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Abstract: Metal-support interactions are important in the design of supported metal catalysts.
Recently, catalysts containing Pt nanoparticles and reducible transition metal oxides (WOx, NbOx,
TiOx) have been demonstrated to exhibit remarkable selectivity to aromatic products in
hydrodeoxygenation (HDO) reactions for biomass valorization, contrasting the undesired aromatic
hydrogenation typically observed for metal catalysts. However, the active structure responsible for
the enhanced catalysis remains unknown. Here, theoretical and experimental analyses are
combined to explain the observed HDO reactivity by describing the organization of reduced WOx
domains on Pt surfaces at sub-monolayer coverage. The SurfGraph algorithm is used to develop
DFT models that capture the configurational space (~1000 configurations) of a W30O7 trimer on
stepped Pt surfaces. ML-DFT models predict preferential occupation of well-coordinated Pt sites
(=8 Pt coordination number) by WOx and identify structural features governing WOx-Pt stability.
WOx/Pt/S10: catalysts are synthesized with varying W loading to test the theoretical predictions
and relate them to HDO reactivity. Spectroscopy- and microscopy-based catalyst characterization
identifies the dynamic and preferential decoration of well-coordinated sites on Pt nanoparticles by
reduced WOx species, consistent with theoretical predictions. The consequences of this preferential
decoration on the HDO of dihydroeugenol (DHE), a lignin model compound, are clarified. The
modifying effect of WOx decoration on Pt nanoparticles for HDO involves WOx inhibiting
aromatic ring hydrogenation by preferentially blocking well-coordinated Pt sites. The
identification of preferential decoration on specific sites of late transition metal surfaces by
reducible metal oxides provides a new perspective for understanding and controlling metal-support
interactions in heterogeneous catalysis.

Keywords: Density functional theory, Graph theory, Machine learning, Catalysts,
Hydrodeoxygenation, Restructuring, Platinum, Tungsten, Structure-activity relationship



Accepted Manuscript
Version of Record at: https://doi.org/10.1021/jacs.4c00931

Introduction

Metal nanoparticles stabilized on oxide supports are ubiquitous heterogeneous catalysts for
chemical conversions. One particularly interesting class of supported metal catalysts is Pt-group
metal nanoparticles supported on reducible transition metal oxides, where strong chemical and
physical metal-support interactions can mediate reactivity. For example, Tauster ef al. in the late
1970’s used Pt/TiO2!? to highlight changes in reactivity and chemisorption capacity in response to
high-temperature (>500°C) treatments in H2 atmospheres that are reversible through re-oxidation
by O2. The reducible support was shown to play a crucial role in the observed behavior, deduced
by comparison to irreducible Pt/Al2O3 and Pt/Si102 catalysts, earning this phenomenon the title of
“strong metal-support interaction” (SMSI). Extensive work since then has identified the dynamic
formation of reduced oxide overlayers on the metal surface®®, thought to be driven by a reduction
in surface free energy’, resulting in altered catalytic activity and chemisorption capacity due to
formation of an oxide overlayer blocking metallic sites and the introduction of new oxide-metal
interfaces.

Recently, a new class of analogous materials deemed “inverse catalysts” have been reported®'2.
These materials are composed of unsupported or irreducible (e.g. Al2O3, C, Si02) oxide-supported
metal nanoparticles onto which reducible (Fe3O4, TiO2, 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*!3-15, with an important application being hydrodeoxygenation (HDO) of lignin-derived
monomers towards biomass valorization!®!3, For example, inverse catalysts such as WOx/Pt/C
and NbOx/Pt/MgAl2O4 achieve >98% selectivity to desirable deoxygenated aromatics, in stark
contrast to their unmodified analogues 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 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.

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
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oxide domains at specific locations on metal surfaces?>-2°. 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 has limited applicability to the
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 W3O~ 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 WOx overcoating domains on Pt nanoparticle surfaces in heterogeneous inverse
WOx/Pt/Si02 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.

Results and Discussion
Computational WOx/Pt Model and DFT Analysis

To theoretically assess the organization and structure of sub-monolayer domains of WOx on Pt
surfaces, a W307 trimer model was considered on a range of Pt surfaces, as shown in Figure 1a.
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, <7 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 (Figure S1). The two different step models, Pt(221) and
Pt(553), are chosen to understand the effect of terrace width on WOk stability. Based on a recent
phase diagram analysis of WOx domains on Pt(111)*, W307 is considered a representative model
structure for reduced WOx 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 WOx growth and
organization as observed for W307, and thus, we focus on W307 on Pt surfaces, though
experimental systems likely exhibit a range of WO« structures (see Figures S2-S3). A modified
SurfGraph algorithm was utilized to estimate all possible (~1000) unique configurations of W30~
on the Pt step model surfaces*32, as summarized in Figure 1a. 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 W30O7 trimer (Figure S4). The framework utilized
to generate structures is discussed elsewhere’>*, and its adaptation is detailed in the methods
section.
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Figure 1: 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)

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
1b. The most stable W30O7 structures (green bars in Figure 1b) preferentially adsorb on Ptwc sites
on the terrace adjacent to the Pt step edge, enabling a bond between O of WOx and Ptuc sites at
the step edge. The distances between W in adjacent periodic images is at least 4.75 A, suggesting
minimal interaction and influence of computation cell size (Figure S5). Interaction between O and
Ptuc sites is typically more favorable than interaction with WC Pt sites by 0.2-0.3 eV, hence
predicting WOx growth initiating at step edges**°. Projected DOS for W307/Pt(553) exhibits
features between WO3 and WOz, suggesting W oxidation states including W**, W3*, and W¢*
(Figure S6). 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-Ptuc 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 Ptuc sites or WOx oriented across the step edge. Applying a
Boltzmann distribution to the Pt(553) structure histogram in Figure 1, practically, only structures
within 0.1 eV of the most stable structure will be accessible (Figure S7) under relevant conditions
assuming the facile surface diffusion of oxide oligomers on metals?*°. While Pt(553) provides
insight into the structural motifs of WOx organization on the Pt surface, machine learning modeling
was also employed to identify the dominant features that dictate W3Oy stability.

Characteristic Features via Machine-Learning

The DFT calculated energetics and structures for WOx/Pt configurations on all three Pt model
surfaces were combined into a single dataset. Ten geometric features, shown in Table 1 below,
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were calculated for each configuration to train a machine learning model (XGBoost) against the
respective DFT energy37-33.

Table 1
# of
Name Range
g Values
Z-Height above Pt surface 2
for each W atom in W307 2u# =4 ¢
Coordination number of Pt
for each Pt-W bond CNws 7= s
Pt-O Bonds Pt-O 0-2 1
Z-Height of W-O-W pairs o
grouped by bond angle AZy U= 2
W-O-W bond angles Owow 120°-170° 1
Total Features 10

Table 1: Features and parameter ranges used in the
XGBoost modelling of WOx/Pt(553) structures.

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 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 W30y 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 2a-b shows the model training and testing. The black dashed lines represent
the parity line and the red dashed lines 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 2¢*.
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Figure 2: XGBoost model predicting dominant geometric features driving stability of WOx 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.
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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-Ptuc bond(s), and (ii1) the
Z-height of the W atoms with the largest W-O-W bond angle. Features (i) and (ii) together
showcase the stability of W atoms on Ptwc sites in the concave region close to the Pt step edge that
maximize the interaction of O with Ptuc sites, while avoiding direct interaction of W with Ptuc.
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’**°. 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 WOx
is ~ 3.3 A% resulting in a buckled garland-like W3Oy structure along the step edge (see most
stable structure in Figure 1b). 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 WOx on Pt. Structures with large W-O-W angles,
arising from one W atom present on top of a Ptuc site and the other in the concave region (shown
in Figure 1b as unstable structures), are less stable compared to ones with a smaller W-O-W bond
angle (Figure 1b stable structures). However, intuiting the effect of W-O-W bond angle on the
formation energy of WOx is challenging to do manually and showcases the ability of ML-based
methods to provide physical insights from 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 decorating by WOx on
the terraces of Pt nanoparticles, with Ptuc sites being only partially decorated by interacting with
and anchoring the O of WOx.

Heterogeneous WOy/Pt/SiO2 Catalyst Characterization

To analyze the computationally predicted, site-dependent decoration of WOx on stepped Pt
surfaces, heterogeneous inverse WOx/Pt/S10: catalysts were synthesized. A Pt/SiOz catalyst was
prepared via a modified strong electrostatic adsorption (SEA) procedure at 6% Pt weight loading*~
47_Si0O2 was chosen as the catalyst support material due to its inactivity in HDO*%°, 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/S10: catalysts exhibited an average Pt particle diameter of 11 = 6 nm as measured by HAADF-
STEM (Figure S8). This particle diameter was intentionally selected to align with the metal particle
sizes of inverse oxide-on-metal materials previously studied in literature that exhibited notable
performance in HDO of phenolics'®!7. Additionally, no clusters or single atom Pt species could be
identified by HAADF-STEM, nor any other characterization technique employed and discussed
later, highlighting that all Pt-based reactivity can be attributed to nanoparticles.

WOx was deposited via wet impregnation of the Pt/SiOz 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/SiOz catalysts will be referred to as xXW6Pt, where x is equal to the
weight loading of W. Stepwise preparation of WOx/Pt/Si02 catalysts enabled the development of
catalysts with varying W loading and consistent Pt particle size distributions, which was essential
to determine the role of WOx overcoating of Pt on catalyst performance. HAADF-STEM images
collected of 0.1W6Pt indicate that the average Pt particle size remains unchanged after WO«



Accepted Manuscript
Version of Record at: https://doi.org/10.1021/jacs.4c00931

deposition steps (Figure S9-10). This synthesis procedure differs from inverse catalysts prepared
via atomic layer deposition in that, here, WOx 1s deposited uniformly over the surface of the SiO2
catalyst, without preferential deposition on Pt nanoparticle surfaces. HAADF-STEM imaging of
as-prepared 6W6Pt (Figure S11) shows that WOx is observed both as isolated monomeric W
species on SiO2, as well as densely-packed WOx 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 WOs particles>®>!. The structures observed in HAADF-STEM are also consistent
with UV-VIS measurements of the as-prepared WOx/Pt/S102, which exhibit edge energy consistent
with the existence of monomeric and polymeric WOx species (Figure S12).

HAADF-STEM imaging of 6 W6Pt shows no evidence of WOx decoration on Pt surfaces in the as-
prepared materials following calcination in oxygen that is required to form WOx from the precursor
(Figure 3a). This demonstrates that under the oxidative conditions of catalyst synthesis (i.e.
calcination), WOx domains deposit on the SiO2 support rather than the Pt surface. This is either
due to the significantly higher surface area of the SiO2 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%").

c.) . :

1 nm
!d.)- Pt "’
1 nm

' /

= ° ' ! I;)istanuj‘(nm) ; ‘ :
Figure 3: 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.
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To explore the response of catalyst structure to reducing conditions, the as-prepared 6W6Pt was
reduced in 10% Ha2/Ar at 325°C for 1 hour and then analyzed ex-situ 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 3b and Figure S13, indicate noticeable changes to
the surfaces of Pt nanoparticles induced by H2 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 WO«/Pt/Si02 materials following calcination, as well as the use of low beam currents
during STEM imaging (<20 pA).
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To confirm the composition of the overlayer observed in ex-sifu imaging of reduced 6W6Pt, EDS
was performed (Figure 3c-e). EDS demonstrates the presence of W and Pt in close proximity at
the outer edge of the imaged particle (Figure 3d), 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 SiO2 support existing below the edge of the Pt
nanoparticle. Integration of the EDS results (Figure 3d) shows that the W signal increases along
with Pt signal, also supporting the close interaction of these two domains. The peak maximum of
W signal prior to the significant increase of 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®2. Thus, ex-situ HAADF-STEM results identify that WOx overlayers form on Pt particles
during reductive pre-treatments via WOx mobilization from the SiO2 support to the Pt surface.
However, futher structural information as to the dynamics, extent, and structure of WOx decoration
cannot be assessed via STEM alone due to the use of ex-sifu measurements and the lack of
statistically relevent sampling.

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 S14). However, CO does facilely reduce PtOx
through CO oxidation to COz2, 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 WOx/Pt/Si0O2 catalysts with Pt/SiO2, as the reductive H2 pre-treatments typically
used in the characterization of Pt/SiO2 catalysts would have resulted in the formation of WOx
overlayers on Pt in WOx/Pt/S10z. After CO treatment, 6 W6Pt was then reduced under 10% H2/Ar,
as in the HAADF-STEM experiments. Finally, the reversibility of observed changes was explored
by conducting a second oxidation step. With the exception of the so-called oxidative SMSI state>>~
37, wherein catalyst overlayers remain stable under O2 atmospheres (typically at elevated
temperatures), oxidation is expected to return the catalyst to the initial state exhibiting oxidized
WOx domains on SiO2 and no WOx coverage of Pt'-2,



Accepted Manuscript
Version of Record at: https://doi.org/10.1021/jacs.4c00931

a.) — (o, b) — (Mo,

— (40, — (40,

Normalized Absorbance
Absorbance

0.05[

I ' I ' I N I N 1 I N I T T T 1
200 400 600 800 1000 2150 2100 2050 2000
Wavelength (nm) Wavenumber (cm™)

Figure 4: 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 Oz. CO reduction conducted at
225°C for 1 hour under 10% CO/Ar. Hz reduction performed at 325°C for 1 hour under 10% H2/Ar.

Figure 4a 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 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 PtOx reduction to a metallic Pt
phase’®. After Ha 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®”%?. Recent work has suggested that the absorption stems from intervalence charge
transfer (IVCT) of mixed valent W-O-W pairs (e.g. W3*-O-W®")51.62_ Deconvolution of this broad
absorbance is suggestive of the presence of predominantly W3 species after this step (Figure S15),
though the relative cross-sections of these two absorption bands have not been reported, preventing
confident quantification of the two species through UV-Vis. The second oxidation step eliminates
this 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.

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
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preferential site decoration by WOx on the terrace regions of Pt, insights into the nature of exposed
Pt sites are essential to understand the location of WOx overlayers on Pt surfaces, particularly for
sub-monolayer coverages.

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 4b) show similar trends to the UV-
Vis results in regard to 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?”:9667  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 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®*7°, 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’">.

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?’-’%. 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 WOx 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/Si0: taken after reduction in H2 (Figure 5a), 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 H:-reduced Pt/SiO2 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 ¢m’!, 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 H2
atmosphere”’.

The CO DRIFT spectrum of 6W6Pt changes in shape and intensity after Hz treatment and CO re-
adsorption to saturation coverage at 30°C. The loss of adsorbed CO intensity after H2 treatment is
consistent with the loss of Pt sites available to adsorb CO due to reduced WOx overlayer formation,
which were 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 em’!, which are assigned to CO bound to WC and UC Pt sites, respectively, that remain after
WOx 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

10



Accepted Manuscript
Version of Record at: https://doi.org/10.1021/jacs.4c00931

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
1s 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 WOx reduction evidenced by UV-Vis spectroscopy, the decoration
of the Pt surface by WOx 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 after H2 reduction
(Figure 4b). As alluded to previously, however, the relative peak areas associated with CO
adsorption on WC and UC sites changed between CO and H2 pre-treatments. Specifically, 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 WOx species more effectively decorated
WC sites than UC sites. This trend is opposite 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®78,

To explore this in more depth, a series of WOx-modified catalysts were synthesized from the same
Pt/S10:2 catalyst in the range of 0-6 wt% W. Moderation of W loading enabled control over the
amount of WOx overlayer formation on the Pt surface after H2 reduction. CO DRIFT spectra of
the WOx/Pt/Si02 materials with varying W loading following H2 reduction are shown in Figure
5a. As discussed previously, the CO probe molecule DRIFT spectrum of the 6% Pt/SiO> catalyst
without WOx modification following Hz reduction is qualitatively similar to the CO-reduced
WOx/Pt/Si02 shown in Figure 4b, 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 5a compared to that shown in Figure 4b due to differences in pre-treatment
conditions between the two spectra.

Strikingly, CO DRIFT spectra of materials with increasing WOx loadings following Hz 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 WO« 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 WOx decoration on the Pt surface (Figure 5b). Deconvolution results for all
materials and parameters can be found in Figure S16 and Table S1, respectively. 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®78, The relative molar
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extinction coefficient was used to determine the fraction of adsorbed CO residing on WC and UC
Pt for each WOx/Pt/SiO2 catalyst following H2 reduction. Figure 5c 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 WOx after Hz reduction.
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WC2
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\ — uc2
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Figure 5: a.) CO DRIFTS spectra of various W loadings on 6% Pt/SiOa. Spectra were collected at 30°C. Catalysts were first
oxidized at 400°C for 1 hour in UHP O2 before reduction in 10% Ha/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/SiO2 using 4 features, 2 for
each WC and UC feature. c.) UC site fraction determined by Gaussian fits of each WOx/Pt/Si0> catalyst.
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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 1s assigned to decreased dipole-dipole coupling on Pt terraces due to the presence of WOx
on these sites, consistent with WOx 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 WOx
decoration, the CO stretch red-shifts. Analogous shifts have been observed for both alloyed
materials (CuPt) and isotopic exchange experiments between '?CO and '3CO, which don’t
vibrationally couple, highlighting that decreased effective CO coverage on WC sites caused by
WOx addition results in a red-shift the CO stretching frequency’. On the other hand, the blue-shift
of the feature associated with CO adsorption on Pt UC sites (Figure S17) cannot be ascribed to
decreased CO coverage. In general, CO bound to UC sites exhibit 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/WOs catalyst
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synthesized for comparison demonstrates that Pt sites near WOx are blue-shifted compared to their
Pt/S102 analogues due to this electronic (charge transfer) effect (Figure S18).

The suspected electronic interaction of WOx with UC Pt sites can be further understand by
modelling CO adsorption for the most stable W307/Pt(553) model and a pure Pt(553) surface, as
shown in Figure 6a. 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
W307. 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 6a, bottom
image). Additional favorable adsorption structures can be found in Figure S19. 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 WOx loadings greater than a monolayer equivalent, as seen for 30%
W/6% Pt/SiO2 (Figure S20). Given that the formation energy of the most stable trimer W307
structure is energetically favorable, we believe that the key features stabilizing WOx will be similar
at high W coverage as well.

b.)
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Figure 6: a.) DFT-predicted vibrational frequency shift of a single CO molecule bound to a Pt step on
Pt and WOx/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 WOX interaction with UC Pt sites.

DFT calculations predict the most exothermic binding energy of CO* in 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 6a and S21), on the most stable adsorption site for
WO/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 6b shows the analysis of
the deconvoluted CO DRIFTS spectra from Figure 5, which evidence a blue-shift of the UC feature
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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 the DFT (2045 cm™') is
a common feature of DFT vibrational calculations and stems from, among others, differences in
adsorbate coverages and functional choice®'.

Collectively, the characterization of heterogeneous inverse WOx/Pt/SiO2 catalysts demonstrates
that WOx reduces and mobilizes under H2 atmospheres to preferentially decorate WC sites on the
surface of Pt nanoparticles. This is consistent with the DFT calculations, which concluded that
WOx growth on Pt terraces is energetically favored over WOx 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 WOx overlayer, which is consistent with observations made from UHV studies
of oxide decoration on model metal surfaces?>~2>,

The evidenced preferential growth of WOx 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 WOx preferentially decorates these same WC Pt sites under reducing conditions similar to
those experienced in HDO reactions (H2 atmosphere, elevated temperatures). Thus, the ability of
WOx/Pt catalysts and other inverse catalyst compositions to suppress undesired hydrogenation
during HDO reactions could be related to sub-monolayer WOx overlayers blocking WC sites that
are particularly active for aromatic ring hydrogenation.
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Figure 7: a.) Analysis of product yields in the HDO reaction of DHE over WOx-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.

To test this hypothesis, the HDO of DHE was performed using the series of WOx/Pt/S102 catalysts
with varying W loading. Reactions were performed in a batch reactor under magnetic stirring in
the absence of mass transport limitations (S.I. Note 1). Reaction performance was normalized by
loading a constant mass of Pt into the reactor for each catalyst. The products formed under reaction
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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), and 4-propylcyclohexane (CYC)!®. HDO products were grouped
into two classes, hydrogenated products (HYD, OL, ONE, CYC) and fully-deoxygenated products
(CYC, BNZ).

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, described in more detail in
Figures S22-24 and Table S282-%°, However, control experiments indicate that oligomers and bound
oxygenates are produced from DHE and not HDO products (Figure S25) — 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 WOx loading (Figure S26). This includes WOx domains
not on Pt nanoparticles, indicating that the sites not active for HDO (i.e. WOx/SiOz2) may be the
sites most responsible for oligomer formation and organics adsorption.

The results of reactions at 275°C for 2 hours are shown in Figure 7a, with a full list of tabulated
values found in Table S2. The yield of hydrogenated products decreases with increasing W loading.
This is consistent with the blockage of well-coordinated sites by WOx, as our prior work has
demonstrated that well-coordinated sites are responsible for aromatic ring hydrogenation in
unmodified Pt/SiOz 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/SiO2 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!78637 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 WOx is not a strong promoter of deoxygenation activity under the
conditions studied; in other words, it appears from our results that the active 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% H2/Ar. It can be seen from
the data spacing in Figure 7b 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
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UC Ptsites 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:z 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 WO« 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 WOx is the primary
mechanism behind suppressed aromatic hydrogenation during HDO of oxygenates common to
lignin monomers for inverse WOx/Pt catalysts.

Conclusions

The structural organization of WOx on Pt in inverse WOx/Pt/SiO2 catalysts exhibiting sub-
monolayer WOx overlayer coverage was investigated by theoretical and experimental approaches.
DFT calculations were performed to understand the structural organization of WOx on stepped Pt
surfaces. Preferential decoration of WOx oligomers on Ptwc sites was observed with partial
occupation of Ptuc 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/Si0:z 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 SiO2. 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 WOx identified in CO DRIFTS also occurs under
reaction conditions. This work provides evidence that inverse catalysts can be designed and
controlled to manipulate the number and nature of exposed metal sites, which offers a unique lever
for controlling activity and selectivity in a broad range of chemistries.

Methods and Materials

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)?2. The energies and geometries of the
identified configurations of WOx on the Pt(553) surface were obtained through minimization of
the total energy with respect to geometry by generalized gradient approximation calculations
(GGA-PBE)®. 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 X 4 unit cell with four
layers (total of 56 atoms per unit cell). The Pt(221) and kink-Pt(221) surfaces were represented by
a 4 X 3 unit cell with four layers (total of 33 and 34 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
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cutoff for the convergence of the electronic loop (EDIFF) was set to 10 eV. Structures were fully
relaxed until the Hellmann— Feynman forces acting on the atoms were smaller than 0.05 eV/A.

XGBoost Machine Learning

The XGBoost algorithm was used®. To access its robustness, different seeds were used to split the
data randomly into training and testing set. 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.

Catalyst Synthesis

Base 6 wt% Pt/SiO2 catalysts were synthesized via a modified strong electrostatic adsorption
methodology used previously. Briefly, 2 g of spherical, non-porous SiO2 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/SiO2 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% 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.

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 WOx/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

17



Accepted Manuscript
Version of Record at: https://doi.org/10.1021/jacs.4c00931

(99.995%), He (99.995%), 02 (99.50%), 10% CO/Ar, and 10% H2/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 was 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. 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-sifu 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:Ptratio of 1. Hz-temperature programmed reduction (H2-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 Oz before being cooled to 50°C to start the TPR.

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 Hz (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 responses were estimated using effective
carbon number (ECN)?°. Reaction performance metrics were defined as:

NDHE

Conversion (%) = —;
Npug
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N
Selectivity (%) = le\;rﬂ
Product
N
Yield (%) = _Product Conversion

Z N, Product

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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Figures S1-S26, additional HAADF-STEM images and particle size analysis, Tauc analysis of UV-
Vis spectra, deconvoluted UV-Vis and CO DRIFTS spectra, additional CO DRIFTS spectra of
reference catalysts, H2-TPR analysis of 6W6Pt and 6Pt, coloration of post-HDO reaction mixtures,
Boltzmann distribution of example DFT structures, additional stable CO adsorption sites for DFT
models, most stable DFT structures for W3OxHy stoichiometries. Tables S1-S4, tabulated
parameters for CO DRIFTS deconvolution, evaluation of organics adsorption on spent catalyst,
tabulated HDO reaction performance, XYZ-data for most stable W307/Pt(553) model.
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