental project is to enable the design of MoS,-based
catalysts for (higher) alcohol formation from syngas (CO + H,) through a microscopic understanding of the
factors that determine site activity and selectivity. Initial efforts have focused on extracting the role of
vacancy structures, of a metal substrate, and of adsorbed metallic nanoparticles on the chemical properties of
single - layer MoS,. Of these three, our density functional theory (DFT) based calculations of reaction
pathways and kinetic Monte Carlo simulations of reaction rates find vacancy-laden single-layer MoS, grown
on Cu(111) to provide the environment most facile for methanol formation. We trace this to the charge
transfer from the metal substrate to the Mo and S layers which in turn causes the frontier orbitals of the
system to appear at the Fermi level. Preliminary experimental data on the activation energy barriers for
methoxy adsorption on MoS, show good agreement with our calculated values. At the same time,
calculations of the energy pathways for water gas shift reaction show the process to be unfavorable on defect
laden MoS,. To further validate the choice of frontier orbitals as descriptors of chemical reactivity, in our
quest for earth abundant materials with promising catalytic properties, we have obtained preliminary results
for single and multilayered WS, and WSe,, synthesized via chemical vapor deposition (CVD) and
characterized via angle resolved photo emission (ARPES) and DFT.

Additional work in this project addressed multiscale imaging and characterization of the interaction of thiols
with locally (via CVD) synthesized single-layer MoS, is being presented as separate poster.
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H :
RECENT PROGRESS
We have focused on understanding ways to functionalize ! \ix-
both single layer MoS, and MoS,(1000) so as to convert its
inert basal plane into one that can sustain catalytic activity.
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Based on our computational findings that the presence of
vacancies is essential for such reactivity [11], and some
preliminary experimental .results shown in Fig. 1, we hgve Fig. 1. Dependence of activation barrier for
created sulfur vacancies through controlled ion | methoxy formation on MoS, on vacancy
bombardment [2] and carried out experimental and | concentration. Plots are of In(Rate) versus
computational investigations of their impact on material | reciprocal temperature. The measured activation
characteristics. We are particularly interested in designing | barriers range from 200 to 800 J/mol, with the
MoS,.based structures capable of converting syngas (CO, | higher activation barrier seen at lower
H,) to (higher) alcohol, the formation of which is an | coverages when the MoS, crvstal has fewer
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important part of an economy based on renewable fuels. At a first step, we focus on methanol synthesis from

syngas that consists of the following main steps:
1) CO (g) adsorption to form CO*

(i1) H, dissociative adsorption to form H*
(i)  CO* +H * — CHO*

(iv)  CHO* +H * — CH,0O*

v) CH,O* +H * — CH;0*

(* denotes adsorbed and (g) gas-
phase species) which are
summarized in Fig. 2.

For the above reactions on
vacancy-laden MoS,, we have
considered the role of the
following:

e Vacancy cluster shape
Adsorbed transition
nanoparticles

e Cu(111) as support

metal

We have grown single layer MoS,
on several substrates [7] including
Cu(111).

o In each step, intermediate species react’
with hydrogen atom to form another
intermediate species until CH;0H is
formed.

_/ i

Fig. 2. The summary of CO hydrogenation steps.

CHO*+H*

Also ARPES measurements and DFT calculations [14-16] have allowed tracking of frontier

orbitals and traced their shifts with respect to the Fermi level to charge transfer and geometric and electronic-
structural changes in the local environment of the Mo atoms, whose d-orbitals are essential for initiating the

reactions of interest.

In this theory-led effort in discovering novel earth-abundant catalysts for

technologically important reactions, we are guided by the schematics presented in Fig. 3 which point to
desirable shifts in the frontier orbitals as indicators of chemical reactivity of the particular catalyst local

environment.

Below we present some of our recent highlights.

Reaction pathways for methanol synthesis on defect-laden single-layer MoS, supported on Cu(111):

Despite being the preferred structure in single layer MoS,, the
sulfur vacancy row is not very facile alcohol synthesis from syngas
because its narrow size limits adsorption, diffusion, and formation
of possible intermediates [11]. On the other hand, if MoS, is grown
on Cu(111), strong interactions with the substrate may reduce the
corrugations caused by sulfur vacancy rows (see Fig. 3), resulting
in a greater exposure of the vacancies to adsorbates. This, in turn,
could enhance the catalytic activity of the row towards alcohol
synthesis from syngas. Our DFT calculations using PBE functional
together with DFT-D3 correction for accounting the vdW
interactions, indeed show this to be the case. We show that: (1)
there is significant charge transfer from the Cu(111) surface to
MoS, (Fig. 4) enhancing its catalytic properties, (2) the binding
energies of CO and dissociated H, increase by 0.3 eV in
comparison to that on unsupported MoS,, indicating stronger
interactions, and (3) the barriers for forming intermediate species in
the alcohol synthesis process reduce significantly in comparison to
that on unsupported MoS,. On the basis of these energetics, we
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conclude the Cu(l11) substrate promotes methanol
synthesis from syngas on single-layer MoS, with a vacancy
row (Fig. 5). In addition, our preliminary results for water
gas shift reaction indicate that H,O may dissociate at a
sulfur vacancy row of MoS, on Cu(111) and that CO, also
dissociates here forming CO and atomic oxygen which
adsorbed on the MoS,/Cu(111) system. The influence of the
substrate on the MoS, adlayer is also seen to be significant
as is evident from our experimental studies of MoS; on SiO,
compared with MoS, on LiNbOs;. Both the charge
displacement and the placement of the MoS, chemical
potential can vary widely as a result of substrate

e & stale
Mo, d state

e

-2 1]
E-E (¢V)

Fig. 4. The structure, charge transfer (top,

interactions.

Reaction pathways on gold nanoparticles supported on

defect-laden single-layer MoS,

We have investigated the geometry, 1.0

electronic ~ structure, and catalytic | Z 05 0.20 CHO,
properties of gold nanoparticles on 52‘: ?{jmi P— 0.97 — :[p'
defect-laden single-layer MoS, using LIJEIU & o 0.98 fy 020 e B i
DFT based calculations with semi- | 3. 5] -2 L e i U

empirical van der Waals interaction | Z2.20{ © 10/ o F e 1T = —_—
(DFT-D3). Our results (Fig. 6) show | = -25 —— = £ o, & 2 i T8
that the two-dimensional planar i s é 5 5 L S E
structure, the most favorable one for _i; @w‘i;z”u}h’l‘“’l’ 5 5 o
unsupported. Auig . nanoparticle, Fig. 5. The potential energies along the reaction pathway of the
trgnsfoms into a distorted three- formation of CH;0H via the CO hydrogenation on MoS2 with a row
dimensional (3D)  structure when | o quifyrvacancies on Cu(111). Thicker-longer bars represent the
supported on single-layer MoS, with | intermediate states while thinner-shorter bars represent transition
single S-vacancy. This 3D structure is | states. Numbers (in eV) are energetic barriers.

right) and PDOS (bottom, right) of MoS, with
vacancy row on the Cu(111) surface. The
frontier orbitals are shown in left panels.

favored over the icosahedral, decahedron and
La)4.5- cuboctahedron forms. The MoS, support
_E substantially alters the electronic structure of
5 30 Au,; nanoparticle near the Fermi level, owing to
< the strong interaction of MoS; support with Au;;
2177 in the presence of a S-vacancy. This modified
= 00 electronic  structure remarkably affects the
' catalytic activity of the system as seen by the
low activation energy barriers in Fig. 6. We thus
(c) ] predict that au nanoparticle will have enhanced
0] —.2. activity towards methanol synthesis via CO
B, 15 el hydrogenation reaction — a contrast from that of
4 2_-(95 — a titania-supported Au,; nanoparticle [6], which
T ] ocomam promotes methanol decomposition.
-3 @('van::i'nzm
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Fig.6. The projected density of states (a) and frontier orbital Functionalizing single layer MoS; via
(b) of Auy; on a MoS, support. (c) The potential energies | transition metal nanoparticle deposition
along the r.eaCtion pathway for CH,OH synthesis via CO We have also investigated the adsorption of sub-
hydrogenation on Au;; nanoparticle supported on defect- . " .
laden MoS,, nanometer-sized transition metal nanoparticles




(Cuyo, Agry, and Auyg) on both pristine and defect-laden single-layer MoS, using DFT with dispersion forces
(optB88-vdW functional), as illustrated in Fig. 7. Although these nanoparticles bind reasonably well (-7.14
eV, -6.91 eV and -5.96 eV) to the defect sites of MoS,, the interface does not appear to provide the active
sites for adsorption (and dissociation) of molecules such as O,, CO, and H,, unlike similar interfaces on
metal-oxide surfaces. Preliminary results for of the adsorption of CH3;0H, CO & dissociation of H, on these
MoS, supported transition metal nanoparticles suggests their possible application in methanol synthesis. We
will continue further investigations of these nanocatalysts experimentally and theoretically in the next
funding period.

Fig. 7. Relaxed structures of Cuyy Agyg, and Au,yy NPs supported on pristine MoS,: from a) to f), and of those
supported on defect-laden MoS,: from g) to 1). The upper panel shows the top views whereas the lower panel
shows the side views. Cuy@pristine-MoS, ((a), top view and (d) side view); Ag,o@pristine-MoS, ((b) top view
and (e) side view); and Auy@pristine-MoS; ((C), top view and (f) side view); Cuyg@defect-laden MoS, ((g), top
view and (j) side view); Agyp@defect-laden-MoS, ((h), top view and (K) side view); and Auys@defect-laden
MoS; ((i), top view and (l) side view).

The influence of catalytic promoters on MoS; electronic structure

Both cobalt and alkali metals are known to promote the catalytic activity of MoS,. We have found the MoS,
electronic structure to be significantly influenced with adsorption of Na and Co, and the effect to be
profoundly different from that on WSe,. The electronic structure is rigidly shifted with small amounts of Na

or Co adsorption. In case of MoS,, the

electronic structure shifts remain electron donor 0.4 Filled: PES A Co doped WS
. . = Open:IPES A& ks f
(n-type) for Na adsorption, and little band ) - - /‘«:\ |
structure shift, rather band gap reduction with £ 0 (o \ S
Co, as illustrated from the combined e . h\q“" ‘u
photoemission and inverse photoemission 5 04 Q"\‘/
studies summarized in Figure 8. Yet for Co on i b \
WSe, the band structure shifts very Na doped AA:WSe,

significantly, as an electron acceptor (p-type).
We find that MoS, and WSe, are, themselves,
n-type and p-type, respectively. The lesson to be
learned is that we can make the n-type transition
metal dichalogenide more n-type and the p-type | . MoS, \ [~
transition metal dichalogenide more p-type, but T E

the reverse is difficult. So the influence of the

e
F

Fig. 8. The experimental transition metal dichalcogenide band

various catalytic promoters is not simply the
effect of adding a metal to the surface and likely
different catalytic promoters promote catalytic
activity through different mechanisms.

shifts in electronic structure with Na (red) and cobalt (blue)
adsorption on MoS, and WSe,. The experiment includes both
occupied (filled symbols) and unoccupied states (open
symbols).
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Presentation Abstract

A comprehensive approach is followed in this project to elucidate catalytic activity at the
single atom limit. Atomically dispersed supported metals and single atom alloy (SAA)
catalysts are investigated in the project by surface science and catalysis methods. The
reactions of interest include (i) methanol and ethanol reactions (dehydrogenation, partial
oxidation, steam reforming) on atomically dispersed gold. For the methanol reactions,
experimental and computational work on single-site Au-Oy-Nay(OH), clusters has
demonstrated the self-coupling of methanol to methyl formate and hydrogen as the
reaction mechanism, similar to what has been previously reported for other gold catalyst
configurations. (ii) selective hydrogenation and dehydrogenation reactions on model
single-crystal SAA catalysts and their nanoparticle analogs at ambient pressures. The
Pt;Cu SAA catalyst was evaluated for selective hydrogenation (butadiene to butene,
acetylene to ethylene) and dehydrogenation (methanol to formaldehyde) reactions, and
for its tolerance to carbon monoxide. We found that carbon monoxide binds more weakly
to single platinum atoms than to platinum clusters, so that the SAA design leaves more
CO-free active platinum sites available for catalysis. These surfaces exhibit minimal
poisoning in both model and realistic catalysts for reactions such as acetylene
hydrogenation. The SAA approach could be used with other metal combinations in order
to improve catalysts for industrially important processes that are prone to carbon
monoxide poisoning.

DE-FG02-05ER15730: Atomically dispersed supported metal species as catalysts for
alcohol conversion, and hydrogen and chemicals production

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

RECENT PROGRESS

During the past year, work with single-atom heterogeneous catalysts was continued with
(1) gold atoms stabilized either with —O-M- ligands on certain oxide supports or with O-
Na- ligands on any oxide support; and (ii) single atom alloy catalysts in which the metal
atom (Pt, Pd) is stabilized in the majority metal (e.g. Cu) surface. The desired outcome is
a good mechanistic understanding of the chemistries under investigation and the reaction-
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induced evolution of key catalyst structures, in order to propose general catalyst design
guidelines for the reactions of interest. The main project findings are summarized below.

Novel one-pot synthesis of supported single atom gold catalysts at high loadings

A new facile, one-pot route to prepare stable single-gold atom catalytic sites at high
loadings was developed, using alkaline aqueous solutions of Au(OH); and NaOH with a
~10/1 Na/Au atomic ratio. Incipient wetness impregnation of titania with these solutions
was used to prepare 1wt.% gold, exclusively as single-atom sites. This green synthesis
method involves no extra reagents or wastes, no organometallics, and requires no after-
treatment for catalytic activation. We demonstrated activity for the low-temperature
water-gas shift, the steam reforming of methanol, and the methanol dehydrogenation
reaction to methyl formate and hydrogen as examples of reactions for which these single-
site clusters may be used in heterogeneous catalysis. Fig. 1a shows the same TOF (s) of
the methanol stream reforming reaction over the Au-Ox-Na,(OH), clusters on anatase and
other single-atom gold catalysts like the leached Au/ZnZrOx mixed oxide catalysts
previously investigated in the project.'” Fig. 1b shows the single gold atoms on titania.
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Fig.1a. Methanol steam reforming

Fig.1b. Na-Oy stabilized gold atoms on TiO,

Pt;Cu Single Atom Alloys

Water co-catalyzed selective dehydrogenation of methanol to formaldehyde and
hydrogen

The non oxidative dehydrogenation of methanol to formaldehyde is considered a good
method to produce formaldehyde and clean hydrogen gas. Although Cu-based catalysts
have excellent catalytic activity in the oxidative dehydrogenation of methanol, metallic
Cu is commonly believed to be unreactive for the dehydrogenation of methanol in the
absence of oxygen adatoms or oxidized copper. In this work we showed that metallic Cu
can catalyze the dehydrogenation of methanol in the absence of oxygen adatoms by using
water as a co-catalyst both under realistic reaction conditions using silica-supported PtCu
nanoparticles in a flow reactor system at temperatures below 250 °C, and in ultra-high
vacuum using model PtCu(111) catalysts.> Adding small amounts of isolated Pt atoms
into the Cu surface to form Pt;Cu single atom alloys (SAAs) enhances the
dehydrogenation activity of Cu. The promotional effect of water is attributed to the
stabilization of H atoms by water clusters that facilitate the dehydrogenation of methanol
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to methoxy, which can be further dehydrogenated to formaldehyde. The selectivities to
formaldehyde on PtCu SAA nanoparticle catalysts and on PtCu(111) SAA model
catalysts are both nearly 100%. PtCu SAA catalysts also exhibit very good stability in the
high-pressure flow reactor tests and under UHV conditions.

D  CHiOH+H,0 —3CH,0 +H,0+H,

A 0.01 ML PtCu(111) e Cu(111)
= 0.01 ML PtCu(111)
H,0 m/z 18 £ 12 . )
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Fig.2 (A) TPD/R traces of methanol on a PtCu SAA. 0.6 ML methanol-D was adsorbed on 0.01 ML
PtCu(111) surface (water : methanol = 0.2:1); (B) STM image of PtCu(111) SAA surface where the bright
features are Pt atoms substituted into the Cu(111) surface; (C) Formaldehyde percent yield versus Pt
concentration for adsorption of 0.6 ML methanol onto varying surface coverages of Pt (water : methanol =
0.2:1; (D) Formaldehyde yield as a function of water to methanol ratio for Cu(111) and PtCu(111) SAA
surfaces. Methanol was adsorbed prior to water and the methanol surface coverage was 0.6 ML for each
trial; (E) ac-HAADF-STEM image of a typical region of the Pty ;Cu/SiO, nanoparticles. The sample was
pre-reduced in H, at 350 °C. Some of the isolated Pt atoms are highlighted by white circles.

Selective hydrogenation of butadiene on Pt/Cu alloys at the single atom limit

In this work, surface science and atomic resolution microscopy studies of the selective
hydrogenation of butadiene to butenes on model Pt/Cu(111) alloy surfaces have shown
that individual, isolated Pt atoms in the Cu(111) surface are all that is required to ensure
stable activity and 100% selectivity." We have extended these findings to realistic
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pressures (1 bar) by synthesizing and testing Pt/Cu SAA nanoparticle catalysts. At low
loadings, Pt exists as individual, isolated atoms substituted into the Cu(111) surface, see
Fig. 2(E). These single Pt atoms activate the dissociation of H, and spillover of H to Cu.
The weak binding of butadiene to Cu allows for the highly selective hydrogenation to
butenes. No decomposition or poisoning of these alloys was observed which can be
attributed to the lack of extended Pt surface sites. At higher Pt content in Pt/Cu alloy
surfaces, we directly visualized extended Pt ensembles responsible for the reduced
selectivity. This combined model system/NP catalyst strategy is a powerful approach to
the design of new alloy catalysts. This approach is especially useful for highly diluted
single-site systems in which identification of the active sites and elucidation of the
surface chemistry is very challenging.

Tackling CO Poisoning with Single Atom Alloy Catalysts

The fundamentals of CO adsorption on PtCu alloys were investigated using a variety of
surface science and catalysis techniques. We found that CO binds weaker to single Pt
atoms in Cu compared to larger Pt ensembles or monometallic Pt.” Thus, when CO is
present in the gas phase, more CO-free Pt sites are available on the SAA than the
monometallic Pt, yielding higher H, activation reactivity as shown by H,-D, exchange
experiments at ambient pressure in a flow reactor setup, Fig. 3.> The CO tolerance of the
Pt;Cu was also shown under realistic conditions in the selective hydrogenation of
acetylene to ethylene, Fig. 4.°
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Towards More Accurate Descriptors of Reactivity in Acid and Oxidation
Catalysis on Metal Oxides

Prashant Deshlahra, William Knaeble, Enrique Iglesia
Department of Chemical and Biomolecular Engineering
University of California at Berkeley

The catalytic function of oxides in acid and redox catalysis is examined here by a
combination of kinetic and isotopic probes, structural and surface characterization, and
theoretical assessments of elementary steps and binding sites based on density functional
theory (DFT). These strategies exploit oxide clusters of known structure and diverse
compositions and crystalline microporous solids with well-defined confining voids in
order to identify rigorous descriptors of reactivity and selectivity. DFT-derived
deprotonation energies (DPE) and the proton affinity of gaseous analogs of transition
states determine reactivity for a broad range of acid-catalyzed reactions. DPE values
rigorously reflect the acid strength of oxides, but represent an incomplete descriptor of
their catalytic properties, because interactions between organic moieties (e.g.
intermediates, transition states) and the conjugate anion in solid acids depend on the
ability of molecules and oxide surfaces to reorganize charge. This requires that we
dissect DPE values into their covalent and ionic components and that we describe
transition states for families of reactions various reactions in terms of their ability to
recover a fraction of each component of DPE upon formation of ion-pair transition states.
The redox cycles that mediate catalytic oxidations, with few exceptions, are limited by C-
H activation elementary steps that reduce metal centers in oxide catalysts. These steps
involve late transition states containing nearly formed O-H bonds, making H-addition
energies (HAE) a relevant, but incomplete, descriptor of reactivity. The stability of
transition states also depends on di-radical interactions that are influenced by how the
organic moieties delocalize the unpaired electron. In acid and oxidation catalysis,
reactivity descriptors solely based on molecular and catalyst properties become accurate
and more complete only when we consider how molecules and solids “adapt” as they
interact at ion-pair and di-radical transition states. The reciprocal benchmarking of
theoretical methods against mechanistic inferences from experiment requires the use of
solids that preserve known structures during catalysis, the interpretation of chemical
reactivity in terms of elementary steps, and the reporting of intrinsic rates, rigorously
normalized by the number of active sites.
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Abstract

We conduct studies of Pt monolayer electrocatalysts, and related core-shell catalysts
for reactions of direct energy conversion including the O, reduction (ORR) and O,
evolution reactions (OER), oxidation of ethanol and methanol, H, oxidation and
evolution and CO; reduction. We aim at increasing our understanding of their kinetics
and synthesizing ultimately low Pt content electrocatalysts with high activity and good
stability. We demonstrated the extension of the core-shell nanoparticle catalysts to metal
oxides by developing the RuO,@IrO, core-shell catalyst for the oxygen evolution
reaction (OER) and determined the mechanism of that OER using a two-step kinetic
equation for a sequential water dissociation pathway with adsorbed O as the main OER
intermediate: (1) s H,O="% 0, +H +¢ and (2) % H,0+ % 0= %0, +H +¢"

Hydrogen oxidation and evolution reactions (HOR-HER) on Pt in acid are facile
processes, while in alkaline electrolytes they are two-orders-of-magnitude slower. Kinetic
analyses of polarization curves over a wide range of potential indicate that from acid to
base, the activation free energies increase the most for the Volmer reaction, resulting in a
switch of the rate-determining step from the Tafel- to the Volmer-reaction, and a shift to
a weaker optimal hydrogen-binding energy.

We demonstrated that the Pt monolayer under tensile strain on Au substrates has a
highly enhanced activity for methanol and ethanol oxidation. The C-C bond splitting in
ethanol, and a lack of CO formation in methanol oxidation, on Pt monolayer under tensile
strain cause major changes in the reaction mechanism and increased the reaction kinetics.
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RECENT PROGRESS

Oxygen evolution reaction mechanism and enhanced activity of the RuO,@I1rO,
core-shell nanocatalysts

We demonstrated the extension of the core-shell nanoparticle catalysts to metal
oxides by developing the RuO,@IrO, core-shell catalyst for the oxygen evolution
reaction (OER), and determined the OER mechanism by quantitative kinetic analysis and
detailed DFT calculations. Both accomplishments may have a significant impact on
future research for advancing water electrolyzers in clean energy applications. Iridium
dioxide, IrO,, is an active, highly durable catalyst for the OER. However, Ir is one of the
rarest elements on earth. To maximize the mass-normalized IrO, surface area, and to
enhance its area-normalized specific activity, we developed a facile synthesis to prepare
RuO; and RuO,@IrO, core-shell nanocatalysts. Ru nanoparticles on a carbon support
(Ru/C) were used as the precursor of RuO,, and H,IrCls as the precursor of IrO; shell.
The carbon support in Ru/C acted as a template to disperse Ru nanoparticles. During
calcinations at temperatures between 350 and 450 °C in air, the carbon support was burnt
off, yielding RuO, nanoparticles or RuO,@IrO, core-shell nanoparticles when HyIrClg
was mixed with Ru/C. At 1.48 V, the specific activity on RuO,@IrO; is threefold of that
on IrO,, but remains lower than that on RuO; as shown in Fig. la. The origin of this
enhancement and the OER mechanism seem particularly interesting.

Early OER mechanistic studies proposed the pathways having the O-O bond forming
from two adsorbed oxygen species. In the 2000s, DFT studies suggested that the
activation barrier is lower with sequential addition of a second O to an adsorbed one via
water dissociative adsorption on the O-adsorbed site. However, the rate-determining steps
remain elusive on the most active RuO; and IrO, catalysts. This study confirmed the
sequential water dissociation pathway by reproducing the polarization curves measured
over a wide potential range with a two-step kinetic equation, found the rate-determining-
step on IrO, and RuO,, and provided guidance for finding more suitable core oxide to
further enhanced the OER activity on the IrO, shell.
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Fig. 1 (a) Surface-area-normalized polarization curves (symbols) and the best fits (lines)
using the sequential OER kinetic equation. (b) The OER free energy diagrams at 1.23 V
constructed using the fitted standard free energies as given in (a).

We analyzed the OER polarization curves using a two-step kinetic equation for a
sequential water dissociation pathway with adsorbed O as the main OER intermediate:
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(1) o Hy0 =% 0, +H +¢ and (2) Y% HyO + % Oyg= % O, + H' + ¢ The lines in Fig.
la show that the best fits well reproduced the measured polarization curves. From the
fitted parameters, we constructed the free energy diagrams in Fig. 1b. The arrows for the
highest barriers show that the rate-limiting step is the step 2 for the RuO,, and the step 1
for the IrO, and RuO,@IrO,. We further found that the experimentally derived free
energy of adsorption of O linearly correlate with the DFT-calculated values (Fig. 2 (left
top panel). The order of weakened O adsorbed phase explains the O intermediate
coverage rises at lowest potential on RuO2 and slowest on the RuO,@IrO,, The peak
potentials in the voltammetry curves also follow the same order. (Fig. 2c). Combining
experimentally determined activation barriers for the rate-limiting step with DFT
calculated reaction free energies, we summarize in Fig. 2 (Left, bottom) that the O the
rate-determining step on IrO; is the formation of O adsorbed phase, while the OOH
formation limits the reaction rate on RuO,. A core oxide that can shift the O adsorption
free energy to the middle is likely to be the best for enhancing the OER activity.
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Fig. 2 (Top, left) Correlation between fitted and DFT-calculated adsorption free energies.
(bottom, left) Volcano plot and suggested optimal O adsorption free energy. (b) Adsorption

isotherm derived from kinetic analysis. (c¢) voltammetry curves for RuO2, RuO2@IrO2 and
IrO2.

Elucidating Hydrogen Oxidation/Evolution Kinetics in Alkaline and Acid Solutions

Hydrogen oxidation and evolution reactions (HOR-HER) on Pt in acid are facile
processes, while in alkaline electrolytes they are two-orders-of-magnitude slower. This
behavior is not understood. Thus, increasing the understanding of different kinetics and
developing catalysts that are more active than Pt for these two reactions is important for
advancing the performance of anion-exchange-membrane fuel cells and water
electrolyzers. We found a four-fold enhancement in Pt mass activity for single crystalline
Ru@Pt core-shell nanoparticles with two-monolayer-thick Pt shells, which doubles the
activity on Pt-Ru alloy nanocatalysts. For Pt specific activity, the 2- and 1-monolayer-
thick Pt shells, respectively, exhibited an enhancement factor of 3.1 and 2.3 compared to
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the Pt nanocatalysts in base, differing considerably from the values of 1 and 0.4 in acid.
To explain such behavior and the orders-of-magnitude difference in activity in acid and
base, we performed kinetic analyses of polarization curves over a wide range of potential,
from -250 to 250 mV using the dual-pathway kinetic equation. From acid to base, the
activation free energies increase the most for the Volmer reaction, resulting in a switch of
the rate-determining step from the Tafel- to the Volmer-reaction, and a shift to a weaker
optimal hydrogen-binding energy. The much higher activation barrier for the Volmer
reaction in base than in acid is ascribed to one or both of the two catalyst-insensitive
factors — slower transport of OH™ than H', and a stronger O-H bond in water molecules
(HO-H) than in hydrated protons (H,O-H").

Enhancing oxidation kinetics of methanol and ethanol by changing the reaction
mechanism induced by tensile strain

We demonstrated that the Pt monolayer under tensile strain on Au(111) and Au
nanoparticle substrates has a highly enhanced activity for methanol and ethanol
oxidation. The C-C bond splitting in ethanol on Pt monolayer under tensile strain causes
a major change in the reaction mechanism facilitating the oxidation to CO,. In methanol
oxidation, the formation of CO, the blocking intermediate, is precluded, which facilitates
a sevenfold increase of the reaction rate [2].
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Fig. 3 Oxidation of ethanol (left) and methanol (right) on Pt monolayer under tensile
strain on Au(100).

Another demonstration of the effectiveness of expansive strain in increasing the rate
of alcohol oxidation is obtained with a Pt monolayer on Au(100) showing significantly
enhanced EOR activity and ~200 mV shift of onset potential relative to Pt(100) (Fig. 3).
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Changing the mechanisms of CH,OH and C,H.OH oxidation for increased Kinetics

Formation of CO the blocking intermediate is the main problem of ethanol
electrocatalysis. It is an obstacle that does not allow a broad application of direct
methanol fuel cells. For Pt ML on Au under tensile strain in situ infrared spectroscopy
studies with single-crystal- and nanoparticle-based catalysts showed no adsorbed CO
band (~2090 cm'l) in methanol oxidation, which proceeded to CO,.. This observation was
in agreement with theoretical prediction by DFT calculation.

New route that does not involve CO formation is likely to avoid the reaction established
for Pt:

Pt-CH,OH - Pt-CHO - Pt - CO_,.

In it, the reactive intermediate CHO forms CO, which blocks Pt sites for CH;OH
adsorption.
Instead, the reaction on Pt/Au:

+
Pt-CHO +Pt-OH - COZ+2H +2Pt

accomplishes the oxidation of CHO to CO,. The reactive strained Pt surface forms PtOH
at more negative potentials than Pt. The reactive intermediate, CHO, reacts with Pt-OH
formed at strained Pt producing CO; rather than CO adsorbed. This change in mechanism
increases the reaction rate by sevenfold.

During ethanol oxidation on Pty /Au(111), the absence of both the CO,4s and CO,
bands suggested that ethanol dissociative adsorption did not occur and that the reaction
followed partial oxidation pathway without cleavage of the C—C bond. However, the
splitting of C-C bond was observed on nanoparticles Pty /Au/C and RhSO,/Pty/Au/C
catalysts, as evidenced by the CO, band.

The instability of SnO, as a co-catalyst causes performance decay. Successful
replacement of SnO; by oxide materials with higher chemical stability has been achieved.
Preliminary data exemplified by use of CeO, are shown in Fig. 4.
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Fig. 4 Oxidation of methanol (left) and ethanol (right) on Pt monolayer modified by
CGOZ.
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Aleksandra Vojvodic
Highly active metal-oxide catalysts for water splitting

Aleksandra Vojvodic

In this talk T will present our recent findings on water splitting with the focus on the
oxygen evolution reaction.”® We have computationally identified new highly active
transition-metal oxide OER catalysts that have been experimentally synthesized,
characterized and tested.'”. T will discuss the dependence of OER activity on the
geometry of the catalyst material>™ and different OER reaction mechanisms.”®

1. B. Zhang, X. Zheng, O. Voznyy, R. Comin, M. Bajdich, M. Garcia-Melchor, J. Xu, M.
Liu, F. P. Garcia de Arquer, C. T. Dinh, F. Fan, M. Yuan, E. Yassitepe, A.
Janmohamed, N. Chen, T. Regier, L. Han, H. L. Xin, L. Zheng, H. Yang, A. Vojvodic,
and Edward H. Sargent, "Homogeneously-Dispersed Multi-Metal Oxygen-Evolving
Catalysts", Science 352, 333-337 (2016).

2. J. W. D. Ng, M. Garcia-Melchor, M. Bajdich, C. Kirk, P. Chakthranont, A. Vojvodic,
and T. F. Jaramillo, "Gold-Supported Cerium-Doped NiOy Catalysts for Water
Oxidation", Nature Energy 1, 16053 (2016).

3. L. C. Seitz, C. Dickens, K. Nishio, Y. Hikita, J. Montoya, A. Doyle, C. Kirk, A.
Vojvodic, H. Y. Hwang, J. K. Nerskov, and T. F. Jaramillo, "A Highly Active and
Stable SrlrOs/IrOy Catalyst for the Oxygen Evolution Reaction", Submitted (2016).

4. A. S. Walton, J. Fester, et al, A. Vojvodic, and J. V. Lauritsen, "Interface Controlled
Oxidation States in Layered Cobalt Oxide Nano-Islands on Gold", ACS Nano 9, 2445-
2453 (2015).

5. J. Fester, M. Garcia-Melchor, A. S. Walton, M. Bajdich, Z. Li, L. Lammich, A.
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National Science Review 2, 140-143 (2015).

7. A. D. Doyle, J. H. Montoya, and A. Vojvodic, "Improving Oxygen Electrochemistry
Through Nanoscopic Confinement", ChemCatChem 7, 738-742 (2015).

8. M. Garcia-Melchor, L. Vilella, N. Lopez, and A. Vojvodic, "Computationally Probing
the Performance of Hybrid, Heterogeneous and Homogeneous Ir-based Catalysts for
Water Oxidation", ChemCatChem, 8, 1792-1798 (2016).
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Liviu M. Mirica
Mechanistic Studies of Bioinspired Oxidative Organometallic Reactions

Liviu M. Mirica, Nicholas Ruhs, Andrew J. Wessel, and Wen Zhou
Department of Chemistry, Washington University in St. Louis

Presentation Abstract

The long term goal of this project is to develop novel transition metal catalysts that
exhibit reactivity profiles resembling both organometallic and bioinorganic systems.
Given the importance of Pd systems in chemical catalysis transformations we have been
investigating the electronic properties and organometallic reactivity of uncommon Pd™
and Pd' complexes to better understand various redox reactions involving palladium. Our
approach employs flexible multidentate ligands that can accommodate different metal
coordination geometries corresponding to various oxidation states, and thus promote
facile redox reactions. Of particular interest are bioinspired aerobic oxidative reactions
that lead to formation of new C-C and C-heteroatom bonds. Detailed mechanistic studies
of these oxidative reactions will be discussed, as well as recent novel organometallic
reactions employing Pd™ and/or Pd' species. Overall, the development of novel transition
metal-catalyzed aerobic oxidative reactions should have a significant impact in
organometallic catalysis applied energy-related transformations.

DE-FGO02-11ER16254: Novel Redox Catalysts for Greenhouse Gases Utilization

Postdoc(s): Wen Zhou
Student(s): Nicholas Ruhs, Andrew J. Wessel, Kei Fuchigami, Jia Luo, Fengrui Qu,
Fengzhi Tang

RECENT PROGRESS

During this reporting period, we have employed a pyridinophane-type C-donor ligand
in which one of the one pyridine ring was replaced with a phenyl ring (e.g., "N3CH,
Scheme 1a) that was proposed to be more electron rich and thus further stabilize high-
valent Pd species. Importantly, the "N3CH ligand allows us to perform C-H activation
studies at high-valent Pd centers. Recent results show that ("N3CH)Pd" complexes
exhibit oxidation reactivity that is dependent on the counteranion employed. For
example, the (P""N3CH)Pd"(OAc), complex — in which the ipso-C-H bond of ®*N3CH
has not been cleaved, can be oxidized with oxidants such as PhICI, to generate a pdt
complex [(P"N3C)Pd"'CI(MeCN)]" that contains a Pd-C bond (Scheme 1a). This result
suggests that the C-H activation has likely occurred at a Pd™ (or Pd") center.
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Interestingly, only one anionic exogenous ligand, a chloride ion, is bound to the Pd"
center, the other coordination site being occupied by a solvent MeCN molecule, most
likely due to the strong trans influence of the phenyl ligand. Moreover, the chloride anion
can be removed by TIPF, to generate an uncommon dicationic Pd"-disolvento complex
with two available coordination sites that was structurally characterized (Scheme 1a).
Finally, the [(®"N3C)Pd"'Cl(MeCN)]" complex can be further oxidized to the Pd"
analog that can be characterized by NMR and XPS to support the Pd" oxidation state
assignment (Scheme la). All these complexes are essential precursors that will be
employed in our future organometallic reactivity studies.

(BYNBCH)Pd"(OAC), [(tBiN3C)Pd"'CI(MeCN)]* [("BUN3C)Pd " (MeCN),]2*
X-ray (X=H, Me) X-ray, EPR, ESI-MS X-ray, EPR
NOBF,,
MeCN

[(BUN3C)Pd'VCI(MeCN)] 2+

NMR, XPS
x|
02 or H202
or tBuOOH
D — .
MeCN,
RT, 8h
[("B“N3CH)Pd ""(MeCN),>* [(BUN3C)Pd(MeCN),]2*
X-ray (X=H, Me, OMe, CN) confirmed by EPR

Scheme 1. a) Generation of organometallic Pd"'- and Pd" —solvento complexes of the ®“N3CH
ligand, and b) unprecedented aerobically-induced oxidation and C-H bond activation at a
dicationic Pd" complex.

Interestingly, use [Pd(MeCN)4](BF4), salt generated the [(*“N3CH)Pd"(MeCN),]**
complex that exhibits an agostic interaction between the Pd center and the ipso C-H bond
(Scheme 1b). Moreover, this complex is surprisingly oxidized under ambient conditions
by mild oxidants such as O,, H,O;, and tBuOOH to generate a pd™ species, as observed
by EPR and UV-vis and assigned to the [(""N3C)Pd"(MeCN),]" complex (Scheme 1b).
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These are very exciting results, showing an unprecedented aerobic oxidation of a
dicationic Pd" complex, which is also undergoing a C-H bond activation process during
the oxidation. This system can thus be employed toward the development of aerobically-
induced C-H functionalization reactions.

Another goal of our research project is the synthesis and detailed characterization of
low-valent Pd complexes that could lead to the development of novel catalysts for
reductive transformations. In this context, in the previous reporting period we have begun
employing multidentate ligands that limit the number of open coordination sites and thus
preclude dimerization of Pd' species. For example, the hexadantate ligand "°N4 (an N4
derivative with two picolyl N-substituents) can support a Pd' species whose EPR
spectrum is suggestive of a dy2.,2 ground state (Scheme 2a), however this species showed
limited reactivity toward exogenous substrates. To increase the reactivity of the
corresponding Pd complexes, during this reporting period we have synthesized a
pentadentate pyridinophane ligand with one picolyl arm, "M°N4 (Scheme 2b).
Interestingly, when "M°*N4 was reacted with [Pd(MeCN)4](BF,),, the ligand undergoes
C-H bond activation of the N-methyl group under ambient conditions, as observed by X-
ray crystallography and NMR (Scheme 2b). This result strongly supports that the
("M*N4)Pd complexes should exhibit enhanced reactivity, including uncommon aliphatic
C-H bond activation. Overall, these ligand systems are very promising, since having a
system that can stabilize both Pd"™ and Pd' species is essential for our proposed reactivity
studies aimed toward catalyst development for reduction processes.

a)
| x
KOWQ < ‘
= [Pd(MeCN),](BF4), N 1 equiv CoC N
_—— ||\I|‘N \ u» e \
e 0 MeCN G| -35°C 4 pd
Ch Kﬁj/‘ 'L / | A/
A [(PiCN4)PdII]2+ [(PiCN4)PdI]+

PicNg X-ray square planar
d,2.y2 ground state (EPR)

N 1 N It

Iy

b)
® 7*
/
N
N N—CH [Pd(MeCN)4](BF4)2 FcPFe
[~ —_—
— ° MeCN MeCN. -35 °C
N
/T
" PicMe; 1172+
PicMep4 [(PVeN4)Paly* [ hPd’]

X-ray, ESI-MS dy2.y2 ground state (EPR)

Scheme 2. A) Use of a hexadentate "°N4 ligand to generate a_Pd' species, and b) Aliphatic C-H
bond activation at a Pd" center supported by a pentadentate ""¥*N4 ligand, and generation of a
Pd" species.
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Future plans

For our proposed oxidative C-H activation and functionalization studies, the
generated organometallic Pd"-solvento complexes that were obtained through
oxidatively-induced C-H bond activation are essential species that will allow us to
investigate their reactivity toward the formation of new C-C or C-heteroatom bonds, in
the context of development of novel catalaysts for C-H functionalization reactions.
During the next reporting period we plan to react these complexes with various
exogenous organic substrates and investigate their transmetallation, C-H activation, and
reductive elimination reactions. We will also compare the organometallic reactivity of
analogous Pd"" and Pd"" complexes, and establish the requirements for efficient C-C and
C-heteroatom bond formation reactions. In addition, we are currently performing detailed
mechanistic studies of the observed aerobically-induced C-H activation the dicationic
[(‘B"N3CH)Pd"(MeCN),]*" species in order to determine whether the C-H activation step
occurs before, after, or in concert with the oxidation of the metal center to yield the pd™
product.

For our proposed development of reductive catalytic systems involving both low-
valent and high-valent Pd intermediate, we will employ our recently developed
multidentate "°N4 and "*™*N4 ligands to stabilize various Pd' and Pd™ species. Then we
will investigate the reactivity of any detectable Pd' intermediates toward exogenous
substrates such as small molecules (CO,, H>O) as well as organic electrophiles that could
be employed in reductive transformations.
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Paul J. Chirik
The Interconversion of Ammonia with Its Elements

Iraklis Pappas, Mat¢ J. Bezdek, Paul J. Chirik*
Department of Chemistry, Princeton University, Princeton, New Jersey, 08544

Presentation Abstract

The synthesis of ammonia from its elements, N, and H,, and the reverse reaction, the
oxidation of NHj to dinitrogen and dihydrogen are chemical transformations that are key
for carbon neutrality. Our research group is exploring proton coupled electron transfer
(PCET) methods as a pathway for N-H bond formation and scission. Measurement of N-
H bond dissociation free energies (BDFEs) of coordinated nitrogen ligands (amides,
imides, hydrazides, and ammonia) are at the core our approach and guides rational design
of transition metal complexes and optimization of ligands to attenuate redox potentials
and N-H acidity. Determination of the N-H BDFEs of bis(cyclopentadienyl) titanium and
zirconium amides and applying PCET from Cr and Rh hydrides to the metal amides has
provided a new route to breaking strong M-NH, bonds and liberating ammonia. The
thermodynamic viability of PCET can be predicted and attenuated through an
understanding of both the hydrogen atom donor and the nitrogen acceptor using
thermochemical square schemes. Notably, the Cr and Rh hydrides are regenerated under
an atmosphere of hydrogen enabling the catalytic hydrogenolysis of metal amides,
imides, and hydrazides using PCET. Metal-ligand cooperativity effects in molybdenum
complexes supported by redox-active terpyridine ligands, which are less prone to
chemical modification, are also under investigation. Ligand-mediated N-N bond cleavage
of dinitrogen to form a Mo nitride has been observed. Key steps in the oxidation of
ammonia such as preparation of molybdenum amides from NHj3 with loss of H, have
been demonstrated. Ligand design principles and mechanisms of these transformations
will be the focus of my lecture.

DE-SC0006498: New Approaches to Nitrogen Fixation

Student(s): Iraklis Pappas, Maté Bezdek, Grant Margulieux

Publications Acknowledging this Grant in 2013-2016
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Molecular-Level Design of Heterogeneous Chiral Catalysts

Wilfred T. Tysoe, Andrew Gellman, Charles Sykes and Francisco Zaera
Department of Chemistry and Biochemistry, University of Wisconsin-Milwaukee
Department of Chemical Engineering, Carnegie Mellon University
Department of Chemistry, Tufts University
Department of Chemistry, University of California-Riverside

Presentation Abstract

The fact that two enantiomers of a chiral compound can have completely different
physiological effects means that chiral pharmaceuticals must be synthesized in their
enantiomerically pure forms creating the enormous market for chiral compounds.
Currently, pharmaceuticals are synthesized by homogeneous—phase catalysts, many of
which are achiral and produce racemic products requiring separation of the catalyst and
enantioseparation of the product, issues that are addressed by the use of heterogeneous-
phase chiral catalysts. Unfortunately, the empirical development of such heterogeneous
catalysts has met with limited success, in part because of the existence of unmodified
sites on the extended surface that lead to the formation of racemic products. The goal of
the Chiral Catalysis Group is to obtain a fundamental mechanistic understanding of the
interactions that control enantioselectivity and to develop the concepts necessary to
design novel, heterogeneous catalytic materials. The Group is organized conceptually
around three types of enantiospecific interactions with chiral catalytic surfaces:
interactions with naturally chiral surfaces (those that are intrinsically chiral); interactions
with modified surfaces categorized as chirally templated surfaces (with modifiers that act
cooperatively to create a chiral reaction or adsorption site); and one-to-one interactions of
prochiral molecules with chiral surface modifiers. Recent results are discussed within the
context of the three categories.

Grant Number: DE-SC008703:
Molecular-Level Design of Heterogeneous Chiral Catalysts

Postdoc(s): Michael Garvey, Sunil Devarajan, Ilkeun Lee, Alexander Gordon,

Stavros Karakalos, Yongju Yu, Mausumi Mahapatra

Student(s): Junghyun Hong, Charles Janini, John Kestell, Nathan Khosla, Chen Lin,
Mausumi Mahapatra, Bharat Mhatre, Nathaniel Ondeck, Alex Petti, Aaron Reinkicker,
Xin Xing, Yongju Yu, Jerry Praeger, Yufei Ni, Gardenia Rodriguez, Matt Payne, Felicia
Lucci, Matthew Michels.
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RECENT PROGRESS

Naturally Chiral Surfaces

Work has focused on  understanding
enantioselectivity on naturally chiral metal
surfaces,  specifically on the  explosive

decomposition of tartaric (TA) and aspartic acid
(Asp) on Cu surfaces that leads to super-
enantiospecific decomposition kinetics. A key
feature of this work is that mixtures of D-Asp and
BC-L-Asp can be used for mass spectrometric
enantiodifferentiation of the species adsorbing,
desorbing and reacting on the surface. These
experiments have provided new insights into the
enantiospecific  surface chemistry of chiral
compounds.

Gas phase mixtures of D- and *L-amino acids
on the naturally chiral Cu{3,1,17}**® surfaces have
been studied by both experiment and density
functional  theory  (DFT)-based  modeling.
Measurements of equilibrium adsorption of racemic
D*L-Asp on the Cu{3,1,17}**%  surfaces
demonstrated enantiospecific separation on a
naturally chiral metal surface (Fig. 1A) and
quantitative  determination of enantiospecific
adsorption equilibrium constants Kp/r/K. /g =
K., /s/Kp/s =2.2+£0.2. Similar measurements
have been made on the Cu{3,1,17}**® surfaces
using mixtures of D/*L-alanine (Ala), D/*L-serine,
and D/*L-phenylalanine, and using D/*L-Asp
mixtures on both Cu{653}**% and Cu{111}.

An important feature of the isotope labeling
methodology is that it allows determination of
enantiomeric excesses in both the adsorbed phase,
eeg, and the gas phase, ee,, and thus quantitative
determination of ees(eeg) (Fig. 1B). Ala
adsorption on Cu{3,1,17}**® is non-enantiospecific
with ee; = ee;. As mentioned, Asp/Cu{3,1,17}%%S
is enantio-specific with eez(0) # 0. Surprisingly,
Asp/Cu{l11} exhibits auto-amplification, |ees| >
|eeg|, in spite of the fact that Cu{111} is achiral.
This arises from  homochiral enantiomer
disproportionation, the formation of homochiral
adsorbate clusters.
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Figure 1. A. The D- and *L-Asp
coverage ratios on Cu{3,1,17}**% at
460 K as a function of exposure time
to D*L-Asp gas mixtures with Pp/P,;
= 1. The deviation of 6,/6,, from
unity is indicative of enantiospecific
equilibrium adsorption. B. Plots of
ees(eeg) for various combinations of
AA/ Cufhkl}. Asp/Cu{3,1,17}**5 is
indicative of enantiospecific adsorp-
tion. Asp/Cu{653}*% is indicative of
homochiral enantiomer disproportion-

ation (formation of homochiral
clusters). C. Model for competition
between enantiospecificity and

enantiomer disproportionation during
adsorption of chiral species.

Finally, Asp/Cu{653}° is dominated by homochiral enantiomer

disproportionation, in spite of the fact that the surface is chiral.
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A general model for the adsorption of chiral mixtures is illustrated in Figure 1C and
describes adsorption (which is enantiospecific on chiral surfaces) coupled with
enantiomer disproportionation (homochiral or heterochiral clustering). The mathematical
formulation of a Langmuir-like adsorption isotherm based on this model yields the fits to
the various types of behavior observed in Fig. 1B. It generally predicts the complex
behaviors observed for all of the systems studied in Fig. 1B.

We have demonstrated that the decomposition of D- and *L-Asp can be performed
catalytically and in steady state during continuous exposure of the Cu(111) surface to gas
phase Asp. The decomposition mechanism for aspartic acid on Cu(111) is:

0,CCH(NH,)CH,CO, - 0,CCH(NH,)CH, + CO,
0,CCH(NH,)CH, — CO, + H(NH,)CH,
H(NH,)CH, » N = CCH; + H,

The reaction has been performed to ~50
il a PORU(11T) Uptake b | ¢ turnovers at 600 K without signs of deactivating
el | gy the Cu(111) surface. These results open the door
to study of enantioselective catalysis on naturally
chiral Cu(hkl) single crystal surfaces.

We are now collecting data on TA
decomposition on Structure Spread Single
Crystal Surfaces (S'Cs). These are spherical

onfliei ) s sections of Cu single crystals that expose a

Fiaure 2. continuous  distribution of crystal planes

spanning the stereographic projection. From

these measurements we will obtain reaction rate constants, k;(hkl), for TA
decomposition on surfaces with all possible Miller indices.
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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, using
propylene oxide and glycidol as the probe molecules. Work has focused on two areas. In
the first area, fundamentals of auto-enantioselective effects is being explored 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
oxide that modify their maximum attainable
saturation coverages. These are phenomena
are similar in nature to the auto-amplification
demonstrated above using isotopic labeling of
Asp on Cu(111). 'In the second area, ‘the @ Cortion S b
formation of local chiral templates from amino @ Nitrogen @ Palladium  S¥IoPyiene
acids on Pd(111) has been studied and their | Figure 3. Schematic depiction of the chiral,
enantioselectivity measured using chiral | tetrameric templates formed from Ala on
probes Pd(111).

A unique behavior was found in the uptake
of propylene oxide (PO) on Pt(111), that was ascribed to a kinetic effect. Temperature-
programmed desorption (TPD) data showed that the density of the saturated monolayers
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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. Curiously, no such effect was found on
Pd(111). Data from isothermal molecular-beam measurements indicated that the sticking

Figure 4. High-resolution STM images of
2-BuOH networks on Au(111) (a) One of
three S-2-butanol rotational domains at 1
ML coverage. (b) One of three R-2-
butanol domains at 1 ML coverage on
Au(111); this domain is the mirror image
of the S-domain.. The plane of symmetry
(red dotted line) is aligned with the \3
direction of the underlying Au(111)

probabilities of PO increase with coverage in the
early stages of the uptake, reflecting an
adsorption process aided by the presence of
other adsorbates on the surface. Kinetic Monte
Carlo simulations qualitatively reproduce the
experimental measurements and highlight the
kinetic driving force for the differences observed
(Fig. 2). Strikingly, this effect reverses itself at
saturation, and in equilibrium the preference is
toward racemic mixtures.

Tetrameric assemblies have been identified
following the adsorption on alanine and some
other aminoacids on a Pd(111) surface, where
enantioselectivity is found when using
propylene oxide and glycidol as chiral probes
only for those aminoacids that form tetramers.
Surface analyses showed that the aminoacids

exist in both the zwitterionic and anionic forms. DFT calculations revealed that amino
acids dimerize by an interaction between an anionic and zwitterionic form of the amino
acid that, in some cases, further assemble to form tetramers. It was found that only those
amino acids that formed tetramers were enantioselective, indicating that they formed
(local) chiral templates as illustrated in Figure 3.

However, such local templates still leave unmodified

NEA

regions of the surface. In order to address this issue we
are attempting to grow extended template arrays. We
have shown that aspartic acid on Pd(111) adsorbs in a
similar fashion to other amino acids, through the acetate
and amine groups, but aggregate into networks that
expose chiral pockets. In an alternative approach, 2-
butanol also forms extended two-dimensional chiral
arrays as illustrated in Figure 4.

One-to-One Interactions

One-to-one modifiers operate through a direct
interaction between the prochiral reactant and the chiral
modifier, as proposed to occur for the Orito reaction in
which cinchona alkaloids serve as a modifier for the
enantioselective hydrogenation of methyl pyruvate (MP)
to methyl lactate (ML). We have investigated the
molecular details of this promotion by using MP on 1-(1-
naphthyl) ethylamine (NEA, a cinchonidine analog)-

Methyl pyruvate/R-NEA/ | /ML
H,/Pd(111)

45 amu MS signal (Methyl Lactate)

T T T T T T
100 200 _300 400 500 600 700
Temperature / K

Figure 5. TPD profiles for the
hydrogenation on MP on
NEA-modified Pd(111)
monitoring 45 amu. The NEA
coverages are displayed
adjacent to the corresponding
desorption profile.

modified Pd(111). TPD experiments reveal that co-adsorbed NEA accelerates the rate of
MP hydrogenation on Pd(111) (Figure 5). Docking complexes are analyzed by imaging
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co-adsorbed NEA and MP by scanning tunneling microscopy (STM) and the structures
characterized by measuring the angle subtended between the long axes of the docked MP
and the naphthyl ring of MP in the images of the docking complexes. As shown in
Figure 6(a), the angles fall into well-defined bins. The docking structures were analyzed
by extensive DFT calculations of
the interactions between
combinations of exo and endo
NEA with the keto and enol
tautomers of MP  located
proximate to the chiral center on

A B
% 43+5% 39£5% (a)

N
=3

C
18+4%

Abundance
&

Abundance

i
1)

o o

0 . ,

L g " Gndgaaer | NEA using Van der Waals
Figure 6. The figure displays histograms showing the corrections. The equilibrium
proportions of (a) experimentally measured and (b) proportions of each docking
calculated abundances versus the dihedral angles between complex were calculated from a

the naphthyl ring of NEA and the long axis of MP. The
results reveal that the complexes fall into three, well-defined

bins defined by a range of dihedral angles; A; 10 £ 5°, B; 45 Interaction eqergles from‘ DFT_ at
+5%and C: 70 + 5°. the experimental ~ imaging

temperature of ~120 K. The
angles between the MP and naphthyl ring of the simulated images were then calculated
for the most stable docking complexes. The resulting distribution, displayed in Figure
6(b), shows that the measured angles for the calculated structures fall into the same
ranges as for the experiment, with similar distributions.

Analysis of the calculated structures reveal that stable docking complexes form
predominantly between the enol tautomer of MP with both the exo and endo rotamers of
NEA. The formation of the complexes is primarily dictated by the surface ensemble
requirements of binding the carbon-carbon double bond to the surface while
simultaneously  optimizing C=O----H,N  hydrogen-bonding interactions that
predominantly stabilizes the enol tautomer in pro-R configurations on an R-NEA-
modified surface. The stabilization of the enol tautomer results in enhanced
hydrogenation of MP to methyl lactate due to the
presence of a more easily hydrogenated C=C double

Boltzmann distribution using the

NEA Adsorption on Pt from CCl,

T Infrared Absorption Spectra bond. The combination of chiral-NEA driven
|# Cakculated H|| diastereomeric docking with a tautomeric preference
i S_savposnisczan U\ causes an enhancement of hydrogenation activity that

sm”ea‘ " | | leads to an increase in enantiomeric excesses in the
U&//\——u—/ Y . . . .
F| NEA
N M“\\::«L— catalytic reaction for chirally modified surface, as found

experimentally.

Absorbance

S.A-Aac)-NEA . |

. However, the story may be more complex under
, _ sNEA A \ real conditions that include the presence of a solvent.
m“{—.w o The nature of the adsorption of saturated monolayers

1000 1500 2000 2500 3000 350¢ obtained by uptake of NEA from CCl solutions were
Wavenumber / cm” characterized in situ by reflection-absorption infrared
spectroscopy (RAIRS). It was found that racemic
mixtures behave differently than enantiopure layers, yielding different IR spectra. This is
shown in Figure 7, where new peaks are seen for the adsorbed (but not neat) racemic
mixture, especially in the 1500 - 1700 cm™ region. This behavior was interpreted as the

Fiaure 7.
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result of the formation of racemate pairs via hydrogen bonding at the amine moiety also
responsible for bonding to the surface. NEA adsorption under these conditions is
reversible and can be modified by subsequent exposures to solutions of different chiral
compositions, but that appears to take place only via changes in the relative fractions of
enantiopure Versus racemic domains on the surface; no other enantiomeric ratios are
apparent at any stage of the uptake or adsorbate exchange process in the IR data.
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Our isolated metal catalysts Zn>*, Co®", Fe**, and Ga®* on SiO, are highly selective
for nonoxidative propane dehydrogenation. While these are Lewis acid centers, the key
step for effective catalysis is not purely based upon the Lewis acidity of the catalytic
metal, but also the catalyst-oxygen bond strength. This conclusion is the result of
computational modeling, spectroscopic, and mechanistic study of our M/SiO, catalysts.
Key insight was obtained from highly Lewis acidic Y°" and S¢** materials that are not
catalytic for dehydrogenation but do catalyze the low temperature hydrogenation reaction.
We have also directly prepared zinc alkyl precatalysts and compared their catalytic
function to the previously reported Zn”"/SiO, system prepared via aqueous synthesis. The
need for multiple characterization methods, including kinetic studies, X-ray absorption,
resonance Raman, and infrared spectroscopies will be highlighted by our preparation of
model compounds and use of computational methods to validate structural and functional
models of catalytic sites of Ga, Zn, and new, predicted catalysts.

To test the hypothesis that the catalyst-
oxygen-support (M-O-M’) bond strength is a  100% Co/M/ SiOZ
valid descriptor of catalytic performance in our Tt.—-m-- -
systems, we have synthesized new catalysts  sox + Co/Si0
where we have used an electrophilic metal 2

2002000000 . s 2 : 2 L 2 °

(e.g. Zr*") to modify the ‘ligand’ properties of £ 80% -

the SiO, surface in terms of catalyst-oxygen ¥ M /SiO; control

bond strength. This was accomplished using f”.m 2 GV e —————
L

conventional aqueous, organometallic, or
atomic layer deposition (ALD) chemistries.  gox +
The resulting materials were found to be
superior catalysts to our previously reported — gox ' 4 " ) "
Co/Si0; in terms of both catalyst activity and ° ‘ 8 et 1 2
selectivity. The implications for future

catalyst design will also be discussed.
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Approximately twenty years ago 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 vyield 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™), and analogous tungsten oxo initiators, 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 addition of each monomer unit. 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. Recently we have found that two
chemically different monomers with similar reactivities but "opposite" chiralities can be
copolymerized to give cis,syndiotactic,alt structures through "stereogenic metal control"
of the polymerization. Unusual trans-poly(A-alt-B) polymers can be prepared
stereoselectively from a 1:1 mixture of A and B where A is a cyclic olefin such as
cyclooctene (A;) or cycloheptene (A2) and B is a large norbornadiene or norbornene
derivative such as 2,3-dicarbomethoxy-7-isopropylidenenorbornadiene (B;) or
dimethylspirobicyclo[2.2.1]hepta-2,5-diene-2,3-dicarboxylate-7,1'-cyclopropane (B2)
with initiators Mo(N-2,6-Me,CcH3)(CHCMe,Ph)[OCMe(CF3),]  or  Mo(N-2,6-i-
Pr,C¢H3)(CHCMe,Ph)[OCMe(CF3):]o. The proposed mechanism involves the sequential
formation of syn-MB (where B was last inserted into a Mo=C bond) and anti-MA
intermediates (where A was last inserted into a Mo=C bond), where syn and anti are
isomeric forms of an alkylidene.
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Presentation Abstract

The primary purpose of this presentation is to outline our developments in understanding
heterogeneous catalysis to the point that a set of catalyst design principles is revealed.
The cornerstone of our approach and the focus of this presentation is the combination of
knowledge from computational investigations and modeling tools to develop a
comprehensive theory of heterogeneous catalysis. The theory we aim for is a set of
concepts that allow us to identify the catalyst properties that are most important in
determining the catalytic activity. This involves studying the energetics (reaction energies
as well as activation energies) and properties related to catalyst deactivation such as
sintering and strong metal support interactions. We make extensive use of computational
chemistry methods and we rely on the development of models that allows us to study
trends in surface chemistry. The final test of our efforts is the ability to design new
catalysts based on insight, something that is not possible without the combination of
theory and experiment.

Grant or FWP Number: 10049

Pl: Frank Abild-Pedersen
Postdoc(s): Philipp N. Plessow, Liang Yu

RECENT PROGRESS

The focus in this presentation is to expand our understanding of correlation between the
electronic structure and the energetics of adsorbate-surface interactions with specific
focus on activation energy scaling relations.

The d-band model has shown significant predictive power in correlating simple
transition metal surface properties directly to the bond-strength between the adsorbate
and the adsorbent. Many studies have shown that the model is more than adequate to
describe observed results.
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The d-band model provides general guidelines on what to require from a surface in
order to promote certain reactions but it is not very convenient when it comes to catalyst
screening.

The introduction of linear scaling relations for energies has proven extremely useful
in the quest to identify, understand and predict reactivity trends of solid catalysts and we
have shown several cases of this applicability over the years. Their ability to relate
complex properties such as the energies of adsorbates or transition states to simple
descriptors provide all the ingredients required to calculate trends in rates, equilibria and
turn-over-frequencies of complex reaction networks. We have devoted a major part of
our efforts expanding these scaling relations to enhance our understanding of the relations
and test their applicability to new and more complex systems.

Scaling - beyond simple relations

The concept of scaling can in a simple way be extended to adsorbate systems that have
been perturbed from their equilibrium structure.

If we have a di-atomic molecule (A — B),4 in its equilibrium structure in vacuum,
then for each (A — B),4, where the index d describes a perturbation from the equilibrium
structure, we shall assume that there is a well-defined scaling term per surface bonded
fragment such that:

AEA~Ba = yAAEA + yBAEP + §4-Ba (1)

where y# and y£ are scaling parameters for each element and §478d is the intercept at the
zero interaction limit, i.e. AE4 = AE® = 0. Without loss of generalization, the same
arguments can be used where A and B are molecular fragments instead of single atoms.

The data in Figure 1 clearly justifies this assumption showing the adsorption energy
of molecular nitrogen, N,, as a function of the N adsorption energy on a number of
stepped transition metal surfaces for a number of different N — N bond distances.
Equation (1) above can be generalized to an n-dimensional energy space (descriptors) for
any fixed structure r, such that:

AE(r,{AEY, ..., AE™}) = Y1 yE (r)AE! + &(r, {AE", ..., AE™})
=YVsE+ (1, €) )

where y; and £ are n-dimensional scaling- and energy-vectors, respectively.

We note, that BEP relations, or any linear scaling between transition state energies
and reaction dependent energies one may choose, are scaling relations that explicitly
assumes that the structure of the transition state is fixed and that its structure is
independent of the surface interaction.
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Figure 1. N —N binding energies calculated for three fixed structures

d = 1.554,1.854,2.30A as a function of the N binding energy on stepped metal
surfaces. Lines show fits to the points.

It is a fact, that the geometry of the transition state can vary quite significantly
between different transition metals and hence Eq. (2) has to be an approximation to the
real correlation between transition state energies and the descriptors of surface reactivity.
Under the assumption that scaling holds throughout an elementary step reaction, we
immediately deduce from Eq. (2) that for the transition state energy binding energy. The
dashed lines represent the maximum and minimum slope that the transition state can have
and hence defines the limits of E**(&). The dot-dashed line shows the curvature variation
of EtS(&).
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with the requirement that the last term in parenthesis vanish in the transition state. This is
a consequence of Eq. (2) and it allows us to interpret how the scaling parameters y and &
are correlated. Clearly, to first order in the i energy ¢;, the induced perturbation of the
system and the effective change d¢ is compensated by the change in reactivity dy. This is
equivalent to bond order conservation.

We also find, that the curvature, given by the second derivative of E*S(&) with
respect to &;, varies so little that one with some confidence can use a linear approximation
to fit the transition state energies as seen in Figure 2. This justifies the use of BEP and
related correlations in the literature when interpreting kinetics of chemical reactions.
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Figure 2. Calculated transition state energies for N, splitting on stepped transition metal
surfaces (solid points), best linear fit to all the points (dotted line), and from Eq. (5)
derived functional form for the transition state (solid line) as a function of the nitrogen.

The approach introduced provides a way to develop a scheme in which the actual
functional form of E*S(€) can be derived.
If one rewrites the complex total energy in Eq. (2) such that:

AE(r) = AE™P (1) + AEStTTain(y) (4)

where AE™? is the contribution from the hybridization between the surface and the
adsorbate in structure r and AE %" s the energy needed to perturb the adsorbate from
its equilibrium structure to the structure defined by r in the gas phase.

This rewriting divides the total energy into two much simpler terms, a surface and a
gas phase dependent part as seen in Figure 3. The end points on the total energy curve
AE (r) are given by the adsorption energy scaling relations as obtained from Eq. (2). For
simple molecules, AEST"*™(r) is easily obtained by calculating the gas phase value of the
molecule for a range of fixed structures defined by r. To obtain accurate enough values
for the scaling parameters y and ¢ as a function of the reaction coordinate r we only need
a few points along the potential energy surface and then to utilize that the function
AE™" (1) is monotonous. Knowing y{(r) and é(r) for all r, we can then calculate
AE (r, £) through Eq. (2) for any value of the vector & and extract E*(€) as:

E'(&) = max[AE(r, &)] (5)
Similar to the adsorption energies, where we only needed one calculation to establish
the scaling relations we have now introduced a simple scheme where transition state
energies can be obtained knowing (a) AE St (1) from simple gas phase calculations, (b)
the scaling relations for the initial and final state in the reaction, and (c) at least one fixed
structure calculation in the transition state region on as many surfaces as there are
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independent scaling parameters. In Figure 2 the functional form obtained for N
dissociation is shown as a solid curve and it is in remarkably good agreement with
calculations considering that it is based on very few adsorbate/surface calculations.

-0.2 15
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Figure 3. The three terms in Eq. (4); (solid line) the energy needed to strain N; from its
equilibrium structure, AEST%" (1), (dotted line) the energy of the strained structure due
to interaction with the surface, AE™?(r), (dot-dashed line) the total energy, AE (7).
AEStT@ (1) has been obtained from calculations, AE™? (r) has been fitted and AE (1) is
given through Eq. (4). The solid black squares are the calculations used to fit AE™P (1)
and the solid circles are full DFT calculations along the reaction path.

Analytically, we have found general constraints on the functional form of scaling
relations, EtS(€).

To first order in the descriptor, €, effects on the transition state energy resulting from
change of the transition state geometry cancel.

This can be interpreted as bond-order conservation where loss of intramolecular
bonding is compensated by adsorbate-surface bonding.

In general, the curvature of E*S(&) is positive and is expected to be small in the
intermediate e-range that is neither very close to being completely up- or downhill.

This region is where, according to the Sabatier principle, we expect the best
catalysts.

This is illustrated in a simple activity volcano for ammonia formation (Figure 4),
where we assume competition between rate-limiting N,-dissociation and formation of
ammonia from adsorbed N atoms. Under this assumption the two avenues provide very
similar results but compared to the BEP approach our new scheme introduces a
significant reduction in computational time since transition state energies are among the
most difficult numbers to obtain from DFT calculations.

89



G, (Ny — 2N%)

non-linear scaling ————-
linear scaling

AG(N* +15H, >NHg)

5 | | | | , |

-10.5 -10 -9.5 -9 -8.5 -8 -7.5 -7

€49(N) (eV)

Figure 4. Plot of (negative) free activation barrier for N, dissociation and free energy of
ammonia relative to adsorbed atomic nitrogen at p = 200 bar and T = 700 K.
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Presentation Abstract

The development of 2D silicate bilayers has opened up the possibility of using surface
science methods to elucidate structure-reactivity relationships for zeolitic materials.
Similar to the catalytically relevant internal surfaces of zeolites, SiO, bilayers lack
dangling bonds and only become reactive when Si is replaced by another element.
Substituting trivalent Al for Si creates cation exchange sites that provide acid
functionality when the cation is a proton or redox activity when the cation is a transition
metal; the focus of this project is on Co cations that make zeolites active for NO
reduction by hydrocarbons and their interaction with acid sites. Density functional theory
(DFT), has been used to investigate the effect of Al and the accompanying cations on the
stability of competing structural moieties in 2D SiO,. The results reveal that Al by itself
does not shift the energetics away from six-membered rings of corner-sharing Si(Al)O4
tetrahedra; however, the inability to fit larger cations (e.g., Cs) within the six-membered
rings can induce a shift to combinations of eight- and four-membered rings. Meanwhile,
smaller transition metal and divalent cations comfortably fit in the six-membered rings
occupying a site very similar to that seen in the zeolite chabazite. Results indicate that
Cu’ in both the 2D and 3D materials chemisorbs NO but cannot dissociate it. Further
computational work is addressing differences in acid functionality between the 2D and
3D materials. On the experimental side, 2D silicates have been grown and characterized
on Pd(111), chosen for its inability to dissociate NO. In contrast to Ru(0001) and
Pd(100) where strained epitaxial crystalline layers form and Pt(111) where only
amorphous 2D SiO; is seen, on Pd(111) unstrained incommensurate crystalline 2D SiO,
forms with two preferred orientations. Comparison of the growth on the different metal
surfaces reveals the maximum strain that can be imparted as well as differences in the
ability to accommodate uniaxial versus biaxial strain. The incommensurate crystalline
nature of the layers also makes Pd(111) a good choice for adsorption and reaction studies
as it signals a weak interaction with the metal, avoids the need to consider strain, and
reduces the ability of reactants to reach the metal substrate.
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RECENT PROGRESS

Structure of Reactive Sites on 2D Aluminosilicate Surfaces

Two-dimensional SiO, favors a hexagonal structure with the corner-sharing SiO4
tetrahedra arranged in six-membered rings;'* in addition an amorphous phase with four-
through nine-membered rings is also seen.'” Therefore, key questions have been: does
adding Al alter the stability of the different size rings?; if the structure includes different
size rings where does the Al prefer to sit?; is the stability of the different size rings
affected by the charge balancing cation?; where do the charge balancing cations prefer to
sit? DFT calculations on a broad range of 2D aluminosilicate structures with a number of
different charge balancing cations were performed. The results indicate that adding Al to
2D SiO, does not appreciably alter the energetics of the different ring sizes; however, the
size of the charge balancing cation plays a decisive role. The energy to convert six-
membered rings to a combination of four- and eight-membered rings is plotted as a
function of cation size in Fig. 1a. Only for the largest Cs cation are the energetics shifted
away from the six-membered ring structure. The peaked shape of the curve is due to
distortion of the eight-membered ring to bring the oxygen atoms close to the intermediate
sized cations, while the smaller cations form more local bonds and the larger fit in the
center of the ring. The smaller divalent and late transition metal cations, e.g. Co”" and
Cu’, fall on the left side of the curve and thus favor six-membered ring structures.
Starting with Ca as a prototypical divalent cation, it was found that the divalent cation
strongly prefers to sit in a six-membered ring with two Al atoms (Fig. 1b); at low Al
concentrations the calculations suggest that a clustering of the Al to allow this motif
would be favored. A very similar site has been suggested in the literature for Co”" in
chabazite. Overall, it was found that the energetics of Al substitution and the siting of the
cations in the 2D aluminosilicate were very similar to chabazite which includes a double
six-membered ring structural motif analogous to that in 2D silica.
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Fig. 1. a) Plot of the calculated energy to convert 2D AlSi;OgX from a six-membered ring structure
to a structure containing eight- and four-membered rings as a function of the size of the charge
balancing alkali cation ‘X.” The dashed horizontal red line indicates the value for pure SiO, and
the vertical dashed lines the sizes of Cu* (orange) and Ca®" (green). b) Ball and stick model of the
lowest energy structure of Al-doped 2D SiO, with Ca®* as the charge balancing cation. Cyan
represents Si, red O, magenta Al, dark gray Ca, and light gray K (on the backside).
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Comparison of the Reactivity of 2D and 3D Aluminosilicates

A theoretical investigation of adsorption on the 2D aluminosilicate surfaces was begun.
Water adsorption on Si,AlOsCa was investigated to determine if water splitting due to the
divalent cation could create acidic protons as has been suggested in the literature. It was
found that dissociated water was unstable on this surface; however, molecular water
adsorbed 777 meV stronger to the Si;AlO¢Ca surface than to the pure silica bilayer,
which could be associated with stronger hydrogen bonding to oxygens adjacent to Al
Therefore, it was concluded that acid sites do not necessarily accompany divalent cations.
For NO adsorption, Cu" was initially considered as the transition metal cation because Cu
zeolites are important NO reduction catalysts for diesel emissions’ and because electron
correlations are less significant in Cu” compounds than in Co-containing oxides making
the calculations more tractable and applicable to experiment without requiring correction
factors for electron correlations. It was found that NO dissociation on a single Cu site
was unstable but that molecular adsorption was quite strong with an adsorption energy of
-1.51 eV. Interestingly, it was found that NO adsorption relaxes much of the distortion
induced by incorporating the small Cu" ion into the six-membered ring. The results were
compared to chabazite with the same Al content and a significantly lower -1.05 eV
adsorption energy was obtained. It is suggested that relief of the ring strain afforded by
NO adsorption on the 2D aluminosilicate is in part responsible for the stronger
adsorption. The results show that the transition metal cation behaves qualitatively similar
in the two environments (molecular adsorption) and that the strain in fitting the small Cu"
into the 2D structure can make the 2D material more reactive than a conventional zeolite.
Building on this result, calculations on adsorption energies on a series of bases with the
protonated form of the 2D aluminosilicate and chabazite were initiated to get a measure
of how the acidity of the 2D material compares to conventional zeolites. It was found
that adsorption energies do not correlate with the proton affinity of the base but rather
non-acid-base interactions with the framework play a decisive role. Therefore, continuing
effort is directed towards understanding differences in the ability of the materials to
promote chemical transformations with alcohol dehydration as a model reaction.

Growth and Characterization of 2D Aluminosilicates

Experimental work has focused on preparing and characterizing 2D aluminosilicate
surfaces. Late transition metals stable to high temperatures are required substrates for 2D
aluminosilicate growth. For this work, Pd(111) was an appealing substrate since it only
molecularly adsorbs NO in a well-defined way and so its contribution to NO adsorption
and reaction measurements could easily be taken into account. Thus far, 2D SiO; has
been grown and characterized on the Pd(111) surface. Electron diffraction data (Fig. 2a)
reveals two preferred orientations of a crystalline hexagonal film: one aligned with the
substrate close-packed directions and the other rotated 30°. Additional spots close to the
primary spots can be attributed to the lattice mismatch between the 2D material and the
substrate. The wider range STM image in Fig. 2c, shows periodic features that are much
too large to be due to atomic features. Zooming further in, Fig. 2¢, shows a hexagonal
arrangement of holes superimposed on the larger corrugation; the spacing between these
features corresponds to the unit cell of the bilayer. The larger range corrugation can then
be assigned to a moiré pattern due to the lattice mismatch between the 2D material and
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the substrate. As illustrated in Figs. 2d,e, a model with a relaxed bilayer rotated 4° with
respect to Pd[011] can reproduce both the moiré pattern in the STM image and the LEED
pattern. Therefore, it is concluded that the 2D material relaxes to its favored lattice
constant and is not stretched to match the substrate as occurs with growth on Pd(100) and
Ru(0001)."? This can be attributed to the larger mismatch compared to Ru(0001) and the
biaxial strain required to match the hexagonal Pd(111) surface compared to Pd(100)
where uniaxial strain would suffice. Curiously, Pt(111) with an even larger mismatch
than Pd(111) only supports the growth of an amorphous 2D silica phase.’

Fig. 2. a) LEED pattern for 2
ML SiO, on Pd(111). b) STM
image showing two domains of
a hexagonal structure rotated
30°. The wider range image in
c) shows a moiré pattern. d)
Model of the SiO; unit cell with
a=0.53 nmon Pd(111) witha =
0.275 nm which reproduces the
periodicity in c). e) Fourier
transform of d) which
reproduces the features in the
LEED pattern in a).
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Presentation Abstract

The intermittent and distributed nature of carbon-neutral energy production necessitates
efficient energy storage with a high capacity. The storage of energy in the form of
chemical fuels can meet this need, but these transformations require catalysts. The
reduction of CO, has a particular advantage over production of H,, in that liquid fuels can
be produced for use in transportation. We seek to develop an understanding of how to
rationally design catalysts for the reduction of CO,. Our approach involves studying each
of the reduction steps in the overall transformation.

One of the first steps in the reduction of CO; is the formation of the initial C-H bond by
hydride transfer. For the hydrogenation of CO; to formate using first row transition metal
complexes, we are focused on using the free energy of transferring a hydride to CO; to
design catalyst systems. Nickel hydride complexes are typically unable to hydrogenate
CO; due to inadequate hydricities, however, we have used a change in solvent to bias the
relative stabilities of the catalytic intermediates. Copper hydride complexes have been
shown to be active for stoichiometric CO, reduction, but typically do not turnover using
H, as the reductant. Thermodynamic and catalytic studies of copper complexes for the
hydrogenation of CO, will be presented and demonstrate that the active metal hydride
can be regenerated with Ho.
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Presentation Abstract

A combined theoretical and experimental approach is used to elucidate the changes in
composition and structure occurring in Co nanoparticles supported on MgO during
decomposition of acetylene forming single-walled carbon nanotubes. High resolution
environmental transmission electron microscopy (ETEM) measurements identify the
presence of carbide and metallic phases inside the nanoparticle. Reactive molecular
dynamics simulations follow the trajectories of carbon atoms in a nanoparticle with a
Co,C composition during reaction and recognize changes in the composition of the
nanocatalyst while the nanotube starts nucleating and growing over the nanoparticle. A
carbon mass balance in the nanocatalyst is formulated on the carbide nanoparticle
including rates of dissolution, carbide formation and decomposition, and nanotube
growth. Each of the terms is characterized via molecular simulations coupled with
ETEM images.
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RECENT PROGRESS
Dynamics and stability of a carburized nanocatalyst
The dynamics and stability of a carburized nanocatalyst at the single-walled carbon
nanotubes (SWCNTSs) synthesis temperature (1000K), its local composition, shape,

electronic structure, and interactions with nascent nanotube caps were investigated using
density functional theory (DFT) and ab initio molecular dynamics simulations (AIMD).
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Although the dynamic evolution of the catalyst and the nanotube was studied by us and
others in the past using reactive classical molecular dynamics (RMD) providing a step-
by-step picture of the catalytic process, diffusion in the nanoparticle, and incorporation
into the growing nanotube of the precursor carbon, we have gained further insights into
the effects of electronic distribution without the bias imposed by effective force fields.
We used AIMD to study the dynamics of a carburized Ni nanoparticle under typical CVD
synthesis conditions and the same nanoparticle in contact with model nanotube caps
resembling the early stages of nanotube growth. Because the extension of the simulated
timeframe is limited and phenomena such as the incorporation of C atoms to the nanotube
rim were not included, this study resembled growth in the limit of low pressure of
precursor gas. Comparisons between the pure metallic particle and the carburized particle
helped us to elucidate the interactions of these catalysts with the growing carbon
nanotube.

Carbon dissolution and stability of the carburized metal nanoparticle were observed
throughout the simulation. Structural changes in the nanocatalyst structure were
monitored through the extension of the simulation showing that in the absence of a
substrate, the nanocatalyst fails to maintain a defined faceted structure. However, in the
presence of a nascent nanotube cap, the floating catalyst accommodates to the shape of
the nanotube in accordance with what is known as an ‘‘inverse template effect’’. We
found lack of association of carbon atoms inside the nanoparticle and evidence of short-
range ordering from distance- and radial distribution function analyses, which may be
indicators of the stability and potential for evolution of the nanoparticle system into a
more thermodynamically stable phase such as that of a carbide phase. Moreover, the lack
of incorporation of C atoms from the nanoparticle into the nanotube rim supports the idea
that a state of saturation or supersaturation of the nanoparticle is needed for the
precipitation of C from the stable Ni—C core to the surface, and incorporation into the
nanotube rim to occur, leaving the most of the catalytic growth to the surface-diffusing C
species as reported in previous studies.

Analyses of the electronic structure of the nanoparticle during growth revealed that a
charge transfer process occurs from the surface Ni atoms and rim C atoms to the
interfacial region between the growing nanotube and the nanoparticle. This process
leaves an interfacial region rich in electron density, where incorporation of precursor C
may continue the growth process, and electron depleted regions in the vicinity of the
nanotube rim that may allow rearrangement of the C atoms near the rim and healing of
defects (Figure 1).

A comparison between the charge transfer in a carburized nanoparticle and a pure
metal nanoparticle reveals that the process occurs similarly in both systems, but in the
case of the carburized nanoparticle the interfacial region is larger and almost continuous
along the nanotube rim, whereas the metal nanoparticle displays a smaller and more
localized accumulation region. Surface Ni atoms that are not in direct contact with the
cap are also affected: a neutral charge characterizes surface Ni atoms in the pure
nanoparticle, and positively charged Ni atoms are found at the carburized nanoparticle
surface. These observations suggest that the carburized nanoparticle may be able to offer
a more reactive environment for nanotube growth than the metallic one. These results
were reported in a peer-reviewed publication (Phys. Chem. Chem. Phys., 2015, 17,
15056-15064)
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Figure 1. Electron density maps for the carburized nanoparticle with a cap of chiral
indexes a. (8,7), b. (9,6), c. (11,5), and d. (13,0). The color images were obtained using
the software XCrySDen.

Nanocatalyst shape and composition during nucleation of SWCNTSs

In collaborative work with the group of Dr. Renu Sharma at NIST, we studied the
evolution of the structure of the catalyst nanoparticle during the early stages of carbon
dissolution and nucleation of SWCNTs. Variations in shape, atomic ordering, and carbon
concentration profile were investigated by a combination of RMD and AIMD simulations
coupled to analyses of real-time atomic-resolution videos taken in an environmental
transmission electron microscope (ETEM) carried out at NIST. We looked closely at the
interactions of the nanoparticle with the substrate and the nucleating nanotube cap, and
their effect on the nanoparticle structural parameters. Changes in the nanocatalyst shape
and composition are examined throughout the nucleation process beginning with carbon
dissolution, diffusion and formation of carbon chains on the surface until a cap is fully
formed and the nanotube structure defined (Figure 2).

The amount of carbon dissolved in the carbide-like nanoparticle decreases as C
atoms precipitate at the surface. Once nucleation of the surface C atoms begins, a steady
state global C concentration is reached. Changes in the nanoparticle shape occur linked
with changes in the dynamics of C atoms according to experiments and RMD
simulations: a decrease of the nanoparticle height and spreading over the substrate is
observed while the C composition is stabilized, no changes occur as the cap is being
formed, and subsequent elongation and shape recovery take place due to interactions with
the cap as it lifts off. The main two factors influencing nanoparticle shape and C
distribution can thus be summarized as: interactions with the substrate and interactions
with the nascent nanotube. The nanoparticle evolution in relation to its interaction with
the substrate from AIMD studies reveals that the nanoparticle-substrate interface is
dominated by interactions between Co atoms located atop O atoms in the substrate.
Strong nanoparticle—substrate interactions are characterized by electron transfer and re-
arrangement of Co atoms at the interface stemming from a given Co,C surface
termination (i.e. (020) and (210)). The interactions of the nanocatalyst with the cap are
responsible for the C gradient observed along the direction perpendicular to the substrate
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in both simulations and experiments. This suggests that the catalyst topmost layer is a
primary source of C atoms for the formation of the nanotube cap. Overall we concluded
that the combination of atomistic simulations and in situ observation of SWCNT growth
provides insights into the fundamental phenomena driving the observed changes in the
nanoparticle and allows the identification of key aspects for the formulation of models
and mechanisms to better understand and control the catalytic process. These results
were published in RSC Adv., 2015, 5, 106377-106386.
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Figure 2. Shape evolution of the catalyst nanoparticle during the various nucleation and
growth stages. RMD simulations illustrate that during carbon stabilization, the metal
layer in contact with the substrate tends to wet the substrate (first =15 ns). Carbon
nucleation starts before carbon stabilization is reached and leads to further reduction in
the number of layers of the nanocatalyst particle. The slight vertical elongation of the
nanocatalyst particle coincides with the beginning of the growth stage.

Currently we are finishing another report in collaboration with the NIST group that
deals with the identification of changes in the catalytic composition and structure during
the catalytic reaction and the connection of those changes to the rate of the reaction.
Highlights of this work will be discussed in the poster presentation.
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Presentation Abstract

We present experimental and theoretical investigations of the chemical interaction of
single-layer films/islands of MoS; with thiol-containing adsorbates. MoS; is a versatile
catalyst with industrial application in hydro-desulfurization (HDS) and emerging
applications in electrochemical water splitting and alcohol formation. Interaction with
sulfur-containing species is important for HDS as well as MoS, catalyst regeneration in
any other application. Our multipronged effort involves scanning tunneling microscopy
imaging, density functional theory simulation, photoluminescence imaging and thermally
programmed desorption. The latter two approaches are based on the setup of dedicated
instrumentation; they offer a complementary approach to the properties of this catalyst
material that permits probing from ultra-high vacuum to ambient pressures and above.

Additional work in this project addresses the formation and decomposition of alcohols on
MoS,; surfaces, which is described in a separate poster.
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Presentation Abstract

Synthesis gas (CO + H;) conversion is a promising route for converting coal, natural gas,
or biomass into synthetic liquid fuels. Currently, however, no catalyst meets the
selectivity and activity requirements for industrial-scale production of ethanol. This effort
within the FWP focuses on developing a basic understanding of catalytic activity and
selectivity toward syngas conversion into higher oxygenates, and identifies
heterogeneous catalysts, active sites, and structures favorable for this reaction. We will
report on both single elemental Rh catalysts as well as metal alloys. The intrinsic
selectivity of Rh is investigated by combining experiments and theoretical calculation. A
microkinetic model based upon density functional theory (DFT) calculations shows that
the intrinsic selectivity of Rh is highly structure sensitive. Rh/SiO, catalysts are
synthesized using different silica pretreatment, Rh precursors and choice of silica
supports. From experimental reaction testing, a strong inverse correlation between
catalytic activity and C,+ oxygenate selectivity is observed, consistent with the structure-
sensitivity predicted from theory. Beyond elemental metals, metal alloys are a potential
class of catalysts for syngas conversion. Alloy screening studies based on DFT point to a
narrow list of candidates for the selective hydrogenation of carbon monoxide to higher
alcohols. One of these candidates, Pt-Co, was synthesized using traditional wet synthesis
and atomic layer deposition. The prepared catalysts demonstrate increased selectivity
towards methanol and higher alcohols. /n sifu infrared spectroscopy studies point to the
importance of a balance between bridging and linear CO motifs in obtaining higher
alcohol selectivity in this reaction.

FWP SLAC-10049: SUNCAT Center for Interface Science and Catalysis

PI: Jens Norskov
Student(s): Nuoya Yang, Joseph Singh, A.J. Medford
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RECENT PROGRESS

Structure Sensitivity of Rhodium Catalysts for C,. Oxygenate Production

Rhodium has long been studied as a catalyst for synthesis gas (CO + H;) conversion as it
is the only elemental catalyst that has demonstrated selectivity to ethanol and other Cy;
oxygenates. However, the fundamentals of syngas conversion over rhodium are still
debated. To improve atomic-scale understanding of the active sites for higher alcohol
synthesis, we investigated the intrinsic selectivity of Rh by combining experiments and
theoretical calculation. We developed a microkinetic model for conversion of CO and H;
into methane, ethanol, and acetaldehyde on the
Rh (211) and (111) surfaces, chosen to describe
steps and close-packed facets on catalyst
particles. The model was based on DFT
calculations using the BEEF-vdW functional.
The mean-field kinetic model included lateral
adsorbate-adsorbate interactions, and the
BEEF-vdW error estimation ensemble was used
to propagate error from the DFT calculations to
the predicted rates. The model showed the
Rh(211) surface to be ~6 orders of magnitude
more active than (111) surface, but highly
selectivity towards methane, while the Rh(111)
surface is intrinsically selective toward
acetaldehyde. A variety of Rh/SiO, catalysts
were synthesized, tested for catalytic oxygenate
production, and characterized using TEM. The experimental results indicated that the
Rh(111) surface is intrinsically selective towards acetaldehyde, and a strong inverse
correlation between catalytic activity and oxygenate selectivity was observed. The
experimental observations are consistent with the structure-sensitivity predicted from
theory. This work provided an improved atomic-scale understanding and new insight into
the mechanism, active site, and intrinsic selectivity of syngas conversion over rhodium
catalysts and may also guide rational design of alloy catalysts made from more abundant
elements.

Rh(111)

— Theory
m e Experiment

Rh(211)

Oxygenate Selectivity [C%]

Conversion Rate [1/s]
Correlation between activity and
selectivity  toward total Css
oxygenates: comparison of theory
and experiment

Understanding Active Sites in Ethanol Synthesis on PtCo Catalysts Prepared using
Atomic Layer Deposition

Currently, no catalyst meets the selectivity and activity requirements for industrial-scale
production of ethanol from syngas. Using atomic layer deposition (ALD), we have
synthesized transition metal catalysts for this reaction by introducing metalorganic
precursors in the gas phase. Through controlled deposition of metal layers, we created
model alloy catalysts to gain insights into the mechanism of syngas conversions to
ethanol and other oxygenates. In particular, platinum cobalt alloys have been reported as
a potential catalyst candidate. We created PtCo catalysts using ALD and compared their
catalytic performance and structure to catalysts prepared using traditional methodologies.
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The addition of Pt using ALD to Co catalysts resulted in increased selectivity towards
methanol and higher alcohols and decreased selectivity towards longer chain hydrocarbon
products. Using in situ diffuse reflectance infrared Fourier transform spectroscopy, we
demonstrated that the interplay of bridging and linear CO species is important in carrying
out oxygenate synthesis on PtCo catalysts.

Publications Acknowledging this Grant in 2013-2016
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The abstract/progress represents work on heterogeneous catalysis for syngas conversion
supervised by Stacey Bent within the FWP.
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Presentation Abstract

Our collaborative work between our group and the C. Chang and Yang groups seeks
to develop approaches to integrate chemical and biology catalysis for solar-to-fuel
conversion consisting of light-harvesting nanowires functionalized with hydrogen-
producing catalysts and living microbes as an autotrophic chassis for the production of
value-added fuels and other chemicals from CO; and photogenic H,. Using this approach,
we have been able to produce acetate and methane from CO, and light energy.
Interfacing biocompatible solid-state nanodevices with living systems provides a starting
point for developing a programmable system of chemical synthesis entirely powered by
sunlight.

Grant or FWP Number: CH030201
Grant Title: Catalysis Research Program

Pl: John F. Hartwig
Student(s): Joseph J. Gallagher and Eva M. Nichols

RECENT PROGRESS

Genetic engineering of methanogens

We have been able to culture and make genetic modifications to Methanococcus
maripaludis, a non-model methanogen. We have overexpressed genes to make ethanol
from fixed CO; and generated knockout strains to deregulate nitrogen fixation. We are in
the process of analyzing these strains for their metabolic physiology.
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Presentation Abstract

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

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

Post-docs: Andrew DeLaRiva and Eric Petersen (UNM)

Graduate Students:  Angelica Benavidez, Monique Curley, Chris Riley (UNM), Xavier
Isidro Pereira Herndndez, Jianghao Zhang, Nick Jaeger (WSU)
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RECENT PROGRESS
Thermally Stable Single Atom Catalysis via Atom Trapping

Single atom catalysts have attracted attention due to enhanced reactivity, selectivity
and the benefit of efficient utilization of scarce precious metals. However, single atoms
on catalyst supports can be mobile and aggregate into nanoparticles when heated at
elevated temperatures. Heating these catalysts to high temperatures is detrimental to
performance, unless, as we show here, these mobile species can be trapped. We used
ceria powders having similar surface areas, but different exposed surface facets. When
mixed with a Pt/Al,O3 catalyst and aged in air at 800 °C, the Pt transferred to the ceria.
Polyhedral ceria and nanorods were more effective than ceria cubes at anchoring the Pt.
The benefit of the high temperature synthesis is that only the most stable binding sites are
occupied, creating a sinter-resistant, atomically dispersed catalyst.

Figure 1. AC-STEM image of Pt/CeO, nano rods after aging in air for 800 °C in flowing
air. Single atom Pt species are trapped on the surface of ceria.
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Role of Sn in the regeneration of Pt-Sn/alumina catalysts for propane
dehydrogenation

Alumina-supported Pt is one of the major industrial catalysts for light alkane
dehydrogenation. This catalyst loses activity during reaction, with coke formation often
considered as the reason for deactivation. As we recently demonstrated, the amount and
nature of carbon deposits do not directly correlate with the loss of activity. Rather, it is
the transformation of sub-nanometer Pt species into larger Pt nanoparticles that appears to
be responsible for the loss of catalytic activity. Surprisingly, a portion of the Sn remains
atomically dispersed on the alumina surface in the spent catalyst and helps in the
redispersion of the Pt. In the absence of Sn on the alumina support, the larger Pt
nanoparticles formed during reaction are not redispersed during oxidative regeneration. It
is known that Sn is added as a promoter in the industrial catalyst to help in achieving high
propene selectivity and to minimize coke formation. We have shown that an important
role of Sn is to help in the regeneration of Pt, by providing nucleation sites on the
alumina surface. Aberration-corrected scanning transmission electron microscopy helps
to provide unique insights into the operating characteristics of an industrially important
catalyst by demonstrating the role of promoter elements, such as Sn, in the oxidative
regeneration of Pt on y-Al,0;.

Figure 2. AC-STEM
images of the Pt/ y-Al,Os
0.226 nm (111) (a, b) and Pt-Sn/ y-ALO;
Y (c, d) catalysts after 10
propane dehydrogenation
cycles. No single atoms
are present in Pt/y-ALOs,
but isolated single atoms
are abundant on the
bimetallic catalyst. These
single atoms are needed to
regenerate the catalyst by
re-dispersion of Pt, as is
seen to occur in the case of
Pt-Sn/y-Aleg.

0.226nm (111)

111



Pd modified Fe,O3 catalysts

Hydrodeoxygenation (HDO) of phenolic compounds is an important model reaction in
understanding the fundamental and application of catalysis in lignin based biofuel
production. Recently, Fe has emerged as a promising catalyst for HDO of phenolics, due
to its low cost and high selectivity in C-O bond cleavage. However, the low HDO activity
of Fe and poor stability under HDO conditions has limited its application. We have
recently developed an efficient approach to promote the activity and stability of Fe
without altering its unique selectivity in HDO of phenolics, by doping noble metals such
as Pd onto the Fe catalyst surface. A series of noble metal doped Fe catalysts were tested
in HDO of m-cresol. Noble metals remarkably promoted the activity and stability of Fe,
while maintaining the high C-O bond cleavage selectivity of Fe. The Pd-on-Fe
nanostructure with sub-nm Pd clusters on reduced Fe surface in Pd-Fe catalyst was
evidenced by high resolution STEM and pseudo in situ XPS. A direct C-O bond cleavage
mechanism, in which m-cresol decomposes on Fe surface into C;H;* and OH* species
and the formed species further reacts with H atoms to form toluene and water,
respectively, was proposed based on DFT calculation and kinetic modeling. Kinetic
modeling and in situ AP-XPS results suggested that the Fe catalyst surface is dominated
by OH* species, which ultimately lead to a deactivation of Fe catalyst. Addition of Pd to
Fe significantly changes its kinetics by creating new sites for H, activation and new
reaction pathways via reaction between H activated on Pd sites and C;H,* and OH* on
Fe sites, as suggested by kinetic modeling. As a result, the surface of Pd-Fe is no longer
dominated by OH* and catalyst deactivation by water induced oxidation is thus avoided.
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Presentation Abstract

The kinetics of aldol condensation of acetaldehyde were studied over anatase titania
(Ti0O,), hydroxyapatite (HAP) and magnesia (MgO). Reactions were carried out in a fixed
bed reactor with a total system pressure of 220 kPa at temperatures between 533 and 633
K and acetaldehyde partial pressures between 0.05 and 50 kPa. Crotonaldehyde was the
only product observed over all three catalysts and severe catalyst deactivation occurred at
acetaldehyde partial pressures of 5 kPa or greater. The aldol condensation reaction over
all three catalysts was first order at low acetaldehyde partial pressure and approached
zero order at high acetaldehyde partial pressure. No kinetic isotope effect (KIE) was
observed with fully deuterated acetaldehyde reacting over TiO, or HAP implying C-H
bond activation is not kinetically relevant. These measurements are consistent with a
mechanism in which adsorption and desorption steps are kinetically significant during the
reaction. Characterization of the catalysts by adsorption microcalorimetry of
acetaldehyde and ethanol and diffuse reflectance Fourier transformed infrared
spectroscopy of adsorbed acetaldehyde, crotonaldehyde and acetic acid revealed a very
high reactivity of these catalysts, even at low temperatures.

DE-FGO02-95ER14549: Structure and Function of Supported Base Catalysts

RECENT PROGRESS

Solid bases are heterogeneous catalysts that have not been broadly exploited
compared to solid acids. Thus, we have focused our efforts for many years on
understanding how a variety of solid bases, including metal oxides, mixed metal oxides
and zeolites, function in catalytic transformations. A major objective of our recent
activities in this area was to initiate a new research direction that explores acid/base
bifunctional surfaces as catalysts for C-C bond forming reactions. The coupling of two
ethanol molecules to form butanol is desirable because butanol has a higher energy
density than ethanol and is not as soluble in water as ethanol, thus making it a potentially
more attractive oxygenated additive to transportation fuels. The so-called Guerbet
reaction (alcohol coupling reaction) has been the focus of our recent work.
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Multiproduct steady-state isotopic transient kinetic analysis (SSITKA) of the
ethanol coupling reaction was used over a stoichiometric calcium hydroxyapatite (HAP)
catalyst and compared to the results obtained with magnesia (MgO), a standard solid base
catalyst, in an attempt to evaluate important intrinsic kinetic parameters and benchmark
the reaction. Results from surface characterization, reactivity testing, and isotopic
transient studies were used to propose key structural and compositional properties that
facilitate the Guerbet coupling reaction. The isotopic transient results revealed the
surface coverage of reactive intermediates leading to butanol (Npyon) relative to that
leading to acetaldehyde (Nacn) was very high on HAP (Ngyon >> Nacn) whereas on MgO
the opposite trend was observed (Nacy > Npyon). These results were the subject our
presentation at last year’s Contractor’s meeting.

Over the past year, we have explored the aldol condensation of acetaldehyde over
acid-base bifunctional materials to elucidate the role of this C-C bond forming reaction in
the Guerbet reaction network. The condensation reaction was studied over three
catalysts, anatase TiO,, HAP and MgO. Both HAP and MgO are common Guerbet
coupling catalysts whereas TiO, is a commonly-studied catalyst for aldol condensation.
Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) and adsorption
microcalorimetry of various probe molecules were used to probe the affinity of catalyst
surfaces for species relevant to the condensation reaction.

Titania and HAP were active at 553 K for acetaldehyde condensation while MgO
had comparable areal rates at 633 K. In all three cases, significant deactivation was
observed over the first 6 hours on stream with acetaldehyde partial pressures of 5 kPa or
greater. We observed very little deactivation over HAP and TiO, at acetaldehyde
pressures below 0.4 kPa. Initial rate measurements were therefore used to examine the
influence of acetaldehyde pressure and reaction temperature on the kinetics and to rank
the activity of the catalysts. Results revealed an activity ranking per surface area of
TiO,>HAP>>MgO. Aldol condensation using fully deuterated acetaldehyde showed no
kinetic isotope effect indicating that C-H bond activation is not kinetically relevant. A
plausible mechanism of aldol condensation over these materials consists of kinetically
relevant reactant adsorption and product desorption steps. At the conditions used here,
the presence of ethanol had no effect on the rate of aldol condensation over HAP or
MgO, but inhibited the rate of aldol condensation over TiO,.

Adsorption microcalorimetry and DRIFTS were used to investigate the affinity of
the catalysts for acetaldehyde at 303 K and to estimate an upper bound on the total
number of active sites on each catalyst. A high heat of adsorption as well as a high
acetaldehyde uptake were observed on both HAP and MgO. We suspect that a surface
reaction occurred during the adsorption microcalorimetry experiment, resulting in higher
heats of adsorption and perhaps higher surface coverages than would be expected from
simple chemisorption. On TiO,, the -AH,4s of acetaldehyde was much lower compared to
that on HAP and MgO. The performance of the materials in aldol condensation can be
related to the relative affinity of the surface for aldehydes, and other intermediate species
with TiO, having the lowest affinity (greatest reaction rate) and MgO having the greatest
affinity (lowest reaction rate). The weak affinity of TiO, for the reacting species
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accounts for the inhibiting effect of ethanol on the aldol condensation rate because of the
competitive adsorption.

We then explored the performance of the catalysts in the Guerbet coupling
reaction. Table 1 summarizes the rate and selectivity associated with ethanol conversion

over TiO,, HAP and MgO.

Table 1. Ethanol Reaction (~8 kPa) over TiO,, HAP and MgO

. Selectivity (C%)
Catalyst T (K) Conversion Ratg 1 Diethyl
(Carbon %) (molm®s™) Ethene FEthane AcH®  Butanol Ether
TiO, 613 1.9 1.3x10® 0 7 51 0 42
HAP 613 43 44x10* 1 0 32 67 0
MgO 653 4.5 14x10% 12 0 67 21 0

(a) AcH represents acetaldehyde

Although TiO;, is the most active catalyst for aldol condensation at lower
temperature, it is unable to convert ethanol to butanol at 613 K, instead favoring diethyl
ether formation. Since the production of diethyl ether is typically associated with an
acidic catalyst, the TiO, surface is apparently too acidic to convert ethanol to butanol at
elevated temperatures. The HAP sample is the most active of the three catalysts for
Guerbet coupling with a selectivity to butanol of 67% at a temperature 40 K lower than
used for MgO. Magnesia is the least active catalyst, requiring a temperature 40 K higher
than HAP and TiO, to achieve a similar rate of conversion. Hydroxyapatite has a higher
selectivity to butanol while MgO has a higher selectivity to acetaldehyde. The high
selectivity towards butanol over HAP is likely due to a large number of appropriate
strength acid-base pairs on the surface.

Current work is exploring other acid-base bifunctional materials for C-C bond
forming reactions in an effort to elucidate structure-reactivity and composition-reactivity
relationships for these catalysts.
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Low-coordinate alkylaluminum sites supported on a catechol-containing porous organic
polymer (CatPOP) were developed for the isomerization/hydrogenation of a range of
aliphatic and aromatic alkenes and alkynes. Infrared spectroscopy (FT-IR), solid-state 'H
and *’Al NMR spectroscopy, and elemental analysis of precatalysts were employed to
elucidate the aluminum coordination (Figure 1A). Active alkylaluminum sites

catalytically

hydrogenate and
isomerize a range of
mono- and di-
substituted alkenes and

alkynes under mild
conditions (80 °C, 5 bar
H)). Results of
experimental

mechanistic studies and

DFT calculations are
consistent with a
heterolytic
hydrogenation
mechanism proceeding
in  two steps: (1)

hydroalumination of a
carbon-carbon  double
bond, followed by (2)
protonation of the Al-
Cakyi  bond by an
adjacent catechol
hydroxyl group (Figure
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Figure 1. A) SyntheS|s of supported alkyl-aluminum catalysts on CatPOP. B)
Proposed scenario for alkenes hydrogenation/isomerization.
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IB). In addition, DFT calculations revealed that heterolytic activation of hydrogen over
an Al-O bond (£, = 34 kcal/mol) is more favored than direct hydrogenolysis of the Al—
Caiky functionality (£, = 50 kcal/mol).

FWP50966: Tunable Single-Site Catalysts for Selective Functionalization of Alkanes
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RECENT PROGRESS

Goals

Of interest to our group is the development of single-site, supported catalysts for
kinetically limited transformations (e.g., alkane C—H activation and functionalization)
and the mechanisms by which these occur. The energy input required to drive such
reactions could compromise the selectivity of traditional heterogeneous catalysts,
resulting in a distribution of reaction products, or compromise the stability of
homogeneous active sites, leading to catalyst deactivation. Our group’s recent successes
in the synthesis of isolated, single-site catalysts on both traditional hard supports like
SiO; or Al,O3 as well as a new class of tailorable porous organic polymers (CatPOPs),
employing the tools of surface organometallic chemistry and atomic layer deposition
(ALD) over the nature of active site support platforms provided efficient routes to
isolated, single-site surface species that exhibit catalytic activity, selectivity and stability,
notably under reaction conditions where their molecular analogs are largely unstable and
unreactive. These isolated, “homogeneous-in-function™ catalysts are amenable to kinetic
and spectroscopic characterization techniques, thereby providing opportunities for
systematic investigation of the roles of the metal and the supporting ligand in the catalytic
cycle.

DOE Interest

A Grand Challenge in Basic Energy Science research is to design and perfect atom- and
energy-efficient synthesis of new forms of materials with tailored properties. In the field
of catalysis, advances in single-site heterogeneous catalysis and surface organometallic
chemistry have become key enabling tools to achieve molecular-level control over
catalyst synthesis, providing the ability to tune catalyst structure-function relationships
with unprecedented precision. These strategies enable construction of novel, robust,
single-site supported materials which combine the critical elements of activity and
selectivity of homogeneous catalysts with the stability of heterogeneous systems, while
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providing for homogeneous-level understanding of active site structures and control of
catalytic mechanisms.

Single-site Catalysts on Metal Oxides: Recently we have reported a variety of isolated
metal catalysts on silica for propane dehydrogenation. Through combined spectroscopic,
mechanistic, and computational investigations we determined that the reaction proceeds
without metal-based redox, with the key step being heterolytic cleavage of the alkane C-
H bond. Lewis acidity is readily correlated to catalyst activity for Fe*", Zn*", Ga**, and
Co*". However, the rate-determining step for the reaction varies. First, beta hydride
elimination has been calculated to be the rate-determining step for Zn and Ga alkyls
during alkane dehydrogenation. Conversely, the less Lewis acidic Fe and Co are
believed to have heterolytic cleavage C-H cleavage across the metal-oxygen bond as the
rate-determining step. Y and Sc are far more Lewis acidic than transition metals and thus
might be expected to be faster catalysts if they proceed via a similar mechanism.
However, given homogeneous and supported organometallic studies it is also possible
that they might proceed via a sigma bond metathesis type mechanism. As such, we
prepared single-site Y and Sc alkyls on SiO, by grafting Sc(CH,Si(CHs3)3)3;(THF), and
Y (CH,Si(CHs)3)3(THF),, respectively. The resulting materials are catalytic for olefin
hydrogenation at low temperatures (<100°C). However, they are thermally unstable at
higher temperatures necessary for alkane dehydrogenation. We concluded that this is
likely due to the very high M-O-Si bond strengths, which must be broken through
heterolytic dissociation of C-H bonds during alkane activation for either alkane
dehydrogenation or olefin hydrogenation reactions. As a comparison to the more Lewis
acidic Y and Sc materials, we also prepared catalysts that were designed to test the
hypothesis that the catalyst-oxygen-support (M-O-M’) bond strength is a valid descriptor
of catalytic performance in our systems. We used organometallic and atomic layer
deposition (ALD) chemistries to prepare modified silica with electrophilic, non-catalytic
metals. The resulting materials have higher catalytic activity and selectivity for
nonoxidative propane dehydrogenation than the unmodified catalysts. The origin of
effect of such ‘promoters‘ on these isolated metal catalysts is the subject of ongoing
analysis.

Supported Organometallic on Porous Organic Polymers: Recently we reported a variety
of catechol-supported metal complexes that are active catalysts for selective alkyne semi-
hydrogenation. Since the reactive
catecholate coordination sites are
already integrated into the polymer
backbone, the CatPOP architecture
allows for nucleation of isolated
low-coordinate, monomeric species
that are typically unstable in

[CuMes],,
4 equiv
CgDg or Tol
25°C

catPOP

(2 or 10 mol% Cu) [(CatPOP)Cu'"] (2 or 10 mol% Cu)

TEMPO (2 or 10 mol%) o TEMPO (2 or 10 mol%) o 5 1 3
B | () o air ©)'\H > (Y on p ©)J\H sol‘utlon. In contrast to Inorganic
e Gucn oxide supports, the bidentate

catecholate site on  CatPOP

Figure 1. A) Synthesis of supported bimetallic Cu' catalyst on CatPOP. provides a uniform and speciﬁc
B) Catalytic oxidation of benzylic alcohol in presence of TEMPO with air

as an oxidant. ligand coordination environment
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that can impart unique and unprecedented reactivity to low-coordinate organometallic
species. Dicopper(I) centers have been stabilized within close proximity (~2.7 A) on a
catechol-containing porous organic polymer CatPOP (Figure 1). The
[(CatPOP)Cu',(MesH)] has been characterized by ATR-IR, DR-UV-vis, °C SS NMR,
XAS, EPR, ICP-OES, and elemental analyses. These data suggest the presence of two
Cu' centers stabilized by a dianionic catecholate backbone with an m’—coordinated
mesitylene ligand bound to each Cu' center. Ligand-displacement experiments of
[(CatPOP)Cu',(MesH)] were performed with pyridine, CH;CN, THF, and thioanisole. Of
all the ligands tested, only pyridine was observed to displace all the mesitylene.
[(CatPOP)Cu',(MesH)] was catalytically oxidizes benzyl alcohol to benzaldehyde in the
presence of TEMPO with air as an oxidant. Under identical conditions,
[(CatPOP)Cu',(MesH)] oxidizes benzyl alcohol 3 to 10 times faster than the previously
reported [(CatPOP)Cu"].

High Throughput Atomic Layer Deposition (HT-ALD): Atomic layer deposition (ALD)
has recently gained interest as a method for the synthesis of heterogeneous catalysts with
precise, Angstrom-level control over the resulting surface structures. ALD relies on a
stoichiometric and thus self-limiting reaction of chemical precursors with substrate
surface functionalities to provide (1) uniform active site dispersion, (2) high conformity
to surface features, and (3) high level of reproducibility. The Integrated Atomic Layer
Deposition-Catalysis (I-ALD-CAT) testing tool available at Argonne is capable of ALD
synthesis and in situ (without exposure to air) catalyst performance evaluation under
plug-flow conditions. Using this powerful tool, we recently reported the systematic study
of the intrinsic reactivity of different isolated Zn" active sites and the transformations
they undergo at the atomic-scale/submonolayer level during catalytic reactions (Scheme
1). Ethyl-zinc (a) and

H3C
zinc oxide (b) sites F
. . ?HZCHJ OH (I)"
were synthesized via 2 s Y
OH OH\ Zn(CH,CH3), Q OHS\ H,0 9 OH\ (CH3Cp)PY(CH3); 9 09'S‘i
OHC—CYCIC ALD Lo ‘Mé S»(‘J 1 —CHaCHy W “'S S»(‘) - CHaCH, s ”‘5 S»é AMTM/ﬁ;SiM/SL\g\O
. . BRI ANEY m!'mﬁ“\” J’mﬁ“‘” A e
experiments with B ok o o Lo T

. . a b c
dlethylzmc (DEZ) on Scheme 1. ALD synthesis of Zn/SiO, and multimetallic catalysts for alkane dehydrogenation

silica. Note that, the

open-shell 16-electron, tri-coordinate ethyl zinc-silica sites (a) exhibit higher activity in
propane dehydrogenation-propylene hydrogenation compared to 18- electron, tetra-
coordinate zinc oxide-type centers (b). The I-ALD-CAT approach provided key insights
into the reactivity and stability of different Zn sites as a function of dispersion at the sub-
monolayer level. Silica surface saturation with Zn(Il) sites (~75% of a monolayer) results
in facile zinc agglomeration and catalyst deactivation under reaction conditions. Sub-
saturation DEZ dosing and substrate pretreatment (e.g., dehydration under vacuum)
resulted in increased Zn dispersion and produced catalysts with improved activity and
stability under propylene hydrogenation (200 °C) and propane dehydrogenation (550 °C)
conditions. Additionally, the use of ethyl(C,) groups in the precatalyst (b) enabled the
unambiguous monitoring of alkyl-zinc activation pathways under propylene (Cs)
hydrogenation conditions. DFT calculations revealed that protonation of Zn-ethyl
fragments (£,= 35.9 kcal/mol) is more favored than direct Zn-ethyl hydrogenolysis (E.=
57.5 kcal/mol), giving ethane (major C, species observed) and an active Zn(II) species.
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On the other hand, Zn-ethyl group activation via B-H elimination (E,= 50.9 kcal/mol) is
less favored as indicated by the low concentration of ethylene in the product feed.
The I-ALD-CAT system was also 35

used to discover a series of . el 5.7 PRI

. . . . ‘t-u' ¥
mpl‘umetalhc active S}t§s (c) on S . Ot
high-surface-area silica for =% P (ALDYSiO2 -0.15% Pt

. . . o
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(e‘g" . Pt/ZnO/SlOZ %nd Figure 2. Comparison of propane dehydrogenation activity of a series of Pt-
Pt/AleﬂSlOg). X—ray absorptlon containing catalysts synthesized via ALD and/or solution-phase methods.

. . Testing conditicns: 50 mg catalyst, 46 mL/min 5% C,Hg/Ar, 550 °C, 65 h.
spectroscopic  studies of  the

precatalyst prepared from one-cycle ZnO ALD followed by one-cycle Pt deposition
(Scheme 1) confirmed monodispersity of the Zn(II) and Pt(IV) sites. Deposition of a
submonolayer of oxide promoters on SiO, prior to platinum ALD resulted in significantly
increased catalytic performance (Figure 2). Dehydrogenation of propane (5 mol% in Ar)
at 550 °C with a series of ZnO-promoted Pt catalysts showed higher propane conversions
(40-70% vs 10% with Pt/SiO;). High propylene selectivity (99%) and slow catalyst
deactivation (>7 days without regeneration) were also observed in the presence of ZnO
promoters. Additionally, investigation of the effects of synthesis methods on the catalytic
activity revealed a possible advantage of ALD synthesis over solution-phase techniques.
These high-reactivity, high-selectivity propane dehydrogenation catalysts are being
evaluated and optimized for selective dehydrogenation of longer chain alkanes to produce
value-added chemicals (e.g., n-butane to 1,3-butadiene).

Descriptor-Based Catalysts Design: In the past grant period, computational studies were
focused on molecular understanding and predictive design of new single-site catalysts
with improved efficiency for H-H and C—H bond activations. Both SiO; and a catechol-
containing porous organic polymer (Cat- POP) were considered. DFT calculations for

propylene hydrogenation on the silica Ga® Propylene Hydrogenation Steps
supported single-site catalysts reveal 0.8 \ 1. Hz + M-O = HM-OH AH,
that the reaction is initiated by the .| 2. CgHg + HM-OH = CgHg + M-O - AH,
heterolytic dissociation of H, with the T .1
formation of metal-hydride and T % -

. . o .
support hydroxyl intermediates. F g
Moreover, the hydrogenation activity , 0o M sc v o
of a series of SiO,-supported single- 0 5 0 5 10 15 20 25 30 35 40 45

site catalysts directly correlate with the MMy, (keal/mol)

formation enthalpy of the hydride
intermediate (Figure 3). Our recent
results show that the SiO,-supported
single-site  Ga(III) has the highest

Figure 3. Linear correlation between the TOF (h'') of propylene
hydrogenation and the calculated hydrogen activation using
SiO, supported single site catalysts. (m) Experimental TOF, (m)
Computed TOF.
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activity for propylene hydrogenation and readily forms a Ga-H intermediate, while SiO»-
supported single-site Co" has the lowest activity, and DFT calculations suggest that Co"
has an unfavorable reaction enthalpy for the formation of the Co—H intermediate. These
results suggest that the enthalpy of metal-hydride intermediate formation can serve as a
descriptor of activity for hydrogenation catalysts and can be used to screen potential new
catalyst compositions. Based on this descriptor, single-site Ge supported on SiO, should
be the more active dehydrogenation catalyst, which synthesis is currently underway.
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Presentation Abstract

We report extensions of our studies of the reactions of alcohols on transition metal oxide
(TMO) nanoclusters to polyols and acids and to an AlgO,; cluster model of y-Al,O5. A
range of reactions were studied to obtain fundamental information about the basic
concepts governing reactivity. Quantitative reactivity mechanism information could only
be obtained at the correlated molecular orbital theory coupled cluster CCSD(T) level.
Dehydration and dehydrogenation reactions probe both the Lewis/Bronsted acid/base and
redox properties of the metal centers. The prediction of the heats of formation of group
IV and group VI TMO nanoclusters with the coupled cluster CCSD(T) method has been
improved by using Kohn-Sham density functional theory (DFT) and Brueckner orbitals
for the initial wave function. The predicted heat of formation of CrO; using the PW91
orbtials is consistent with previous calculations including high order corrections beyond
CCSD(T). The heats of formation of the (CrOs), cluster have been improved by 5, 10, 25
and 27 kcal/mol for n = 1, 2, 3, and 4. The improved heats of formation are due to the
DFT and Brueckner orbitals being closer to the actual orbitals. Pure DFT functionals
perform slightly better than the hybrid B3LYP functional due to the presence of exact
exchange in the hybrid functional. 55 widely used exchange-correlation DFT functionals
were benchmarked against the best CCSD(T) (including Feller-Peterson-Dixon) results
for the relative energies (REs) of isomers, normalized clustering energies (NCEs),
electron affinities (EAs), and fluoride affinities (FAs) of (MOy), (M =Ti, Zr, H, n =1 —
4 ) and (MO3), (M =Cr, Mo, W, n =1 - 3) nanoclusters. The REs provide the lowest
energy structure of the catalyst, the NCEs provide the energetics of the catalyst, the EAs
provide the redox capability of the catalyst, and the FAs provide a measure of the Lewis
acidity of the catalyst. Hybrid functionals usually give better REs and NCEs than do pure
functionals. The prediction of the EAs is more complicated than for the REs and NCEs
and hybrid functionals do not give better results than do the pure functionals, with most
absolute errors within 10 kcal/mol. A large fraction of DFT functionals overestimate the
FAs, and, again, the hybrid functionals do not perform better than the pure functionals.
The B1B95 and PBE1PBE functionals provide the most reliable energetic properties for
most of the isomers for these properties.

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

Postdoctoral Fellow: Zongtang Fang (UA)
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Presentation Abstract

In this program, we have been exploring a new concept in nanostructured
heterogeneous catalysis design — the use of a nanoporous metal, either alone or
impregnated with an ionic liquid (IL) to form a composite catalyst [1,2]. The idea behind
this concept is to tailor the chemical environment within and near the pores of a metallic
electrocatalyst in order to enhance the aggregate composite activity and selectivity. Most
recent electrocatalyst design focuses upon lowering the activation barrier for a particular
synthesis reaction. While we also try to minimize this quantity, one should also
recognize that significant catalytic enhancements can be made by biasing the reaction to
completion via control of the environment in which the reaction occurs.

In this phase of the program, we have been working toward understanding
fundamental electrocatalysis challenges in the reduction of small molecules under highly
reducing condition, i.e., under conditions of hydrogen evolution and/or water reduction.
The ultimate aim is to develop methods for electrochemical reduction of nitrogen to
ammonia. Our strategy has been to tailor reactant and product transport to a
nanostructured catalyst. A first result has been significant improvements in the oxygen
reduction reaction (ORR) using nanoporous dealloyed nickel-platinum (np-NiPt)
impregnated with ionic liquids that are simultaneously oxophilic and hydrophobic. As a
model system, we have examined the ORR under highly reducing conditions, and found
that hydrogen evolution can be completely suppressed in favor of oxygen reduction
when the reaction is proton diffusion limited and occurs over a nanoporous metal
catalyst that acts as a sink for reaction intermediates. Simultaneously, we have been
developing nanoporous refractory metal catalysts for nitrogen reduction, and developing
a novel flow-through electrochemical cell that independently controls the relative
concentration of protons compared to reactants.

127



DE-SC0008686: Control of Reactivity in Nanoporous Metal/lonic Liquid
Composite Catalysts

Student(s): Ellen Benn, Bernard Gaskey

RECENT PROGRESS

Fundamental electrochemistry using nanoporous metal/ionic liquids composite

catalysts.

In this segment of the program, we have been studying the fundamental

electrochemical response of nanoporous metal/ionic liquid catalysts, primarily using a
dealloyed nanoporous Pt/Ni electrode impregnated with IL, and using the oxygen
reduction reaction as a model system. We have been looking at a variety of ionic
liquids, particularly the response of protic versus aprotic ionic liquids, with more or less
hydrophobicity (water solubility). Figure 1 shows results of oxygen reduction activity
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Figure 1. Potentiostatic ORR current density versus
potential for np-NiPt (solid line) filled with a variety of
different ionic liquids (a) np-NiPt+H[MTBD][beti] (high
oxygen solubility), (b) np-NiPt+[HNC(dma)][beti] (high
proton conductivity and low viscosity), (c) np-
NiPt+[HNC(dma)][bfpi] (relatively high
hydrophobicity), (d) np-NiPt+[bmim][beti] (aprotic and
high viscosity), and (e) np-NiPt+[M3BN][beti] (aprotic
and low viscosity) [2].
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over np-NiPt for a survey of ionic
liquids exhibiting a range of
properties, each of which to some
extent improves the ORR activity by
shifting the half-wave to higher
potentials. This study concluded
that the primary determinants of
ORR improvement are simultaneous
high oxygen solubility and high
hydrophobicity [2].

An ancillary goal of this study was
to see if aprotic ionic liquids in the
nanoporous metal could stymie
proton transport to the
electrocatalyst surface. If this were
possible, then reduction of other
small molecules from an essentially
aqueous solution could occur even
at highly reducing potentials, in
particular at potentials at which
hydrogen evolution occurs, below
0.0 V vs. RHE. This remains a
viable new strategy for CO, or N,
reduction, but requires design and
synthesis of ionic liquids with
essentially no water solubility. In
our above-mentioned survey, we
found that even “very hydrophobic”
ionic liquids had water solubilities
of order 1 M.



The oxygen reduction reaction
under proton diffusion-limited
conditions. Hydrogen
evolution is a ubiquitous
problem in the electroreduction
of many small molecules such
as carbon dioxide or nitrogen.
Here we used oxygen reduction
as a model system to study
reduction kinetics below 0.0 V
vs. RHE, when hydrogen
evolution 1is facile. The
essential idea is simple: oxygen
solubility is of order 1 mM, so
under mildly acidic conditions
(pH 4), the flux of oxygen Figure 2. Potentiostatic rotating ring disk electrode

should overwhelm the flux of measurements of current density vs potential at pH 4 in

oxygen-saturated vs. deaerated solutions. Here, both HER
protons to the catalyst surface. and ORR is expected to occur under proton diffusion limited
. conditions. Hydrogen evolved in deaerated solutions below
Figure 2 shows that the oxygen 0.0 Vv vs. RHE is detected via hydrogen oxidation at the ring.
reduction reaction over np-NiPt  In oxygen-saturated solutions, HER is suppressed in favor of
at pH 4 is favored over oxygen reduction, due to a combination of a higher flux of
oxygen to the electrode than protons, and nanoporosity which
acts to getter excess reaction intermediates [1].
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hydrogen evolution, down to
potentials where water is
reduced. Planar electrodes, in
contrast, continuously build up adsorbed oxygen under these conditions, eventually
switching the reaction pathway from 4-electron, 4-proton reduction to water, to 4-
electron reduction to hydroxide, and basifying the interface. We interpret our results to
indicate that the nanoporous catalyst has a shallow electrochemically active surface area,
through which adsorbed oxygen intermediates can diffuse and be gettered by the high
surface area interior of the catalyst. This prevents buildup of excess surface oxygen, an
effect that stymies oxygen dissociation.

Multi-electrode flow cell for nitrogen reduction. We have been designing and
building a new flow-through reactor, with the goal of using it for nitrogen reduction.
Figure 3 shows the schematic design. We have been using the ionic liquid N-Methyl-N-
propylpiperidinium  bis(trifluoromethylsulfonyl) imide ([PP13][Tf2N]), which is
electrochemically stable to -3.0 V as a carrier for hydrogen and nitrogen. The idea is to
use a first electrode to dissociate hydrogen to produce a carefully controlled flux of
protons to the second electrode, which will be a nanoporous metal catalyst. Technical
challenges we have been overcoming include (a) dehydration of the IL. We have found
that electrolysis of the IL under vacuum can bring the water content below the ppm
level. (b) development of a suitable nanoporous catalyst. Here, we have been using
liquid metal dealloying of X-Ti alloys to make nanoporous Ta and Mo (Figure 4), that
will be asssayed for electroreduction activity.
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Figure 3. Electrochemical reactor for the
synthesis of ammonia via electroreduction of

) . . Figure 4. Nanoporous molybdenum made by liquid
nitrogen. Here, the nitrogen flux is controlled by | o1 deall oying of Mo-Ti-Si alloy in molten

the solubility of the gas in a carrier ionic liquid,
and a controlled (lower) flux of protons is
controlled by hydrogen decomposition at an
upstream electrode.

copper, and then dissolving out the Cu phase.
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Interactions between a transition-metal catalyst and its support can strongly alter the
stability and activity of the catalyst. Important examples include support effects with
ceria and the so-called “Intelligent Catalysts” in which the metal can be redispersed by
reversible ex-solution from a perovskite lattice. However, the surface areas of these
functional supports are often too low or unstable; and, in the case of perovskites, the
length scales for ingress and egress may be too long to take advantage of the effect. We
are addressing these issues by depositing very thin films of various functional oxides, ~1
to 2 nm thick, onto high-surface-area Al,O; by Atomic Layer Deposition. Early work
with ZrO, ALD films on Pd/Al,O; demonstrated that films less than 1 nm thick were able
to stabilize Pd particle size. On Pd/CeO,, dense, 0.5-nm ZrO, films were shown to
stabilize CeO; crystallite size and surface area, as well as suppressed Ce(SO4), formation
upon exposure to SO,. More recent work has demonstrated the uniform deposition of
dense, 1- to 2-nm films of LaFeOy, CeO,, and FeOy. The films are stable and x-ray
amorphous to 1073 K. The CeO; and FeOy films promote the activity of supported Pd for
reactions like WGS. The properties of the LaFeOy films are still under exploration.

DE-FGO02-85ER13350: Nano-Structured Catalysts for Improved Oxide-Metal
Interactions

Student(s): Tzia Ming Onn, Jiayao Chen

RECENT PROGRESS

The Effect of ZrO; ALD Coatings on a Pd/CeO, Catalyst

We prepared a CeO; support by precipitation of aqueous Ce(NO3)s, impregnated
it with 1-wt% Pd, and then modified the catalyst by coating it with 20 rounds of ZrO,
ALD. This produced a catalyst with a 0.4-nm thick film of ZrO, (11-wt% ZrO,),
uniformly covering the surface. Calcination of the unmodified CeO, caused a large
decrease in surface area and increase in crystallite size, as determined by XRD line
broadening, between 673 and 1073 K. However, catalysts modified by 0.4-nm ZrO, films
showed no change in either surface area or CeO, crystallite size upon calcination to 1073
K. Methane-oxidation rates in 0.5% CH4 and 5% O, were slightly lower on the ZrO,-
covered catalyst when both materials were calcined at 673 K but the activity of the ZrO,-
modified catalyst did not decrease with catalyst calcination temperature. Both catalysts
showed good activity for the water-gas-shift reaction. However, the unmodified catalyst
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was irreversibly poisoned by exposure to SO, due to formation of cerium sulfates that
were difficult to remove, while activity of the ZrO,-modified catalyst film could be
restored by simple calcination.

Improved Thermal Stability and Methane-Oxidation Activity of Pd/Al,O3 Catalysts by
Atomic Layer Deposition of ZrO;

The effect of modifying Pd/Al,O; catalysts by Atomic Layer Deposition of 1-nm
Zr0O; films was studied. For deposition on oxidized, PdO/Al,O5 catalysts, TEM imaging,
EDS mapping, and metal-dispersion measurements confirmed the presence of a thin ZrO,
over both the Al,O3 support and the metal particles. When the Pd was reduced, the ZrO;
film only grew on the support, as demonstrated by CO chemisorption measurements. The
Zr0O; films were surprisingly stable, only forming a well-crystallized phase observable by
XRD above 1173 K. The ZrO, coating over the PdO particles created a semi-core-shell-
like structure that stabilized the metal against sintering in air at 1073 K. Steady-state,
methane-oxidation rates on unmodified PdO/Al,O; decreased with increasing catalyst
calcination temperature but rates on the ZrO,-covered surfaces increased with increasing
calcination temperature. Evidence for ZrO, playing a promotional effect on methane
oxidation was demonstrated by the fact that the ZrO,-covered catalyst that had been
calcined to 1073 K was more active than any of the unmodified PdO/Al,O; catalysts.

The Effect of Water on Methane Combustion Over Pd@Ceria:

The influence of water vapor on methane catalytic combustion was studied over
Pd@CeO,/Si-Al,O; catalysts and compared to results on a conventional impregnated
catalyst with identical chemical composition. While the nanostructured Pd@CeO,/Si-
Al,Os catalyst is thermally stable, the addition of water to the reaction feed leads to a
transient deactivation at low temperatures, consistent with well documented competitive
adsorption of water on PdO. In addition to this, the hierarchically structured, core-shell
catalyst exhibits an additional severe deactivation after methane oxidation in the presence
of water vapor at 600°C that can be reversed only by heating the catalyst above 700°C.
The presence of water in the reaction feed deactivates the conventional impregnated
catalyst less severely and the activity largely returns upon water removal. Catalytic,
FTIR, and CO-chemisorption data indicate that the severe deactivation process in the
hierarchical catalyst is due to the ceria shell transforming to Ce(OH)s. This significantly
inhibits the oxygen spillover from the CeO, nanoparticles to Pd, preventing the efficient
re-oxidation of Pd, as observed by operando XANES experiments in which the Pd is
observed to transform from PdO to Pd under methane oxidation conditions when water is
added. At the same time, the presence of the hydroxyls can limit the accessibility of Pd to
gas-phase reactants, as indicated by the decrease of CO chemisorption capability. The
presence of hydroxyls plays a relatively minor role in the deactivation of conventional
catalysts at 600°C.

Methane Oxidation on Pd@ZrO;:

The catalytic properties of Pd@ZrO, core-shell catalysts supported on Si-
modified alumina were studied for application to methane oxidation and compared to the
analogous Pd@CeO, catalysts. In the absence of water (dry conditions), both Pd@ZrO,
and Pd@CeO; were highly active and showed nearly identical reaction rates and thermal
stabilities. However, unlike catalysts based on Pd@CeO,, the Pd@ZrO, catalysts were
also very stable in the presence of high concentrations of water vapor. By means of
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Coulometric titration and pulse-reactor studies, we demonstrated that ZrO, in contact
with Pd can be reduced. Additionally, Coulometric titration showed that the Pd-PdO
equilibrium at 600°C is shifted to much lower P(O,) in the Pd@ZrO, catalyst compared
to conventional Pd/ZrO, or Pd/Al,O; catalysts. Because PdO is more active for methane
oxidation, this observation provides a possible explanation for the superior performance
of the Pd@ZrO, catalyst.

Stabilization of Au Catalysts Through Formation of Core-Shell Structures:

A catalyst system consisting of core-shell nanostructures with Au cores and
porous TiO, shells was synthesized and characterized for room temperature CO
oxidation. The core-shell structures were prepared by colloidal methods starting from
pre-formed 3-nm Au particles in solution and then adsorbed onto high-surface-area,
functionalized, hydrophobic Al,Os supports. The Au@TiO,/Si-Al,O; catalysts prepared
in this way showed higher activity and thermal stability than conventional Au/TiO;
samples prepared by impregnation of the same Au particles onto commercial titania P25.
The core-shell catalyst was able to maintain its activity and 3-nm Au particles size upon
calcination up to 600 °C, whereas the Au/TiO, sample was found to sinter. Furthermore,
it was found that the crystallization of TiO, was suppressed in the core-shell structure,
resulting in a thin layer of small TiO, particles, which is favorable for the dispersion and
thermal stability of Au nanoparticles.

Supported Pt-Zn and Pd-Zn Nanoparticles for Methanol Steam Reforming:
Platinum-zinc oxide (Pt@ZnO) and palladium-zinc oxide (Pd@ZnO) core-
shell nanoparticles were synthesized in solution using a method based on self-
assembly and deposited onto a functionalized alumina (Si-Al,O3) support. TEM
investigations of the samples confirm the formation of core-shell structures of
approximately 6 nm of diameter following calcination to remove the ligands. In-
situ TEM and coulometric titration experiments suggest that Pt-Zn alloys are
formed upon reduction and that these are highly tunable in size. While methanol-
steam reforming (MSR) measurements on conventional Pt/Al,0; and Pd/Al,O;
catalysts show poor CO, selectivities, a Pt(1-wt.%)@ZnO(9-wt.%)/Si-Al,03
system showed comparable activity and selectivity for CO, as a conventional
Pt/ZnO catalyst, providing further indication that Pt@ZnO forms a Pt-Zn alloy
upon reduction due to the intimate contact between the two materials. The
Pd@ZnO/Si-Al,05 exhibited lower CO; selectivities than Pt@ZnO/Si-Al,Os.

A Comparison of Hierarchical Pt@CeO./Si-Al;03 and Pd@CeO,/Si-Al,0;

The catalytic properties of Pt@CeO,/Si-Al,03 and Pd@CeO,/Si-Al,O3 core-shell
catalysts were compared. For calcination at 773 K, Pt@CeO,/Si-Al,O3; exhibits Water-
Gas-Shift (WGS) rates that are similar to rates found on conventional Pt/CeQ,,
suggesting that there is good contact between the Pt and CeO, phases. While WGS rates
over Pd@Ce0,/Si-Al,O3 declined rapidly due to reduction of CeO,, rates over
Pt@CeO,/Si-Al,0; were reasonably stable with time indicating a different interaction
between metal and CeO, phases. Reduction of CeO, also greatly suppresses CO
adsorption capacities on Pd@CeO,/Si-Al,O3 but has minimal effect on Pt@CeO,/Si-
Al,Os3, suggesting that these interactions with CeO, are stronger with Pd than with Pt.
After calcination to 1073 K, large metal particles were observed with Pt@CeO,/Si-Al,0O3,
but not on Pd@CeO,/Si-Al,03. Coulometric titration measurements on these two
materials also suggest stronger interactions between CeO; and Pd.
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Presentation Abstract

Fast pyrolysis of biomass is a promising low-cost technology that produces bio-oil suitable for the
production of chemicals and use as transportation fuel after hydrodeoxygenation (HDO). In the
recent literature there is a growing number of bifunctional catalyst combinations that
show good activity and selectivity for (HDO). Using Density Functional Theory (DFT)
we have obtained insight into the role of each type of site and propose a dual site
structure-performance relationship for efficient HDO catalysts. For Ru/TiO, and Pd/ZrO,
the amphoteric character of the support is suggested to be paramount for selective C-O
cleavage, while the metal functionality is required to activate H,. We find that this dual
site requirement extends to other catalysts systems as well. Of particular interest are Mo-
oxycarbides, which have acidic sites similar to those of Mo-oxide, whereas Mo-carbide
sites have metallic character. We have compared the potential energy diagram for HDO
of furan on Mo-oxide with the equivalent reaction of thiophene hydrodesulfurization
(HDS) on MoS,. Our results show that H, activation for both HDO and HDS requires
metallic sites, which are present on the brim sites of MoS; or are provided by Mo-
carbide-like phases in Mo-oxycarbide. Once H; dissociates, the acid site for C-O scission
can readily form.

Grant or FWP Number: Unifying principles for catalytic hydrotreating processes

Postdoc(s): Juan Manuel Arce-Ramos, Unmesh Menon
Student(s): Byeongjin Baek, Sashank Kasiraju, Xiao Li, Samantha Bryant, Cecil Meritt
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Hydrodeoxygenation of phenolics over Ru/TiO,
Phenolics are bio-oil model compounds that are well-suited for computational and
on experimental studies. Notably,

Hy under hydrogen atmosphere
@ © Scheme 1 shows that these

2Hz  oH 0 OH
\ ’ o " compounds can undergo
2 2 .
) =" @ - O selective C-O bond cleavage
Scheme 1. HDO pathways for phenol. The direct deoxygenation (top) is (desired), b}lt also aromatlc rng
desired because it requires less H, than the hydrogenation path (bottom). hydrogenatlon (undesired). Our

computational work combined
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with the experiments contributed by the teams of Profs. Rachel Narehood Austin and
Steven Crossley provides evidence for the direct deoxygenation of phenol and m-cresol
on Ru/TiO, catalysts to occur at 036e

perimeter sites at the interface e
between the Ru metal and the
TiO, support. A key step in
producing this active perimeter
site 1s the heterolytic H;

cleavage across the interface, as '
depicted in Fig. 1. '}/\m
Electron density difference

and Bader charge analysis

suggests that this step forms a

support site with Bronsted acid Fig. 1. Heterolytic H, activation at the Ru/TiOz i.nterface. The protqn is
accommodated on the support, the hydride remains on a Ru metal site.

H,* + HOP" — H,0b" + H*

B Accumulation
Il Depletion

character and a metal-hydride
on the metallic Ru cluster. The following direct C-O scission in phenol or m-cresol is
then assisted by the support proton, which results in a substantial reduction of the
activation barrier.

During this desired reaction path TiO, acts both as a base (proton acceptor) and acid
(proton donor). Notably, the activation barriers for both of these key processes are ideally
balanced as we try to illustrated in Fig. 2. Based on this work we propose that the key
property of the support is its amphoteric character, i.e., its ability to accept protons during
H; activation and to donate protons during C-O scission, rather than its reducibility, i.e.
its ability to form oxygen vacancy defects. The role of the metal sites is mainly related to
hydrogen activation.

©°" - @
H
H—H, H o’
-~.,+,l ™ "
“u o Ru 5
i ‘11|

| Support Support Support I Support T

Basicity z Acidity

Fig. 2. Proposed hydrodeoxygenation (HDO) mechanism at the Ru/TiO, interface. A basic surface hydroxyl on titania
abstracts a proton from hydrogen. In a subsequent step, this now acidic surface water donates the proton to the phenolic
oxygen, weakening the C-O bond and facilitating bond heterolysis. A hydride from the ruthenium surface forms a C-H
bond to generate the product, benzene.

Hydrodeoxygenation on Mo-oxide compared to Hydrodesulfurization on Mo-sulfide

We find that the dual site requirement as introduced for the Ru/TiO, system extends to
other catalysts systems as well. Of particular interest are Mo-oxy-carbides, which have
acidic sites similar to those of Mo-oxide, whereas Mo-carbide sites have metallic
character. We show a comparison of the d-band density of states (DOS) for both phases
in Fig. 3 and the metallic character, i.e. continuous band of d-states at the Fermi level, is
clearly shown for Mo,C(100). In Fig. 4 we compare the potential energy diagram for
thiophene hydrodesulfurization (HDS) on the S- and Mo-edge of MoS; (adopted from
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Moses, Hinnemann, Nerskov, J. Catal. 248, 188-203,
2007) with furan hydrodoxygenation (HDO) on
MoO3(010). One immediate observation in this
comparison is the large barrier for H, activation on
MoO;(010), which is similar to the barrier of H;
activation on the S-edge of MoS,. In the case of MoS;
metallic brim states can form along the Mo-edge or the
promoted S-edge, which can alleviate the H, activation
problem during HDS. Similarly, the formation of a Mo- —~ =~ = :ce

oxycarbide or Mo-carbide phase can create sites with Fig. 3. The d-band density of states
metallic character. The investigation of the Mo-carbide (POS)for MoOs(010) and Mo,C(100).
phase is still ongoing, but we have confirmed that the

Mo,C(100) surface can spontaneously dissociate H,. The activated hydrogen may then
form an acid site on the MoO3 phase and drive the selective HDO reaction.

DOS {arbitary units)

203 ==HDO MoO3 BEEF-vdW

0.57 1DS S Edge

==HDS Mo Edge

1.72
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a 111 0.65

g Vacancy |
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1 : Adsorbed Furan

1*: 2-hydrofuran

2 :2,5<dihydrofuran

: 2-butene-aldehyde

: 2-butenc-alcohol
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HO

oo AW
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Fig. 4. Juxtaposition of the thiophene hydrodesulfurization (HDS) pathway on the S and Mo edge of MoS, (adopted
from Moses, Hinnemann, Nerskov, J. Catal. 248, 188-203, 2007) with the furan hydrodeoxygenation (HDO) pathway
on MoQOj3;. HDO on M00;(010) is limited by H, activation, just as HDS on the S edge of MoS,.

Overall, our DFT results for HDO of phenolics and furan on Ru/TiO, and MoO3/Mo,C
along with literature knowledge of thiophene HDS on MoS, support the preliminary
conclusion that a good HDO catalyst requires both metal and acid sites. The acid sites,
however, should not be too strong such that their reprotonation is hindered. It appears that
amphotheric materials that are readily protonated/deprotonated are most suitable. Our
current conclusion and hypothesis is that the right balance between metal and acid
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character is necessary for the design of an optimal HDO catalyst. In fact, this explanation
seems capable of rationalizing the activity and selectivity of many other catalysts (e.g.
Pd/ZrO,) tested for HDO, but it has never been clearly stated before.
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Presentation Abstract

We have previously shown that zirconia supported on MWCNT (ZrO,/MWCNT) is
hydrothermally stable and can be made a solid acid catalyst by sulfating the zirconia.
Although this makes a relatively good acid catalyst, we have found that the sulfur species
is not particularly stable in hot liquid water. On the other hand we have demonstrated that
the tungsten-modified analogue (WO,-ZrO,/MWCNT) is hydrothermally stable and it is
expected to have similar, but somewhat lower, acid catalytic activity. The catalyst
annealing temperature and oxide loading effects on the oxide particle size were
investigated. This was accomplished with XRD and TEM and there was good agreement
in the ZrO; particle size of ~2 nm and the WO, particle size of ~6 nm at high loadings, 30
wt%, (but immeasurable at low loading, < 10wt%) using these two techniques. X-Ray
absorption near edge spectroscopy (XANES), has shown changes in the W L3 edge and
Zr K edge white line intensities of WO,-ZrO,/MWCNT upon annealing at different
temperatures, indicating a change in the interaction and/or oxidation state of the tungsten
and/or zirconium. To interpret the XANES, it is essential to estimate accessible zirconia
surface as a function of WO, loading and annealing temperature at constant ZrO, loading
and particle size of the ZrO,/MWCNT. This was done using NO,-TPD [H. Y. Law, J.
Blanchard, X. Carrier, C. Thomas, J. Phys. Chem. C 114 (2010) 9731-9738].

DE-FG02-01ER15183: ZrO,/MWCNT as a Support Platform for Acid and Metal
Catalysis in Water

Student(s): Patrick R. Kelleher
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Catalysts were prepared by functionalizing commercially available MWCNT (10-
20 nm OD, 10-30 pum). Functionalization consisted of reacting 2 g of MWCNT in 500
mL of refluxing nitric acid (~70 wt%) for 2 hours. After functionalization the MWCNT
was washed and dried at 100 °C overnight. The MWCNT was then grafted with ZrO, by
a zirconium acetylacetonate precursor in refluxing toluene for 3 hours to obtain a final
ZrO; loading of 8-15 wt%. The catalysts were then annealed in flowing helium (50
cc/min) at 450 °C to form ZrO, nanoparticles. Finally, the ZrO,/MWCNT complex was
impregnated with ammonium metatungstate hydrate and annealed at varying
temperatures in flowing helium (50 cc/min) to obtain WOs; loadings of 10-30 wt%. The
resulting ZrO, and WO3 loadings were determined by TGA with flowing air (50 cc/min).
X-Ray absorption transmission measurements were performed on pressed pellet samples
at NSLS (X23A2) and at APS (9BM). The amount of sample pressed into the pellet was
varied to obtain an edge step of 0.2-1. All X-ray absorption data was aligned and
normalized using the Dementer software package to give an edge step of 1. The NO,-
TPD method has been described in detail in a previous article. However, one part of the
procedure was altered to take account of the MWCNT support. In the original method the
desorbing carrier gas was oxidizing (8% O, in He) but this would cause combustion of
the MWCNT. It was confirmed, using a known ZrO, bulk sample, that using pure He as
the desorbing gas did not significantly alter the measurement that was found to be in
agreement with previous measurements.

The XAS results show that as the annealing temperature is increased (250-850
°C) for a given WO, loading, the white line intensity of the Zr K edge decreases.
Furthermore, we have found that as the WO, loading is increased, the white line intensity
of the Zr K edge again decreases. Data collected at the W L3 edge shows similar trends to
the data collected at the Zr K edge. The decrease in the white line intensity results from
increased electron density at the Fermi level. This indicates an apparent reduction and/or
rehybridization of Zr/W at higher temperatures and with higher WO, loadings. Mutual
reduction of the W and Zr is chemically unlikely, and moreover, it is likely that the
coverage of ZrO, by WO, varies with both temperature of annealing and WO, loading.
Thus, we use NO,-TPD to estimate the accessible zirconia surface as a function of WO,
loading and annealing temperature in order to assess the WO,-ZrO, interaction at
constant ZrO, loading and constant WO, coverage. A selection of NO,-TPD data is
summarized in Table 1 from which it can be deduced that: 1) As synthesized, the
ZrOy/MWCNT annealed in He at 450 °C retains amorphous C on the ZrO, that is
removed by repetitive NO,-TPD (presumably oxidized by NO,), as indicated by the

observed increase in the accessible ZrO, surface as the number of successive NO,-TPD
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experiments increases (see Table 1, Exp. 3-6), 2) the C free ZrO, particle size, deduced
from NO,-TPD, is 2.2 nm (see exp. 5,6) and consistent with that measured by XRD and
TEM, and 3) this amorphous C contamination, that interferes with WO,/ZrO, interaction,
appears to be partially removed by interaction with WO, (enhanced interaction by higher
WO, loading), Exp. 8-9, although this may simply be a result of the greater concentration
of WO,.

Table 1. Summary of the NO,-TPD Data

Exp. NO,- 710,
No. TPD Crystall
run Sample 710  WO; NO, released Accessible surface size
2
(Wt%)  (wt%) upmol/g umol/gro, mP/g m’/gro, nm
1 1 MWCNT =C - - 57.9 - - - -
2 1 7r0,/C 8.2 - 2384 2259 30.9 377 2.8
3 1 7r0,/C 8.1 - 2203 2063 27.8 344 3.0
4 2 7r0,/C 8.1 - 2356 2252 30.4 375 2.8
5 3 7r0,/C 8.1 - 279.6 2795 37.7 466 2.2
6 4 7r0,/C 8.1 - 286.0 2874 38.8 479 2.2
7 1 Zr0,-WO,/C- 6.9 148 76.2 447 5.1 75 -
450
8 2 Zr0,-WO,/C- 6.9 148 70.2 360 4.1 60 -
450
9 1 Zr0,-WO,/C- 5.8 284 41.6 60 0.6 10 -
450
10 1 Zr0,-WO,/C- 6.9 148 1298 - - - -
850
11 1 Zr0,-WO,/C- 5.8 284 98.0 - - - -
850
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University of South Carolina, Department of Chemical Engineering

Presentation Abstract

It is the objective of this research program to develop and test a hierarchy of multi-scale
methods for computing activation and reaction free energies of elementary processes
occurring at metal-liquid interfaces relevant for conversion of lignocellulosic biomass
into transportation fuels or chemicals that are only up to two orders of magnitude slower
than current conventional catalysis tools for catalytic gas-solid studies. As a result, these
novel tools will permit within a decade computational metal catalysis studies at solid-
liquid interfaces with similar ease to current gas-metal catalysis studies (assuming a
similar growth in computing infrastructure as seen in the past couple of decades). Our
hierarchy of novel multi-scale methods starts with (i) the use of implicit solvation models
to approximately describe solvation effects on elementary reactions at metal surfaces, (ii)
the application of our hybrid quantum mechanics (QM) and molecular mechanics (MM)
solvation scheme for computing free energies of reactions at metal-liquid interfaces, and
(iii) the inclusion of solvent coordinates in the reaction coordinate when computing free
energies with our QM/MM approach. Considering that current implicit solvation model
parameters for transition metal elements contain significant uncertainties, that molecular
mechanics force fields for solvents such as water with transition metal surfaces hardly
exist, and that there are also no reliable experimental data of solvent free energies on
elementary metal surface processes, we are (i) developing a high dimensional neural
network potential for the interaction between Ru(0001) and TIP3P water and (i7)
parameterize implicit solvation parameters against our explicit solvation model and
rigorously consider uncertainty in the implicit solvation parameters. As model systems
for our computational study, we investigate selectivity issues in the hydro-deoxygenation
(HDO) of organic alcohols, guaiacol, and propionic acid over transition metal catalysts
under liquid-phase processing conditions.

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

Postdoc: Vijay Solomon
Student: Mohammad S. Saleheen
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Explicit Solvation for Metal Surfaces (eSMS)

We have previously reported 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 plane-wave
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 metal-water system. A
limitation of our approach is that its success hinges on the availability of approximate
force fields for solvent-metal interactions. While such force fields exist for Pt(111)-water
systems, no such force fields exist for the interaction of water with other transition metal
surfaces. Hence, our aim is to construct a high dimensional neural network potential to
describe the interaction between Ru(0001) and water geometry. While our approach is
independent of the specific transition metal surface, we decided to initially focus on Ru
due to its recent application in many HDO processes of biomass platform chemicals. We
used supervised machine learning techniques where a large data set of metal-water
interaction energies and forces calculated by DFT are provided to a feed forward neural
network. The neural network code has been provided by Dr. Jorg Behler from Ruhr-
Universitdit Bochum. The atomic configurations were described using symmetry
functions and an extended Kalman filter (EKF) was used for optimization of the weights.
The fitting procedure has been performed for varying number of cutoff radii, symmetry
functions and nodes. Each of these procedures has been performed for varying random
seeds ranging from 25 to 200. Our fitting procedure indicated that increasing the cutoff
radius does not improve the neural network potential but increasing the number of nodes
lowers the root mean square error (RMSE) for energies and forces. Finally, the RMSE for
the energies and forces in the training and test set was found to be on the order of
~10meV/atom and ~100 meV/Bohr, respectively, which suggest that there is still room
for improvement for the NN potential.

Applications of our Implicit Solvation Model for Metal Surfaces: HDO of Organic
Alcohols

As an application of our implicit solvation model for metal surfaces (iSMS) and as
our test bed system for our eSMS method development, we are investigating the HDO of
ethanol over a Ru(0001) model catalyst under vapor and aqueous phase processing
conditions. Specifically, we want to understand the solvent effect on the selectivity of C-
C cleavage versus C-O bond scission. Our results suggest that under both vapor and
aqueous phase processing conditions, C-C cleavage is favored over C-O cleavage and C,
products dominate. Under gas phase experimental processing conditions, the TOF
calculated for CO and C,Hs production are 5.3 X 1073 and 8.8 X 107° (1/s) which are
one and two orders of magnitude lower than the experimentally reported values,
respectively. For studying the reaction mechanism under aqueous processing conditions,
we used our iSMS strategy with COSMO-RS implicit solvation model to calculate the
solvent effects for all adsorbed species. Considering the uncertainty in the solvation
parameters for Ru, we performed calculations with default cavity radius for Ru and with
both a 10% increased and decreased cavity radius. Our microkinetic modeling results
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suggest that with the default and 10% increased Ru cavity radii, C-C cleavage dominates
over C-O bond cleavage; however, at a 10% reduced cavity radius, the two mechanisms
become competitive which somewhat agrees with the experimental observation that Ru is
sufficiently oxophillic that it prefers C-O bond cleavage over C-C bond scission during
aqueous phase processing conditions.

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

Finally, we investigated the HDO of propanoic acid in vapor and liquid phase
reaction environments over various flat transition metal surfaces such as Rh(111),
Ni(111), Pt(111), Ru(0001), Cu(111), Ag(111), and Re(0001). Our objective is to
elucidate how solvent effects change the activity and selectivity of various transition
metals for the HDO of organic acids. In addition, we aim at identifying scaling relations
for solvent effects on elementary Gibbs’ free energies of reaction and activation.
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Presentation Abstract

The development of new, renewable pathways to produce and use fuels could play a
major role in reaching sustainability goals for the globe. To address technical challenges
in this area, we are focusing on three reactions relevant to this objective: the hydrogen
evolution reaction (HER), the oxygen reduction reaction (ORR), and the oxygen
evolution reaction (OER).

First, recent research will be described in an effort to develop H, evolution catalysts that
are active, stable, and comprised of only earth-abundant elements. We will also show
results in integrating these catalysts into PEM water electrolyzers. Next, electrocatalyst
development for the ORR and the OER will be discussed, with a focus on enhancing
catalyst activity. In particular, a core-shell approach will be described as a means to
engineer surfaces with appropriate properties to drive these reactions.
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The overarching goal of the experimental program within this FWP is to provide
fundamental insights and understanding in catalysis related to important energy
conversion reactions. The experimental efforts encompass two general areas of catalysis
science: electrocatalysis and thermal heterogeneous catalysis. For electrocatalysis we
have focused our attention on developing active catalyst materials for the hydrogen
evolution reaction (HER), oxygen evolution reaction (OER) and oxygen reduction
reaction (ORR) and for thermal heterogeneous catalysis we have focused on syngas
conversion to ethanol.

Catalyst development for the HER/HOR

Hydrogen (H;) is one of the world’s most important chemicals mainly used for petroleum
refining and synthesizing ammonia-based fertilizers. Catalyzing the electrochemical
hydrogen evolution reaction (HER)

coupled to renewable energy sources, e.g., P o
wind or solar, is a potential sustainable % {biicging)
source of H,. Platinum is the most effective
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The [Mo3sl3]2' clusters exhibit the highest HER

turnover frequency of any molybdenum sulfide catalyst
of the turnover frequency (TOF). synthesized by scalable route. > *

the atomic-scale with scanning tunneling

of the clusters which enabled determination
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Amorphous MoS, for HER

Amorphous MoSy has also shown great promise as
a cost-effective and scalable HER catalyst. >'* We
have employed both in situ transmission electron
microscopy (TEM) '° and ambient pressure X-ray

spectroscopy  (AP-XPS) % in

photoelectron
combination with density functional theory (DFT)
to gain a better understanding the active phase of
amorphous MoS;. Our results suggest that the
surface of the amorphous MoSy catalyst is
dynamic: the in situ TEM and AP-XPS reveal a
consistent view that the initial catalyst activation
forms the primary active surface of amorphous
MoS,, however continued transformation to the
crystalline phase during electrochemical operation
could contribute to catalyst deactivation due to
extended basal planes.

Transition metal phosphides for HER
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Figure 3: Activity volcano for
transition metal phosphides.
Activity volcano for the HER
showing the average TOF at an
overpotential of 100 mV as a
function of AGu. '’

-0.2

Recently, transition metal phosphides (TMPs) have also emerged as highly active for the

HER. *'"** However, trends in activity are not well understood. We have provided a new

level of understanding through a combined theory-
experiment approach. We synthesized different
TMPs and correlated experimentally determined
HER activities with the hydrogen adsorption free
energies, AGy, calculated using DFT, and showed
that this correlation follow a volcano relationship
(see Fig. 2). ' Using our combined experimental-
theoretical model, we further predicted that the
mixed metal TMP, FeqsCog 5P, should have a near-
optimal AGy. We synthesized and confirmed that,
indeed, FeysCoqsP exhibits the highest HER
activity of the investigated TMPs.

Molybdennum phosphosulfide (MoP|S) for HER

We have furthermore shown that in the case of
molybdenum phosphide (MoP), it is possible to
improve both the HER activity and stability by
introducing sulfur in the surface region to form a
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Accelerated stability test. Initial and
post-potential-cycling linear sweep
voltam-mograms of MoP and MoP|S.
Whereas MoP experiences a slight
decrease in current density upon
increased potential cycling, MoP|S




molybdenum phosphosulfide (MoP|S). '*2°

Metal alloy catalyst for HER and HOR

We have also investigated metal alloy catalysts
that are active for both the HER and hydrogen
(HOR) to
electrocatalysts for unitized regenerative fuel

oxidation  reaction develop
cells. Using electron-beam co-evaporation, we
synthesized metastable NiAg bulk

across a range of compositions and showed

alloys

that NiAg alloys are indeed more active than
pure Ni for the HER and, possibly, the HOR.?’
DFT calculations supported our experimental
findings, showing that bulk alloying of Ni and
Ag creates a variety of adsorption sites, some
of which have near-optimal AGy.

Catalyst development for the OER

Oxygen evolution reaction (OER) is the
complementary half-reaction to the HER in
electrochemical water splitting, and similarly

) "L B AL B B LLL I B R AL I AL B

*Activity in basic electrolyte 2 J MO,
unless otherwise noted o /& =
PAS -

Potential (V vs. RHE)
%
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Figure 5: SrIrO,/IrO, and NiCeO,/Au for
OER.

OER performance of our SrIrOy/IrOy and
NiCeOx/Au catalysts.  Specific  activity
normalized to actual surface area of the metal
oxide catalysts. *'°

provides a source of protons for other processes such as electrochemical CO, reduction.

To overcome the significant kinetic limitations for the OER, we have used a combination

of theory and experiment to investigate and better understand catalysts function.

SrlrO; perovskite catalyst for OER

One example is identification of a promising SrIrO; perovskite catalyst.”® This material

was synthesized using pulsed laser deposition resulting in very flat, crystalline films for a

well-controlled study of intrinsic catalyst activity.® The measured activity for this catalyst

was even higher than predicted by theory and was also higher than any known OER

catalysts previously reported in acid or base (see Fig. 4).>” In addition to showing

excellent stability over 30 hours of testing with no measurable degradation. Investigation

of the catalyst surface after electrochemical testing revealed Sr leaching which likely

leads to formation of a primarily IrOy terminated surface.

Gold-supported, nickel cerium oxide for OER

One of the most promising catalyst systems we recently discovered for use in basic

electrolyte is a gold-supported, nickel cerium oxide (NiCeOyx/Au) thin film which

outperforms the best known OER catalysts reported in base, including fully precious
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metal systems (see Fig. 4). Based on experimental observations and theoretical modeling,

we ascribe the activity
enhancement to a combination
of electronic, geometric and
support effects, where highly
active under-coordinated sites
at the oxide-support interface
are modified by the local
chemical binding environment
and by doping the host Ni-
oxide with Ce. This new high-
performance catalyst is further
demonstrated in a device
context by pairing it with a
nickel-molybdenum hydrogen

evolution catalyst in a water

U Cycle # DGPLNi DG Pt T

0 = —
100 = —
1,000 =— —
.. 10,000

68, 2 468, 2 4
Specific activity [mA cm™, ]

2 4

Figure 6: Double gyroid Pt;Ni for ORR.

TEM image and model of the bi-continuous mesoporous PtxNi
with double gyroid morphology. Initial and post potential
cycling Tafel plot of the kinetic current densities of DG Pt;Ni
(Pt: 17 pg ecm?) and DG Pt (Pt: 40 pg cm?). '* P

electrolyzer, which delivers 50 mA consistently at 1.5 V over 24 hours of continuous

operation.

Catalyst development for the ORR

Oxygen electrochemistry also plays a key role in fuel cells; the oxygen reduction reaction

(ORR) is the complementary reaction to the HOR and is a major source of efficiency

limitations due to sluggish kinetics.
Improving both the activity and
stability of the cathode catalyst in
platinum-based polymer electrolyte
fuel cells is a key technical

challenge for next generation

sustainable-energy conversion

technologies.

Double gyroid Pt,Ni for ORR

To this end we have synthesized a
high surface area supported meso-
structured PtNi alloy thin film
with  double (DG)
morphology that both exhibits high
activity and stability for the ORR
(see Fig. 5). " The DG PtNi

gyroid

Snm

Ru+Pt

0 o.zp 0.4
t
AE —AE j(eV)

Figure 7: Core-shell Ru@Pt for ORR.

Theoretical oxygen reduction reaction activity volcano
plotted as a function of oxygen binding energy. The core-
shell strategy allows one to take advantage of two effects:
weakening oxygen binding energies by means of thin-film
overlayers, and strengthening oxygen binding energies
through nano-scale effects. (b) and (c), TEM image and
EDS map of Ru@Pt core-shell nanoparticle.
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represent the first ever reported fully contiguous large area supported thin film of a highly
ordered mesoporous metal alloy. Our studies of ORR catalysis on these thin films show
that the DG meso-structure remains intact and maintains good activity even after
intensive accelerated stability testing.

Core-shell Ru@Pt nano-particles for the ORR

Additionally, through a combined theory-experiment approach, we identified and
developed highly active Ru@Pt core-shell nano-particles for the ORR.'? Following
theoretical pre-dictions of improved oxygen binding on many sites for the Ru@Pt system
compared to those of Pt(111), core shell structures (see Fig. 6) were synthesized using a
scalable polyol synthesis method. Experimental optimization led to the creation of a
highly active and stable Ru@Pt catalyst which outperformed state-of-the-art commercial
Pt/C (TKK) nanoparticles and exceeded the DOE 2017 target for mass activity.”

Transition metal catalysts for

0.5% CO Con

Support Material
syngas to ethanol ‘z 32%C0Con. 0% COCon.  04% CO Canv
The prospect of fossil fuel R
shortages and the need to gz
control carbon emissions have g
spurred  the  search  for g 3:
alternative paths to fuels. The =
production of higher alcohols il i 5

ALO

3

SiQ,
Figure 8: Co,sCu catalysts for syngas to ethanol.

from sustainably  produced
syngas (a mixture of CO and

20,

Copper-cobalt nanoparticles, prepared by a polyol synthesis

H,) is an attractive route to and supported on various metal oxides, show selectivity for
synthetic fuels; however, there higher alcohols synthesis from syngas. Co, sCu nanoparticles

is currently no commercially . AT
) . . towards higher alcohols at 3.2% CO conversion.

viable catalyst for this reaction.
One promising reaction scheme is a thermal process utilizing heterogeneous catalysts

which can be readily integrated into the existing industrial infrastructure.

Co-Cu alloy catalysts

Based on theory predictions, we have synthesized and tested bimetallic copper-cobalt
catalysts for conversion of syngas to higher alcohols.?® In particular, CosCu surfaces were
identified as a target of research. Preliminary experimental surveys across the Co-Cu
composition spectrum confirmed that this cobalt-rich regime was the most selective,
settling on Co,sCu as the desired bulk composition. However, copper and cobalt are
largely immiscible in the bulk, and initial catalysts prepared via traditional methods
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(incipient wetness, coprecipitation) had limited degrees of alloying. For improved control
of the catalyst, we developed a polyol-based nanoparticle synthesis for preparing the
desired Co,sCu catalysts in an alloy form.'' These nanoparticle catalysts show increased
selectivity for higher alcohols and oxygenates. Characterization using X-ray diffraction
indicates that alloy formation was successful, leading to the higher alcohol activity
observed.

Transition metal phosphide catalysts

Recently we have initiated studies on transition metal phosphide catalysts for syngas to
alcohol. Our preliminary results show that transition metal phosphide catalysts are
activity for both methanol, higher oxygenate and higher hydrocarbon products
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Presentation Abstract

The active fragment [Tp'Rh(PMes)], generated from a thermal precursor
Tp'Rh(PMes)(CH3)H, underwent oxidative addition of water and alcohols to give O-H
adducts of the type Tp’Rh(PMes)(OR)H (R = H, Me, Et, "Pr, "Bu, CH,Ph, ‘P, c-pentyl,
CH,CF;, CH,CH,0OH) at ambient temperature. These activation products eliminate water
or alcohols in benzene, which allows determination of the relative metal-oxygen bond
energies by using previously established kinetic techniques. Analysis of the relationship
between the relative M-O bond strengths and O-H bond strengths showed a linear
correlation with Ry.0/0.5 of 1.00 for aliphatic alcohols. The two extraordinary substrates
(R = CH,CF3, CH,CH,OH) both have stronger M-O bonds than would be predicted from
this trend, suggesting the stabilization of the M-O bond when an electron-withdrawing
substituent is present as previously seen in M-C bond strengths. In addition, the O-H
activation products of aliphatic alcohols are thermally unstable at 80 °C, as
rearrangement to form Tp'Rh(PMe;)H; from B-elimination is observed after 1 or 2 days.
Benzyl alcohol and 2,2,2-trifluoroethanol activation products were stable. For benzyl
alcohol, although the O-H activation product was kinetically favored, the C-H activation
products of the benzene ring were thermally stable.

We have observed C-CN cleavage in nitriles using Pd(0). We have also investigated
reactions of alkyl chlorides and nitriles with [Tp’Rh(PMes)], as well as with B-H, Si-H,
and C-F containing substrates.

FG02-86ER13569:
Transition Metal Activation and Functionalization of C-H and C-C Bonds

RECENT PROGRESS FOR THE PROJECT PERIOD 2015-2016

This report summarizes research that has been performed since August 15, 2015,
and includes the last 4 months of the prior award and the first eight months of the current
award.

1. Cleavage of C-C Bonds in Nitriles (Coralys Torres, Lloyd Munjanja).

We have also investigated C-CN cleavage in acetonitrile and benzonitrile using
[Pd(dippe)]. The (dippe)palladium(0) fragment generated from [(dippe)Pd(u-H)],, has
been shown to form an intermediate 7°—nitrile complex with acetonitrile (dippe)Pd(7°—
C,N-CH;CN-BEts) in the presence of BEt; [(dippe = bis-diisopropylphosphino)ethane)].
On introducing a solution of this compound to 1 equiv of BPhs, rapid formation of
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(dippe)Pd(7°—C,N-CH;CNBPh;) , is observed. Heating this material at 100°C in THF-dj
results in the C-CN activation product, (dippe)Pd(CHj3)-(CNBPhs3).

Scheme 1.
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Reaction of the [Pd(dippe)] precursor with benzonitrile in the presence of BEt;
gives the C-CN activation product, (dippe)Pd(Ph)(CN-BEt;), exclusively.

2. Cleavage of RO-H Bonds in Alcohols.

One area of research we have just completed is a study of the activation of the O-H
bonds of alcohols. The [Tp’Rh(PMes)] fragment, generated by methane loss from
Tp’Rh(PMes;)MeH, reacts with many primary and secondary alcohols to give oxidative
addition products of the type Tp’Rh(PMe;)(OR)H. These products are readily isolated
and characterized by NMR spectroscopy, and conversion to the bromide derivative
permits X-ray structure determination. Note that these products appear to result from
oxidative addition, the detailed mechanism has not been determined. For example, it is
possible that the alcohol first protonates the Rh' intermediate and then coordinates
alkoxide. Alternatively, it is possible that the oxygen of the alcohol first binds to the
metal, and then a hydrogen migration takes place. We favor the latter, as this type of
process has been seen in laser flash photolysis experiments of ROH with Cr(CO)s. Also,
it was somewhat surprising not to see C-H activation of the alcohol methyl groups
competing with the O-H activation. With [Tp’Rh(CNneopentyl)] and alkyl chlorides and
nitriles, C-H activation dominated completely.

Even water undergoes oxidative addition to give Tp’Rh(PMe;)(OH)H cleanly.
Conversion to the bromide Tp’Rh(PMe;)(OH)Br allows X-ray structure determination. It
is worth noting that these ROH studies are only possible with the PMej; derivative. Our
earlier studies (1990-2010) were exclusively with the neopentylisocyanide derivative as a
spectator ligand, but we found that this ligand is susceptible to attack by alcohols to give
Fischer carbene adducts (i.e., Rh[=C(NR)(OR)]! The PMejs derivative avoids this
undesirable side reaction.

With these alkoxide derivatives in hand, we were then able to examine their rate of
reductive elimination in C¢Dg. Our first studies were frought with problems of
reproducibility, and we discovered that any water present could wreak havoc on the
kinetics. With this problem solved, we could obtain reliable rate data that provided the
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kinetic barrier for RO-H reductive elimination. These barriers are very similar for most
alcohols (and water), and are only slightly higher for benzyl alcohol and trifluoroethanol.

Finally, we did kinetic competition studies between each alcohol and benzene.
Here, once again, very little variability was seen in the relative rates of activation of the
alcohol RO-H bonds. With this AAG* data in hand, we were able to determine the
relative Rh-OR bond strengths for this series of derivatives using equation 1 below.
Equation 1 contains a correction for the statistical (entropic) effect of the number of
hydrogens available for activation. A plot of the Dgp.or Vs. the known Dgro.y bond
strengths provides a correlation as shown in Figure 1. Here, the slope of the plot is
1.00(1), which indicates that variations in RO-H bond strengths map exactly onto Rh-OR
bond strengths. This conclusion is similar to that made by Bercaw and Bryndza using far
less data.

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

0
2
-4
= 6
o
= 8 CF,CH,OH m
a
; -10 -
o
Q 2 slope = 1.00(4)
E | - .
£ 14| HOCHCHOH 2 = 0.991
-16 i
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Figure 1. Relative Rh-OR and H-OR bond strengths. The pink data are not included in
the fit.

3. Reactions of Alkyl Chlorides and Nitriles with [Tp’Rh(PMe3)].

For comparison with the reactivity of [Tp’Rn(CNneopentyl)], we examined
reactions of Tp’Rh(PMe;)MeH with alkyl chlorides. Reaction with chloromethane leads
to C-H activation product Tp’Rh(PMes)(CH,CDH initially. However, over the course of
a month at RT, the compound isomerizes to the C-Cl cleavage product
Tp’Rh(PMes)MeCl in benzene solvent. This means that the rearrangement is
intramolecular, and avoids free MeCl in solution. DFT calculations indicate that the
rearrangement proceeds via an a-chloro elimination to make in intermediate carbene
complex, that then inserts into the Rh-H bond. A pathway involving a MeCl sigma
complex was found to be too high in energy.

The reaction of Tp’Rh(PMes;)MeH with nitriles was also examined for comparison
to the CNneopentyl derivative. Reaction with valeronitrile gives exclusively the N-bound
terminal nitrile complex (eq 2). Apparently, the alkyl hydride product is too unstable
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with PMej; as a spectator ligand, so the N-bound nitrile complex is now lower in energy.
A similar preference for m-complexes with alkynes was also seen with the PMe;
derivative as compared to the CNneopentyl derivative (Scheme 2).
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/1N /\

N N N N

00 010 O 1O

\i/ n-BuCN \Rh/ )
Rh —_—

&\ H RT, -CH, / N\

S M93P1 NCCH,CH,CH,CHs

H

Reactions of [Tp’Rh(PMe;)] with B-H, Si-H, and C-F bonds. In a collaborative
project with Prof. Robin N. Perutz of the University of York, we examined the reactions
of several substrates containing B-H, Si-H, and C-F bonds with various precursors for the
[Tp’Rh(PMe3)] fragment. We were able to determine the stabilities of these oxidative
addition products, and found them to be among the most stable of all X-H activations we
have studied. A summary of the observed reactivity is shown in Scheme 3.

Scheme 3. Reactions of [Tp’Rh(PMej3)] with B-H, Si-H, and C-F containing substrates.
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Abhi Karkamkar
Multifunctional Catalysts for CO, Reduction
Abhi Karkamkar, Mahendra Yadav, John Linehan, Dave Heldebrant
Physical and Computational Sciences Directorate and Institute for Integrated Catalysis,
Pacific Northwest National Laboratory
Presentation Abstract

We synthesized stable homotopic, single-site catalysts supported on MCM-41 by a
combination of sol-gel and surface organometallic chemistry (SOMC). These systems are
ideal for the study of CO, and H,; reactivity toward a metal site as a function of the
environment. We synthesized several versions of MCM-41-supported ligands and
characterized them by multinuclear NMR, FTIR, and MS.

We demonstrated that a variety of metal atoms (Ni, Cu, Ru and Pd) could be anchored on
these ligands. In addition to incorporation of single metal sites we have been able to
incorporate multi-nuclear clusters of metals. We have devised and synthesized
monomeric, dimeric, trimeric and tetrameric clusters that have been incorporated in high
surface area mesoporous silica with high degree of control. Structural characterization of
these catalytic materials has shown desirable properties such as high surface area, high
degree of porosity and high thermal stability. In tetrahydrofuran (THF), for example,
catalytic reduction studies show that CO, conversion proceeds to formate at low
temperature (60°C) with activity comparable to that of the unsupported organometallic
catalyst alone.

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 multi-program national laboratory operated for DOE by
Battelle.

DE-AC06-76RLO 1830: Multifunctional
Catalysis to Synthesize and Utilize
Energy Carriers
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Presentation Abstract

Metallocalixarene complexes have been used in three different catalysis-related areas
comprising: (i) P(IIl)-calixarene-based ligands complexed to supported tetrairidium
clusters, where the calixarene plays the role of a steric blocking group that prevents
metal-site aggregation and also a moiety that tunes the bonding affinity and activity of the
supported active site; (ii) grafted Ti(IV) complexes on inorganic oxides, for
understanding and controlling epoxidation catalysis with organic hydroperoxides; (iii) a
new class of materials for immobilizing lanthanide and actinide Lewis acid sites
consisting of grafted carbamoyl-phosphine-oxide-based calixarene ligands on silica.

DE-FG02-05ER15696: Control of Supported Molecular Catalysts Using
Metallocalixarene Active Sites

Postdoc(s): Daniel Ertler, Alexander Okrut, Yijun Guo, Andrew Solovyov
Student(s): Andrew Palermo, Erin M. May, Nicolas Grosso Giordano, Audrey Harker
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RECENT PROGRESS

P(I11)-calixarene-based ligands complexed to supported tetrairidium clusters

A sterically closed tetrairidium carbonyl cluster with three tert-butyl-calix[4]-
arene(OPr)3(OCH2PPh2) ligands at the basal plane 1 was selectively opened at the apical
site by removal of a CO ligand with trimethylamine N-oxide (TMAOQO) as an oxidant
reacting in the presence of ethylene. The reaction led to the selective bonding of an ethyl
ligand at this single Ir atomic site, whereas the reaction in the absence of ethylene
removed predominantly bridging carbonyl ligands in the basal plane. The clusters with
ethyl ligands on the apical sites, stably supported on silica, constitute unique single-site
catalysts for ethylene hydrogenation, with all these active sites being equivalent. Reaction
orders of ethylene and hydrogen in the ethylene hydrogenation reaction were nearly
identical to those measured for general supported-metal catalysts for this reaction, which
have been invoked to function with two different types of sites that bond hydrogen either
competitively and non-competitively relative to ethylene, in classic papers spanning over
75 years. Our supported cluster catalyst thus provides a molecular analog of these types
of such sites, as well as a means to dial in their respective number density on the catalyst
surface.
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Figure 1. Schematic representation of reactive decarbonylation (vacant carbonyl sites
represented by red ovals) of tetrairidium carbonyl cluster 1 (which incorporates terminal
and bridging CO ligands, the latter in the basal plane) performed with or without an
ethylene atmosphere, leading to a single-site catalyst for ethylene hydrogenation (in red)
at the apical position.
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Grafted Ti(IV) complexes on inorganic oxides, for understanding and controlling
epoxidation catalysis with organic hydroperoxides

The effect of calixarene ligand symmetry, as dictated by lower-rim substitution pattern,
on the coordination to a Ti(IV) cation is assessed in solution and when grafted on SiO,,
and its effect on epoxidation catalysis by Ti(IV)-calixarene grafted on SiO, is
investigated. C,, symmetric Ti-fert-butylcalix[4]arene complexes that are 1,3-alkyl
disubstituted at the lower rim (di-R-Ti) are compared to previously reported grafted Cs
symmetric complexes, which are singly substituted at the lower rim (mono-R-Ti). °C
MAS NMR spectra of complexes isotopically enriched at the lower-rim alkyl position
indicate that di-R-Ti predominantly grafts onto silica as the conformation found in
solution, exhibiting a deshielded alkyl resonance compared to the grafted mono-R-Ti
complexes, which is consistent with stronger alkyl ether->Ti dative interactions that are
hypothesized to result in higher electron density at the Ti center. Moreover, °C MAS
NMR spectroscopy detects an additional contribution from an “endo” conformer for
grafted di-R-Ti sites, which is not observed in solution. Based on prior molecular
modeling studies and on “C MAS NMR spectroscopy chemical shifts, this “endo”
conformer is proposed to have similar Ti-(alkyl ether) distances at the lower-rim and
electron density at the Ti center relative to grafted mono-R-Ti complexes. Differences
between grafted mono-R-Ti and di-R-Ti sites can be observed by ligand-to-metal charge
transfer edge-energies, calculated from diffuse-reflectance UV-visible spectroscopy at
224 + 0.02 eV and 2.16 £ 0.02 eV, respectively. However, rates of tert-butyl
hydroperoxide consumption in the epoxidation of l-octene are found to be largely
unchanged when compared to those of the grafted mono-R-Ti complexes, with average
rate constants of ~1.5 M?s™ and initial TOF of ~4 ks at 323 K. This suggests that an
“endo” conformation of grafted di-R-Ti may prevail during catalysis.
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Grafted carbamoyl-phosphine-oxide-based calixarene ligands

Grafting of a carbamoylmethylphosphine oxide (CMPO) calix[4]arene ligand to the silica
surface yields an anchored host site that displays an unusual 22.4-fold higher affinity (kD
value) for Eu(Ill) relative to Am(III). This selective cation recognition is in stark contrast
to a more flexible propoxy-tethered CMPO-calix[4]arene site on silica, which exhibits
low selectivity.
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Morphological Role of Binary Metal Oxides on Organic Catalytic Transformations
Michelle K. Kidder and Sheng Dai
Oak Ridge National Laboratory, Chemical Sciences Division

Presentation Abstract
Perovskite-structured mixed metal oxides (ABO;) are regarded as cost effective and
efficient alternatives to noble metals for various catalytic processes due to their high
temperature stability, variety of metallic cations available and interesting surface
properties, which allow for designing and tuning their physical and chemical properties.
In catalytic applications, specific surface area and crystal structure play an important role,
and can be controlled by synthetic methods for the resulting desired materials. Synthetic
methods to increase surface area include soft templating, reactive grinding, sol-gel
processes and nanocasting. Nanocasting is a more suitable method for obtaining higher
surface area and crystal growth of a structurally and chemically more stable material.
Here we employ mesoporous-templated (SBA-15 or MCM-41) perovskites that possess
high surface areas while exchanging the A-cation of the perovskite which will allow us to
additionally investigate the role that oxygen vacancies, oxygen mobility, cation
reducibility and acid/base character have on the kinetics and product selectivity on
oxygenated molecules. We examine the catalytic performance for methanol oxidation
reactions over a mesoporous LaMnOs and CeMnOs (ca. 100 m%/g), in comparison to non-
porous, lower surface area counterparts (ca. 5-10 m*/g) prepared by conventional
methods. The structural properties of the perovskites are analyzed by XRD, TEM and
BET. Initial results show much higher activity for methanol oxidation reactions using the
mesoporous perovskite, compared to their non-porous counterparts, which is thought to
be due to the higher specific surface area and higher amount of adsorbed oxygen species
available on the surface of the nanocasted perovskites. Additionally, no changes either in
the phase or structure of the nanocast materials were observed under the reaction
conditions.

*This research is part of FWP ERKCC96: Fundamentals of Catalysis and Chemical
Transformations.
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Supported Tetrahedral Oxo-Sn Catalyst: Single Site, Two Modes of Catalysis
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Presentation Abstract

We have successfully synthesized a solid Lewis acid with uniform, isolated T4 Sn(IV)oxo
centers on a high surface area, nonporous silica, by mild ozone calcination of an anchored
precursor (POSS)-Sn-(POSS) complex (POSS = incompletely condensed polyhedral
oligomeric silsesquioxane). Upon adsorption of 2-propanol, the hydrogen of the
hydroxyl group was transferred to the Sn-O-Si bond to form a Brensted acid. The
precursor (POSS)-Sn-(POSS) was formed by reaction of Sn isopropoxide with POSS.
The T4 coordination of Sn in this compound was confirmed by single crystal structure, Sn
NMR, and EXAFS characterization. Binding of diethylamine or ethylenediamine to this
precursor resulted in formation of octahedrally coordinated Sn, which was confirmed by
single crystal structures and Sn NMR. Anchoring the precursor onto a silica surface by
hydrosilylation followed by calcination in ozone to remove the hydrocarbon substituents
resulted in a Sn(IV)oxo unit. Retention of T4 coordination in the Sn(IV)oxo centers was
deduced from characterization using EXAFS, NMR, UV-vis, and DRIFT. Pyridine
adsorbed stochiometrically onto the Sn-oxo unit, and FTIR results indicated adsorption
on Lewis acid sites, implying uniformity of sites. No Brensted acids were detected.
These Sn sites were active catalysts in hydride transfer reactions between an alcohol and
an aldehdye as a typical solid Lewis acid. Adsorption of 2-propanol created Bronsted
acidity, confirmed by pyridine adsorption, by binding the alcohol strongly as alkoxide on
Sn and transferring the hydroxyl H to the neighboring Sn-O-Si bond. In the presence of a
large excess of alcohol, the bound alkoxide was not displaced when a stoichiometric
amount of pyridine was added. This Brensted acidic silanol was active in epoxide ring
opening and acetalization reactions, and could be quantitatively titrated and poisoned by
pyridine. In contrast, the Lewis acid-catalyzed hydride transfer reaction was not affected
by pyridine. The open structure of the Sn-oxo unit made it possible to be catalytically
active for large molecules, such as in reactions involving cellobiose.

167



Johannes Lercher
Understanding Catalysis of Lignin to Fuels on a Molecular Level

Johannes Lercher,*” Don Camaioni,* Donghai Mei,” Nigel Browning,* Mirek Derewinski,* Yong
Wang,* John Fulton,” Jian Zhi Hu," Andreas Jentys®
* Pacific Northwest National Laboratory, Physical and Computational Sciences Directorate and
Institute for Integrated Catalysis
® Technical University Munich, Department of Chemistry

Presentation Abstract

The catalyzed-conversion of lignin to alkane 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 recent
work has been structured to investigate the catalysis of steps important for the deconstruction of
lignin, for hydrogenation and hydrodefunctionalization of oxygenated intermediates, and for C—
C bond coupling reactions to adjust the size of the product molecules. This has been
complemented by focusing on understanding the state and stability of catalysts in the reaction
media. We emphasize understanding of the principal chemistry, and we are gradually deepening
that by studying more complex representatives of the principal monomers, as well lignin itself, in
the envisioned chemistries and to synthesize new generations of catalysts, basing the directions
on the physicochemical insight realized by these studies. Key insights highlighted in the poster
include demonstrations that confinement in pores significantly enhances rates for acid-catalyzed
dehydration and alkylation reactions, that the presence of hydronium ion also enhances rates of
metal-catalyzed reactions involving H,, and that solvents critically control the activity of
catalysts.

FWP 47319: Low Temperature Catalytic Routes for Energy Carriers via Spatial
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Pl: Johannes Lercher
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RECENT PROGRESS

This program focuses on the fundamental understanding of catalytic transformations that utilize
common carbon resources, such as bioderived molecules (Thrust Area 1) and CO; (Thrust Area
2), and access and activate H, (Thrust Area 3) (Figure 1). Our strategy is to explore and
understand the molecular and atomistic pathways of selected reactions on catalysts spanning
from single-crystal surfaces to molecular complexes. Such fundamental understanding of the
elemental steps of reaction sequences enables the knowledge-based design of novel catalysts that
operate at lower tem-
peratures and  with

hich t th Thrust Area 1 Thrust Area 2 Thrust Area 3
12 6‘:1‘ rates an Conversion of biogenic Conversion of CO; to Generation and
practlced today. We molecules in the presence energy carriers conversion of H,
. and absence of water
believe we can make
. Subtask 1.1 — Enhancing activity Subtask 2.1 — Designing catalysts Subtask 3.1 — Fundamental
rapld progress on our of acid-base and metal sites using an energy-based approach:  studies of water splitting on model
research Ob] ectives through ordering in nanospace —  Molecular catalysis for CO» multifunctional photocatalysts
. . A novel approach toward reduction Subtask 3.2 — Activation of small
using an integrated conversion of complex biogenic  subtask 2.2 — Multifunctional molecules with bifunctional
approach enabled by feed_stocks (lignin) to energy catalysts for CO reduction ambiphilic catalyst complexes
carners v
fi1 Subtask 3.3 - Modulating
the Ssynergy within our Subtask 1.2 — Fundamentals of ppew I- e like

acid-base and redox reactions on
metal oxide catalysts

large multidisciplinary
team that is created by
focusing on the four Figure 1. Program Structure showing the three thrust areas and seven subtasks;
crosscutting  research .., the areas of experimental testing for the four common elements of research.
themes that bridge our Subtasks in blue letters mark activities currently only partly funded and that would
research areas  be key elements in our strategy

(subtasks):

» Multifunctional catalytic sites or catalytic sites acting in concert
* Spatially constrained, chemospecific environments of active centers

» Use of condensed phase to stabilize reactants, intermediates, and products along the
catalytic pathway

» Dynamics and kinetics of charge transfer and the availability of charge-carrying species.

Examples of Recent Results:

Subtask 1.1: Enhancing Activity of Acid Base and Metal Sites through an Ordering in
Nanospace — A Novel Approach toward Conversion of Complex Biogenic Feedstocks to
Energy Carriers

Concertedly acting catalysts containing acid and metal functions are being explored in aqueous
and apolar phases to understand the elementary steps of hydrogenation and HDO of phenols. It
has been shown that the rate-determining step is the dehydration of the intermediately formed
cyclic alcohols. The dehydration of alcohols catalyzed by hydronium ions in zeolites with
sufficiently large pores to adsorb the alcohols is faster than in the homogenous aqueous phase,
whereas dehydration is slower in mesoporous solids. As an example, Figure 2 shows an
Arrhenius plot of the turnover frequencies (TOFs) for dehydration of aqueous cyclohexanol.
They span more than three orders of magnitude and are seen to increase with decreasing size of
the zeolite pores, except chabasite for which the pores are too small for cyclohexanol to enter.
The lower activation barrier in tighter confines is partly offset by a concomitantly smaller
entropy gain. While the intrinsic activation barrier for dehydration by aqueous hydronium ion is
very similar to the intrinsic barrier for zeolite HBEA, the entropy of activation is less. This is due
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to the favorable adsorption of cyclohexanol molecules T(K)

in HBEA pores leading to pore saturation with 500 476 454 435 417 400
approximately 5 cyclohexanol and 20 water molecules ! N
per unit cell at reaction temperatures (160—-200 °C). A

This effectively increases the probability for hydronium
ion to associate with the alcohol in the pore compared
to in the open solution.
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Subtask 1.2: Fundamentals of Acid/base and Redox
Reactions on Metal Oxide Catalysts

Structure/Function of Redox-Active Supported VO 7
ODH Catalysts. We have beseln studying supported

: : : 0.001 T T T T
VO,/TiOs-Rod catalysts using ="V MAS NMR at high 0002 00021 00022 0.0023 0.0024 00025
field using a sample spinning rate of 55 kHz. The T(K?)
superior spectral resolution allows for the observation
of at least five vanadate species (Flgure. 3). The TOFs for dehydration of aqueous cyclo-
assignment of these vanadate species was carried out by 1 Jiff .

. . 31 . exanol on different acid catalysts.
quantum chemical calculations of =V NMR chemical . pw ,0,, (HPW), H,SiW,,04 (H4SIW),
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oxidative dehydrogenation (ODH) was used to establish (BEA, CHA, FAU, MFI).

a correlation between catalytic activity and the various

surface V-Sites. It is found that monomeric V-Species are predominant at low vanadium
loadings with two >'V NMR peaks observed at about -502 and -529 ppm. V-Dimers with two
bridged oxygens result in a peak at about -555 ppm. Vanadate dimers and polyvanadates
connected by one bridged oxygen atom between two adjacent V atoms resonate at about -630

ppm. A positive correlation is found between the V-Dimers giving rise to the -555 ppm peak and
the ODH rate, and an
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Figure 2. Temperature dependence of the
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~7 \ %] L 3. This  result

SsoT T sbo | ss0 | 800 | 650 || 700 PPM ‘000510 1'52'02‘53'03'54'04’5570”08 suggests that surface
vanadia loading (wt%) V-Dimers related to

Figure 3. Quantification of V species using °'V MAS NMR assisted by quantum the -555 ppm peak
chemical calculations (left); A positive correlation between surface V- and monomers are
dimers/monomers and methanol oxidative dehydrogenation (right). the primary active

sites for the methanol ODH reaction. Furthermore, a portion of the V-Species is found to be
invisible to NMR and the level of such invisibility increases with decreasing V-loading levels,
suggesting the existence of paramagnetic V-species at the surface. These paramagnetic V-
species are also fund to be much less active in methanol ODH.

Cerium Oxide-induced Intercalation of Oxygen on Supported Graphene. We have investigated
the growth of ceria nanoclusters and their oxygen storage/release properties on single-layer
graphene (Gr) on Ru(0001) with a view towards fabricating a stable system for model catalysis
studies. The ceria nanoclusters are of the CeO,(111)-type and are anchored at the intrinsic
defects of the Gr surface. To follow the cluster redox properties we examined their oxygen
storage and release in an oxygen atmosphere (<10 Torr) at elevated temperature (550 — 700 K).
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_ _ _ Under oxidizing conditions, oxygen
leategOWgen Figure 4. ng? resolution jptercalation under the Gr layer is
scanning tunneling micros-  heerved  Time  dependent — studies

copy image of ceria nano-
clusters supported on Gr
monolayer on Ru(0001)
illustrating  the  oxygen
intercalation underneath the
Gr film in O, background of
2 x 107 Torr at 600 K.

demonstrate that the intercalation starts in
the vicinity of the CeOx clusters (Figure 4)
and extends until a completely intercalated
layer is observed. Temperature dependent
studies yield an apparent kinetic barrier for
the intercalation of 1.2 eV. At higher
temperatures, the intercalation is followed
by a slower etching of the intercalated Gr. These studies demonstrate that the easily reducible
CeOx clusters act as intercalation gateways capable of efficiently delivering oxygen underneath
the Gr layer.

.,Naicrystals vk

Subtask 2.1 Designing Catalysts Using an Energy-Based Approach: Molecular Catalysis
for CO, Reduction

For the hydrogenation of CO, to formate, many molecular catalysts are known, but relatively few
are based on non-precious metal complexes. We have previously reported cobalt complexes for

the hydrogenation of CO, with catalytic activities
higher than analogs based on precious metals,
however, one of the limiting factors for these
cobalt-containing catalysts is the low acidity of the
H, addition product. One route to improving the
acidity is to investigate the nickel analogs, but these
complexes are typically hindered by inadequate
hydricity for hydride transfer to CO,. By moving
from organic solvents to water, this later obstacle
has been overcome.

Catalysts based on copper are of interest for CO;
reduction, but few effective molecular systems have
been designed. Copper hydride complexes have
been used for stoichiometric reactions with CO,, as
well as many other catalytic transformations, but no
well-defined complexes have been used for the
hydrogenation of CO,. We have now reported the
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Figure 5. We reported the first well-defined
copper-hydride complex that is catalytically
active for the hydrogenation of CO,. Optimal
activity for the catalyst requires coordination of
base to the metal-center.

hydrogenation of CO, using the triphosphine-
copper complex shown in Figure 5. One unusual aspect of the catalytic transformation with this
complex is that base coordination appears to facilitate catalysis, rather than hinder it.

Subtask 2.2: Multifunctional Catalysts for CO, Activation and Reduction

The catalytic reduction of CO, requires bifunctional catalysts as both CO, and H; need to be
activated prior to their reaction. We have shown that on oxide-supported metal catalysts (Pd/
and Ru/y-Al,0O3) the metal component was responsible for the activation (dissociation) of Hy,
while the oxide support activated CO, by binding it as bicarbonate. The focus of our work has
been the understanding of the mechanistic consequences of metal dispersion in the
heterogeneous catalytic CO; reduction over Pd and Ru on y-Al,O; catalysts. To this end we
have carried out detailed kinetic and transient diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) studies. Transient DRIFTS measurements showed when hydrogen was
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present on the metal, adsorbed CO formed
on the metal while the oxide remained
saturated with bicarbonates. This was
explained by the ready reaction between
bicarbonates (on the oxide) and atomic H
(on the metal) that initially formed formate
species at the metal/oxide interface and
was further reduced to CO. When H, was
introduced into the CO,/He gas mixture
bicarbonates were rapidly converted to
2000 2200 2000 1800 1600 1400 1200 formates, and the formates to CO, and
Wavenumber / cm* some of the CO to CH, (Figure 6). The
Figurg 6. DRIFT spectra collected during alternate key difference that ultimately seems to
switching between H, and CO,+H, over 0.5% Pd/ALOs at o1 the product selectivity is the
amount of available activated hydrogen. At high metal dispersion the availability of hydrogen is
limited, therefore the product selectivity is shifted toward CO. On the other hand, on large metal
particles a large pool of active H is available, allowing further reduction of the initially formed
CO to produce CH4 with high selectivity.
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Subtask 3.1: Fundamental Studies of Water Splitting on Model Multifunctional
Photocatalysts

Photo-activated Desorption of H, from RuO,(110). Efforts have focused on fundamental studies
of water, H, and O, on this surface at slightly reduced conditions (i.e., with an oxygen vacancy
population of ~5-10%). In particular, we have examined the photodesorption of H,/D, from a
combined theoretical and experimental approach, the latter utilizing both ensemble averaged and
atomically resolved studies. We find that H,/D, photodesorbs in the visible via a charge
redistribution in the surface brought about by a resonant O 2p to Ru 4d excitation process that
results in depolarization of the Ru-H,/D, Kubas-like surface complex. On-going studies included
the thermal properties of hydrogen dissociation and the role of water in inducing H, thermal
decomposition.

Subtask 3.2: Activation of Small Molecules with Bifunctional Ambiphilic Catalyst
Complexes

Transfer of FLP Activated Hydrogen H*/H™ to Unsaturated Substrates. Our time-resolved
reaction calorimetry experiments have provided the

first absolute rates of H, transfer from the zwitterion, 10— —
PBCATH,, to a series of p-X-tert-butylbenzaldimine, p-OCHs

(X = CF3, F, H, Me, CH;0), kPBCATH, ranging from TN pcHs

0.6 to 3.6 M''s™ at 298 K. The presence of electron
withdrawing groups (EWG) decreases the rate while
electron donating groups (EDG) increase rate of H;
transfer. A Hammett plot (Figure 7) of the relative - |
rates measured by both C80 and NMR experiments

shows a linear relationship and yields a negative slope R 02 04 06
(p = -1.8) suggesting a build-up of (+) charge in the Hammett Sigma Value

TS, and a ratelimiting H' transfer. H, activation and  Figure 7. The effect of the X substituents
transfer under catalytic reaction conditions. We were ~ ©on the imine on the rates of reduction by
able to obtain the rate of H, transfer under catalytic PBCATH,, measured by C80 calorimetry
operating conditions; i.e., 100 mM imine, 13 bar H, experiment.

o
o

pH

o
[=]
T
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and 4 mol% PBCAT, using our kinetic modeling approach. We obtain the rate of H, transfer,
~22 M's!, that is in excellent agreement with the rate obtained in the stoichiometric
experiment, 2 M's™, and the corresponding reaction enthalpy, AH = 6.7 kcal/mol as well as the
rate of H, activation, ~1 M™'s™, and overall thermodynamic driving force for the reduction of the
imine to the corresponding amine, AH ca. 17.7 kcal/mol. Our preliminary calculations for the
reduction of the imine with Me,NC,H4BCl, show that the reaction mechanism is stepwise, with
the proton transfer step occurring first, forming a stable FLPH /imineH " intermediate, and an H’
transfer step associated with large conformational changes.

Subtask 3.3: Modulating Catalysts with an Enzyme-like Outer Coordination Sphere

Achieving room temperature reversibility for a molecular complex. The H, oxidation catalyst
[Ni(P<Y,N,), 17 (Cy=cyclohexyl, Phe=phenylalanine) was prepared. Reminiscent of enzymes,

Hg Production
endo-to-hydride

1.0 exchange
.

0.5

0.0

0.5+

& (ppm)

-1.0

Current (pA)

-——

A5l *

Hy Oxidation
2.0

“Eendoogoon

exchafige

FERSCOENOL L b &L e

02 00 -02 04 -06 -08 -1.0 I &
E(V Vs FeCp +.'0} B 1B H 9 7 5 3 1 4 3 5 7 84 M -3 -5
2 & (ppm)

Figure 8. (Left) Electrochemical reversibility was achieved at room temperature for [Ni(P<,N™<,),]*"
(Cy=cyclohexyl, Phe=phenylalanine). This behavior is seldom observed in molecular catalysts and is
reminiscent of the behavior in enzymes. (Right) NMR Exchange Spectroscopy data confirm that the -COOH
groups in the outer coordination sphere enabling rapid proton transfer, a critical element in achieving
reversibility.

electrochemical reversibility is achieved while fast rates are maintained (Figure 8, left). The
influence of the amino acids on these catalytic properties is proposed to result from directly
transferring protons via the carboxylic acid groups (Figure 8, right) as well as interactions
between the side chain groups such as guanidinium or aromatic groups that result in structural
modifications to facilitate H, addition and electron transfer. These observations demonstrate that
outer coordination sphere amino acids work in synergy with the active site and can play an
equally important role for synthetic molecular electrocatalysts as the protein scaffold does for
redox active enzymes. Moving forward, the principles learned here will be applied to CO;
hydrogenation catalysts, with some initial results demonstrating feasibility.
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Presentation Abstract

A significant change in fundamental research is driven by the need to move from
consideration of idealized, model catalyst system under UHV conditions to practical powder
catalysts under relatively high pressures. Working toward bridging the pressure gap, using
density functional theory (DFT) we identified a Fe;O4/Au as a stable and active phase during CO
oxidation on FeO/Au catalyst, being able to facilitate the reaction via interfacial sites.' Along
bridging the material gap, the nanostructures in the size and shape synthesized experimentally
was considered in DFT calculations. Such realistic model allowed us to describe well the
experimentally observed trend in specific and mass activity for the oxygen reduction reaction
(ORR) on various Au,Pdy@Ptyvi core-shell nanowires.” It also opened a new possibility,
enabling the design of a novel Niyo@AussPt120 ORR catalysts to fulfill challenges in durability,
activity and cost.” Finally, our DFT-based calculations were able to reproduce the scanning
tunneling microscope (STM) pattern for the complex potassium-modified 44 structure of
CuyO/Cu(111).* The identified tuning effect of potassium in electronic structures and the
selectivity of surface binding properties opened new opportunity to catalyst design for the
complex reactions.
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Presentation Abstract

The overarching goal of this project is to understand how to control reaction selectivity
through tuning cooperativity in multi-functional catalysts and to understand the role that atomic
surface structure plays in controlling selectivity at catalytic oxide surfaces. Adsorption and
reactivity of oxygenates can be controlled not only by the surface structure of oxides such as
CeO, with different facets, but also by the surface composition of oxides such as binary oxides
including perovskites and mixed oxides. Here, we focused our investigation on the reactivity and
selectivity with respect to the dehydration and dehydrogenation of isopropyl alcohol (IPA) to
yield acetone and propylene, respectively. While CeO, shows selectivity towards
dehydrogenation, cobalt oxide (Co304) and LaCoO; highly favor the dehydration reaction
pathway, providing two catalytic pathways to investigate the selectivity of IPA reactions. Two
spectroscopic techniques have been developed to investigate the interaction of IPA with the
surfaces of these oxide catalysts as a function of temperature and surface coverage.

In the first approach, we have initiated our research using highly ordered CeO, surfaces
with (100), (110), and (111) orientations to contrast the absolute surface orientations of
isopropanol on the different surfaces at room temperature using sum frequency generation (SFG)
spectroscopy. Currently, we are expanding this approach to include other catalytic materials at
elevated temperatures and pressures so that reactivity and energies can be followed
simultaneously and correlated to surface orientation and speciation observed.

In another approach, because of its great sensitivity to hydrogen, neutron scattering (NS)
can be a valuable approach in the study of catalytic reactions, particularly those involving
hydrogen-rich organic molecules like isopropanol, acetone, propylene and intermediates. This is
especially useful when it comes to optically opaque materials that traditional optical
spectroscopy has difficulty to deal with. Changes in NS spectral features reflect the adsorbate-
adsorbent interactions. Chemisorption and reaction products can similarly be observed through
their spectral signature. Here, we will discuss how neutron vibrational spectroscopy provides us
a means to follow the reactant intermediates, and products on the surface of catalysts, such as
Co0304 and LaCoO; and our future work to follow reactions in Situ by neutron vibrational
spectroscopy.
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Presentation Abstract

One aspect crucial to the design of effective catalysts is knowledge of the elementary
reaction mechanism, which is difficult to divine from experiment alone. However, first principle
modeling techniques can be used to address this knowledge gap. An area currently in need of
such fundamental insight is the hydrodeoxygenation (HDO) of bio-oil to create useable biofuels.
Here we present our recent progress on this work in collaboration with several experimental
groups. Firstly, we present a new method for accurately predicting both molecular and
dissociative adsorption energies based on DFT calculations with periodic boundary conditions,
which properly captures the adsorption energetics across the spectrum from strongly
chemisorbed to strongly van der Waals bonded systems. This method is benchmarked against a
set of 39 experimental adsorption reactions with corresponding accurate calorimetric
measurements. Secondly, we identify the different synergetic effects of two bimetallic catalysts
(Pd/Fe and Sn/Pt), since such catalysts have demonstrated synergistic behavior that contributes
to a more cost-effective and longer-lasting catalyst. In particular, we present our modeling results
for the benzene-benzene lateral interactions on Pt (111) and PtSn (111) surfaces, so as to be able
to compare our modeling results with the temperature programmed desorption (TPD) results that
are available in the literature. Thirdly, we study the initial reducibility of the clean and Pd doped
Fe,0; (0001) surface using the DFT+U method proposed by Meredig, et al. as well as the hybrid
HSEO06 functional to further examine the role of Pd in a bimetallic catalyst composed of Pd and
Fe. The most significant effect of Pd doping on the initial reduction of the Fe,Os (0001) surface
is in the creation of the first surface oxygen vacancy which becomes exothermic due to the Pd-O
interactions. As creating the first oxygen vacancy in the Fe,Os3 (0001) surface is the most energy
intensive step examined here, the addition of Pd is likely to significantly enhance the reducibility
of the Fe;O3 (0001) surface.

DE-SC0014560: Developing Multi-Scale Models for the Effective Design of Bimetallic
Catalysts for the Targeted Refinement of Bio-oil to Usable Biofuels

Students: Alyssa Hensley, Breanna Wong, Ian de Joode
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RECENT PROGRESS

Specific Aim 1: Determining the chemical nature of the synergetic properties between the two
metals of a bimetallic catalyst and the lateral interactions between the phenolic compounds

In the proposed work, the optB88 functional was thought to be the most accurate
functional that could properly capture the lateral interaction between the aromatic adspecies on a
metal surface. To verify this assertion, we benchmarked this functional and the optB86b
functional against a database of 39 experimentally measured, highly accurate adsorptive reaction
energies as obtained in the group of Charles T. Campbell (University of Washington) [1] in
collaboration with Ye Xu (Louisiana State University). Our benchmarking work shows that the
optBllvdW functionals perform exceptionally well for adsorption systems with significantly
large vdW contributions. However, they perform poorly for those systems that are dominated by
chemisorption. To address this shortcoming, we propose a simple method of combining the
results of the optBllvdW and RPBE functionals to generate more accurate predictions for the
adsorption energies for both chemisorption and vdW! | dominated systems. As such, this method
accurately predicts adsorption energies for processes dominated by both charge transfer and
dispersion forces to produce superior accuracy to any current standard DFT functional alone.

Specific Aim 2: Predict the cooperative effects and concerted behavior on several facets at the
surface of a single catalytic grain under hydrodeoxygenation conditions

One crucial part in developing experimentally accurate kinetic models of catalysts is
validating that the particular method correctly captures the chemical interactions between the
adspecies. This is made difficult on our catalysts of interest, bimetallic Fe surfaces, due to the
instability of single crystal Fe surfaces. Therefore, we have begun our elucidation of the lateral
interactions between the adspecies present during the HDO of phenolics by modeling the
temperature programmed desorption of benzene on Pt(111). The reason for choosing such a
system is that experimental information is available for comparison, thereby allowing us to
validate our model of the lateral interactions between adsorbed benzene. The work by Koel, et al.
[2] shows that benzene desorption occurs in a temperature range of 230 K to 500 K at high
coverage. This broad temperature range for desorption was proposed to be due to the adsorption
of benzene on two different sites; one that binds benzene strongly and another that binds benzene
weakly. Figure 1 shows our preliminary modeling results for this system, from which we draw
two major conclusions. First, by studying the change in benzene’s adsorption energy with
surface coverage, we determined that a mean field model accurately describes the benzene!!
benzene lateral interactions. The coverage dependence of the adsorption energy of benzene was
determined for several different adsorption sites for benzene and all showed a similar, linear
trend. Second, after modeling the TPD of benzene using the mean field models developed for
different benzene adsorption sites, we determined that the broad temperature range seen
experimentally for benzene desorption from Pt (111) was due to a coverage effect and not to two
different adsorption sites (Figure 1). However, as can be seen in Figure 1b, the temperature range
of the simulated TPD spectra when using the mean field interaction as deduced from the DFT
calculations is smaller than the experimental results. On the other hand, if one uses the coverage
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dependence of the heat of adsorption as 0.006

measured by Campbell and coworkers [3]
to model the TPD spectra we get a larger
temperature range for the simulated TPD
spectra (Figure la). As such, this work
represents a significant step forward in our
ability to kinetically model the adsorption
behavior of large aromatic compounds on
surfaces and also provides a benchmark
for our future studies on this system and
on bimetallic Fe surfaces.
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We have examined the role of a
noble metal dopant during the
hydrodeoxygenation (HDO) reaction by
studying the adsorption of both H and O
on Pd/Fe surfaces and the reduction of Pd
doped Fe,Os. The adsorption studies were
done in preparation for building a
microkinetic model of the formation of

Figure 1. (@) Modeled temperature programmed desorption
(TPD) spectra for benzene on Pt(111) using the coverage
dependence of the adsorption energy as deduced by Campbell
and coworkers (solid lines) at initial coverages of 0.01, 0.05,
0.09 and 0.14 ML (red, black, blue and green curves,
respectively). The corresponding experimental TPD spectra are
shown as dotted lines. (b) Modeled TPD spectra using the mean
field interaction term as obtained from the DFT calculations
(solid lines) as compared to the experimental results (dashed
lines). The structures on the right show two of the
experimentally observed ordered structures, placed in the most
favorable bridge 30° site, used to develop the model.

H,O on said surfaces. This, along with the Pd/Fe,Os reduction studies, suggests that Pd’s major
role during the HDO reaction is to weaken the adsorption of O, thereby protecting the Fe surface
from oxidation and deactivation.

Our initial investigations into this system used the DFT+U method in order to correctly
model the semiconductor nature of the Fe,Os surface. In this method, a correction term is applied
to the DFT energy which is proportional to the chosen value of U. The major difficulty with this
method is therefore the choice of the U parameter. In our work, we examined the stability of the
(0001) Fe,05 surface at five different states of reduction at 8 different U values (Figure 2a), i.c.
complete (no O vacancies), one surface O vacancy, one subsurface O vacancy, two surface O
vacancies, and one surface and one subsurface O vacancies. Such a scan of U values was shown
to be necessary by the work of Meredig, et al. [4] as the absence of such a scan in U values, i.e.
applying a single U value, makes it possible to potentially converge the given calculation to a
local minimum energy as opposed to the global minimum energy. Our results show that as the U
value changes, the relative stability of the five studied surfaces change significantly. Most
importantly, different U values produce different trends in the stability of the different surfaces.
What these results show is that no conclusions can be made as to the structure or reduction
mechanism of the clean or doped Fe,O; surface using the traditional DFT+U method. Therefore,
we have decided to continue our studies with the more computationally expensive, yet rigorous,
hybrid HSE06 functional. Our preliminary results with the HSEO06 functional, see Figure 2b,
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show

that the addition of a Pd dopant to

the surface of the (0001) Fe,Os surface
significantly decreases the O vacancy
formation energy, which is consistent with
our experimental work.
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Tuning the dehydration activity of alcohols using phosphonic acid self-assembled
monolayers

J. Will Medlin, Lucas D. Ellis, Daniel K. Schwartz
University of Colorado

Presentation Abstract

Over the last decade use of capping ligands and self-assembled monolayers (SAMs) have been
developed as a means to control the selectivity of reactions on supported metal catalysts. We
sought to utilize a similar approach for metal oxide catalysts. We developed a simple and rapid
approach to functionalize anatase titania and other metal oxides with phosphonic acid SAMs.
These SAMs are exceptionally robust, resisting thermal degradation up to 400°C. We
investigated the selectivity of these catalysts for reactions of alcohols on titania. When 1-
propanol was reacted over titania three main pathways were observed: dehydration,
dehydrogenation, and condensation. At low temperatures (~250°C), dehydrogenation is favored
on the native catalyst, closely followed by condensation. However, upon functionalization of
titania with phosphonic acids having various alkyl tails (methyl, octadecyl, benzyl, etc),
dehydration becomes the dominant pathway. More surprisingly, depending on the functionality
of the alkyl tail function (e.g. 4-aminobenzylphosphonic vs 3-fluorobenzylphosphonic acid), the
activity of dehydration can be tuned over a wide range, allowing far higher dehydration activities
than on the uncoated catalysts. Our reactor studies and surface characterization results have
suggested that this effect is due to tuning of electronic character of the surface via the organic
ligand.

DE-SC0005239: Selectivity Control Through Modification of Metal Catalysts with Organic
Monolayers

Students: Lucas D. Ellis and Pengxiao Hao

RECENT PROGRESS

Modification of metal oxide catalysts and supports with silanes and phosphonates

We have recently investigated the modification of metal oxide catalysts and supports with
organic monolayers. In particular, we used phosphonic acid and silane groups to tether organic
functions onto a variety of oxides including Al,Os;, WO;, TiO,, and ZrO,. We developed
reproducible slef-limiting deposition procedures to coat these metal oxides with well-organized
phosphonate monolayers. An attractive feature of these SAMs is that they are stable to relatively
high temperatures of at least 400 °C, as demonstrated by DRIFTS studies (Figure 5). In
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preliminary studies using octadecyl (C18) phosphonate-coated oxide catalysts for selective
dehydration of 1,2-propanediol, we found that the coating resulted in a moderate decrease in
activity with no change in selectivity, suggesting that the coating was merely blocking access to

surface sites.

However, we have very recently observed much more interesting effects for

phosphonate modification of the TiO, and Pt/Al,Os catalysts, as will be partly discussed in the

poster presentation.

In contrast to the phosphonate-coated catalysts, catalysts
coated with trimethylsilane were found to strongly increase
the activity of WO; and Al,Os; catalysts for 1,2-propanediol
dehydration (Al,O;3 results in Fig. 1). DRIFT and X-ray
photoelectron spectra collected after exposure to reaction
conditions indicated that the active form of the coating
involved partial oxidation of the central Si atom, so that
only a single methyl group was retained on the ligand. The
higher activity was observed despite a significant decrease
in the number of acid and base sites on the catalysts as
measured by probe molecule adsorption. Interestingly, the
coated catalysts were less reactive for dehydration of the
simple alcohols I-propanol and 2-propanol. Extensive
temperature programmed desorption studies utilizing the
reactants and dehydration products suggested that the
coating increased the rate of diol dehydration by preventing
bidentate adsorption; since there are no analogous bidentate
forms of simple alcohols, the coating was ineffective for
promoting their dehydration. This result is reminiscent of
our recent work with thiolate-modified Pd catalysts, where
the coating increased reactivity by preventing strong
adsorption on active sites.
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Figure 1: Promoting effect of
trimethylsilane on 1,2-propanediol
dehydration. The TMS coating improved
the reaction rates for all products, despite
decreasing the acid site density by 50%.
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that thiolates actually lead to a significantly = o
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during liquid phase aerobic oxidation of =
trans-2-hexen-1-ol. While the uncoated X o
supported Pd catalyst suffered from rapid 0 20 40 60 80 100 120
deactivation (Fig. 2), thiol-modified catalysts Time (min)

exhibited lower initial rates but limited

deactivation, and maintained excellent
selectivity to the wunsaturated aldehyde
product; the catalyst was also stable over

Figure 2: Batch kinetic data of 1-hexenal
concentration as a function of reaction time for
equal loadings of uncoated and adamantanethiol-
coated Pd/Al,O; catalysts.
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multiple recycles. Kinetic studies combined with temperature programmed desorption (TPD) and
DRIFTS experiments revealed that the thiolate SAMs weakened the adsorption of strongly
adsorbed intermediates generated from the reaction product trans-2-hexenal. Somewhat more
surprisingly, XPS studies of spent catalysts clearly demonstrated that the thiol remained in a
reduced form after reaction, and did not form appreciable coverage of sulfates.
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Chemistry of the Metal Catalyzed C-O Bond Cleavage of Lignin in the Condensed Phase
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* Pacific Northwest National Laboratory, Physical and Computational Sciences Directorate and
Institute for Integrated Catalysis
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Presentation Abstract

As one of most abundant lignocellulosic biomass resources, lignin has been considered as the
potential feedstock for the production of transportation fuels and other value-added fine
chemicals. Although its molecular structure is still not fully clarified, lignin is generally
characterized as a three dimensional biopolymer network of aromatic units that are linked by
either C-C or C-O bonds. Due to the high bond energy of the C-C bond, effectively cleaving the
C-O bond of linkages such as aryl ether model compounds becomes the important step in the
depolymerization of lignin. To develop stable, most importantly, highly selective catalysts for
this catalytic process, understanding the chemistry of the C-O bond scission in aryl ethers over
various potential metal catalysts is the key. Our recent work focuses on the selective C-O bond
cleavage of three model diaryl ether compounds in condensed phases over a series of supported
transition metal catalysts wusing combined experimental kinetics measurements and
computational modeling. The selectivity of ether conversion can be tuned and controlled by
using different transition metal catalysts as well as the physicochemical properties of condensed
phases. This is demonstrated in this poster that the dominant C-O bond cleavage reaction route
(hydrogenolysis and hydrolysis) varies over four (Pt, Pd, Rh and Ru) metals in aqueous phase. In
particular, the heterogeneously catalyzed hydrolysis of diaryl ethers in the presence of hydrogen
has been highlighted.

Grant or FWP Number: FWP 47319: Low Temperature Catalytic Routes for
Energy Carriers via Spatial and Chemical Organization

Pl: Johannes Lercher
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Molecular Titanium Nitrides. Nucleophiles Unleashed

Daniel J. Mindiola,' Lauren N. Grant,' Maria E. Carroll,' Balazs Pinter,2 Gang Wu,? and Patrick
J. Carroll!
'Department of Chemistry, University of Pennsylvania, 231 South 34th Street, Philadelphia,
Pennsylvania 19104, United States
’Eenheid Algemene Chemie (ALGC), Vrije Universiteit Brussel (VUB), Pleinlaan 2, 1050,
Brussels (Belgium).
Department of Chemistry, Queen's University, Kingston, Ontario, Canada K7L 3N6.

Presentation Abstract

The nitride anion reagent, [u,-K(OEt,)],[(PN),Ti=N] (1) (PN™ = (N-(2-
(diisopropylphosphino)-4-methylphenyl)-2,4,6-trimethylanilide), prepared from
reduction of the azide precursor (PN),Ti(N;), has been reacted with various electrophiles
and demonstrated to be a powerful nucleophile as well as N-atom transfer reagent. The
role of the alkali metal in the Ti=N bonding has been explored by preparing mononuclear
as well as discrete salt of the nitride. Using this nitride reagent, we have been able to
prepare functional groups (in some case rather unusual) having the moiety Ti=N-X,
where X represents a phosphonyl, boryl, H, silyl, and alkyl. The nucleophilic nature of the
titanium nitride has also allowed us to probe N-atom transfer reactions where acid
chlorides are converted to nitriles, as well as redox reactions where transient nitridyl
species are formed. We report herein the chemistry of the titanium nitride ligand.

Grant or FWP Number: DE-FG02-07ER15893. Synthesis and Exploratory Catalysis of 3d
Metals: Atom and Group-Transfer Reactions and the Activation and Functionalization of
Small Molecules Including Greenhouse Gases.

Pl: Daniel J. Mindiola
Postdoc(s): Maria E. Carroll, Jaime E. Flores
Student(s): Lauren L. Grant, Ba L. Tran, Rick Thompson
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RECENT PROGRESS

Spectroscopic Identification of Titanium Nitridyls and Reactivity of Parent Imides of
Titanium. Photolysis or thermolysis of (PN),Ti(N;) results in extrusion of N, and formation
of a transient titanium nitridyl, (PN),Ti=Ne, which then abstracts He (not from solvent
medium) to form the parent imide (schomen. o

(PN),Ti=NH. We have spectroscopically b e P
identified the Ti(IlI) azide as well as the \%N//"'I"iEN' or hv N/"T"i"‘”N
(PN),Ti=Ne, wusing frozen conditions. In ijpiprz ) PiPr,

addition, the pKa of the parent imide
(PN),Ti=NH has been estimated to be within
26-36 based on these set of control / H OEt,
experiments using various amines HNR, with C\ T . ,
the nitride salt [p.-K(OEt)],[(PN),Ti=N],. R PR s A
Given these pK, ranges for the nitride, we are PPr,  -OF% PP, K R
able to estimate the pKy of 1 on the order of @ ij

—20, in accord with such a moiety being a
strong base and nucleophile as demonstrated Ti—H
through our reactivity. We have also found the W
parent imide (PN),Ti=NH to be a reactive PPr;
(under photolytic conditions) via insertion of

the N-H into the Ti—P bond of the chelating
ligand to form the phosphinimide-hydride (PN)(N'PN)Ti(H). A summary of these set of
reactions is depicted in Scheme 1. Interestingly, it was found that the nitride salt [p,-
K(OEt,)],[(PN),Ti=N], cannot be prepared from reductive splitting of N, via the complex
(PN),Ti=N=N=Ti(PN), (2), a species prepared in 48% yield from KCg reduction of
(PN),TiCl under N,. Lastly, the covalent and ionic nature of the nitride titanium linkage
has been probed theoretically and also with the aid of solid state "N NMR (MAS)
spectroscopy.

Nitrogen Atom Transfer to Produce Carbodiimides and Dialkylamino Nitrile Using Ti(ll)
Species. Compound [p,-K(OEt,)],[(PN),Ti=N], can deliver the nitride atom to unsaturated
small molecules such as CNR and CO. In the case of CNAd (Ad = 1-adamantyl), we
observe formation of the carbodiimide

Scheme 2.
salt [(PN),Ti—-N=C-N(K)Ad], in nearly ?Etz
quantitative yield and as a paramagnetic C T N CNAG W CN= CN
d* species (Scheme 2). Treatment of the | 2T =" = T' PP,2
latter species with Me;SiCl results in PP K P @
formation of the carbodiimide complex ot KN, THE
[(PN)Ti(n*-Me;SiNCNAd)] whereas -N,, - KNCNAd

addition of smaller nucleophiles, produce

the dialkylaminonitrile species [(PN),Ti(n>-NCN(Me)Ad)]. The full identity of these Ti(II)
species having carbodiimide and dialkylaminonitriles are presently being investigated.
Present studies have examined the use of CO to produce Ti(II) isocyanate salts, as well as
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the possibility to perform catalytic N-atom transfer to these substrates (CO and CNR)
using excess KN, reagent.

Reactivity Studies of Titanium Nitrides. The reactivity of [p,-K(OEt,)],[(PN),Ti=N], has been
explored with a variety of electrophiles as well as oxidants. For example, we have prepared the
first terminally bound methylimide species, (PN),Ti=NMe, by virtue of Mel addition to [p,-
K(OEt,)],[(PN),Ti=N],. Me3SiCl or Me3SiN3 addition to the nitride also results in salt
elimination concurrent with formation of the imide (PN),Ti=NSiMe,. The borylimido
complex (PN),Ti=NBcatechol, a type of species extremely rare in early transition metals,
can be readily produced upon treatment of [p,-K(OEt,)],[(PN),Ti=N], with two equiv of
ClBcatechol. Likewise, the phosphanylimido, (PN),Ti=NP'Pr,, can be also prepared in good

yield by addition of CIP'Pr,
@ p
/ OCCPh, CIC(0)'Bu 7/ \
“Ti=0
ju’ |
P'Pr,

to the nitride salt. Complex
~KNCCPh, | | -NCBu /"/'Wizo
N P'Pr,

N-atom transfer can be
- Et,0 - Et,0
Mel \q /TI NMe

Scheme 3.

accomplished when [u,-
K(OEt,)],[(PN),Ti=N], is
treated with CIC(O)tBu or

OFt;

(\P
N/, ‘
Ti=

_ HN{SiMes}, N ‘N 'r
ey, 2 T T '~ the ketene OCCPh, to

N | )
P'Pr; . OEt,

CiBcat .
P -KCI CIP'Pr,
- OEt,

—N=Bcat

-KlI
d ~OEt, P Pr
0Et2

) waiMea
- OEt, (\ P

-Kcl
- OEt,

form the titanium oxo,
(PN),Ti=0, along with the
organic products NC'Bu
and KNCCPh,. Scheme 3

N;T“:"S‘M% summarizes these set of

ﬁj e, K AP PPr2 reactions. Lastly, redox
PiPr, reactions involving the

(j nitride and various

oxidants such as

[FeCp][OTT1], I, CICPhs can produce transient nitridyl species that engage in P oxidation of the
PN ligand to form phosphinimides-anilide scaffolds.
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Adsorption and Reaction of Methanol and Ethanol on
Lao 7Sro3MnO3(100) Perovskite by Ambient Pressure XPS*
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Presentation Abstract

Perovskites which have the common compositional formula of ABO; can have a wide
variety of catalytic behavior depending on their cationic constituents. Our goal is to understand
and control this behavior at a fundamental level. Methanol and ethanol oxidation are being used
as probe reactions to characterize the chemistry on these materials. Alcohol oxidation on a doped
Lag7Sro3sMnO3(001) perovskite thin film has been studied using ambient pressure X-ray
photoelectron spectroscopy (APXPS). In order to investigate the “pressure gap” that may occur
between reactions studied under vacuum conditions and at pressure approaching atmospheric
pressure, experiments were conducted at nominally 10~ torr and at 0.1 torr between 250 °C and
350 °C.

Methanol forms methoxy when adsorbed on the perovsklte surface at 250 °C. The surface
coverage was four times greater at 0.1 torr compared to 10 torr. Methoxy was the only C-
containing surface species observed at 10 torr with or without O,. Methoxy was also the
dominant surface species at 0.1 torr in the absence of O,. However, small amounts of formate
and atomic C were also eV1dent At the higher pressure, the Mn 2p spectra indicated that the
alcohol partially reduced Mn®" to Mn?". There was also an indication in the O 1s spectra that O
was removed from the surface.

In contrast to what was observed at 107 torr, when O, was present at 0.1 torr, formate
became the dominant surface species with only trace amounts of methoxy and C evident. Gas
phase CO, and H,O products were also detected in the C 1s and O 1s spectra.

Results using ethanol rather than methanol as the reactant were generally the same, i.e.,
only ethoxy on the surface at lower pressures, a mixture of ethoxy and acetate at higher pressure
in the absence of O,, and exclusively acetate on the surface at high pressure when O, was
present. The only significant difference between methanol and ethanol was a greater tendency for
ethanol to form the carboxylate in the absence of O,.

These experiments demonstrate that the surface coverage of the active molecular species
depends strongly on the reactant pressure, and that the O, pressure can alter the nature of the
adsorbed species.

*This research is part of FWP ERKCC96: Fundamentals of Catalysis and Chemical
Transformations. For a full description of recent progress see the Abstract submitted by Zili
Wu.
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Dually functionalized MOF-NP Catalysts: Understanding and Controlling Oxidant
generation-Epoxidation Catalysis in Solution Phase

Rungmai Limvorapitux,® Lien-Yang Chou,” Chia-Kuang Tsung, ® and SonBinh T. Nguyen™
aDepartment of Chemistry and the Institute for Catalysis in Energy Processes, Northwestern University, 2145

Sheridan Road, Evanston, Illinois 60208-3113. b) Department of Chemistry, Boston College, 2609 Beacon St.,
Chestnut Hill, MA 02467

Presentation Abstract

In synthesis, the catalyzed epoxidation of alkene often involves two separate steps: a
separate generation of high-energy oxidant such as peracids or hydrogen peroxide, and then the
oxidation itself, which can require the use of excess oxidants, leading to waste. To this end, our
research aims to couple the direct synthesis of H,O, from hydrogen and oxygen together with the
alkene oxidation in one step using a metal-organic framework (MOF) support that can
encapsulate a peroxide-generating nanoparticle (NP) catalyst inside and be decorated with
molecular epoxidation catalyst moieties on the outside. Owing to their well-defined cage-like
porous structure and high tunability, MOF crystals can serve as a molecularly selective
“window” that only pass hydrogen and oxygen into the inside of the MOF crystal to interact with
the NP to generate H,O,, which migrates to MOF-solution interface and react with the
epoxidation catalyst and the alkene. As the epoxidation catalyst is localized at the exterior of the
MOF particles, H,O, turnover and alkene epoxidation should be the most efficient. In addition,
the alkene substrate can be designed to not pass into the interior of the MOF crystals to interact
with the NP, thus preventing alkene hydrogenation. This presentation will describe our work in
incorporating palladium and gold NPs H,O,-generation catalysts into the UiO-66-NH, MOF
platform. The free amino ligands of the resulting MOFs can then be modified to incorporate
Schiff-base(Mo"") alkene oxidation catalyst on the outside. Catalytic studies of the individual
catalyst components show that the Au- and Pd-NP-incorporated MOFs are active in catalytic
H,0, generation, and that Schiff-base(Mo"')-modified MOF are active in cyclooctene oxidation.
Gratifyingly, the dually functionalized catalyst systems, [Pd-NP + Schiff-base(Mo"")] and [Au-
NP + Schiff-base(Mo"")] MOFs both exhibit tandem catalytic behavior for the solution-phase
epoxidation of cyclooctene with good selectivity.
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Figure 1. Dually functionalized MOFs
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Dynamic Restructuring of Working Catalysts Revealed by Correlating Multiple (Optical,
X-ray and Electron) Probes and First Principle Simulations

S. Zhao,' U. Jung,' A. Elsen,' D. Liu, ' R. G. Nuzzo,' Y. Li,” A. L. Frenkel,” A. Gamalski, > E. A.
Stach,’ J. Kas,* F. Vila,* J. J. Rehr?

'Department of Chemistry, University of Illinois, Urbana-Champaign, “Department of Physics,
Yeshiva University, *Center for Functional Nanomaterials, Brookhaven National Laboratory
*Department of Physics, University of Washington

Presentation Abstract

A major goal of our work is to better understand the mechanisms of catalytic reactions. This
interest is being addressed foremost through efforts that seek to provide and exploit new multi-
modal means of characterization—ones that will make it possible to 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. The current work
exploits a microfabricated catalytic reactor designed for correlated use with synchrotron x-ray
absorption spectroscopy, scanning transmission electron microscopy, micro-IR and Raman
spectroscopies. The power of the method, fully supported by first principle simulations, is
illustrated in its ability to capture dynamic transformations that are revealed in an ensemble of
monometallic (Pt, Pd and Au), as well as bimetallic (PtNi) clusters during exemplary catalytic
reactions—the hydrogenation of ethylene, CO oxidation and reverse water gas shift (RWGS).
We uncovered a complex co-dependency between multiple components of catalytic system
(catalyst-support-surface species) that span sizes ranging from single atoms to large
agglomerates, throughout changing reaction conditions. These impacts are highly responsive to
the reactant atmosphere composition and conversion regimes of the reaction. This method is
generalizable to quantitative operando studies of complex systems using a wide variety of x-ray
and electron based experimental probes.

Grant Number: DE FG02-03ER15476

Grant Title: The Reactivity and Structural Dynamics of Supported Metal Nanoclusters
Using Electron Microscopy, in situ X-Ray Spectroscopy, Electronic Structure Theories, and
Molecular Dynamics Simulations.

Pls: Ralph G. Nuzzo, Anatoly I. Frenkel, John J. Rehr
Postdoc(s): A. Elsen, D. Liu, U. Jung, S. Zhao, J. Kas, Y. Li, F. Vila
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RECENT PROGRESS

Mechanism of Deactivation of Pd Catalysts in Ethylene Hydrogenation Reaction

Understanding how heterogeneous catalysts change size, shape and structure during
chemical reactions is limited by the paucity of methods for studying catalytic ensembles in
working state, i.e., in operando conditions. Here, by a correlated use of synchrotron x-ray
absorption spectroscopy, scanning transmission electron microscopy (STEM) and micro-IR
spectroscopy in the same operando conditions, we quantitatively describe the complex structural
dynamics of SiO supported Pd catalysts exhibited during an exemplary catalytic reaction—
ethylene hydrogenation. This work exploits a microfabricated catalytic reactor compatible with
the three probes. A series of different feed gas atmospheres of hydrogen/ethylene mixture were
applied in operando conditions in order to reveal the structure-property-performance
relationship. Pronounced changes in the electronic structures of Pd-SiO, catalysts such as
transitions between hydrogen and hydrocarbon covered surfaces were found to occur during the
reaction. Combined use of operando XAS, IR and GC-MS results revealed selectivity of gas
phase and surface-bound oligomer formation and reaction-driven restructuring between different
states of Pd catalysts (the hydride and the carbide).
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Figure 1. Left: Hydrocarbon production of ethylene hydrogenation as the function of feed gas (H, and
C,H,4) composition over Pd-SiO, catalyst: main product (ethane) and by-products (oligomers). Feed gas
composition gradually switched from pure H, to pure C,Hy4 (forward) at a 10% step and then reversed to
pure H, (backward) with the same step size. Right: Operando STEM data and particle size distributions
(insets) measured in Pd NPs supported on SiO, under different reaction stages at 1 atm (the data shown
are under pure H,).

Restructuring of PtNi Catalysts in Reverse Water Gas Shift (RWGS) Reaction

Bimetallic catalysts have attracted much attention, in part, because they may display
better catalytic properties compared to their monometallic counterparts. Driven by external
environments, the distribution of elements in bimetallic catalysts can change, which in turn can
affect the catalytic properties. To correlate structural changes of bimetallic catalysts with their
properties it is vital to monitor their structure and dynamics in operando conditions. We study
Pt-Ni catalysts supported on silica SBA-15 during the RWGS reaction at 400°C by combined
experimental techniques (XAS and STEM) and theoretical methods to investigate correlations
between the reactivity and structure of the catalysts. In April 2016 the operando XAS
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measurements were carried out at the microXAS beamline at the Swiss Light Source. The setup
of the experiment shown in Figure 3A. The Ni and Pt edge EXAFS spectra are shown in Figures
3B and 3C. For both edges, the spectra collected in the reaction condition are closer to those in
H; condition, indicating predominantly reducing effects of the RWGS reaction mixture. Figures
3B,C demonstrate that the RWGS reaction causes additional and unique structural change to the
catalyst compared to either reducing or oxidizing atmospheres. STEM measurements are planned
in near future using the new Talos electron microscope at the CFN in BNL, in the same micro-
reactor and the same reaction conditions as those at the MicroXAS beamline experiments.
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Figure 2. Left: EXAFS analysis results of (a) the interatomic distances r and (b) bond length distribution
(disorder factor) for Pd-SiO, catalyst (Pd-Pd scattering path) under different feed gas composition
regimes of H, and C,H, (from pure H, to pure C,H, and then back to pure H,). The dashed line in (a)
indicates the bond length of bulk Pd (foil) as a benchmark. Right: Operando IR spectra collected under
different regimes of feed gas concentration for room temperature ethylene hydrogenation over Pd-SiO,
catalysts. Top waterfall figure show individual spectra acquired under different regimes, the lower contour
map highlights the maxima of hydrocarbon fingerprint bands.
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Figure 3. (A) Experimental setup at the MicroXAS beamline; Fourier transformed (B) Ni K edge and (C)
Pt L; edge EXAFS spectra of PtNi/SBA-15 catalyst under different conditions

A combination of ab initio density functional theory molecular dynamics (DFT/MD) and X-ray
absorption spectroscopy data analysis provides additional crucial information on the relationship
between dynamical structural fluctuations and properties of supported catalysts. In our previous
simulation of an analogous bimetallic system (Pt,Sn,/y-Al,O3) we obtained new information
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structural, dynamic and physicochemical properties of catalysts and their interactions with
adsorbates: 1) Sn atoms tend to reside on the surface of the cluster and are very mobile. They
effectively shield the Pt atoms from the support, increasing the average number of Pt-O bonds
from 2 in Pt;oSnjo to 7 in Pt;sSns. 2) This O-interaction change affects the average Pt charge
which varies from —0.5¢ in Pt;oSn;o to —0.1e in Pt;5Sns, and hence its catalytic properties. The
striking effects of both structural and electronic inhomogeneity on reactivity can be seen in
Figure 4. Major rearrangements of the structure of the nanoparticle and its interaction with the
adsorbate disorder change the chemical nature of the reactants, transition states and products,
resulting in large energy changes, such as the shift from endothermic behavior in path 3, to
exothermic in path 2.
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Figure 4. Left: Reactions paths for the dissociation of O, on three different disorder states of a Pt;oSno
nanoparticle on y-Al,O;. Right: Structures for the initial, transition and final states for each path.

Based on the past success in theoretical calculations and experimental results (XAFS and STEM)
on Pt and PtNi catalysts, we are currently developing models that will help both interpret and
guide experimental data analysis. On the basis of initial characterizations of the catalyst, we
started building realistic models of the catalysts (Figure 5, left) to estimate the complexity of the
simulations and then investigated the types of acceptable simplifications. We proposed to
simplify initial complex models by replacing the curved surface of the SBA-15 channel by a flat
slab (Figure 5, right). This model will be used to investigate the structural and electronic disorder
in the nanoparticles under different coverage conditions using MD simulations: 1) No
adsorbates, 2) “reactant” conditions (NPs covered with CO, and H;), and 3) “product” conditions
(NPs covered with CO and H,0). The aim of these simulations is twofold: First, provide detailed
information of changes in the catalyst induced by environments. These simulations will inform
and tune up the EXAFS models that are used to analyze experimental data. This correlative
analysis is essential to alleviate the average nature of spectroscopy probes. Second, the
trajectories calculated for reactants and products along different reaction paths will provide us
with reactivity information using the nudged elastic band (NEB) approach (Figure 4).
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Figure 5. Full (left) and simplified (right) models of a PtNi nanoparticle in a channel in mesoporous silica
SBA-15.
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Presentation Abstract

The selective hydrogenation of aldehydes to alcohols is a critical step in the efficient conversion
of biomass to hydrocarbon energy carriers thereby increasing the energy density of the fuel.
Selective hydrogenation is needed to preserve olefin groups for later functionalization and to
efficiently use hydrogen. Highly active metal catalysts, like platinum, are non-selective for the
hydrogenation of aldehydes. Our focus has been on understanding how metal/oxides interfaces
can modify the selectivity of metal catalysts for hydrogenation. Two different oxide interfaces
have been examined: 1) metal/support interfaces on oxide supports with designed facets, and 2)
artificial strong metal support interaction (SMSI) from thin atomic layer deposition (ALD)
overcoats of oxides on top of supported metal nanoparticles. Platinum nanoparticles were grown
by ALD on the surface of hydrothermally synthesized BasSr;4TiO; nanocuboids. Lattice
matching was used to stabilize the platinum nanoparticles, with the most stabilization observed
for SrTiOs. Selectivity for aldehyde hydrogenation increased with stabilization, as a result of
changes in the shape of the supported platinum nanoparticles. Titania- and alumina-ALD coats
were deposited on Pt/SrTiO; nanocuboids. For the two artificial SMSI catalysts, only the
reducible oxide, titania, had an effect on selectivity. The increase in aldehyde selectivity of
titania-ALD/Pt/SrTiO3 is predicted to be a result of reduced titanium centers at TiO./Pt
interfaces, similar to high temperature reduced (HTR) Pt/TiO; catalysts. These experiments are
examples of how rational catalyst design can be used to study the effects of specific interfaces on
catalyst performance.
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Presentation Abstract

This work is part of Ames Laboratory research on “Homogeneous and Interfacial Catalysis in 3D
Controlled Environments” (AL-03-380-011), described in detail elsewhere.

Recent advances in high-field dynamic nuclear polarization (DNP) boosted the sensitivity of solid-state
nuclear magnetic resonance (SSNMR) spectroscopy, offering signal enhancements of 2 orders of
magnitude and savings in experimental time of up to 4-5 orders of magnitude. Additionally, DNP is
uniquely suited for the studies of catalytic surfaces and interfaces because they can be most efficiently or
even selectively sensitized by this technique, enabling measurements that are off-limits to conventional
SSNMR.' We will report several novel applications of this technique to the studies of catalytic materials
in our laboratory, enabled by the recently installed 400 MHz DNP NMR spectrometer funded by DOE
Basic Energy Sciences.

(1) Systematic studies were conducted to precisely determine the DNP sensitivity enhancement (per unit
time) in “C and *Si cross-polarization magic angle spinning (CPMAS) NMR of functionalized
mesoporous silica nanoparticles (MSNs).> The most recently developed biradical polarizing agents
(AMUPol, TEKPol) afforded enhancements exceeding 200 in our laboratory. (2) We demonstrated that
DNP can be used to enhance NMR signals of *C, "N and *Si nuclei located several hundreds of
nanometers from the polarizing radicals, using MSNs functionalized with 3-(N-phenylureido)propyl
(PUP) groups filled with the surfactant (CTAB).® We employed the same approach to study the host-guest
interaction between metal ions (Pt*" and Cu®") and a zirconium metal-organic framework (MOF, UiO-66-
NH,) using DNP-enhanced "N{'H} CPMAS NMR* and DNP-enhanced 'H{'*’Pt} wideline NMR.’ (3)
New DNP-based measurements enabled routine use of natural abundance ''O SSNMR, including the
facile measurement of undistorted lineshapes, two-dimensional '"H-""O heteronuclear correlation spectra,
as well as accurate internuclear distances.®” These techniques were applied for distinguishing hydrogen-
bonded and non-hydrogen-bonded '’O sites on the surface of silica.® (4) DNP-enhanced SSNMR enabled
studies of other challenging systems, including natural abundance "’N spectra of a new silica-supported
zirconium Zr(NMe,),@MSN catalyst for hydroboration of aldehydes and ketones developed in our
catalysis program,’ isolated (-AlO);Si(OH) sites deposited on the y-AlL,O; surface via atomic layer
deposition (with T.J. Marks and P.C. Stair, from Northwestern University),'® and organic molecules
adsorbed on alumina-supported metal nanoparticle catalysts (with J. Dumesic and T. Schwartz, from UW-
Madison, and B. Shanks from Iowa State University).
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Presentation Abstract

Defective graphene has been shown experimentally to be an excellent support for transition-
metal electrocatalysts in direct methanol fuel cells. Computational modeling reveals that the
improved catalytic activity of graphene-supported metal clusters is in part due to increased
resistance to catalyst sintering and to CO poisoning, but the increased reaction rate for the
methanol decomposition reaction (MDR) is not yet fully explained. Using density functional
theory, we investigated the adsorption and reaction thermodynamics of MDR intermediates on
defective graphene-supported Pt;3 nanoclusters with realistic, low-symmetry morphologies. We
found that the support-induced shifts in catalyst electronic structure correlate well with an overall
change in adsorption behavior of MDR intermediates and that the reaction thermodynamics are
modified in a way that suggests the potential of greater catalytic activity. We also found that
adsorption energy predictors established for traditional heterogeneous catalysis studies of MDR
on macroscopic crystalline facets are equally valid on catalyst nanoclusters (supported or
otherwise) with irregular, low-symmetry surface morphologies. Our studies provide theoretical
insights into experimental observations of enhanced catalytic activity of graphene-supported Pt
nanoclusters for MDR and suggest promising avenues for further tuning of catalytic activity
through engineering of catalyst—support interactions.
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RECENT PROGRESS

Thermodynamics of Methanol Decomposition on Graphene-Supported Ptz Nanoclusters
(Research Assistant — Raymond Gasper): Having demonstrated the improved CO tolerance and
reduced reaction barriers for CO oxidation on graphene-supported Pt;3 clusters [1], we have
turned our attention to the more complex, yet ultimately most relevant, issue of the methanol
decomposition reaction (MDR). [2] Using optimized, low-energy Pt;; clusters (unsupported and
graphene-supported) as model catalysts, we have examined in extensive detail the potential
MDR pathways while sampling multiple inequivalent binding sites on the cluster surface to
generate adequate statistics. While this process is computationally expensive (200-300 DFT
structural relaxation calculations), such detailed calculations are essential for extending our
understanding of reactions on realistic catalyst surfaces rather than relying on studies performed
on idealized crystalline facets.

Figure 1(a) displays the adsorption energies of MDR intermediates on unsupported and
graphene-supported Pt,; clusters along with baseline calculations for the Pt(111) surface. We find
that unsupported clusters bind the reaction intermediates much more strongly than Pt (111)
surfaces due to significant undercoordination of surface Pt atoms. The introduction of the
graphene support, significantly reduces the binding of adsorbates, with support defects leading to
further reduction of the binding energies. The latter effect can be attributed to lowering of cluster
d-band centers due to strong cluster—support interaction. [1,3] Indeed, in several cases, binding
of MDR intermediates on clusters anchored at divacancy defects is comparable with that on Pt
(111) surfaces. This is a particularly significant result as it suggests that the simple approach of
defect-engineering of an otherwise inert carbon support can appreciably improve the activity of
Pt nanoclusters, rendering them competitive with Pt(111), one of the best MDR catalysts.

As ultra-small nanoclusters have no well-defined surface structure (e.g., facets, edges,
corners) each surface site is, in principle, distinct from the point of catalytic activity.
Nevertheless, it is imperative to seek macroscopic descriptors that can provide insight into the
average behavior of the surface active sites. Figure 1(b) displays the adsorption energies of
MDR intermediates on unsupported as well as graphene-supported Pt;; clusters as a function of
the adsorption energy on Pt(111) surfaces, from which is immediately apparent that these two
adsorption energies are correlated. Furthermore, not only are the adsorption energies on clusters
and Pt(111) correlated, but the linear relationship is, to within an excellent approximation, given
by a simple vertical shift of the dashed parity line in Fig. 1(b). In keeping with the trends in Fig.
1(a), the unsupported Pt;3 cluster displays the largest downward shift from the parity due to
strongest binding of MDR intermediates; as the binding weakens in going from pristine-
graphene-supported clusters to defective-graphene-supported clusters, the linear correlation
approaches the Pt(111) parity line. Most interestingly, the vertical offsets of the linear fits are
inversely correlated with the average d-band position of the Pt;5 cluster as seen from the inset in
Fig. 1(b). This is the key finding of our studies, which is both a new result and of immediate
practical relevance for cluster catalysis: in a nutshell, knowing the adsorption energy of an
intermediate on Pt(111) and the average d-band position of the nanocluster—both trivial
calculations within DFT—allows us to obtain from scaling relationships the average adsorption
energy of an intermediate on the cluster. Figure 1(c) shows the comparison between predicted
adsorption energies from our scaling relationships (fit to a handful of DFT calculations) versus
the calculated DFT binding energies for our entire dataset (averaged over multiple surface sites)
of MDR intermediates. The data essentially lie exactly along the parity line and confirm the
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validity of our approach. Thus, we now have for the first time a set of scaling relationships for
graphene-supported Pt;3; nanoclusters, which obviates the need for exhaustive statistical sampling
of distinct surface sites.
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Presentation Abstract

Given the increased interest in imine ligands in catalysis (see work of Chirik, Caulton, Morris,
Fujita, and others), this project is aimed at developing imine ligands linked to phosphine anchors.
This particular poster will give an overview of efforts to elucidate reactivity of imino-phosphine
ligands on the simple Fe(CO),"" platform. Studies focused on Ph,PCsH,CH=NCsH;-4-Cl
(PCHNArCl) complexes of iron(0), iron(r), and iron(i1). Even Fe(PCHNAr“')(CO); exhibits
unusual properties, indicated by evidence for both n>-and N-bonded imine forms. Protonation of
by HBF4Et,O occurs, not at Fe, but at the imine giving [1H]BF4. The related diphosphine
complex Fe(PCHNAr“)(PMe;)(CO), (2) was also prepared and shown to undergo N-
protonation. Oxidation of the Fe(0) complexes with FcBF4 gave the Fe(I) compounds induced
change in hapticity of the imine from n? to «'. Attem]i)ted substitution of the parent tricarbonyl
with PCHNAr“ gave the complex Fe[P2(NAr“),](CO),, containing the tetradentate
diamidodiphosphine. C-C coupling is reversed by Fc'. Oxidative C-C scission proceeds via an
Fe(I) intermediate.
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RECENT PROGRESS

Ligand-Centered Reactions of Phosphine-Imines on Iron

Condensation of Ph,PCsH4NH, with benzoylpyridine yielded the Ph,P(C¢H4)N=C(Ph)(CsH4N), which,
upon treatment with ferrous halides gave the adduct FeX,(PN™py) (X = Cl, Br). Cyclic voltammetric
studies show that this complex and its derivatives are redox active. Reduction of Fe(PN""py)X, with
NaBEt;H gave active catalysts for the hydroboration of 1-octene with pinacolborane. Similarly, these
catalysts proved active for the addition of diphenylsilane, but not HSiMe(OSiMe;),, to 1-octene and
vinylsilanes.

= =
Ph . Ph < Z>R +HE
| N FeBr, | /

N —5 N_ (NaBHEt; act.)
h I ™
PPh, P Br

E._~
Ph, R

Forced Ni-Ni Bonding in 36 Dinickel Complexes

In this study, we investigate the possibility that unusual m
electronic structures could be achieved by forcing together =
pairs of 18e metal center. The force was applied by
chelating dithiolates. Nickelocene (Cp,Ni) react with simple
thiols to give "boring" diamagnetic Cp,Ni,(SR), species with : i
planar NiS, cores and long Ni---Ni distances. s
Propanedithiol (pdtH,) behaves similarly, ostensibly, A
affording the 36e Cp,Ni,(pdt), which adopts a symmetrical
butterfly Ni,S, structure. Variable temperature NMR spectra =\ =

indicate that this species possesses a thermally accessible TR R R A

triplet state (AG = 2.65+0.05 kcal/mol) in equilibrium with a

diamagnetic ground state. DFT calculations indicate that the Figure. Variable temperature 'H-
singlet-triplet gap is highly sensitive to the nonplanarity of NMR spectra of the 36e dimer
the Ni,S, core. The calculations further reveal that only the Cp:Nix(pdt).

high-spin form of features Ni-Ni bonding, which is

unprecedented. Oxidation gives cations described as delocalized mixed valence Ni(II)-Ni(III) species.
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Fundamental Studies of Oxidation Reactions on Model Catalysts
Gradient Check a Tool to Check Heat and Mass Transfer Gradients in a Catalyst

Fabio H. Ribeiro and W. Nicholas Delgass
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Presentation Abstract

We continued to focus on (i) further understanding the site requirements for the PO reaction
(H,0O, production) via kinetic studies including isotopic switch experiments, titration
experiments, periodic Density Functional Theory calculations, and using specially designed
materials combined with various characterization techniques, (ii) studying the origin of the
catalyst deactivation in the Au/TS-1 system via operando IR experiments, (iii) further exploring
the higher H, selectivity observed in the Au/Uncalcined-TS-1 system, and (iv) participating in
the development of the new technique of X-ray emission spectroscopy. We have also developed
a tool for estimating internal and external temperature and concentration gradients for porous
heterogeneous catalysts. This tool achieves this by combining established correlations from the
literature for mixture properties, external heat and mass transfer, and internal transport effects.
The tool itself is programmed into an easy-to-use website (www.gradientcheck.com) that uses
standard web programming languages and is compatible with modern web browsers.

Grant title: Fundamental Studies of Oxidation Reactions on Model Catalysts
Grant number: DE-FG02-03ER15408

PI: Fabio H. Ribeiro and W. Nicholas Delgass

Student(s): Viktor J. Cybulskis, James Harris, Garrett Mitchell

RECENT PROGRESS

We do not have new results on the epoxidation reaction. With the no-cost extension for this
grant, we are training new students. In collaboration with Dow Chemical, we have developed a
tool for estimating internal and external temperature and concentration gradients for porous
heterogeneous catalysts. This tool achieves this by combining established correlations from the
literature for mixture properties, external heat and mass transfer, and internal transport effects.
The tool itself is programmed into an easy-to-use website (www.gradientcheck.com) that uses
standard web programming languages and is compatible with modern web browsers. A
screenshot of the tool is shown below.

There have been many examples of reported heterogeneous catalyst rate data in the literature in which
the rate of reaction is affected or even controlled by the rate of heat or mass transfer. This issue affects
scientific researchers in both academia and industry due to the common desire to measure and catalog
accurate and intrinsic rate data. Researchers in industry often desire to use this data to design pilot or
larger scale reactors, and/or forecast the economics of such a process. This is hampered by lack of
confidence in the accuracy and applicability of the rate data that is measured in e.g. lab-scale reactors to
their larger counterparts. Both academic and industrial researchers may desire to discover catalysts with
enhanced performance, and thus desire rate data that represent the intrinsic performance of the catalyst —
free from the disguises of heat and mass transfer.
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There are several experimental methodologies that have been recommended in the past for

determining if these effects are significant. Another complementary approach is to predict the presence of
concentration or temperature gradients from knowledge of the physical properties of the reactants,
operating conditions, and catalyst properties. This approach allows one to estimate these effects without
the need for multiple experimental data points — that may be costly or otherwise difficult to obtain.

We are working now to publish this tool with a summary of all assumptions made in the calculations.

PURDUE Gradientv (GradientCheck) for Heterogeneous Catalysis:
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Open JSON Input File | Choose File | No file chosen Fill Form from File
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GradientCheck
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! bar
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Observed Reaction Rate (rypg):
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News and Qutreach ‘p' i n

Reaction Order (n) 1

Activation Energy (E 1J % mole™!
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Prospective Students

app!
Conversion (X,)

Catalyst Bulk Density (py,)

I unitless (0 to 1)

I kg = m3 [usually 500-1500]

Seminars Catalyst Void Fraction (e) 0.4 /(0 to 1) [often 0.35-0.45 (default 0.4)]
Catalyst Thermal Conductivity (Ko} fW = m! x K [often 0.13-0.25]
Publications Catalyst Surface Area (S} f? gt
Catalyst Pore Volume (Vo) rm?x g’
Contact Us Catalyst Pore Tortuosity (r): 4 ! unitless [often 3-T for porous catalysts]
Links Number of Reactants:| One ¥ Number of Products:| One ¥
Rea%t A Product B Diluent C
Inlet Mole Fractions: / must add to 1
Fluid Viscosity (u) fkgxmxs?
Heat Capacity (C,F 10 xkg kT
Thermal Conductivity (ko) W e m K
Difiusion Volume (Z,, Estimats 7,,;
Molecular Weight (MW): fg= mor!
Notes
¥
+ Advaneed Option
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Structure-Performance Relationships in Zeolite Catalysis: Impact of Crystal Size and
Morphology in MTH
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University of Houston, Department of Chemical and Biomolecular Engineering

Presentation Abstract

Critical challenges in zeolite catalyst design stem from an inability to a priori tune crystal
properties and limited, often phenomenological, understandings of fundamental mechanisms of
crystal growth and the relationships between crystal structure and catalytic performance. Here
we will discuss efforts to develop a versatile platform for tailoring the physicochemical
properties of zeolites. Given the future outlook of shale gas in U.S. energy markets, there is
renewed interest in the production of fuels and chemicals from C; chemistry, notably methanol-
to-hydrocarbon (MTH) reactions. Research thrusts in our group seek to develop optimal MTH
catalysts via concerted initiatives in synthesis, characterization, testing, and modeling. We have
developed techniques to control properties of zeolites, such as size, morphology, and
composition (i.e., Si/Al ratio), for a variety of framework types with disparate pore topology.
Here we will present recent findings regarding the impact of crystal size on MTH selectivity and
on stream lifetime. Using organic molecules, termed zeolite growth modifiers (ZGMs), we have
prepared a set of ZSM-5 and ZSM-11 catalysts with comparable crystal sizes and Si/Al ratios.
MTH catalytic tests revel that the latter exhibit much longer lifetime with trends that increase
with decreasing crystal size. The results of these experiments will be discussed along with
progress made in the rational design of zeolites with limited mass transport (e.g., small-pore and
1-dimensional zeolites).
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Tailoring Zeolite Catalysts for the Conversion of Methanol to Hydrocarbons

Lead PI: Jeffrey D. Rimer
Student(s): Yufeng Shen, Thuy Le, Rui Li
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RECENT PROGRESS

Synthesis of ZSM-11 (MEL framework type) Catalysts. We systematically investigated
synthesis conditions leading to the formation of MEL crystals with varying size (0.1 — 1.0 um)
and identical composition (i.e., Si/Al = 20). Scanning electron micrographs of these samples
(Figure 1) reveal distinct rod-like shape of MEL crystals. It is challenging to tune the dimensions
of MEL crystals with precise control. The width of the crystal determines the length of straight
channels in the MEL framework structure. As such, reductions in the width significantly reduce
the diffusion path length along the microporous channels. To the best of our knowledge, the
150nm sample is the smallest isolated aluminosilicate MEL crystal reported. Moreover, these
MEL crystals share almost identical physicochemical properties (i.e., uniform shape, similar
SAR, and smooth surfaces), which renders these samples ideal for studying the effects of crystal
size on catalyst performance. The size of MEL crystals was further refined using zeolite growth
modifiers (ZGMs), which are organic additives used to tailor the crystal morphology. ZGMs
bind to specific crystal faces and alter the anisotropic rate(s) of crystal growth. We have
identified modifiers with specificity for binding to MEL {100} and {001} surfaces, leading to
reductions in crystal width and length, respectively.

Figure 1. Scanning electron micrographs of ZSM-11 zeolite crystals prepared with different
sizes: 1 um, 750 nm, 300 nm, 150 nm.

Testing ZSM-11 Catalysts in MTH Reactions. We analyzed three H-ZSM-11 samples with
varying size (150, 300, and 750 nm) in methanol to hydrocarbon (MTH) reactions. Catalytic
testing was performed on a fixed bed reactor using a temperature of 350°C and space velocity
WHSV = 9h™'. Comparison of the on stream lifetime indicates a progressive shift towards longer
time with decreased particle size. For instance, the lifetime at conversion > 95% for 150 nm
particles is approximately 7-times longer than the 750 nm particles. The MTH product
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distribution also varied with crystal size. As shown in Figure 2, the selectivity of light olefins
(C2 and C3) increased with increasing crystal size, while the selectivity of heavy aromatic
products decreased with increasing crystal size.

100 -
33 B Aromatics
> 80 - . .
= [ C5+ aliphatics
& 60 1 mC4
g 40 - mCc3
-
-
o HC2
S 20 -
=
& mCl

0 .

150nm 750nm

Figure 2. Comparison of MTH product selectivity for small (150 nm) and large (750 nm) H-
ZSM-11 catalysts at 50% conversion.
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Mechanistic Studies on the Water-gas Shift and CO, Hydrogenation:
Importance of the Metal-Oxide Interface

José A. Rodriguez, Ping Liu, Sanjaya Senanayake, Dario Stacchiola, Michael G. White,
and Jan Hrbek, Chemistry Department, Brookhaven National Laboratory

Presentation Abstract

Fundamental studies have been performed to investigate the chemistry associated with
the water-gas shift (WGS) and CO, hydrogenation (CH) reactions on a series of model and
powder metal/oxide catalysts. A combination of in-situ techniques {X-ray diffraction (XRD),
pair-distribution function analysis (PDF), X-ray absorption spectroscopy (XAS), environmental
scanning tunneling spectroscopy (ESTM), infrared spectroscopy (IR) and ambient-pressure X-
ray photoelectron spectroscopy (AP-XPS)} and theoretical calculations {Density Functional
Theory and kinetic Monte Carlo} were used to characterize the properties of the active phase in
the catalysts and the reaction mechanism. Under reaction conditions most WGS and CH
metal/oxide catalysts undergo chemical transformations that drastically affect the reaction
mechanism. The active phase of catalysts which combine Cu, Au or Pt with oxides such as ZnO,
CeO,, and TiO; essentially involves nanoparticles of the reduced metals and partially reduced
oxide supports. Both components of each catalyst participate in the bonding of the reactants and
intermediates for the WGS and CH reactions. Starting with single crystals of metals {Cu(111)
and Au(111)}, we have performed detailed mechanistic studies that illustrate the importance of
the metal-oxide interface. Extremely high catalytic activity was found after depositing
nanoparticles of CeOy on the metal surfaces. IR and AP-XPS indicate that this enhancement in
catalytic activity is the result of opening new reaction paths that lead to the formation of a
HOCO intermediate at the metal-oxide interface. Data of IR spectroscopy and DFT calculations
indicate that this species plays a key role in the water-gas shift and CO, hydrogenation reactions.

FWP-BNL-COO040: Catalysis for Advanced Fuel Synthesis and Energy

Co-Pls: Ping Liu, Sanjaya Senanayake, Dario Stacchiola, Michael G. White
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RECENT PROGRESS

Catalysis, Structure and Reactivity

1. Conversion of CO, on metal/oxide catalysts. Methanol is a key commodity used to
produce acetic acid, formaldehyde, and a number of key chemical intermediates. It is
synthesized industrially from mixtures of H,, CO,, and CO at elevated pressures (50 to 100 atm)
synthesis of methanol from CO; not only as a way to mitigate this greenhouse gas but also
because of the potential use of CO, as an alternative and economical feedstock."

The activity for methanol synthesis of a series of catalysts which contain copper is
compared in Fig 1." Extended surfaces
of pure copper, like Cu(111), bind the
CO, molecular poorly and exhibit a

CH,OH synthesis very low  activity for  the
a hydrogenation of CO; to methanol. A
drastic increase in the catalytic activity
0 1 ¢ ® is observed in Figure 1 after
Cu/CeO,ITiO,(110) depositing nanoparticles of ceria on
: Cu(111) or after co-depositing
4 nanoparticles of Cu and ceria on
TiO,(110).” The combination of metal
and oxide sites in the copper-ceria
CeO,/Cu(111) —* interface gives complementary
chemical properties that lead to special
reaction pathways for the
C0O,—CH;0H conversion.’ Thus, the
rate of methanol production on
. L e CeO/Cu(111) is ~ 200 times faster
than on Cu(111). Furthermore, the rate
of  methanol production on
Cu/CeO4/Ti0,(110), where Cu and
4 1 . Cu(111) ceria nanoparticles are present, is ~
1280 times faster than on Cu(111).
. . . . . . . CeOy/ Cu(111) and Cu/CeOy/
165 170 175 180 185 190 195 200 TiOy(110) are also much better
catalysts than Cu/ZnO(0007)." The
1000 K/T .

results of ambient-pressure X-ray
photoelectron and infrared
spectroscopies, plus density-function
calculations, point to a reaction
mechanism that involves the initial
formation of a OCOH species which
can yield CO or HCO (formyl), H,CO
(formaldehyde), H;CO (methoxy) and methanol upon hydrogenation.” The calculated energy
barriers for these processes were all lower than 14 kcal/mol and the reaction intermediates were

simultaneously bonded to Cu and ceria sites at the metal-oxide interface.’

A

[ %]

i

Ln{rate/(1 0'"®*molecules cm? ™! )

Figure 1: Arrhenius plots for the rates of methanol
production from CO, hydrogenation on copper-oxide
catalysts. Pco,= 0.5 atm, Pyp=4.5 atm.’
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2. Conversion of CO, on metal/carbide catalysts. There is a growing interest to use metal carbides for
conversion of CO,." Using MoC(001) and Mo,C(001) surfaces, we have investigated the effects of the
metal-to-carbon ratio in the carbide on the hydrogenation of CO,.® The molecule chemisorbs molecularly
on MoC(001) and there is no dissociation of C-O bonds. The breaking of one of these bonds can be
achieved by hydrogen to form a HOCO intermediate. On the other hand, there is spontaneous
dissociation of CO, on M02C(001).6 This different patterns for the reactivity towards CO, mark the trends
seen for the hydrogenation of the molecule. On a surface with a metal-to-carbon ratio of 1:1, MoC(001),
only CO and methanol are seen as reaction products for CO, hydrogenation.®"" On the other hand, on a
surface with a metal-to-carbon ratio of 2:1, M0,C(001), methane and other alkanes are also seen as
reaction products.”’ The metal-to-carbon ratio has a strong effect on the activity, selectivity and stability
of the carbide catalyst.

Two-dimensional Cu and Au clusters in contact with TiC(001) and molybdenum carbides undergo a

significant polarization of electrons (Figure 2) that enhances their reactivity towards CO,."" Cu(111) and
Au(111) do not bind the CO, molecule at
all. Adsorption of CO, on these surfaces
Cu,ITiC(001) can be achieved in the presence of H
S 4 $% ¢ adatoms and yields a  formate
intermediate, which is very difficult to
transform into methanol.®® In contrast,
the  Auy/TiC(001) and Cus/ TiC(001)
systems bind the CO, molecule well.® On
Cuy/ TiC(001), CO, is bound in a n’
configuration with a large elongation of
the C-O bonds. The metal/carbide systems
bind and dissociate the H, molecule very
well, yielding a reservoir of hydrogen
atoms that can be wused for the
hydrogenation of CO, all the way to
Figure 2: Calculated electron density plot for Cuyand methanol.
Auy clusters supported on TiC(001)° Indeed, excellent performance for
the CO,—CH;0H reaction was
observed after depositing Cu or Au on TiC(001) and MoC surfaces.*’ The results of DFT
calculations indicate that a OCOH species is again a key intermediate in the production of
CH;OH.’ The turnover frequencies for methanol production on Cu/TiC(001) are 170-500 times
much larger than on Cu(111).® High catalytic performance was also observed after depositing Cu
on MoC.” A comparison of the performance of Cu/MoC and Cu/Mo,C showed that the
metal/carbon ratio in the carbide plays an important role defining the activity, selectivity and
stability of the catalysts for the conversion of CO, to methanol. The Cu/Mo,C surface was
extremely reactive towards CO, completely dissociating the molecule. On Cu/Mo,C, the
hydrogenation of CO2 produced methane as a side product and the catalyst was not stable with
time due to the formation of oxycarbides.™

3. 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.” The integration of IR or Raman with
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XAFS  (Figure 3) allows a
simultaneous determination of the
reaction intermediates on the surface
and the chemical state and structure of
the catalyst.® Raman spectroscopy adds
sensitivity to crystallographic phase Gas Inket
and long range order that both XANES
and EXAFS are lacking. In-situ PDF

has been used to study the structure of | HT;: ° Oos O, _ | Tonization Chamber
amorphous metal and metal oxide )
nanoparticles under reaction.™ Using a
XAFS/IR  combination, we have

Raman Spectrometer

I, Ionization Chamber

studied reaction mechanisms and Calatyet

corre'lajuons betwgen . structure/ | Figure 3: Instrumental set-up for combining XAFS and
reactivity for CO oxidation and CO; | Raman®

hydrogenation.™

Fundamental Studies on the Water-gas Shift

Current industrial catalysts for the water-gas shift reaction (WGS, CO + H,O = H, + CO,)
are commonly mixtures of Fe-Cr and Zn-Al-Cu oxides, used at temperatures between 350-500 C
and 180-250 C, respectively. These oxide catalysts are pyrophoric and normally require lengthy
and complex activation steps before usage. Improved catalysts are being sought, particularly for
lower temperature (e.g., at T<150C, equilibrium lowers the product CO concentration into ranges
for direct fuel cell use without further purification.). Ceria (Au, Cu or Pt on CeQ,), titania (Au,
Pd or Pt on TiO;) and molybdena (Ni, Cu and Au on M0O,) based nanostructured catalysts are
very promising new candidates for high activity, lower temperature operation in WGS systems.
However, the design and optimization of these and other metal/oxide WGS nanocatalysts are
hindered by controversy about basic questions regarding the nature of the active sites and the
reaction mechanism.

A series of model catalysts {CeOx/Cu(111), CeOx/Au(111), Pt/CeO,(111), Ni/CeO,(111),
Pt/Ti10,(110), Pt/CeOx/Ti0,(110)} was used to study fundamental aspects of the water-gas shift
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 vacancies in the oxide greatly
facilitates the dissociation of water."* And second, the electronic properties of the metal can be
affected by interactions with the oxide producing special chemical properties.'*'* This is the case
in the Ni/CeOx(111), Pt/CeO,(111) and Pt/CeO,/TiO5(110) systems.'>'* The results of valence
photoemission point to a new type of metal-support interaction which produces large electronic
perturbations for small Ni and Pt particles in contact with ceria.'* The Ni/CeOa(111)
Pt/CeO,(111) and Pt/CeO4/TiO2(110) systems exhibited a density of metal d states near the
Fermi level that was much smaller than that expected for bulk metallic Ni or Pt.">'* The
electronic perturbations induced by ceria on Ni made this metal a very poor catalyst for CO
methanation, but transformed Ni into an excellent catalyst for the production of hydrogen
through the water-gas shift.'* Furthermore, the large electronic perturbations seen for small Pt
and Ni particles in contact with ceria significantly enhanced the ability of the admetal to adsorb
and dissociate water made it a highly active catalyst for the water-gas shift.'* The behavior seen
for Ni/CeO,(111), Pt/CeO,(111) and Pt/CeO/TiO,(110) systems illustrates the positive effects
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derived from electronic metal-support interactions and points to a promising approach for
improving or optimizing the performance of metal/oxide catalysts.'>'*

Nanostructured materials for catalysis

This subtask of the FWP provides nanostructured materials that are currently used in
experiments for CO, hydrogenation and the water-gas shift.'>*""™"! Inyerse oxide/metal
catalysts can be very powerful tools to study the mechanism of surface reactions.'>'®'” A
combination of theory and experiment was used to investigate electron transfer at Cu-metal
oxide interfaces and its potential role in determining reactivity” " Bonding interactions leading
to Cu—oxide electron transfer are expected to stabilize the formation of oxygen vacancies which
can enhance the WGS activity of Cu catalysts by acting as active sites for water dissociation.'®"
In this study, we have examined how electron transfer varies with the size, atomic structure and
state of reduction for a number of different inverse model catalysts composed of size-selected
metal oxide nanoclusters (MOy; M = Mo, W, Ti, Nb) deposited on Cu(111) and Cu,O/Cu(111)
surfaces. A major advantage of mass-selected deposition is the ability to control stoichiometry
of the clusters, i.e., metal-to-oxygen ratio, thereby allowing studies of “reduced” clusters without
post annealing treatment of the surface. Novel two-photon photoemission (2PPE) measurements
were used to extract surface dipoles as a probe of interfacial electron transfer and temperature
programmed reaction (TPR) was used to assess activity for water dissociation.'™'” All the oxide
clusters on Cu(111) exhibit negative surface dipoles, indicative of Cu — cluster charge transfer,

with the dipoles for sub-stoichiometric and reducible oxides
(i.e., TiyOy and Nb,Oy) being smaller. The observed trends are
generally consistent with Bader charge analyses from DFT
calculations, but in some cases, the calculations suggest that the
intrinsic dipole of the deposited cluster (structure dependent) is
more important than charge transfer. TPR experiments show
that the Ti,Oy and Nb,Oy clusters promote water dissociation,
with the ‘reduced’ Ti Oy clusters (x/y = 3/5, 4/7) more active
than their stoichiometric counterparts (x/y = 3/6, 4/8). The
Nb,Oy clusters behave differently, with both stoichiometric (x/y
= 3/7, 4/10) and reduced clusters (x/y = 3/5, 4/8) able to
dissociate water on Cu(111) (see Figure 4)." Moreover, only
the reduced Nb,Oy clusters show activity for water dissociation
on the CuyO/Cu(111) oxide thin film surface. Overall, we find
that the magnitude of electron transfer (surface dipole) and
oxide cluster stoichiometry are correlated, and these influence
the ability of the cluster to promote water dissociation by

Ti;0¢ .
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modifying the coordination and oxidation state of the cation
active site.

We made great efforts toward bridging the pressure gap
and the material gap between theoretical modeling using DFT
and experimental conditions. It enhances the comparability
between theory and experiment, enabling theory to provide
more meaningful insight into the reaction mechanism and active
sites. In this aspect, new approaches were used to investigate the
oxidation of CO on supported iron oxide nanoparticles'’ and the
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Figure 4. TPR traces for the D,
product resulting from the
dissociation of D,O on various
metal oxide clusters deposited
on Cu(111). Cluster coverage
was ~6x 10%/cm® for all
surfaces.




oxygen reduction reaction (ORR) on various AuPdy@Ptur core-shell nanowires.™
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Presentation Abstract

The overarching goal of this collaborative research project is to develop new catalytic principles
for bringing together the best features of homogeneous and heterogeneous catalysis and
ultimately enable the design of efficient catalysts with molecular-scale control of chemical
conversions, particularly those relevant to reduction of highly oxygenated compounds. The
substantial challenges for rational design of catalysts for selective conversions require
understanding and control of the catalytic environment and reaction mechanisms. These
requirements are addressed through the design of 3D, mesoporous interfacial catalysts. Doing so
provides advantages in catalyst recovery, reaction control, sensitivity and efficiency. Our efforts
combine expertise in mesoporous catalyst synthesis, transition metal chemistry, mechanisms of
catalytic reactions, and solid-state (SS)NMR. Here, we specifically highlight catalytic reductions
mediated by earth-abundant metals in 3D mesoporous catalytic materials, and catalytic systems
that enhance the activity and selectivity of precious metal catalysts. Our development of single-
site grafted zirconium catalysts for reductions of oxygenates are presented. In addition, we have
advanced SSNMR characterization methodology utilizing ultrafast MAS. Studies of our
developments of new 3D materials for catalytic applications, as well as spectroscopic studies
utilizing the emerging SSNMR methodologies that employ dynamic nuclear polarization (DNP),
are shown in separate presentations.
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RECENT PROGRESS

(1) Selective reduction of fatty acids to fatty alcohols by synergistic Copper-Iron oxides. One of
the specific goals of our program is to design catalytic systems for selectively reducing
oxygenated species under milder conditions than conventional catalysts. Because fatty alcohols
are an important chemical commodity (>2.5 million Ton/yr  -mconversion “-Octadecanol -4-Alkane
market) and the process involves high temperatures and H, 100
pressures (300 °C, 200 — 300 bar), developing more efficient 80
catalysts that lower the energy input of the process is of
significant interest. Our previous research within this FWP &
identified iron/iron oxide nanoparticles supported on
mesoporous silica nanoparticles (MSN) as an efficient 2
catalyst for hydrodeoxygenation of fatty acids to 0l
hydrocarbons under relatively mild conditions (290 °C, 30 bar Cu-MSN
H,), and provided evidence that fatty alcohols were
intermediates in the reaction.'’ Because iron oxide is able to 60 -
dehydrate alcohols at temperatures higher than 200 °C, the 40 -
resulting alkenes are quickly hydrogenated to alkanes under
the reaction conditions. Thus, we considered that lowering the

reaction temperature to 200 °C or less should prevent alcohol 103 IWF e(;( MEN
dehydration and give the desired product. However, TPR
studies of iron oxide catalyst on MSN suggested that metallic
iron (required for H, activation) does not form in significant
amounts below 250 °C, which limits the number of H,
activation sites and gives poor fatty acid conversion at 2
200 °C. Because copper oxide nanoparticles are easier to 0 A

reduce than iron oxide (TPRpy. at 170 °C), we considered 1201000 et ecr 2
forming a complex catalyst supporting both metal oxides on Figure 1. Hydrogenation of stearic
MSN and testing the activity at temperatures where Ccu’ acid using metal/metal oxide
would be expected to form. The composite catalyst was much nanoparticles supported on
more active than the corresponding single metal oxides under mesoporous silica nanoparticles
moderate conditions, giving >95% yield of fatty alcohols at (MSN), batch mode, 30 bar H, 3 h,
180 °C and 30 bar H,. Under those conditions, mono-metal 10 mg cat, 10 pmol substrate.
oxide catalysts gave only <3% conversion of fatty acids and

Fe/FeOx-MSN

80

60

40

Mo poorer selectivity. The activity of the co-

e L;m q%gétk ?/:@Z%;%ﬁ supported oxides was alsq signiﬁcgntly ‘higher
"“’H;Z /%‘%Sw:" o \—/H: ol %6%,0“” than that of a physwgl mixture of individually
oﬁg@/ oi‘ggfmg 4 3 . W\M Al supported metal oxides, which suggested a
°:S\\'Sﬂi§%g§§5 AN /\; /85.’5 ;\g I‘\i?féto‘ /% ne, synergistic  behavior of the composite.
5 %\;&%@?ﬁ%\;&%ﬁ’ /\\@;bé\; -« ®.  Dispersion, XRD, TPR and acetic acid TPD
ro\/g:gj; \ S;%g:;%f}ﬁi/g experiments showed that the original material

O#t‘*’/ ! °§f”°§9§£§§j:}\~§§ G was a mixed copper-iron oxide, that segregates

g o into metallic copper and iron oxide at 150 °C.

Figure 2. Proposed mechanism of the synergistic ~ Qur data suggest that in situ reduction of copper
selective reduction of fatty acid to its alcohol. oxide to its metallic form provides sites for H,
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activation, and that the activated hydrogen spills over to iron oxide where fatty acids bind and
are selectively reduced to the alcohol.®

(2) Transfer hydrogenation of phenol in aqueous media catalyzed by Pd/Na-doped ceria. Our
previous research showed that ceria is a robust and active support for the Pd-catalyzed reduction
of phenol, providing quantitative conversions at room temperature and only 1 bar H,. Since the
activity of ceria seems to be related to its defect sites, we decided to enhance the number of
defects by doping the oxide with metals that would disrupt the lattice. Using a combustion
synthesis approach we discovered that addition of Na produced a material with increased number
of defects, as indicated by Raman spectroscopy and oxygen storage capacity (OSC)
measurements. The increased number of

defects translated into enhanced redox 1500 | ©7®-0—0-¢ o000 000
activity, as evaluated by comparing the 1200 4
rates of aerobic 2-propanol oxidation
between the undoped and the Na-
containing ceria. Sodium doping increased .\'*H—O—Q—H_._H—o/'
acetone formation rate twofold. Based on o —
these results we attempted to couple ceria o 1 2 3 4 5 6 7

. . . Time (days)
catalyzed 2-propanol oxidation with Pd Figure 3. Transfer hydrogenation of phenol catalyzed

catalyzed reduction of phenol. It was by Pd on ceria (blue) and Pd on Na-doped ceria (red).
expected that Pd could promote hydrogen  Conditions: 0.15 M PhOH, 90 v/v % i-PrOH g, 0.5 g
transfer between the two substrates. The  cat., 0.1 mL min™, T = 140 °C, Vieq = 0.4 mL.

reaction was performed in flow mode, and

high (80%) and stable (over 7 days continuous flow) conversions were obtained using Pd
supported on Na containing ceria. Consistent with the behavior observed for the 2-propanol
oxidation, the rate was around 4 times higher using the Na doped material than the undoped ceria
(Fig. 3), with apparent activation energies of 11.8 = 0.4 and 27.4 + 0.7 kcal/mol respectively.

(umol g h-1)
(2] [{o}
o o
o o

Phenol Conversion
w
o
o

(3) Catalytic hydroboration of carbonyls with an oxophilic surface-supported zirconium
catalyst. The hydroboration of aldehydes and ketones using a silica-supported zirconium catalyst
is reported.” Reaction of Zr(NMe,), and Mesoporous Silica Nanoparticles (MSN) provides the
catalytic material Zr(NMe,),@MSN. Characterization of Zr(NMe,),@MSN with solid-state
NMR and infrared spectroscopy, elemental analysis, powder X-ray diffraction, electron
microscopy, and reactivity studies suggests that its surface structure is primarily the monopodal
=Si0-Zr(NMe,); (data detailed in Table 1).

Table 1. Characterization data for Zr(NMe,),@MSN.

Experiment Observation Interpretation
Electron microscopy/EDX  well-dispersed Zr no Zr or ZrO, clusters formed
1.2 mmol HNMe, detected/g MSN
Reaction stoichiometry 1.0 mmol Zr(NMe,), consumed/g
MSN
ICP-OES 0.91 mmol Zr/g zirconium loading established
Zr:NMe, ~ 1:2.7 suggests a 3:7
C, N combustion analysis 4.9 mmol C/g, 2.5 mmol N/g mixture of Zr(NMe,), and
Zr(NMe,); groups
"C DPMAS/spin Zr:NMe; ~ 1:3 suggests
counting b 2.7 mmol NMe,/g primarily three Nl%/[gez—containing
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ligands/Zr

IR new vcy bands at ~2900 cm™!
von band at 3747 cm™! not detected

NMe, groups present on surface
isolated silanols have reacted

strong signal at —355 ppm polarized

nitrogen is primarily present as

15 .

N SSNMR: by Me groups, weakly by H dimethylamide groups
Reaction with HBpin 2.5 mmol Me,NBpin formed/g ca. 2.7 reactive NMe, groups per
(below) Zr(NMe,),@MSN Zr center

Excitingly, the "N NMR spectra of Zr(NMe,),@MSN under natural isotopic abundance

obtained under DNP-enhanced conditions
matched the conventional CPMAS spectrum
acquired using an *N-enriched sample (Fig.
4). Thus, we show for the first time that the
DNP experimental conditions, employing
tetrachloroethane and the nitroxide-based
TEKPol biradical, are compatible with a
reducing, early-metal amide surface species.
For comparison, the nitroxide TEMPO and
(solution-phase) Zr(NMe;)4 react in benzene
rapidly, and Zr(NMe,)s also reacts with
tetrachloroethane. In addition, the CP build-
up curves indicate that the nitrogen is
polarized by methyl groups, not NH,
indicating that the primary surface species is
a zirconium amide, rather than amine.

This material reacts with pinacolborane
(HBpin) to provide Me,N-Bpin and a

surface bonded zirconium hydride, which was characterized by solid-state NMR spectroscopy

A

o
A

450
T -400
g
= -350 =
7. -300 &
250
& o
-200
300 350  -400 15 10 5 0 5 -0
8N (ppm) 5 *H (ppm)

Figure 4. (A) Top spectrum: DNP-enhanced 5N CPMAS
spectrum of Zr(NMe,),@MSN under natural '*N abundance.
Lower spectrum: skyline '°N projection of the 2D '“N-'H
idHetcor spectrum in figure (B). (B) 2D 5N-'H idHetcor
spectrum of *N-enriched Zr(**NMe,),@MSN.

and infrared spectroscopy and through its reactivity with D, (summarized in Table 2).

Table 2. Characterization of ZrH/Bpin@MSN.

Experiments Observations

Interpretations

Reaction stoichiometry:

2.5 mmol Me,NBpin formed/g

all but ca. 0.2 mmol NMe,/g are
desorbed from the material

Zr(NMe,),@MSN + HBpin

Zr(NMe,),@MSN

ICP-OES: Zr(NMe;),@MSN +
HBpin

0.89 mmol Zr/g material
0.86 mmol B/g material

the Zr:B ratio is ~ 1:1, and Zr
does not leach from MSN

IR:

Reaction with D,, then H,

vz observed at 1592 cm'™!

band at 1592 cm™' disappears
upon D, addition, then reappears
upon H, addition

ZrH formed using HBpin is
distinct from (=Si0);ZrH

exchangable zirconium hydride

"H SSNMR:

treatment with D,

Oz at 6.9 ppm, 0.5 mmol H/g
Signal disappears upon D,
addition

the zirconium hydride surface
species is distinct from
(=Si0);ZrH
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The zirconium hydride material or the zirconium amide precursor Zr(NMe,),@MSN catalyze the
hydroboration of aldehydes and ketones with HBpin. This catalytic material may be recycled
without loss of activity at least eight times, and air-exposed materials are catalytically active,
showing that these single-site zirconium centers are robust catalytic sites for carbonyl reduction.
Note that the Zr center is bonded to the surface by Zr-O interactions, and these are not disrupted
by the HBpin reagent. In contrast, the [Zr]-OCHR; catalytic intermediate reacts rapidly with
HBpin to give the product and catalytic turnover.

(4) New ligands for early metal catalysts. A new class of cyclopentadiene-bis(oxazoline)
compounds and their piano-stool-type organometallic compounds have been prepared as
catalysts for hydroamination of aminoalkenes.” The two compounds MeC(Ox"%),CsHs
(BoMCpH; Ox™*? = 4 4-dimethyl-2-oxazoline) and MeC(OxV?),CsMe;H (BoMCp*H) are
synthesized from CsR4HI (R = H, Me)
and MeC(OxM*),Li. The use of
| , electrophilic iodocyclopentadiene
. 2 MeG(OxMe2),| j .
Li[CsMeH] ————» CsMeHI ———— 5 | |o provides a new approach for
pentane —20°Ctort. : ; :
rat0.20°C  insitu ah, Ll §:/N N{ fflecor‘atlng' Cp ligands and adding
8h, —Lil : unctionality.

BoMCpeH (6% . . .
ONCPEH08%)  These cyclopentadiene-bis(oxazolines)

are converted into ligands that support a variety of metal centers in piano-stool-type geometries,
and here we report the preparation of Mg, Tl, Ti, and Zr compounds. Bo™CpH or Bo™Cp"“*H
react with MgMe,(dioxane), to give the magnesium methyl complexes {Bo“'Cp}MgMe and
{BoMCp*tMgMe. Bo™CpH or Bo™Cp*H are converted to Bo™CpTl and Bo™Cp™'TI by reaction
with TIOEt. The thallium derivatives react with TiCl3(THF); to provide {Bo™Cp}TiCl, and
{BoMCp"} TiCl, the former of which is crystallographically characterized as a dimeric species.
BoCpH and Zr(NMe,), react to eliminate dimethylamine and afford {Bo™Cp}Zr(NMe,)s,
which is crystallographically characterized as a monomeric four-legged piano-stool compound.
{BoMCp} Zr(NMe,)s;, {Bo™Cp}MgMe, and {Bo“Cp“}MgMe are efficient catalysts for the
hydroamination/cyclization of aminoalkenes under mild conditions. A trend in activity of
oxazoline-substituted cyclopentadienyl ligands follows: {PhB(OXMeZ)ch}ZI‘(NMez)z >
{BoMCp} Zr(NMe,); > CpZr(NMe,)s. Remarkably, the parent

piano-stool complex catalyzes some conversion of the typical X

aminoalkene to 2-methyl-pyrrolidine under mild, room pp... NH2—> | NH
temperature conditions (ca. 60 °C for full conversion). It is  pp PEF}

also interesting to note that the combination of the

bis(oxazoline) and cyclopentadienyl ligands on zirconium gives more reactive catalytic species
than the oxazoline-free CpZr(NMe;); catalyst precursor.

(5) Solid-state (SS)NMR spectroscopy. SSNMR is our spectroscopic tool of choice for atomic-
scale characterization of the surfaces and interfaces of crystallographically disordered catalytic
materials. These studies use state-of-the-art ‘conventional’ SSNMR methods based on direct
excitation of nuclear spins, as well as “hyper-polarization” of 'H and/or other nuclei via
dynamic nuclear polarization (DNP). DNP provides game-changing boost to SSNMR’s
sensitivity through excitation of the unpaired electrons at their electron paramagnetic resonance
(EPR) frequency and subsequent transfer of polarization to the material’s nuclei of interest. The
capabilities and applications offered by DNP SSNMR are described separately in our
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presentation entitled “Characterization of Catalytic Materials by DNP-enhanced Solid-State
NMR”.

Conventional SSNMR. Previously, our program has benefitted from characterizations by two-
dimensional (2D) correlation methods under fast magic angle spinning (MAS) at rates of ~40+
kHz, some of which we developed. A most recent area of inquiry for SSNMR methodology
involved 2D heteronuclear correlation (HETCOR) spectroscopy under ultrafast MAS, at rates
exceeding 100 kHz. Our experiments, carried out in collaboration with JEOL Resonance Inc.,
demonstrated that this technology affords surprisingly high efficiency of heteronuclear
polarization transfer (e.g. "H-""C) and endows SSNMR with spectral editing capabilities hitherto
limited to solution NMR, essentially instituting the convergence of solid-state and solution
NMR. For example, highly resolved 2D HMQC- and
HSQC-type spectra of surface species can be acquired
on natural abundance samples. These experiments
will provide new insights about intra- and
intermolecular correlations, which in turn are needed
to unravel the conformations of surface species,
characterize  the  distributions of  multiple
functionalities, and understand the cooperative
catalytic phenomena.

A 2D HETCOR 'H{"*C} (HSQC-type) spectrum of M

natural abundance mercaptopropyl functional groups o — ,

(MP) on MSN surface prepared by the Slowing group 205 . b ' i
is shown in Fig. 5."7 In spite of the minuscule sample ’ |

volume (290 nL) and the low concentration of
surface-bound groups (comprising less than 20
nanomoles of *C-"H pairs), we obtained the spectrum

within hours. The experiment was very easy to
optimize and vyielded excellent resolution in 'H
dimension without resorting to 'H-'H homonuclear 08 6 42 0 2 4

RF decoupling. The HMQC spectra of surface-bound H Chemical Shift/ ppm

species can be also acquired under 100 kHz MAS,

although the decoherence of transverse "H  Figure 5. Top: the MAS rotor capable of MAS
magnetization of strongly coupled spins has at 100+ kHz in a prototype JEOL Resonance
.. . . Inc. probe. Bottom: "H-"C HSQC spectrum of

significant influence on the transfer efficiency. These  \pMsN taken at 14.1 T under MAS at 100

methods offer an attractive strategy for probing  kHz

surface species in mass-limited samples that are not

amenable to DNP conditions.

“C Chemical Shift / ppm
8 8 8
~ ﬂ', =
F, -3 i 9
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The CleanCat Core Facility — a Facilitator and Educator in Catalysis Research
Neil M. Schweitzer, Randall Q. Snurr, Peter C. Stair

Northwestern University, Center for Catalysis and Surface Science

Presentation Abstract

The Clean Catalysis (CleanCat) Core Facility at Northwestern University is dedicated to
aiding investigators and students in the advancement of understanding the catalytic function of
materials for environmental and energy processes. Supported by the Center for Catalysis and
Surface Science (CCSS) and perhaps the first of its kind in the United States, the CleanCat lab
has been instrumental in the cross cutting efforts of ICEP. It serves as a centralized location
where students with vastly different expertise can both learn about experimental techniques used
in catalysis research and also get hands-on experience performing such experiments. We not
only train students to use equipment, we teach students how to collect data that answers
their research questions. This poster demonstrates CleanCat’s dual role in ICEP as both
facilitator and educator in catalysis research.

As a facilitator, CleanCat provides lab space, equipment, and expertise required to perform
both standard and difficult experiments. For example, we helped ICEP researchers construct a
reactor to study vapor phase cyclohexene epoxidation on a mesoporous TS-1 using vapor phase
hydrogen peroxide. Extensive kinetic studies yielded valuable insight into the epoxidation
mechanism, suggesting that competitive co-adsorption between hydrogen peroxide and water on
the titania site control the observed kinetic parameters. The true kinetic parameters for these
reactions can only be determined under specific experimental conditions.

As educator, CleanCat staff has organized a seminar series entitled: “Modern Techniques in
Heterogeneous Catalysis.” The seminar discusses some fundamental concepts, but focuses more
on practical aspects of experimentation that comes with experience: how experiments are
performed, why they are performed certain ways, what are the limitations of certain techniques,
and the limits of data analysis and interpretation. The underlying goal is to give students 1) a
better understanding of instrumentation they typically run as a “black box” and 2) to help

students critically evaluate data presented in literature.
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Unraveling Reforming Reactions over Ni-CeOX Catalysts:
Importance of Metal-Oxide Interactions in Chemical Conversion

Sanjaya D. Senanayake, Zongyuan Liu, Si Luo, Iradwikanari Waluyo, David C. Grinter, Dario J.
Stacchiola, Jose A. Rodriguez
Chemistry Department, Brookhaven National Laboratory
Upton, NY 11973 (USA)

Presentation Abstract

We have studied several conversion reactions including Steam Reforming (SR:
CoH5OH+3H,0—2C0O5+6H5) and Dry Reforming (DRM: CHy+CO,—2CO+2Hy) over

Ni-CeOy powder and model catalysts to elucidate the active species and reaction mechanism

utilizing in Situ experimental methods including hard X-ray spectroscopy/scattering
(XRD/EXAFS) and soft X-ray and infrared spectroscopy (AP-XPS/RAIRS). We have identified

strong interactions between small Ni nanoparticles (NiO/Ni6+) and reduced CeOy surfaces

(Ce4+/Ce3+) particularly under heavily reducing catalytic environments. The chemical state of
Ni and the electronic effects that result are especially important for catalytic chemistry. This
metal-oxide interaction is also important for the activation of C-C, C-H, O-C-O and O-H bonds
towards the dissociation of challenging reactants. Properties typical for bulk Ni can be mitigated
by sustaining the interaction between Ni and the Ceria support, including methanation, particle
sintering, coke formation and encapsulation. Strategies to improve stability of Ni-CeOy catalysts

yOZ) where Ni is
protected as a dopant inside CeOy lattice or with the incorporation of interfacial agents such as

have been successfully tested including the synthesis of solid solutions (Ni,Ce

W, Ti that stabilize metal-oxide interactions.
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Wendy J. Shaw

Achieving enzyme-like behavior with amino acids and peptides in the outer coordination
sphere of hydrogenase mimics

Wendy J. Shaw, Nilusha Borolugodage, Arnab Dutta, John Roberts
Pacific Northwest National Laboratory

Presentation Abstract and Recent Progress

Hydrogenases interconvert H, and protons at high rates and with high energy efficiencies,
providing inspiration for the development of molecular catalysts. Studies designed to determine
how the protein scaffold can influence a catalytically active site have led to the synthesis of
amino acid derivatives of [Ni(P*2N¥,),]*" complexes, [Ni(P<Y,N*™" 2 12* (for H, oxidation)
and [Ni(PP",NP-Amin acid ) 12* (o H, production). For H, oxidation catalysts, the amino acids
render the complexes water soluble, and the resulting catalysts have faster rates and significantly
lower overpotentials than the unmodified complexes. Reminiscent of enzymes, electrochemical
reversibility is achieved while fast rates are maintained (Figure 1, left). The influence of the
amino acids on these catalytic properties is proposed to result from directly transferring protons
via the carboxylic acid groups (Figure 1, right) as well as interactions between the side chain
groups such as guanidinium or aromatic groups that result in structural modifications to facilitate
H, addition and electron transfer. These observations demonstrate that outer coordination sphere
amino acids work in synergy with the active site and can play an equally important role for
synthetic molecular electrocatalysts as the protein scaffold does for redox active enzymes.
Moving forward, the principles learned here will be applied to CO, hydrogenation catalysts, with
some initial results demonstrating feasibility.
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Figure 1. (Left) Electrochemical reversibility was achieved at room temperature
for [Ni(P<,N"",),]*" (Cy=cyclohexyl, Phe=phenylalanine). This behavior is
seldom observed in molecular catalysts and is reminiscent of the behavior in
enzvmes. (Riodhty NMR EXSY data confirm that the -COOH oronuns in the onter
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This work is part of FWP AL-03-380-011: “Homogeneous and Interfacial Catalysis in 3D
Controlled Environments”. For more details please see abstract by Aaron D. Sadow.

Presentation Abstract

The effects of surface chemistry of organofunctionalized mesoporous silica on the performance
of catalytic reactions were investigated using computational and experimental methods.

Experimental studies by us and other groups have shown that surface silanols play an active
role in the aldol and related condensations catalyzed by amines on mesoporous silica. Kinetic
and spectroscopic evidence suggested that surface Si-OH groups activate substrates and act as
proton shuttles between reaction intermediates. These hypotheses were further evaluated via
computational modeling. The initial step of the aldol condensation catalyzed by amines on silica
was modeled using a large molecular cluster (1718 atoms, Si39p09¢5sCsNH361) with surface
integrated molecular orbital/molecular mechanics (SIMOMM) and fragment molecular orbital
(FMO) methods. Comparison of the reaction pathways with and without silanol participation
showed that silanols induce a large drop in activation barriers (around 20 kcal/mol calculated by
MP2//DFT/M06-2X), and suggested the mechanism involves the silanol groups forming and
breaking covalent bonds in the carbinolamine step of the reaction. Further work is in progress to
model the entire reaction mechanism.

Modification of the surface of mesoporous silica with organic moieties can be used to control
local environments and induce solvent-like effects on supported catalysts. To better understand
these pseudo-solvent effects, we explored structure-property relationships between surface
organic modifiers and Stokes shifts of a solvatochromic dye. Comparing the shifts of the dye in
the materials and in protic solvents allowed producing a local polarity scale for functionalized
pores. The measurements were performed in aqueous suspensions of mesoporous particles,
demonstrating that the dielectric properties within the functionalized pores were different than
those of the bulk solvent. The importance of controlling pore polarity was evidenced by fine-
tuning the catalytic activity of TEMPO in the aerobic oxidation of furfuryl alcohol to furfural in
water. An inverse relationship was found between pore polarity and catalytic activity of TEMPO
impregnated in the functionalized pores. This observation was explained based on the differences
in stabilization of the oxoammonium intermediate and the activated complex of the rate limiting
step by the local environment. These findings provide fundamental tools for the rational design
of catalysts with controlled local environments and tunable activity.
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Presentation Abstract

By reacting y-Al,O3 substrates with tetraecthylorthosilicate (TEOS) vapor at low temperatures,
the alumina surface can be selectively modified with isolated SiOy sites. Surface saturation of
these silicon species is reached at a density of 2.7 Si/nm”. The self-limiting nature of the
deposition reaction suggests it occurs preferentially at a single reactive site on the surface,
leading to the formation of isolated =Si(OH) sites. These materials were characterized by PXRD,
XPS, DRIFTS of adsorbed NHs, CO, and pyridine, and *°Si and *’ Al DNP-enhanced solid-state
NMR spectroscopy. NMR indicates that isolated Brensted acid sites of the form (-AlO);Si(OH)
are produced on calcination. DNP-enhanced *’Si-*’Si double quantum/single quantum (DQ/SQ)
correlation NMR spectroscopy confirmed that the silanols are, indeed, isolated. In-situ DRIFTS
measurements indicate that the TEOS reacts preferentially at strong Lewis acid sites on the
alumina surface. The catalytic competence of the silanol Breonsted acid sites was evaluated using
the liquid-phase dehydration of cyclohexanol to cyclohexene as a diagnostic reaction. The
isolated silanol sites exhibit up to 3.5-fold higher specific activity than the parent y-Al,Os

substrate with identical selectivity.
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Background

Most commercial catalysts are inhomogeneous, containing numerous different possible
active sites. Some of these are spectators, playing no role; some are active for desirable reactions,
others lead to undesirable side products. Since direct interrogation of individual active sites in an
inhomogeneous system is rarely possible, in almost all cases only indirect evidence about the key
sites and steps can be gleaned from experimental and theoretical models. However, more than
this will be required to achieve truly disruptive advances in our understanding of important
catalytic processes. An overarching ICEP goal is targeted research to address the inhomogeneity
challenge in heterogeneous catalysis. The ICEP vision is to create catalysts with unique types
of active sites in an atomistically controlled fashion so that we can move beyond indirect
evidence to definitive, control-oriented science. We do not target optimization of specific
commercial reactions, rather focus on how the different types of active sites we create can alter
catalytic activity and selectivity for the C-C, C-H, and C-O transformations of interest in energy
applications. Specific probe reactions have been selected to provide a detailed chemical view of
catalyst uniformity.

ICEP Organization
The ICEP team is organized into three complementary and interacting thrusts, each of which
focuses on different classes of materials ICEP Thrusts and Sub-Thrusts

systems.

Thrust 1. Understanding and Control of I\II iupp?tr_teld g %X'de' EI:]I'.?art]?rllygf
Catalyst Performance by Metal-Oxide anoparticies In);:ar(;aces vironments
Nanopartlcle SyStem DeSIQn' The focus is Nanoparticle control | Tuning Creating new

on creation and control of supported metal
nanoparticles using new strategies for
designing the interaction of nanoparticles
with oxide supports. We borrow from well-
developed concepts in the fields of epitaxy
and nanoscale engineering as well as new
strategies for controlling the active sites on
nanoparticles using advanced fabrication
methods such as Atomic Layer Deposition
(ALD).

by the substrate (1.1)

Extended control of
active sites (1.2)

nanocrystalline
supports (11.1)

Precursor design
& deposition
strategies (11.2)

Nanocavity
Stuructures (11.3)

electrophiles (111.1)

Organometallic
complexes supported
on MOFs (111.2)

Cage-like
environments (111.3)

Metal-siloxane
complexes (111.4)

Thrust Il. Atom-Scale Control of Critical Oxide-Oxide Interfaces makes use of three
strategies: A) Lattice and electronic tuning of nanocrystalline supports, B) Novel precursor
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design and implementation, and C) Novel oxide nanocavity structures. These three
complementary approaches seek to impart control at the length scales appropriate for oxide
catalysis: atomic scale control of the support and the active oxide in approaches A and B, and
nm-scale control in approach C.

Thrust 111. Understanding-Based Manipulation of Catalytic Environments draws inspiration
from homogeneous organometallic and enzyme catalysis and uses soft matter ligand concepts
analogous to the effects of inner or outer sphere ligands in coordination chemistry.

Examples of Recent Results:

Thrust I: Understanding and Control of Catalyst Performance by Metal-Oxide
Nanoparticle System Design.

Key to the ICEP effort is achieving suitable quantities of different shape-controlled oxide
supports. The groups of Bedzyk, L. Marks and Poeppelmeier have made significant steps
forward. Strontium titanate nano-rhombic dodecahedra have been grown using a glycerol-
mediated hydrothermal synthesis. These are dominated by {110} planes which are TiO, rich
with a surface reconstruction that involves tetrahedrally-coordinated TiO4 units, Figure 1. These
contrast to existing nanocuboid strontium titanate nanoparticles that are dominated by {001}
surfaces which are also TiO, rich but with octahedral TiOs units. We now have two
fundamentally different surface structures in supports which are readily fabricated for catalytic
testing. The group is now moving forward with ALD deposition of Pd and Pt nanoparticles (NP)
and catalytic testing, with Stair, and the ICEP team.

Figure 1. Surface of {110} faceted nanoparticles along the [110] zone axis, inset with an image
simulation of the (3 X 1) reconstruction. The polyhedral atomic model on the right shows the tetrahedral
coordination of the TiO,-rich surface.

A second set of research achievements focused on what we call “artificial SMSI”, i.e.,
developing new approaches to oxide/metal-NP structures that mimic conventional SMSI effects,
but with more control so we can test in detail models for effects that are most important. One
project involved L. Marks, Poeppelmeier and Stair in ALD growth of both Al,O5; and TiO,
onto conventional SrTiO; supports; we find significant promotion of selective acrolein
hydrogenation to the unsaturated alcohol with a TiO, overcoat whereas Al,Os has no effect. In
parallel work, Kung demonstrated that decorating 1-2 nm Au nanoparticles with TiOx clusters
significantly changes the activity and selectivity of 2-propanol decomposition. As shown in
Table 1, the individual components of Au NPs on a SiO, support and a SiO, support decorated
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with TiOy clusters (TiO4/SiO;) show low activities. When Au NPs are decorated with TiOx
clusters (TiOx/[Au/SiO,] in Table 1), activities were high and acetone is the major product, with
propene selectivity increasing with increasing TiOyx coverage (3TiO4/[Au/SiO;] in Table 1).

Table 1. 2-Propanol decomposition at 180°C.

i-ProH Selectivity %
Catalyst

Conv. % Acetone CsHg
TiO,/SIO; 6.6 0 100
AuU/SiO; 2.7 45 55
TiO/[AU/SiOy] 45.5 86 14
3TiO,/[Au/SiO,] 34.7 34 66

A third area where the team has made significant progress is in creating/transforming single atom
catalysts to ones containing a very limited number of metal atoms. In several papers involving
Delferro, L. Marks, T. Marks, Schweitzer, and Stair we successfully combined sophisticated
organometallic synthesis with detailed catalytic testing, chemical spectroscopies such as high-
resolution solid state NMR and IR spectroscopy that are sensitive to precursor ligation and metal
atom cluster size, with aberration-corrected TEM. The first significant result was for Pt catalysts
and involved combining IR spectroscopy with ‘
aberration-corrected microscopy to demonstrate that the
spectroscopy was exquisitely sensitive to whether there
were large numbers of single atoms. Armed with these
data, we unequivocally showed that single Pt atoms are
not important for CO oxidation, only nanoparticles. More
recently the group has taken this further and is now using
combined aberration-corrected microscopy and IR
spectroscopies as a tool to guide synthetic strategies for
stabilizing single atoms and in the future, clusters with
only a few atoms created in high yields. As an example,
Figure 2 shows that ALD-ZnO overcoats significantly
reduce sintering. These first steps are opening doors to
new ways of determining in detail how cluster size and
environment effect catalytic performance, unravelling the

Figure 2. High angle annular dark field

. . image of Pt single atoms on an Al,O
key science that can lead to better catalysts in the future suoﬁort with 2(% ceveles of ZnO AIjD.3

by design.

Thrust I1: Atom-Scale Control of Critical Oxide-Oxide Interfaces

In parallel with Thrust I activities, ICEP researchers have focused on understanding and
controling speciation of oxides grafted onto nanocrystalline supports. The inability to directly
assess the size of supported MOx domains is a long standing challenge in supported oxide
catalysis. This arises in part from the difficulty in directly visualizing many important supported
oxide catalysts. A collaboration between Notestein and L. Marks utilizes TiO, (anatase)
nanosheets with lateral dimensions of order 100 nm, but thickness of <10 nm as supports. The
very thin, regular structure, allows aberration-corrected TEM to image atomic distributions of
suitably chosen supported oxides. Ta was deposited using two different precursors (Ta-

259



calixarene and Ta ethoxide) and imaged after
ligand removal by ozone. Some materials were
also overcoated with Al,O; by ALD prior to
removal of the Ta precursor ligands, thus
generating nanocavities in the alumina layer. Ta
was chosen for contrast between Ta and Ti.
Image (Figure 3) analysis enables a direct
comparison of TaOx dispersion arising from
different precursors and demonstrates that Al,O3
deposition does not alter the underlying TaOx
dispersion. Ta atoms act as markers for
nanocavities that cannot be imaged directly.

A second research area is the development of
new precursors to control metal oxide structure
in supported oxide catalysts. One example is the
developing new oxo precursors for Mo(VI) and  Figure 3. HAADF of Ta on a TiO, (anatase)
W(VI) ALD by T. Marks and Stair. The Mo nanosheet. Ta was deposited at an average
amidate precursor in Figure 4 contains metal-  surface density of 0.3 Ta.nm™. Note that the
oxo functionalities not previously available for ~ cntire sheet can be imaged. Surface includes
ALD. Films or isolated domains can be isolated Ta as well as small - clusters
synthesized by choice of deposition conditions. (examples circled)

These supported Mo and W oxides are acid and redox catalysts with very strong structure
sensitivity, and the precursors will help understand and control their structure, paralleling similar
advances made possible by ALD synthesis of supported VOx by this group.

H M,

O A R A A

m..... O3 o i
2 H(‘Bum / Major Minor

COy, NO,, H;0

Figure 4. Molybdenum amidate as the first dioxo precursor optimized for atomic layer deposition.
As shown here, using O; in the B cycle of deposition leads to growth of oxide and oxynitride films.

ICEP researchers are also developing new materials based on a ‘nanocavity’ platform. These
materials are proposed to consist of <2 nm diameter cavities in <2 nm thick oxide layers,
supported on a carrier oxide. Cavities are generated using an organic template, and the oxide
film can be generated by ALD, or as now shown by Notestein, controlled deposition of siloxane
precursors to grow silica shells. Figure 5 shows ~2 nm SiO, shells conformally grown on Al,O3
from tetracthoxy orthosilicate (TEOS). Unexpectedly, these materials are strong acids, capable of
cracking alkyl benzenes, and will thus serve as very well-defined models of amorphous
aluminosilicates, as well as supports for subsequent cation exchange. Likewise, we have shown
that similar materials can be synthesized using TiO; as the core material, and the resulting nano-
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cavity materials stabilize both Ag nanoparticles grown
by photoreduction, and Pt nanoparticles deposited by
incipient wetness impregnation.

Thrust I111: Understanding-Based Manipulation of
Catalytic Environments

Single-site, molecule-derived supported catalysts offer
molecular level control of catalyst—substrate
interactions by tuning the chemical properties of the
support surface (T. Marks). For example, Figure 6
portrays a highly electrophilic organozirconium
catalyst weakly bound to the conjugate base of a
strongly Brensted acidic oxide (characterized by XAS,
high-resolution solid state NMR, and IR spectrsocopy, — ¢
and DFT computation). In contrast, chemisorption of Figure 5. Conformal ~2 nm silica shell
the same molecular precursors on weakly acidic  around spherical alumina grown by
surfaces, such as ALO; or SiO, results in  TEOS deposition (indicated) is
condensation with surface hydroxyls and formation of  strongly acidic.
covalently bound, poorly electrophilic/-catalytically
Salactivity for Baazine: inert species. T. Marks finds that Cp*ZrR,",

Mesitylene (>99%) > Ethylbenzene (86%) > Toluene (67%)  formed by chemisorption of Cp*ZrMes,
Cp*ZrBzs, or Cp*ZrPhs on acidic sulfated
oxides, are highly active arene hydrogenation
catalysts. On sulfated ZrO, (ZrS), sulfated
ALO; (AIS), and ZrO,—WOs (ZrW), the activity
for benzene hydrogenation increases with
increasing Bronsted acidity, AlS = ZrW << Zr§,
by forming stronger surface organometallic

| _ O ' @ electrophiles. For benzene/toluene mixtures, the
so"np's’ﬁ:'ft:;g ﬁ:t:fg:itjg': selectivities for benzene hydrogenation vary
with catalyst: ZrBz3'/171S", 83% >

Figure 6. Proposed structure of supported Cp*ZrMe, /ZrS™, 80% > Cp*ZrBz, /ZrS", 67%
organo-metallic catalysts for selective > Cp*ZrPh2+/ZrS_, 57%. For Cp*ZrBZf/ZrS_,
benzene hvdrogenation. the benzene selectivity in benzene/arene

mixtures vary with arene: mesitylene, 99%, >
ethylbenzene, 86% > toluene, 67%. Structural investigation of the surface complex with XAS,
solid state NMR, and DFT suggests that the bulky catalyst benzyl groups expand the “cationic”
metal center—anionic sulfated oxide surface distances, weaken the ion-pairing and enable the
activation/insertion of more sterically encumbered arenes, thereby influencing hydrogenation
rates and selectivity patterns. Arene hydrogenation on the acidic oxide-supported
organozirconium complexes Cp*ZrBz,/ZrS proceeds exclusively via a single-face/all-cis
mechanism, Figure 7. Thus, hydrogenation of poly-alkylbenzenes and other fused arenes
produce stereopure substituted cyclohexanes, and the reaction proceeds with kinetic parameters
of AH” =4.8+0.5 kcal mol ™', AS” =—58.7+1.9 eu, and E,=5.3+0.6 kcal mol ™', suggesting a highly
organized transition state.
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Single-site  metal  oxide
clusters have the advantages

of more uniform kinetics and
CnH2n+1

product distributions than e (ﬁ/ Catalyst
2n+1nT _—
heterogeneous samples and '\;\’ H, RT

are more straightforward to CnHans1
understand. However, their
synthesis has been limited by
precursor availability. Kung
explored using incompletely

CnH2n+‘I @ Y
H2n+1 Cn_(T d: b
NS o

cis-substituted

cyclohexanes __l__ e
Figure 7. Face-selective arene hydrogenation.

A

CrHapeq O'JSJ OH
O ero..l' Zr‘
|

condensed polyhedral oligomeric silsesquioxanes (POSSs) as ligands to generate tetrahedrally
coordinated Sn oxo clusters on SiO; supports, Figure 8. The complex POSS-Sn-POSS was

§ of
O R R,
$i-0=sj g’O‘Sl
1R 2\Si S\/ R
0.4:0% 0o O d0. 0 0
os‘ 4 O’Sn ~0- s’. o 0,
RS=0”R RS0 SR 0,0, no Profic Sl
dogl oy 0" 0,
solvent
Sio SiO,
102
Lewis acid Lewis acid Brensted acid

Figure 8. Single-site POSS catalysts

grafted successfully onto
silica, and the tetrahedral
coordination is retained after
mild calcination in ozone to
remove all organic
fragments, as confirmed by
EXAFS, NMR, UV-vis, and
DRIFT characterization. The

supported Sn oxo cluster possess Lewis acidity, and site homogeneity is demonstrated by
quantitative stoichiometric pyridine adsorption. Interestingly, adsorption of 2-propanol results in
quantitative enhancement of Brensted acidity. Thus, in addition to exhibiting catalytic activity
typical for Lewis acids, such as hydride transfer between an alcohol and an aldehyde, these oxo
clusters also catalyze Bronsted acid catalyzed reactions, such as epoxide ring opening with
alcohol and acetal formation. Furthermore, whereas pyridine has little effect on the hydride
transfer reaction, it quantitatively poisons epoxide ring opening and acetal formation.

Stair and T. Marks also investigated the generation
of isolated (-AlO);SiOH species on 7y-Al,Os; by
reaction of tetracthylorthosilicate (TEOS) vapor at
low temperatures (Figure 9). Characterized by
PXRD, XPS, DRIFTS of adsorbed NH;, CO, and
pyridine, and *Si and *’Al DNP-enhanced solid-state
NMR data demonstrate formation of isolated
(-AlO)3Si(OH) sites. Their mild Brensted acidity
provides activity for liquid-phase catalytic
cyclohexanol dehydration, with up to 3.5-fold greater
specific activity than the parent alumina.
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Graphite-Conjugated Catalysis

Yogesh Surendranath
Massachusetts Institute of Technology, Department of Chemistry

Presentation Abstract

The interconversion of electrical and chemical energy requires the coupling of electron
transfer with substrate bond rearrangement. This can be achieved at surface exposed active sites
of heterogeneous electrocatalysts or via redox mediation facilitated by a homogeneous molecular
electrocatalyst. Molecular electrocatalysts yield readily to synthetic alteration of their redox
properties permitting systematic tuning of catalyst activity and selectivity. Similar control is
difficult to achieve with heterogeneous electrocatalysts because they typically exhibit a
distribution of active site geometries and local electronic structures, which are recalcitrant to
molecular-level synthetic modification. However, heterogeneous electrocatalysts typically
exhibit greater durability and are more readily integrated into functional energy conversion
devices such as fuel cells and electrolyzers. We have developed a simple synthetic strategy for
conjugating well-defined molecular catalyst active sites with the extended states of graphitic
solids. We have used these graphite-conjugated catalysts to mediated efficient oxygen reduction
and carbon dioxide reduction catalysis. Our latest efforts to expand the scope of this new class of
heterogeneous catalysts will be discussed.

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

Pl: Yogesh Surendranath

Postdoc(s): Tomohiro Fukushima

Student(s): Megan Jackson, Seokjoon Oh, Corey Kaminsky, Travis Marshall-Roth
Affiliations(s): Massachusetts Institute of Technology

RECENT PROGRESS
Graphite-Conjugated Pyrazines as Molecularly Tunable Heterogeneous Electrocatalysts.
Condensation of ortho-phenylenediamine derivatives with ortho-quinone moieties at edge planes
of graphitic carbon generates graphite-conjugated pyrazines (GCPs) that are active for oxygen
reduction electrocatalysis in alkaline aqueous electrolyte. Catalytic rates of oxygen reduction are

positively correlated with the electrophilicity of the active site pyrazine unit and can be tuned by
over 70-fold by appending -electron-withdrawing substituents to the phenylenediamine
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precursors. Discrete molecular analogs containing pyrazine moieties display no activity above

background under identical conditions. This
molecularly well-defined active sites on
ubiquitous graphitic solids enables the rational
design of tunable heterogeneous catalysts.

Graphite-Conjugated Rhenium Catalysts for
Carbon Dioxide Reduction

Condensation of fac-Re(5,6-diamino-1,10-
phenanthroline)(CO);Cl to o-quinone edge
defects on graphitic carbon surfaces generates
graphite-conjugated ~ rhenium  (GCC-Re)
catalysts that are highly active for CO,
reduction to CO in acetonitrile electrolyte.

simple bottom up method for constructing

ok
unmodified carbon

enhanced
catalysis

graphite-conjugated pyrazines

0.4 0.6 0.8
E/Vvs RHE

Figure 3 — Installation of pyrazine units on
graphitic carbon surfaces enhances oxygen
reduction catalysis in a tunable fashion.

X-ray photoelectron and X-ray absorption

spectroscopies establish the formation of surface-bound Re centers with well-defined

coordination environments. GCC-Re species

on glassy carbon surfaces display catalytic
currents greater than 50 mA c¢cm > with 96 +
3% Faradaic efficiency for CO production.
Normalized for the number of Re active
sites, GCC-Re catalysts exhibit higher
turnover frequencies than that of a soluble

Oy OH
Co, co
OH !
+2¢ N0 CO, ji
z 10 mA cm”zi s
Il cl g CO,-saturated
N N ‘ _CO g acetonitrile
\ Re\ é
N s ‘co © =
pyrazine !
linkage -
transition-metal > 50 mA/em?
active site , s , ,
03 02 01 0
0 E/Vvs FelFc

graphitic carbon surface

Figure 4 — Conjugated Re(phen)(CO)3Cl to
graphitic carbon surfaces generate a highly active

molecular analogue, fac-Re(1,10-
phenanthroline)(CO);Cl, and  turnover
numbers greater than 12,000. In contrast to
the molecular analogue, GCC-Re surfaces
display a Tafel slope of 150 mV/decade,

indicative of a catalytic mechanism involving rate-limiting one-electron transfer. This work
establishes graphite conjugation as a powerful strategy for generating well-defined, tunable,
heterogeneous electrocatalysts on ubiquitous graphitic carbon surfaces.

Publications Acknowledging this Grant in 2013-2016

() Exclusively funded by this grant;
None

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

from this grant;

1. Oh, S.; Gallagher, J. R.; Miller, J.

T.; Surendranath, Y. Graphite-Conjugated

Rhenium Catalysts for Carbon Dioxide Reduction. J. Am. Chem. Soc. 2016, 138,

1820-1823.

2. Fukushima, T; Drisdell, W.; Yano, J.; Surendranath, Y. Graphite-Conjugated
Pyrazines as Molecularly Tunable Heterogeneous Electrocatalysts. J. Am. Chem.

Soc. 2015, 137, 10926—-10929.

270



Franklin (Feng) Tao

Fundamental understanding the correlation of surface of transition metal oxide and
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Tuning catalytic selectivity by integrating the second metal to form an alloy has been
well demonstrated in literature. Here we present a method to tune catalytic selectivity of
oxidative catalysis on another category of heterogeneous catalysts, transition metal oxides. By
choosing oxidative dehydrogenation (ODH) of ethane to produce ethylene as a probe reaction
and CosOs4 as a model catalyst, we demonstrated that doping nonmetallic atoms to surface
lattice of a transition metal oxide could largely enhance catalytic selectivity through
suppression of deep oxidation of the reactant molecules. Catalysts of CosO4 with doped silicon
atoms (Six-Co30O4) maintaining the spinel structure of pure Co3Os exhibit much higher
selectivity for the production of ethylene in ODH of ethane compared to pure Co304 at 600°C
by 40%. The suppression of activity of surface lattice oxygen atoms was evidenced by the
observation that the surface lattice oxygen atoms of Six-Co3O4 cannot exchange oxygen atoms
with gas phase oxygen at a low temperature while pure CosOa4 can. The difference in releasing
surface lattice oxygen atoms and dissociating molecular oxygen between pure Co3O4 and Six-
Co304 was supported by DFT calculations. The calculated activation barriers for dissociation
of molecular Oz and energy barriers for hopping surface oxygen vacancies of Six-Co30a4 are
obviously higher than those of pure CosOa, respectively. This study suggests an approach to
increase catalytic selectivity of oxidative catalysis through suppressing activity of surface
lattice oxygen atoms/vacancies via doping atoms of a non-metallic element.

U.S. Department of Energy under Grant No. DE-SC0014561
Understanding Oxidative Dehydrogenation of Ethane and Oxidative Coupling of
Methane through In-situ Studies of Catalyst Surface during Catalysis and
Computational Studies

Student(s): Yu Tang, Lingjuan Ma, Victor Fung

With the financial support of DOE BES catalysis program, we ‘[ = =—=====
have performed fundamental studies of Co030s-based and NiOi-x-
based catalysts for chemical transformation of components of shale
gas by integration of synthesis, catalytic evaluation, in-situ/operando
characterization and DFT calculation with a goal of fundamental 5 I
understanding of catalytic mechanism at an atomic or molecular O mperature ()
level. Figure 1. Catalytic
1. Fundamental understanding of the high activity of NixC0sxOs fyr aricatonof e "

in oxidation of CH4 at a molecular level

It is critical to develop a catalyst made of earth-abundant elements highly active for a
complete oxidation of methane at a relatively low temperature. NiCo204 consisting of earth-
abundant elements which can completely oxidize methane in the temperature range of 350-
550°C (Figure 1). Being a cost-effective catalyst, NiCo204 exhibits activity higher than
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Figure 2. In situ studies using AP-XPS and infrared spectroscopy of NiCo,0, during catalysis. Photoemission features of Ni 2p (a),
Co 2p (b), O 1s (c), C 1s (d) and vibrational signature of NiCo,0, surface at different temperatures during catalysis on NiC0,0, in
CH,4 and O, with a molar ratio of 1:5.

precious metal-based catalysts. The higher catalytic activity at a low temperature results from

the integration of Ni cations, Co CH, + 30, —» CO, + 2H,0 CH, +30, - CO, + 2H,0
CatlonS, and Surface Iattice Oxygen (pathway A, only nickel sites) (pathway B, both nickel and cobalt sites)
atoms/oxygen vacancies at an atomic T @ N Pd
scale. In-situ studies of complete ‘ 0

oxidation of methane on NiC0.04 L

(Figure 2) and theoretical simulations . " o

(Figure 3) show that methane

dissociates to CHs on Ni cations and L

then couple with surface lattice oxygen / Ly e - o —
atoms to form -CHsO with a following J— /" X

dehydrogenation to form CH:0; a
Figure 3. Two different reaction pathways of methane complete oxidation on

fOI IOWing oxidative dehyd rogenation NiCo0204(110-B) of type I crystal. The structures shown in blue at the middle of the

form HO: H i ransform schematic are the common intermediates for both pathways A and B; they are CHs
0 S C O’ C O s transto ed to formed through C-H dissociation and CHsO formed through a coupling of carbon

prOdUCt molecules th rOUgh tWO  atom of CHs and oxygen atom of surface lattice. After CHsO is formed, there are

H . . two different possible pathways A and B. Pathway A (shown in red) is the
dlfferent SUb_pathwayS mCIUdmg dehydrogenation by OH species of nickel site only, while pathway B (shown in blue)

dehydrogenaﬁon of OCHO and CQ isthedehydrogenation by oxygen species of nearby cobalt site as well.
oxidation.

2. Tuning catalytic selectivity for production of ethylene from oxidative dehydrogenation

through suppression of activity of surface lattice oxygen atoms of Cos04 by doping

Our studies demonstrated that tuning of activity of surface lattice oxygen/oxygen vacancies
through depositing atoms of nonmetallic elements to surface lattice of metal oxide is an
efficient approach for promoting catalytic selectivity by suppression of side-reaction channels
of deep oxidations such as a complete oxidation of the reactant. ODHSs of ethane on silicon
doped Co0304, Six-C0304 (x = 0.1, 0.2, 0.4) were studied toward fundamental understanding of
correlation of catalytic selectivity of ODH for production of ethylene with capability of CosO4
in providing active atomic oxygen.
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Six-Cos04 exhibits a high selectivity st [ S

for production of ethylene, which is £, ,% z g’s Eiiﬂﬁ
twice higher than pure CosO4 under gzn ] £ Z0F

the same catalytic condition (Figure § ¢ _ =2 3

4b). This significant promotion of § _ e N Eo

catalytic selectivity for production of 400 450 500 550 600 400 450 500 550 600 SiCo molar ratio
ethylene in ODH results from the """ e ©

increases of both activation barriers Figure 4. Catalytic activity, selectivity and yield of (a-c) Si,-C0304 (x = 0,
0.1, 0.2 and 0.4) (400°C-600°C).
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of dissociating molecular Oz on "™ PPy T REPEE
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(Figures 5 and 6). In addition, this (a) (b)

method of significant promoting
catalytic selectivity was supported

by the observation of much higher 0"

selectivity of Ge-doped Co03O4 than pure CozOsa. o
3. Fundamental understanding of role of step sites | }E
of oxide catalysts in oxidative catalysis Flem—————

More than half of catalytic reactions of chemical '.:

and energy transformations were performed on
transition metal oxides. Microscopic step edge related
to macroscopic surface morphology was demonstrated
as key sites for many catalytic reactions on metal
catalysts. Few reports on the key role of step sites of
oxide catalysts are available because of the
complexity of surface defects of an oxide catalyst,
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Figure 7. (a) TEM images and (b)-(c) HRTEM images of fresh
Co030,-700 °C catalyst; (d) HRTEM image of used C03;0,-700 °C
catalyst; (e) TEM images and (f)-(g) HRTEM images of fresh
C030,-800 °C catalyst; (h) HRTEM image of used C03;0,-800 °C
catalyst.
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Figure 8. The catalytic performances of five catalysts C0;04-O,-
350°C, C0304-0,-600°C, C030,-0,-700°C, Co0;0,-0,-800°C and
C030,-0,-900°C in the temperature range of 350 °C to 600 °C. (a)
Conversion of ethane; (b) Selectivity to ethylene; (c) Yield of
ethylene.

Figure 5. Mass spectra of O*0'® on C0;0%°, 0%, or Sig,-C030%%, 0%, in the
temperature range of 30°C-600°C recorded during the exchange of surface
oxygen atoms of catalysts with flowing Oy%. (a) C030%%,,0%,. (b) Siy2C050,.

Erergy {eV)

(&)

{h)

Figure 6. Energy profile for dissociation of molecular
02 on surface oxygen vacancies on pure CosOs and Si-
doped Co30a. (a) Evolution of energy in dissociation of
molecular oxygen on pure CosOs along reaction
coordination; (b), (c), and (d) are initial structure,
transition state, and final structure of pure CosOs for
dissociation of Oq, respectively; (e) Evolution of energy
in dissociation of molecular oxygen on Si-doped C03O4
along reaction coordination; (f), (g), and (h) are initial
structure, transition state, and final structure of Si-
doped Co30;4 for dissociation of Oz, respectively.

probably one order of magnitude higher than
on metals due to the presence of anions and
cations with multiple valence states and
various coordination environments.
Compared to the extensively fundamental
studies of the roles of step sites of metal
catalysts started in 1970s, clearly there is lack
of fundamental studies of the role of step
edges of oxide catalysts in catalysis.
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0 oo We uncovered Co3O4 nanorods prepared at different
Eogof temperatures exhibit quite different catalytic selectivity in
$ak production of ethylene through ODH of ethane. Co3O4 pretreated
EH 3 at 800°C in air (C0304-800°C) (Figures 7a-7d) exhibit higher
g Nk / selectivity (Figure 8) than those pretreated at 350-700°C (Figures
e .| Te-7h). Detailed characterizations show that the selectivity to

250 300 3s0 400 as0 soo  ethylene is related to the faceting of rough, high Miller index

. Reaction Temperature (°C) surface of Cos0s which determines the catalyst activity in
Figure 9. Catalytic performance of . .- . .

the synthesized NiO,, and dissociating molecular oxygen and releasing surface lattice

commercial NiO. oxygen atoms. The faceting performed at 700°C-800°C transforms

high Miller index surface of CosO4 to low Miller index one. The

lack of highly under-coordinated cation sites on low Miller index surface of CosO4 makes the

reaction channel leading to complete oxidation to CO2 unfavorable, thus increasing selectivity

Figure 10. STEM studies of step at the internal step of mesopores and external edge of NiO;., mesoporous nanoparticles. (a,
b) large scale STEM images. (c, d) atom-resolved step of internal edge of mesopore. (e) Edge of NiO;, mesoporous
nanoparticles. (f-h) atom-resolved images of external edge of NiO;.x mesoporous nanoparticles.

for production of ethylene. This study illustrated that studies of step edge of oxide in terms of
under-coordinated cationic or/and anionic sites are significant for understanding catalytic
performance of oxide catalysts and development of catalysts with higher selectivity.

The key role of step sties of transition metal oxide has been demonstrated in the
distinctly different catalytic performance in mesoporous NiO1-x and commercial NiO. As
shown in Figure 9, mesoporous NiOix e T e
with high density of step edge (Figure 10)  ™F_ | | | e S S e
exhibits high catalytic activity in complete
oxidation of methane at temperature of

"
=

1 ' I 1ES " '

F i '
' ' : Hoko (32) L] L loto (32)
s ferrain O

‘r 1 1
1EA0 fp e ___TO%OD
F T a—

Pressure (Torr)
=
b
Pressure (Torr)
m
I

1E-10

F
!'
r
r HOHO (36)
F

275°C-425°C but inert on commercial NiO = “-* | e
in this temperature range. In-situ studies " Time Time
suggested that the under-coordinated @ w1 16 16 b

18
t. t t st d | k | . Flgure 11. Evolution of partial pressuresof N N, O O, O O and
16
cation sites at s ep € ge p ay a ey role in O OmaUHV chamber which received gases from reaction cell of AP-XPS

this CatalySiS. The hlgh aCtiVity of Step wherecompleteoxmatlonofmethanelsperformedon (@) mesoporous
- - 18

edge sites compared to terrace sites was Ni"0,,,. 0, and (5) commercial Ni O, "0,

confirmed by isotope-exchange experiments (Figure 11).
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Presentation Abstract

Multinuclear transition metal complexes are of great interest for their ability to mediate multi-
step redox reactions. For example, water oxidation catalysts as markedly different as the
Photosystem II Oxygen-Evolving Complex (OEC) and inorganic ‘“cobalt-phosphate”
electrocatalysts contain multinuclear metal-oxo active sites that cooperate in mediating the four-
electron oxidation of water. In addition, enzymes that catalyze the oxidations of methane and
molecular hydrogen incorporate bimetallic (dicopper and diiron, respectively) cores in which two
metals cooperate to activate small molecules.

Investigations of the chemical and electrochemical behavior of the tetracobalt cubane cluster
Cos(n-0)4(OAc)4(pyr)s presented an opportunity to investigate the mechanism of water
oxidation by this molecular model for cobalt oxide. Kinetic and mechanistic studies were made
possible by the discovery of a StOIChlometrIC oxygen evolution reaction starting from the
oxidized cobalt cluster (formally Co™3Co"), and established the requirement of a formal Co"

oxidation state and involvement of terminal oxygen ligands (oxo, hydroxyl, aquo) in O,
formation. The characterization of this reaction system, along with systematic synthetic
modifications of the oxide cluster, provides a viable pathway for catalyst optimization. Along
these lines, it is of interest to establish reliable methods for incorporation of hetero-metals into a
well-defined oxide cluster. In fact, oxide catalysts for water oxidation can be promoted by
doping with other metals. The advantage of heterometallic oxide OER catalysts extends to
nature: the OEC in photosystem II is a mixed calcium-manganese oxido cluster. These
observations suggest that there are cooperative mechanisms unique to heterometallic systems.
Efforts toward development of relevant, heterometallic oxide clusters have produced a new
MnCos oxido cubane complex, which is readily post-modified to obtain a range of ligand-
substituted products. Addition of a fifth transition metal produces a "dangler", pentametallic
complex analogous to that found in photosystem II. The spectroscopic, magnetic, and
electrochemical behaviors of these new clusters will be described.
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Presentation Abstract

The DOE has had a long standing interest in the fundamental chemistry of fluorine ever since it
was discovered that uranium hexafluoride exhibits a high vapor pressure and could be used to
purify isotopically enriched uranium. Fluorination has become popular for other important
reasons, like its known ability to increase the oxidative and thermal stability of new materials
and its role in supporting new energy technologies is expected to grow. Tailored ligands and
counter-ions that allow metals to operate under harsh oxidative conditions often feature
fluoroalkyl substituents due to the chemical inertness of the [CF3] and [CF;] functional groups.
Such harsh conditions are often required for important reactions like hydrocarbon oxidations.
This report will detail our efforts to understand how to manipulate difluoromethyl and
difluoromethylene groups with catalytic amounts of base metals so they can be incorporated into
common organic building blocks.

DE-FG02-13ER16369:
Development of Catalytic Alkylation and Fluoroalkylation Methods

Postdoc: Huan Wang
Students: Peter T. Kaplan, Long Xu, Siqi Yu

RECENT PROGRESS
Advances in metal-catalyzed direct difluoromethylation reactions:

The use of transition metals to mediate difluoromethylation reactions has been problematic. It
was only in 2011 that Amii reported the difluoromethylation of aryl iodides using a metal-
mediated method.! The route was complicated however, involving an initial coupling of a-
silyldifluoroacetates with aryl iodides to afford aryldifluoroacetates in moderate to good yields
(Figure 1, eq 1). Then, under forcing conditions, these difluoroacetates were hydrolyzed and
decarboxylated to generate difluoromethyl arene products (eq 1). Hartwig later reported an
example of direct difluoromethylations using Me;SiCF,H as the difluoromethyl source and a
stoichiometric amount of copper catalyst at temperatures greater than 100 °C (eq 2). This
reaction was not tolerant to substrates containing aldehydes, ketones, or electron withdrawing
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groups. Stud@es showeq that there was Et,SICF,CO,Et

also a competing rgd}lctlon pathway that gull: 2102mol %) CF,CO,E

shut down reactivity for substrates 4©/ sF (1.2 equiv) R—©/

containing electron withdrawing groups, ~owso
: . - - 1)KoCOs(aq) (1)

even mildly withdrawing groups like O

phenyl (eq 3). Before our most recent 2) workup

results of this Progress Period, there had

CF,CO,H
170 to 200 °C
been only one report of a method that 202 R‘©/
was catalytic in metal for directly
aryl halide substrates.” As shown in eq 4, Cul (1 equiv) CFH

incorporating a difluoromethyl group into
this method involved the use of ©/ CsF B equly) @ )

expensive palladium and silver co- MesSICF2H (5 equiv)
. ; 120°C, 24 h, NMP R

catalysts that each required their own
supporting ligand. Moreover, the method Cul, CsF D
used MesSiCF,H as the difluoromethyl MGSQE”FZD >~ Q 3)
source in combination with the 80 °C, 24 h, NMP Ph
exogenous base sodium tert-butoxide as
the activator. Such conditions made the

. . Pd(dba), (5-7 mol %)
palladium-catalyzed method in eq 4 also «  dppf (10-14 mol %) CEH
incompatible with aldehyde and ketone ©/ (SIPr)AgCI (20 mol %) ©/ 2 @
functionalities. Considering all of the NaO'Bu (2 equiv)
inherent aforementioned issues for the R Me;SiCF>H (2.4 equiv)
reactions outlined in eqs 1-4 (Figure 1), X=Brl toluene, 80°C, 6 h
we focused on obtaining key initial | Figure 1
results that improved the substrate scope
and used base metals to directly install a difluoromethyl group.

We recently communicated in JACS the preparation of a new difluoromethyl nucleophile
[(DMPU),Zn(CF,H);] that can be used in combination with nickel to directly and catalytically
difluoromethylate aryl iodides, bromides, and triflates (Figure 2).* The substrate scope was
unprecedented, and successful couplings were observed with aryl halide substrates bearing
electron withdrawing groups, aldehydes, ketones, and esters. The ability of the new
difluoromethylzinc reagent to react in the presence of aldehydes and ketones deserves special
mention. Before our studies, most cross-coupling studies focused on using Mes;Si-CF,H as the
difluoromethyl delivery agent. This was undoubtedly influenced by the success of the Me;Si-
CF; in stoichiometric trifluoromethylation reactions. MesSi-CF;H is more electron rich than
Me;Si-CF3, which has a number of important implications. First, the CF,H anion is a poorer
leaving group than the CF3 anion, so more forcing conditions are required to release it in order to
perform nucleophilic difluoromethylation chemistry. Secondly, the CF,;H anion that is generated
from Me;Si-CF,H is a much “hotter” that the CF; anion, and consequently a severe limitation of
the Me;Si-CF,H reagent in cross-coupling chemistry is that aldehyde and ketone functionalities
are not tolerated. Ketones and aldehydes in the Hartwig and Shen examples (eqs 2 and 4, Figure
1), for instance, had to be protected in order for the cross-couplings to occur. The ability of our
difluoromethylzinc reagent to tolerate carbonyl-containing functionalities bodes extremely well
for its continued use in emerging difluoromethylation methodologies.
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Figure 2. Nickel-catalyzed difluoromethylation of aryl iodides, bromides, and triflates.

One of the limitations of our method is the low reactivity observed for sp’-hybridized electron-
rich substrates (Figure 2, entries i, J, K, w). Stoichiometric studies indicate that the problem with
these substrates lies in the aryl halide activation step. In a control experiment, we found that

addition of [(dppf)Ni(COD)]
to iodobenzene in the absence
of [(DMPU)zzn(CFzH)z]
produced biphenyl in near
quantitative theoretical yields

(Figure 3, top). This
indicated that
[(dppDH)Ni(Ph)(D)] is likely

formed, but then redistributes
to  [(dppHNi(Ph);]  and
[(dppfH)Ni(I),]. In contrast,
there is no conversion of 4-t-
butyl-iodobenzene under
similar conditions (Figure 3,
middle), indicating that the
oxidative addition product is
never formed. Finally,

DMSO
24 h

(dppHNI(COD) + ©/

+ DMSO
o e -
24 h

| (dPPf)Ni\l no conversion of
R = alkyl . aryl iodide by GC
no change in
3P NMR spectrum
CN
(dppfNI(COD) CN
N _DMSO_ (DMPU),Zn(CFH),
— 5
CN 24
(dppf)Ni\I
| CFH
Figure 3

reaction of [(dppf)Ni(COD)] with 4-cyano-iodobenzene produces an intermediate, which upon
reaction with [(DMPU),Zn(CF,H),] leads to product formation (Figure 3, bottom). It is clear
from the above studies that ligand modifications are needed in order to obtain a nickel species
that is more apt at activating aryl halides bearing pendant alkyl and electron donating groups.
Such studies are ongoing in our labs.
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We also intend to use DFT calculations to guide the ligand design and also tell us if there are
steric effects at play when the aryl halide substrates possess pendant alkyl groups.
Understanding these effects may be especially critical for expanding the substrate scope,
considering that prior calculations on a related system indicate that the formation of n*-arene
intermediates precede oxidative additions of aryl halides with [(dppf)Ni].” Therefore, we would
like to do an in-depth computational study to profile different mechanistic pathways and
determine the lowest energy route from starting materials to products. Once the lowest energy
pathway with bromobenzene as a model substrate has been identified, we will then see how the
energy profiles trend when: 1) alkylated aryl halide substrates are used; and 2) ligand
modifications are performed. Computations may also shed light into the unique role of DMSO
for promoting the difluoromethylation reactions. Schoenebeck has used calculations to parse out
the beneficial role of acetonitrile additive in [(dppf)Ni] catalyzed trifluoromethylthiolations of
aryl chlorides in toluene solvent.” She found that the beneficial acetonitrile effect was due to the
in situ formation of [(dppf)Ni(MeCN)] (which underwent more facile oxidative additions) and
the change of the turnover limiting intermediate from nickel(0) to nickel(Il) (leading to a
decreased energetic span of the catalytic cycle). We are interested in knowing whether such
intimately bound DMSO-nickel species affect free energy barriers in a constructive fashion, and
if so, whether they may be further tuned.
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Presentation Abstract

Despite being discovered 50 years ago and its industrial importance, there is very little
literature concerning the fundamental details of the supported MoOy/Al,O; catalyst for olefin
metathesis and the few reported details are sometimes even contradictory. This lack of clarity
derives from the absence of spectroscopic methods that are capable of directly probing the
catalyst surface during the catalytic reaction. It is, thus, crucial to determine the fundamental
molecular level details of these catalysts so they may be rationally designed to further help meet
the rising propylene demand.

To address the molecular details of olefin metathesis by supported MoOy/Al,O5 catalysts,
modern in situ molecular spectroscopic techniques were applied before and during reaction
conditions. The initial oxidized supported MoOy/Al,O; catalysts were found to contain a
combination of isolated and polymeric sites, dependent on molybdena concentration; at low
loadings of molybdena (<9%, 2.1 Mo atoms/nm”), only isolated dioxo ((O=),MoOQy) sites are
present, but as molybdena loading is increased, isolated (O=Mo00Q4) and polymeric (Mo-O-Mo)
mono-oxo sites co-exist with the isolated dioxo site. In situ Raman spectroscopy during olefin
metathesis revealed that the isolated dioxo surface sites may still be present at high molybdena
coverage since they are present after the bands due to the mono-oxo sites reduce. It was also
observed during propylene metathesis that both the isolated and polymeric mono-oxo sites are
active for olefin metathesis, while the dioxo site is only a spectator site. The C;Hg-TPSR
experiments corroborated these results since the activity of propylene metathesis to 2-butene was
observed to increase with oligomerization of the surface MoOx sites. These studies are beginning
to establish the molecular structure-activity relationships for olefin metathesis by supported
MoO,/Al,O; catalysts.

Grant FG02-93ER14350: Molecular Level Foundation for Olefin Metathesis by
Heterogeneous Supported Molybdena Catalysts

Student(s): Anisha Chakrabarti
Affiliations(s): Operando Molecular Spectroscopy & Catalysis Laboratory
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RECENT PROGRESS

CsHe-TPSR Spectroscopy

TPSR spectroscopy experiments were performed to determine the relative activations of
the series of catalysts. Using an online MS to monitor the gaseous products of 2-butene (m/z 56),
H,O (m/z 18), CO, (m/z 44), ethylene (m/z 27), and propylene (m/z 42), it was determined that
the peak temperature (T,) decreases with increasing MoOy loading. This indicates that the
activity of the catalysts for propylene metathesis to 2-butene increases with the oligomerization
of the surface MoOx sites (the presence of increasing amounts of oligomer sites is confirmed by
Raman spectroscopy). Additionally, two T,’s were detected for each catalyst, reflecting the
presence of two types surface MoOy sites with reaction intermediates — one more reactive than
the other. The results of the TPSR experiments are summarized in Table 1.
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Figure 1. Production of 2-butene (m/z = 56) for supported MoO,/Al,O; catalysts (percent represents MoO, weight
loading). The experimental procedure consisted of dehydrating at 400°C for 1 h under 10% O,/Ar, cooling to 35°C
in UHP Ar and holding for 30 min (MS turned on), flowing 5% C;H¢/Ar for 45 min, and heating at a rate of
10°C/min to 600°C under flowing 5% C;H¢/Ar.

Table 1. TPSR Peak Temperatures (Tp)

wt% MoO,/Al,O3 Tp,1(°C) T, 2 (°C)
3 300 436

6 229 452

13 89 371

18 89 351
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The consumption of propylene is minor below 400°C as the metathesis reaction proceeds.
Above 400°C, however, the propylene is extensively combusted with oxygen from the surface
MoOy sites and reveals that high temperatures open up a new reaction pathway that is
undesirable. Thus, temperatures less than 400°C represent the best metathesis performance with
supported MoO,/Al,O3 catalysts.

The consumption of CsHg (m/z = 42) and production of the oxygenated products (CO,
(m/z 44) and H,O (m/z 18)) is presented in Figure 2. The consumption of propylene is minor
below 400°C as the metathesis reaction proceeds. Above 400°C, however, the propylene is
extensively combusted with oxygen from the surface MoOy sites and reveals that high
temperatures open up a new reaction pathway that is undesirable. Thus, temperatures less than
400°C represent the best metathesis performance with supported MoOy/Al,O5 catalysts.
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Figure 2. Consumption of propylene (m/z = 42) and production of oxygenated products (CO, m/z = 44 and H,O m/z
= 18) as detected with an online MS during the TPSR experiments.
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Yong Wang

Fundamentals of Acid/base and Redox Reactions on Metal Oxide Catalysts

Yong Wangl’z, Chuck Peden’, Feng Gaoz, Jianzhi Hu', Junming Sunz, Yan Liz, Huamin Wangl,
Donghai Meil, Lu Zhangl, Yuan Chenl, David Dixon’ , Rebecca Baylonz, Berlin Sudduth?

'Institute for Integrated Catalysis, Pacific Northwest National Laboratory
?School of Chemical Engineering and Bioengineering, Washington State University
*Department of Chemistry, The University of Alabma

Presentation Abstract

Catalysts for the full and complex range of chemical transformations required for upgrading
biomassderived molecules to fuels and chemicals include metals dispersed on oxide and carbon
supports and oxides, including zeolites. Among these catalysts, metal oxides are structurally and
chemically complex, making it difficult to describe them with atomic-level precision. To reduce
the complexity of this class of catalyst materials to levels addressable and controllable at the
atomic level—structurally and mechanistically, high surface area CeO,, TiO,, ZrO, with
specifically exposed facets were synthesized. They provide direct and unambiguous
characterization of the redox active metal oxide nanocluster (e.g., VOx) and allow better
understanding of the influence of both the structure and composition of the underlying oxide
support on the reactivity of supported metal oxide catalysts. Key insight highlighted in this
poster include identification/quantification of V species using >’V MAS NMR assisted by
quantum chemical calculations to correlate surface V-dimers/monomers with methanol oxidative
dehydrogenation, manipulation of Lewis acid-base pairs of ZrO, to enable highly selective and
stable conversion of ethanol to isobutene via cascade hydrogenation/ketonization/adolization.

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

Pl: Johannes Lercher
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Eric Weitz

Mechanistic Studies of Oxidation Reactions on Supported Vanadia Catalysts

Eric Weitz, Weiqiang Wu, Kunlun Ding, Tasha Drake, Stephanie Kwon", James A. McCarthy,
Kenneth R. Poeppelmeier and Peter C. Stair
Department of Chemistry, Northwestern University
Chemical and Biochemical Engineering, Northwestern University”
and Institute for Catalysis in Energy Processes, Northwestern University

Presentation Abstract

Catalysts that can selectively oxidize a reactant to the desired product(s) and also avoid over-
oxidation are highly desirable and hold out the promise of more energy and cost efficient
catalytic processes. A focus of our research has been on the elucidation of molecular level
mechanistic information for selected catalytic oxidation reactions employing highly dispersed
VOx catalysts supported on metal oxides that are prepared by atomic layer deposition (ALD).
These experiments have been carried out using transmission infrared spectroscopy as a primary
probe, which, in some cases, has been supplemented by DRIFT experiments and analysis of the
products under steady state reaction conditions. The effect of the support and the nature of
oxidizer on product distributions, and thus reaction pathways, provide direct insights into how
these factors influence pathways that a system accesses in a complex reaction mechanism. This
information can then be directed toward a goal of enabling the use of mechanistic information in
the development of ALD catalysts that are engineered at the atomic scale to optimize selectivity
toward desired products. We propose a molecular level mechanism for methanol oxidation in
the absence of added oxygen, where the vanadyl moieties supply the needed oxygen. The
methoxy species, formed on adsorption of methanol, is mobile and our mechanism also invokes a
mobile intermediate with carbon in the zero oxidation state, which facilitates access to and
reduction of a second vanadium atom to affect the four electron oxidation of methanol. The final
vanadium oxidation state can be interrogated with a CO probe molecule in the absence of added
oxygen. Cyclohexene oxidation has been also investigated with oxygen and nitrous oxide
oxidizers, and under anerobic conditions, on ALD prepared VOx catalysts supported on titania
and alumina with some studies using ceria supports. A primary product we observe is

cyclohexene-1-one, but other species, including CO,, are present and will be discussed.
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H-H bonds

Fabio Ribeiro and Wendy Shaw
Attendees Day 1:

Attendees Day 2:
Ludwig Bartels .
Ludwig Bartels
Tom Rauchfuss
Tom Rauchfuss
Thomas Bligaard . .
Maria Flytzani-Stephanopoulos
Maria Flytzani-Stephanopoulos .
Zili Wu
Johannes Lercher .
Ken Poeppelmeier

Chuck Peden
Peter Stair

Ken Poeppelmeier
Zili Wu
Chuck Peden

Questions for Discussion (suggested for first day)

* For homogeneously and heterogeneously catalyzed
processes, what are the inherent similarities and differences
in reaction mechanisms?

— What are some currently proposed/accepted mechanisms for the
specific bond breaking/bond making processes in each case?

— What class(es) of catalyst(s) are responsible for carrying out these
elementary bond breaking/bond making processes, and what are
the properties of the catalysts that give rise to this chemistry?

— Are there overall reactions involving these bond breaking/making
steps that are uniquely catalyzed homogeneously or
heterogeneously?

* Are there examples of major recent advances in
understanding mechanisms of these elementary processes?

* What are some of the significant outstanding questions
regarding the mechanisms of these bond making and bond
breaking reactions?
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Current State

Heterogeneous Catalysis Homogeneous (and Bio) Catalysis
e Classes of catalysts ¢ Classes of catalysts/properties

— Non-metal: zeolites, silicates — Non-metal (FLP: BR; etc)

— Metals and alloys — Precious and non-precious metals

— With some metals, H, + H-are at| * Ancillary factors
quasi equilibrium — 2nd 3rd etc Coordination spheres
— Metal oxides, nitrides, carbides, — ET
sulfides

— Dopant modification

Both hetero and homogeneous can cleave by the same mechanism
—homo vs heterolytic
—Dihydrogen complex vs end-on (or atop)
—Dihydride vs. proton-hydride
—Mono vs bifunctional (functional group or second metal)

—hetero vs homobimetallic

Mechanistic Features

Homogeneous Catalysis
For HER and H, Oxidation
* Rate and overpotential

— Inverse correlation between rate and overpotential
e Rate limiting steps for H, oxidation

— Most often H, addition
e  Rate limiting steps for H, production

— Most often proton transfer
For non-fuel cell applications
* largely governed by the follow-on reaction, however, hydricities and pKa’s needed to split H, can be

problematic

Heterogeneous Catalysis
*  For Group 8 metals, quasi-equilibrium, very efficient.

¢ Single metal atom activation/dissociation of H, and spillover effects; e.g. (Pt,Pd)Cu single atom alloys or
supported single-atom Pd, Au for selective hydrogenation and dehydrogenation reactions

* Rate and overpotential both need to be optimized
¢ Isthe activation on a defect? Not the whole story
* Role of the dopant

* Phase of the catalyst is not necessarily the same
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Recent Advances

Homogeneous Catalysis for

* Understanding and incorporating second/outer sphere features from enzymes

* Room temperature reversibility has been achieved (fast rates/low overpotential)
— Controlling proton movement
— Structural contribution to stabilizing active site

* Overpotential and rate for H, production have been decoupled by controlling
catalyst dynamics

¢ Using FLP’s as catalysts
Heterogeneous Catalysis
¢ Engineered surfaces
— Designing catalytically active sites on an atomic scale specific for H, activation.

— Specifically not referring to immobilized homogeneous catalysts (different
issues)

e The structure may change during catalysis
— Not necessarily the defects you started with

Significant Outstanding Questions
Homogeneous Catalysis
¢ Decoupling rate and overpotential consistently
e Catalyst stability
* H, addition
¢ Bimetallic

— what is the role of the second metal

Heterogeneous Catalysis
¢ Bifunctionality in single metal alloys (need theory)
¢ Decoupling rate and overpotential consistently

* oxides
e Catalyst stability and regenerability

e High temperatures

* Due toreaction even at low T
* H, addition
¢ Insitu analysis and characterization

Cluster chemistry to reproduce surfaces challenging
Synthesis? Different ligands?

295



Questions for Discussion (suggested for 2nd day)

¢ How do we go about determining these mechanisms for
homogeneously and heterogeneously catalyzed
processes?

— What can we learn from each other by comparing/contrasting
these approaches to mechanistic studies?
* What is limiting our abilities to address the significant
outstanding questions?

— While there are lots of great experimental tools available now,
what is still needed to advance the field (to address these
current limitations)?

— Since theory is an essential element of mechanistic studies,
what advances here are needed?

— Are there critical elements of benchmarking that are needed?
* More generally, how do these elementary bond
breaking/bond making reactions relate to current
challenges for developing sustainable processes?

What Can We Learn From Each Other

The gap is narrowing

Heterogeneous has learned from homogeneous
— Single site engineered surfaces
— Think of surface as a ligand

— Metal oxides, sulfides, carbides, etc can locally exhibit a “homogeneous-like”

ligand structure
Big differences:

— The temperature

— Heterogeneous community aware of engineering principles that inform their

work more than homogeneous
Theory:
* Theory is leading the connection; they serve as the glue

¢ Differences: many techniques are different (periodic boundary conditions,
models that are not based on atomic orbitals).

— Commonalities: micro-kinetic models; the heterogeneous community is
starting to provide information from which you can use chemical intuition
(learning from homogenous)
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Limitations to Determining Outstanding Questions

* Experimental Tools
— Direct observation of proton movement in agueous solvents
— More broad use of:

— In situ characterization (high pressure XPS, high pressure/high
temperature NMR, Inelastic Neutron Scattering, STM, etc)
— More opportunities for high cost equipment (small centers; i.e.
NSF MIP program)
— More formal mechanism to establish collaborations with user
facilities
— Suggest Catalysis topics for the DOE graduate students (SCGSR)

Limitations to Determining Outstanding Questions

nt.
* Theory (cont.)

Higher accuracy (<1-2 kcal/mol, <pK,=1)

Including both thermo and kinetics

Providing guidance for how to prepare materials (heterogeneous)

Balance transformative first-principles based predictions with
experimental feasibility

Cross-field sharing (e.g. stability and meta-stability are better
understood for heterogeneous)

* Benchmarking
— TON (i.e. stability; for homogeneous catalysis)
— Comparisons between heterogeneous and homogeneous are useful
— “The same” conditions would need to be identified for each system
— Immobilizing homogeneous catalysts would be one way to compare
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How do these reactions relate to challenges for
developing sustainable processes

» Understanding H, activation and production is essential for
understanding all higher order multi-proton, multi-electron
reactions (storing energy in chemical bonds)

e Can be an important step for C-O, O-0, and N-N reactivity,
hydrotreating, dehydrogenating
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C-H Bond Activation — Day 1

Bill Jones and Matt Neurock
22 participants

For homogeneously and heterogeneously catalyzed processes, what
are the inherent similarities and differences in reaction mechanisms?

Many C-H activation reactions are carried out by essentially the
same mechanisms.

Differences are due to differences in the reaction environments
which dictate the sites present under working catalytic condition.

There are some reactions which may occur via different mechanisms
(or controlling steps). (e.g. C-C metathesis.)
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C-H Bond Activation Mechanisms

What are some currently proposed/accepted
mechanisms for the specific bond breaking/bond making
processes in each case?

Oxidative Addition

Hydrogen Atom Abstraction
Deprotonation

o-bond metathesis
Electrophilic Activation
Heterolytic Activation
Oxidative Hydrogen Migration
Metalloradical Activation

1,2 - Addition
Electrochemical C-H Activation
Enzymatic

Mechanisms of C-H Activation

Reductive
Hydrogen Hydrogen
Abstraction Abstraction

Oxidative
Addition

<4
N

Ligand-Assisted

Oxidative Addition Non-Reducible
H-Abstraction

Sigma Bond

Metathesis Softer Oxidants
Hydrogen
Abstraction
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ation Kinetics Depend on Reaction Environment
2 Pt o

_ 2 [CHF
Tk (0]

Chin, Y., C. Buda, M. Li, M. Neurock, and E. Iglesia,
J. Am. Chem. Soc.,133, 40, 15958-15978, 2011.

C-H Activation Kinetics Depend on Reaction Environment
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Chin, Y., C. Buda, M. Li, M. Neurock, and E. Iglesia,
J. Am. Chem. Soc.,133, 40, 15958-15978, 2011.
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Methane Activation over Pd (111) Terraces

CH, +* +* — CHy* + H*

. > -
“ %
—3 . D=9

0185 'ozos .

L 1. -

- b

M, -binding of CH4 AE( 4 pg= 73 kI mol?t AE,,,=29 kJ mol?

rxn

Donation from C-H to Pd, Back-donation from Pd, to C-H c*
Pd acts an electrophile Pd acts as a nucleophile

Chin, Y.H., C. Buda, M. Neurock, and E. Iglesia,

J. Am. Chem. Soc., 135 (41), 15425-15442, 2013.

Comparison of Oxidative Addition over Homogeneous
Ir(PH;),H Complexes and Heterogeneous Pd Surface

Similar results for Pd(PH,),

-Ir-H = 149°
rC 167"

Ir-P=231A
P-Ir-P = 169°

T. Cundari, J. Am. Chem. Soc. 1994,116, 340-347

Electrons are delocalized in the metal so there is only small change in oxidation state of Pd

Chin, Y.H., C. Buda, M. Neurock, and E. Iglesia,
J. Am. Chem. Soc., 135 (41), 15425-15442, 2013.
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Significantly Enhanced Rates on Pd at
Higher Oxygen Pressures — PdO Formation

=
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Increasing the oxygen chemical potential

Chin, Y.H., C. Buda, M. Neurock, and E. Iglesia,
J. Am. Chem. Soc., 135 (41), 15425-15442, 2013

Comparison of Oxidative Addition over Homogeneous
Ir(PH;),H Complexes and Heterogeneous PdO Surfaces

Simultaneous: Oxidative Addition
Reductive Deprotonation

Chin, Y.H., C. Buda, M. Neurock, and E. Iglesia, € - Zr(NH,),(NH)(CHy)(p-H)

J. Am. Chem. Soc., 135 (41), 15425-15442, 2013. T. Cundari, J. Am. Chem. Soc. 1992,114, 10557-10563
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What class(es) of catalyst(s) are responsible for carrying out
these elementary bond breaking/bond making processes, and
what are the properties of the catalysts that give rise to this
chemistry?

* The presence of species (atoms) on the surface can change the
kinetics of the reaction.

¢ Metals on metal oxides can be used for bifunctional catalysis.

¢ Terminology does not distinguish between two distinct catalytic sites vs.
one site doing two reactions.

¢ Supported metals typically carry out reforming; supported metals/
oxides - oxidative dehydrogenation, non-reducible & reducible metal oxides
-oxidative coupling, Mo/zeolites and Fe/SiO, — non-oxidative
dehydrogenation.

Are there overall reactions involving these bond
breaking/making steps that are uniquely catalyzed
homogeneously or heterogeneously?

* Non-reducible H-abstraction does not exist homogeneously.

¢ Are the mechanisms in heterogeneous catalysis and homogeneous
catalysis the same under the same conditions? Rate determining steps
might be different. e.g. metathesis at 700 C might not go through
metallacyclobutane. Side-by-side comparisons are needed.

¢ What controls competitive vs non-competitive binding.
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Are there examples of major recent advances in understanding
mechanisms of these elementary processes?

¢ Spectroscopy has allowed for direct observation of reactions under
catalysis: XPS, Raman, UVvis, soft X-ray

¢ SSITKA-steady state isotopic transient kinetic analysis —
perturbation effects (also pressure, T jump) provides information
about specific steps.

* Improvements with fast detectors has allowed this to be done
faster (IR on ns; Raman in 1 sec; UVvis in ms).

¢ In-situ spectroscopy for reactions in solution (ATR, etc.)

¢ Synthetic techniques have improved as well. e.g. nanostructures
on surfaces.

e STM, TEM improvements.

¢ Coupling spectroscopy and theory

What are some of the significant outstanding questions
regarding the mechanisms of these bond making and bond
breaking reactions?

¢ How do you stop further reaction in any of the mechanisms, to
prevent overoxidation/coking, etc?

e Are any of these mechanisms more controllable?

e How can we control selectivity via controlling environment? E.g.
zeolite confinement, control contact and hydrophobicity.

e Spillover from the metal to support can be important yet it is not
widely understood. e.g., where do the elementary steps occur? Is
the catalytic site needed? What are the atomistic steps of spillover?
Hydrogenation may occur on the metal, metal support or support
alone.

¢ C-H activation can be very easy at a highly activated surface —
turnover is the problem.
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Selective Activation of Methane to Methanol Over
Single Site Trinuclear Cu-Oxo Complexes in Mordenite

S. Grunder, M. Markovits, G. Li, M. Tramp, E. Pidko, E. Hensen,
A. Jentys, M. Sanchez, and J. Lercher, Nat. Comm. 2015,

What are some of the significant outstanding questions regarding
the mechanisms of these bond making and bond breaking
reactions?

¢ Heterogeneous rates are usually measured at steady state. Homogeneous rates are
usually measured with stoichiometric rates. Site counting important and makes
comparisons difficult.

¢ Mechanism is determined by the nature/polarity of the transition state polarity, where
the electrons reside when the bond is broken and the role of the sites that carry out
activation and the influence of dopants and promoters on the electronic structure.

e C-H activation of oxygenates — distinct from hydrocarbons — multiple types of bonds
present special challenges.

* Reaction engineering strategies may be of great importance in aiding and controlling C-
H activation processes. E.g. membrane reactors and the specific control local
concentrations, use of molten salts.

« Catalytic behavior sensitive to what is present under working conditions and
specific structure and composition of the surface (particles can have significantly
different behavior than ideal surfaces)
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What are some of the significant outstanding questions regarding
the mechanisms of these bond making and bond breaking
reactions? (cont’d)

¢ Bridging oxygens sites may be active in bioinorganic systems as well as
heterogeneous catalytic systems.

o Difficult to mimic the 3D spatial positioning special positioning of sites and
hydrophobic environments that drive enzyme reactions (Caronic
Anhydraze).

e Homogeneous catalyst/Ligand stability at higher temperatures.

¢ Elucidating the active sites for homogeneous and heterogeneous
catalysts difficult under operating conditions as a result of changes that
occur in activating the materials.

C-H Bond Activation — Day 2

Bill Jones and Matt Neurock
25 participants

Questions for Discussion (suggested for 2nd day)
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Questions for Discussion (suggested for 2nd day)

How do we go about determining these mechanisms for
homogeneously and heterogeneously catalyzed processes?

In-situ spectroscopy and detailed isotopic kinetic studies provide
important insights into the sites and mechanisms responsible.

Selective probe reactions and poisoning of sites can aid in
elucidating mechanism.

What can we learn from each other by comparing/contrasting
these approaches to mechanistic studies?

Theory can play an important role in comparing and contrasting
homogeneous & heterogeneous systems (requires reliable
models of active sites).

Create teams that examine the same catalytic reaction with both
homogeneous and heterogeneous catalysts and compare and
contrast results and mechanisms.

What is limiting our abilities to address the significant
outstanding questions?

O Ability to determine the nature and the number of active sites which might only exist
during catalysis and may change during reactions.
Need to obtain the structure of active sites and monitor it during the reaction in
situ/operando.
Experiment and theory should be combined, to identify and quantify the number
of active sites.
Characteristics of active sites: space, energy.
Enhanced spatio-temporal and energy resolution methods along with theory.
Advanced synchrotron methods: modulation-excitation, HERFD/RIXS, single particle
spectroscopy, combination of multiple techniques (XAFS, XRD/PDF, STEM, IR, Raman)

O Approaches to follow the kinetics of active intermediates under working conditions?
Spectrokinetics (SSITKA + operando spectroscopy):
MS-kinetics, IR-surface intermediate, XAS, Raman — active sites

U Determination of catalyst properties and descriptors that connect to catalytic reactivity?
Descriptors can correlate with each other
It is critical to measure them under the same conditions.
New methods are needed, for obtaining and correlating data taken in the
same conditions, e.g., spectrokinetics

A. Frenkel, R. Nuzzo, I. Wachs
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What is limiting our abilities to address the significant
outstanding questions?

O We can readily activate C-H bonds. How do we control selectivity?

Improve the intrinsic selectivity of other bond activation/formation steps or limit C-H

activation cascades.

Development of bifunctional or tandem catalysts.

Electrocatalytic or photocatalytic steps to assist

Use of photo- or electro- chemical triggers.

Reaction engineering approaches (membrane reactors, specific control of local
concentration, use of molten salts).

Questions for Discussion (suggested for 2nd day)

» Since theory is an essential element of mechanistic studies,

what advances here are needed?

We need to know the active surface terminations, sites and environments
under working conditions. This is a challenge.

Ability to simulate larger systems and longer time scales.

Ab initio simulations currently limited 100s to 1000s of atoms and
femtosecond time scales.

Need to simulate phase changes that can also occur with changes in
conditions (T and P).

Development of accurate reactive force fields but this is a significant
challenge.

Simulations of relevant spectroscopic properties from X-ray, neutron
scattering, NMR, optical absorption and excitations.

Identification of the best functionals for specific properties

Development of more accurate functionals that more accurately capture
electron correlation, exchange and multireference character.
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Questions for Discussion (suggested for 2nd day)

» Are there critical elements of benchmarking that are
needed?

 Site counting methods are important for establishing
benchmarks. Methods were discussed in last year’'s
meeting on benchmarking.

* Need to count sites under working conditions.

» Use of poisons to block sites. They may kill more
than one site.

* The best way is to monitor the reaction itself, e.g.
using SSITKA.

» Measuring rates and isotopes are important.

* Dynamic counting can be done with the introduction
of isotopes.

* Dilution studies can help identify # of sites.

 Single turnover measurements can be used to
compare to steady-state measurements.

Questions for Discussion (suggested for 2nd day)

* More generally, how do these elementary bond breaking/bond
making reactions relate to current challenges for developing
sustainable processes?

If you know the intimate aspects of bond activation, this will aid
with catalyst design for selectivity.
Can lower energy C-H cleavage processes be found?

Sustainable processes will require a balance with other bond
breaking/making steps (C-O activation, C-C formation....). Bi- and
multi-functional catalytic materials.

Can electrochemical methods be used?

Can processes be made to produce products that are
easier to separate?

Can we utilize biological paths in concert?
Need to provide a full systems analysis of the process.

Can intermediate temperature fuel cells be made?
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Four Breakout Sessions Focused on Specific
Bond Activation and Formation

e C-H Bonds — Matt Neurock and Bill Jones

* H-H Bonds — Fabio Ribiero and Wendy Shaw
e C-O Bonds — Aaron Appel and Lars Grabow

* N-N Bonds — Dan Mindiola and Tom Jaramillo

Questions for Discussion (suggested for first day)

* For homogeneously and heterogeneously catalyzed
processes, what are the inherent similarities and differences
in reaction mechanisms?

— What are some currently proposed/accepted mechanisms for the
specific bond breaking/bond making processes in each case?

— What class(es) of catalyst(s) are responsible for carrying out these
elementary bond breaking/bond making processes, and what are
the properties of the catalysts that give rise to this chemistry?

— Are there overall reactions involving these bond breaking/making
steps that are uniquely catalyzed homogeneously or
heterogeneously?

* Are there examples of major recent advances in
understanding mechanisms of these elementary processes?

* What are some of the significant outstanding questions
regarding the mechanisms of these bond making and bond
breaking reactions?
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Properties of C-O bonds

c-0 358 143
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Summary Day 1

* For homogeneously and heterogeneously catalyzed
processes, what are the inherent similarities and
differences in reaction mechanisms?

— The many different types of C-O bonds (single, double, triple)
makes it a challenge to compare mechanisms for all C-O bonds.
Too much complexity!

— C-0 bonds are strongly polar in contrast to N-N, H-H, C-H bonds.

— We focused predominantly on alcohols. Even within this
category many topics were discussed.

— Should oxophilicity be a quantified (thermodynamic) parameter,
similar to Lewis acidity, which has been quantified using a
fluoride affinity scale? However, even if quantified, it is not
clear that oxophilicity would provide consistent insight into
mechanisms of C-O bond cleavage.

— For alcohols, the reactivity is likely to be distinct based on R-
group (alkyl vs aryl) and conditions, especially due to the
presence or absence of a liquid phase (solvent).
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Summary Day 1

e For homogeneously and heterogeneously catalyzed
processes, what are the inherent similarities and
differences in reaction mechanisms?

— Dual sites or bifunctional catalysts, metal-oxide interfaces,
solvents...

— Homogeneous concepts may apply to some single site
heterogeneous catalysts.

— Single elementary steps may be common in heterogeneous and
homogeneous catalysis, but not necessarily mechanisms.

— It was generally agreed that metallic catalysts are expected to
have distinct mechanisms from catalysts based on metal oxides
or homogeneous complexes. One possible route toward
distinction is the separation of homolytic pathways, which are
more likely to occur on metallic catalysts, from heterolytic
pathways, which are more likely to occur on metal oxide
catalysts.

Mechanistic Trends in Heterogeneous Catalysis?

¢ Look at the transition state!

— Reaction pathways are often determined by the strength of
O-M vs. C-M bonds

Ethylene(g) and Oxygen(g)

— thylene Oxide(g)
H.,C=—=CH. + 1/2@Q L.
2 2 2 Transition State 1

HoC——GH,

Transiton State 2

Montemore, M. M. & Medlin, J. W. Predicting and comparing C-M and O-M bond strengths for adsorption on
transition metal surfaces. J. Phys. Chem. C 118, 2666-2672 (2014).
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Mechanistic Trends in Heterogeneous Catalysis?

¢ Look at the transition state!

— Reaction pathways are often determined by the strength of
O-M vs. C-M bonds
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Montemore, M. M. & Medlin, J. W. Predicting and comparing C-M and O-M bond strengths for adsorption on
transition metal surfaces. J. Phys. Chem. C 118, 2666—-2672 (2014).

Summary Day 1

e Are there overall reactions involving these bond
breaking/making steps that are (nearly) uniquely
catalyzed homogeneously or heterogeneously?

Homogeneous:

— Free radical reactions are mostly homogeneous (auto-
oxidation).

— Most enantioselective reactions are homogeneously catalyzed.

Heterogeneous:
— CO, to MeOH

— Electrocatalytic formation of C-C bonds.

— Steam reforming
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Summary Day 1

e Are there examples of major recent advances in
understanding mechanisms of these elementary
processes?

— Spectroscopies

— Availabilities and capabilities of light sources

— Experimentally validated models

— Arecent area of catalysis that has enable new mechanisms is
photoredox catalysis, which allows access to excited states, and
enables odd electron pathways instead of typically even
electron pathways.

* What are some of the significant outstanding questions
regarding the mechanisms of these bond making and
bond breaking reactions?

— Where to begin...
— Nature of active site

Questions for Discussion (suggested for 2nd day)

* How do we go about determining these mechanisms for
homogeneously and heterogeneously catalyzed
processes?

— What can we learn from each other by comparing/contrasting
these approaches to mechanistic studies?

* What is limiting our abilities to address the significant
outstanding questions?

— While there are lots of great experimental tools available now,
what is still needed to advance the field (to address these
current limitations)?

— Since theory is an essential element of mechanistic studies,
what advances here are needed?

— Are there critical elements of benchmarking that are needed?
* More generally, how do these elementary bond
breaking/bond making reactions relate to current
challenges for developing sustainable processes?
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Questions for Discussion (suggested for 2nd day)
How do we go about determining these mechanisms for
homogeneously and heterogeneously catalyzed processes?

* There is no proof for a mechanism. Proposed
mechanisms can only agree with data or must be
rejected (“proof by elimination”)

e Useful data is obtained by

— T>=Tools, talent, time to think.

— Careful reaction kinetics (rates/TOF, orders, temperature
dependences, etc.)

— Isotopic labeling (even for C12/C13)

— In-situ/operando observation of intermediates
(spectroscopy, microscopy)

— Energetics (measured or calculated)

— binding energies, bond strengths, activation barriers

Questions for Discussion (suggested for 2nd day)

How do we go about determining these mechanisms for
homogeneously and heterogeneously catalyzed processes?

¢ A great amount of insight can be gained by examining a
well-defined system such as on (i) a single crystal surface
(i) a single catalytic grain (iii) model metal/oxide
interfaces

* Liquid phase is challenging (“can of worms”), but careful
kinetics measurements (rates) can be done and should
be done

¢ Often not an emphasis in homogeneous catalysis
¢ Systems with pore condensation are a good starting point
e Collecting mechanisms and consistent rate data into a
single location using a common language would be an

improvement (so that not everyone has to be an expert
in each area)
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Questions for Discussion (suggested for 2nd day)
What is limiting our abilities to address the significant
outstanding questions?

Experimental tools
* More beam time, access to advanced light sources
e XANES, but limited to heavy elements for liquid phase
e 3D atomic probe field ion microscopy
¢ Allows to construct a 3D atom map of any given material

e Currently lacks dynamic information, but temporal
information could be revolutionary

¢ GC-NMR (commercially available, but not common)

Questions for Discussion (suggested for 2nd day)

What is limiting our abilities to address the significant
outstanding questions?
Experimental tools
¢ Careful studies of kinetics: important, but not sexy!
¢ Study as many of the elementary steps as possible
¢ Determine equilibria / free energies

¢ Determine reverse rates

* More time "=
* Access to facilities / equipment E ’/

* Less administrative activities?
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Questions for Discussion (suggested for 2nd day)

What is limiting our abilities to address the significant
outstanding questions?
Theory & benchmarking

More CPU time for capacity computing
Theory can eliminate the obviously wrong. Quantitative
agreement between theory and experiment is not needed.

Importance of metal and metal oxide interfaces is a
challenge that needs to be addressed both experimentally
and computationally

The length and the time scales involved in the simulations
and those involved experimentally

Questions for Discussion (suggested for 2nd day)

What is limiting our abilities to address the significant
outstanding questions?

Theory & benchmarking

Ability to study dopant levels (< 0.1%, i.e. > 1,000 atoms)

Ab initio calculations either accurately capture systems
dominated by chemisorption or those that are van der
Waals dominated. Must be able to do both.

Functionals for oxides and solvents
Need to work towards chemical accuracy
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Advances in theory for catalysis

Advances in Correlated Molecular Orbital Theory Methods

- Spin Orbit

- Improved orbitals for CCSD(T) - DFT GGA and Brueckner

- Solid State Approaches

- General Derivative Methods up to 2" Derivatives for CCSD(T)

- F12 calculations for all catalytically interesting elements (basis set issue)

- Improved MRCI methods where needed.

- Quantum Monte Carlo? Is it here yet? Improved nodes from CCSD(T)?
Advances in DFT

- Spin Orbit

- Improved general purpose functionals

- Improved usability of solid state codes — put energies on a computational

chemistry basis

- Improved spectroscopic prediction capability
Solvation

- Improved treatments for implicit solvent — accurate solvation energies

- Improved sampling techniques

- Improved and generalized approaches to predicting barrier heights and

rate constants in solution

- How many explicit solvent molecules are needed?

- Enthalpy and entropy of solvation

- Temperature effects
Data Management Approaches and Sharing

- Common data needs — Example: free energy of solvation of a proton

- Benchmarking

- Structures

Questions for Discussion (suggested for 2nd day)

What is limiting our abilities to address the significant
outstanding questions?
Theory & benchmarking
¢ While better functionals are desirable, more realistic (less
ignorant) and reliable models of the active site and
reaction environment are needed and need to be tested:
¢ Metal/oxide interface
¢ Solvent

e Lateral adsorbate interactions
(can be benchmarked to coverage dependent TPD)

* Error estimation/propagation on computational results

¢ More emphasis on capacity computing vs. capability
computing
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Questions for Discussion (suggested for 2nd day)

More generally, how do these elementary bond
breaking/bond making reactions relate to current
challenges for developing sustainable processes?

* Obvious: Good catalysts for any process lower energy
requirements, improve selectivity, increase efficiency
and are therefore related to sustainability

e Selectivity has a huge impact due to the extensive
diversity in possible CO bonds to form and cleave

* For any carbon-based processes, the formation and
cleavage of CO bonds will always be critical

* CO, conversion
¢ biomass utilization
¢ selective oxidations

Questions for Discussion (suggested for 2nd day)

More generally, how do these elementary bond
breaking/bond making reactions relate to current
challenges for developing sustainable processes?

e C-O bond cleavage is important for HDO, but elementary
steps for C-C, C-H, and O-H bonds are equally critical
¢ Mechanistic understanding in liquid phase is critical
» Syngas production/Fischer-Tropsch/Higher alcohols
¢ Many different C-O, C-C, C-H, O-H bond reactions
* The development of mechanistic understanding will be
critical to design catalysts based on
e Abundant metals
¢ Abundant non-metals
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Back to mechanisms
Oxophilicity, nucleophilicity, electrophilicity...

“There are two principal routes for utilizeing 5 ] Im
carbon monoxide catalytically. One is Insite
insertion of the coordinated CO into a M-L ]

bond. The other is external attack of a
nucleophile on the CO ligand coordinated to a
transition metal complex. Besides
nucleophiles that attack the electrophilic
carbon atom on the coordinated carbonyl
ligand, electrophiles such as oxophilic silyl
compounds can attach the oxygen atom in
the carbonyl ligand.”

Adapted from “Fundamentals of Molecular Catalysis”
Vol. 3 of Current Methods in Inorganic Chemistry by
Hideo Kurosawa, Akio Yamamoto, Elsevier, 2003. et
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Questions for Discussion (suggested for first day)

* For homogeneously and heterogeneously catalyzed
processes, what are the inherent similarities and differences
in reaction mechanisms?

— What are some currently proposed/accepted mechanisms for the
specific bond breaking/bond making processes in each case?

— What class(es) of catalyst(s) are responsible for carrying out these
elementary bond breaking/bond making processes, and what are
the properties of the catalysts that give rise to this chemistry?

— Are there overall reactions involving these bond breaking/making
steps that are uniquely catalyzed homogeneously or
heterogeneously?

* Are there examples of major recent advances in
understanding mechanisms of these elementary processes?

* What are some of the significant outstanding questions
regarding the mechanisms of these bond making and bond
breaking reactions?

Questions for Discussion on N-N Activation (N,)

* For homogeneously and heterogeneously catalyzed processes,
what are the inherent similarities and differences in reaction
mechanisms?

— What are some currently proposed/accepted mechanisms for the
specific bond breaking/bond making processes in each case?

Similarity: In N, activation it is generally accepted that this molecule must bind
to a metal and its pi* orbitals be reduced by electron rich metal centers.

Difference: In the homogeneous catalyzed process the binding mode of N, is
important. This is not the case in the heterogeneous catalyzed process.
Difference: In homogeneous catalyzed reactions protons and electrons must be
decoupled while in heterogeneous catalyzed reactions H, is directly used.
Difference: The pressure of H, is a huge factor in heterogeneous catalyzed
reactions since it can hydrogenate the surface and poison/inhibit the catalyst.

Difference: In the In homogeneous community, splitting the N-N bond with
metal radicals must traverse through a distortion to allow for the mixing of
difference spin states.
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Questions for Discussion on N-N Activation (N,)

* For homogeneously and heterogeneously catalyzed
processes, what are the inherent similarities and differences
in reaction mechanisms?

— What class(es) of catalyst(s) are responsible for carrying out
these elementary bond breaking/bond making processes, and
what are the properties of the catalysts that give rise to this
chemistry?

Similarities: V, Mo, Fe/Co(?), U, Zr, Nb, Ta, and Cr catalysts have
been reported. Properties: Lewis acidity, electron rich, low-
coordination numbers or unsaturation? Ideal electronic
structure?

Difference: In the heterogeneous process Ru is ideal since it
greatly lowers the pressure needed for hydrogenolysis.

Questions for Discussion on N-N Activation

- Are there overall reactions involving these bond
breaking/making steps that are uniquely catalyzed
homogeneously or heterogeneously?

Similarities: Making NH; catalytically from N, is possible in both
homogeneous and heterogeneous systems. However, in
homogeneous systems H* and e are usually decoupled which is not
economically viable.

Differences: In homogeneous reactions lower temperatures work
but there are lower TON

Similarities: Making NH, catalytically using M-H sites is not practical
and the source of H to make NH; still represents an
economic/energy challenge.
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Questions for Discussion on N-N Activation

Are there examples of major recent advances in
understanding mechanisms of these elementary
processes?

Schrock: One Mo center can catalytically convert N, to NH; with H*
and e’

Peters: A mononuclear Fe complex can do similar catalysis at very low
temperatures

Nishibayashi: A bridging N, complex can catalytically convert N, to
NH, (or mononuclear?), up to 60 TON

Chirik: Catalytic hydrogenolysis of LnM-NH, (using Rh hydride
complexes formed from H,) bonds to form NH; and stoichiometric
hydrogenation of N, to NH,

King: Bio and Inorganic inspired catalysis using light-driven dinitrogen
reduction catalyzed by a CdS:nitrogenase MoFe protein biohybrid

Kanatzidis: Bioinspired catalysis (with photons) with FeMoS-
Chalcogels

Questions for Discussion on N-N Activation

What are some of the significant outstanding questions
regarding the mechanisms of these bond making and bond
breaking reactions?

Is 1 metal site better than 2, or 3 sites?

There are plenty of compounds that activate N,, but few can break the
triple bond, why? (Mo and W metal can do it, so not as important)

Can we convert N, to NH, using visible light (Kanatzidis and King) and
understand this process? Replace ATP, H, and expensive H*/e- source
with light driven processes using non-CO, emitting H-sources

There are plenty of efficient (heterogeneous Ru based catalysts) that
convert NH; to N, and H,. Could understanding this reaction (at the
surface) help us understand the microscopic reverse reaction and
prepare more efficient catalysts to convert N2 to NH,? (Are these
systems stable enough to help us understand some of the elementary
steps?).

Can H, (and CO, formation) be avoided by carrying out reactions such as
3CH, + 2N, > 4 NH, +3C?
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N=N Activation: Breakout Session Il

Daniel Mindiola & Thomas Jaramillo

* Generally, how do these elementary bond
breaking/bond making reactions relate to current
challenges for developing sustainable processes?

* How do we go about determining these mechanisms
for homogeneously and heterogeneously catalyzed
processes?

* What is limiting our abilities to address the
significant outstanding questions? While there are
lots of great experimental tools available now,
what is still needed to advance the field (to
address these current limitations)?

N=N A€tivation

* Generally, how do these elementary bond
breaking/bond making reactions relate to current
challenges for developing sustainable processes?

- A broad range of important products:
nitrates, ammonia,
cyanides, N,0,
hydrazine, proteins....

Important aspects to consider:

* Selectivity is at the core, e.g. competition from H, production.

e C-free H, itself could be just as impactful, e.g. for Haber-
Bosch.

* Scalability, can the new process output the product at scale?

¢ Purity of the product, needs to meet expected specs.

* Many steps in the reaction, tandem catalysis?
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The general scheme

Alternatively, replace with:

¢ electrocatalyst
Electrocatalyst development: 2(H*+e’) > H,

N,+6(H*+e’) >2NH, ¢ thermal catalyst
3H,+N, = 2NH; (low Tp)

|l Reactor design and e

Electrocatalyst development:
H,0 2> O,+4(H*+e")

The key science needed:
¢ Improved understanding of these chemical transformations.

¢ Development of catalysts that are active, selective, stable, and scalable.
¢ New processes based on new catalysts.

N-=N Aetivation

* How do we go about determining these mechanisms for
homogeneously and heterogeneously catalyzed processes? What
can we learn from each other by comparing/contrasting these
approaches to mechanistic studies?

Thermal Cata%

Heterogeneous Homogeneous

<A]mmouaa[3
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Thermochemical steps in NH; synthesis
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N=N Aé€tivation

e How do we go about determining these mechanisms for
homogeneously and heterogeneously catalyzed processes? What
can we learn from each other by comparing/contrasting these
approaches to mechanistic studies?

Examine the reverse process, e.g. NH; decomposition (both homogeneous and
heterogeneous) to understand N, activation/conversion. Microscopic
reversibility. If you understand the elementary steps, you can apply that
understanding to the reaction in the other direction.

Theory. For instance, applied to hydrogenolysis of N,. Learning about
elementary steps.

Homogeneous systems seem to be more selective to NH; over H, vs.
electrochemical materials/surfaces. What can we learn from homogeneous
studies along those lines? e.g. controlling local concentration of protons vs. N,

Understand elementary steps for competing pathways.

Recall that there are many possible outcomes from N-N activation, learning
from one can help to understand the others. e.g. N, oxidation vs. N, reduction,
C-N bond formation, N-F bond formation.

N-N Activation

e What is limiting our abilities to address significant outstanding questions?

(A)While there are lots of great experimental tools available now, what is
still needed to advance the field (to address these current limitations)?

Operando tools/methods, boost in P & T, improved detection sensitivity.
Advanced NMR methods, e.g. DNP solid-state NMR.

Cheaper °N,.

At this stage, more about imagination and creativity, less about the tools available.

(B)Since theory is an essential element of mechanistic studies, what
advances are needed?

We need more complete descriptors.

Improved methods for treating the electrolyte (e.g. strong electrolytes) and interfaces.
Methods for establishing uncertainty in theoretical predictions.

Methods for solving the kinetics of complex reaction networks.

Methods for self-consistent methods to study the materials surface chemistry coupled
to reaction kinetics.

Better methods for searching for novel materials, especially outside ‘conventional’
materials classes.

Simplifications of models to accelerate throughput of calculations.

Nevertheless, with the current state of theory methods they can be applied as-is, again
it’s about creativity and imagination.
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N-N Activation

e What is limiting our abilities to address significant outstanding questions?

(C) Are there critical elements of benchmarking that are needed?
— Experimental: Standardization of methods/protocols, particularly with product
detection.
— A common set of catalyst systems that can be used as benchmarks for theory and for
experiment.
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