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Abstract

Characterization and Consequences of Atomic-Scale Catalyst Structure on Performance for
Hydrodeoxygenation of Lignin Model Compounds
by

Justin Marlowe

A variety of technical, economic, and societal factors require a global shift in the
consumption of goods and the production of energy towards routes that are broadly more
sustainable. A shift toward the use of biomass as a feedstock for carbon-based chemicals is one
promising component of such a future shift, spurred on recently by rapid electrification of
transportation and energy sectors. Lignin, a component of biomass that is currently
underutilized as waste generated during cellulose production, represents a promising, drop-in
replacement for current carbon feedstocks such as petroleum for the production of aromatic
monomers such as benzene, toluene, and xylene (BTX). This route of lignin-to-chemicals
would, in principle, provide a net-zero carbon emissions source of these high-value chemicals
currently produced on the scale of hundreds of millions of tons annually across the globe.
However, one of the primary technical challenges preventing the adoption of such a process is
the removal of oxygen from lignin-derived monomers through catalytic hydrodeoxygenation
(HDO). Oxygenated lignin monomers provide a range of reactive functionalities that are
activated by the catalysts typically explored to date, namely supported transition metal
nanoparticles. Thus, high selectivity of catalyst activation towards solely C-O bonds is

essential to avoid off-target product formation.
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Recently, a class of catalysts involving noble metal-reducible metal oxide interactions
has been identified as promising for the HDO of lignin-derived compounds. Despite initial
reports of high selectivity for C-O bond cleavage over other competing reactions such as
aromatic ring hydrogenation, there remains a lack of fundamental understanding of the active
site, hampered primarily by vast uncertainty regarding the mechanism of deoxygenation, the
structure of the catalysts under reaction conditions, and the subsequent structure-activity
relationships. While it is generally known that the reduced oxide decorates the metal
nanoparticle surfaces, it is unclear whether or not the oxide participates directly in catalysis
either as the active site itself, a modifier to the base metal reactivity, or solely as a spectator or
inhibitor. Because of this uncertainty, a number of plausible mechanisms have been proposed,
including direct deoxygenation, acid-catalyzed dehydration, and Mars-van Krevelen-type
deoxygenation, among others.

This work contained within this dissertation seeks to clarify the role of the reducible
metal oxide as it pertains to HDO catalysis, specifically, but also to expound upon the
understanding of metal-oxide interactions more broadly, especially concerning the so-called
strong metal-support interaction (SMSI). The development of a model catalyst system with
high tunability which facilitates a number of different characterization techniques to probe
catalyst structure and develop structure-activity relationship is critical to this goal. Through
this developed catalyst framework, this dissertation explores the effects on HDO catalysis of
nanoparticle size (Chapter 2), the metal oxide surface density (Chapter 3), metal oxide identity
(Chapter 4), and support identity (Chapter 5).

Through a combination of in situ and ex-situ characterization techniques (DRIFTS,

TEM, chemisorption) and measured reactivity of diverse model compounds for lignin, the role



of MOx promotion of Pt in HDO is clarified. MOx decoration on the surfaces of metal sites
serves primarily as a site-blocker, selectively inhibiting the undesired aromatic hydrogenation
by limiting the number of metal ensembles large enough to facilitate planar aromatic
adsorption through the preferential decoration of these ensembles. However, the oxide-metal
interface formed during catalysis also plays a lesser role in facilitating deoxygenation through
the conversion of metastable surface intermediates. The results suggest that both modified and
unmodified Pt catalysts transit through a shared mechanism in the HDO of phenolics, with
tautomerization of the phenolic functionality being an essential characteristic to facilitate

deoxygenation under the conditions studied.
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Chapter 1: Introduction

1.1 Motivation and Rationale

The global reliance on fossil fuels, including coal, oil, and natural gas, for
transportation, heating, and electricity has resulted in the emission of at least 450 billion tons
of carbon into the atmosphere since the dawn of the industrial age'. This unfettered emission
has overwhelmed the ecologic and geologic processes responsible for carbon sequestration,
resulting in current atmospheric CO; levels above 400 ppm which continue to rise. Continued
emissions at this scale are predicted to cause average global temperatures to rise well above
the 2°C goal set forth by the Paris Agreement, resulting in climatic change that will necessarily
result in significant global hardship, likely shouldered disproportionately, at least initially, by
the poorest groups across the world who have contributed the least to total anthropogenic CO»
emissions to date. To mitigate the worst of these consequences, collaborative and sweeping
efforts are needed to simultaneously reduce or eliminate net anthropogenic CO> emissions and
explore strategies to actively reduce current CO» levels, such as carbon capture and storage
(CCS)?3, among other approaches.

One avenue that is essential to this goal is the growth of alternative energy resources
such as wind, solar, hydroelectric, and nuclear energies in order to reduce the net CO:
emissions associated with electricity production and transportation. Models suggest that by
2050, electric vehicles could account for up to 30% of transportation energy and renewables
could provide up to 60% of all energy generation®. Electric vehicle growth in the United States
has outpaced most estimates to date, indicating that economic approaches such as tax breaks
and technical breakthroughs enabling the production of historically inexpensive batteries have

been successful in accelerating uptake. Wind and solar have similarly outperformed



expectations. The overall result is that energy usage is expected to significantly shift towards
electricity generation over the next few decades, signaling a large shift in both production and
consumption routes.

Though this progress is necessary and exciting, it is crucial to consider the butterfly
effects that these shifts to our global energy landscape will have. The petroleum refining
industry today is highly integrated and efficient, conserving >95% of the input carbon atoms

in crude oil in final products and achieving total energy efficiencies (77):

Energy Density of Products

= Energy Density of Crude Oil + External Energy Used

of almost 90%°. In large part, this efficient design stems from the diverse portfolio of products
that have been developed to take advantage of what was (and still is, albeit to a progressively
lesser degree) a relatively inexpensive and plentiful resource. These diverse products include
liquid petroleum natural gas (LPNG), gasoline, jet fuel, petrochemicals, and higher-boiling
fractions such as asphalt, highlighting that crude oil provides not only primary use products
such as transportation fuels but also chemical feedstocks such as petrochemicals which find
their way into nearly every consumer product manufactured today.

Disrupting this efficiency through the growth of renewable energy, however, comes at
a cost. Current models suggest that depending on the aggressiveness of carbon taxes and other
institutional limitations on CO> emissions, demand for petroleum will decline by 20-70%
between 2019 and 2050, from ~100 million barrels per day to 75 million barrels per day in the
most conservative estimates or only 20 million barrels per day in the most aggressive case of

emissions reduction*. This drop in projected demand is overwhelmingly caused by the



aforementioned electrification of consumer ground transportation. However, transportation
fuels, specifically gasoline and diesel, make up a majority of refinery output, meaning that
overall refinery output is predominantly affected by the demand for transportation fuels.
Consequently, in response to declining demand for ground transportation fuels, refinery output
must decline to avoid a crash in the valuation of crude oil products. Critically, this decline in
refinery output will necessarily affect the supply of each product in the petroleum refining
pipeline, including the non-transportation components such as petrochemicals and asphalt.
Troublingly, the demand for these same components is only expected to rise, counter to the
trends of transportation fuels. Figure 1.1a shows the projected demand for crude oil and
petrochemicals between 2020 and 2050. It can be seen that while crude oil demand overall
falls drastically in all projected scenarios, petrochemical demand only increases as a result of
continued industrialization and global population growth. Thus, barring significant and

sweeping changes to current refinery models as they exist today, namely, the development of
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Figure 1.1: (a) Projected trends in crude oil and petrochemical demand between 2020 and 2050 in millions of
barrels per day (mb/d). Shaded area represents the bounds of model projections based on conservation or
aggressive legislative and technical assumptions, respectively. (b) Projected gap in petrochemical supply created
by assuming that the fractional output of crude oil products remains constant. A dropping supply of
petrochemicals due to reduced refinery throughput at the same time that petrochemical demand increases
creates a gap unfilled by current technologies and feedstocks. Data compiled from Ref. 4.



new processes that can reform ground transportation fuels into higher-value and higher-boiling
fractions such as jet fuel, a gap between growing petrochemical demand and shrinking
petrochemical supply from crude oil is likely to form (Figure 1.1b).

A similar challenge was recently experienced in the production of propylene, which
experienced a so-called “propylene gap”®. Domestic declines in refinery throughput due to
stagnating demand for gasoline in the 2010s, coupled with a shift to ethane as a primary
feedstock rather than propane due to the exploitation of domestic shale gas deposits, resulted
in a decline in refinery propylene production. At the same time, however, propylene demand
was only rising due to the increasing usage of polypropylene and other products globally. Thus,
a gap between supply and demand occurred, demanding the development of new propylene
production technologies distinct from traditional stream cracking to supplement propylene
production. These on-demand technologies such as methanol-to-olefin (MTO) and propane
dehydrogenation (PDH) were commercialized successfully and have been employed in various
iterations to close the propylene gap.

However, unlike in the case of the propylene gap, there is currently an absence of
technologies that enable the production of petrochemicals from other crude oil streams. The
closest example currently in utilization is the increasing use of ZSM-5 in fluidized catalytic
cracking (FCC) catalyst blends to increase aromatics yield’. FCC technology utilizes acidic
zeolites, predominantly some form of zeolite Y, to crack heavy oils of Cz+ into gasoline and
diesel fractions®. While it has been found that introducing a small fraction of ZSM-5 into the
catalyst blend can improve aromatics yield, which has been ascribed to a confinement effect
stemming from the different cage size of ZSM-5 compared to zeolite Y, the total aromatics

achieved by the process are relatively small and insufficient to meet total the projected gap.



Thus, other technologies will be needed in order to supplement petrochemical production,

ideally utilizing existing infrastructure and downstream processes to reduce the complexity of

Legend
Existing
o Refinery

500+

SO0

Biomass
Capacity

5
2
2
e

100

Figure 1.2: Map of current domestic crude oil refineries. Co-location of refineries in regions which have been
identified to exhibit high biomass potential by NREL suggests reasonable transportation costs and logistics.
Data compiled from Ref. 5.

the transition while at the same time reducing overall production carbon footprint.
Considering these design constraints, second-generation biomass is a promising
candidate. Second-generation biomass encompasses a broad range of non-edible, plant-
derived materials from the residential, commercial agricultural, and residential sectors that are
typically considered waste and used for low-value applications such as combustion, if used at
all®®. The central tenet guiding the valorization of biomass into industrially relevant carbon
feedstocks is the hypothetical “carbon neutrality” of the products — that is, CO> is extracted
from the atmosphere during biomass growth and may be returned to the atmosphere upon
product decomposition at the end of life. In this process, the CO2 cycle is significantly

accelerated compared to fossil resources, which on relevant time scales represent only a source



of CO; emission today — the sequestration of which through natural processes will take millions
of years. Additionally, biomass is abundant both regionally and globally, mitigating the
geopolitical issues associated with geographically scarce resources such as petroleum.
Biomass consists of a range of carbonaceous polymers that lend themselves to diverse
applications as a result of their distinct structures. For example, much of the research to date
has been focused on the valorization of sugar monomers derived from cellulose and
hemicellulose components abundant in agricultural sources such as corn stover and residential

10-12 Depolymerization of the native biopolymers lends itself to the release of these

waste
structurally consistent sugar monomers, primarily glucose, which can then be used in
fermentative or thermocatalytic processes to generate products such as ethanol'®!? 5-
hydroxymethylfurfural (5-HMF)!*1¢_ and others!’. Of these routes, only ethanol production
from cellulosic fermentation has achieved much commercial implementation.

Biomass also consists of a significant fraction (~25% dry mass) of lignin, a complex
biopolymer consisting of oxygenated aromatic units linked through radical polymerization
processes to provide structural stability in plants. This composition of primarily aromatic
monomers, in fact making lignin the largest known natural source of aromatic compounds!®,
lends lignin unique potential for use as a feedstock, specifically targeting high-value
petrochemicals. Of the five chemical feedstocks typically comprising the “high-value
chemicals” or “primary” (ethylene, propylene, benzene, toluene, and xylene), three are
aromatic monomers (benzene, toluene, and xylene)!®. These species, also known as BTX
collectively, are produced on the order of 100 million tons per year and find use in a range of

consumer goods including pharmaceuticals, plastics, and textiles?’. It is these species that are

projected to grow in demand while crude oil supply begins to wane with decreased gasoline



and diesel demand, demanding the exploration of new feedstocks for BTX, ideally one that
can exploit current processes while reducing the overall carbon footprint of BTX growth.
Thus, considering the likely discrepancies between fossil resource supply and
aromatics demands in coming years, lignin could prove to be a viable, sustainable, drop-in
substrate to close the supply gap left by petroleum. Valorization of lignin is also considered an
integral component towards the economic realization of biorefineries, as the low-value
utilizations of lignin today, primarily as a combustible fuel, reduce overall refinery
profitability?!. However, while there are demonstrated, commercial-scale processes which
target cellulose and hemicellulose valorization, the technical space for lignin is far less mature.
Realizing a lignin-inclusive biorefinery for aromatics production requires two broad
technical steps, namely 1.) extraction and depolymerization and 2.) deoxygenation?>24,
Depolymerization, from a technical standpoint, is significantly more challenging for lignin
than for the analogous biopolymers cellulose and hemicellulose due to the complex and
stochastic chemical bonds formed during lignin’s radical polymerization in vivo. A full
overview of the challenges for lignin separation and depolymerization is outside of the scope
of this dissertation but can be found in a number of detailed reviews?>>~%’. For the sake of this

work, there have been multiple routes identified, including liquid-phase solvolysis®®%,

3032 and thermal pyrolysis**—37 which enable the

catalyst-mediated reductive fractionation
depolymerization of lignin. However, in all cases, the resulting monomers are a pool of mixed
structures, exhibiting varying degrees of oxygenation in the form of hydroxy and methoxy
species and hydrocarbon chains bonded to the aromatic ring of interest®®. Such diversity in the

product stream lends itself to low intrinsic value, susceptibility to repolymerization and

fouling, and high oxygen content. In order to realistically be a drop-in replacement for current



petroleum feedstocks, which can tolerate some degree of structure heterogeneity considering
the state of current separations processes, the oxygen content of the resulting monomers must
be reduced. This both improves the chemical properties of the monomer pool and funnels the
monomers into greater structural similarity. Considering the strength of the C-O bond energy*°,
thermal and chemical routes alone have been ineffective in activating the C-O bond, especially
considering the need to maintain the desired aromatic structure. In order to realize the bond-
selective cleavage of C-O bonds in lignin-derived monomers at high rates, heterogeneous

catalytic hydrogenation (HDO) is required.
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Figure 1.3: Overview of biomass valorization strategies targeting aromatic monomers from
lignin-rich feedstocks.

Heterogeneous catalysts are materials that participate in a reaction by lowering the barriers
of key reaction steps but are importantly not consumed during the reaction itself, instead
lowering barriers by transiently stabilizing key transition states. By careful design of the
catalyst structure, properties, and composition, performance can be tuned to theoretically

achieve selective activation of specific transition states over others, thus enabling the

facilitation of specific reactions, such as the cleavage of C-O bonds.



1.2 Current HDO Catalysts

Early work into the investigation of effective catalysts for HDO relied on the closest
approximation to the process available and present in industry, which are hydrodesulfurization
(HDS) catalysts employed in the reduction of sulfur content in transportation fuels.
Combustion of sulfur-containing fuel results in sulfur oxide (SOx) emissions that are both a
human health and ecological concern. As a result, environmental agencies globally have placed
restrictions on the amount of sulfur that transportation fuels can contain, which today stands at
a maximum of 10 ppm in the United States. Crude oil, on the other hand, has a sulfur content
between 0.4 to 5%, or up to 50,000 ppm*’, meaning that sulfur removal has been an essential
component of refinery operation since the late 1990’s.

Sulfur content in crude oil is primarily composed of thiophenes and sulfides, though
the full range of sulfur-containing compounds is as diverse as the number of compounds
comprising crude oil*'. Thus, HDS catalysts have undergone multiple evolutions as
increasingly more sulfur-containing compounds and functionalities are required to undergo
HDS as environmental regulations become stricter. The current state-of-the-art is CoMoP/HY-
ALOs catalysts, wherein bimetallic CoMo sites are the active site for sulfur removal,
phosphoric acid is present as a structure-directing agent to increase the density of active CoMo
sites, and the HY-ALLO3 support facilitates isomerization to more reactive sulfur-containing
compounds compared to Al,O3 alone*.

While a large commercial push to reduce the oxygen content in crude oil never
occurred, as oxygenated byproducts are inherently not an emissions concern (CO2, H>O, etc.),
early academic interest in HDO spurred by biomass-to-chemical processes initially utilized

HDS catalysts. The inspiration for this primarily comes from the chemical similarity of



oxygen- and sulfur-containing functional groups in organic compounds as a result of their
proximity in the periodic table under Group 8. There are also important analogs between HDO
and HDS regarding the diversity of substrates that are likely present under reaction conditions,
either in the form of sulfided hydrocarbons in the case of crude oil or oxygenated aromatics in
the case of lignin. Thus, in both cases, catalysts should be active towards a broad range of
chemical and structural moieties. Examples of HDS catalysts abound in early HDO literature**-
46 primarily utilizing the prototypical sulfided CoMo formulation at temperatures above 300°C
and pressure greater than 20 bar H>. Under these conditions, there are reports of both mono-
oxygenate and multi-oxygenated lignin model compounds undergoing HDO to deoxygenated
aromatics such as benzene at high selectivity, with hydrogenation of the aromatic ring
representing a minor side-reaction.

Though the CoMoS formulation was shown to be effective in obtaining high yields of
aromatics from oxygenated lignin model compounds, there are significant plant-scale
drawbacks that limit its desirability in HDO reactions. Namely, although the as-prepared
catalytic formulation of the state-of-the-art HDS catalyst is composed of CoMoP/HY-Al,Os,
extensive research with the goal of optimizing HDS catalyst performance identified that active
sites are CoMoS bimetallic sulfide domains, specifically at the defective corner sites where S

vacancies form?*7:48

. Thus, in order to obtain active catalysts for HDO using similar catalytic
formulations, sulfur compounds must be co-fed to continually regenerate the CoMoS active
phase. The presence of sulfur on the surface of the catalyst leads to unavoidable contamination
of the product stream with trace levels of sulfur, which requires downstream removal. Contrary

to petroleum refineries where desulfurization is inherent to the plant design, particularly after

HDS where H»S is a stoichiometric product, proposed biorefinery models are not expected to
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employ large-scale desulfurization units, especially in the downstream monomers process
units. Additionally, though the selectivity to aromatics is favorable, even under harshly
reducing conditions, deoxygenation rates are generally too low for industrial application.*® As
a result, alternative catalyst formulations have been explored for commercial-scale
implementation in HDO processes.

Of these alternative catalysts, supported metal nanoparticles such as Pt, Pd, Ni, and Ru
have received the most attention in HDO research®®38, Of these catalysts, early screening
studies identified Pt as particularly active and stable in the HDO of model compounds.
However, at reaction conditions needed to achieve reasonable HDO rates greater than 1 mmol
geathr! (250°C+, =1 bar H), Pt simultaneously hydrogenates the aromatic ring and
isomerizes substrates to 5-member ring and open-chain saturated alkane products, which are
lower-value and challenging to separate from the desired aromatic products. Deactivation via
coking and irreversible intermediate adsorption to the catalyst have also been challenging for
transition metal catalysts>-6!.

Studies have been conducted that investigate the influence of the support composition
on the HDO activity of reduced metals. Supports can influence the reactivity of metals by
providing distinct active sites, modifying metal electronic characteristics, and dictating the
transport of substrates and products to the active sites. For instance, zeolite-supported Pt
catalysts have been proposed for HDO primarily due to their high Brensted acid site

density®>6

, which facilitates deoxygenation through dehydration of alcohols formed from
hydrogenation of phenolic substrates. However, the product selectivity on these catalysts is

often dominated by saturated cycloalkane species with low utility and value compared to the

desired aromatics.

11



High yields of aromatics in the HDO of lignin model compounds were observed with
Pt supported on reducible metal oxides, as compared to irreducible supports. For example, the
activity and selectivity to aromatics over Pt supported on ZrOa, TiO2, and Nb2Os increased
with more reducible supports®®. Another study investigated Pt/TiO: reduced at 250° - 550°C
and found a relationship between oxygen vacancy concentration and the TOF of m-cresol to
toluene®. Importantly, characterization showed decreasing acid site density on more active
catalysts treated under harsher reducing conditions, indicating selective HDO over Pt catalysts
supported on reducible oxides does not proceed through acid-catalyzed pathways.

For Pt/TiO: catalysts, SMSI was hypothesized to play a role in balancing catalytic
activity and selectivity®. SMSI describes the in situ formation of reducible oxide overlayers
on the surface of metal nanoparticles under high temperatures, reducing atmospheres, such as
those during HDO. It has been speculated that the formation of incomplete oxide overlayers
on metal surfaces may optimize HDO selectivity to BTX products by maximizing the metal-
oxide interfacial length beyond what can be achieved for metals sitting on supports (no oxide
decoration). For catalysts supported directly onto reducible metal oxides, however, obtaining
incomplete overlayers is a challenge via SMSI due to the stoichiometric excess of reducible

oxide available, which favors the formation of overlayers that cover the entire metal surface.
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Recent work has addressed this limitation by using atomic layer deposition (ALD) to
deposit reducible metal oxides such as WOs, Nb2Os, and TiO> onto metal nanoparticles
supported on SMSI-inactive supports (e.g. Si02)%¢-%°, Importantly, the reducible oxide content
relative to the metal surface area is tailorable, allowing control of the extent of overlayer
formation since the support (SiO2) does not exhibit SMSI. In the HDO of m-cresol, WOx-
modified Pt/C catalysts exhibited a remarkably high selectivity of 98% to the desired aromatic
product, toluene, even under 36 bar of H», see Figure 1.4%. Under similar conditions, Pt/C
catalysts were only 62% selective to toluene, with the balance being hydrogenated products,
and deactivated within 4 hours. Conversely, the WOx-modified Pt/C catalyst conversion was

stable for at least 7 hours.
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Figure 1.4: HDO of m-cresol catalyzed by a.) WOx/Pt/C and b.) Pt/C. WOx-modified Pt catalysts exhibit
far improved selectivity to toluene and stability compared to unmodified Pt catalysts. Reaction
conditions: 573 K, 36 bar, 2 mol% m-cresol/dodecane, WHSV = 0.6 hr!. Black data points represent
conversion, colored data points represent selectivity. Adapted from Ref. 68.

1.3 Goals of this Dissertation
Despite this exciting progress toward identifying potentially viable -catalyst
architectures for the HDO of lignin, there has been no conclusive work furthering the

understanding of the structure of the active site. The development of such a structure-activity

relationship is essential for the realistic implementation of these catalysts on a commercial
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scale. Recently, a list of suggested metrics for catalytic processes that produce fuels and
chemicals has been published, which seeks to provide realistic industrial benchmarks that lab-
scale catalysts can be compared against to shrink the gap between academic research, which
tends to target only fundamental progress, and industrial implementation, which strongly
values performance metrics such as reactor volume, catalyst stability, and process conditions.
This report suggests that reactor productivity be greater than 0.1 metric tons per cubic meter
per hour for a sustainable catalytic process’’. Assessing the literature available for WO/Pt and
other inverse catalysts in the HDO of lignin model compounds, there appears to be a need for
~10-fold improvement in catalyst rates to meet the provided performance benchmark.
Improvement may need to be even greater considering the costs associated with catalysts
containing noble metals, such as Pt, and the price of products derived from lignin. Such
improvement will require a fundamental understanding of the active site for deoxygenation in
these catalysts.

Regarding the current understanding of the active site structure, it is generally been
observed that catalysts containing oxide-on-metal structures exhibit increased activity and
selectivity to BTX products, despite presumably lower metal site accessibility compared to
unmodified catalysts due to the presence of the oxide decorating surface metal sites. However,
while activity has been reported to increase, improvements to the rates of initial reactivity have
been quite modest (never more than 3-fold) compared to unmodified Pt®® catalysts. Hampering
confident assessment of the reactivity of modified and unmodified catalysts on a per-site basis
are the technical challenges associated with direct measurement site density due to the
inherently dynamic nature of oxide decoration. The small changes in rates (on a per mass of

catalyst basis) comparing bare and oxide-promoted Pt for HDO is suggestive of a shared
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mechanism and active site, drawing into question whether WOx-modification of Pt is
responsible for generating a novel active site at the Pt-WOx interface or if WOx moderates the
observed activity of bare Pt through other means.

Importantly, there is no consensus on the mechanism of phenolics HDO for either
modified or unmodified Pt catalysts. Reports have consistently shown that supported reducible
oxides such as MoO3 and WOj alone exhibit far suppressed reactivity, if any, in HDO compared
to WOx-modified Pt catalysts*’!. On the other hand, Pt is known to be active by itself in the
HDO of phenolics’. Theoretical work has suggested that under-coordinated sites, such as those
present on the steps and edges of Pt nanoparticles might be more reactive than well-coordinated
sites in the direct cleavage of C-O bonds present in phenolics’. However, experimental work
on Pt/Si0O; catalysts has proposed a tautomerization mechanism for the HDO of phenolics,
meaning that direct C-O cleavage may not play a role under experimental conditions. Despite
this disagreement, no work has been conducted seeking to understand the role of Pt structure,
namely that of well-coordinated and under-coordinated sites on the surface of Pt nanoparticles,
on the experimentally observed HDO reactivity.

It is perhaps unsurprising, then, that without a functional understanding of the
mechanism at play in unmodified Pt-catalyzed HDO reactions, even more uncertainty
surrounds the reactivity and mechanism of WOx-modified Pt catalysts for HDO. A number of
mechanisms have been proposed, ranging from Brensted acid-catalyzed dehydration, reverse
Mars-van Krevelen mechanisms, direct C-O cleavage, and other interfacial phenomena
between the oxide and metal components. One report studying WOx-modified Pt/TiO; catalysts
using deuterated polyol substrates and NMR concluded that the resultant products exhibited

D-labelling inconsistent with a Mars van Krevelen-type mechanism, though the reactivity of
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saturated polyol substrates and phenolics might be considerably different’. Others have
pointed to the in situ formation of acid sites associated with the oxide-metal interface, bolstered
once again by observed HDO activity of saturated alcohols”’®. Such results cannot by
themselves be extended to aromatic oxygenates, which are stable under acidic conditions even
when strong mineral acids are used.

Thus, the work presented in this dissertation seeks to gain a fundamental understanding
of oxide-promoted Pt catalysts in the HDO of phenolic compounds by taking a ground-up
approach. The work presented in Chapter 2 seeks to identify the inherent structure-activity
relationships of unmodified Pt/SiO» catalysts by varying Pt particle size, thus varying the
fraction of well-coordinated and under-coordinated sites, to assess the role of direct C-O
cleavage in the HDO of phenolics compared to other mechanisms, such as tautomerization.
Using the fundamental understanding built on this system, Chapter 3 utilizes a stepwise
synthesis to produce WOx-modified Pt/SiO; catalysts of consistent size with varied WOx
loading. Characterization of these materials sheds light on a new aspect of oxide-on-metal
catalyst architectures which contextualizes the high aromatics selectivity of this class of
catalysts in the HDO of phenolics. In Chapter 4, the results of the previous 2 chapters are tested
against a wider range of modifying oxides to elucidate the physical and chemical properties
dictating reducible oxide-modified Pt catalyst performance in the HDO of phenolics. Chapter
4 briefly investigates the confluence of metal-support and oxide-support interactions using an
ALOs support instead of SiO; as used throughout the rest of the dissertation work. In
conclusion, an atomic-scale perspective of HDO reactivity over modified Pt catalysts is

achieved for the case of phenolic substrates, complemented by a rich mechanistic
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understanding of deoxygenation under mild conditions and the materials science phenomenon

underpinning the structure of heterogeneous catalysts.
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Chapter 2: Structure Sensitivity of Pt in HDO

Reproduced in part from:
Marlowe, J., Ford, P., Abu-Omar, M. M., Christopher, P. Structure sensitivity in
Pt-catalyzed hydrodeoxygenation of multi-oxygenated lignol model compounds. Cat. Sci.

Tech., 2023, 13, 5662-5678.

With permission from the Royal Society of Chemistry.

2.1 Introduction

2.1.1 Background

In determining the structure of the “active site” of WO/Pt catalysts in the HDO of
phenolics, it is first necessary to consider the landscape of active sites that might feasibly exist
on the surface of these catalysts. The materials that have been reported to date present what
might be considered a limitless number of structurally unique sites for reaction, comprised of
any combination of W, Pt, Si, and O atoms. Importantly, however, the site moiety responsible
for the observed reactivity may ostensibly be a rare structural motif relative to the entire
catalyst surface, and as such it is not sufficient to simply describe the composition of the
catalyst as nanoparticles of Pt on a SiO> support.

This concept of structural domains which constitute a minority of the surface but
represent the motif responsible for the bulk of the reactivity was first proposed by Hugh Stott
Taylor in 1925'. Taylor built upon the growing breadth of materials science and chemical
knowledge at the turn of the 20™ century to propose the importance of atomic-scale structure
on reactivity. An appreciation for the composition of the catalytic surface developed beginning

in 1913 with the work of the Bragg family on x-ray diffraction in crystals®*, identifying that
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solid materials such as catalysts were composed of structurally organized atoms arranged in
repeating lattices. In 1918, Irving Langmuir first described the theory of monolayer adsorption
of molecules onto the surfaces of solids, introducing the concept of “sites” as we know them
today, though without specific comments towards catalysis or the action of these sites outside
of their capacity to adsorb molecules*. However, it was only a short time later in 1926 that
Cyril Hinshelwood extended these concepts to the ideas of catalysis, framing the phenomenon
of heterogenous catalysis as the co-adsorption of two molecule species on catalytic sites which
thus enables reactivity, which is known today as the Langmuir-Hinshelwood mechanism of
catalysis and remains the most widely utilized model for kinetics>®.

Taylor pointed out, however, that a number of phenomena that had been observed could
not be fully rationalized by Langmuir’s effective, but coarse, model. One of these was the
observation by Taylor and coworkers at Princeton that quartz, regardless of how finely ground,
would adsorb only a minuscule amount of carbon monoxide despite a relatively high surface
area, leading to the conclusion that not all gases adsorb on all “sites”. Studies on other materials
had also shown at this time a disconnect between chemical reactivity and adsorption of gases,
with chemical reactivity typically being much more sensitive to change than adsorption, which
remains relatively more constant regardless of treatment. Combining the concepts of both
Langmuir-Hinshelwood kinetics and crystalline atomic solids with these observations, Taylor
postulated that the surface of catalysts was composed of both “active” and “inactive” sites,
present in various quantities, with the active sites being those that contributed to adsorption
and reactivity. Taylor’s report on this hypothesis contains a figure describing his proposal of
the arrangement of a catalytically active Ni surface, shown below in Figure 2.1 in as close to

its original format as possible for the sake of underscoring the remarkable accuracy of this
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hypothesis despite the technological limitation of the time. The wide range of modern, atomic-

scale characterization techniques available today all confirm Taylor’s hypothesis. It is fitting,
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Figure 2.1: Taylor’s proposed structure of a Ni surface relevant to
hydrogenation catalysis, indicating that some Ni sites (above layers I and II)
exhibit decreased connectivity due to their spatial arrangement. Taylor
hypothesized that these defective regions were the “active site” for
catalysis. Image adapted from Ref. 1.

if not of much technical importance, that the content of this dissertation is conducted in what
can be considered Taylor’s direct academic lineage (Taylor - Boudart —» Madix — Linic —
Christopher).

Taylor’s report developing the concept of the active site in heterogeneous catalysis
shows a Ni surface that contains Ni atoms existing out of plane of the bulk Ni crystal. These
sites, Taylor proposed, may have greater activity stemming from their decreased connectivity
to neighboring Ni atoms, with activity increasing in proportion to the degree of under-
connectivity, or coordination, of these atoms, thus being larger for Ni atoms in the top-most
layer, followed by the second layer, and finally the crystalline surface. Once again, in this
regard, Taylor was entirely correct. The development of molecular orbital theory for molecules

in 1931 by Mulliken set in motion the gradual development in the understanding of how atomic
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orbitals, even in solids such as Ni, dictate reactivity through electronic interactions’. Altering
the degree of coordination of Ni atoms through geometric constraints as shown in the figure
above in turn alters the orbital characteristics of Ni atoms, particularly those in the outermost
layer of Taylor’s proposed surface, enabling greater reactivity.

While Taylor’s proposed surface is an exaggerated perspective, decades of surface
science research following this model of active sites have again validated his proposal. These
lesser or under-coordinated sites are both a fundamental consequence of metal catalysts
comprised of atoms and a result of the electronic differences between sites in the presence of
adsorbates. Metal catalysts are very often utilized in the form of metal salts which are dispersed
upon supporting materials in order to increase the effective surface area per given number of
metal atoms, as will be discussed in more detail in the introduction to Chapter 3. A consequence
of this dispersion is that metal species exist as semi-crystalline particles formed by truncation
of the idealized crystal bulk consistent with the findings of the Bragg family. This act of
truncation of a repeating lattice structure necessarily introduces interfaces between different
lattice structures, analogous to the edges of three-dimensional polyhedra at the interface of the
polyhedra’s faces. Atoms at this interface, or edge, are under-coordinated relative to the atoms
on the faces of particles. This analogy can be extended further to include a range of under-
coordinated features, including corners and edges internal to a face, or step, sites. A decidedly
more modern representation of the atomic arrangements of these sites for metal catalyst

particles is shown below in Figure 2.2.
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Figure 2.2: Atomic-scale representation of the different spatial relationships of corner,
step, edge, and terrace sites on a metal nanoparticle. The cubic shape shown here is
selected for simplicity, as realistic nanoparticle shapes exhibit a range of complex and
dynamic structures which are broadly composed of these structural sites.

The truncations along which ideal crystals are split to produce metal particle shapes are
not random but rather occur preferentially along specific directions to reduce the overall
surface energy of the resulting particle. Once again, an analogy can be drawn between this
preferential shape for metal particles and the shape of water droplets, which assume the classic
tear-drop shape to reduce the surface energy of the droplets as first described by Joseph Willard
Gibbs in 1878%. Drawing on this conclusion, George Wulff postulated that the same would be
true for metal particles cut from a bulk structure®!?, but mathematical proofs of the concept
were not complete until the 1950s from the work of Laue and Herring!!. Such well-defined
truncations, today known for their original descriptor as Wulff constructions, result in
characteristic shapes for particles depending on the element and enable the quantitative
description of the number of each type of site, including faces (terrace), edges, steps, and
corners for known geometries. Importantly, just as the relative surface area changes with the

number of atoms, so too does the relative fraction of each site type for a given metal'?. Thus,
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the reactivity of metal particles is very frequently a function of the particle size, all other factors
held constant. This can be quantitatively modeled for a given geometry and made tractable
through the grouping of atoms into well-coordinated (8+ coordination) and under-coordinated
(<8 coordination) atoms. One example is provided below in Figure 2.3, calculated for a variety
of common Wulff construction shapes in metal nanoparticles.

This dependence on particle size experimentally manifests itself in so-called “structure
sensitive” reactions, or reactions whose rates or selectivity depend greatly on the structure

and/or size of the particles catalyzing the reaction!3:!4

. The most famous example of this is the
Haber-Bosch process over Fe catalysts for the production of ammonia from N, and H», where

N2 is a considerably challenging catalytic step due to its strong bond, step sites on metallic

surfaces were found to be particularly active!>'7. On a fundamental level, every reaction must
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Figure 2.3: Distribution of surface sites on metal nanoparticles of various, thermodynamically-
predicted shapes. Instead of describing sites based on individual identity, sites are grouped into
two classes: well-coordinated (i.e. terraces, 8+ coordination) and under-coordinated (i.e. edges, <8
coordination). Broadly, well-coordinated site fraction (red lines) increases with increasing
nanoparticle diameter.

Average UC

necessarily exhibit some varying degree of structure sensitivity because of the electronic
differences resulting from the changing coordination of metal sites with structure, which in
turn modify the binding energies of adsorbates and, through linear free energy relationships,

the activation energy for elementary steps'®.
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2.1.2 Relevance of Structure Sensitivity in HDO

Despite the likelihood on a fundamental level that mechanistic steps in the HDO
reaction, including deoxygenation or hydrogenation, exhibit structure sensitivity over Pt
catalysts, there has been a lack of work that seeks to characterize the effect of Pt structure on
HDO selectivity. Such structure-activity relationships represent an opportunity to tune HDO
activity and selectivity, particularly towards undesired side reactions resulting in
hydrogenation and coking, without the use of catalyst modifiers which introduce potential
unnecessary complexity.

For instance, prior work unrelated to HDO has shown that aromatic ring hydrogenation
requires a planar adsorption geometry that has a relatively large ensemble requirement (~6 Pt
atoms!*2!) compared to the activation of other moieties, a requirement that makes it sensitive
to changes in particle size and shape. Metal particle size-dependent reactivity derives from the
decreasing relative concentrations of extended metal terraces (well-coordinated, flat surfaces)
with decreasing particle size and the concomitant increase in the relative concentration of
under-coordinated metal sites (steps, edges, corners, etc.). The sensitivity of catalytic reactivity
to particle size has been observed in benzene hydrogenation over Pt/SiO; catalysts, where
smaller Pt nanoparticles exhibited lower turnover frequencies for hydrogenation to
cyclohexane than larger particles, demonstrating the importance of extended flat metal surfaces
for ring hydrogenation??. Therefore, our premise is that the use of small metal nanoparticles in
HDO reactions might restrict planar aromatic ring adsorption, thus improving selectivity
towards aromatic products.

Interestingly, the opposite trend has been observed for deoxygenation turnover

frequency, which increases on smaller metal particles, stemming from facilitated C-O cleavage
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23725 which increase in relative content

at undercoordinated sites on metal nanoparticle surfaces
with decreasing particle size. Thus, smaller metal particle sizes might suppress planar
adsorption of phenolics, resulting in decreased rates of hydrogenation, but facilitate the
cleavage of C-O bonds at under-coordinated sites with a high capacity for deoxygenation.
Importantly, however, it has been shown that this trend in deoxygenation activity breaks down
at the single atom limit?®, potentially due to insufficiently small ensemble size and accessible
charge states for C-O bond cleavage. Thus, it is reasonable to expect that an optimum metal
particle size may exist that maximizes HDO activity and selectivity.

Despite the evidenced influence of metal particle size (and active site structure) on
reactions associated with HDO of lignin-derived monomers, limited work exists that tests this
hypothesis. For example, it was found that in phenol HDO, turnover frequencies for
hydrogenation increased and deoxygenation decreased with increasing particle sizes between
5 and 22 nm over Ni/SiO; catalysts®’. Similarly, it was demonstrated for HDO of m-cresol over
Ni/SiO; catalysts that smaller Ni particle sizes suppressed methanation via hydrogenolysis and
increased rates of HDO towards toluene?®. However, this work also reported the increase of
aromatic ring hydrogenation rates with decreasing Ni particle size, in opposition to the report
on phenol HDO. These reports generally support the expected influence of metal particle size
described above with regard to deoxygenation, though questions remain as to the influence of
particle size on aromatic HDO product selectivity, specifically regarding the structure
sensitivity of aromatic ring hydrogenation. Additionally, no investigation into the influence of
metal particle size has yet been made for Pt catalysts in HDO, despite their frequent use.

Importantly, prior reports that have examined metal particle size-dependent HDO

reactivity have been limited to simple mono-oxygenated substrates, such as phenol or cresol.
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Though these substrates provide insight into mechanistic details, realistic lignin-derived
feedstocks contain a significant fraction of di- and tri-oxygenated phenolic species, consisting
of both hydroxyl and alkoxyl functionalities>*=°, As a result, there is little understanding of
how metal nanoparticle size, and thus active site structure, influences HDO rates of various
oxygenate functionalities (i.e. hydroxyl vs. alkoxyl group deoxygenation) and aromatic

hydrogenation in multi-oxygenated phenolics.

CIJH (I)H
C\\c O c\
| ~ | ~

DHE PHE

(4-propyl-2-methoxyphenol) (4-propylphenol)

Figure 2.4: Structures of model lignols utilized this work
as substrates for HDO reactions.

Here, we address these knowledge gaps and examine the influence of Pt particle size
(2-12 nm) on the HDO of a multi-oxygenated phenolic substrate, dihydroeugenol (DHE). Pt
particles were supported on SiO, supports to remove the influence of support acidity, and the
Pt structure and exposed Pt site characteristics were characterized via transmission electron
microscopy, volumetric chemisorption, and CO probe molecule FT-IR spectroscopy. Batch
reactor DHE HDO studies were conducted to investigate the effects of Pt particle size on
hydroxyl and methoxyl group deoxygenation, as well as aromatic hydrogenation. By
measuring product concentrations as a function of substrate conversion, starting from both

DHE and 4-propylphenol (Figure 2.4), the influence of Pt size, and thus active site structure,
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on specific steps within the HDO network was elucidated. We also explore the competing roles
of kinetics and thermodynamics on the product evolution in batch reactors as a function of
time, driven in part by the lower hydrogen availability in liquid-phase systems compared to
studies reported in the vapor phase. The findings presented here demonstrate the importance
of controlling the structure of metal active sites to dictate desired product selectivity in the

HDO of multi-oxygenated phenolics.

2.2 Results

2.2.1 Catalyst Characterization

To elucidate the sensitivity of phenolic HDO chemistry to the structure of active sites
on metal nanoparticle surfaces, catalysts containing varying distributions of Pt particle sizes
were synthesized on high surface area SiO supports (170+ m?/g) by altering Pt weight loading
and calcination treatment conditions. Focus was placed on varying Pt particle sizes between
an average of 1 and 10 nm in diameter, as the fraction of under-coordinated sites (steps, edges,
etc.) and well-coordinated sites (planar terraces such as (111) and (100) planes) exposed on
metal nanoparticle surfaces change most significantly in this size range (Figure 2.3). SiO> was
chosen as the support because of its inactivity in HDO?!-32, which isolates the influence of Pt
size and active site structure on HDO chemistry. However, the synthesis of late transition metal
catalysts with controlled metal particle size distributions on SiO; is a known challenge. Both
metal precursors and the metallic particles themselves bind weakly to the SiO» surface®*4,
resulting in aggregation and sintering upon elevated thermal treatment, such as those found

during calcination, reduction, or HDO reactions*-¢. This behavior has led researchers to deem

the SiO» surface an “ice skating rink™37, aptly capturing the difficulty of immobilizing
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supported materials on these surfaces, which can result in catalyst samples with a broad
distribution of particle sizes.

Pt/SiO: catalysts were prepared using modified strong electrostatic adsorption’>-®
(SEA) with metal loadings ranging from 0.4 wt% to 6 wt%. These materials were then treated
by different calcination conditions (0.4 wt% at 300 °C, 2 wt% at 325 °C, and 6 wt% at 600 "C)
to produce catalysts with distinct Pt nanoparticle distributions, summarized in Table 2.1. The
catalysts are named X-Pt, where X indicates the catalyst weight loading (i.e. 0.4-Pt for 0.4 wt%
Pt). The catalysts were characterized by HAADF-STEM, CO DRIFTS, and CO chemisorption.
Each technique provides a different estimate for average Pt particle size depending on the size

distribution, particle shape, and sample pretreatment®—*!,
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Figure 2.5: HAADF-STEM images of a.) 0.4-Pt and b.) 6.0-Pt catalysts. Corresponding particle

size distributions on a surface area normalized basis are shown as inset images. ¢.) CO DRIFTS
spectra of Pt/SiO; catalysts after adsorption of CO at 25°C following in sifu reduction under 10%

Volumetric CO chemisorption following in situ H> reduction showed Pt dispersions
ranging from 26% for 0.4-Pt to 2% for 6.0-Pt. Based on assumptions of hemispherical
particles*?, average Pt particle sizes were estimated to be 3.8 nm (0.4-Pt) to 44 nm (6.0-Pt), as
shown in Table 2.1. The estimated average Pt particle size increases with Pt loading and
calcination temperature, consistent with particle aggregation caused by greater Pt surface

density and sintering.

33



0.15 4
Volume Normalized

0.10

0.05

0.00
0.15

Surface Area Normalized

Fraction

oo

No Normalization

0.10

0.05

0.00 \—————— T
0 5 10 15 20 25 30

Particle Diameter (nm)

Figure 2.6: Histograms representing the contribution of binned particle diameters
to the overall sample as measured by HAADF-STEM. Histograms are normalized
by three different means: no normalization (red), surface area-normalized (blue),
and volume-normalized (green). As can be seen, histogram density shifts towards
larger diameters for normalized calculations, highlighting the greater contribution
of large particles to both total surface area and volume of metal sites imaged on
the catalyst.

To provide more insight into the Pt particle size distributions, HAADF-STEM images
were collected. Particle size averages and distributions are presented using counts, surface-
area-normalization, and volume-normalization. These three data presentations result in distinct
averages and distributions due to changing surface area:volume ratio as a function of particle
size, which is demonstrated in Figure 2.6. Typical images of the 0.4-Pt and 6.0-Pt catalysts are
shown in Figures 2.5a and 2.5b, along with the surface area-normalized particle size
distributions. The surface area-normalized average particle sizes and distributions are used

since nanoparticle surface properties directly influence the reactivity of heterogeneous

34



catalysts. The average Pt particle size increases with Pt weight loading, from 2.0 £+ 0.6 nm for
0.4-Pt to 3.0 = 0.9 nm for 2.0-Pt, and to 11.6 + 4.6 nm for 6.0-Pt, highlighting a consistent

trend with the CO chemisorption results.
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Figure 2.7: Another representation of the effects of volume-normalization for the case of 0.4-Pt. The
volume-normalized histogram on the left clearly shows that a large portion of the Pt volume in 0.4-Pt
is ascribed to small (<2 nm) Pt particles. However, nearly 25% of the total Pt atoms imaged (captured
by volume-normalization) are contained in the 2% of imaged particles >5 nm, explaining the
discrepancy in CO chemisorption and DRIFTS/TEM results for measured particle size.

As shown in Table 2.1, STEM-based particle size estimates are lower than
chemisorption-based values. This is attributed to outliers in the particle size distributions.
Using 0.4-Pt as an example, particle size distributions from HAADF-STEM images show that
although there are only 22 out of 1372 (~2%) counted particles greater than 3 nm in size, these
outlier particles contain ~40% of the total imaged Pt volume (Figure 2.7). These outlier
particles contribute to the measured CO chemisorption values (a volume-normalized analysis),
but less so to surface area-normalized analysis (e.g. reactivity and surface area normalized
TEM). This can be seen in the better agreement in average particle sizes obtained via CO
chemisorption and volume-normalized STEM images.

HAADF-STEM and chemisorption measurements were complemented by CO DRIFTS

(Figure 2.5¢), which benefits from being a sample-averaged, bulk measurement, similar to CO

35



chemisorption, yet provides particle size estimates based on only metal surface properties,
analogous to surface-normalized HAADF-STEM. The vibrational frequency of CO adsorbed
on Pt is sensitive to the Pt coordination number, allowing for the identification of CO adsorbed
to well-coordinated (WC, 8+ coordinate) Pt sites, located at the surface of flat, low-index
terraces, and under-coordinated (UC, 7 or fewer coordinate) sites, which are found at steps,
edges, corners, and other structural defect sites****. The ratio of these sites on Pt surfaces is

known to be a function of particle size* 7.

Table 2.1
Mean Particle Size (nm)
Calcination TEM
Treatment CcoO
S.A. Volume CO DRIFTSH ) .
a Ch tion®
Counts Normalized® Normalizede cmisorption
0.4-Pt 300°C,2hours 134+06 2.0 +0.6 3.1 £0.6 <I.1 3.8+0.3
2.0-Pt 325°C,3hours 1.4+09 3.0+0.9 4.6+ 0.9 1.6 49+1.2
6.0-Pt 600°C,6 hours 6.8+4.1 11.6+4.1 13.8 +4.1 2.9-7.1 44 + 17

Figure 2.5¢ shows CO DRIFTS spectra at saturation CO coverage and room
temperature for the Pt catalysts following in situ reduction in Hz. Each spectrum consists of a
complex feature centered between 2097 and 2050 cm’!, consistent with the C-O stretching
frequency of CO bound linearly atop Pt atoms with varying coordination numbers*>~#°, The
change in position of the observed CO stretching frequency stems from both the convolution
of the individual features associated with CO adsorbed to WC and UC Pt sites at ~2090-2080

41,43

and ~2070-2050 cm!, respectively*'*3, as well as shifts related to CO dipole-dipole

interactions>?>2

. Deconvolution of the CO DRIFTS spectra using 3 Gaussian features, as
described in more detail in Figure 2.8, results in estimated average particle sizes of ~1 nm to 7

nm for the 0.4-Pt and 6.0-Pt catalysts, respectively. Overall, CO DRIFTS estimates follow the
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same trend in average particle size as observed from both HAADF-STEM and CO
chemisorption measurements. CO DRIFTS provided the smallest average Pt particle size
estimate from the three techniques, likely due to CO-induced roughening of Pt surfaces, which
causes an overestimation of the UC relative site concentration*!. Despite small discrepancies,
the particle size estimates from CO-DRIFTS are in better agreement with surface-normalized
HAADF-STEM distributions than estimates from CO chemisorption, suggesting that the CO
DRIFTS analysis is less skewed by the presence of outlier particles in broad particle size

distributions. Regardless of the technique used, the results consistently demonstrate that the
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Figure 2.8: Spectral deconvolution of CO DRIFTS spectra shown in Figure 2¢. Deconvolution
uses 3 Gaussian features to best represent the experimentally obtained spectra, with specifically 2
Gaussian features (UC1 and UC2) used to describe the UC site peak shape, which has been
frequently observed to be asymmetric. For fitting, peak maxima and intensity were set as free
parameters, while peak FWHM was constrained between the same limits for all catalysts. Allowing
peak maxima to change freely captures the changing spectral signature of geometrically identical
CO features with increasing dipole-dipole coupling, most noticeably observed for CO linearly
bound to WC Pt terraces. Increased dipole-dipole coupling with increasing terrace size (and Pt
particle size) results in a blue-shift and narrowing of the feature, despite the peak corresponding to
the same structural motif (i.e. WC sites).
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Pt/SiO; catalysts prepared exhibit distinct average particle size distributions and provide

sufficient variation of surface composition to determine the structure sensitivity of HDO.

2.2.2 HDO Reactivity
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C

Scheme 2.1: Brief kinetics representation of the importance of isoconversion measurements in the
case of sequential reaction pathways. Case #2 (sequential) shows that the measured selectivity is a
function of time and conversion, compared to the case of concomitant kinetics (Case #1) where
selectivity is defined by the relative rate constants.

The Pt/SiO; materials described above were used to catalyze HDO of the multi-
oxygenated lignin model compound dihydroeugenol (DHE). Liquid-phase batch reactions
were conducted in a high-pressure reactor at 275°C using cyclohexane as a solvent. To ensure
comparability between Pt/SiO; catalysts, reactions were initially conducted at isoconversion,
moderated by changing catalyst loading into the reactor, and reaction performance was
analyzed by quantifying DHE conversion and product yield using GC-FID. The analysis of
reactions at isoconversion is essential for complex reaction networks in which substrate
conversion and product selectivity are intrinsically linked (Scheme 2.1)>. The investigation of
low DHE conversions (<15%) and short reaction times (under 2 hours) ensured that the studies

of HDO structure sensitivity were made in the absence of catalyst deactivation effects (vide
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infra), which is a known challenge for HDO of oxygenates®*%. For all Pt/SiO: catalysts
studied, product analysis of the liquid phase resulted in the quantification of 7 major products,
shown in Scheme 2.1, which include both partially and fully deoxygenated species. Mass
balances calculated on the basis of C¢ ring products for the isoconversion experiments in Table
2.2 and Figure 2.9 were above 87% for all catalysts, indicating that the products shown here
capture the primary reactivity. The remaining mass not quantified by GC-FID is attributed to
the formation of strongly bound adsorbates and oligomers which cannot be measured by GC-
FID and are ubiquitously observed under comparable reaction conditions>’—>°, Analysis of the
gas phase products in the headspace of the reactor indicates the formation of CH4, CO, and
methanol likely stemming from demethoxylation and demethylation, with no evidence of light
hydrocarbons stemming from cracking reactions. Thus, gaseous products do not need to be

accounted for in the mass balance.

OH
O\
Pt/SiO, I
275°C
10 barH,
Pr
DHE
Pr = -propyl

Scheme 2.2: Structures and naming convention used in discussion for DHE and its products
identified by GC-FID. Products (left to right): 4-propyl-2-methoxycyclohexanol (HYD), 4-
propylcyclohexanol (OL), 4-propylcyclohexane (CYC), 4-propylcatechol (CAT), 4-
propylphenol (PHE), 4-propylcyclohexanone (ONE), 4-propylbenzene (BNZ).
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Table 2.2 shows rates of DHE consumption estimated using the measured conversion
at 2 hours, normalized by the amount of Pt loaded into the reactor. A DHE conversion of 14%
was observed after 2 hours under reaction conditions for 50 mg of 0.4-Pt, while 20 mg of the
6.0-Pt catalyst reached 8% DHE conversion in a 2-hour reaction. The DHE consumption rates
calculated on a Pt weight basis are 10-fold higher for 0.4-Pt as compared to 6.0-Pt. However,
after normalizing the DHE consumption rates by the active Pt site density measured by CO
chemisorption, the turnover frequencies (TOF) for DHE are comparable for all 3 catalysts. It
is important to note that due to the complexity of the reaction network, these estimates do not
capture differences in estimated rates for individual reactions, such as hydrogenation and
deoxygenation, but rather capture the similar per-site rates of DHE consumption. Still, the
comparable TOFs across the three catalysts are indicative of a shared rate-limiting step prior
to the structure-sensitive steps discussed below. One explanation may be the saturation of the
Pt surface by adsorbates, causing adsorption to be kinetically relevant for all catalysts, while

product selectivity is dictated by the subsequent reaction steps. Another possibility is that

Table 2.2

Sample Cataly(frtléoaded Conversion (%) Rate (“PHE)  TOF (hr)
0.4-Pt 50 14 1053 790
2.0-Pt 15 15 752 712
6.0-Pt 20 8 100 848
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Figure 2.9: Results of DHE HDO reactions at isoconversion (~15%) over various-sized Pt
catalysts. a.) Selectivity breakdown of all species detected by GC-FID for DHE HDO. b.)
Grouping of hydrogenated products (HYD, OL, ONE, CYC) from DHE HDO shows clear trend
with increasing particle size. Conditions: 500 mg DHE, 275°C, 2 hours, 20 mL cyclohexane, 10
bar H,

structure-insensitive deactivation through site blocking by oligomeric species is occurring,
leading to inaccurate TOF estimations due to transient changes in site availability.

Analysis of the product selectivity (Figure 2.9) reveals that there are differences in the
observed products with variation of the Pt particle size distribution. The most apparent trend
is the significant drop in 4-propylphenol (PHE) selectivity with increasing average Pt particle
size. PHE is presumably the product of direct demethoxylation of DHE (partial HDO), though
this will be discussed later. PHE is the primary product over 0.4-Pt at 68% selectivity, as well
as over 2.0-Pt, albeit at a lower selectivity of 53% due to increasing selectivity to off-target
products such as 4-propyl-2-methoxycyclohexanol (HYD), the product of DHE ring
hydrogenation. This trend continues with 6.0-Pt, which exhibits the lowest selectivity to PHE
after 2 hours of reaction at 15%. It is worth noting that there is no evidence of initial attack on
the hydroxyl group of DHE to yield anisole derivatives or the HDO products of anisole
derivatives. Initial deoxygenation occurs through the methoxy functionality of DHE, consistent

with the weaker bond strength of the C-OCH3 bond®.
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In addition to PHE formation, the production of 4-propylcatechol (CAT) via DHE
demethylation is also observed. CAT is the only other major product formed by 0.4-Pt, with a
selectivity of 25%. However, unlike the monotonic trend observed for PHE formation with
increasing Pt particle size across the catalyst series, there is no discernible trend of CAT
selectivity as a function of particle size distribution. 2.0-Pt and 6.0-Pt have CAT selectivities
of 15% and 18%, respectively, similar to what was observed for 0.4-Pt despite the marked
differences in PHE productivity, Pt loading, and average Pt particle size.

Another clear trend exists between average Pt particle size and selectivity to the
hydrogenated products (4-propyl-2-methoxycyclohexanol, HYD; 4-propylcyclohexanol, OL;
4-propylcyclohexanone, ONE; 4-propylcyclohexane, CYC), which are the result of ring
hydrogenation of DHE, PHE, or 4-propylbenzene (BNZ), respectively. The production of these
species is summarized in Figure 2.9b, showing the collective selectivity towards these 4
products as a function of well-coordinated (WC) Pt site fraction, estimated from average
particle size using the cuboctahedron model geometry*:$!. As discussed above, 0.4-Pt
demonstrates negligible formation of these products, indicating a low rate of aromatic ring
hydrogenation despite the occurrence of partial HDO of DHE to PHE and CAT. Activity
towards aromatic hydrogenation increases with increasing Pt particle size, with 2.0-Pt
producing 32% hydrogenated ring products and 6.0-Pt increasing to 50%. For 2.0-Pt, the
increase is primarily driven by an increased selectivity to HYD, which constitutes 23% of the
overall products, although PHE remains the dominant product. HYD selectivity does not
increase in the case of 6.0-Pt, and instead, the increase in total hydrogenated products is driven
primarily by increased selectivity to CYC at 17%. In contrast, 0.4-Pt and 2.0-Pt did not produce

detectable quantities of CYC.
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Figure 2.10: HDO reactions of DHE investigating the influence of 0.4-Pt catalyst loading on
product selectivity. Results demonstrate that the selective formation of PHE by 0.4-Pt persists
at significantly higher conversions than shown in Figure 2, underscoring that this behavior
stems from the structure sensitivity of HDO over Pt/Si0; catalysts. Conditions: 500 mg DHE,
275°C, 2 hours, 20 mL cyclohexane, 10 bar Ho.

The increased activity of 6.0-Pt to CYC production is accompanied by increased
production of BNZ at 17% selectivity of the overall products. Thus, 6.0-Pt provides the highest
activity for complete HDO to fully-deoxygenated products, in addition to exhibiting the highest
rates of ring hydrogenation. It is worth noting the nearly equal selectivity of BNZ and CYC in
the case of 6.0-Pt, despite the observed ability of 6.0-Pt to effectively perform aromatic ring
hydrogenation. This is analogous to the results of 0.4-Pt and 2.0-Pt reactions, where BNZ is
observed in small quantities (<2% selectivity), but CYC is not observed. Additionally, the
production of BNZ and CYC is expected to be unrelated to the hydrogenation activity of 6.0-
Pt, as previous work has shown Pt/SiO: catalysts do not facilitate the HDO of saturated

oxygenates®!.
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Deactivation due to strong adsorption of substrates and intermediates is a known issue
for HDO catalysts, particularly for small nanoparticles and clusters exhibiting a large fraction
of UC sites which bind oxygenates more strongly than WC sites?. To ensure that differences
in the isoconversion experiments were not a result of deactivation of Pt/SiO; catalysts, HDO
of DHE over 0.4-Pt was carried out in the presence of 500 mg catalyst to reach a higher DHE
conversion of 62%, as shown in Figure 2.10. Exhibiting the smallest average particle size and
thus the highest fraction of UC sites, the 0.4-Pt catalyst is expected to be most affected by
deactivation. However, Figure 2.10 shows that the product selectivity trends are comparable at
both 15% and 62% conversion of DHE. PHE remains the dominant product at 42% of the
products, indicating that the 0.4-Pt catalyst is effective for DHE demethoxylation over
hydrogenation even at high conversions. In the high conversion experiment, HYD, OL, and
ONE selectivities are all higher than in the isoconversion experiment but remain minor
products relative to PHE. This contrasts experiments performed over 6.0-Pt, over which HYD
was the dominant product. Therefore, the structure sensitivity observed in the isoconversion
experiments is not a result of catalyst deactivation, but rather differences in the intrinsic

reactivity of DHE over different Pt sites.
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Scheme 2.3: Proposed pathways for initial deoxygenation of DHE via
either sequential or parallel schemes. Time profile reactions evidence
the parallel formation of CAT and PHE via independent routes
(Pathway 2)

The isoconversion results demonstrate that the product distribution of DHE HDO is
sensitive to the average particle size of Pt/SiO; catalysts and thus the geometry of the exposed
active Pt sites. However, single time-point experiments alone cannot determine the reaction
pathways by which final products are formed, which contain vital information as to the specific
reactions exhibiting structure sensitivity. For example, it is unclear whether PHE is produced
directly from DHE via demethoxylation or if PHE is formed from CAT via dehydroxylation,
as shown in Scheme 2.3. To explore this and identify the transience of product formation in
DHE HDO, time profile experiments were conducted between 0 and 2 hours at 275°C under

10 bar of H», shown in Figure 2.11. Focus was placed on the 0.4-Pt and 6.0-Pt catalysts, as
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Figure 2.11: Selected product yield as a function of reaction time for a.) 0.4-Pt and b.) 6.0-Pt.
Lines are included to guide the eye only and do not represent kinetic fits. Product distributions are
expressed in yield rather than selectivity to clarify changes in time due to changing conversion as
well as selectivity. Black circles (o) and the corresponding black dotted line (- - -) represent
conversion levels with time. Conditions: 500 mg DHE, 50 mg cat., 275°C, 10 bar H,, 20 mL

cyclohexane.

these exhibited the greatest differences in product selectivity in the isoconversion experiments.

Catalyst loadings were identical to those described in Table 2.2.

A notable feature of the batch reactor set-up is the introduction of catalyst and substrate

to the reactor at room temperature, resulting in measurable activity during the thermal ramping

stage to reaction temperature. To account for this, the data profile for 0 hours represents

reactions that were set up and allowed to ramp to 275°C before immediately quenching the

reaction. Figure 2.11a shows the time profile experiments for 0.4-Pt, which exhibits the

aforementioned reactivity during the thermal ramp, resulting in 1.5% conversion at 0 hours.

Interestingly, it can be seen that a major reaction during the thermal ramp is aromatic ring

hydrogenation of DHE to form HYD, which was only a minor product over 0.4-Pt during 2-

hour reactions at 275°C. This is consistent with the lower apparent activation barriers reported

for aromatic ring hydrogenation over Pt catalysts (50-100 kJ/mol®?) compared to apparent

46



barriers for HDO (100-200 kJ/mol®*-%3); thus, at temperatures below 275°C, hydrogenation is
facilitated relative to HDO over 0.4-Pt.

At 275°C, DHE conversion increases from 3% at 0 hours to 14% at 2 hours. During
this period, PHE and CAT are produced and become the dominant products, as seen in the
isoconversion experiments. At the same time, overall HYD yield falls, indicating HYD
consumption in the reaction. Considering the inability of Pt/SiO. catalysts to perform
deoxygenation on saturated species’!, we attribute this consumption to dehydrogenation to
reform the original DHE substrate, which can then undergo deoxygenation at reaction
temperatures to form PHE and CAT. This points to an interesting role of hydrogenation and
dehydrogenation over 0.4-Pt which will later be discussed. As noted in the isoconversion
experiments, production of other deoxygenated species such as OL, ONE, BNZ, and CYC is
minimal over 0.4-Pt. One notable trend is the monotonic loss of OL yield paired with increasing
ONE and BNZ yields. The greatest OL yield occurring during the thermal ramp is consistent
with the hydrogenation activity of 0.4-Pt below reaction temperature, as seen in the behavior
of HYD formation.

The production of PHE and CAT occurs at similar rates over the reaction period,
increasing in yield from their original values of 1.2% and 0.4%, respectively, to 9.5% and
3.5%, corresponding to final selectivities of 54% and 35%. However, what is not observed is
the increase of PHE yield at the expense of CAT yield, which is what would be expected in a
sequential reaction scheme (Scheme 2.3). Instead, the simultaneous formation of PHE and CAT
supports the parallel formation of both products through distinct pathways of demethylation
and demethoxylation of DHE. Though the interconversion of CAT and PHE cannot be entirely

excluded, it is apparently not the dominant pathway of PHE formation under the conditions
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studied here. This also suggests that the structure-sensitive reaction in the formation of PHE
from DHE is indeed demethoxylation and not the conversion of CAT to PHE. Similarly, the
demethylation of DHE to CAT is not apparently structure sensitive, as evidenced by the nearly
constant selectivity to CAT across all Pt/SiO; catalysts studied.

Time profile experiments over 6.0-Pt (Figure 2.11b) show different trends. As with 0.4-
Pt, HYD formation is dominant during the thermal ramp. However, unlike 0.4-Pt, HYD yield
continues to increase up to 1 hour before decreasing slightly at 2 hours. This contrasts with

0.4-Pt reactions, where HYD concentration decreases monotonically during the time profile
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Scheme 2.4: Overall proposed scheme of DHE HDO over Pt/SiO;.
Single arrows represent steps which are observed to be irreversible
under the reaction conditions studied. Double arrows indicate reactions
which show evidence of being reversible, though not necessarily at
equilibrium or quasi-equilibrated.
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experiments due to dehydrogenation to DHE. This is consistent with the reported structure
sensitivity of dehydrogenation®®, which has pointed towards smaller nanoparticles being more
effective catalysts for dehydrogenation. Thus, the larger nanoparticles present in the 6.0-Pt
catalyst perform dehydrogenation less effectively than 0.4-Pt, but more effectively catalyze
hydrogenation of DHE to HYD.

The most striking difference in 6.0-Pt performance over the 2-hour time profile
compared to 0.4-Pt reactions is the production and consumption of PHE. PHE yield rises from
0.3% to 1.8% over 1 hour, before falling to 1.2% at 2 hours. Concomitant with the consumption
of PHE between 1 and 2 hours is the rise of BNZ and CYC yields to 1.4% each at the end of
the 2-hour reaction period. Clearly, PHE is an intermediate to form CYC and BNZ, but this
pathway was not facilitated over 0.4-Pt. CAT formation over 6.0-Pt follows a similar trend as
was observed over 0.4-Pt and additionally does not undergo any obvious consumption during
the reaction period. It follows that CAT is not an intermediate towards the formation of CYC
and BNZ, which apparently form only from PHE.

The time profiles highlight two trends that were not apparent in the isoconversion
experiments (Figure 2.9). First, 0.4-Pt performs dehydrogenation at the reaction temperature,
as shown in the loss of HYD yield with time, resulting in higher yields of aromatic products.
On the other hand, 6.0-Pt does not facilitate dehydrogenation, thus leading toward off-target
hydrogenated products such as HYD. Second is the greater ability of 6.0-Pt to form deeper
deoxygenated products such as BNZ and CYC from DHE, specifically through the conversion
of PHE. This supports the conclusions from the isoconversion experiments over 6.0-Pt and

contrasts the inability of 0.4-Pt to facilitate the HDO of PHE. Clearly, deoxygenation of PHE
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is distinct between the 0.4-Pt and 6.0-Pt catalysts and causes the discrepancy in fully-
deoxygenated BNZ and CYC formation (Scheme 2.4).

As evidenced from the time profiles, although 0.4-Pt catalyzes the dehydrogenation of
HYD back to DHE prior to HDO to deoxygenated species, hydrogenation to HYD clearly
occurs during the thermal ramp. Since both reactions appear to be kinetically accessible over
this catalyst, what was not immediately clear was the high yield of PHE over 0.4-Pt over a
range of conversions (Figure 2.10) and time (Figure 2.11a) without significant hydrogenation
of PHE to OL and ONE. One potential explanation of this is the ability of 0.4-Pt, through facile
hydrogenation and dehydrogenation, to approach the equilibrium composition of saturated and
unsaturated products. To explore this further, the HDO of DHE was studied over 0.4-Pt with
varying initial H> pressures between 5 and 20 bar. A higher isoconversion level of 50% was
targeted for each pressure, in comparison to the 10% isoconversion studied initially in Figure
2, to allow comparison of the product distribution at an advanced state in the reaction network
after multiple potential reactions such as deoxygenation and hydrogenation.

Figure 2.12 shows that reactions over 0.4-Pt at 5 bar initial H» result in high selectivity
to PHE of 66%, even at 54% conversion of DHE, which is almost identical to the PHE
selectivity seen in Figure 2 at ~15% DHE conversion. Increasing Ha pressure to 10 bar results
in an increase of HYD selectivity to 24% at the expense of PHE, which drops to 42%, as well
as an increase in OL and ONE selectivities to 9% and 15% respectively, though PHE remains
the dominant product. Further increasing pressure to 20 bar results in a continuation of this
trend, with HYD becoming the dominant product at 50% selectivity, with OL and PHE

selectivities becoming approximately equal at 21% and 22%. These results show that the extent
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of hydrogenation over 0.4-Pt is not inhibited by the catalyst structure, but rather is dictated by

the pressure of Ha.
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Figure 2.12: HDO reactions of DHE conducted under varying initial H, pressure using the 0.4-

Pt catalyst. Conducted at isoconversion of ~50% by adjusting catalyst loading. Conditions: 500
mg DHE, 275°C, 2 hours, 20 mL cyclohexane

Also, HYD selectivity increases to a greater extent with increasing H> pressure than
OL and ONE selectivity. The increase in HYD selectivity represents decreasing HDO activity,
as HYD is not the product of any deoxygenation. This supports the observation that non-acidic
catalysts such as Pt/SiO: studied here are not active for the conversion of saturated species
such as HYD, which act as dead ends in the HDO pathway unless they are able to undergo
dehydrogenation back to aromatic species. This is also supported by pressure-dependent
studies carried out over 6.0-Pt (Figure 2.13), which showed decreasing BNZ and CYC yield
with H; pressure with increasing HYD yield. Thus, increasing H» pressure decreases yield for

Pt/Si0, catalysts by facilitating dead-end product formation.
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To understand the mechanistic differences between 0.4-Pt and 6.0-Pt in PHE
dehydroxylation, HDO reactions starting from PHE as the substrate were conducted at 275°C
for 2 hours under 10 bar H,, shown in Figure 6. Isoconversion conditions were achieved at
approximately 25% conversion, moderated by different catalyst loading for each reaction. The
product distributions demonstrate that there are again differences caused by Pt particle size
distribution. Consistent with the observations of reactions using DHE as a substrate, 0.4-Pt and
2.0-Pt both catalyze relatively little conversion to BNZ and CYC, despite starting from PHE,
a less oxygenated substrate than DHE. This is also consistent with the time profile results of
0.4-Pt, wherein PHE was effectively produced from DHE but did not appreciably react further.

There is also a shift in the dominant product from OL to ONE in PHE HDO between 0.4-Pt
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and 2.0-Pt, respectively, suggesting that there is some difference in the hydrogenation

chemoselectivity of these two catalysts.
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Figure 2.13: Pressure-dependent HDO reactions of DHE over 6.0-Pt. Isoconversion of ~30%
was obtained by altering the catalyst loading. Conditions: 275°C, 2 hours, 500 mg DHE, 20
mL cyclohexane. For all pressures studied, HYD is the dominant product, in line with the
observation of favored aromatic ring hydrogenation over 6.0-Pt in all other experiments
conducted. Additionally, BNZ and CYC are formed in significant quantities at all pressures, in
stark contrast to the 0.4-Pt catalyst which does not yield fully deoxygenated species, regardless
of Hy pressure. BNZ and CYC selectivity drops with increasing H» pressure, likely due to the
increasing selectivity to HYD. As discussed in the main text, HYD is considered a dead end
intermediate due to the inactivity of saturated ring species in the HDO pathway over non-
acidic catalyst.
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PHE HDO results over 6.0-Pt are consistent with prior reactions starting from DHE, as
6.0-Pt is highly active to the formation of BNZ, demonstrating once again the ability of 6.0-Pt
to facilitate complete deoxygenation. Interestingly for the HDO of PHE in Figure 2.14, BNZ
selectivity is greater than CYC at 45% for BNZ compared to 4% for CYC, perhaps due to the
greater conversions reached in these experiments compared to the isoconversion experiments
previously at ~10%. Once again, this can be explained by a reaction pathway wherein BNZ
forms directly from PHE, and only then undergoes subsequent hydrogenation of BNZ to form
CYC. Overall, these results demonstrate that the 6.0-Pt catalyst is uniquely capable of

facilitating HDO of both mono- and multi-oxygenated phenolics.
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Figure 2.14: HDO reactions at isoconversion of PHE over various sized Pt catalysts.
Conditions: 500 mg DHE, 275°C, 2 hours, 10 bar Hz, 20 mL cyclohexane. Catalyst loading
was varied to achieve isoconversion of 25% across all catalysts.
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2.3 Discussion

The results shown above demonstrate a clear effect of Pt nanoparticle size distribution

(and thus exposed Pt site structure) on activity and selectivity in the HDO of multifunctional

oxygenated substrates, highlighting that these trends have broad effects for HDO of aromatic

phenols derived from lignin outside of model systems. However, it is important to consider

how the Pt particle size effect is manifested in these complex networks, as numerous steps in

the HDO reaction scheme may be individually responsible for the observed behavior. In order

to concisely interpret these results in the context of the HDO reaction network, we summarize

our findings as follows:

1.

Hydrogenation of the aromatic ring in lignin model phenolics is structure-sensitive over
Pt/SiO; catalysts. Catalysts with larger Pt particle sizes increase the selectivity to
hydrogenated products (HYD, OL, ONE, CYC), thus indicating that well-coordinated
sites on low-index planes of metal nanoparticles are responsible for planar aromatic
adsorption, which facilitates aromatic hydrogenation.

Demethoxylation also exhibits structure sensitivity, with increased selectivity to
demethoxylated products over smaller Pt particle sizes. In contrast to ring
hydrogenation, under-coordinated sites of Pt nanoparticles at steps, edges, and other
defects are active indicating that planar adsorption is not necessary for
demethoxylation.

Hydrogenated and dehydrogenated products exist in an equilibrium in the liquid phase

batch reactions and are dictated in part by the H» pressure.
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4. Dehydroxylation, HDO of phenolic hydroxyl group, is structure sensitive over Pt/SiO:
catalysts. Surprisingly, and in contrast to suggestions made previously in the

literature?4-2¢

, increased selectivity to fully deoxygenated hydrocarbons is observed for
larger Pt particle sizes, suggesting that WC sites on Pt terraces are the active site for

dehydroxylation of phenolics under the conditions studied here.

The contextualization of these results lends further insight into the fundamental nature
of structure sensitivity over Pt/SiO; catalysts shown here. Considering first the structure
sensitivity of aromatic ring hydrogenation, we identify through increased selectivity to
hydrogenated products that WC sites present on low-index, planar Pt terraces are the active
sites for ring hydrogenation. This observation is consistent with findings from previous
literature on hydrogenation of aromatic hydrocarbons such as benzene*?®. Phenolic ring
hydrogenation pathways over Pt require planar adsorption of the substrate to the Pt surface,
which leads to disruption of ring aromaticity and facilitates hydrogenation. Importantly, planar
aromatic adsorption is not facilitated by stepped surfaces or over edges, as the ring requires a
contiguous planar surface upon which to adsorb to maximize substrate-metal interaction®’.

Demethoxylation, on the other hand, is apparently less geometrically demanding and
is facilitated over small nanoparticles with UC sites located at steps, edges, and other defect
sites. Hence, demethoxylation does not require planar adsorption of the aromatic ring. Non-
planar adsorption modes have previously been identified by spectroscopy on the surface of
metal catalysts®® and have been attributed to facilitating C-O cleavage as a result of specific
interaction of the metal surface with the Cary-OCH3 bond. The occurrence of demethoxylation

over UC sites is also consistent with the greater binding strength of methoxy fragments and
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methanol to these sites, in turn creating a thermodynamic driving force for the reaction over
these sites®®. Our results also suggest that demethylation of DHE to CAT is a parallel reaction
competing with demethoxylation, and not a sequential pathway from DHE to CAT to PHE.
Interestingly, the demethylation of DHE to form CAT is not structure-sensitive over the Pt/SiO»
catalysts studied here, resulting in similar selectivity of CAT across all catalysts.

Our results also highlight the influence of hydrogen pressure on product selectivity. At
high conversions (60%), selectivity of the 0.4-Pt catalyst favored the aromatic compounds PHE
and CAT over saturated hydrocarbon products for pressures at or below 10 bar of H,.
Importantly, the reactor contains at least 4.6 molar equivalents of H> relative to DHE when
pressurized to 5 bar, indicating that for all reactions aromatic hydrogenation is not
stoichiometrically limited. At 20 bar H», the saturated products HYD and OL became
dominant. These results demonstrate that 0.4-Pt exhibits the sites necessary for hydrogenation,
though these sites are scarce relative to 6.0-Pt as shown by the lower extents of ring
hydrogenation during the thermal ramp over 0.4-Pt compared to 6.0-Pt. Therefore, the
production of aromatic products over 0.4-Pt is not a result of a structurally limited capacity for
ring hydrogenation. Instead, the kinetic accessibility of dehydrogenation over UC sites present
on the 0.4-Pt catalyst enables the system to approach an equilibrium determined by the H»
pressure.

To support this, equilibrium calculations were made for phenol hydrogenation as a
simplified model system. HDO reaction of DHE over 0.4-Pt catalysts at low and high
conversions under 10 bar (gauge) of H; indicated that unsaturated aromatic compounds such
as PHE and CAT were favored over the analogous saturated compounds (i.e. cyclohexanol,

cyclohexanone, cyclohexa-1,2-diol). However, pressure studies demonstrated that the 0.4-Pt
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catalyst is capable of performing aromatic ring hydrogenation at reaction conditions. Thus, the
preferential formation of unsaturated species over 0.4-Pt at under specific H> pressures, i.e.
under 10 bar of Hy, is likely the result of equilibrium limitations on the extent of hydrogenation.
To support this, the following estimates were made of the equilibrium position for a model
reaction of phenol hydrogenation, which was chosen due to the availability of thermochemical

data.

Table 2.3
Species AHP ; (kJ/mol) SP, (J/mol*K)

H, 0 130 (Ref. [2])

OH

-91.8 (Ref. [4]) 316 (Ref. [5])

290.8 (Ref. [1])  353.8 (Ref. [3])

Using these values, the standard changes in enthalpy and entropy of reaction can be calculated

as:

AHL,, = Z v AHp

Srgxn = Z ViSJQ
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Where v; is the stoichiometric factor of the reaction. From this, the equilibrium constant can

be estimated assuming that AHZ,,, and S2,,, are temperature independent via:

AH19le Sr(")xn

InK = — RT R

At 275°C, this gives a value of K = 3.74. This can be related to the composition of the reaction

by representing the equilibrium constant as:

:

[H]?

In the case of liquid phase reactions, as conducted here, the concentration of H: is not
immediately obvious. To capture the availability of hydrogen in the reaction medium (the
liquid-catalyst interface), gas solubility data was interpolated for the conditions of interest
(275°C, ~50 bar total pressure). This provided an estimated molar fraction of H» in the liquid

phase of 0.047. This mole fraction can be represented as a molarity by:

tz,lVM,Cyc

H,| =
[ ] (1 - tz'l)
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Where xmu2, is the mole fraction of H: in the liquid phase and Vu is the molar volume of
cyclohexane, which is the overwhelmingly dominant component of the liquid phase as the
solvent in mol/mL. This gives an H> molarity of 0.45. Substituting this into the equilibrium

expression, the ratio of cyclohexanol to phenol can be solved for as:

OH

.

- =.34

In a simple model reaction system, this would give a phenol selectivity of 74%. Though
the direct comparison of this model system to the HDO reaction studied is limited due to the
number of products and reactions occurring, it is highly supportive that the formation of
unsaturated species is thermodynamically favorable for similarly structured oxygenates.
Moreover, the obtained 2-hour selectivity towards PHE (4-propylphenol) over 0.4-Pt catalysts
of 68% at low (14%) conversion aligns very well with the 74% estimated by this method. In
the high (62%) conversion case, the agreement is lower at 42% selectivity to PHE, though this
is likely impacted primarily by the favored formation of HYD from DHE, which prevents the
formation of PHE and thus creates a significantly different system composition than estimated

here via thermochemistry.
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Figure 2.15: Control experiment performed over 0.4-Pt using ONE as the substrate under 10 bar of
H,. Results clearly show that ONE dehydrogenation to PHE is facile over 0.4-Pt, underscoring both
the kinetic accessibility of dehydrogenation over 0.4-Pt due to the density of UC sites and the
thermodynamic accessibility of dehydrogenation due to H» availability in the liquid phase.
Conditions: 275°C, 2 hours, 500 mg ONE, 20 mL cyclohexane, 50 mg 0.4-Pt, 10 bar H»

To support these equilibrium calculations further, a reaction was conducted starting
from a saturated substrate to observe the reactivity over 0.4-Pt. For this reaction, ONE was
chosen as the substrate, exhibiting a saturated ring, to observe whether the content of H; at the
reaction interface was sufficient to favor the maintenance of the hydrogenated structure or
whether 0.4-Pt would perform dehydrogenation to obtain PHE. As can be seen in Figure 2.15,
the reaction produces a dominant quantity of PHE from ONE over 0.4-Pt, highlighting that
0.4-Pt facilitates dehydrogenation despite the 10 bar H» pressure utilized in the headspace.
Additionally, these results are consistent with the result of both PHE and DHE HDO, in which
0.4-Pt does not produce a significant quantity of deoxygenated species but rather selectively

produces PHE.
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These calculations and control experiments demonstrate that despite the stoichiometric
excess of H present at all pressures studied, equilibrium positions at 275°C favor the formation
of aromatic products such as phenol. Comparatively, over the 6.0-Pt catalyst, dehydrogenation
is less favorable because of the dominant exposure of WC sites on the surface. Thus, despite
exhibiting the same equilibrium position (dictated solely by the temperature and pressure of
reaction) as the 0.4-Pt catalyst, product selectivity for the 6.0-Pt favors saturated ring species.

The most surprising conclusion resulting from the work described here is the structure
sensitivity for dehydroxylation of phenolics facilitated by WC sites. This step is the most
catalytically demanding, considering the Cawi-OH bond is the strongest C-O bond present in
lignin-derived phenolics®, and thus it is surprising that our work identifies WC sites as critical
for the cleavage of these C-O bonds, especially since Cari-OCH3 bonds were cleaved by UC
sites. In general, WC metal sites are regarded as less reactive than under-coordinated (UC)
sites. Importantly, this trend holds over both DHE and PHE substrates at low and high
conversions, supporting the conclusions discussed earlier that deactivation does not influence

structure sensitivity and that this behavior holds for diverse substrates.
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Scheme 2.5: Summary of the structure sensitivity of deoxygenation steps in the HDO of DHE over
Pt/Si0; catalysts. PHE deoxygenation proceeds through tautomerization over WC sites, explaining

the observed production of BNZ and CYC over 6.0-Pt but not 0.4-Pt. Aromatic ring hydrogenation

and dehydrogenation reactions, which also exhibit structure sensitivity, have been omitted from this
scheme since these do not contribute directly towards deoxygenation.

In catalytic HDO schemes, the following pathways have been suggested for the
dehydroxylation of phenolics over metal catalysts: hydrogenation followed by dehydration”®-
72| direct deoxygenation (DDO)’*-75, and tautomerization®'-’, Complete hydrogenation to a
cyclohexanol intermediate followed by dehydration has been rejected previously for Pt/SiO»
catalysts because of the inherent lack of acidity of the silica support and will not be considered
here further. DDO, or direct cleavage of the Cary-OH bond without any other mechanistic
steps, has also been proposed as a pathway for HDO of phenolics. Typically, the DDO
mechanism is invoked in systems involving oxophilic components. For instance, NiFe surfaces
have been predicted by DFT to proceed through DDO’’. However, over weakly oxophilic
monometallic catalysts such as Pt/SiO2, DDO is considered kinetically unfavorable under the
conditions studied here. Additionally, UC sites are predicted to facilitate DDO more
effectively, opposite the structure sensitivity observed in our reactions. Thus, DDO is an

unlikely mechanism for our system.
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Instead, we propose that the structure sensitivity observed here for the dehydroxylation
of PHE to BNZ is consistent with a pathway involving metal-facilitated aromatic
tautomerization. Tautomerization-based mechanisms for HDO have gained increased attention
for a range of metal catalysts, specifically for non-acidic catalysts. The proposed mechanistic
steps are shown in Scheme 2.5. Briefly, PHE is adsorbed to Pt and tautomerized to the
corresponding 4-propylcyclohexa-3,5-dien-1-one (DiIONE). The C=0O bond in DiONE is then
hydrogenated to form the unstable 4-propylcyclohexa-3,5-dien-1-ol (DiOL), which readily
undergoes dehydration to form BNZ. Importantly, these tautomerization events are proposed
to occur while the substrate is adsorbed to the metal catalyst surface, as tautomerization of
phenol to the keto form in free solvent environments is negligible due to the favorable stability
of the aromatic ring’®. Thus, it might be expected that metal surface characteristics change the
favorability of tautomerization.

The greater selectivity of 6.0-Pt towards BNZ and CYC from HDO of both DHE and
PHE substrates is indicative of WC sites promoting tautomerization. We attribute this behavior
to an adsorption effect that can proceed more readily over WC sites wherein phenolics adsorb
co-planar with the metal surface prior to tautomerization, analogous to the adsorption mode
required for hydrogenation. The shared need for co-planar ring adsorption between both
hydrogenation and tautomerization pathways is consistent with the need to disrupt ring
aromaticity in both reactions. On the other hand, UC sites on stepped surfaces or at particle
edges do not exhibit the contiguous ensembles necessary to achieve intermediate stabilization.
This would explain the inability of 0.4-Pt to produce significant quantities of BNZ or CYC,
even at conditions of high conversion and high H> pressure. This would also explain the

differences in selectivity between 0.4-Pt and 2.0-Pt in the HDO of PHE, as the hydrogenation
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of PHE is proposed to proceed through a tautomerization mechanism to produce ONE1047°,
Considering the inability of 0.4-Pt to facilitate this tautomerization, the favored product is
instead OL. This is consistent with the larger particle size of 2.0-Pt exhibiting more WC sites.
On the other hand, the similarity in performance between 0.4-Pt and 2.0-Pt in HDO of DHE is
consistent with the initial demethoxylation step of DHE not involving tautomerization, but
rather direct cleavage or demethylation to CAT.

Regarding the influence of the metal surface on tautomerization, there are few works
that comment on the promotion or suppression of the tautomerization pathways for HDO. It is
known that metal identity is critical in determining the dominant HDO pathway, with relatively
oxophilic metals such as Ru favoring direct C-O cleavage, whereas Pt prefers tautomerization
pathways. However, the tendency of a specific metal to facilitate tautomerization has been
shown to be sensitive to the electronic and compositional characteristics of the catalyst. For
instance, bimetallic PtMo alloy catalysts promote tautomerization compared to monometallic
Pt catalysts in HDO of m-cresol’®. DFT calculations supported the hypothesis that the
oxophilicity of Mo sites promotes strong interactions with the keto tautomer, decreasing
barriers of tautomerization. Similarly, alkali-modification of Fe catalysts for HDO resulted in
the destabilization of tautomer intermediates depending on the degree of electron donation,
demonstrating a relationship between metal electronics and tautomerization. Given the relative
similarity in the electronic structure of Pt sites of varying coordination in our studies, we
hypothesize that the reactant adsorption geometry on Pt sites is primarily responsible for the
moderation of tautomerization of phenolic substrates such as DHE and PHE. However, we
cannot rule out the potential contribution of electronic differences between UC and WC Pt sites

1n tautomerization reactions.
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2.4 Conclusion

In conclusion, the directed synthesis of various-sized Pt catalysts supported on SiO;
enabled the assessment of structure sensitivity in HDO reactions. Importantly, by employing
both DHE and PHE as substrates, we have shown that observed structure sensitivity trends
exist for both mono-oxygenated and multi-oxygenated phenolics. Analysis of the product
distribution provided the surprising result that larger Pt nanoparticles, in this case 12 nm in
size, were superior to Pt nanoparticles <3 nm in catalyzing complete HDO of DHE and PHE
to BNZ. Though this runs counter to the observation that DDO is facilitated over smaller
nanoparticles, our results suggest that an alternative pathway, namely surface-mediated
tautomerization of phenol to dienone, is responsible for full deoxygenation. This conclusion
underscores the potential of facilitating tautomerization HDO pathways to enhance overall
deoxygenation activity. These results also highlight the balance that exists for monometallic
catalysts in which large particles drive rapid deoxygenation but with broad product

distributions, compared to the slower but more selective HDO found for smaller Pt particles.

2.5 Methods

2.6.1 Catalyst Preparation

Supported Pt/SiO; catalysts of varying average particle size were prepared by a
modified strong electrostatic adsorption (SEA) procedure using tetraamine platinum nitrate
(TAPN, Sigma)*®*°_ In the case of 0.4wt% and 2wt% Pt/SiO; catalysts, amorphous SiO, (20-
30 nm, USNano) was introduced to HPLC-grade water (Sigma) under magnetic stirring. The

pH of the solution was adjusted to 10.5 using an appropriate amount of aqueous NH4OH (28%,
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Sigma), determined by monitoring with a pH meter and probe. Once the desired pH was
achieved, the solution was left stirring for 30 minutes for the SiO; surface to equilibrate with
the solution. To this, 50 mL of TAPN in HPLC-grade water, also adjusted to a pH of 10.5, was
added dropwise via a syringe pump at a rate of 2.5 mL/min. After the addition was complete,
the solution was heated to 80°C and allowed to evaporate under stirring. The obtained powder
was then thoroughly dried overnight in an oven at 110°C and removed.

Synthesis of the 6% Pt/SiO> followed a similar procedure. The SiO; used for this
catalyst series was a non-porous SiO2 (15-20 nm, USNano) in order to avoid Pt deposition in
small pores which might stabilize small particles even under harsh calcination conditions. This
SiO> was added to pH-adjusted water at 10.5 in a similar approach to the other catalyst
preparation. To this, 10 mL of TAPN solution of appropriate concentration was added dropwise
by pipette. After addition, the solution was allowed to equilibrate for 30 minutes before
evaporating the solution in an identical fashion to the other catalysts.

Calcination to decompose the Pt precursor was performed in a tube furnace under 50
sccm flow of dry air (Airgas). All temperature ramp steps were performed at 10°C/min. 0.4%
Pt/SiO; was calcined at 300°C for 2 h, which is above the decomposition temperature of the
TAPN precursor in air but minimizes particle sintering and mobility®’. Likewise, to prepare
larger Pt particles, 2% Pt/SiO2 was calcined at 325°C for 3 h, and 6% Pt/SiO was calcined at

600°C for 6 h.

2.5.2 Catalyst Characterization

CO probe molecule diffuse reflectance infrared spectroscopy (CO-DRIFTS) was

performed by placing catalyst powder into a Harrick High-Temperature reaction cell equipped
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with ZnSe windows. The prepared cell was then coupled with a Harrick Praying Mantis diffuse
reflectance adapter set into a Nicolet iS10 FT-IR spectrometer equipped with a liquid nitrogen-
cooled mercury-cadium-telluride (MCT) detector. Prior to characterization, catalysts were
pretreated under 50 sccm of 10% Ha/Ar (Airgas) by ramping to 325°C at a rate of 10°C/min
for 1 h and then cooled to 30°C under 50 sccm Ar (UHP, Airgas), at which point a background
scan was collected. All measurements were performed by averaging 32 scans at a resolution of
0.482 cm!. After the background scan, 10% CO/Ar (Airgas) was flowed at 50 sccm for 15
minutes to bind CO to the metallic Pt sites. Saturation coverage of CO on the Pt sites was
monitored by observing bound CO peak intensity while under CO flow. After 15 minutes of
exposure, gas phase CO was purged from the cell by 50 sccm Ar, at which point final spectra
were collected showing only CO bound to Pt sites. Spectral deconvolution was performed
using 3 Gaussian features, specifically using 2 Gaussians to capture the peak shape of under-
coordinated (UC) sites, which typically exhibit an asymmetric shape due to the broad range of
geometric and electronic environments (steps, edges, corners, kink, etc.) that these features
represent. Site fraction estimates were performed assuming a relative extinction coefficient of

51,52

2.7:1 for UC:WC sites, as reported previously’ <. Particle size estimates were obtained by
relating site fraction estimates to a model cuboctahedron geometry.

CO chemisorption was performed using a Micromeritics Autochem 2920 II
chemisorption analyzer. In a typical experiment, 100 mg of catalyst was loaded into the sample
U-tube atop quartz wool. Catalysts were pre-treated under 50 sccm of 10% Hz/Ar by ramping
from room temperature to 325°C at 10°C/min and held for 1 h. After reduction, catalysts were

cooled in Ar to 30°C and purged for an additional 5 minutes. 10% CO/He was introduced from

a sample loop of known volume using a 6-way valve at 3.5-minute intervals. The gas
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atmosphere was analyzed by a thermal conductivity detector (TCD) to measure the amount of
CO remaining after exposure to the catalyst sample. Dispersion estimates were made by
calculating the CO bound to the Pt catalysts, assuming a CO:Ptur ratio of 1:1°3,

High-angle annular dark field scanning transmission electron microscopy (HAADF-
STEM) images were taken using a Thermo Fisher Talos F200X G2 transmission electron
microscope. STEM samples were prepared by adding ground catalysts to methanol (Sigma)
and sonicating for 30 minutes, followed by drop casting onto lacey carbon on Cu grids (Ted
Pella). The drop cast grids were then kept under vacuum to fully dry for at least 48 hours prior

to imaging. Images were collected under an accelerating voltage of 200 kV, and at least 400

particles were imaged to represent the true particle size distributions of the samples.

2.5.3 HDO Reactions

HDO reactions using the prepared catalysts were performed in 75-mL stainless-steel
pressure reactors (Parr Instrument Co., 5000 Series). In a typical reaction, 50 mg of catalyst
was loaded into the reactor along with 500 mg of dihydroeugenol (DHE, Sigma) and 20 mL of
cyclohexane (Sigma). Reactions were stirred magnetically at 700 rpm using glass-shielded stir
bars. Once loaded, the reactor was sealed and purged 3 times with 5.0 grade H» (Airgas) before
pressurizing to a final gauge pressure of 10 bar at room temperature. Then, the vessel was
heated to 275 °C and held for 2 hours. After the allotted reaction time, the reactor vessel was
quickly removed and quenched using a water bath. Once cooled to room temperature, the liquid
products were collected by centrifugation and analyzed by GC-FID (Agilent) using n-decane
(Sigma) as an internal standard. In some cases, the gas headspace was collected and analyzed

by GC. Product identification was carried out using commercially-sourced standards where
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possible  (DHE,  4-propylbenzene, 4-propylphenol,  4-propylcyclohexanol,  4-
propylcyclohexane). In instances where standards are not commercially available, FID
responses were estimated using effective carbon number (ECN)**6. Reaction performance

metrics were defined as:

N
Conversion (%) = [())HE
DHE
N
Selectivity (%) = __"Product
Z NPToduct

N N
Yield (%) = Conversion * Selectivity = 5 Icmdu“ « —2HE
Product

0
NDHE

where Nj is the number of moles of species i measured by GC-FID and Ny is the initial
number of moles of i loaded into the batch reactor. For isoconversion experiments, the
conversion of the substrate was altered by changing the catalyst loading into the reactor, thus

moderating the catalyst:substrate mass ratio.
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3.1: Background

3.1.1 Multidimensional Roles of Supports in Catalysis

Though the work presented in Chapter 2 of this dissertation focuses exclusively on the
ways in which atomic-scale changes to the metallic active site, moderated by particle size,
influence HDO, the role of the support in catalysis, typically a transition metal oxide, cannot
be ignored. While today a ubiquitous component in catalyst formulation, an appreciation for
the role of the catalyst support in dictating properties and reactivity can be considered relatively
new in the broad scheme of the history of catalysis and still evolving. The first use of a support
for catalytic materials can likely be ascribed to Johann Wolfgang Dobereiner!-2, a German
chemist who in 1823, like many earlier contributors to the field of catalysis, studied platinum-
catalyzed hydrogen combustion in air. While previous studies by notable chemists such as
Edmund Davy had been made using a platinum wire?, this platinum wire required heating prior
to exposure to Ha to manifest the notable catalytic activity. However, it was Dobereiner who
first introduced a platinum salt, likely ammonium chloroplatinate, onto balls made from clay

followed by subsequent calcination to arrive at an active material. This platinum-impregnated
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material exhibited the capability to combust hydrogen under ambient conditions, even in the
absence of prior heating, representing a notable step forward in the activity of platinum
catalysts compared to bulk-like wires and filaments. Thus, the supported catalyst was born.

The concept of catalyst supports did not immediately take off, however, despite follow-
up reports from other researchers at the time. William Henry in 1824 followed Dobereiner’s
method for additional studies of hydrogen oxidation (this is the first report that can be easily
tracked down via modern means, and Henry includes the first detailed synthesis for a supported
catalyst, noting ratios and pre-treatments, likely making it the first published catalyst synthesis
procedure)®. Further popularization presumably stemmed from a process patented by Henry
Deacon for the production of Cl, from HCl in the presence of O2 over Cu catalysts impregnated
on clay supports, deemed “Deacon’s balls™.

Despite the consistent growth in the popularity of catalyst supports for the means of
stabilizing catalytic materials without coalescence, it should be stressed that a true appreciation
for the role of the support lay many decades of research ahead. Indeed, even once catalyst
supports became commonplace in industrial and academic research, the supports themselves
bore only marginal resemblance to the materials used today. Kieselguhr, or diatomaceous earth,
was a naturally occurring, siliceous mineral exhibiting high surface area and small primary
particle size stemming from its formation from fossilized diatoms, which are single-celled
microalgae. Early catalysts explored by Fischer and Tropsch in the late 1920s for coal
reforming into automotive fuel were promoted cobalt catalysts on kieselguhr®’. Thus, it is
worth considering that in the first 100 years after Dobereiner’s initial work impregnating clay

with platinum, there was very little progress in the field of catalyst supports past utilizing what
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was essentially, inelegantly dirt as the catalyst support. Compare that to the progress made in
the next 100 years, and the difference is striking.

An explosion in the utilization of heterogeneous catalysts in industrial processes during
the early 1900s, attributable to the growth and maturation of the petroleum industry, brought
along with it a revolution in the understanding of the roles of supporting materials in catalysis.
Though naturally occurring acidic clays had been sparingly used as early as 17978, the Houdry
process in 1936 utilized acid-activated clays in the fluidized catalytic cracking of crude oil into
gasoline-grade molecules®!?. Such naturally occurring, treated acid catalysts were quickly
replaced by synthetic acidic zeolites in the 1950’s, which of course are not ubiquitous across
the petroleum industry today for a number of hydrocarbon conversions!!>'2. Not long after the
Houdry process in 1954 came the reports by Mars and van Krevelen on the ability of metal
oxides to donate lattice oxygen species to reactions in a cycle of reduction and oxidation for
vanadium oxide catalysts in SO> oxidation, giving rise to the so-called Mars-van Krevelen
mechanism!>!#, This research was utilized as the basis for the growing interest in CO oxidation
reactions for automotive exhaust treatment during the 1970s and 1980s, culminating in the first
CeOs-based catalytic converter in 1981 relying heavily on Mars-van Krevelen-type activity for
emissions abatement!>!®, Early examples also exist of non-chemical support effects such as
the alkylation of toluene to p-xylene, assisted by the facilitated diffusion of para-xylene relative
to ortho- and meta-xylenes within the pores of ZSM zeolites'’-!°. Table 3.1 below summarizes
some of the most industrially-relevant applications of support effects in heterogeneous

catalysis today.
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Table 3.1

Classical Common
Support Role
it Example Usage
Acidity Zeolite Y Fluidized (;atalytlc
Cracking

Redox Activity ~ PYRh/CeOy/ALO, utomotive Catalytic

Converters
Transport Toluene Alkylation to
Inhibition H-ZSM-5 p-Xylene
Metal-Support Pt/TiO; Photocatalysis

Interaction

In the examples listed above, the supporting materials represent a structurally stable
material that does not appreciably change during the course of reaction. For instance, in the
absence of deactivation and coking, the acidic and porous properties of zeolites may be
considered to be stable, although recent work has begun to investigate the ways in which
process conditions can destabilize the zeolitic framework through heteroatom dissolution and
segregation. In the case of CeO: and other Mar-van Krevelen-active supports, lattice oxygen
diffusion is typically rapid enough such that oxygen consumption on the surface does not result
in structural changes past the first few surface layers of the crystal. Innocent supports which
play an even more minimal role in catalysis, such as SiO2, Al>O3, and C, undergo even more
negligible changes in structure and characteristics under all but the harshest reaction
conditions.

However, the identification of dynamic catalysts that exhibit significant structural
changes during reaction demands consideration for certain systems. It has been appreciated for
some time now that metal nanoparticles themselves exhibit considerable dynamics under

reaction conditions, assisted by the presence of adsorbates which facilitate the surface diffusion
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of metal atoms. Gerhard Ertl’s ground-breaking work observing the dynamic cycle of Pt(111)
lattice structure in response to CO and O coverage during CO oxidation underscores that these
changes are not just possible, but can effect measurable changes in reactivity?’. More recently,
studies into the Ni surface during CO> hydrogenation have identified the dynamics between
NiO island formation and consumption, where NiO islands are not present during catalyst pre-
treatment, but constitute the active site under reaction conditions?!. Some work has also shown
that these changes can affect more than just the metal surface through the dynamic diffusion
of Ag single atoms into and out of the bulk in Pt nanoparticles depending on the adsorbate
environment??. Thus, the dynamics for metal catalysts are known to be both long- and short-

range in nature.

3.1.2 Strong Metal-Support Interaction (SMSI): Classical to Modern Applications

Dynamic changes to catalyst structure and properties are not isolated to active metal
components but have also been observed for supports themselves, most famously represented
in the response of Pt/TiO> catalysts to reduction. In what was to become perhaps a regrettable
name in retrospect due to vagueness, the first report of the strong metal-support interaction
(SMSI) was made by Tauster, Fung, and Garten in 197823, The lack of specificity in the name
stems directly from the initial uncertainty regarding the cause of the behavior identified to be
SMSI, namely the suppressed chemisorption of CO and H> by Pt/TiO; that had been subjected
to high-temperature (>500°C) reducing treatments. A hallmark of the SMSI phenomenon is
that the suppressed chemisorption capacity is reversible upon re-exposure of the catalyst to

oxidative environments at high temperatures. This important distinction distinguishes the
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phenomenon from other sources of suppressed chemisorption capacity, such as by sintering or
poisoning, which are effectively irreversible processes, with the exception of various
regeneration strategies.

Follow-up work employing transmission electron microscopy?* (TEM) and x-ray
photoelectron spectroscopy?>-2¢ (XPS) identified the reduction of the TiO» support into reduced
states (originally assigned as Ti4O7) which mobilized onto the metal surface, forming a
physical blockade against chemisorption. While of fundamental interest immediately from a
materials science perspective, this over-coated or decorated state after reduction was also
quickly identified to exhibit changes to reactivity. CO hydrogenation was an early probe
reaction for these materials as improvements to methanation rates were observed despite the
necessary loss of sites caused by the decoration itself?’-?®. Indeed, similar reactions such as
CO; hydrogenation continue to garner interest in the study of catalysts under the SMSI state,
exhibiting similarly improved rates of methanation as the original CO hydrogenation studies*-
31

Though at this point a well-described phenomenon, a number of questions remain
regarding the fundamentals of SMSI. Initially, it was believed that the driving force behind the
overlayer formation was the overall reduction of surface energy of the system. This has been
refined recently to pertain specifically to the Gibb’s energy gained from the formation of
crystalline domains on the metal surface by reduced phases. In the case of Rh/TiOz, in situ
TEM work demonstrated the formation of Ti>O3 and corroborated its formation against various
other phases of TiOx using thermodynamic calculations and TEM measurements made at

different chemical potentials of O,*.
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While these describe primarily the role of the oxide and conditions in the formation of
the SMSI state, there is also a component contributed by the metal particles themselves. For
instance, not all metal nanoparticles facilitate the formation of SMSI-like overlayers, and even
those that do exhibit notable exceptions. For example, it has been shown that SMSI is
unfavorable to form over Pt or Au nanoparticles smaller than approximately 1 nm3*3,
Considering the argument in favor of crystalline domain formation being the primary driving
force for decoration, one interpretation of these results is that nanoparticles that provide
surfaces that strain or prevent crystalline oxide lattices might inhibit the SMSI state from
forming.

This also has important consequences for the case of partially or incompletely oxide-
decorated surfaces. Such partially decorated states have been of interest practically for their
maintained availability of metal sites, which are frequently still considered to be the active
sites even under the SMSI state. Such partially decorated systems may thus exhibit the benefits
to selectivity that have frequently been observed in the SMSI state while also exhibiting
diminished drawbacks in the form of less suppressed activity relative to completely decorated
catalysts. Reports of partial decoration have been made for Pd/TiO> catalysts reduced at
varying temperatures in what likely results in a kinetically-limited overlayer, but certain
synthetic routes also exist, as will be discussed in the next section?®”.

However, these partially decorated states raise important questions, as in the limit of
low decoration the formation of organized, crystalline domains of oxide is not feasible due to
the low density of oxide on the surface. Also, the incomplete decoration of the surface
introduces additional degrees of freedom for the overlayer on both the atomic scale, in terms

of whether the reduced oxide is present as monomers, oligomers, or crystalline domains on the
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surface, and on more extended scales, regarding the spatial organization of the oxide domains

relative to the metal nanoparticle surface and other oxide domains.

3.1.3 Inverse Catalysts for HDO

Recently, a new class of analogous materials deemed “inverse catalysts” have been
reported’®4°, These materials are composed of unsupported or irreducible (e.g. Al,O3, C, SiO)
oxide-supported metal nanoparticles onto which reducible (Fe3Oa4, TiO, etc.) oxide domains
are co-deposited, often through intentional, synthetic routes. The reducible oxide layers can
overcoat the Pt group metal nanoparticles, akin to the overcoating seen in SMSI. An important
feature of inverse catalysts in comparison to traditional SMSI catalysts (e.g. Pt/TiO2), wherein
the reducible support is present in a significant stoichiometric excess relative to the metal
nanoparticles, is the tunable coverage of the reducible oxide on the metal based on the amount
reducible metal oxide added, providing an additional dial to modify catalyst activity.

Inverse catalysts can exhibit significantly altered reaction kinetics as compared to the
bare metal catalysts?>*!™*3, with an important application being hydrodeoxygenation (HDO) of
lignin-derived monomers towards biomass valorization**#®, For example, inverse catalysts
such as WO,/Pt/C and NbOx/Pt/MgAl>O4 achieve >98% selectivity to desirable deoxygenated
aromatics, in stark contrast to their unmodified analogs that exhibit considerable aromatic
hydrogenation activity to produce undesired products with saturated rings. Recently, we
reported on the structure sensitivity of Pt catalysts for HDO of model lignin-derived phenolic
monomers, identifying that low-index terraces, consisting of well-coordinated Pt (Ptwc) atoms,
are responsible for the undesired aromatic hydrogenation reaction*’. Considering the likely co-

existence of covered and uncovered metal sites on the surface of inverse catalysts for HDO, it
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is thus essential to elucidate the extent to which specific surface Pt sites, such as Ptwc sites,
become decorated by reducible metal oxide domains in order to understand the role of oxide
overcoating in altering catalyst performance. Thus, the goal of this work will be to develop a
fundamental understanding of how atomic-scale WOx/Pt structure alters catalyst reactivity in
the HDO of phenolics, rather than push the limits of catalyst performance, which has been
reported previously.

The organization of reducible oxide domains on the surfaces of metal nanoparticles, as
seen in inverse catalysts, specifically with an appreciation of potential metal site-specificity
(e.g. steps vs terraces), remains elusive, particularly under reaction conditions. Surface science
studies of reducible oxide overcoating of metal single crystals have demonstrated the formation
of oxide “trails” or dendrites, suggestive of facile surface diffusion of oxide species***.
Further, it has been observed that oxide growth nucleates at metallic step sites, suggestive of
energetic stabilization of oxide domains at specific locations on metal surfaces, shown in
Figure 3.1 for NbOx clusters on Au(111)°*>4. However, these effects have not been resolved

for nanoparticle surfaces under reaction conditions. Additionally, theoretical analyses have

primarily focused on low-index metal surfaces, which have limited applicability to the
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inherently defective surfaces of nanoparticles found in heterogeneous catalysts that expose
steps, edges, and corners.

Herein, we theoretically assess the organization and stability of a model W307 trimer
on various stepped Pt surfaces using density functional theory (DFT) and a new machine
learning protocol. We combine these computational studies with electron microscopy, in situ
and probe molecule spectroscopies, and HDO reactivity measurements to elucidate the

dynamic, site-dependent organization of WOy overcoating domains on Pt nanoparticle surfaces

Figure 3.1: STM images of NbOx clusters on Au(111) surface showing dendritic structures which
exist on terraces and step edges. Though surface science experiments under UHV conditions have
suggested preferential growth, such behavior has been unreported for powder catalysts under
reaction conditions. Reproduced from Ref. 50.

in heterogeneous inverse WOy/Pt/SiO; catalysts. The computational and experimental results
identify the preferential decoration of well-coordinated Pt sites (terraces) by WOx as the
primary contributor to suppressed hydrogenation of the aromatic ring in HDO of phenolics on
inverse catalysts. The identification of preferential decoration of specific metal sites by
reducible oxide domains extends the knowledge on inverse catalysts previously limited to
model surfaces under ultra-high vacuum conditions to a broader understanding of high surface

area metal nanoparticle catalysts under reaction conditions.
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3.2 Results and Discussion

3.2.1 Computational WOx/Pt Model and DFT Analysis

To theoretically assess the organization and structure of sub-monolayer domains of
WOy on Pt surfaces, a W307 trimer model was considered on a range of Pt surfaces, as shown
in Figure 3.4a. The structure of W307; was studied on Pt(553), Pt(221), and kink-Pt(221)
surfaces. These model surfaces exhibit two distinct classes of Pt sites across the step edge, as
defined by their coordination to other Pt atoms, well-coordinated (WC, >8 nearest Pt
neighbors) and under-coordinated sites (UC, <8 nearest Pt neighbors)®. The influence of
different metal site coordination on W307 stability is of interest considering that the surface
coordination of metal nanoparticles depends on factors such as nanoparticle shape and size.
The two different step models, Pt(221) and Pt(553), are chosen to understand the effect of
terrace width on WOx stability. Based on a recent phase diagram analysis of WOx domains on
Pt(111)¢, W307 is considered a representative model structure for reduced WOy growth on
metal surfaces*-’. Additional WOx models, including domains containing Brensted acid sites
(e.g., W30xH), higher W oxidation states, and select W4Ox structures were considered. These
structures exhibited consistent trends in WOy growth and organization as observed for W30y,

and thus, we focus on W307 on Pt surfaces for this model, though experimental systems likely
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Figure 3.2: WO, models on Pt step surfaces. a.) Summary of computational methods used to
populate the W30; trimer model on Pt(221), kink-Pt(221), and Pt(553) surfaces, resulting in 340,
471, and 265 unique structures, respectively. b.) Histogram of DFT energies on Pt(553), with
representative stable, meta-stable, and unstable structures (shown in insets). Legend: Ptwc (grey),
Ptuc (dark blue), W (light blue), O (red)

exhibit a range of WOx structures. A modified SurfGraph algorithm was utilized to estimate all

58—60’ as

possible (~1000) unique configurations of W30O7 on the Pt step model surfaces
summarized in Figure la. The number of configurations is dictated by the different
coordination numbers of the surface Pt atom(s) for a given surface model, and the orientation
and structure of the adsorbed W307 trimer. The framework utilized to generate structures is
discussed elsewhere®?®!, and its adaptation is detailed in the methods section.

DFT calculations were performed on the enumerated configurations to assess the
stability of the SurfGraph-generated structures. As a representative case, the formation energy
relative to the most stable W307/Pt structure is plotted as a histogram for various W30,
structures on Pt(553) in Figure 3.2b. The most stable W30 structures (green bars in Figure
3.4b) preferentially adsorb on Ptwc sites on the terrace adjacent to the Pt step edge, enabling a

bond between O of WOy and Ptyc sites at the step edge. The distance between W in adjacent

periodic images is at least 4.75 A, suggesting minimal interaction and influence of computation
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Figure 3.3: DOS simulations for W307/Pt(553), WO»(bulk) and WO3(bulk). The DOS for Pt-WOy
has features resembling both bulk WO, and WO; in line with an oxidation state between W*" and
W,

cell size. Interaction between O and Ptyc sites is typically more favorable than interaction with
WC Pt sites by 0.2-0.3 eV, hence predicting WOy growth on WC terraces adjacent to UC sites
as well as on the extended terraces of large nanoparticles®>®3. Projected DOS for W307/Pt(553)
exhibits features between WOs3 and WO,, suggesting W oxidation states including W** and
W (Figure 3.3). The meta-stable structures (yellow bars), which are 0.5-1 eV uphill
compared to the most stable ones, contain W mostly on the terrace with fewer W-O-Ptuc bonds.
Further, structures with direct W-Ptyc interactions are >0.6 eV higher in energy than the most
stable structure. The most unstable structures (red bars), >1 eV higher in energy than the most
stable structures, contain multiple W bonding directly to Ptyc sites or WOx oriented across the
step edge.

Applying a Boltzmann distribution to the Pt(553) structure histogram in Figure 3.4,
practically, only structures within 0.1 eV of the most stable structure will be accessible (Figure

3.2) under relevant conditions assuming the facile surface diffusion of oxide oligomers on
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metals*®%*, While Pt(553) provides insight into the structural motifs of WOy organization on
the Pt surface, machine learning modeling was also employed to identify the dominant features

that dictate W30y stability.
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Figure 3.4: Boltzmann distribution applied to the relative energy histogram shown in Figure 1 at
30°C and 275°C. Narrow dispersion due to low kT suggests that only the stable states within ~0.25
eV of the most stable structure are expected on the WO,/Pt surface.

3.2.2 Characteristic Features Via Machine-Learning

The DFT calculated energetics and structures for WOy/Pt configurations on all three Pt
model surfaces were combined into a single dataset. Ten geometric features, shown in Table
3.2 below, were calculated for each configuration to train a machine learning model (XGBoost)
against the respective DFT energy®>-%,

These features include: (i) (3) Z-heights for each of the three W atoms of the trimer

with respect to the last row of Pt-terrace atoms, (ii) (3) average coordination numbers of the Pt
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atom(s) bound to each of the three W atoms, (iii) the number of O-Ptuc bonds, (iv) (2) Z-
heights of the W atoms in the W-O-W pair with the largest W-O-W angle, and (v) the largest
W-O-W angle. These are intuitive geometric parameters and provide a basis for a model to
understand W307 stability on Pt surfaces. W atoms were assigned an identifier (eg. W1, W2,
W3), universal to all structures, based on their Z-height per feature (i) above. A 65:35
training:test split was utilized on the 1,023 configurations. Figure 3.5a-b shows the model

training and testing. The black dashed lines represent the parity line and the red dashed lines

Table 3.2
# of
Name Range Values
Z-Height above Pt surface for each W -
atom in W30y L s 3
Coordination number of Pt for each
PLW bond CNws 7-10 3
Pt-O Bonds Pt-O 0-2 1
Z-Height of W-O-W pairs grouped by AZ, 1.3 A 5
bond angle
W-O-W bond angles Owow  120°-170° 1
Total Features 10

Table 3.2: Features and parameter ranges used in the XGBoost modelling of WO,/Pt(553)
structures.

represent bounds of a width of 0.25 eV. A mean absolute error (MAE) of 0.14 eV was estimated,
and the majority of the 358 testing points (81.6%) were inside the bounds. Utilizing the
surrogate model, the gain metric was used to estimate the features contributing the most to the
model fitting and were plotted in Figure 3.5¢%7.

The three most important features are (i) the coordination number of the Pt sites onto
which the W atoms with the lowest Z-height are adsorbed, (ii) the presence of O-Ptyc bond(s),

and (iii) the Z-height of the W atoms with the largest W-O-W bond angle. Features (i) and (ii),
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together, showcase the stability of W atoms on Ptwc sites in the concave region close to the Pt
step edge that maximizes the interaction of O with Ptyc sites while avoiding direct interaction
of W with Ptyc. Every O-Ptuc bond stabilizes the W307 structure by ~0.2 eV compared to
Pt(111), in agreement with the values of O bonding to Ptuc sites in surface science$>%3,
However, the maximum number of Pt-O-W bonds formed by each W307 trimer is limited due
to the lattice mismatch between Pt and WOx. The Pt-Pt bonds have a bond distance of 2.8
A% while the W-W bond length in WOy is ~ 3.3 A7%7!_ resulting in a buckled garland-like
W30y structure along the step edge (see most stable structure in Figure 3.4b). The importance
of this “garland-like” structure toward the accessibility of undercoordinated Pt sites to
adsorbates is discussed later. Feature (iii) highlights the role of strain in W-O-W bonds in
stabilizing WOy on Pt. Structures with large W-O-W angles, arising from one W atom present
on top of a Ptyc site and the other in the concave region (shown in Figure 3.4b as unstable
structures), are less stable compared to ones with a smaller W-O-W bond angle (Figure 3.4b
stable structures). However, the effect of W-O-W bond angle on the formation energy of WOx
is not intuitive and showcases the ability of ML-based methods to provide physical insights
into complex configurational datasets.

The analysis highlights the importance of both step edges along with terrace sites in
driving the stability of WOx on Pt. The analysis predicts Ptwc sites preferentially being
decorated by WOx on the terraces of Pt nanoparticles, with Ptuc sites being only partially

decorated by interacting with and anchoring the O of WOx.
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Figure 3.5: XGBoost model predicting dominant geometric features driving stability of WOy on
Pt(553) surfaces. a-b.) Training plot and parity plot of 65:35 split in model development. c.)
XGBoost derived feature score for each feature trained in the ML model, with dominant features
(CNws, Pt-O, and AZ, ) highlighted in color.

3.2.3 Heterogeneous WOy/Pt/SiO Catalyst Characterization

To analyze the computationally predicted, site-dependent decoration of WOx on
stepped Pt surfaces, heterogeneous inverse WOx/Pt/SiO; catalysts were synthesized. A Pt/SiO»
catalyst was prepared via a modified strong electrostatic adsorption (SEA) procedure at 6% Pt
weight loading’>74. SiO, was chosen as the catalyst support material due to its inactivity in
HDO’>78, low acidity, irreducibility, and amenability for spectroscopic characterization (e.g.
compared to C supports which are often used in HDO but are black and thus are not conducive
to UV-Vis-IR spectroscopy). Pt/SiO; catalysts exhibited an average Pt particle diameter of 11
+ 6 nm as measured by HAADF-STEM. This particle diameter was intentionally selected to
align with the metal particle sizes of inverse oxide-on-metal materials previously studied in the
literature that exhibited notable performance in HDO of phenolics***. Additionally, no

clusters or single atom Pt species could be identified by HAADF-STEM, nor any other
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characterization technique employed and discussed later, highlighting that all Pt-based
reactivity can be attributed to nanoparticles.

WOy was deposited via wet impregnation of the Pt/SiO, catalysts using an aqueous
solution of ammonium metatungstate, (NH4)sH2W 12040, with W weight loadings varied from
0.1-6 wt%. For simplicity, WOx-loaded Pt/Si0O> catalysts will be referred to as xW6Pt, where
x is equal to the weight loading of W. Stepwise preparation of WO«/Pt/SiO> catalysts enabled
the development of catalysts with varying W loading and consistent Pt particle size
distributions, which was essential to determine the role of WOy overcoating of Pt on catalyst
performance. HAADF-STEM images collected of 0.1 W6Pt indicate that the average Pt particle

size remains unchanged after WOy deposition steps (Figure 3.6). This synthesis procedure
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Figure 3.6: Comparison of the particle size distributions of 6Pt and 01 W6Pt, showing that average
particle size does not appreciably change as a result of the WOx deposition synthetic steps.
Differences in distribution breadth likely stem from batch-to-batch variation.
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differs from inverse catalysts prepared via atomic layer deposition in that, here, WOx is
deposited uniformly over the surface of the SiO» catalyst, without preferential deposition on Pt
nanoparticle surfaces. HAADF-STEM imaging of as-prepared 6W6Pt (Figure 3.7) shows that
WOy is observed both as isolated monomeric W species on SiOz, as well as densely-packed
WOy oligomers that form 2D, film-like domains on the SiO2 support. This is consistent with
prior work that suggests that WOx wets the surfaces of transition metal oxides and
preferentially forms a monolayer-like structure before aggregation into well-ordered, 3D WO3
particles””’8. The structures observed in HAADF-STEM are also consistent with UV-VIS

measurements of the as-prepared WOx/Pt/Si0O», which exhibit edge energy consistent with the

existence of monomeric and polymeric WO species.

Figure 3.7: (a-b) HAADF-STEM images of 6W6Pt highlighting the morphology of WO, domains
on the SiO; surface.

HAADF-STEM imaging of 6W6Pt shows no evidence of WOy decoration on Pt
surfaces in the as-prepared materials following calcination in oxygen that is required to form
WOy from the precursor (Figure 3.8a). This demonstrates that under the oxidative conditions

of catalyst synthesis (i.e. calcination), WOx domains deposit on the SiO; support rather than
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the Pt surface. This is either due to the significantly higher surface area of the SiO» support, or

the instability of WOx decoration on Pt when the Pt surface is oxidized and the WOx is in its

highest oxidation state (likely W°*).
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Figure 3.8: HAADF-STEM images of 6% W/6% Pt/SiO, catalyst a.) before and b.) after reduction
at 325°C for 1 hour in 10% Ha/Ar. c-e.) EDS map of the selected area in b.) shown by the yellow
dashed box. EDS map evidences close spatial interaction between a W-rich layer (WOx) and a Pt-
rich area at the interface of a Pt nanoparticle seen in HAADF-STEM.

To explore the response of catalyst structure to reducing conditions, the as-prepared
6W6Pt was reduced in 10% Ha/Ar at 325°C for 1 hour and then analyzed ex-sifu by HAADF-
STEM. Air contact between treatment and imaging was minimized by transporting the sample
in an Ar-flushed vial. HAADF-STEM images, shown in Figure 3.8b, indicate noticeable
changes to the surfaces of Pt nanoparticles induced by H» reduction, wherein visible
overcoating exists on the surfaces of Pt nanoparticles. These overlayers both exist as disordered
domains surrounding Pt nanoparticles and more ordered overlayers of uniform thickness. We
attribute the differences in these two classes of overlayers to the degree of oxidation
experienced in sample transfer between the reductive pre-treatment and the microscope. Beam
effects have been excluded as the cause of these overcoating structures on Pt nanoparticles
considering the absence of overlayers in as-prepared WOx/Pt/SiO, materials following

calcination, as well as the use of low beam currents during STEM imaging (<20 pA).

95



To confirm the composition of the overlayer observed in ex-sifu imaging of reduced
6W6Pt, EDS was performed (Figure 3.8c-¢). EDS demonstrates the presence of W and Pt in
close proximity at the outer edge of the imaged particle (Figure 3.8d), suggesting that the W
has decorated the Pt particle. The region imaged in EDS exists over a gap in the sample and
substrate, supporting that W is bound to the Pt surface and not on the SiO; support existing
below the edge of the Pt nanoparticle. Integration of the EDS results (Figure 3.8d) shows that
the W signal increases along with the Pt signal, also supporting the close interaction of these
two domains. The peak maximum of the W signal prior to the significant increase of the Pt
signal, which remains high over the region of the nanoparticle itself, highlights that the
overlayer is likely entirely composed of W, and not a combination of W and Pt, such as in an
alloy phase which has been previously identified for W/Ni catalysts’. Thus, ex situ HAADF-
STEM results identify that WOx overlayers form on Pt particles during reductive pre-
treatments via WOx mobilization from the SiO> support to the Pt surface. However, further
structural information as to the dynamics, extent, and structure of WO decoration cannot be
assessed via STEM alone due to the use of ex-situ measurements and the lack of statistically

relevant sampling.
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Scheme 3.1: Representation of the sequential pre-treatment used for the DRIFTS and
UV-Vis characterization of 6W6Pt.

To explore the dynamic behavior of the catalyst structure and oxidation state under in
situ conditions, UV-Vis and CO probe molecule diffuse reflectance infrared spectroscopy
(DRIFTS) were performed. UV-Vis provides information on the oxidation state of W species
and CO DRIFTS probes the nature and quantity of exposed Pt sites. Various pre-treatments
were studied. 6W6Pt was first oxidized to investigate the dehydrated, as-prepared state of the
catalyst. Then, 6W6Pt was reduced at 225 °C in the presence of 10% CO/Ar. CO is a mild
reductant that does not reduce WOx domains under the conditions studied here®® (Figure 3.9).
However, CO does facilely reduce PtOy through CO oxidation to CO;, thus allowing the
characterization of the catalyst with Pt in the metallic state and WOx in the fully oxidized +6
state®!. This pre-treatment was important in the comparison of WO,/Pt/SiO; catalysts with
Pt/Si0,, as the reductive H» pre-treatments typically used in the characterization of Pt/SiO;

catalysts would have resulted in the formation of WOx overlayers on Pt in WOx/Pt/SiO». After
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CO treatment, 6W6Pt was then reduced under 10% Hy/Ar, as in the HAADF-STEM
experiments. Finally, the reversibility of observed changes was explored by conducting a

82-84 wherein

second oxidation step. With the exception of the so-called oxidative SMSI state
catalyst overlayers remain stable under O, atmospheres (typically at elevated temperatures),

oxidation is expected to return the catalyst to the initial state exhibiting oxidized WOx domains

on SiO; and no WOx coverage of Pt?3%,
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Figure 3.9: H,-TPR of 6W6Pt taken after oxidation in UHP O; at 400°C for 1 hour (black) and a
sequential treatment of oxidation at 400°C followed by CO reduction in 10% CO/Ar at 225°C for
30 minutes (orange), mirroring treatments conducted in CO DRIFTS and UV-Vis experiments.
Results show similar H, consumption trends, indicating that CO reduction does not cause
significant WO reduction, as concluded from CO DRIFTS and UV-Vis.

Figure 3.10a shows the UV-Vis spectra of 6W6Pt collected under Ar at room
temperature after the pre-treatment sequence described above. All spectra exhibit absorbance
around 250 nm, which is related to the ligand-to-metal charge transfer (LMCT) between W
and O associated with W®" in WO3 domains’’. After the initial oxidation step, this is the only

feature visible in the UV-Vis spectrum. The spectrum collected after CO pre-treatment shows
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Figure 3.10: a.) UV-Vis and b.) CO DRIFTS spectra of 6W6Pt. Spectra collected under Ar
flow at 30°C after the pre-treatment step listed. Oxidations performed at 400°C for 1 hour
under UHP O,. CO reduction conducted at 225°C for 1 hour under 10% CO/Ar. H
reduction performed at 325°C for 1 hour under 10% H»/Ar.

no additional features other than a shift in the baseline at wavelengths between 400-1000 nm,
which is related to changes in the overall optical properties of the material. This is likely caused
by PtOy reduction to a metallic Pt phase®. After H, treatment, a strong, broad feature is
observed between 600-1000 nm, assigned to reduced W** and W>* states, centered at ~500 nm
and ~800 nm, respectively, that form from the WO;3 reduction®”#3, Recent work has suggested
that the absorption stems from intervalence charge transfer (IVCT) of mixed valent W-O-W
pairs (e.g. W>"-O-W¢")890 Deconvolution of this broad absorbance is suggestive of the
presence of predominantly W>* species after this step (Figure 3.11), though the relative cross-
sections of these two absorption bands have not been reported, preventing confident
quantification of the two species through UV-Vis. WO reduction can also be observed in the
Raman spectrum collected of this material after reduction, showing the loss of the W=0

vibrational feature at 930 cm! (Figure 3.12)7. The second oxidation step eliminates this
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feature, and the sample absorption spectrum becomes essentially identical to the initial
spectrum assigned to W%, highlighting the reversibility of oxidation state changes for W in

this catalyst.
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Figure 3.11: Deconvolution of UV-Vis spectrum for
H,-reduced 6W6Pt into components corresponding to
W** and W* states. Assuming similar extinction
coefficients between the states, W>" predominates
over W*" after reduction.

To complement the HAADF-STEM results, which identified macroscopic changes to
the organization and location of WOx in response to reduction, and UV-Vis, which provided
information into the oxidation state of W species, CO DRIFTS was performed. CO DRIFTS
provides insights into the accessibility, geometric, and electronic state of Pt surface sites by
probing the vibrational frequency of bound CO”!-**, Considering the DFT calculations that

identified preferential site decoration by WOx on the terrace regions of Pt, insights into the
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nature of exposed Pt sites are essential to understanding the location of WOy overlayers on Pt

surfaces, particularly for sub-monolayer coverages.
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Figure 3.12: Raman spectra collected of 6W6Pt catalysts after inert and reductive
pre-treatments showning the loss of W=0O vibrations. Spectra were collected at
400°C to mitigate the effects of fluorescence from the SiO, support, which entirely
obscured Raman scattering at lower temperatures.

CO DRIFTS spectra were collected for 6W6Pt following each of the treatments
previously discussed in the UV-Vis characterization. After each treatment, the sample was
cooled to room temperature, exposed to CO until saturation coverage was reached, and then
the cell was purged of CO by flowing Ar. Overall, the CO DRIFTS spectra (Figure 3.10b) show
similar trends to the UV-Vis results in regard to the overall reversibility of WOx decoration of
Pt nanoparticles. After the initial oxidative pre-treatment, a single main feature is observed
centered at 2096 cm!, corresponding to CO bound linearly to WC Pt sites located on low-
index terraces such as Pt(111) and Pt(100) surfaces®>*>6. Additionally, a small, broad shoulder
exists around 2120 cm™!, assigned to CO bound to cationic Pt species, likely stemming from
PtOx clusters or oxidized surface Pt species®*”’. Since the catalyst has not been reduced prior

to CO exposure in this step of the experiment, Pt surfaces are expected to exhibit high O
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coverage, which can inhibit or co-exist with CO bound on the surface’®*°. CO adsorption on
WC metallic Pt sites is visible in this spectrum due to the CO oxidation reaction, which can
consume surface oxygen (even at 30°C) leaving metallic Pt sites available for CO
adsorption®®. This contrasts UC sites, found at steps, edges, and other defects on the Pt
surface, which exhibit higher O binding energies!'?*!%! and are not considered active for CO
oxidation under these conditions!'?>13,

This conclusion is supported by the spectrum collected for 6W6Pt after reduction in a
CO atmosphere at 225°C in the following step. The resulting spectrum is characterized by two
strong features, the same WC site feature at 2096 cm™! as seen after oxidation and a second,
newly exposed feature at 2080 cm!, assigned to CO bound to metallic UC Pt sites®:1%4,
Exposing the catalyst to CO at 225°C enables the CO oxidation reaction to occur on both WC
and UC sites, consuming Pt-bound surface O species without reducing or otherwise mobilizing
WOy as shown in the UV-Vis results. The resulting spectrum, exhibiting the WC and UC
features, is nearly identical to the CO-DRIFTS spectrum of the Pt/SiO: taken after reduction
in H (Figure 3.10b), supporting the conclusion that this spectrum is representative of a reduced
Pt surface that is not overcoated by WOx. Additionally, the similarity between CO-reduced
6W6Pt and Ha-reduced Pt/SiO: is further evidence that the WOx deposition steps do not
appreciably change the characteristics of the Pt nanoparticles, thus enabling direct comparison
of the WOx-modified catalysts with the unmodified catalyst. A small shoulder still persists at
2120 cm!, indicating that a small fraction of PtOx domains present after oxidation were not
reduced by the 10% CO/Ar atmosphere at 225°C. Indeed, it has been previously shown that

small PtOx clusters can be difficult to reduce, even under H, atmosphere!®.
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The CO DRIFT spectrum of 6 W6Pt changes in shape and intensity after H treatment
and CO re-adsorption to saturation coverage at 30°C. The loss of adsorbed CO intensity after
H; treatment is consistent with the loss of Pt sites available to adsorb CO due to reduced WOx
overlayer formation, which was evidenced by UV-Vis based on W*" and W>* formation and
seen in HAADF-STEM images. The CO stretching band is characterized by two convoluted
features centered at 2085 and 2072 cm’!, which are assigned to CO bound to WC and UC Pt
sites, respectively, that remain after WOy migration onto Pt. The relative intensities of the two
features have changed after H> reduction, as compared to CO reduction, and the peak centers
have shifted. These two observations provide important information about the state of WOx
decoration on the Pt surface and will be discussed in more detail below.

Following re-oxidation and re-adsorption of CO to saturation coverage at 30°C, a
similar spectrum is observed for 6W6Pt as compared to the initial oxidation, characterized by
a single strong feature at 2095 cm! and a shoulder at 2120 cm’!. These two features are
assigned to CO bound linearly to WC Pt sites and CO bound to cationic Pt species in PtOx
domains, as previously discussed. The similarity of the CO DRIFTS spectrum following the
first and last oxidation steps is evidence that in addition to the reversibility of WO reduction
evidenced by UV-Vis spectroscopy, the decoration of the Pt surface by WOy is reversible in
response to the pre-treatment atmosphere used.

For 6W6Pt, the molar ratio of W:Pt is approximately 1, though there is a considerable
excess of W compared to the number of surface Pt sites when accounting for the low dispersion
of the ~10 nm Pt nanoparticles present in the Pt/SiO> catalyst. Thus, under reducing conditions,
a large fraction of the Pt sites could be decorated by the reduced WOx overlayer, as evidenced

by the drop in the peak area associated with adsorbed CO species in the CO DRIFTS spectrum
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after H» reduction (Figure 3.10b). As alluded to previously, however, the relative peak areas
associated with CO adsorption on WC and UC sites changed between CO and H> pre-
treatments. Specifically, the peak area associated with CO on WC Pt sites apparently decreased
more than the peak area associated with CO adsorption on UC sites, suggesting that reduced
WO species more effectively decorated WC sites than UC sites. This trend is opposite to what
would be expected even when taking relative extinction coefficients of CO bound to WC and
UC sites into account since perfectly non-preferential decoration would result in greater loss

of UC site area relative to WC site area due to the higher extinction coefficient of UC sites!%.
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Figure 3.13: a.) CO DRIFTS spectra of various W loadings on 6% Pt/SiO,. Spectra were collected

at 30°C. Catalysts were first oxidized at 400°C for 1 hour in UHP O, before reduction in 10% Hy/Ar
at 325°C for 1 hour. CO adsorption conducted at 30°C for 15 minutes before purging gas-phase CO

from the cell with Ar. b.) Gaussian deconvolution of 6% Pt/Si0, using 4 features, 2 for each feature
associated with CO on Ptwc and Ptycsites. c.) UC site fraction determined by Gaussian fits of each

WO/Pt/Si0; catalyst.
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Figure 3.14: Deconvolution of WO,/Pt/SiO, CO DRIFTS spectra into
Gaussian features related to WC and UC sites. Two symmetric

Gaussians were used for both WC and UC sites to capture asymmetry
related to site heterogeneity.

To explore this in more depth, a series of WOx-modified catalysts were synthesized

from the same Pt/SiO; catalyst in the range of 0-6 wt% W. Moderation of W loading enabled
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control over the amount of WOx overlayer formation on the Pt surface after H> reduction. CO
DRIFT spectra of the WO,/Pt/SiO> materials with varying W loading following H> reduction
are shown in Figure 3.13a. As discussed previously, the CO probe molecule DRIFT spectrum
of the 6% Pt/Si0O> catalyst without WOx modification following H> reduction is qualitatively
similar to the CO-reduced WO/Pt/SiO> shown in Figure 3.8b, exhibiting CO adsorption on
both WC and UC features at 2087 and 2050 cm™!, respectively. The relative peak areas and
centers differ slightly for the spectrum shown in Figure 3.13a compared to that shown in Figure
3.8b due to differences in pre-treatment conditions between the two spectra.

Strikingly, CO DRIFT spectra of materials with increasing WOx loadings following H»
reduction exhibit a loss of intensity of the feature associated with CO adsorption on WC Pt
sites, while the feature associated with CO adsorption on UC Pt sites exhibits comparatively
less change. This is consistent with the preferential decoration of WC Pt sites by WOx
following H» reduction. Spectral deconvolution was performed using 4 Gaussian peaks, with
2 peaks being used for both the CO adsorption on WC and UC Pt sites to capture inherent peak
asymmetry®! and heterogeneity introduced by partial WOy decoration on the Pt surface (Figure
3.13b). Deconvolution results for all materials and parameters can be found in Figure 3.14. As
introduced briefly above, the molar extinction coefficient of CO bound to UC Pt sites has been
reported to be 2.7 greater than the molar extinction coefficient of CO bound to WC Pt sites®>1%,
The relative molar extinction coefficient was used to determine the fraction of adsorbed CO
residing on WC and UC Pt for each WO4/Pt/Si0; catalyst following H> reduction. Figure 3.13c
shows that there is a monotonic, linear loss in the fraction of WC sites relative to UC sites as
a function of W loading, demonstrating the preferential decoration of WC sites on the Pt

surface by WOy after H> reduction.
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Figure 3.15: CO DRIFTS spectra for WO/Pt/Si0; catalysts
showing blue-shift towards higher wavenumbers in the UC band
center corresponding to increasing WOx-Pt interactions with
increasing decoration.

In addition to changes in the relative peak areas associated with the WC and UC Pt sites
with increasing WOx loading, there are also changes to peak centers in the CO DRIFTS spectra.
The peak associated with CO bound linearly to WC Pt sites red-shifts to lower wavenumbers,
whereas CO bound linearly to UC Pt sites blue-shifts to higher wavenumbers. The red-shifting
of the WC feature is assigned to decreased dipole-dipole coupling on Pt terraces due to the
presence of WOx on these sites, consistent with WOy localizing on WC Pt terraces. Dipole-
dipole coupling for CO on extended metallic surfaces occurs when low energy modes transfer
energy to higher energy states, resulting in the observed blue shift to CO vibrational frequency
with increasing CO coverage on extended surfaces. When this coupling is disrupted, as we
propose is the case in WOy decoration, the CO stretch redshifts. Analogous shifts have been
observed for both alloyed materials (CuPt) and isotopic exchange experiments between 2CO
and 1*CO, which don’t vibrationally couple, highlighting that decreased effective CO coverage

on WC sites caused by WOy addition results in a red shift in the CO stretching frequency!?’.
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On the other hand, the blue shift of the feature associated with CO adsorption on Pt UC sites
(Figure 3.15) cannot be ascribed to decreased CO coverage. In general, CO bound to UC sites
exhibits less significant dipole-dipole coupling than on extended surfaces due to the spatial
separation of adsorbates on stepped surfaces, reducing their ability to electronically couple!®.
Instead, the blue shift of the UC feature is attributed to electronic modification of UC Pt sites
by proximal WOx units. A Pt/WOj catalyst synthesized for comparison demonstrates that Pt
sites near WOx are blue-shifted compared to their Pt/SiO; analogs due to this electronic (charge

transfer) effect (Figure 3.16).
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Figure 3.16: Comparison of CO DRIFTS
spectra of neat Pt/SiO, and Pt/WOj catalysts.
Pt/WOs clearly shows a strong blue shift to the
CO feature corresponding to adsorption atop
WC and UC sies peak centers.

The suspected electronic interaction of WOx with UC Pt sites can be further understood

by modeling CO adsorption for the most stable W307/Pt(553) model and a pure Pt(553)
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surface, as shown in Figure 3.15a. The SurfGraph algorithm was used to populate all unique
configurations of CO in the presence and absence of W307, and UC Pt sites were predicted to
be the most thermodynamically favorable CO adsorption sites for both surfaces, regardless of
the presence of W305. In the case of the W307-modified Pt(553) surface, CO was most stable
on the UC Pt sites between the W307 unit, essentially inside the so-called “garland” structure
(Figure 3.15a, bottom image). CO binding on the UC Pt site involved in Pt-O-W bonding
resulted in the breaking of the Pt-O-W bond and was less energetically favorable. As mentioned
previously, the preferred garland-like structures enable UC Pt sites to continue to be accessible
to adsorbates and may explain the ability of Pt-WOx catalyst to adsorb CO on UC Pt sites at
WOy loadings greater than a monolayer equivalent, as seen for 30% W/6% Pt/SiO.. Given that
the formation energy of the most stable trimer W30O7 structure is energetically favorable, we
believe that the key features stabilizing WOx will be similar at high W coverage as well.

DFT calculations predict the most exothermic binding energy of CO* in the presence
of W307 to be 0.2 eV weaker than on pure Pt, alluding to electronic modification of the Pt site
due to the presence of WOx. This electronic interaction also results in CO stretching
frequencies of between 2041-2045 cm!, depending on CO coverage (Figures 3.17a), on the
most stable adsorption site for WOx/Pt(553), compared to 2030 cm™! for the same site on bare
Pt(553); thus, a blue shift in the CO frequency of ~15 cm™! due to W307 addition was observed.
Figure 3.17b shows the analysis of the deconvoluted CO DRIFTS spectra from Figure 3.13b,
which evidence a blueshift of the UC feature of ~11 cm™!, consistent with the shift calculated
via DFT. The discrepancy in absolute peak positions for CO bound to the UC Pt site in

experiment (~2060 ¢cm™) and DFT (2045 c¢cm™) is a common feature of DFT vibrational
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calculations and stems from, among others, differences in adsorbate coverages and functional

choice®!.
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bound to a Pt step on Pt and WO,/Pt model surfaces. b.) Peak shift of the UC
feature with increasing W loading in the CO DRIFTS spectrum determined from
deconvolution. Strong agreement in the magnitude of the peak shift with
experiments with increasing W loading indicates that experimental shifts are due to
increasing WOy interaction with UC Pt sites.

Collectively, the characterization of heterogeneous inverse WO,/Pt/SiO> catalysts
demonstrates that WOx reduces and mobilizes under Hz atmospheres to preferentially decorate
WC sites on the surface of Pt nanoparticles. This is consistent with the DFT calculations, which
concluded that WOy growth on Pt terraces is energetically favored over WOy growth across Pt
steps. Further, the theoretical models identified the formation of Pt-O-W bonds at the Pt step
as particularly stabilizing of the WOy overlayer, which is consistent with observations made

from UHYV studies of oxide decoration on model metal surfaces 33,
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3.2.4 HDO Reactions

The evidenced preferential growth of WO, on WC Pt sites should result in modified
catalytic performance, specifically for reactions that exhibit structure sensitivity. As mentioned
in the introduction, we recently used unmodified Pt/SiO; catalysts of varying Pt nanoparticle
size distributions to demonstrate that WC Pt sites are responsible for aromatic ring
hydrogenation during HDO of phenolics such as dihydroeugenol (DHE)*’. The results
discussed above evidence that WOy preferentially decorates these same WC Pt sites under
reducing conditions similar to those experienced in HDO reactions (Hz atmosphere, elevated
temperatures). Thus, the ability of WO./Pt catalysts and other inverse catalyst compositions to
suppress undesired hydrogenation during HDO reactions could be related to sub-monolayer
WOy overlayers blocking WC sites that are particularly active for aromatic ring hydrogenation.

To test this hypothesis, the HDO of DHE was performed using the series of
WO,/Pt/Si0; catalysts with varying W loading. Reactions were performed in a batch reactor
under magnetic stirring in the absence of mass transport limitations. Reaction performance was
normalized by loading a constant mass of Pt into the reactor for each catalyst. The products
formed under reaction conditions include those related to ring hydrogenation, such as 2-
methoxy-4-propylcyclohexanol (HYD), and deoxygenation, such as 4-propylphenol (PHE)
and 4-propylbenzene (BNZ), as well as the combination of the two reactions, such as 4-
propylcyclohexanol (OL), 4-propylcyclohexanone (ONE), 4-propylcyclohex-1-ene (CYE),
and 4-propylcyclohexane (CYC)'". HDO products were grouped into two classes,
hydrogenated products (HYD, OL, ONE, CYE, CYC) and fully deoxygenated products (CYC,

CYE, BNZ).
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Products and remaining substrate contributed to a mass balance after reaction of ~80%.
The remaining mass is ascribed to the formation of small quantities of gas phase species, bound
organics on the catalyst surface, and oligomerized products in solution!*-!2, However, control
experiments indicate that oligomers and bound oxygenates are produced from DHE and not
HDO products — thus, the mass balance closure does not influence the measured product yields.
Moreover, oligomer formation is known to occur over acid sites, such as WOx domains, which
is evidenced here by the progressive coloration of the samples with increasing WOy loading
(Figure 3.18). This includes WOx domains not on Pt nanoparticles, indicating that the sites not
active for HDO (i.e. WO«/Si102) may be the sites most responsible for oligomer formation and

organics adsorption.

Figure 3.18: Final reaction mixtures obtained after HDO of DHE over
WO,/Pt/Si0; catalyst series. Increasing color from left to right indicates
oligomer and other high-MW species unable to be detected by GC-FID,
corresponding to the loss of mass balance. (a) 6Pt, (b) 0.1W6Pt, (c) 0.5W6Pt,
(d) TW6Pt, (e) 6W6PL.
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Figure 3.19: a.) Analysis of product yields in the HDO reaction of DHE over WO-modified
Pt/SiO; catalysts. b.) Comparison of estimated hydrogenation and complete deoxygenation rates to
well-coordinated site density highlights the effect of reduced well-coordinated site density on
suppressed hydrogenation.

The results of reactions at 275°C for 2 hours are shown in Figure 3.19. The yield of
hydrogenated products decreases with increasing W loading. This is consistent with the
blockage of well-coordinated sites by WOy, as our prior work has demonstrated that well-
coordinated sites are responsible for aromatic ring hydrogenation in unmodified Pt/SiO»
catalysts under similar conditions*’. However, there is no measurable change in the yield of
fully deoxygenated products over this range of W loadings, including the case of 0% W,
corresponding to the unmodified Pt/SiO> catalyst. It has been suggested that the role of
reducible oxides modifiers, such as WOx in HDO by Pt reactions may be to introduce oxygen
vacancies that can facilitate a reverse Mars-van Krevelen-type reaction mechanism*+!13,
Others have pointed to the formation of oxide-metal interfaces as an essential component of
the active site structure®®°, However, the minimal change in deoxygenation activity observed

here as a function of W loading suggests that WOy is not a strong promoter of deoxygenation

activity under the conditions studied; in other words, it appears from our results that the active
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site responsible for DHE HDO is not significantly promoted by the presence of WOx. Instead,
the trend in DHE HDO selectivity observed is suggestive of UC Pt sites, which are presumed
to be accessible under reaction conditions stemming from the results of CO DRIFTS
characterization, being the active site for deoxygenation. However, the influence of WOx
addition to Pt on catalyst stability and the exact identity of the active site for deoxygenation
during HDO requires further analysis.

The impact of the preferential decoration of WC Pt sites by reduced WOx species is
further highlighted by correlating the measured rates of ring hydrogenation and complete
deoxygenation against the concentration of WC sites on the catalyst surface, as shown in Figure
7b. Here, the concentration of WC sites is estimated based on the fraction of exposed Pt sites
existing as WC Pt, as measured by CO DRIFTS, multiplied by the total quantity of exposed Pt
sites, measured by CO chemisorption, both measured after in situ reduction at 325 °C in 10%
Ha/Ar. It can be seen from the data spacing in Figure 3.19b that increasing W loading results
in a consistent loss of Ptwc site density. Moreover, there is no apparent relationship between
the deoxygenation rate and this Ptwc site density, suggesting that deoxygenation occurs on
other sites on the catalyst surface, such as UC Pt sites or interfacial sites between Pt and WOx.
As discussed above, though, it is unlikely that deoxygenation occurs over sites only consisting
of WOx, as the Pt/SiO; catalyst exhibits deoxygenation activity comparable to WOx-modified
catalysts. On the other hand, a monotonic, linear relationship exists between the number of
WC Pt sites exposed on Pt and WOx-coated Pt surfaces and the rate of aromatic ring
hydrogenation. Since Pt particle size is constant across all catalysts, this indicates that the

preferential decoration of WC Pt sites by WOy is the primary mechanism behind suppressed
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aromatic hydrogenation during HDO of oxygenates common to lignin monomers for inverse

WO,/Pt catalysts.

3.3 Conclusions

The structural organization of WOx on Pt in inverse WOx/Pt/SiO> catalysts exhibiting
sub-monolayer WOx overlayer coverage was investigated by theoretical and experimental
approaches. DFT calculations were performed to understand the structural organization of
WOy on stepped Pt surfaces. Preferential decoration of WOy oligomers on Ptwc sites was
observed with partial occupation of Ptyc sites. A data-driven machine-learning algorithm
identified the dominant features stabilizing WOx as bonding between an O in WOx and Ptuc
sites, the presence of W on Ptwc sites adjacent to Ptuc sites, and the growth of WOx mainly on
Ptwc regions (terraces). An experimental system was developed using a Pt/SiO; catalyst
modified by varying amounts of WOx. In situ spectroscopic characterization and ex-situ
electron microscopy uncovered the dynamic reversibility of WOx decoration of Pt surfaces,
analogous to traditional SMSI catalysts, except here due to WOx mobility to and from SiOs.
CO DRIFTS evidenced the preferential overcoating of Ptwc sites with increasing WOx loading,
consistent with theoretical results. Reactivity studies in the HDO of DHE indicated that
increasing WOx loading primarily suppressed ring hydrogenation activity, with relatively little
change in the yield of deoxygenated products. Considering that aromatic ring hydrogenation
has been shown to occur over Ptwc sites!!#, our findings support that the preferential decoration
of Ptwc sites by WOy identified in CO DRIFTS also occurs under reaction conditions. This

work provides evidence that inverse catalysts can be designed and controlled to manipulate the
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number and nature of exposed metal sites, which offers a unique lever for controlling activity

and selectivity in a broad range of chemistries.

3.4 Methods

3.4.1 DFT Evaluation of Unique WO,/Pt Structures

The DFT simulations were performed within the framework of periodic density
functional theory with the Vienna Ab Initio Simulation Package (VASP)!''>. The energies and
geometries of the identified configurations of WOy on the Pt(553) surface were obtained
through minimization of the total energy with respect to geometry by generalized gradient
approximation calculations (GGA-PBE)!!6. The projected augmented wave (PAW) method
was used to account for the effect of core electrons on the valence electron density!!”. A PBE-
calculated lattice constant of 3.98 A for Pt bulk was employed. The Pt(553) surface was
represented by a 5%4 unit cell with four layers (56 total atoms per unit cell). The Pt(221) and
kink-Pt(221) surfaces were represented by a 4x3 unit cell with four layers ( 33 and 34 total
atoms, respectively). The top two layers were relaxed for all the cases and a vacuum equivalent
to at least 13 A was applied between any two successive slabs. A planewave energy cutoff of
400 eV was used for all the calculations. A minimum k-point grid sampling of 3x3x1 was
employed. The electronic occupancies were determined according to a Methfessel-Paxton
scheme with an energy smearing of 0.2 eV. The cutoff for the convergence of the electronic
loop (EDIFF) was set to 10-4 eV. Structures were fully relaxed until the Hellmann— Feynman

forces acting on the atoms were smaller than 0.05 eV/A.
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3.4.2 XGBoost Machine Learning

The XGBoost algorithm was used®®. To assess its robustness, different seeds were used
to split the data randomly into training and testing sets. Further, a 5-fold cross-validation was
also performed to verify the results. The XGBoost model was fit using a mean squared error
loss function. Default values were utilized for the other hyperparameters. The gain metric was
utilized in the feature importance calculation to estimate the features contributing the most to

the model fitting.

3.4.3 Catalyst Synthesis

Base 6 wt% Pt/SiO; catalysts were synthesized via a modified strong electrostatic
adsorption methodology used previously. Briefly, 2 g of spherical, non-porous SiO> with an
average particle size of 20-30 nm (USNano) was suspended in 100 mL of deionized water
(Sigma) with magnetic stirring. The suspension was adjusted to pH 10 using an appropriate
amount of NH4OH (Sigma), monitored by an electronic pH meter. After reaching pH 10 and
left stirring for 10 minutes, 10 mL of a solution of tetraamine platinum nitrate (TAPN, Sigma)
was added dropwise under vigorous stirring. The resulting suspension was left to stir for 30
minutes before increasing the temperature to 70°C until all the water was evaporated from the
dish. The collected solids were further dried at 120°C overnight prior to calcination in a tube
furnace at 600°C for 6 hours in 50 sccm dry air (Airgas).

WOx-modified samples were prepared similarly using a wet impregnation of
ammonium metatungstate (AMT, Sigma). Previously prepared 6 wt% Pt/SiO, was added to a
dish with 20 mL of deionized water (Sigma) with magnetic stirring. To this, an appropriate

amount of AMT was added to achieve the desired weight loading, in the range of 0.1 to 6 wt%
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by W. After stirring for 30 minutes, the solution was heated to 70°C to evaporate the water. The
remaining solids were collected and dried overnight at 120°C prior to calcination in a tube

furnace at 350°C for 3 hours.

3.4.4 Catalyst Characterization

High-annular angle dark field scanning transmission electron microscopy (HAADF-
STEM) was performed on an aberration-corrected ThermoFisher Spectra 200 microscope.
Typically, samples were prepared by drop casting onto a lacey carbon-coated Cu grid (400
mesh, Ted Pella). Briefly, samples were dispersed in methanol (Sigma) by physical mixing
followed by sonication. 5 pL of the suspension was then dropped onto the carbon side of the
grids via pipette and allowed to dry under flowing air before being placed in a vacuum oven at
100°C using house vacuum for at least 24 hours to mitigate solvent-related contamination
under the electron beam. Images were collected at 200 kV. Beam current was adjusted as
needed to minimize sample charging and damage, particularly in the imaging of WOx domains
which exhibited mobility on the SiO2 support under beam illumination. Energy dispersive x-
ray spectroscopy (EDS) was utilized to identify the atomic identity of Pt and W in WO4/Pt
samples due to the two elements’ similar contrast in the HAADF-STEM mode.

CO DRIFTS measurements were carried out on a Nicolet iS10 FT-IR spectrometer
equipped with a Praying Mantis Diffuse Reflection Accessory (Harrick Scientific) and a High-
Temperature Reaction Chamber (Harrick Scientific) fitted with a thermocouple in the catalyst
bed. Ar (99.995%), He (99.995%), O2 (99.50%), 10% CO/Ar, and 10% H/Ar were purchased
from Airgas and used as received. In a typical DRIFTS experiment, catalyst was loaded into

the Harrick cell and pre-treated under a desired gas environment and temperature. Temperature
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set points were reached by ramping the catalyst at 10°C/min in all experiments, except for
cooling after pre-treatment steps which was allowed to happen passively. Gas flow rates across
the catalyst bed in all cases were 50 sccm controlled by mass flow controllers (Teledyne
Hastings). For CO DRIFTS experiments, catalysts were cooled to 30°C prior to exposure to
10% CO/Ar. CO exposure was continued until saturation coverage of CO on the metal sites
was achieved, determined by unchanging peak intensity in DRIFTS spectra. After metal
surfaces were saturated by CO, the gas flow was switched to Ar to remove CO from the gas
atmosphere. In sequential experiments, additional pre-treatments were conducted in the same
manner. After each pre-treatment in the sequence, CO was re-adsorbed and purged at 30°C in
the same manner. UV-Vis spectra were recorded by following an identical in situ procedure to
those performed during CO DRIFTS experiments, this time using a Thermo Scientific
Evolution 300 spectrophotometer.

Pt site density measurements were made by performing CO pulse chemisorption using
an Autochem 2920 II (Micromeritics). In a typical experiment, 50 mg of catalyst was loaded
between two quartz wool plugs in a quartz cell. The catalyst was pre-treated at the desired
temperature and gas atmosphere before cooling to 30°C. Pulsed measurements were made by
exposing the catalyst to 10 pulses of 50 sccm 10% CO/Ar separated by 3.5 minutes of Ar flow
at 50 sccm. CO uptake was measured by integrating the difference of each peak area relative
to the final peak, assuming a CO:Pt ratio of 1. Ho-temperature programmed reduction (Ho-
TPR) was also performed using the same instrument. Catalyst loading procedures were the
same, and catalysts were typically pre-treated at 400°C for 1 hour in O before being cooled to

50°C to start the TPR.
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3.4.5 HDO Reactions

HDO reactions using the prepared catalysts were performed in 75-mL stainless-steel
pressure reactors (Parr Instrument Co., 5000 Series). In a typical reaction, catalyst was loaded
into the reactor along with 500 mg of dihydroeugenol (DHE, Sigma) and 20 mL of cyclohexane
(Sigma). Catalyst loading was determined such that a constant mass (6 mg) of Pt was loaded
for each reaction. Reactions were stirred magnetically at 700 rpm using glass-shielded stir bars.
Once loaded, the reactor was sealed and purged 3 times with 5.0 grade H> (Airgas) before
pressurizing to a final gauge pressure of 20 bar at room temperature. Then, the vessel was
heated to 275 °C and held for 2 hours. After the allotted reaction time, the reactor vessel was
quickly removed and quenched using a water bath. Once cooled to room temperature, the liquid
products were collected by centrifugation and analyzed by a gas chromatogram equipped with
a flame ionization detector (GC-FID, Agilent) using n-decane (Sigma) as an internal standard.
Product identification was carried out using commercially-sourced standards where possible
(DHE, 4-propylbenzene (BNZ), 4-propylphenol (PHE), 4-propylcyclohexanol (OL), 4-
propylcyclohexane (CYC)). In instances where standards are not commercially available, FID

)118

responses were estimated using effective carbon number (ECN)''°. Reaction performance

metrics were defined as:
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where N; is the moles of species i measured by GC-FID and N{° is the initial moles of i loaded

into the batch reactor.
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Chapter 4: Chemical Role of Reducible Oxides in MOy/Pt Inverse Catalysts

for HDO
4.1 Introduction

4.1.1 Background

The work presented in Chapters 2 and 3 of this dissertation seeks to fundamentally
understand the structure-activity relationships in WOy/Pt-catalyzed HDO of phenolics by
virtue of their changes to reaction selectivity and stability, though the improvements to catalyst
stability are outside of the scope of this dissertation. Initial studies using WOx as the modifier
were conducted as it is the most studied oxide modifier for these reactions for inverse
catalysts!™, exhibiting the highest selectivity to deoxygenated aromatics out of the metal oxide
modifiers. However, there are a number of reducible metal oxide promoters that have been
employed in MOy/Pt catalyst formulations which have demonstrated comparable activity in
the HDO of phenolics, including MoOx>%, NbO!%12, TiO«!!13-15 among others.

This, of course, raises questions in regard to the role of the oxide modifier in promoting
reactivity. Frustratingly, by virtue of their bifunctional acid-metal characteristics, MOx/Pt
catalysts find application in a number of distinct HDO reactions from various substrates
derived from biomass with distinct reactivity and mechanisms of deoxygenation!¢-!?. For
example, 'H/”D-labelling experiments over a WO/Pt/TiO> catalyst showed that the HDO of
1,2,6-hexanetriol to 1,6-hexanediol could not be explained by direct deoxygenation or Mars-
van Krevelen mechanisms, thus pointing to the likely participating of acid-catalyzed
dehydration in the oxygen removal mechanistic step?’. While this work is extremely detailed,

the results are of limited utility considering the substantial chemical differences between the
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saturated alcohols studied in that work and the phenolic substrates of interest here. This has
left quite a large gap in the understanding of phenol-specific deoxygenation mechanisms.

In Chapter 3 of this dissertation, the role of WOy in improving the selectivity during
MOx/Pt-catalyzed HDO of phenolics was clarified through the identification of the preferential
decoration of well-coordinated Pt sites, which serve as the active site for the undesired aromatic
hydrogenation reaction. However, though the results of Chapter 3 pointed towards the potential
role of under-coordinated Pt sites in the deoxygenation step during HDO catalysis, no
conclusion could be reached as to the specific structure of the active site for deoxygenation.
On the basis of the similar deoxygenation reactivity of unmodified and modified Pt catalysts
shown in Chapter 3, it is possible that WOx and other reducible metal oxide modifiers play
only a spectatorial role in deoxygenation chemistries during HDO.

While the reactivity of modified and unmodified catalysts are comparable in HDO
reactions, there have been reports of oxide modifiers that exhibit similar, but measurably
different reactivity towards deoxygenation of phenolics. In the study of either NbOx or TiOx-
modified Pt/MgALO4 catalysts, it was shown that NbOx demonstrated a greater spike in
activity between 300°C and 350°C than TiOy, though the selectivity of TiOx catalysts was
comparable, suggesting their role in catalysis was the same!®. The authors of this work
suggested that the mobility of the two oxide species explained the difference in reactivity, with
the more mobile NbOx able to mobilize from the Pt sites more effectively to enable their
reactivity in deoxygenation. This would be consistent with a non-chemical, spectatorial role of
the oxide modifiers. The Huttig temperature, or ~0.3Tm, where Tm is the melting temperature
of the material, is often used as a metric for quickly assessing when solid-state diffusion

becomes rapid enough that mobility should be considered for solids restructuring®!~23. The
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Huttig temperature for Nb,Os is ~504°C while that of TiO2 is ~614°C, in line with the general
trends observed for higher Nb20O5 mobility. However, though these results implicate the
importance of oxide mobility to potentially expose either metal sites or metal-oxide interfacial
sites, there is insufficient evidence either in favor or against a chemical contribution of oxide
modifiers in promoting HDO of phenolics.

Some have suggested that interfacial chemistries may play a role, but significant gaps
exist for this explanation?*-2°, Unfortunately, there are few other reports that attempt to identify
the chemical contribution of oxides and fewer that do so in a manner that enables conclusive
determination either way. One challenge is that the measurement of these interfacial areas is in
and of itself a technically challenging pursuit, especially in the case of materials that might
undergo dynamic restructuring to either maximize or minimize the interfacial area between the
two domains under reaction conditions. This chapter will provide direct evidence that such
NbOy/Pt systems undergo SMSI behaviors akin to WOx/Pt, suggesting that measurements of
interfacial area may not capture the true interfacial area unless the measurements are conducted
operando, which has not been accessible to date. Additional technical challenges in making
these measurements experimentally are the differences in metal-support interactions and
surface areas between catalysts, potentially altering both the particle size distribution and shape
of metal domains between different oxides. Many of these reports also co-deposit oxides with
metals in the same synthetic step, though this leads to changes to the metal particle size that
can obscure the influence of the oxide?%?’.

To consider the scope of the issue, the possible mechanisms that have been proposed
for phenolic HDO over MOy/Pt catalysts can be considered including hydrogenation followed

by dehydration?®3%, direct deoxygenation (DDO)3!3, and tautomerization>**. While in
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Chapter 2, the influence of dehydration could be ignored because of the use of non-acidic SiO»
supports, the introduction of metal oxides with acidic functionalities may facilitate such a
pathway. In all but tautomerization facilitated solely by metal sites, which has been
demonstrated in Chapter 2, all of the proposed mechanisms might be expected to show a
chemical dependence on the properties of the decorating oxides. However, as discussed below,
the breadth of oxide properties reported to facilitate successful HDO with high aromatics yields

is in direct disagreement with the relative comparable rates that these catalysts exhibit.

4.1.2 Chemical Properties of Reducible Metal Oxides Reported for MOx/M’ HDO

Such interfacial mechanisms also fail to explain the similarity in reactivity despite
considerable differences in chemical properties between reported metal oxide promoters that
would be expected to influence interfacial reactivity. Of particular interest is the potential role
of oxygen vacancies formed in situ by reduction of the oxidized metal oxides in sequestering
oxygen from phenolic species during reaction and the presence of Brensted acid sites which
may participate in acid-catalyzed dehydration at some point in the reaction cascade. However,
there is uncertainty whether the reactivity reported to date for these materials substantiates any
participation of the modifying oxides through these pathways, as relatively similar activities
have been reported despite the large differences in properties between them.

Considering first the role of reducibility, the oxides discussed above which have been
reported for the HDO of phenolics (TiOx, M0oOx, WOy, and NbOx) exhibit a wide range of
reducibilities. Though there is no strict definition of reducibility, in general, it pertains to the
ease with which a given material transits between a high oxidation state and a low oxidation

state in response to a reductant, often H». In the case of transition metal oxides, this shift in
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oxidation state usually coincides with the formation of water via oxygen removal as a
consequence of the reduction in oxidation state of the transition metal cation, though recent
work has shown that this is not always the case as can occur with hydroxyl formation over
CeO; and TiOo.

Stemming from the absence of a strict definition for reducibility, a number of
qualitative measurements have been utilized for the development of relative reducibilities in
materials. These include theoretical metrics such as metal-oxygen bond strength, work
functions for valence electrons, and band gaps, each of which has distinct applications where
they may relate better or worse to observed behavior. More applicable to the work presented
in this dissertation and reported in the literature for similar materials is the use of Ho-mediated
temperature-programmed reduction (H2-TPR). H>-TPR is a technique wherein the reduction
of a material, in this case a transition metal oxide, is measured directly using H at increasing
temperatures. By measuring H> consumption by the material using a variety of detector
methods (TCD, MS, etc.), it is possible to measure the temperature at which H» is consumed
to reduce the transition metal oxide and form water. As such, H>-TPR offers some benefits
compared to theoretical approaches as it captures the realistic behavior of as-prepared catalysts
rather than relying on models often derived from bulk materials. However, at the same time,
the reduction events are often difficult to deconvolute and materials may undergo a variety of
H:> consumption events, including the formation of H> bronzes in the case of WOx and MoOx,
which are distinct materials from the base WOx and MoOx originally loaded into the reactor.
However, in general, H>-TPR finds the greatest application for assessing material reducibility

in heterogeneous catalysis.
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Considering the reported H>-TPR profiles for TiO2, MoOs3, WOs3, and Nb,Os shown in
Figure 4.1 below, we can see that in the absence of a promotional metal, which can kinetically
facilitate reduction by activating H> and participating in spillover to the support, the oxides
listed have significantly different reduction behaviors. The largest reduction features can be
seen for both WO3, exhibiting a reduction feature at around 600°C, and MoOQOs3, which begins
significantly reducing at around 700°C. On the other hand, TiO2 shows only minor reduction
at 600°C which does not correspond to overall bulk reduction, but rather oxygen vacancy
formation on the surface at defect sites around 600°C. The least reducible oxide, Nb2Os,
demonstrates no obvious reduction event in the surface or bulk in the temperature range

studied. Importantly, these are transient experiments that do not reflect a “reduction limit” for
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Figure 4.1: H>-Temperature Programmed Reduction (TPR) profiles of bulk MoO3, Nb,Os,
TiO;, and WO; showing the differences in reducibilities between the bulk oxide phases.
WOs3 and MoOs show strong reduction features, while Nb,Os and TiO, consume minimal
H, over the same temperature range, as indicated by the inset.
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these oxides — for example, it is known that WO3 reduces under reaction conditions of only
250°C, both due to the difference in reductant composition and the time-scales of reaction.

However, the ease of reduction may be linked to the activity of MO./Pt catalysts in
HDO of phenolics, considering it is frequently cited that oxygen vacancies, formed via
reduction, may become re-oxidized by interacting with oxygen atoms in phenolic substrates,
stabilizing the transition state for deoxygenation and lowering the observed barriers for this
step. In this sense, a moderate reducibility may actually be favorable, as the resulting re-
oxidation must be favorable enough to energetically promote deoxygenation. It has been
proposed that WOx’s high reducibility is potentially a shortcoming in this regard, as WOx may
stay in the reduced state under reaction conditions and not abstract oxygen from the substrate,
though this has been primarily proposed as a retrospective rationalization of experimental
results that may stem from any number of mechanisms.

As mentioned above, the acidities of the modifying oxide species also span a wide
range. In the context of phenolic HDO, it has been proposed that specifically Brensted acidity
may play the greatest role in facilitating deoxygenation through Brensted-acid catalyzed
dehydration reactions as typically observed in organic chemistry. While aromatic oxygenates
such as phenol itself are stable to Brensted acid attack and do not undergo deoxygenation
directly via this mechanism, it has been proposed that metallic components (M’) in MOx/M’
catalysts, such as Pt, may either partially or fully hydrogenate the aromatic ring under reaction
conditions, resulting in a Csp3-OH functionality that is susceptible to Brensted acid-catalyzed
dehydration.

The comparison of Brensted acidity is once again a challenging measurement to make

experimentally because of the influence of environmental conditions on the acidity of a site
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(i.e. hydration environment) and also the broad range of sites on the surface of heterogeneous
catalysts, each exhibiting slightly different structural and physical characteristics which may
influence acid strength. Arguably the most accurate measurement of Brensted acid strengths is
through calorimetry using a base to measure the heat released upon acid-base reactions for sites
as a function of coverage, though measurement complexity means that relatively little data on
the transition metal oxides exists for this method. More popular is another temperature-
programmed desorption method, NH3-TPD, where NHj3 is adsorbed to the acid sites of the
catalyst at room temperature and transiently desorbed, providing information regarding the
quantity of acid sites and their relative strength via the temperature at which desorption occurs.
Though there are issues with this technique in regard to specificity, as NHs adsorbs to both

Lewis and Brensted sites and there is a lack of understanding of the relative ratio of the two
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sites from NH3-TPD alone, its broad utilization is useful in establishing a relative
understanding of the acidities of transition metal oxides.

NH;-TPD results indicate that Nb2Os catalysts are by far the most acidic, explaining its
utilization as a solid acid catalyst without modification in organic chemistry. Results in the
literature point to the formation of primary Brensted acid sites capable of reactions such as
acid-catalyzed ether hydrolysis. Next are WOx and MoOx, exhibiting moderate acidity,
followed by TiOx, which exhibits essentially negligible acidity in its bulk form.

Recently, however, there has been a growing appreciation for the changes to acidity
that can occur during catalysis. For instance, it has been shown that TiO. acidity depends
strongly on the crystalline phase it is present as, increasing in the order of rutile, anatasae, and
brookite, indicating that the surface composition and structure influence acidity?>.
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Figure 4.2: NH;-Temperature Programmed Desorption (TPD) profiles of bulk
MoOs3, Nb,Os, TiO, and WOs showing the differences in acidic properties,
particularly to the Bronsted acid strength and site density. Brensted acid sites
correspond to NHj; desorption greater than ~300°C, where increasing temperature
indicates stronger acid strength.

136



Additionally, the introduction of Pt interacting with TiO> has been shown to introduce new
acid sites through H spillover during reduction®, indicating that under reaction conditions,
even TiOx may exhibit in situ formed acid sites. Indeed, MoOx and WOx have been
demonstrated to behave similarly during reaction. Combined experimental and theoretical
work has shown that WOx domains decorating metal nanoparticles such as Pt can become
reduced to form hydroxyls rather than oxygen vacancies’’*®. These hydroxyls have been
shown to be dynamically formed in response to Hz and thus facilitate acid-catalyzed reactions
under H> environments.

Clearly, extensive work using a controlled system is necessary to elucidate the chemical
role of oxide promoters in MOy/Pt catalysts for the HDO of phenolics. Towards this end, the
catalyst architecture reported in Chapter 3 utilizing base Pt/SiO» catalysts with controlled
amounts of co-deposited oxides lends itself well to this investigation. Through this approach,
Pt nanoparticle size distributions can be controlled and kept constant between oxide modifier
series, eliminating effects related to structure-sensitivity of Pt itself. Moreover, oxide
decoration on the active metal can be altered systematically to explore whether modifying
oxides play an inhibitory, promotional, or spectatorial role in the deoxygenation of PHE. Thus,
this chapter reports the exploration of MOx/Pt/Si0: catalysts where M = W, Mo, Nb, and Ti to

assess the potential roles of reducibility and acidity in dictating catalyst activity.

4.2 Results
Reducible metal oxide modified Pt/SiO; catalysts were synthesized analogously to
previous chapters, with a step-wise preparation involving batch preparation of a base Pt/SiO»

catalyst, followed by metal oxide deposition through aqueous precursors. This approach allows
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for the conservation of the Pt particle size distribution across all catalysts studied, removing
the influence of Pt structure sensitivity from all further analyses. Worth noting here is the
difference in synthetic protocols used for the base Pt/SiO: catalyst discussed in this chapter
and the base Pt/SiO> catalyst utilized in Chapter 3. Pt/SiO: catalysts in Chapter 3 were
synthesized using aqueous impregnation of 15-20 nm, nonporous SiO2 support using platinum
tetraamine nitrate (TAPN) followed by calcination in air at 600°C. The use of TAPN has a
variety of benefits compared to other platinum precursors, including a net positive charge in
solution that facilitates adsorption to negatively charged oxide surfaces and the formation of
gaseous species upon decomposition that leave no residue on the catalyst surface.

However, at the time of the work conducted here, TAPN was not available for use so
an alternative precursor and synthesis procedure were used, namely HoPtCls. HoPtCls, or
chloroplatinic acid (CPA), is a common precursor for Pt, particularly in the synthesis of
commercial catalysts due to its low cost and ease of preparation. However, CPA is typically
undesirable for academic research due to the formation of anionic species (PtCle>") in solution
during synthesis which may interact repulsively with negatively charged oxide surfaces,
resulting in non-uniformities in deposition that may lead to higher rates of sintering, as well as
the co-deposition of Cl” during decomposition. Cl- contamination has been shown in a number
of studies to influence catalyst activity through a number of routes, including poisoning,
electronic modification, and acid site formation’>*°. Therefore, in academic studies, it is
generally desirable to avoid Cl-containing precursors, though the content of Cl" contamination
can be mitigated through the use of high-temperature reduction treatments. These reductive
treatments, using H» as the reductant, react with CI" under high temperatures to liberate HCI,

41,42

which volatilizes and removes Cl™ from the catalyst surface*'**. Thus, this synthesis route was
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followed here, as opposed to the calcination in air at 600°C used for TAPN-synthesized
catalysts, to obtain a CPA-synthesized Pt/SiO; catalyst with minimal Cl- contamination.

To ensure that the Pt nanoparticles in the same size regime as previously studied in
Chapters 2 and 3 were obtained with the new synthetic route, HAADF-STEM images were
collected of the 6Pt catalysts synthesized from CPA (Figure 4.3). The image clearly shows
large Pt nanoparticles between 10 and 20 nm in size, broadly consistent with the materials used
in Chapter 3. One difference of the TAPN catalyst synthesis discussed above is the use of an
oxidation step forming volatile PtO> species at elevated temperatures*. In TAPN-synthesized
catalysts, these species were intentionally targeted, in part, to increase the rate of sintering to
provide Pt nanoparticles of approximately 10 nm in average diameter, informed by both
previous literature reported for WO,/Pt catalysts as well as the structure-sensitivity results
described in Chapter 2 of this dissertation. However, the synthesis from CPA employing high-

temperature reduction in H» to mitigate Cl content on the surface avoids this and may result in
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Pt nanoparticles of a different size than previously studied, at worst limiting the consistency of

results between the works reported in this dissertation.

Figure 4.3: HAADF-STEM image of the 6Pt base material synthesized from
CPA. Particle size distribuion analysis shows good agreement with Pt catalysts
reported in Chapters 2 and 3 of this dissertation

The deposition of aqueous reducible oxide precursors was conducted in a manner
similar to WO,/Pt/SiO, and WOx/Pt/Al>O3 catalysts presented in Chapters 3 and 4, though care
was needed to select appropriate precursors for some species. W and Mo share significant
chemical similarities, with both W and Mo forming polyoxometalate (POM) species with
multiple metal species (i.e. M07024 and H2W12040). In terms of synthesis, these species may
further decompose into more dispersed species (i.e. WO42") depending on conditions such as

pH and concentration***, though all forms are highly soluble and thus deposit facilely through
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aqueous approaches. The TEM and UV-Vis results in Chapter 3 regarding the deposition of
WOy demonstrate typically uniform deposition across the SiO» surface, as opposed to
significant segregation around specific moieties such as the Pt nanoparticles present during
this synthetic step.

NbOx and TiOx precursors, however, demonstrate significantly different chemical
properties that present challenges to this synthetic approach. Considering first titanium, typical
precursors for the synthesis of TiO, are water sensitive, with the most common either being
TiCl4 or alkoxides such as Ti(OPr)s, both of which fume in ambient air due to their reactivity
towards humidity*®. Niobium faces similar challenges in terms of a smaller library of
monomeric or polymeric precursors which are stable in aqueous solution, with popular
synthetic routes typically proceeding through NbCls, which is water sensitive, or Nb2Os*xH>O,
which is an insoluble solid. In both cases, it was desired to obtain a water-soluble form of the
reducible oxide of interest such that deposition occurred homogeneously across the SiO»
surface as was previously observed for WO,/Pt/Si0; catalysts.

Fortunately, chelated forms of NbOx and TiOx are available, both in the form of oxalate
salts. Ammonium niobium oxalate is an aqueously soluble, monomeric precursor to NbyOs,
and potassium titanium oxide oxalate is similarly soluble, monomeric precursor for TiOs.
These precursors were selected for the deposition of NbOy and TiOx and used in an identical
fashion to WOx and MoOx precursors to obtain modified Pt/SiO2 catalysts. To control the
amount of modifying oxide present in the catalyst despite large differences in molar masses
across the spectrum of materials, loadings were maintained relative to the molar ratio of
reducible metal oxide to Pt. In this manner, the moles of modifying oxide remain comparable

despite large differences in weight loading across the materials. For this purpose, catalysts will

141



be referred to from here on out as xM6Pt, where x represents the molar ratio of M:Pt, which
varies from 0.083 to 1.

In order to assess the influence of oxide modifier identity and characteristics on the
HDO performance of MO,/Pt/SiO; catalysts, where M = W, Nb, Mo, and Ti, batch reactions
were conducted using 4-propylphenol (PHE) as the starting substrate. PHE was used in these
reactions, instead of dihydroeugenol (DHE) as shown in Chapters 2 and 3, to reduce the
number of possible intermediates and to clarify the formational pathways of deoxygenated
products. Of particular interest in these experiments were the formation of 4-propylcylohex-1-
ene (CYE), or the product of 4-propylcyclohexanol (OL) dehydration through Brensted acid
sites relative to the desired formation of 4-propylbenzene (BNZ). In Chapter 3, it was discussed
that CYE production became significant over WO,/Pt catalysts at the highest W loadings due
to the participation of SiO>-bound WO sites which are known to be acidic*’ . Considering
that the reducible oxides selected here cover a wide range of acid strengths and densities, the
objective was to deconvolute the participation of acid sites from other potential sites, such as
the well-coordinated Pt sites which have been identified as possible active sites in Chapters 3
and 4, in the formation of BNZ.

HDO reactions were conducted using 20 mL of a stock solution of PHE in cyclohexane
as a solvent, with a PHE concentration of 0.183 M. For quantification, n-decane was included
as an internal standard at a concentration of 0.084 M. Control experiments confirmed that n-
decane was not measurably reactive under these conditions for these catalysts.

The mass balance of liquid-phase species was typically >98%, in stark contrast to the
HDO experiments conducted on DHE by WO,/Pt/SiO> catalysts as presented in Chapter 3 for

which mass balances were frequently as low as 80%. This is attributed to the functionally
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simpler structure of PHE compared to DHE, as it exhibits the removal of the ortho methoxy
functionality in the precursor. This methoxy species, specifically in the ortho position as
present in DHE, is proposed to path a number of deleterious roles in the reduction of liquid-
phase mass balances during HDO reactions. For one, it has previously been demonstrated that
the presence of methanol during HDO reactions over metallic catalysts results in the reduction
of liquid phase mass balance through the formation of oligomerized species®®. This behavior
is attributed to the participation of methanol and methanol derivatives on the metal surface in
the radical polymerization of aromatic species into oligomers, in some ways analogous to the
in vivo synthesis of lignin itself. Thus, these oligomeric species are highly recalcitrant to
depolymerization and reaction, representing a dead-end in the reaction pathway that cannot be
quantified by GC-FID due to the high boiling point of the oligomeric fractions. In using DHE
under HDO conditions, methanol is formed in situ through the hydrogenolysis of DHE into
PHE. Considering the PHE and its derivatives are present in high yield at the end of reaction,
there is a stoichiometric amount of methanol present during reaction relative to the amount of
demethoxylated products. Importantly, relatively little of the catechol-like species, or the
product of demethylation of DHE, is ever observed, indicating that the primary pathway for
DHE HDO in the presence of WO,/Pt/SiO> catalysts proceeds through demethoxylation rather
than demethylation. Additionally, it has been shown that the vicinal functionalities present in

DHE lend themselves to strong interactions with the silica surface®!->

, resulting in a higher
rate of strong adsorption to the catalyst surface for DHE compared to PHE. Conducting HDO

of PHE, even over strongly acidic oxides such as NbOx which present stronger acidity than the

WO,/Pt catalysts used in the HDO of DHE shown in Chapter 4, results in no noticeable
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coloration of the solution after reaction, consistent with the high mass balances obtained in the
liquid phase.

Figure 4.4 shows the HDO performances of the oxide-modified Pt/SiO; catalysts in
the HDO of PHE, with performance represented by the yield of products grouped by their
reaction, namely aromatic ring hydrogenation and deoxygenation. Hydrogenated products
include 4-propylcyclohexanone (ONE), 4-propylcyclohexanol (OL), CYE, and 4-
propylcyclohexane (CYC). Deoxygenated products are represented by 4-propylbenzene
(BNZ), CYE, and CYC. The hydrogenated product yield in Figure 4.2a shows that that are
only broad trends between the different oxide modifiers, with WOx-modified catalysts
exhibiting the highest yield of hydrogenated products across all M:Pt ratios, followed by NbOx-
and MoOx-modified catalysts which perform similarly, and finally MoOx-modified catalysts,
which represent the lowest yields of hydrogenated products. Also included in Figure 4.4a is
the performance of unmodified Pt/SiO; catalysts in the HDO of PHE, shown as the data point
at M:Pt = 0. All modified catalysts produce lower hydrogenated product yields than the
unmodified Pt catalyst, consistent with the results in Chapter 3 which demonstrated that WOx
modification was an effective strategy to reduce the formation of hydrogenated products in the

HDO of DHE.
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Figure 4.4: PHE HDO reaction results of oxide-modified Pt catalysts. (a) shows the
hydrogenated product yield including OL, ONE, CYE, and CYC. (b) shows the yield
of deoxygenated products including BNZ, CYE, and CYC. Catalyst loading was kept
constant at 10 mg for each reaction to load a constant mass of Pt. Conditions: 275°C,
2 hours, 20 mL of PHE in cyclohexane, 10 mg catalyst, 20 bar Ha.
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Figure 4.4b also shows the performance of modified Pt catalysts in the HDO of PHE,
this time representing the yields of deoxygenated products. In this case, there is a markedly
less clear trend than what was observed in Figure 4.4a for the hydrogenated products.
Unmodified Pt catalysts produce an intermediate yield of deoxygenated products from PHE
with a total yield of approximately 21%. The performance of the modified catalysts in this
perspective appears to be highly oxide-dependent, with some oxides performing both better
and worse than unmodified Pt. For example, TiOx-modified Pt exhibits lower yields of
deoxygenated products across its entire range, whereas NbOx-modified catalysts exhibit higher
yields relative to unmodified Pt. Across all modified catalysts, however, there is no monotonic
trend that links oxide modification with deoxygenation performance, in contrast to
hydrogenation. This provides a murky picture of the role of the oxide in the deoxygenation of
PHE at best, as unlike the WOy/Pt catalysts shown in Chapter 3, it cannot be said that
unmodified Pt performs equally to all modified catalysts in deoxygenation from the perspective
of M:Pt ratio alone.

However, an important component of the catalyst formulation is ignored when
representing reactivity based on the metal loading alone, which is the fractional quantity of
modifying oxide present on the surface of metallic Pt nanoparticles in the SMSI state. There is
sufficient basis to believe that the efficiency of Pt surface decoration may vary significantly
with the oxide modifier identity, related to a convolution of energetics related to the
stabilization of reduced species on the oxide surface, the reducibility of individual oxide

modifiers, and the mobility of oxide species on the SiO; surface, among others.
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Figure 4.5: Measured dispersion of Pt in oxide-modified catalysts by pulsed CO
chemisorption after reduction at 325°C in 10% Ha/Ar for 1 hour.

To gain a greater insight into the contribution of oxide decoration on top of Pt surfaces
to HDO performance, dispersion measurements were made for each oxide using CO
chemisorption after a standard reduction at 325°C under 10% Hz/Ar for 1 hour. These
measurements are analogous to the ones made in Chapter 3 for WO/Pt/SiO; catalysts used in
the HDO of DHE, which were critical in linking the preferential decoration of WOx on well-
coordinated Pt sites on nanoparticle surfaces to the suppression of hydrogenation activity.
Figure 4.5 shows the measured dispersions for each modified catalyst, as well as the
unmodified Pt/SiO» catalyst, across the range of M:Pt ratios explored here. Broadly, it can be
seen that unmodified Pt/SiO; catalysts exhibit the highest dispersion at 5.5%, corresponding
to an estimated particle size of ~17 nm. This is consistent with the TEM-measured particle size

distribution of Pt catalysts used in Chapter 3 when considering that CO chemisorption is a
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volume-normalized measurement that heavily weighs the presence of large nanoparticles.
Thus, the Pt nanoparticles on the surface of unmodified and modified Pt catalysts used in this
chapter represent comparable catalysts to those utilized previously, and thus the reactivity is
likely comparable. HAADF-STEM images were also taken of the unmodified Pt/SiO> catalysts
synthesized here and the images also corroborate the dominant presence of ~10 nm Pt
nanoparticles on the surface of the SiO> support. However, unavoidably, a fraction of the
volatile PtO, species formed during synthesis does not re-deposit, resulting in lower actual Pt
loadings on the SiO» surface relative to what was nominally calculated. For the purposes of the
reactions conducted in Chapter 3, the actual loading of Pt on the catalyst surface was not
important, as all catalysts utilized the same base Pt/SiO catalyst, and formation rates were
calculated based on actual Pt sites measured by CO chemisorption.

The same can be said for the CPA-synthesized catalysts reported here, as the results of
this work are not influenced or biased by the actual loading of Pt on the surface. However,
dispersion represents the number of catalyst surface sites normalized by the total Pt loaded into
the system, which is inherently a measurement that will be biased by inaccuracies in the
expected nominal loading of Pt on the catalyst surface. This can be seen in a larger
disagreement for TAPN-synthesized Pt/SiO> catalysts between average particle sizes measured
directly by HAADF-STEM and those obtained by known relationships between dispersion and

average particle size, namely>*:

Dest =
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Where Des represents the estimated diameter of particles and D indicates the dispersion
as measured by CO chemisorption. For TAPN-synthesized catalysts, the dispersion for base
Pt/SiO; catalysts was measured at approximately 1.5%, resulting in particle size estimates of
greater than 50 nm via this measurement alone. However, no particles of this size could be
observed using HAADF-STEM to directly measure particles. The explanation for this
discrepancy is as discussed above, with nominal Pt weight loadings of Pt/SiO; catalysts being
lower than true values because of a loss of Pt by volatilization during 600°C calcination.

Returning to the trends shown in modified catalysts in Figure 4.5, it can be seen that
dispersion measured by CO chemisorption after H> reduction at 325°C for all reducible oxides
is lower than the value for unmodified Pt/SiO;. These values are consistent with the reduction
of the modifying oxides by Ha spillover from the Pt support, followed by reduction of the oxide
and mobilization of the oxide to the Pt surface. In decorating the surface, these reduced oxide
species prevent the adsorption of CO to the Pt surface, thus lowering the measured dispersion.
Importantly, this loss of dispersion is not caused by sintering, as was shown with post-reduction
HAADF-STEM in Chapter 3 for WO/Pt/SiO> catalysts. The synthetic protocol for oxide
modification, that is, the oxidative calcination of oxide precursors after deposition, was the
same for these oxides as it was in Chapter 3, providing sufficient reason to believe that no Pt
particle growth has occurred here. Also, the continual, monotonic loss in measured Pt
dispersion with increasing M:Pt ratio is good evidence of this loss being related to oxide
decoration on the Pt nanoparticle surfaces, as all catalysts, regardless of oxide loading, were
treated the same and thus any sintering that might occur would be kept constant across all

catalysts.
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Despite all oxide modifiers exhibiting decreased measured Pt dispersion with
increasing loading, there are notable differences in the magnitude of decoration across the
modifying oxides. All modifying oxides except TiOx reach minimum dispersions of ~1% at an
M:Pt ratio equal to 1, with TiOx reaching a minimum dispersion of ~2%. This indicates that
for all catalysts, full coverage on the Pt surface is never reached and the reaction is conducted
on a partially decorated metal surface. At low M:Pt ratios, there are differences in the degree

of decoration for each oxide, with WOx-modified catalysts being the least decorated for M:Pt
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ratios between 0.083 and 0.16 and MoOx-modified catalysts being the most decorated, though

the reason for these trends in not immediately clear.
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Figure 4.6: (a) H>-TPR measurements of oxide-modified and unmodified Pt/SiO,
catalysts. Clearly, the introduction of reducible metal oxide species on the surface
results in measurable H, uptake related to reduction of the metal oxide component,
resulting in varying decoration of the Pt nanoparticles through SMSI-like
phenomena. (b) Integrated H, consumptions indicating a trend in reducibility of the
oxide modifiers.

In order to assess whether or not the degree of reducibility trends with the extent of
decoration, H>-TPR was conducted on the highest loading of each oxide modifier to identify
the ease of reduction for each species. Under the assumption that reduction is a prerequisite for
mobilization and decoration, it might be expected that the trends in H> TPR might explain the
results of CO chemisorption at low metal oxide loadings. However, as shown in Figure 4.6,

this is not apparently the case. Over the temperature range investigated, all modifying oxides
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were shown to reduce when subjected to a ramp to 900°C at 10°C/min under 10% Ha/Ar. The
first reduction peak, at approximately 100°C, is shared between all modified catalysts and the
unmodified Pt/SiO; catalyst, indicating that this feature represents the PtOx reduction event.
The magnitude of the reduction feature, however, is different for each material. This may
correspond to the co-reduction of oxide species in close proximity to the PtOyx phase. This close
proximity may be related to the different synthesis precursors used, which may deposit the
modifying oxides in more or less homogenous distribution across the SiO» surface. TiOx and
NbOy, the two oxides with complex, chelated precursors, show the highest H» consumption
feature at 100°C, suggesting that these precursors may deposit oxide closer to the PtOx phase.
This close proximity in turn facilitates the spillover of H> to the reducible oxides, thus
presenting as a shared reduction feature in the H» TPR profiles shown. This is supported by the
clear TiOx reduction feature for TiOx-modified catalysts at ~500°C, before even WOy reduction
at ~600°C. In their bulk forms, it is known that WO3 is more easily reduced than TiO», and thus
one might expect that another phenomenon might explain the opposite trends shown here in
the TPR experiments. One such explanation would be the closer proximity of TiOx domains to
Pt, resulting in more facile transport of H spillover species to the TiOx as compared to the WOx
domains. Typically, SiO2 is considered an irreducible oxide incapable of facilitating H spillover
in its pristine state. However, the presence of defects, water, and hydroxylated regimes present
chemically different surfaces and thus different H spillover behaviors from pristine materials
typically studied under UHV conditions. Thus, these results and reports in the literature support
the idea that H spillover is possible over SiOa, though with higher barriers than what would be

observed for traditional reducible supports, which are the modifying species here.
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The total quantity of H> used in the reduction of the reducible oxide domains, along
with PtOx domains, can be measured using the H, TPR profiles shown in Figure 4.6.
Surprisingly, though MoOy shows the highest reduction temperature in H> TPR, the total
quantity of H> consumed per gram is the highest. Interestingly, the values for total H> consumed
up to 900°C are more consistent with the trends in dispersion as measured by CO
chemisorption. This suggests that the extent of decoration is a function of how much oxide can
become reduced, as might be expected, but less a function of the ease of reducibility of the
oxide itself, which is perhaps a less obvious result. This points to the mobility of reduced oxide
species being potentially different amongst the modifying oxides, and this mobility being a
driving factor in the extent of decoration possible for these catalyst formulations.

With these dispersion values, it is possible to normalize the reactivity for each catalyst
against its dispersion value, which correlates with the extent of decoration by the modifying
oxide on the Pt nanoparticle surfaces. Considering that the deoxygenation active site has been
shown in Chapters 2 and 3 to be related to a site involving Pt and potentially the contribution
of reduced oxide species adjacent to Pt, dispersion is thus a good measure of the total number
of active sites present for each catalyst. This is also true in regards to aromatic ring
hydrogenation, which is known to occur over the well-coordinated sites of Pt, thus making
dispersion a good metric for the active sites of hydrogenation as well. However, the dispersion
value shown here cannot be taken as the true number of active Pt sites available under reaction
conditions. The CO chemisorption experiments used to measure dispersion here were
conducted at 50°C and flushes of inert gas after an in situ reduction. While it is expected that
the in situ reduction has formed a decorated catalyst state that is present under reaction

conditions, there is a growing body of evidence building that these overlayers are dynamic and
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mobile under a range of conditions!®**>3, However, CO chemisorption measurements cannot
be conducted under these conditions due to the desorption of the probe CO species from sites
at elevated temperatures. Indeed, there is a glaring lack of characterization techniques that
enable the measurement of active site density under conditions identical to reaction. For the
analysis here, however, it is implicitly assumed that although the exact number of sites that are
available under reaction conditions will not be captured by CO chemisorption dispersion
measurements made at 50°C, the trends in site availability as a function of modifying oxide
loading and modifying oxide identity will. This assumption is consistent with the results of
Figure 4.4a-b, which show broad trends in reactivity that align with the dispersion

measurements of Figure 4.5, though this is discussed in more detail below.
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Figure 4.7: PHE HDO results towards hydrogenated products as originally shown in Figure 4.2a, re-
plotted against the measured dispersion of Pt as measured by CO chemisorption instead of the global
oxide:metal ratio during synthesis. The resulting trend clearly demonstrates that the reduction of
hydrogenation activity is a physical phenomenon that depends solely on the extent of metal site
decoration, rather than the chemical identity of the decorating species.

Figure 4.7 shows the overall hydrogenation activity of modified Pt/SiO> catalysts in
the HDO of PHE, represented in terms of the dispersions measured by CO chemisorption
instead of M:Pt ratio. Whereas Figure 4.4a showed a series of lines that were independent for
each oxide, it can be seen that Figure 4.7 shows a monotonic trend consistent between different
modifying oxides, as represented by the black dotted line. Importantly, a large fraction of the
oxide-modified Pt/SiO; catalysts fall on the black line which relates the undecorated Pt/SiO»

catalyst, which exhibits the highest dispersion and the highest hydrogenated product yield, to
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the imaginary case of 0% dispersion, which would be expected to yield no hydrogenated
products due to a lack of metal sites capable of hydrogenation.

The results of Figure 4.7 strongly support that the primary role of modifying oxides in
the HDO of phenolic substrates, broadly, is to suppress aromatic hydrogenation, regardless of
oxide identity. This relationship clearly demonstrates that the inhibitory effect of oxide
decoration on metal nanoparticle surfaces is physical, rather than chemical, as the oxides
utilized here demonstrate significantly different chemical properties to one another, and yet
fall on the same general trend. Thus, it can be concluded that the results of Chapter 3, which
identifies oxide decoration physically inhibiting the planar adsorption of phenolic species atop
well-coordinated Pt sites leading to hydrogenation, is broadly applicable to a range of
modifying oxides, so long as those oxides are capable of mobilizing to the metal nanoparticle

surface.
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Figure 4.8: PHE HDO results as originally shown in Figure 4.2b, re-plotted against
measured Pt dispersion as measured by CO chemisorption. The resulting plot shows no
clear trend, counter to what was observed in Figure 4.4, suggesting that there is a
chemical component to the total production of deoxygenated species.

The deoxygenation activity of modified Pt/SiO; catalysts can be represented in a
similar manner, as shown in Figure 4.8. It is immediately clear that the overall deoxygenation
activity of modified Pt catalysts during HDO does not follow the same trend as hydrogenation,
indicating that there are likely distinct sites responsible for overall deoxygenation activity. A
clue for the explanation behind this behavior lies in the relative positions of NbOx and TiOx
modified catalysts as the highest deoxygenation yielding catalyst and lowest, respectively.
NbOyx and TiOx are the strongest and weakest acid catalysts studied here, respectively, with
MoOx and WOy falling intermediate to these two materials. Thus, the lack of trend in assessing

overall deoxygenation activity corresponds to the ability of strongly acidic catalysts, such as
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NbOx-modified Pt, to achieve deoxygenation through acid-catalyzed dehydration of OL to
CYE, rather than direct deoxygenation, presumably through tautomerization, of PHE to BNZ
as is the case over unmodified Pt catalysts. This behavior was also observed in the highest
WOx-loaded samples of WOy/Pt/SiO; catalysts in the HDO of DHE discussed in Chapter 3,
which presumably exhibited the highest acidities due to the buildup of WOx on the SiO»
support.

Similarly, the behavior shown in Figure 4.8 is partly assigned to the dehydration of OL
to CYE through oxide domains present on the SiO2 support rather than the Pt surface. While it
is known that reduced oxide species on the surface of metal nanoparticles exhibit Bronsted
acid sites under H» atmosphere, it is expected that the sites on the catalyst surface far
outnumber those on the metal surface. For instance, a back-of-the-envelope estimate for how
much of each oxide remains on the surface of the catalyst under reaction conditions can be
conducted. Assuming an accurate nominal loading of Pt and modifying oxide species, which
is reasonable for the case of CPA-synthesized catalysts as discussed above, the modifying
oxide is present in a nearly 20-fold excess relative to surface Pt sites, even if all sites were
decorated which is not the case, as discussed above. Thus, the catalyst at the highest weight
loading of modifying oxide might be considered a convolution of both decorated Pt catalysts
and supported oxide catalysts, capable of conducting its own reactivity depending on the oxide
identity. In the absence of Pt, the activity of these supported oxides is relatively low as has
been shown in the literature! because of the inactivity of phenolic species to Brensted acid sites
without prior hydrogenation and the difficulty oxidic domains have in directly activating H»

without Pt promotion®>. However, in the presence of Pt, which may both spillover H or
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hydrogenate phenolics directly to species reactive to Brensted acids, these surface-bound sites

cannot be ignored.
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Figure 4.9: PHE HDO results over modified and unmodified Pt catalysts shown only as the
yield of BNZ, considered the product most of interest for direct deoxygenation pathways which
occur over oxide-decorated metal sites. A trend arises which demonstrates a moderate impact of
chemical identity on BNZ yield, but an overall dependence on the extent of decoration of metal
sites, pointing to the importance of Pt sites in the production of BNZ from PHE.

This also likely explains the non-linearity of deoxygenation yield when plotted in terms
of dispersion as shown in Figure 4.8. The relative contribution of acid-catalyzed OL
dehydration to CYE is a convolution of available acid site density, which increases with
modifying oxide loading, and the concentration of OL, which presumably decreases with
modifying oxide loading due to the loss of sites responsible for PHE hydrogenation to OL.
This relationship is unsurprisingly complex and non-linear, explaining the confusing trends

shown in Figure 4.8.
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Instead of representing deoxygenation activity as a combination of all deoxygenated
products, deoxygenation activity correlated to the active Pt site can be tracked solely by BNZ
yield, as BNZ is assumed to form solely from direct deoxygenation of PHE over Pt sites,
whether in the absence or presence of a modifying oxide. While the possibility for
dehydrogenation was discussed in Chapter 2, it is reasonable to believe that neither CYE nor
CYC will dehydrogenate to form BNZ here, thus minimizing their contribution to the BNZ
yield. For one, dehydrogenation was observed in that case over the 0.4-Pt catalyst, exhibiting
small Pt nanoparticles under 2 nm with an abundance of under-coordinated sites.
Dehydrogenation reactions are known to be structure-sensitive, occurring preferentially over
these under-coordinated sites. The industrial catalyst for dehydrogenation is typically Pt/Al,O3
exhibiting average Pt particle sizes near 1 nm in size. The catalysts used here are substantially
larger, exhibiting primarily well-coordinated sites, thus dehydrogenation might be expected to
be kinetically limited. In this work, as in Chapter 3, a higher H> pressure of 20 bar was chosen
to facilitate the reduction of modifying oxides and ensure decoration took place analogous to
characterization performed in the vapor phase. This results in a substantially higher availability
of Hz and an equilibrium position favoring hydrogenation rather than dehydrogenation from
the perspective of thermodynamics as well. Thus, BNZ is an effective species to track for direct
deoxygenation of PHE here.

Figure 4.9 shows the contrasting case to Figure 4.8, where a clearer trend has appeared
as highlighted by the yellow area. Though not a perfectly linear trend, it appears that the yield
of BNZ increases with increasing dispersion or increasing availability of metal sites. This is
consistent with the picture that the metallic Pt site is intrinsic to the ability of modified Pt

catalysts to perform direct HDO to aromatics in high yield. However, the resolution capable
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here using PHE HDO as the probe reaction is different than that concluded in Chapter 3, where
HDO of DHE suggested that there was no trend of deoxygenation with Pt site availability. This
is primarily due to the dominant product in HDO of DHE being 4-propyl-2-
methoxycyclohexanol (HYD), with fewer secondary deoxygenation products able to be
discerned. It is also possible that HDO of DHE resulted in the production of PHE, which forms
stoichiometric quantities of methoxy fragments on the catalyst surface that may otherwise
detract from the analysis. In using PHE as the substrate here, reactivity is focused on the
fundamentally more interesting dehydroxylation step in the absence of potential complications

arising from methoxy fragments.

4.3 Discussion

There is similarity between the BNZ formation yields of modified Pt catalysts and the
structure sensitivity discussed in Chapter 2, where BNZ formation trends with the number of
well-coordinated sites that are available for reaction. Once again, as was seen in some form in
Chapter 2 using WO,/Pt/Si0; catalysts for DHE HDO, unmodified Pt exhibits notable BNZ
formation activity by itself, with most of the catalysts falling under this performance. This is
again consistent with the proposal that Pt facilitates the reactivity necessary for deoxygenation,
whether in the presence of a modifying oxide or not. Additionally, the role of Pt in facilitating
deoxygenation can be seen in the general positive correlation between the accessibility of Pt
sites (dispersion) in oxide-modified catalysts and BNZ yield, indicating that these Pt sites are
essential for the deoxygenation step.

This is reminiscent of the data shown in Chapter 2 of this thesis, where BNZ yield was

maximized when specifically well-coordinated sites were exposed for the largest Pt
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nanoparticles, which was assigned to the structure-sensitivity of a tautomerization pathway. In
a similar fashion, these results suggest that minimally decorated surfaces are the ideal catalysts
for deoxygenation, presumably exposing a balance of well-coordinated Pt sites and metal-
oxide interfaces. Thus, it follows that the mechanism of deoxygenation for oxide-modified Pt
catalysts in HDO may very well be through a tautomerization pathway analogous to the
unmodified Pt catalysts discussed in Chapter 2. Such similarity in deoxygenation pathway
would be entirely consistent with the seemingly similar reactivity of both unmodified and
oxide-modified Pt catalysts reported both here and in the literature, where enhancement of
HDO rates are relatively modest as discussed previously. While this has always pointed
towards a shared mechanistic pathway, these results clarify that this shared pathway is likely
tautomerization to the active keto-enol tautomer which may then undergo dehydration to yield

BNZ over well-coordinated Pt sites3*>’.

Does this mean that the oxide modifiers play only a spectatorial role in deoxygenation

Well-Coordinated Sites
OH Tautomerization BNZ

O >
' 3

Scheme 4.1: Summary of proposed tautomerization mechanism for both unmodified and oxide-
modified Pt/SiO; catalysts on the basis of the results above. PHE deoxygenation proceeds through
tautomerization over WC sites, rationalizing the decreased BNZ yield with increasing oxide
decoration shown in Figure 4.9.

during HDO of phenolics? As was discussed in the motivation for this work, the oxide utilized

in this chapter exhibit acidities and reducibilities that differ vastly. Considering this, the
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identity of the oxide appears to play a minimal role in the overall trend observed in Figure 4.9
showing BNZ yields, indicating that neither acidity nor reducibility play a very direct role in
the HDO mechanism, again supporting that some other mechanism, namely tautomerization,
is the kinetically-relevant step for deoxygenation. However, there are some weak trends within
BNZ productivity that are worth discussing and may point to some chemical influence for
deoxygenation. For instance, NbOx-modified catalysts represent the highest BNZ yields of all
the catalysts at comparable metal coverages. On the other hand, TiOx-modified catalysts fall
on the lower end of BNZ performance, almost perfectly in line between unmodified Pt and the
origin. However, MoOx and WOy both fall intermediate between these two bounds for
intermediate dispersions, whereas the 0.5W6Pt catalyst exhibits the highest BNZ yields
overall, though there are no other comparable oxides at this specific oxide coverage. Overall,
it appears from a first pass that neither acidity nor reducibility can describe the small trends in
BNZ yield for oxide-modified catalysts.

To gain a further understanding of the BNZ yields for each catalyst, the BNZ rate
enhancement relative to Pt on a per-site basis can be calculated, as shown in Figure 4.10. In
this representation, it can be seen that there are overall BNZ rate enhancements for all of the
oxides per-site, indicative of the fact that there is a promotional effect of oxide modifiers on
the HDO activity of Pt catalysts. Interestingly, there are non-monotonic trends in rate
enhancement for each oxide modifier that cannot be immediately explained by this work. WOx-
modified catalysts exhibit rate enhancements that decline with increasing WOx loading,
indicating that a minimally-decorated Pt surface by WOx exhibits the highest activity towards
deoxygenation. On the other hand, TiOx-modified catalysts show monotonically increasing

BNZ rate enhancements with increasing TiOx. It is likely that these differences find some basis
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in the distinct structural arrangements that each oxide assumes under reaction conditions,
influenced by the different oxidation states and crystalline structures that each oxide might
assume on the surface of the Pt nanoparticles. Based on the suppression of hydrogenation
activity shown in Figure 4.7, despite these atomic-scale structural differences, the strong, linear
trend across all oxides between hydrogenation suppression and dispersion is good evidence
that decoration still occurs preferentially on well-coordinated Pt sites, analogous to the work

shown for WOy in Chapter 3.
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Figure 4.10: Rate enhancement of BNZ formation normalized by BNZ formation over Pt on a per-
site basis. Results show that oxide-modified Pt catalysts exhibit enhanced BNZ formation on a per-
site basis, though the extent of enhancement changes with M:Pt ratio.

Considering that the totality of these results indicate that oxide-modified catalysts
exhibit some oxide-specific promotion to the tautomerization mechanism, the question remains

as to the precise mechanistic step that the oxide-on-metal structure might feasibly promote.
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Considering again the tautomerization mechanism proposed previously in Chapter 2,
deoxygenation of PHE is proposed to proceed through Pt-facilitated tautomerization of PHE
to DIONE, a cyclohexadieneone intermediate, followed by hydrogenation to an unstable DiOL
product which is facilely dehydrated to BNZ. Considering that it has already been established
that no clear trend exists with regard to acidity, oxide-promotion of the dehydration of DiOL
can be ruled out as to the mechanistic step of interest for oxide-modified catalysts. However,
oxide-modified catalysts may potentially interact with the DIONE intermediate stabilized by
the Pt surface, enabling more facile hydrogenation to form the unstable DiOL which is assumed
to be a short-lived intermediate on the surface.

The interaction of oxide-decorated metal catalysts with carbonyl-containing substrates
such as the DiONE intermediate has fundamental interest in previous literature stemming from
the rate enhancements observed for SMSI-state catalysts for both CO and CO> hydrogenation.
Whereas the SMSI state, or oxide-decorated state, is typically associated with the suppression
of reactivity due to the coverage of the active metal sites by oxide domains, both CO and CO>
hydrogenation proceed more rapidly over these catalysts. The enhancement of reactivity in this
case has been assigned to the interaction of CO bound to the metal surface, the kinetically
relevant intermediate for both CO and CO» hydrogenation after initial O removal in the latter
case, with unsaturated oxide cations present on the surface exhibiting Lewis acidity®®. These
unsaturated cations were proposed to accept electrons from the O of CO, removing electron
density from the C-O sigma bond and thus weakening it, facilitating the addition of H to the C
atom of CO. Importantly, it was shown that there was a linear relationship between the
enhancement of both CO and CO2 hydrogenation rate with the Lewis acidities of the oxide

modifiers, as measured by electronegativity of the cations (reproduced in Figure 4.11a below).
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While there is no direct analogy between this mechanistic enhancement of CO
hydrogenation and PHE HDO, there is a direct chemical analogy once PHE tautomerizes on
the Pt surface to the DIONE intermediate. This DiONE intermediate, exhibiting a C=0O
functionality which is chemically similar to the C-O bonds of CO adsorbed to the surface, may
presumably electronically interact with oxide modifiers on the Pt surface. To explore whether
the oxide-interaction present in PHE HDO for oxide-modified Pt catalysts exhibited similar
behavior, the maximum per-site rate enhancement of BNZ formation in PHE HDO was plotted
against the likely electronegativities of the reducible oxide modifiers under PHE HDO reaction

conditions. Electronegativities were calculated through the relationship:

Xi={1+2Z)x,

Where y; is the effective electronegativity of the metal cation, Z is the oxidation state
of the metal cation in the reducible oxide under reaction conditions, and y, is the
electronegativity of the elemental metal on the Pauling scale. Since the direct measurement of
oxide-modifier oxidation state was outside of the scope of this dissertation, complicated by the
presence of oxide domains on both the metal surface (presumably reduced) and the support
(presumably fully oxidized), reasonable assumptions were made regarding the likely state of
the metal cation. NbOx was shown to be essentially irreducible in the H>-TPR’s shown in
Figure 4.1, and thus was assumed to decorate the Pt surface in the Nb>* state. TiOx, which was
moderately reducible, has been shown to decorate Pt surfaces in the Ti** state. For both MoOx
and WOx catalysts, which were shown to be significantly reducible in the H>-TPR profiles

shown in Figure 4.1, the oxidation state was assumed to be 4+. This is also consistent with
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DFT results from Chapter 3 investigating WOx-modified Pt catalysts, wherein the DFT-relaxed

structures were found to exhibit oxidation states between WO, and WOs3, or 4+ and 6+.
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Figure 4.11: Rate enhancement of oxide-modified catalysts for carbonyl hydrogenation. a.)
Enhancement of various oxide-modified Rh(111) surfaces in CO hydrogenation under UHV
conditions, showing a linear correlation between maximum rate enhancement and electronegativity.
Reproduced from Ref. 63. b.) Enhancement of BNZ activity on a per-site basis for oxide-modified
Pt catalysts in PHE HDO as described in this chapter. Linear correlation between enhancement and
electronegativity suggests a similar electronic interaction describes PHE HDO enhancement by
reducible oxides as was suggested for CO hydrogenation.

Representing the per-site BNZ enhancements against these y; values in Figure 4.11b
shows that there is a linear relationship between BNZ enhancement and electronegativity. The
trend, which is notably similar to that reported for oxide-modified Rh surfaces for CO and CO2
hydrogenation, suggests that the HDO of phenolics is facilitated by surface tautomerization of
PHE followed by interaction with the metal cations of oxide modifiers present at the metal-
oxide interface. This interaction in turn weakens the C-O bond of the DiONE tautomer
intermediate to a degree consistent with the electronegativity of the metal cation at the metal-
oxide interface. Subsequent H addition steps lead to the cleavage of the C-O bond of
tautomerized intermediate, forming the desired BNZ product directly. This direct formation of

BNZ is consistent with the reports in the literature which proposed that BNZ forms directly
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from PHE with no detectable intermediates, contrasting the sequential hydrogenation-
dehydration-dehydrogenation pathway that was originally reported for oxide-modified

catalysts.

4.4 Conclusions

The results in this Chapter expand the behavior observed in Chapters 2 and 3 to a
number of other reducible transition metal oxides. Through the use of a conserved Pt/SiO; base
catalyst, the contribution of the metal nanoparticles to HDO reactivity was kept constant across
the different catalyst series, enabling the development of shared relationships based on catalyst
descriptors such as dispersion and oxide identity. The result is a rationalization of the paradox
present in the literature for inverse catalysts in HDO, wherein oxide-modified catalysts were
shown to exhibit only moderate changes to activity and stability despite large changes in
selectivity. The reasoning for this has been clarified as a shared mechanism between modified
and unmodified catalysts for the deoxygenation of phenolic species, transiting through a
surface-stabilized tautomerization pathway. The enhancement of tautomerization-facilitated
deoxygenation trends linearly with the electronegativity or Lewis acidity of the metal oxide
cation, suggesting that direct interaction of the tautomerized intermediate with the oxide
component is responsible for facilitated deoxygenation. Thus, reducible oxide modifiers on
Pt/SiO; catalysts are shown to play a complimentary role in HDO reactivity, both inhibiting

undesired hydrogenation activity and promoting deoxygenation activity.
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4.4 Methods

4.4.1 Catalyst Synthesis

Synthesis of a bulk Pt/SiO; catalyst was carried out using aqueous impregnation of a
silica support with chloroplatinic acid. Briefly, 5 grams of 15-20 nm nonporous, spherical SiO>
(USNano) was added to 20 mL of deionized H,O (Sigma) under vigorous stirring. To this, 5
mL of a chloroplatinic acid (H2PtCls, Sigma) solution with the appropriate amount of Pt to
reach a final weight loading of 6% was added. The solution was left to stir for another 30
minutes before increasing the temperature to 80°C and allowing the water to evaporate. The
obtained powder was then dried in an oven overnight at 110°C. A final catalyst was obtained
by reducing the dried powder in 10% Hz/Ar at 650°C for 6 hours.

Oxide-modified catalysts were synthesized by aqueous impregnation of the base 6%
Pt/SiO; catalyst obtained in the steps above with soluble metal oxide precursors. For WOx-
modified catalysts, an appropriate amount of ammonium metatungstate hydrate (Sigma) was
dissolved in 10 mL of water under vigorous stirring. To this, the desired amount of 6% Pt/SiO»
catalyst was added and left to stir for 30 minutes. After this period, the temperature was
increased to 80°C and the water was evaporated. The obtained catalyst was dried overnight in
an oven at 110°C before being calcined in flowing air at 350°C for 3 hours. An identical
procedure was followed for all oxide-modified catalysts by substituting in the appropriate
metal oxide precursor. For MoOx-modified catalysts, ammonium heptamolybdate (Sigma) was
used. For TiOx-modified catalysts, potassium titanium oxide oxalate (Sigma) was used. Finally,

for NbOx-modified catalysts, ammonium niobate oxalate hydrate (Sigma) was used.
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4.4.2 Catalyst characterization

Dispersion measurements were made using pulsed CO chemisorption on an Autochem
2920 II instrument. The outlet gas composition was measured using a thermal conductivity
detector (TCD). In a typical measurement, 30 mg of catalyst was placed in a quartz U-tube
between two packed regions of quartz wool. The catalyst was then reduced under 50 sccm of
10% Ha/Ar (Airgas) at 325°C for 1 hour before cooling to 50°C. Once at 50°C, the sample was
purged with 50 sccm UHP Ar (Airgas) and held until the baseline was measured to be stable
by the TCD. At this point, 10 pulses of 10% CO/Ar were conducted at 3.5-minute intervals.
The uptake of CO to the catalyst surface was measured by subtracting each peak area from the
maximum peak area, indicating the quantity of CO adsorbed to the catalyst surface which did
not pass over the TCD. A CO:Pt ratio of 1 was assumed.

H>-TPR measurements were also taken on the Autochem 2920 II using the same sample
preparation in the U-tube. For these measurements, catalysts were pretreated at 300°C for 1
hour in UHP O; (Airgas) and purged in Ar while cooling from 300°C to 50°C. Once at 50°C,
gas flow was changed to 10% Hz/Ar and passed through a drying tube containing a
combination of zeolite and 3A molecular sieves to trap any moisture that formed during
reduction. Once the signal measured by the TCD was stabilized at 50°C under 10% H>/Ar, the
samples were ramped to 900°C at 10°C/min under Hy/Ar.

HAADF-STEM images of the 6Pt catalyst were taken on a Thermo Fisher Spectra
F200X aberration-corrected transmission electron microscope in the scanning mode (STEM)
using a high-angle annular dark field (HAADF) detector. Images were collected at an
accelerating voltage of 200 kV. Samples were prepared by dipping 300 mesh Cu grids coated

with lacey carbon into the loose powder a number of times. After approximately 5 dips of the
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grids into the loose powder, the grids were shaken to remove any macroscopic particles that
had become stuck to the grid.

CO DRIFTS measurements were carried out on either a Nicolet iS10 or Nicolet iISS0R
FT-IR spectrometer equipped with a Praying Mantis Diffuse Reflection Accessory (Harrick
Scientific) and a High-Temperature Reaction Chamber (Harrick Scientific) fitted with a
thermocouple in the catalyst bed. Ar (99.995%), He (99.995%), O2 (99.50%), 10% CO/Ar, and
10% Ha/Ar were purchased from Airgas and used as received. In a typical DRIFTS experiment,
catalyst was loaded into the Harrick cell and pre-treated under a desired gas environment and
temperature. Temperature set points were reached by ramping the catalyst at 10°C/min in all
experiments, except for cooling after pre-treatment steps which was allowed to happen
passively. Gas flow rates across the catalyst bed in all cases were 50 sccm controlled by mass
flow controllers (Teledyne Hastings). For CO DRIFTS experiments, catalysts were cooled to
30°C prior to exposure to 10% CO/Ar. CO exposure was continued until saturation coverage
of CO on the metal sites was achieved, determined by unchanging peak intensity in DRIFTS
spectra. After metal surfaces were saturated by CO, gas flow was switched to Ar to remove CO

from the gas atmosphere.

4.4.3 HDO Reactions

HDO reactions using the prepared catalysts were performed in 75-mL stainless-steel
pressure reactors (Parr Instrument Co., 5000 Series). In a typical reaction, catalyst was loaded
into the reactor along with 20 mL of a prepared stock solution. The stock solution consisted of
10.7335 g of 4-propylphenol (TCI Chemicals) and 5.16 g of n-decane (Sigma) dissolved in

430 mL of cyclohexane (Sigma). Catalyst loading was kept constant between catalysts for
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constant Pt mass. Reactions were stirred magnetically at 700 rpm using glass-shielded stir bars.
Once loaded, the reactor was sealed and purged 3 times with 5.0 grade H> (Airgas) before
pressurizing to a final gauge pressure of 20 bar at room temperature. Then, the vessel was
heated to 275 °C and held for 2 hours. After the allotted reaction time, the reactor vessel was
quickly removed and quenched using a water bath. Once cooled to room temperature, the liquid
products were collected by centrifugation and analyzed by a gas chromatogram equipped with
a flame ionization detector (GC-FID, Agilent). Product identification was carried out using
commercially-sourced standards where possible (4-propylbenzene (BNZ), 4-propylphenol
(PHE), 4-propylcyclohexanol (OL), 4-propylcyclohexane (CYC)). In instances where
standards are not commercially available (4-propylcyclohex-1-ene (CYE)), FID responses
)5

were estimated using effective carbon number (ECN)”. Reaction performance metrics were

defined as:

N
Conversion (%) = [())HE
DHE
N
Selectivity (%) = _"Product
Z NPToduct

N N
Yield (%) = Conversion * Selectivity = 5 Icmdu“ « —2HE
Product

Npue

where N; is the moles of species i measured by GC-FID and N{° is the initial moles of i loaded
into the batch reactor.
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Chapter 5: Assessing the Role of Oxide-Support Interactions in MO,/Pt

Catalysts for HDO

5.1 Introduction

As described in Chapter 3.1, the role of the support is multifaceted, providing
mechanical stabilization and separation to dispersed phases, introducing unique active sites
through hydroxyls'=, vacancies®*, interfaces>®, and other defect sites™!?, and even altering the
thermal and electrical conductivity of catalysts which may also influence catalysis!!!2. Though
the ideal in fundamental studies on heterogeneous catalysts is to identify and utilize supports
that are entirely innocent in the reactions of interest'>!4, the reality is that completely innocent
supports do not exist. Even if not participating directly in catalysis through the introduction of
active sites which may influence observed reaction rates and selectivities, the support may play
an indirect role in modifying many catalyst properties.

For example, SiO> was chosen here as the inactive support due to its irreducibility and
negligible acidity, leading to negligible activity for HDO by itself'*!. Thus, in studies
performed over Pt/SiO: catalysts, any reactivity could be ascribed to the Pt nanoparticles,
allowing deeper fundamental insight into the role of Pt in HDO. However, for a number of
reasons, it is worth considering the role that other traditionally “innocent” supports play in the
observed reactivity during HDO. While SiO; is beloved in the academic heterogeneous
catalysis community for providing such an inert surface, the reality is that SiO; finds little
application in modern industrial catalysis. This unpopularity on the commercial scale is
essentially due to the same reasons for SiO2’s popularity for fundamental research — that is, its
inertness. The pristine SiO» surface forms very weak bonds with most species due to the high

covalency of the Si-O bond and low acidity of the Si-OH proton. While this is a boon for
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reactivity, the tradeoff is that supported species also form very weak bonds with the silica
surface!é. In an industrial setting, this can lead to the sintering of metal domains resulting in
loss of active sites and the need for catalyst removal'’. The problem is so bad, in fact, that some
researchers have deemed SiO; “an ice-skating rink™!8,

On an industrial scale, Al2O3 finds far more application, both as a neat support itself as
in hydrotreating catalysts!*-?2 (CoMo or NiMo/Al,O3) and reforming catalysts?*2* (Pt/A1,03)
and as a binder material for fluidized catalytic cracking?®2® (FCC; Zeolite-Al,O3 extrudate).
AlO3 may be considered reasonably irreducible under typical conditions, thus not
participating in redox reactions itself?*2°, Additionally, though Al;O3 boasts higher acidity,
particularly Lewis acidity, than SiO» due to the presence of stabilized A" defects on the
surface’!32, the acidity is still far lower in both strength and density than typically observed for
what are traditionally considered “acid” catalysts, such as zeolites. Thus, for the purposes of
this work on HDO, wherein we consider that support acidity and reducibility are not expected
to play a role due to the conditions and mechanism at play, Al O3 may be similarly innocent to
SiO2 as a supporting material for catalysis — which is to say, not entirely innocent, but
reasonably so. Additionally, A[,O3; has been previously reported as a support with WOy for
HDO (albeit with Pd at the catalytic metal).33-3

However, support alteration plays a further role than participating directly in catalysis.
For example, altering support identity, even for unreactive supports, can alter metal
nanoparticle geometry due to the strength of the interactions between the metal and the support
at the interface’?. Strong metal-support interactions (not SMSI) lead to hydrophilic-like
interactions at the interface where the metal nanoparticles can truncate more significantly or

even take on entirely new shapes in order to maximize metal-support interfacial area®-’. Such
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behavior has been observed for small Pt nanoparticles supported on Al.Os, wherein the Pt
restructures to form raft-like, two-dimensional shapes that maximize Pt-Al>Os interactions.
Conversely, the opposite is true of weak metal-support interactions, which analogously mimic
hydrophobic interactions.

Such strong interactions are not reserved for just metal-support pairs but can also
influence the stability and structure of supported oxides such as WOx. On the surface of
supporting oxides, WOx is known to assume a variety of structures ranging from monomers to
oligomers to more crystalline WO3; domains*®*. These structural forms in turn influence the
chemical characteristics of WOy as well, moderating acidity and reducibility. Considering that
reduction is considered to be a prerequisite to oxide mobilization atop the surfaces of metal
nanoparticles during HDO, it might be expected that strong support interactions and the
domain structure of WOx might strongly influence the decoration state of WOx on Pt
nanoparticles.

Clearly, the intersection of oxide-metal, metal-support, and oxide-support interactions
in the catalyst architecture explored throughout this work demands further clarification when
considering supporting materials outside of SiO». Considering specifically the case of Al,O3,
which is the most frequently used refractory support material for industrial settings, there is
both a practical inspiration behind investigating the nature of WO,/Pt catalysts supported on
ALOs as well as a fundamental inspiration. As described in the conclusion of Chapter 3, the
work conducted on WOx/Pt/Si0: catalyst demonstrated that WOx’s primary role in driving the
selectivity of HDO reactions of phenolics was as an inhibitor of off-target hydrogenation

through the preferential decoration of well-coordinated Pt sites. However, inhibited mobility
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of WOx or the alteration of Pt nanoparticle geometry through support interactions may change
the structure-activity relationships for WO./Pt/Al>O3 catalysts.

Towards this end, Al,Osz-supported catalysts featuring both large (~10 nm) Pt
nanoparticles were synthesized and then modified with WOy in an identical, step-wise fashion
to the approach taken with SiO>. The large (~10 nm) Pt/Al;O3 catalyst acted as a control
catalyst with SiO2 to understand how Pt domains of similar size behaved in the HDO of
phenolics. The influence of WOx upon the reactivity of Pt is then clarified, complemented by
CO DRIFTS characterization to understand the support-dependent behavior of WOy decoration
on WO/Pt/Al,O3 support. The culmination of these results reveals the importance of
considering support-oxide interactions in inverse catalyst design and supports the structure-
sensitivity described for Pt-catalyzed HDO of phenolics as discussed throughout this

dissertation.

5.2 Results and Discussion

WOx-modified Pt catalysts supported on 20 nm g-Al,O; were synthesized in an
analogous way to WOx-modified Pt catalysts supported on SiO2, through a stepwise approach
first synthesizing Pt/AlbOs catalysts with subsequent WO« deposition at desired weight
loadings. Pt weight loading (4wt%), and calcination temperature was chosen to obtain large Pt
nanoparticles to enable the direct comparison between Pt/SiO; and Pt/Al,Os reaction results,
as previous work in Chapter 2 has underscored the influence of Pt nanoparticle size distribution
on the activity and selectivity of Pt catalysts in HDO.

HAADF-STEM was utilized to collect images of the as-prepared, unmodified catalysts

to characterize the particle size distributions. Figure 5.1 shows representative images of the
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4wt% Pt/AL,Os catalyst, referred to from here on by 4Pt. HAADF-STEM indicates that the
weight loading and high calcination temperature (650°C) results in the facilitation of Pt
nanoparticle sintering and growth, resulting in nanoparticles greater than 10 nm in size.
Treatment of Pt catalysts under oxidative conditions greater than 600°C is known to result in
the formation of volatile PtO> species®’, which may overcome the strong metal-support
interactions stabilizing Pt species at lower temperatures and facilitate the growth of Pt
nanoparticles. The particle sizes here align well with the Pt particle sizes explored in Chapters

2-4, allowing the direct comparison of support effects in HDO of phenolics.

Figure 5.1: (a-b) HAADF-STEM images collected of 4Pt catalysts after calcination in air at 650°C

To this base catalyst, WOx was deposited to obtain modified catalysts. As was
performed for WOx-modified Pt/SiO> catalysts in Chapter 3 and MOx-modified Pt/SiO
catalysts in Chapter 4, WOy was deposited using a wet impregnation synthesis that results in
WOy deposition on the Al,Os3 support. For brevity, WOx-modified catalysts will be referred to
as xXW4Pt, where x is the weight loading of W added to the catalyst. To explore the effects of

reduction on the catalysts, CO DRIFTS was utilized to assess the surface coverage of WOy for
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Figure 5.2: CO DRIFTS spectra of 10W4Pt catalysts summarizing the optimization
of reduction temperature. The lack of changes to observable Pt structure under 10%
H»/Ar suggested that WOy species were more stable on Al,O; than on SiO,. UHP H,
at 450°C successfully resulted in a measurably decorated Pt surface by WOx.

10W4Pt after reduction at 325°C for 1 hour using 10% H/Ar, shown in Figure 5.2. The
spectrum exhibits two clear features at 2095 cm™! and 2055 cm™!, corresponding to the well-
coordinated and under-coordinated sites of Pt nanoparticles, respectively*’. However, the
strength of the features observed was surprising considering that the weight loading of 10% W
was expected to result in the near-complete decoration of Pt nanoparticles based on prior
experience with similar materials in Chapters 3 and 4, where only 6wt% of metal oxide was
typically enough to result in greatly suppressed CO adsorption as measured by CO DRIFTS
and CO chemisorption.

One hypothesis for this behavior was the stability of WOx on Al>O3 to reduction, thus

inhibiting its mobility at the same conditions under which WOx reduced and mobilized when
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supported on SiO». To test this, 10W4Pt was subjected to additional reductions at 400°C in
10% Hz/Ar and 450°C in UHP H,, both for one hour, and compared against the unmodified 4Pt

catalyst reduced at the harshest condition of 450°C in UHP H» (Figure 5.3). It can be seen that

== (1) H, Reduction
== (2) Oxidation

0.025]:
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Wavenumber (cm™)

Figure 5.3: CO DRIFTS spectra of 10W4Pt catalysts (1) reduced in UHP H, at 450°C
and then (2) re-oxidized under UHP O, at 400°C. Resulting spectra show the reversible
decoration of Pt surfaces by WOx.

only the harshest reduction at 450°C for 1 hour in UHP H> results in a change to the CO
DRIFTS spectral shape and intensity, as expected resulting from the decoration of reduced
WOy domains on Pt nanoparticles. To ensure that the changes to the spectral features were a
result of WOy decoration and not the result of irreversible processes such as sintering, 10W4Pt
was reduced under UHP H» at 450°C and then oxidized at 400°C under UHP O», with CO

DRIFTS collected after both pre-treatments. The resulting DRIFTS spectra are shown in Figure
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5.3 and show that the decoration of Pt is reversible by oxidation to return a spectrum that is
compared to the unmodified 4Pt catalyst. Thus, this treatment was selected going forward to

assess the effects of WOy decoration on the site availability and identity of Pt nanoparticles by

CO DRIFTS.
2% WI4% Pt
6% WI4% Pt
= 10% W/4% Pt
| 20% WI4% Pt
(/]
o
c
©
o
S
o
7
el
<

~.

0.01] J N

— ——e

T T T *~ 1 1 T "~ T "~ T "~ T ™1
2200 2150 2100 2050 2000 1950 1900 1850 1800 1750 1700
Wavenumber (cm™)

Figure 5.4: CO DRIFTS spectra of WOx-modified Pt/Al,O; catalysts taken after reduction in UHP
H> at 450°C.

Figure 5.4 demonstrates the effects of varied WOx loading on Pt availability after 450°C
reduction in UHP H; for 4Pt catalysts supported on AlbO3. CO peak intensity exhibits little
change between unmodified 4Pt and 6W4Pt, but decreases with W loading for 10W4Pt and
20W4Pt, though full decoration is never reached even in the case of 20W4Pt. However, the
trend that is most apparent is the obvious decrease in UC peak intensity which appears to be
more significant than the loss of WC site peak intensity. This behavior is the opposite of what

was observed in the case of SiOx-supported WOx/Pt catalysts in Chapter 3 and is suggestive of
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Figure 5.5: Quantification of surface sites, shown as the fraction of under-coordinated sites,
for WOx-modified Pt/SiO; catalysts (red) and Pt/Al,Os catalysts (black). Anomalously,
WO,-modified Pt/Al,O; catalysts show no preference towards either well-coordinated or
under-coordinated sites, contrasting the behavior for SiO, supported catalysts described in
Chapter 3.

the preferential decoration of undercoordinated sites on the Pt surface by WOx. Based on the
ML-DFT model developed in Chapter 3, WOx decoration on top of step edges is energetically
unfavorable, agnostic of the support. However, it was also shown that WO« adsorption
preferentially nucleated at step edges and grew inwards towards terraces, resulting in the partial
destabilization of under-coordinated Pt sites for CO adsorption. While there is no clear
explanation for the trends observed in Figure 5.4b, the only conclusion based on the totality of
the data in this dissertation is that the support influence on Pt nanoparticle structure and WOx
mobility and structure results in the perceived decoration of under-coordinated Pt sites at a

faster rate than well-coordinated sites. For instance, one might imagine the spiraled growth of
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WOy along the edges of a square in two-dimensional space, or the edges of a cube in three-
dimensional space. In this case, where the under-coordinated sites (edges) are rare and spatially
segregated by large domains of well-coordinated sites (faces), it may be possible for WOx to
nucleate around these edge sites entirely before significantly decorating the faces of the cube
itself. However, the CO DRIFTS spectra shown cannot resolve such a proposal and it is left
for now without conclusive explanation.

In order to gain quantitative insight into the decoration of sites, CO DRIFTS peak
deconvolution is performed as was done for SiOz-supported WO,/Pt catalysts in Chapter 3 of
this dissertation. The measured CO DRIFTS spectrum and feature intensities are not
immediately quantitative, as different vibrational modes have a greater absorption cross-
section for infrared light. This difference in cross-section manifests itself in a difference in
sensitivity in the resulting spectrum, or molar extinction coefficient, where higher coefficients
represent vibrational modes that adsorb infrared light more effectively and are thus stronger
features in the collected spectrum. The molar extinction coefficient for CO bound linearly to
under-coordinated Pt sites has been reported to be 2.7 times greater than CO bound linearly to

well-coordinated sites*%-#!

, resulting in the over-representation of UC sites in the CO DRIFTS
spectrum relative to the actual surface composition. Thus, to confirm the quantitative fraction
of WC and UC Pt sites as a function of WOy loading, the spectra are deconvoluted into 4
Gaussian features, 2 each for WC and UC sites, respectively. Peak centers are allowed to move
for each deconvolution without constraint to capture blueshifts induced by WOy decoration,
but peak widths are constrained to provide comparable results between spectra.

The results of deconvolution are shown in Figure 5.5. It can be seen that SiO2-supported

WO,/Pt shows an enrichment of the surface in UC sites with increasing WOx loading due to
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the preferential blockage of WC sites by WOy domains, as discussed in Chapter 3. Interestingly,
the decoration of Al,Os-supported 4Pt shows very little change in the site distribution,
contextualizing the initial interpretation of the CO DRIFTS spectrum. While Al,O3z-supported
4Pt exhibits distinct decoration behavior from SiO»-supported WO,/Pt catalysts, there appears
to be no preferential decoration of either site until high W loadings where WC sites begin to
become enriched

In order to understand the consequences of this distinct decoration behavior on Al>Os-
supported WO,/Pt catalysts, the 4Pt catalyst series was used in the HDO of PHE as a model
reaction, shown in Figure 5.6. In all cases, regardless of conversion, the product selectivities
remained nearly identical, producing only CYC and BNZ as the dominant products with minor
amounts of CYE and ONE. With increasing WOx loading and decoration as shown in CO
DRIFTS, the conversion monotonically drops from 95% to 24%. The small change in product
selectivity over this large range of reactivity is suggestive of the fact that the production of
deoxygenated products forms directly from PHE without intermediate species, as would be
expected for direct deoxygenation. As there is no clear pathway for the direct formation of
CYC from PHE, this hypothesis needs further work. However, it is possible that in the pathway
from PHE, the rate of BNZ hydrogenation is rapid and equilibrated relative to kinetically
slower deoxygenation. Such equilibration between hydrogenated and dehydrogenated products
has previously been shown for Pt/SiO: catalysts under similar conditions in Chapter 2 of this

dissertation, related to the low solubility of H in the liquid phase reactions.
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Figure 5.6: PHE HDO reactions conducted over WO,/Pt/Al,O3 catalysts showing stable product
selectivity with conversion changes between 95% and 24%. Conditions: 275°C, 2 hours, 20 bar H,
10 mg catalyst, 20 mL 0.183 M PHE in cyclohexane,

These results are also consistent with the structure sensitivity of HDO described in
Chapters 2 and 3 for unmodified and WOx-modified Pt catalysts. The CO DRIFTS results
shown in Figure 5.4 indicate that there is no change in the relative density of well-coordinated
and under-coordinated sites on the surface of Pt nanoparticles as a function of WOy decoration.
Though in some ways surprising, this phenomenon is born out in unchanged product selectivity
in PHE HDO with increasing WOx fraction. This suggests once again that the characterization
of metal surface sites available after decoration in MOx/Pt catalysts is a strong predictor of

reactivity.
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One alternative interpretation of these results might be that WOx decoration was not
occurring over the course of the reaction, as Figure 5.2 demonstrated that harsher reducing
conditions were necessary for the measurement of the decorated state for Al>Os-supported
catalysts in CO DRIFTS. However, the decrease in PHE conversion with increasing WOx
loading is good evidence that WOx is able to reduce and mobilize under reaction conditions to
decorate the Pt surface. Considering the high-temperature calcination conditions the catalyst
has been treated with previously, it is not believed that sintering or other irreversible routes of
site loss could explain this reactivity. Additionally, sintering is known to alter the composition

of the surface sites for metal nanoparticles, thus a change in selectivity would be expected.

5.3 Conclusions and Future Work

The results here identify that the support chosen for WO,/Pt catalysts for HDO of
phenolics may indirectly alter the structure-activity relationships for the active phase. CO
DRIFTS identified that the decoration of WOy atop Pt nanoparticles on Al,O3; supports is
distinct from that observed for SiOz-supported catalysts. Rather than exhibiting preferential
decoration atop well-coordinated sites, as was observed in SiOz-supported catalysts and
validated through HDO reactivity measurements, the WOx decoration of Al2O3-supported Pt
nanoparticles appears to exhibit no site preference, as the ratio of well-coordinated to under-
coordinated sites remained constant with decreasing coverage as measured by CO DRIFTS.
The fundamental materials properties resulting in this support effect are not immediately clear
but may be related to the geometry of Pt nanoparticles on the Al>O3 support, which is clearly
different than over SiO, based on the CO DRIFTS spectra of unmodified Pt nanoparticles.

Regardless of the fundamental material physics underpinning this behavior, HDO reactivity
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results once again demonstrate that consideration of the atomic-scale structure of Pt in WO/Pt
catalysts is predictive of catalyst performance. PHE HDO as a probe reaction over WOx-
modified 4% Pt/Al>O; catalysts with an average particle size of 10 nm showed no change in
product selectivity as a function of WOy loading, consistent with the observed stability of well-
coordinated to under-coordinated site ratios. Moreover, this behavior was consistent for small
Pt nanoparticles (<2 nm) in a WOx-modified 0.4% Pt/Al,Os catalyst. Similarly low changes to
both site fractions as measured by CO DRIFTS and HDO selectivity were observed over
modified 0.4% Pt/Al>O;3 catalysts. In conclusion, the importance of active site availability as
discussed throughout this dissertation is confirmed using Al2O3 as support, but points to the
importance of future work in determining the fundamentals behind the observed decoration

behavior and the interplay of interactions in ternary metal-oxide-support systems, broadly.

5.4 Methods

5.4.1 Catalyst Synthesis

Catalysts were prepared on 20 nm g-AlO; support (USNano) by incipient wetness
impregnation with tetraamineplatinum nitrate (TAPN, Sigma). In a typical procedure, 1 g of
20 nm g-Al,O3 was placed in a small crystallizing dish. Separately, the desired amount of
TAPN was added to 1 mL of deionized H,O (Sigma) to fill the pores of the g-Al,O3 and
homogeneously deposit the Pt precursor on the support. Pt was introduced to the Al,O3 powder
by dropwise addition until the full 1 mL solution had been deposited, resulting in a dry-looking
powder. This was placed in the oven to dry fully overnight at 110°C. Final catalysts were

obtained by calcination in flowing air at 650°C for 6 hours.
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WOx-modified catalysts were obtained using wet impregnation of Pt/Al,O3 catalysts
synthesized above in a procedure identical to Chapter 3 of this dissertation for WO/Pt/SiO2
catalysts. Briefly, Pt/Al,O3 base catalysts were suspended in 5 mL of water under stirring. To
this, an additional 5 mL of solution containing the desired amount of ammonium metatungsate
(Sigma) was added. The stirring solution was left for 30 minutes before the suspension was
brought to 80°C with heating to evaporate off water. Obtained powders were dried in an oven

overnight at 110°C before calcination under flowing air (Airgas) at 350°C for 3 hours.

5.4.2 Catalyst Characterization

Dispersion measurements were made using pulsed CO chemisorption on an Autochem
2920 II instrument. The outlet gas composition was measured using a thermal conductivity
detector (TCD). In a typical measurement, 30 mg of catalyst was placed in a quartz U-tube
between two packed regions of quartz wool. The catalyst was then reduced under 50 sccm of
10% Ha/Ar (Airgas) at 325°C for 1 hour before cooling to 50°C. Once at 50°C, the sample was
purged with 50 sccm UHP Ar (Airgas) and held until the baseline was measured to be stable
by the TCD. At this point, 10 pulses of 10% CO/Ar were conducted at 3.5-minute intervals.
The uptake of CO to the catalyst surface was measured by subtracting each peak area from the
maximum peak area, indicating the quantity of CO adsorbed to the catalyst surface which did
not pass over the TCD. A CO:Pt ratio of 1 was assumed.

H>-TPR measurements were also taken on the Autochem 2920 II using the same sample
preparation in the U-tube. For these measurements, catalysts were pretreated at 300°C for 1
hour in UHP O; (Airgas) and purged in Ar while cooling from 300°C to 50°C. Once at 50°C,

gas flow was changed to 10% Hx/Ar and passed through a drying tube containing a
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combination of zeolite and 3A molecular sieves to trap any moisture that formed during
reduction. Once the signal measured by the TCD was stabilized at 50°C under 10% H>/Ar, the
samples were ramped to 900°C at 10°C/min under Hy/Ar.

HAADF-STEM images of the 6Pt catalyst were taken on a Thermo Fisher Spectra
F200X aberration-corrected transmission electron microscope in the scanning mode (STEM)
using a high-angle annular dark field (HAADF) detector. Images were collected at an
accelerating voltage of 200 kV. Samples were prepared by dipping 300 mesh Cu grids coated
with lacey carbon into the loose powder a number of times. After approximately 5 dips of the
grids into the loose powder, the grids were shaken to remove any macroscopic particles that
had become stuck to the grid.

CO DRIFTS measurements were carried out on either a Nicolet iS10 or Nicolet iISS0R
FT-IR spectrometer equipped with a Praying Mantis Diffuse Reflection Accessory (Harrick
Scientific) and a High-Temperature Reaction Chamber (Harrick Scientific) fitted with a
thermocouple in the catalyst bed. Ar (99.995%), He (99.995%), O2 (99.50%), 10% CO/Ar, and
10% Ha/Ar were purchased from Airgas and used as received. In a typical DRIFTS experiment,
catalyst was loaded into the Harrick cell and pre-treated under a desired gas environment and
temperature. Temperature set points were reached by ramping the catalyst at 10°C/min in all
experiments, except for cooling after pre-treatment steps which was allowed to happen
passively. Gas flow rates across the catalyst bed in all cases were 50 sccm controlled by mass
flow controllers (Teledyne Hastings). For CO DRIFTS experiments, catalysts were cooled to
30°C prior to exposure to 10% CO/Ar. CO exposure was continued until saturation coverage

of CO on the metal sites was achieved, determined by unchanging peak intensity in DRIFTS
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spectra. After metal surfaces were saturated by CO, gas flow was switched to Ar to remove CO

from the gas atmosphere.

5.4.3 HDO Reactions

HDO reactions using the prepared catalysts were performed in 75-mL stainless-steel
pressure reactors (Parr Instrument Co., 5000 Series). In a typical reaction, catalyst was loaded
into the reactor along with 20 mL of a prepared stock solution. The stock solution consisted of
10.7335 g of 4-propylphenol (TCI Chemicals) and 5.16 g of n-decane (Sigma) dissolved in
430 mL of cyclohexane (Sigma). Catalyst loading was kept constant between catalysts for
constant Pt mass. Reactions were stirred magnetically at 700 rpm using glass-shielded stir bars.
Once loaded, the reactor was sealed and purged 3 times with 5.0 grade H> (Airgas) before
pressurizing to a final gauge pressure of 20 bar at room temperature. Then, the vessel was
heated to 275 °C and held for 2 hours. After the allotted reaction time, the reactor vessel was
quickly removed and quenched using a water bath. Once cooled to room temperature, the liquid
products were collected by centrifugation and analyzed by a gas chromatogram equipped with
a flame ionization detector (GC-FID, Agilent). Product identification was carried out using
commercially-sourced standards where possible (4-propylbenzene (BNZ), 4-propylphenol
(PHE), 4-propylcyclohexanol (OL), 4-propylcyclohexane (CYC)). In instances where
standards are not commercially available (4-propylcyclohex-1-ene (CYE)), FID responses
were estimated using effective carbon number (ECN)?°. Reaction performance metrics were

defined as:
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where N; is the moles of species i measured by GC-FID and N{° is the initial moles of i loaded

into the batch reactor.
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Chapter 6: Conclusions and Outlook

6.1 Dissertation Summary

The work detailed in this dissertation has sought to fundamentally understand a highly
complex system of materials, reactants, products, and conditions through the lens of a
simplified, yet flexible, model system. Importantly, it was not the goal of this work to identify
the most active, stable, and selective catalyst reported to date, nor has there been a material
reported in the 5 years over which this work was conducted that exhibits desirable enough
properties for immediate industrial implementation. However, this lack of progress
underscores the need for additional studies developing a fundamental understanding of the
structure-activity relationships underpinning these materials, lest progress continues to be
made as a black box of randomized successes.

Overall, the work of this dissertation advances the understanding of both unmodified
and modified MOy/Pt catalysts for the HDO of phenolics. In the case of unmodified Pt
catalysts, a significant structure sensitivity exists which dictates both the degree of saturation
of product species and the degree of deoxygenation. Curiously, it has been found that there is
a trade-off that exists for Pt catalysts: either deoxygenation can be achieved alongside the
formation of saturated products through large Pt nanoparticles with ample well-coordinated
sites, or the selective formation of demethoxylated, but still hydroxylated, species can be
achieved through the application of small Pt nanoparticles exhibiting predominantly under-
coordinated sites. This is not only counter to what would be expected intuitively through Hugh
Stott Taylor’s perspective of the active site! (those sites that are more under-coordinated are
more active) but also counter to the results of prior computational research which had identified

these under-coordinated sites as facilitating deoxygenation?>.
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The lessons from this surprise result are three-fold. The first is that experimental results
must always be employed to challenge and validate those obtained by theory and surface
science, even with the expansion of computational techniques today with the development of
increasingly accurate and specified functionals, the adoption of machine learning techniques,
access to greater computational resources, etc. The second is that reaction performance is
always a confluence of kinetics and thermodynamics, and that there is a need to consider both
perspectives for every possible reaction when assessing likely mechanisms of activity for a
catalyst. The results of Chapter 2 point towards the influence of a tautomerization pathway
which had not been compared against direct deoxygenation in computational research prior;
thus, there could be no assessment made without reactivity data of which pathway was more
favorable. The theoretical results pointing towards the influence of under-coordinated sites in
direct deoxygenation may still be true, but the kinetics of such a pathway may be negligible
under the reaction conditions studied here compared to the kinetics of tautomerization-induced
deoxygenation. Alternatively, there may be some mechanism of deactivation, such as the strong
adsorption of oxygenates to these under-coordinated sites*’, that are similarly not captured by
DFT models. The third lesson, and arguably most important, is that for the conditions studied
in this dissertation, an optimal catalyst for HDO (high deoxygenation, low hydrogenation)
cannot be achieved without modification using Pt nanoparticles alone because of the role of
well-coordinated sites in both undesired (hydrogenation) and desired (deoxygenation) activity.

The results of Chapter 2 describing the structure sensitivity of Pt in unmodified
catalysts lead directly into the role of oxide modifiers for MOx/Pt catalysts in Chapter 3. The
application of CO probe molecule DRIFTS enabled quantification of the atomic-scale state of

the Pt surface after reaction-like reductive pre-treatments, a technique that has been utilized
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previously in the Christopher group to identify structure sensitivity in CO oxidation reactions®.
In this case, however, a fundamental behavior of reducible oxides on metal surfaces was
uncovered that is at once surprising and entirely intuitive. The preferential decoration of
reducible metal oxides like WOy in the SMSI state on well-coordinated Pt nanoparticle surfaces
suppresses the undesired hydrogenation reactions that would otherwise occur on these sites,
while allowing the desired deoxygenation reaction to continue to occur, though seemingly
without substantial promotion. Such preferential decoration is in line with reports from surface
science where such behavior has been observed for decades on model oxide/metal systems but
had never been observed for heterogeneous catalysts prior™!'?. Presumably, this decoration of
well-coordinated sites enables the structural organization of reduced oxide domains into
crystalline or semi-crystalline structures with less strain than the decoration of under-
coordinated sites, consistent with broader theories for SMSI in traditional systems'!!3. Thus,
the performance of modified MOx/Pt catalysts can be seen as an amalgamation of phenomena
including the inherent structure sensitivity of the underlying and active Pt surface and
fundamental SMSI material science.

Indeed, the role of the reducible metal oxide is clarified to be primarily as an inhibitor
of undesired reactivity and a moderate promoter, on a per-site basis, of deoxygenation activity.
It is found that in the case of increasing catalyst complexity with the introduction of additional
components, Occam’s Razor dictating simplicity in explanation holds true. Even in the case of
wildly varying chemical properties, only marginal changes to direct deoxygenation activity can
be observed with changing oxide modifier, suggesting that in all cases, modified and
unmodified, the underlying Pt sites are the predominantly active catalytic species. This clarifies

the mechanism of deoxygenation under the conditions studied here as likely proceeding
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through the tautomerization mechanism proposed in Chapter 2, with the influence of oxide
modifiers acting through the facilitation of C-O cleavage of these tautomerized surface
intermediates, similar to what has been observed for classical strong metal-support interaction
(SMSI) systems in CO hydrogenation'“.

Overall, this dissertation underscores the importance of thorough characterization and
model systems, employed here in the study of HDO. The structure-activity relationships
developed herein may act as useful guides in the development of catalysts targeting specific
products from phenolics, and as such may find broad application in a future where feedstock
flexibility may prove to be essential rather than just desirable. However, as will be discussed
in the following sections, a number of questions remain unanswered that may further clarify
the precise mechanism and role of the oxide species under reaction conditions, and further

open the landscape of products that biomass may ostensibly one day supply.

6.2 Outlook and Future Directions: Advanced Characterization Techniques

6.2.1 Overview

The work described in this dissertation leans heavily on the atomic-scale
characterization of inverse catalysts in order to develop informed structure-activity
relationships to build a fundamental understanding of material properties that should be
targeted for future research to optimize overall catalyst performance. Typically, the atomic-
scale characterization of inverse materials has fallen into two categories, either spectroscopy !>~
19 or microscopy?’2*. Much of the characterization done in this dissertation is in the form of in
situ spectroscopy, enabling the study of catalysts in a near-active state on a bulk scale, though

there has been much work recently detailing the use of ever-growing capabilities in in situ or
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operando TEM offering similarly important insights*>2°, While the information derived from
electron microscopy often can be considered more direct (the age-old adage that “seeing is
believing”), there are limitations as is the case with any other characterization technique. For
one, there are concerns that beam effects may play a deleterious role in the accuracy of
behaviors observed through electron microscopy, especially in the case of dynamic systems
such as MO,/Pt catalysts described here where the reducible oxides already exhibit appreciable
mobility at only slightly elevated temperatures?’3°. Additionally, there are growing concerns
that the sample size of images from electron microscopy may never truly be large enough to
capture the structure and characteristics of the bulk sample — that is, some bias in the image
collection is always present’!33. Thus, spectroscopy is a preferred primary characterization
technique in this dissertation and indeed shows good prospects for future work, though these

measurements are technically challenging as will be discussed in more detail below.

6.2.2 Dynamics of Oxide Overlayers: Bridging the In Situ-Operando Gap

In the study of heterogeneous catalysts, the gold standard in developing structure-
activity relationships is to perform a relevant characterization technique on the catalyst in its
working state, in what has been defined as operando characterization. However, this gold
standard or ideal is rarely actually achieved, even when authors use the term operando.
Importantly, for truly operando characterization, the catalyst must not only be in its working
state but strides must be made to quantify the activity of the catalyst, such that quantitative
changes to catalyst structure and properties may be quantitatively assigned to reactivity

metrics®*3. Understandably, the conduction of operando experiments represents a lofty goal
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that requires careful planning, system selection, instrumentation, and quite frankly, in some
cases, a good deal of luck.

Because of the challenges associated with operando characterization, in situ work is
far more commonplace in the characterization of heterogeneous materials. /n situ, or in place,
work refers only to the fact that the catalyst is treated in the same place/setting that it is to be
characterized in, avoiding the challenges associated with sample transfer from an ex-situ, or
out-of-place, pre-treatment or change. If a sample is characterized in its as-prepared state, or
one which is markedly different from the conditions that it is subjected to prior to pre-
treatment, it cannot be considered an in situ characterization.

Pertaining to the challenges of conducting operando characterization, all of the
characterization work performed here was done in sifu — it would not be possible to perform
DRIFTS spectroscopy, for example, on the catalyst in the working state under solvent and 20+
bar of H» pressure. While the pretreatment for the catalyst was considered to be representative
of what the catalysts experience during reaction — high temperatures (275°C vs. 325°C),
reducing atmospheres (0.1-1 bar of Hz vs. 20 bar H»), the catalyst system is by definition
dynamic, that is, it is responsive to the conditions that it experiences. This is a central tenet of
the work conducted herein. However, this necessarily begs the question of whether or not the
catalyst during reaction maintains the same structure and properties as determined via the
gamut of characterization techniques performed here.

The totality of the evidence reported here suggests that in situ characterization is, at the
very least, a very good proxy for operando structure for the MOx-Pt catalyst systems studied
here. The linearity of hydrogenated product yields from DHE HDO over WOx-Pt catalysts

versus the CO chemisorption and DRIFTS measured well-coordinated Pt site density suggests
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that a strong, linear relationship exists between quantifiable in situ and operando techniques.
The same can be said for the results found over MOy-Pt catalysts in Chapter 3.4 and WOx-Pt
catalysts for varied supports in Chapter 4. However, what cannot be determined via these
comparisons alone is whether or not the slope of the linear trend between these results is
sensible — that is, both in situ and operando results may trend linearly independently, but their
magnitudes may be distinct. The most likely example of this is in the potential difference
between measured CO chemisorption values at 30°C and actual Pt availability at reaction
conditions (275°C, 20 bar Hz). Both of these values may trend linearly with WOx loading, as
might be expected, but it may be equally expected that their values are not identical, or that Pt
availability at 275°C would be greater due to the enhanced mobility of WOx species and the Pt
surface itself at elevated temperatures.

This is indeed something that the literature is beginning to embrace with more
enthusiasm as the importance of operando measurements becomes more cemented,
particularly in regard to dynamic systems. Frey et al. reported on the operando dynamics of
Pt/TiO; catalysts under SMSI-forming conditions and noted that there were distinct behaviors
between separate Pt nanoparticles on the TiO> surface, which they associated with a lattice
plane-alignment argument*®. Monai et al. conducted operando TEM of a Ni/TiO, catalyst
under CO> hydrogenation conditions and found that the TiOx overlayer receded during reaction
to enable access of the reactants to the surface, relating this behavior to strain relaxation®S,
These results begin to point towards answers to long-standing questions in the community
regarding how it is possible that catalysts in the SMSI or inverse state (oxide decorating the
metal surface completely) can demonstrate activity for certain reactions that are importantly

traditionally metal-catalyzed. Though in the absence of operando characterization there have
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been a myriad of explanations proposed, such as reactivity atop the oxide layer itself*’, it seems
far more likely through the lens of these results and others that the oxide layer experiences
some degree of re-arrangement under reaction conditions. Critically, this re-arrangement may
also be reversible such that in situ or ex-situ characterization techniques capture do not capture
this state.

However, challenges abound for actually probing these re-arrangements under
operando conditions! Take for instance the case of CO DRIFTS, wherein CO is the probe
molecule that reports on the structure and availability of Pt sites on the metal surface. In this
work, CO is used in situ to report on the accessibility of Pt sites not decorated by oxide
domains. However, for truly operando work, probe molecules may not be able to be employed
in this way. If reactivity can be maintained in the presence of probe molecules, it may be
theoretically possible, but take for instance the example of CO — a common poison for
reactions, including HDO**!, In order to report spectroscopic information operando on every
metal site available, CO would have to remain adsorbed to every metal site accessible, in turn
likely suppressing all reactions through poisoning. One might imagine a reaction wherein CO
is a reactant and operating this reaction in a non-CO poisoned regime, but for SMSI-like
systems the conditions must also be strongly reducing to maintain the oxide-on-metal
architecture — thus, CO oxidation or similar are not reasonable choices. Probe molecule
desorption can also be a challenge in the case of operando characterization at elevated
temperatures, requiring the presence of elevated pressures of probe molecule to maintain
coverage on the catalyst. Of course, non-spectroscopic techniques are always an option, though
these understandably present different, not fewer, challenges, such as the non-bulk information

that microscopy provides*.
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Efforts can be made indirectly, however, to achieve information on the state of the
catalyst under reaction conditions. A probe reaction that occurs under identical conditions to
the reaction of interest might be used to count the number of sites available, assuming the probe
reaction satisfies a number of assumptions. A good probe reaction for the accessibility of metal
sites for inverse catalysts, for example, should be structure insensitive, such that the changes
to site accessibility, which this work has shown to influence surface site distributions, do not
affect the site-normalized probe reaction rate. It is likely that fundamentally structure-
insensitive reactions do not actually exist in principle, but that reactions might be effectively
assumed to be structure-insensitive under the correct operating conditions*}. One example with
some promise is alkene hydrogenation, for example, particularly for small alkenes that adsorb
to a minimal amount of sites and utilize H», which has been shown to co-adsorb with a number
of species on metal surfaces thanks in part to its small size.

Such reactions should also not be equilibrium limited or operated at maximum
conversion in order to achieve relevant information from the probe reaction, though this can
be adjusted by altering reactant concentration, catalyst loading, etc. Similarly, the probe
reaction should proceed facilely under identical conditions to those of the reaction of interest
(here, DHE or PHE HDO). In the case of alkene hydrogenation, for example, which proceeds
very rapidly at high temperatures and pressures of Hz, careful consideration is needed to
prevent equilibrium conversion from being achieved.

As has been alluded to, some of these techniques have been applied in a preliminary
manner to the study of MOx-Pt catalysts described in Chapter 3.3. Initial work was performed
using CO DRIFTS in the presence of gas-phase CO during a TPD experiment (similar to the

TPE experiments performed in Appendix A), with the goal of observing changes to Pt
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availability at elevated temperature through the shape and area of the adsorbed CO feature.
Analogous to standard CO DRIFTS analysis conducted throughout this dissertation, catalysts
were pre-treated by reduction in 10% Ha/Ar at 325°C for 1 hour prior to analysis.

Figure 6.1 below shows the spectrum of 6W6Pt catalysts exposed to 10% CO/Ar and
ramped from 30°C after saturation coverage was reached to 500°C at 10°C/min, followed by

cooling to 30°C at 10°C/min. IR features associated with the gas-phase CO, which are quite
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Figure 6.1: Preliminary results showing the response of 6W6Pt to a TPE procedure after reduction at
325°C in 10% Ha, as was typically performed in Chapter 3. (b) shows selected temperatures for
simplicity. Heating steps are shown in red and yellow, whereas cooling steps are shown in blue.
Comparison of the spectra collected at the same temperature for either heating or cools shows that sites
have been exposed by heating in 10% CO to 500°C.

significant for 10% CO/Ar, have been subtracted by a reference spectrum obtained at the same
temperature over a SiO»-only bed. This methodology ensures that changes to the gas-phase CO
signature, which tends to broaden and decrease in maximum intensity with increasing
temperature due to the greater number of accessible vibrational states at elevated temperatures,

are captured and do not introduce non-physical features into the resulting adsorbed CO spectra.
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Lower concentrations of CO may be used for the gas-phase species, as these lower
concentrations require less effort to deconvolute and remove from the adsorbed CO feature,
though this results in significant desorption of the probe molecule from the catalyst surface at
elevated temperature, thus limiting the amount of structural information that can be obtained.
1000 ppm CO in Ar was explored as a concentration for this purpose, as subtraction of the gas-
phase signal is almost unnecessary, especially at elevated temperatures, but the resulting
desorption provided incomplete information on the catalyst surface at temperatures relevant to
the reactivity conducted here (275-325°C).

A number of changes can be observed in the CO DRIFTS spectrum during the
temperature ramp, shown in the selected spectra in Figure 6.1b. As temperature is increased up
to 500°C, CO peak area does decrease, indicating that some structural information is lost at
these temperatures due to desorption. Higher CO concentrations or pressures would facilitate
the suppression of desorption at these temperatures, but such conditions were not explored
here, in part due to the potential hazards associated with high-pressure CO atmospheres in
experiments conducted outside of specifically ventilated environments (i.e. not in a fume
hood). Regardless, the loss in peak area is ~20%, suggesting that a majority of the structural
information is retained even at the maximum temperatures studied here. Also, cooling steps
ensure that whatever changes to the catalyst structure occur at elevated temperatures might be
observed at identical coverage during the cooling step, presuming the oxide states are not
metastable only at the highest temperatures.

Indeed, this comparison of heating and cooling steps at the same temperature, wherein
CO coverage should be identical, demonstrates the ability to discern spectral changes. At

250°C, for example, the cooling step shows greater adsorbed CO area and a general blue shift,
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particularly to the well-coordinated (WC) Pt feature. One might consider that the blue shift of
the WC feature might indicate sintering at elevated temperatures, as particle growth can result
in blueshifts of this feature due to the increase of dipole-dipole coupling between CO
molecules on larger extended surfaces for larger nanoparticles, but this is presumed not to be
the case here. For one, the catalysts have been previously treated in O, at 600°C for 6 hours
during synthesis, under which conditions Pt is known to be extremely mobile, in part due to
the transport of volatile PtO; species. The conditions of the TPE here are thus less prone to
sintering from the standpoint of environmental conditions and Pt mobility. Additionally, it has
been observed that the SMSI or inverse state is an effective method to suppress interparticle
sintering due to either suppressed mobility of the metal nanoparticle on the support or the
inhibition of coalescence by the oxide layer which might act as a “barrier” of sorts to metal-
metal interactions preceding coalescence. Thus, from this perspective as well, sintering is
perhaps not the most likely scenario. Additionally, it is also clear that the feature associated
with adsorbed CO grows in strength after the thermal treatment in CO. This in itself is direct
evidence against particle sintering, as it would be expected that particle sintering results in a
loss of Pt surface area as particle sizes grow and total surface area diminishes.

Thus, the growth in adsorbed CO area and the blue shift of the adsorbed feature is likely
due to WOx rearrangement on the Pt surface. The blue shift of the adsorbed feature corresponds
to the increased accessibility of WC Pt sites, either due to the migration of WOx off of the Pt
surface and back to the SiO: surface or through the aggregation of WOy on the Pt surface. In
the first case, it is possible that some extent of CO dissociation occurs at elevated temperatures
that result in the oxidation of reduced WOx species on the Pt surface, destabilizing their

presence on the metal surface as was shown in environment-responsive studies in Chapter 3.2.
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However, direct measurement of this is challenging considering that the CO peak area indicates
that the extent of this change would be rather small as cited previously (~20% of the WOx
previously on Pt). Spectroscopic evidence of CO dissociation has been inconsistently observed
for these catalysts previously after Ha reduction, wherein saturation coverage for subsequent
pulses of CO decreased. UV-Vis conducted for these samples showed no change to the
absorption spectrum of these catalysts after high temperature CO exposure though, casting
doubt on the structural explanation for these changes to saturation CO coverage. Thus, the
exact causes of this behavior remain something of a mystery and underscores the interesting
details available regarding WOx reorganization should additional work be conducted in this

direction.

6.2.3 Enhanced Structural Information via EXAFS

The drawback of utilizing probe molecule DRIFTS as a characterization technique in
this work is that the information available gives only indirect information on the state of the
reducible oxide domains themselves, essentially providing information about where the
reducible oxides aren’t, rather than where they actually are. While the work in this dissertation
has underscored that the metal sites, in this case, Pt, are the sites responsible for a majority of
the deoxygenation activity through metal-facilitated tautomerization, the results of Chapter 4
indicate that oxide decoration results in enhanced per-site deoxygenation rates compared to
undecorated or unmodified catalysts. However, the trends of enhancement with increased
coverage were not consistent between different oxide promoters, suggesting that the structures

of the oxides evolved in different ways with increasing coverage on the metal surface. Thus,
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identification of the manner in which these oxide structures evolve with coverage for oxide-
modified catalysts is of interest.

Towards this end, there are a number of characterization techniques that may be
attractive in identifying the structure of reduced oxide domains on the surface of metal
nanoparticles. In Chapter 3, it was shown that Raman spectroscopy can provide insight into
the W-O bonds of WO domains directly, indicating that W=0 species were consumed during
reduction, presumably into W-O species that were not apparently Raman active. In general,
Raman might provide direct information regarding the chemical state of W bonding
environments, which are often not accessible by infrared spectroscopies either due to
overlapping absorptions in this structural regime (~1000 cm™) or due to selection rules that
inhibit the interaction of these vibrational modes with infrared light. Some attempts were made,
though not shown in this dissertation, to perform both operando and enhanced Raman
spectroscopies, such as surface-enhanced Raman spectroscopy (SERS) through the use of
SiO2@Au nanoparticles for shell-isolated nanoparticle-enhanced Raman spectroscopy
(SHINERS*-7), though both attempts proved outside the scope of this dissertation and likely
represent individual dissertations of their own considering the experimental difficult of their
collection.

Similarly, direct information can also be obtained via X-ray absorption (XAS)
techniques. XAS, distinct from the more common X-ray diffraction technique (XRD), is
typically performed at synchrotron radiation sources around the world for high-flux, broad-
band X-ray sources. By conducting energy-resolved absorption experiments, information
related to the oxidation state and coordination sphere can be obtained in x-ray absorption near-

edge spectroscopy (XANES), as well as longer-range information about second- and third-
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shell atomic neighbors through x-ray absorption fluorescence spectroscopy (EXAFS). Greater
detail about the technical foundation and application of these techniques can be found
elsewhere*®#, For the sake of this discussion, the structural information of atomic species such
as W out to the second and third coordination shell could provide direct information as to the
extent of W oligomerization on the surface, the presence or absence of direct Pt-W bonding,
and confirmation regarding the decoration of WOy adjacent to step edges.

One limitation of the EXAFS technique, however, is that it provides this elemental
information for each W atom along the absorption length of the measurement, including those
both associated with Pt and those associated with the support. In the case of WO«/Pt/SiO>
catalysts studied in this dissertation, a significant fraction of W can remain on the support,
especially in the case of higher loading samples such as 6W6Pt or higher. However, at the same
time, a high loading of W is favored to facilitate the formation of as much W-Pt interaction as
possible, as the quality of the spectrum obtained is a function of the quantity of these domains
that can be effectively formed. Thus, the synthesis procedure and materials utilized here failed
to produce effective EXAFS information.

However, it is not difficult to imagine that materials synthesis approaches exist that
enable the very specific decoration of Pt surfaces only with WOy, thus maximizing the fraction
of W atoms that are in contact with Pt surfaces at any given time. One of these approaches
which has already been utilized by a number of different groups is atomic-layer deposition
(ALD) of WOy domains from WCls, which specifically decomposes over Pt surfaces but not
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the support, lending itself to higher selectivity towards these Pt-W interactions”” <. However,

as this approach has been reported previously with some degree of success, despite somewhat
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demanding apparatus and conditions for the synthesis itself, it will not be discussed further
here.

One alternative synthetic approach that might lend itself equally as well to a higher
fraction of W-Pt interaction than achieved through wet impregnation of WOy alone is a
stepwise colloidal approach to core-shell WOx-Pt nanoparticles. Colloidal synthesis of
nanoparticles lends itself well to the control of nanoparticle size and distribution through the
direct tunability of a number of synthesis parameters. Pt nanoparticles have been synthesized
in a range of shapes and sizes, both using protecting agents such as surfactants and without
protecting agents®3. Colloidal nanoparticles are also easily deposited onto the surfaces of
supporting oxides, allowing the synthesis of well-defined heterogeneous catalysts>*.

One way that one might imagine to maximize W-Pt interactions through colloidal
techniques is to grow WOy shells directly onto Pt colloids prior to deposition on SiO; supports.
Analogous approaches have previously been reported for the synthesis of FeOx-decorated Pt
nanoparticles as inverse catalysts®®. Such a colloidal technique would offer similar control over
the extent of decoration as achieved through wet impregnation catalysts and ALD, without the
need for unconventional or specific equipment. After deposition, oxidation could be utilized to
drive WOx off of the Pt surface to the SiOx support, but in close proximity to the Pt
nanoparticles such that upon re-reduction, migration to the Pt surface occurs readily. Thus,
colloidally synthesized catalysts would exhibit an identical structure to wet-impregnated
catalysts, albeit with optimized W-Pt interactions.

The collection of XANES and EXAFS spectra for the colloidally-synthesized catalyst
as a function of temperature would enable the determination of kinetics for oxide reduction

and mobility, as well as information about the structure of WOx on the Pt surface. Combining
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this with measurements made via CO DRIFTS and CO chemisorption, relationships could be
developed describing the structure of WOx as a function of coverage. Stemming from this, a
greater understanding of the extent of contiguous ensembles could be obtained, providing
information as to the role of absorption geometry in HDO — i.e. does deoxygenation proceed
through the planar adsorption of aromatics requiring larger contiguous ensembles as proposed

in this work.

6.3 Outlook and Future Directions: Kinetic and Reactivity Measurements

6.3.1 Overview

The development of robust structure-activity relationships requires both the
identification of atomically-accurate structures via advanced characterization techniques, as
discussed above, as well as the measurement of kinetically-relevant reaction data. This can be
challenging for dynamic catalysts, as the structure of the catalyst can be a function of both time
and conditions, which can in turn manifest in transient behavior in catalyst activity, selectivity,
and stability. In particular, the HDO of phenolics has proven difficult to understand precisely
the mechanism of activity, in part due to the numerous potential reaction pathways that may
ostensibly result in the formation of aromatics. Thus, careful reaction studies are still necessary,
utilizing recent advances in the understanding of surface structure for MOx/Pt catalysts both
reported in the literature and this dissertation, which seek to identify the reactive pathway for
phenolic deoxygenation in HDO. This will include reactions conducted over a wider range of
conversions and contact times than currently available in the literature, particularly at the limit
of low conversion to characterize the initial reactivity of the system, and further work towards

understanding the predominant mechanism as a function of temperature and pressure.
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Additionally, values for turnover frequency for HDO over MOy/Pt catalysts remain only
estimates at best because of uncertainty regarding the true number of sites at reaction
conditions. Establishing reliable TOF measurements for these materials will facilitate the
identification of oxide modification, either promotional or inhibitory, on the various reactions
occurring during HDO on a per-site basis. Potential experimental approaches toward

addressing these gaps in understanding are proposed below.

6.3.2 Operando Site Counting through Structure-Insensitive Probe Reactions

Though the CO TPE experiments over MOx-Pt materials provide some information into
the state of the catalyst at elevated temperatures, such as that additional sites may become
accessible, it still presents a significant gap between in situ and operando characterization. To
probe a more operando condition, a probe reaction, 1-decene hydrogenation, was conducted
at the exact conditions under which DHE was performed, though in the absence of DHE. It
was a concern that DHE adsorption would out-compete 1-decene for sites due to the relatively
far stronger interactions of aromatics and oxygenates with the surface than aliphatic alkenes,
though one might argue that this renders these probe reactions less than operando since the
reaction of true interest is not concomitantly being performed. 1-decene hydrogenation was
chosen as the probe reaction considering the small ensemble required for alkene adsorption,
typically discussed for ethylene, though the use of a liquid reactant and product offered
significant benefits for reaction workup. 1-decene was chosen over internal alkene isomers of
decene to as closely mimic ethylene as possible and leave the terminal carbon unsubstituted,
though some degree of isomerization to the more stable internal alkenes did occur during the

reaction.
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Figure 6.2 shows the reaction performance of 1-decene hydrogenation over WOx-Pt
catalysts with different WOx loading at 275°C and 20 bar of Ha, plotted alongside the
hydrogenated product yield during DHE HDO over identical (same batch) catalysts. As shown
previously in Chapter 3.2, the yield of hydrogenated ring products in the HDO of DHE
decreases steeply with increasing WOy loading, associated with the preferential decoration of
WC Pt sites responsible for aromatic hydrogenation by reduced WOy domains. However,
comparing this to the yield of 1-decene hydrogenation, we observed marked changes. On its
own scale, 1-decene hydrogenation follows a similar trend, decreasing with increasing WOx
loading as would be expected due to the loss of Pt sites for hydrogenation under reaction
conditions. However, the total magnitude of the loss of sites is far lower, and the highest WOx
loading retains over 80% yield of decane. This suggests that the ensemble requirement for
aromatic ring hydrogenation and alkene hydrogenation, which are known to be different, is the

driving factor behind the differences in performance. These results point to the defective
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Figure 6.2: Reaction performance of DHE HDO (blue) and 1-decene hydrogenation
(gold) over WO,/Pt/SiO2 catalysts. While DHE HDO demonstrates a strong response to
WOy addition, 1-decene hydrogenation exhibits a more gradual loss of activity. This is in
part attributed to the smaller ensemble requirement of 1-decene hydrogenation relative to
DHE HDO.

decoration of the Pt surface by WOx domains, leaving a sufficient number of small Pt
ensembles available for alkene hydrogenation, while at the same time disallowing aromatic
ring hydrogenation. Gorte et al. had previously proposed a similar mechanism to explain the
HDO results of a NbOx-Pt catalyst, wherein HDO activity suddenly increased above 300°C.
They proposed the mobility of NbOx causing pinhole defects in the otherwise pristine oxide
coating that enabled cresol access to underlying Pt sites, at which HDO occurred. In both cases,
it seems oxide mobility and small ensembles may be the key to HDO activity over inverse,

oxide-on-metal catalysts.
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It is worth considering the driving forces behind such oxide rearrangement for
decorated oxide-on-metal catalysts. The work presented in Chapter 3 demonstrates through
ML-DFT that there is an enthalpic driving force behind the preferential decoration of WC Pt
sites by reduced WOy species and that meta-stable states with UC Pt occupation by WOy are
unlikely to form even at elevated temperatures. Thus, it is unlikely that enthalpy alone can
explain the reorganization of WOy, unless this reorganization occurs solely on WC Pt sites. For
instance, ML-DFT models did not explore the effects of increased WOx coverage in depth,
which may result in the formation of extended agglomerates of WOx which reorganize into 3D
structures maximizing WOx-WOy interactions (pseudo-nanoparticles) compared to 2D WO,-
Pt interactions.

However, overall enthalpic drivers could be the explanation if we include the influence
of adsorbates on the re-organization energetics. For instance, in the case of CO TPE
experiments, the enthalpic penalty associated with removing WOx from its preferred location
on the Pt surface could be offset by the adsorption energy of CO to Pt, which is relatively high
at ~140 kJ/mol, depending on coverage®’~°. Similarly, under HDO conditions, the adsorption
of aromatic species and oxygenates is known to occur strongly (~100 kJ/mol®®-62) to the surface
of metal nanoparticles, offering yet another source of enthalpic driving force to restructure
oxide domains on metal surfaces, even under reducing conditions where decoration is predicted
to be stable.

On the other hand, entropy might similarly influence the organization of WOy at
elevated temperatures, especially in the case of partial decoration where both undecorated and
decorated sites exist. While the effects of enthalpic stabilization may overcome entropic

considerations at low temperatures with respect to overall free energy, the temperature-
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dependence of entropy may favor the disorganization of oxide domains at sub-monolayer

coverages at higher temperatures, irrespective of the adsorbate environment.

2.3.3 Micro-TAP Reactors

While steady-state flow reactors exhibiting near-ideal plug flow are the workhorse of
the kinetic experimentalist today due to their ease of operation and analysis through known
models, such steady-state approaches exhibit limitations in the identification of mechanisms
involving rapidly consumed intermediates, which are often invisible to these techniques. While
operation at a range of conversions can often assist in elucidating these pathways for steady-
state flow reactors, there are additional challenges operating at low conversions related to
signal-to-noise in the analytic technique employed, typically either mass spectrometry or gas
chromatography, or a combination of the two. In both cases, the presence of a steady-state flow
of reactant and inert can obscure the signal associated with minority intermediate species.
Additionally, the macroscopic scale of these reactors means that residence times are typically
high enough that multiple gas-solid interactions may presumably take place throughout the
length of the reactor, making it challenging to assign single-reaction events versus products of
multiple reaction steps. Of course, in the context of HDO, this assignment of the reaction
pathway continues to be a challenge. While a bulk of the mechanistic studies available point
towards deoxygenation proceeding through a single, direct deoxygenation step over MOx/Pt

catalysts>%->

, conclusive evidence remains elusive. Additionally, a number of these studies
investigate conversions much higher than 10%, meaning that discriminating between single

and multiple reaction steps is challenging.
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For the reasons above, non-steady-state or transient reaction techniques offer
significant benefits in regard to complex kinetic networks. Examples of powerful transient
techniques can also be observed in the field of characterization, where steady-state isotopic
transient kinetic analysis (SSITKA®%%) and modulation excitation spectroscopy (MES®6:67)
techniques have been employed, albeit infrequently, to bring a new perspective to challenging
problems in characterization such as the identification of spectator species in operando studies.
However, typically, the analysis and modeling of transient reactions of heterogeneous catalysts
is an intractable problem, limiting the application of such transient techniques to quantitative
reaction kinetics.

Transient analysis of products (TAP) reactors, more frequently microreactors
employing TAP fundamentals (micro-TAP), offer an operational reactor architecture
facilitating both transient kinetic information and relatively facile quantitative analysis and
modeling® 7!, In TAP reactors, pulses of reactants are introduced to small catalyst beds such
that the number of reactant molecules is typically smaller than the number of active sites
present on the catalyst surface. In between pulses, no convective transport is provided, unlike
in a flow system, meaning that molecule transport is primarily driven by Knudsen-like
diffusion. This diffusional transport is easily modeled, and any deviations from the ideal
Knudsen model can often be ascribed directly to reaction events. The exposure of such small
quantities of reactant molecules also means that signal-to-noise ratios for TAP reactors are
much higher than that of steady-state flow systems, enabling the confident identification of
even minority intermediates. Essentially, micro-TAP reactors enable the sensitivity typically
reserved for UHV and surface science experiments to be employed over realistic, powdered

heterogeneous catalysts.
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Recently, micro-TAP systems have been reported for the identification of structure
sensitivity in the CO oxidation of Pt, identifying the oxidation of CO adsorbed atop well-
coordinated Pt sites as the kinetically faster step compared to adsorbed O’s reaction with CO
bound to under-coordinated sites’>"3. Interestingly, though only one catalyst was needed to
achieve this information using this micro-TAP reactor (2 nm Pt/SiO>), similar information
could only be obtained in steady-state flow reactors through the use of multiple, size-varied Pt
nanoparticles as has been previously reported.

A similar approach could be utilized to study MOx/Pt catalysts for HDO in micro-TAP
reactors to identify the reactivity occurring over well-coordinated and under-coordinated sites
as a function of both oxide coverage and H, availability. Presumably, the use of low H»
concentrations during pulses, or a pre-saturation with a known amount of Hz, could be used to
modulate the activity towards hydrogenation, facilitating the deconvolution of deoxygenation
away from hydrogenation, if the deoxygenation reaction pathway was not intrinsically
connected through hydrogenated products. Additionally, the pulse broadening of products can
be used to qualitatively assign products with more intermediates, as those with greater numbers
of intermediate species typically exhibit longer surface residence times, leading to broader
signals in analysis. Combining these approaches with the characterization techniques described
in this dissertation would clarify on a kinetic basis the role of oxide modification on

heterogenous MOy/Pt catalysts.

2.4 Outlook and Future Direction: Impacts of this Work

A necessary step in the performance of fundamental research is the critical and honest

assessment of the utility of the results. The work in this dissertation points towards the

220



influence of extended metal surfaces, exhibiting a high fraction of well-coordinated sites,
facilitating the deoxygenation of phenolic substrates, moderated through the decoration of
these surfaces with reducible metal oxides. While the catalysts achieve desirable activity, it
must be noted that the catalyst architecture described throughout most of this dissertation, that
is, MOy/Pt/Si0O;, exhibits considerable shortcomings that will likely inhibit the commercial
adoption of such a catalyst.

The zeitgeist of catalysis research today is atom efficiency’: in a global environment
where catalytic metals are simultaneously exceedingly valuable and rare, a primary design rule
should be that proposed catalysts utilize every atom to the maximum of its catalytic ability.
Such design is both sustainable economically and environmentally, as the extraction of
catalytically active metals is traditionally an environmentally ravaging process, occurring
predominantly in regions with concerns about human rights violations and systemic
exploitation. In considering this framework for proposed catalysts, it is perhaps not much of
an exaggeration to state that the Pt wires explored by Humphrey Davies for hydrogen oxidation
in 1823 would constitute only marginally worse atom efficiency than the catalysts employed
in this dissertation. The importance of well-coordinated sites for reactivity described
throughout this dissertation dictates that larger particle sizes must be employed in the absence
of the stabilization of non-equilibrium shapes which may theoretically exhibit a higher fraction
of these sites at smaller sizes. However, the movement towards atom efficiency in catalysis has
propelled fundamental research in the opposite direction of large nanoparticles, instead
focusing on the development and exploration of single atom catalysts, which in theory
represent the maximal atom efficiency possible for a given catalyst structure. The Pt

nanoparticles most frequently studied in this dissertation of ~10 nm in size contain only 10%
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of their atoms on the surface for reactivity, representing a waste of 90% of the Pt atoms utilized
in the system. This does not even take into account the additional Pt atoms decorated by
reducible metal oxides in modified versions of this catalyst. It is likely accurate to estimate that
upwards of 95% of the Pt atoms utilized in this research served no purpose for the sake of
catalysis. Such waste of a costly component, with Pt prices reaching prices of over $USD
30,000/kg, is likely impractical in every application save for the most profitable catalyst
utilization imaginable, of which biomass valorization to aromatics is not one. However, more
careful evaluation of the economics of such a catalyst is required”’%, considering that catalysts
in industry are often leased, and the catalytic metal recovered and re-used at the end of each
lease period.

While this does not in any way lessen the fundamental value of exploring this system,
it does demand that this fundamental knowledge be employed in a different direction for future
endeavors. Indeed, there have been some studies already that explore these modified catalysts
formulated with earth-abundant substitutes for Pt such as Ni’’-7°, Fe8%8! and Cu®*%.
Additional fundamental research will be needed to assess whether the conclusions reached for
the Pt-catalyzed system can be translated to these burgeoning materials. If these materials
cannot in their own right achieve comparable reactivity to the Pt-catalysts reported to date,
then additional avenues must be explored for the reduction of Pt utilization. It has already been
reported that Pt single atoms do not exhibit activity for HDO?*®, and the bulk of the work in this
dissertation seems to suggest that small nanoparticles are also ineffective for HDO, regardless
of oxide modification. Other approaches could include bimetallic nanoparticles to dilute the
concentration of Pt. Most ideally, one might imagine a core-shell nanoparticle utilizing an

earth-abundant core that spontaneously enriches the surface with Pt due to surface energy and
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adsorbate effects, both of which have some degree of support in current bimetallic literature.
This would enable the use of large nanoparticles at significantly lower cost, though the waste
of even earth-abundant metals in the core of large nanoparticles remains undesirable, if
justifiable. In conclusion, continued research along the directions discussed here, building
upon the work described throughout this dissertation, may realize sufficient catalytic activity,
selectivity, and stability to justify the development of a biorefinery model utilizing lignin as a

critical feedstock for the production of BTX aromatics.
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Appendix A: Evaluation of Penetration Depth for DRIFTS: Consequences

for Quantification and Analysis

A.1 Introduction

Optical spectroscopies are essential tools for the characterization of solid-state
materials'. In particular, infrared spectroscopy finds broad utilization due to its low cost,
simple instrumentation, and ability to probe a broad range of chemically important
functionalities in the near-IR, mid-IR, and far-IR regions*?®. Infrared spectroscopy, which
almost ubiquitously indicates Fourier transform infrared spectroscopy (FT-IR) in modern
instruments, can be broken down into a range of categories based on the means by which the
infrared light is exposed to the sample of interest, including transmission, diffuse reflectance
(DRIFTS), and attenuated total reflectance (ATR), though other techniques exist for unique
sample requirements®-1°.

In addition to selecting the technique most compatible with the sample of interest, it is
equally important to consider the information that is desired. For instance, ATR is typically
employed for the study of samples that require in sifu exposure to a liquid medium, such as
electrochemical cells under operation or operation-like conditions, as other techniques are less
equipped to facilitate light transmission through the liquid medium!!~'4. ATR circumvents this
by operating on the fundamental of an evanescent wave through the sample of interest,
allowing the spectrometer to measure the liquid-sample interface through the sample itself,
allowing the sample to act as the barrier between the spectrometer and the liquid medium. On
the other hand, the transmission mode enables the most direct application of the Beer-Lambert

Law for the quantification of IR absorbance features!>-!7. Thus, the selection of the FT-IR

technique is constrained by the sample, environment, and desired information.
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In the study of heterogeneous catalysts, where the samples are often optically opaque
or highly absorbing in the IR and visible regions, transmission becomes challenging, requiring
sample preparation which provides sample wafers thin enough to be at least somewhat infrared
transparent — this understandably comes with challenges. Dilution with an IR-transparent
matrix is possible, such as KBr, though there is some indication that the presence of an
additional matrix can influence spectral features, either through direct electronic interaction
with the sample or the formation of electrical dipoles near the sample!8. ATR is often not ideal
for these samples either, as the infrared beam interacts with only a small fraction of the sample,
providing low signal-to-noise ratio measurements'?.

For these optically non-transparent materials, the diffuse reflectance mode (DRIFTS)
is preferable®!8. In this mode, loose powders are prepared into a bed and subjected to the
infrared beam without further preparation. After undergoing a number of complex optical

phenomena?®-22

such as transmission, absorption, and reflection at each particle interface, a
fraction of the incident light is diffusely reflected back towards the detector after being
captured by an ellipsoidal mirror. The optical design of DRIFTS scattering as well as the ability
to probe optically opaque samples while still measuring an IR signal makes it particularly
attractive for in situ or operando studies of these materials across a range of temperatures,
pressures, and atmospheric compositions?*23.

However, one challenge faced by DRIFTS as a direct result of the optical mode in
which it is conducted is the uncertainty regarding the quantifiability of the information
obtained directly from spectras. Whereas transmission FT-IR is easily analyzed through the

Beer-Lambert Law, the unknown nature of reflection and absorption events in the powdered

beds of DRIFTS samples complicated such analysis, though there have been attempts to
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employ the Beer-Lambert Law to DRIFTS?’. Importantly, the light-matter interactions in the
sample bed are both a function of the sample (absorptivity, index of reflection, particle size,
etc.) as well as the sample preparation (dilution, void fraction, thickness, etc.). The broad scope
of parameters affecting the resulting spectra thus makes reliable quantification a continued
challenge in DRIFTS. Thus, the status quo has typically instructed that DRIFTS spectra not be
used for inter-sample quantification, though intra-sample quantification by the comparison of
two or more spectral features is accepted®® > and broadly used to estimate phenomena such as
surface reaction kinetics.

One metric that is significantly impacted by the above sample characteristics is the
depth of penetration of the infrared light. Generally, DRIFTS is not considered a surface-
sensitive technique because the penetration depth of light has been estimated to be on the order
of 50-100 um into the sample itself>! -3, Interestingly, this penetration depth estimate seems to
be specifically for the case of mid-IR DRIFTS, which is the most common wavelength utilized
for IR spectroscopy. However, other reports have been made in the near-IR regime, at a shorter
wavelength than mid-IR, wherein experimental data pointed to DRIFTS penetrating only 1 or
2 particle diameters into the sample*®. However, these estimates for the penetration depth of
light have generally been made for systems with particle sizes greater than 10 um. In this
regime, the particle sizes are around the same order of magnitude as the incident infrared light
(~5 um), lending itself to unique scattering behaviors. The two-flux Kubelka-Munk theory,
which is the most frequently employed theoretical approach to the scattering of light in
DRIFTS and is thus frequently used for semi-quantitative DRIFTS®7-, implicitly assumes that
the powder is composed of particles much larger than the wavelength of light*’. However, little

is known about the light-matter interactions in the case of modern catalytic materials, which
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exhibit particle sizes far smaller than the wavelength of light in DRIFTS*, calling into question
the applicability of Kubelka-Munk theory to these systems.

Considering that Kubelka-Munk theory likely cannot capture the scattering behavior of
modern nanomaterials, it is reasonable to believe a priori that the penetration depth for these
materials may be significantly different than original assumptions for DRIFTS which were
built on studies of micron-scale pigments and crystallites. Moreover, there have been some
analyses recently that have brought into question the penetration depth during DRIFTS
analysis. Our lab has previously reported on the study of CO binding energy to Rh single atom
species on Rh/Al>O3 catalysts and found that temperature-programmed desorption (TPD)
during DRIFTS enabled CO binding energy estimations in good agreement with theory*!.
However, CO re-adsorption is a known challenge during TPD experimental methods which
probe greater than ~20 micron sample beds*’. These results consistently suggest that the
penetration depth of DRIFTS for these samples is less than previously thought. Results from
other authors have pointed to similar results. To date, though, the development of a material
architecture that enables the measurement of DRIFTS penetration depth has been challenging,
typically relying on pressed wafers akin to transmission measurements which clearly have
experimental limitations in thickness. For instance, the study of CexZr1xO2 materials utilized
a similar method to estimate penetration depth during DRIFTS analysis, resulting in a
minimum wafer size of 500 nm*. Considering that this is still two orders of magnitude larger
than the primary particle sizes employed in previous work on Rh/Al,Os catalysts*!, a new
method was required.

Herein, this work reports on the development of a drop-cast film methodology to

carefully mediate the thickness of a particle-based film atop a standardized pressed powder

232



pellet. Pt/SiO; catalysts are pressed into a pellet and CO probe molecule DRIFTS is used to
measure the penetration of DRIFTS light reaching the pellet. To simulate the penetration of
DRIFTS light into a powder bed, powder films are drop-cast atop the pellet at varying
thicknesses and the resulting DRIFTS intensity is measured. Since this technique does not rely
on the processing of a wafer or other physically measured material, the film thicknesses
accessible here are much thinner than previously considered. The results from the model
system are then supplemented with additional application-based studies using TPD and
equilibrium isobar experiments to demonstrate that TPD analysis corroborates more
established equilibrium desorption measurements. Importantly, this can only be the case in the
absence of readsorption for strongly binding molecules like CO, supporting a revised
perspective in the penetration depth of DRIFTS analysis for certain systems. The results here
also support the ability to utilize DRIFTS as a means to estimate inter-sample characteristics
such as CO adsorption and explain the good agreement between adsorbed CO peak area and

CO chemisorption for WOy/Pt materials.

A.2 Results

A.2.1 Theory

At its most fundamental, DRIFTS utilizes the scattering behavior of light in powder
beds to irradiate a representative portion of the sample and enable high enough adsorptions of
the irradiant radiation to be measured by a detector. Typically, this scattering of light off of
particles is a complex phenomenon depending on both the incidence direction and material
properties, among other things. At a high level, the scattering behavior can be understood in

terms of three categories which have distinct directional scattering properties relative to the
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particle itself**. The dominant scattering regime for any particle can be broadly defined in

terms of the ratio of particle size to incident light wavelength, or y:

D

_Dp
Y= (1)

In the geometric regime, y >> 1, and particles are far larger than the incident wavelength,
causing light to scatter off of the particle in a direction highly dependent on the geometry of
the particle itself. As particle size shrinks and y approaches 1, the Mie scattering regime better
describes scattering dependence. In Mie scattering, light is predominantly scattered forward
for spherical particles, with a small component of omnidirectional scatter. Further decreasing

particle size towards y << 1 results in a special case of Mie scattering called Rayleigh scattering

DRIFTS Optical Scheme Scattering Regimes

\ T / Rayleigh Scattering (A << 1)

«— —

/ l \ Omnidirectional Flux

Incident Light

v
Mie Scattering (A > 1)

:%/ \%: Directional Flux

Scheme A.1: Schematic describing the magnitude and direction changes of scattering in different
regimes determined by Y, or the ratio of particle size to incident wavelength. For particle sizes
much smaller than the wavelength of light (y « 1), Rayleigh scattering occurs where scattering is
unidirectional. For particle sizes the same size or larger than incident light, Mie scattering
predominates, where scattering occurs primarily in the forward direction. The magnitude of the
scattering anisotropy increases consistently with the increase of y.
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where light is omnidirectionally scattered for spherical particles with no directional
dependence on the incident light. A summary of the scattering behaviors for these two regimes
is summarized in Scheme A.1.

While the exact scattering coefficient, which describes the magnitude of scattering for
incident light, for the Mie regime is computationally intractable for heterogeneous scatterers
such as the powders typically used in the diffuse reflectance experiments relevant to catalysis,

the Rayleigh approximation provides a scattering cross-section for the Rayleigh regime as**:

o (2m)°Dyn? — 1 @
s 3% n?+2

Where o5 is the Rayleigh scattering cross-section, Dy, is the particle diameter, A is the
wavelength of irradiant light, and n is the index of refraction of the scatterer. Considering an
incident infrared wavelength of roughly 5 pm, corresponding to ~2000 cm™! in DRIFTS, the
limit to apply the Rayleigh approximation would be 1/16th the incident wavelength, or in this
case ~300 nm. Importantly, the design of high surface area supports has driven the particle size
of support particles in modern catalytic applications often far below this limit. Thus, one would
expect that particles below ~300 nm in size will scatter light significantly differently in

DRIFTS than particles larger than 300 nm in size, and importantly this scattering effect will
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further depend on the particle size, among other properties such as particle shape and index of

refraction.
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Figure A.1: Dependence of the Rayleigh scattering cross-section on particle size for a selection of 3
difference index of refractions corresponding to academically-relevant catalyst supports which are
typically available as sub-20 nm nanoparticles (SiO,, Al,O3, TiO,). Clearly, there is a strong,
exponential dependence of Rayleigh scattering cross-section on particle size for all particle sizes. A
smaller dependence exists for particle index of refraction.

Using the equation above describing the cross-section of Rayleigh scattering, Figure
A.1 shows the predicted effect of particle size and index of refraction on the Rayleigh scattering
magnitude. It can be seen that there is an exponential influence of particle size on scattering
cross-section, suggesting that particle size is an important consideration when determining the
penetration depth in DRIFTS experiments. Specifically, the decreasing Rayleigh scattering

coefficient with decreasing particle size is suggestive of the fact that with decreasing particle
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size, a larger fraction of the light will undergo different light-matter interactions such as
specular reflection or absorption. One might expect that in the case of the most specularly
reflective surface, such as a mirror, the penetration depth for light would be exceedingly low
as only a minimal fraction of the incident light would scatter or transmit into the next layer of
particles.

Examining Eq. 2 also suggests that particle composition, namely through the index of
refraction, should also influence the extent of scattering for particles of the same size.
Considering the breadth of transition metal oxides used for modern-day catalyst supports, the
effect of altering the index of refraction was also studied using the same approach. For this,
Si02, AbOs, and TiO> were investigated, with indexes of refraction of 1.4, 1.7, and 2.4,
respectively. The results of this model, shown in Figure A.1, show that there is a weaker, but
measurable, effect of particle composition on scattering alone relative to particle size as shown
in Figure A.1.

The assessment above provides a cursory rationale as to why the influence of particle
size must be taken into account when determining the penetration depth during a DRIFTS
experiment. Specifically, modern nanomaterials that exhibit a diminished Rayleigh scattering
cross-section as defined by Eq. 2 likely result in a suppressed depth of penetration of incident
light, demanding a revisiting of experimental penetration depth determination for these
systems. Additionally, the results suggest that particle identity may play a role through changes
in the index of refraction. In order to validate these theoretical trends, an experimental system

was developed using thin oxide films to explore these effects in more detail.
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A.2.2 Model Film System

In order to experimentally validate the results of the theoretical assessment initially
conducted above, a model system was required. However, these results and previous literature
reports have suggested that the penetration depth of DRIFTS can be significantly smaller than
even 100 microns, representing a significant experimental challenge to probe. For instance, in
the work discussed above using CexZrixO> wafers pressed at known thicknesses, the limit of
wafer thickness was set at 100 microns*’. Thus, realistically, a different approach was required
to achieve controllable film thicknesses smaller than this.

For this purpose, drop-cast films were selected. Drop-casting refers to the use of a film
created by the dropwise addition of a solvent to a substrate, wherein the solvent either contains
a suspended particle or dissolved solute*>*®. As the solvent, typically a low-boiling point
alcohol or organic, evaporates from the substrate, the solid or dissolved solute is deposited on
the substrate in a manner that can be controlled by a number of factors, including evaporation
rate, solvent selection, and thermal gradients, among others*’. In the ideal case, drop-casting
can achieve conformal, thin films with thicknesses determined by the deposited species of
interest. In this case, the employment of SiO; nanoparticles as the suspended species in the
solvent allows for theoretical film thicknesses on the order of the diameter of the SiO»
nanoparticles themselves, enabling film thickness control far below the 100 microns previously
studied. Additionally, whereas pressed wafers exhibit a significant change in bulk density
compared to typically prepared powder beds used in DRIFTS, which may influence the light-
matter interactions and scattering path, drop-cast films should in theory deposit in relatively
similar bulk densities to the unpressed powder beds employed commonly in DRIFTS of loose

powders, common to heterogeneous catalysts.
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For the substrate upon which the films of SiO> would be deposited, a material was
needed that might give a strong signal in DRIFTS as a reference, such that the loss of this
signal might be monitored as the film thickness increased, thus giving a quantitative measure
of penetration depth into the film. For this purpose, Pt/SiO: pellets were prepared that fit into
the bed of commercially available environmental cells for DRIFTS (Harrick Sci.) such that CO
probe molecule DRIFTS could be performed on film-covered pellets. CO DRIFTS has the
benefit of being the same probe molecule of interest for a number of studies*'**4°, thus
excluding any wavelength-dependent changes in the penetration depth between model and
realistic catalyst samples, though the results here likely hold for a range of vibrations relevant
to mid-IR DRIFTS, broadly (for example, the wavelength of 1500 cm™ in mid-IR DRIFTS is
equivalent to only 6.6 um, relatively comparable to the 5 um wavelength assumed here).
Additionally, the molar extinction coefficient for CO bound to metal surfaces is relatively large
compared to other analytes®®, increasing the total sensitivity of the method to penetration depth.
Thus, penetration depth as described here may in fact represent conservative estimates that will
change based on the strength of the extinction coefficient in a given system.

A summary of the model system is shown in Figure A.2. The drop-casting procedure
and the resulting pellets used in all subsequent DRIFTS studies are shown in Figure A.2a.
Scanning electron microscopy (SEM) using a back-scatter detector geometry to provide
elemental phase contrast was utilized to assess the general composition and state of the films,
shown in Figure A.2b. It can be seen that although the films are not perfectly conformal, an
appreciable coverage of the underlying Pt/SiO: base pellet is achieved.

Figure A.3a shows the CO DRIFTS spectra taken of base Pt/SiO> pellets loaded into a

DRIFTS cell and exposed to 10% CO/Ar until saturation of the exposed Pt sites as a function
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of drop-cast film thickness using 20-30 nm, spherical SiO> nanoparticles as the scattering film
matrix. The primary feature, corresponding to CO bound linearly to Pt nanoparticle surfaces®'-

33, drops rapidly in intensity with increasing film thickness. This can be further represented by

integrating the total peak area and plotting against the film thickness as in Figure A.3b. It can

Pt/SiO,

Figure A.2: a.) Synthesis of model A@Pt/SiO,, where A represents the desired nanoparticle
composition of the film, allowing for changes to both nanoparticle size and identity b.) SEM image
of the 16 um TiO; film (light areas) on Pt/SiO; pellet (dark areas), showing appreciable, but non-
conformal, coverage of the underlying Pt/SiO; pellet.

be seen that peak area drops exponentially with thickness, as would be expected from the
reflection of incident DRIFTS light by the deposited SiO> nanoparticle film prior to reaching
the Pt/SiO, pellet. This confirms the ability of even the non-conformal SiO film to fully
attenuate the ability of DRIFTS to detect the Pt/SiO: surface at sufficiently thick films.

The same procedure is followed to cast films using spherical SiO, nanoparticles of 200
and 800 nm in diameter to assess the effect of particle size on DRIFTS penetration depth. The
resulting profiles of CO peak area against film thickness shown in Figure A.4a exhibit a stark
particle size effect. The decline in CO peak area is far less severe for films composed of 200

and 800 nm nanoparticles, respectively, indicating that infrared light is able to penetrate the
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film and probe the surface of the Pt/SiO> pellet more effectively. This is consistent with the
greater cross-section of Rayleigh scattering, thus promoting the penetration of incident infrared
radiation farther into the catalyst bed for particle sizes greater than 15 nm. Indeed, in the case
of the film composed of 800 nm SiO» particles, an additional effect may be the influence of
Mie scattering rather than Rayleigh scattering, further providing a directional probe into the

film as shown in Scheme A.1.
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Figure A.3: a.) CO DRIFTS spectra collected for increasing film thicknesses of 20 nm SiO;
nanoparticles atop 6wt% Pt/SiO, pellets. Spectra collected after exposure of the pellets to 10%
CO/Ar until saturation of the surface with CO as measured by DRIFTS, typically greater than 15
minutes. b.) Integrated peak areas of the CO-Pt feature shown in a.), showing that the intensity of
measured CO area decreases strongly with increasing film thickness. CO intensity is essentially
negligible for films greater than 5 pm.

The effect of powder identity is also explored through the drop-casting method as
shown in Figure A.4b. Particle size was kept as close as possible in these experiments, but
nevertheless, there are some differences as SiO2 powder was 20-30 nm in diameter compared
to the 5 nm TiO> and AL,Os3 samples. TiO> and Al,O3 samples were also not spherical, and TEM

images of similar samples indicate more elongated shapes. Nevertheless, CO DRIFTS of
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Pt/SiO; pellets decorated with these oxides show very little trend of oxide identity with
penetration depth, with all oxides behaving similarly to the 20-30 nm SiO: nanoparticles
originally studied. This is consistent with the theoretical model which suggested a small
influence of particle identity (modeled solely as index of refraction changes) on the depth of
penetration. One explanation for this trend could be that changes to the index of refraction are
overshadowed by the stronger effect of particle size. At the limit of small particle size, the
absolute differences in the Rayleigh scattering coefficient become negligible between different
oxides, whereas a greater difference exists for larger particles in this model.
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Figure A.4: a.) Integrated peak areas of the CO-Pt feature as a function of film thickness deposited
on Pt/Si0O; pellets for a range of different oxide nanoparticles representing relevant catalytic
supports. b.) Integrated peak areas of the CO-Pt feature as a function of film thickness deposited on
Pt/SiO; pellets for a range of different nanoparticle sizes for SiO,. The results show a much stronger
dependence of penetration depth as measured by the trends in CO-Pt integrated intensity on particle
size than on particle identity, as predicted by the Rayleigh scattering cross-section.
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A.3 Conclusions

The penetration depth of incident light in DRIFTS is an essential component in
determining the quantifiability of spectral information, particularly in the case of
temperature-programmed desorption techniques where re-adsorption effects can skew
experimental results. To assess the influence of particle size and material identity (i.e. index
of refraction) on the penetration depth in DRIFTS, a model system was developed utilizing
drop-cast films of varying thickness, composition, and particle size on top of a Pt/SiO:
surface to elucidate the influence of each characteristic on the penetration of incident infrared
radiation using CO probe molecule DRIFTS. The model system shows that there is a
significant influence of particle size on the penetration depth of light in DRIFTS, with small
nanoparticles around 20 nm in size significantly attenuating the DRIFTS radiation, resulting
in a minimal penetration depth measured by CO DRIFTS of ~ 5 um. Importantly, this value
is far smaller than the expected length of re-adsorption for CO temperature-programmed
desorption (TPD), suggesting that CO DRIFTS may be an ideal method for the measurement
of CO binding energy through TPD approaches in the case of small support nanoparticles.
The model system shows that the penetration depth of DRIFTS increases with increasing
particle size, as predicted from the theoretical Rayleigh scattering cross-section dependence
on particle size. However, there appears to be a weaker influence of particle identity, or index
of refraction, on the nature of light scattering here. Although a weaker influence was
expected using the theoretical Rayleigh scattering cross-section alone, the lack of
experimentally measurable effect of particle identity may stem from differences in the index
of refraction for nanoparticles compared to the bulk components, shape effects, or differences

in particle size distribution. Overall, it is shown that for sub-20 nm nanoparticles, the
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penetration depth of DRIFTS is smaller than has been previously reported, underscoring the

importance of considering particle size when designing DRIFTS experiments.

A.4 Methods

A.4.1 Film@Pellet Model System

The base 6wt% Pt/SiO» catalyst was described as was done in other chapters of this
dissertation, described again briefly here. The desired amount of 15-20 nm spherical, non-
porous SiO; (USNano) was dispersed under vigorous stirring in a volume of deionized water
(Sigma) that had been adjusted to pH ~10 through the addition of NH4OH (Sigma). To this, a
5 mL aqueous solution of the desired amount of tetraamineplatinum nitrate (TAPN) was added
rapidly to reach the desired weight loading, in this case, 6% by mass of the initial silica. The
combined SiO; and TAPN solution was allowed to stir without heating for 30 minutes to ensure
homogeneity before the temperature was increased to 80°C. Stirring was continued until all of
the solution had evaporated. The resulting powder was collected and placed in an oven
overnight at 110°C to dry. Final catalysts were prepared by calcining the dry powder under 50
sccm dry air (Airgas) at 600°C for 6 hours in a tube furnace.

To create pellets from the synthesized 6% Pt/Si0O: catalysts, the prepared catalyst was
first pressed and sieved between 100 and 250 mesh. To this, 50% by mass of
hydroxypropylcellulose (Sigma) was added to act as a binder. The catalyst/cellulose mixture
was then ground by hand using a mortar and pestle to distribute the cellulose well amongst the
catalyst powder. Attempts to press catalyst pellets in the absence of a binder resulted in
structurally weak pellets that often flaked and otherwise degraded during handling, which was

undesirable for this model system. The prepared catalyst/cellulose mixture was then pressed
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into pellets in a 7 mm diameter die under a Carver press at 4 metric tons of pressure. The
resulting pellets were cylindrical and structurally sound, with diameters of 7 mm and heights
of ~3 mm.

For the drop-casting of films onto the pellets, anhydrous ethanol (Sigma) was used as
the solvent carrier for nanoparticles. Typically, 5 mL of anhydrous ethanol was placed in a vial,
to which a known mass of nanoparticles was added, depending on the desired film composition
and thickness. Nanoparticle concentrations were calculated by dividing the total surface area
provided by the cylindrical, 7 mm pellet by the projected 2-D surface area of the nanoparticles
of a given diameter. The mass of nanoparticles contained in this ideal film was then calculated

as follows:

MPartiCle = PBulk VParticle NParticle

Where pg.i is the bulk density of the nanoparticles being used, Vparicie is the spherical
volume of the nanoparticles based on their diameter, and Nparicle is the number of particles in a
monolayer calculated as described above. This obviously assumes a packing density that
cannot be realistically achieved but gives a first approximation of the powder concentrations
that were needed for a given film. Powder thicknesses were similarly approximated by dividing
the desired thickness by the diameter of the nanoparticles themselves, providing an
approximation for the number of monolayers (ML) of nanoparticles needed to form films of
the desired thickness. For film deposition, a single 20 uL drop of nanoparticle suspension was

used. The final concentration of nanoparticles in the ethanol solution can then be described as:
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CNP — IAl;artlcle ML
Drop

Films were drop-cast by placing the pellets on hot plates under gentle heating to assist
in the rapid evaporation of solvent, which has been shown previously to assist in the formation
of conformal films free from the “coffee-stain” effect, where transport effects during solvent

evaporation can cause accumulation of suspended species at the edges of the substrate.

A.4.2 CO DRIFTS: Film Models

For all spectra described in this section, infrared measurements were carried out on a
Nicolet iSS0R FT-IR spectrometer equipped with a Praying Mantis Diffuse Reflection
Accessory (Harrick Scientific) and a High-Temperature Reaction Chamber (Harrick Scientific)
fitted with a thermocouple in the catalyst bed. Ar (99.995%), Oz (99.50%), 10% CO/Ar, and
10% Ha/Ar were purchased from Airgas and used as received.

For CO DRIFTS measurements taken of the film model pellets, pellets were first loaded
into the sample cup of the Harrick reaction chamber and flushed with Ar at 50 sccm for 30
minutes. After this time, a background was collected without further pre-treatment. Though in
situ reduction is a typical step performed elsewhere in this dissertation, the presence of the
cellulose binder in the pellet formulations prevented the heating of the pellet due to concerns
about cellulose degradation and possible contamination of the Pt nanoparticle surface. As
shown, CO DRIFTS spectra can be successfully collected in the absence of a reduction step.

Since structural information about the Pt is not being derived from this study, but rather, the
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CO-Pt signal is only acting as a reporter on the penetration depth of DRIFTS analysis, the
reduction step is not an integral component.

After purging in Ar to remove air from the high-temperature chamber, pellets were
exposed to 10% CO/Ar until saturation coverage was achieved, monitored by the continuous
collection of DRIFTS spectra during this time. Saturation times were typically greater than 15
minutes but sometimes extended to as long as 30 minutes in the case of pellets with more
substantial film thicknesses. This difference in saturation time is attributed to the diffusion of
CO through the porous film to adsorb on Pt nanoparticles, highlighting that the presence of the
film does not entirely inhibit the adsorption of CO to the pellet surface. After saturation
coverage was reached, the gas-phase CO signal was purged by Ar and a final spectrum was

collected of the pellet.
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