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Abstract

The shape of supported metal particles regulates their catalytic reactivity and is determined
by the degree of wetting between the metal particle and the support surface. Flattened particles
that wet support surfaces were reported in various catalytic systems, particularly in the sub-
nanometer size regime. Such consequential metal-support wetting phenomena are poorly
understood, and methods to study them on powder catalysts under realistic conditions are lacking.
Here, we investigate the size-dependent wetting behaviors of Ru particles on two reducible-oxide
supports, anatase TiO2 (TiO2-A) and CeO2, under reducing catalytic conditions. X-ray absorption
spectroscopy (XAS), low-energy ion scattering (LEIS), and density functional theory (DFT) are
combined to determine the shape of Ru particles. Ru particles remain three-dimensional without
wetting the TiO2-A support within the coverage range studied (0.06 ~ 0.98 Ru nm2). In contrast,
at low coverages (< 0.25 Ru nm™), Ru wets the CeO> support to form flat, disordered structures.
The higher wettability of CeO> than TiO»-A is attributed to oxygen vacancies in the near-surface
region. The shape difference between small Ru particles or clusters on the two supports leads to
drastically contrasting catalytic reactivities in polyolefin hydrogenolysis, despite similar diameters.
This work highlights the implications of metal-support wetting, or cluster shape, on catalytic
behaviors of small metal clusters, while establishing the foundation for future systematic studies
of such a phenomenon in realistic systems, by delivering a multi-technique methodology and

revealing governing fundamental principles.



Introduction

The most common types of heterogeneous catalysts are supported metal catalysts, which
have active metal particles (herein referring to sufficiently large particles to exhibit well-defined
structures and regular metal-atom packing) or clusters (herein referring to sub-nanometer clusters
with irregular structure) dispersed on a supporting matrix.! The rate and selectivity of structure-
sensitive reactions are influenced by the size and shape of metal particles/clusters, depending on
the type of exposed facets and sites (terrace, edge, corner, etc.).? For unsupported particles, Wulff
construction predicts their shapes based on surface energies.? Conversely, the shapes of supported
particles/clusters are influenced by their interactions with the support and the energy at the metal-
support interface (MSI).* The shape of a supported metal particle/cluster can be viewed as its
degree of “wetting”, or the contact angle with the support surface (Scheme 1). This can be

described by the Young-Laplace equation

cosf = w, (Eq.- 1)

M

where 6 is the contact angle between the metal and the support, ys and ym are the surface energies
of the support and the metal, respectively, and ymsi represents the excess energy of the metal-
support interface relative to the bulk.’> Thus, a supported metal particle/cluster may adopt a
flattened shape (“wet” the support; 6 << 90°), rather than the three-dimensional form expected in
the non-supported scenario, assuming sufficiently strong metal-support interactions (low pwmsi),
high ys, and/or low ym. Flattened particles/clusters have been serendipitously reported in various

catalytic systems, often showing distinct reactivities compared to three-dimensional ones.* 634
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Scheme 1. Wetting of a support surface by a metal particle determines the particle shape.

Despite the broad, significant implications in catalysis, studies to understand the general
principles governing metal-support wetting are rare. The groundbreaking work by Campbell et al.,
developed a framework to predict the wetting in ultra-high-vacuum (UHV) single-crystal systems.*
2226 The approach is based on calorimetry measurements of the adhesion energy (Eadn) at the metal-
support interface, defined as Eadn = ym + s — ms1. Eadn describes the wetting via Eq. 1 re-arranged
into the Young-Dupre equation: cosf = Eaan / ym — 1.° This framework was validated by obtaining
6 from modeling low-energy ion scattering (LEIS) data. Unfortunately, compared to ideal model
systems (single crystals in UHV), powder catalysts exhibit complex structural heterogeneity and

3338 making it impossible to measure Eaan directly.

dynamics under realistic catalytic conditions,
Meanwhile, metal-support wetting is more prevalent with sub-nanometer metal clusters, which
often demonstrate irregular structures with unique bonding and/or electronic interactions with
support surfaces’” ! 323% These properties frequently impart desirable catalytic characteristics
distinct from larger particles, but complicate the interpretation of support-wetting behaviors by

challenging 1) models based on the surface energy and support interaction of well-defined particles;

and 2) structural characterization for shape identification.

We previously reported that under the reducing conditions of catalytic polyolefin (PO)

hydrogenolysis, when Ru on CeO; are present as clusters of approximately < 1 nm diameter, their



structural characteristics abruptly resemble those of flat rafts.® The inferred support wetting by Ru
clusters coincides with the emergence of desired reactivity in this crucial reaction for chemical

39-42 This work aims to understand the size-dependent metal-support wetting

plastic recycling.
behavior by systematically examining and comparing Ru particles/clusters of various sizes on
anatase TiO; (TiO2-A) and CeO,. By combining X-ray absorption spectroscopy (XAS), low-
energy ion scattering (LEIS), and density functional theory (DFT), we demonstrate that small Ru
particles retain three-dimensional structures on TiOz-A without wetting it. Consequently, they do
not display the unique catalytic reactivities of flat Ru clusters on CeO., whose structure was further
clarified by this study. The lower wettability of TiO2-A compared to CeOs: is attributed to the
absence of oxygen vacancies (Oy) in the near-surface region. These results illuminate the

fundamental principles that govern metal-support wetting, establishing a novel general multi-

technique approach to investigate such behaviors in realistic catalytic systems.

Results
Wetting behaviors of small Ru clusters on reducible supports determine catalytic reactivity

A series of Ru/TiO»-A powder catalysts (surface area = 180 m?/g) with the Ru surface
coverage between 0.03 and 0.98 nm™ (0.10 ~ 3.1 Ru wt%, Table S1) were synthesized by wet
impregnation, and reduced with Hz at 260 °C. The dependence of the Ru structure on its coverage
on TiO»-A was first examined using in-situ Ru K-edge XAS under the reduction condition. Figure
la shows that in the extended X-ray absorption fine structure (EXAFS), as the Ru coverage
increases, scattering intensity from the directly bonded Ru neighbors (i.e., nearest neighbors,

which we denote as the Ru—Ru; path) is enhanced, suggesting an increasing size of Ru particles.*?



The best fit model for the EXAFS (Table S2) shows an increase of N(Ru—Ru;) from 6 + 1 at 0.06
Runm?to 11+ 1 at 0.98 Runm (Figure 1c, black), corresponding with ~20 and ~3100 Ru atoms
per particle (purple).** The Ru particle size on 0.06 Ru/TiO-A (all samples below denoted as “x
Ru/MO>”, with x being Ru coverage in nm™?) derived from the EXAFS agrees well with that
acquired from scanning transmission electron microscopy (STEM, d = 1.1 £+ 0.3 nm, Figure S6c-
f). In the X-ray absorption near-edge spectrum (XANES, Figure 1b), the white-line intensity of
Ru/TiO»-A starts higher than that of bulk Ru metal (brown) at 0.06 Ru nm™ (blue). It decreases
slightly as the Ru coverage increases, with the overall characteristics approaching those of Ru foil.

This is expected since increasing particle size makes Ru atoms, on average, more metallic.
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Figure 1. XAS analysis of Ru/TiOz-A with various Ru coverages, compared to Ru/CeO:. a.
R-space magnitude of k*-weighted EXAFS, with the best fit models for data between 1 and 4.8 A
shown as the dashed curves. The fitting parameters are shown in Table S2; the k-space and R-space
imaginary parts with fittings are shown only in Figure S5a-b. b. Normalized XANES region, with
Ru foil and RuO; spectra shown in brown and cyan, respectively. The inset shows a zoomed-in
view of the white-line region. ¢. N(Ru—Ru;), N(Ru—Ru;) values (coordination numbers of the first
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and second nearest neighbors, respectively) from the best fits, and the average number of Ru atoms
per particle calculated from N(Ru—Ru;) following an established method.** The average particle
diameter and dispersion are reported in Table S1. d — f. Variations in the three-dimensionality,
0’(Ru—Ru), and R(Ru—Ru;), respectively, with Ru coverage. Ru/TiO»-A data are shown in blue,
and Ru/CeQ; data, reported previously,® were re-fit using the same model with the Ru/TiO»-A and
plotted in red. XAS data were collected in-situ at 260 °C, under 20 bar H» for Ru/TiO2-A and 1
bar H for Ru/CeOs. All samples were pre-reduced at 260 °C under 30 bar H» for > 3 h. Results
using an alternative fit model deploying the Debye Model to calculate o2 of all Ru—Ru scattering
paths are shown in Table S2-Alt and Figure S5c.

In fce/hep metals, the second-nearest neighbors of an atom exclusively exist in the packing
layers above and below it (three in each, totaling six). We denote Ru—Ru» as the scattering path
from the second nearest neighbor. Therefore, the ratio between the actual N(Ru—Ru») and the
predicted N(Ru—Ruy) from N(Ru—Ru;), assuming a hemispherical particle shape, can be used to
gauge the “three-dimensionality” of Ru particles (see Note S1 in the Supporting Information).
Values of 0 and 1 represent perfectly flat (single-layer, 8 = 0°) and perfectly three-dimensional
structures (6 = 90°), respectively. Figure 1a shows that for Ru/Ti0»-A, the scattering intensity from
the Ru—Ru; path visually does not exhibit a strong response to Ru coverage, with N(Ru—Ruy) in
the best fits increasing only from 2.6 + 1.1 at 0.06 Runm™ to 3.5 = 1.9 at 0.98 Ru nm™ (Figure
Ic, green; Table S2). Consequently, the three-dimensionality decreases slightly as the Ru coverage
increases (shown in blue in Figure 1d), from 0.92 (0.06 Ru nm™) to 0.63 (0.98 Ru nm2). These
values indicate that on TiO:-A, small Ru particles maintain and even become more three-
dimensional than the larger ones. This contrasts sharply with the trend observed on CeO: in this
Ru coverage range (Figure le-f, red, raw EXAFS data reported previously),® where Ru—Ru;
scattering abruptly vanishes, indicating that Ru clusters become flat and completely wet the CeO»

surface at < 0.25 Runm™? (d = 0.8 = 0.2 nm in STEM).

Models for Ru particles/clusters (Figure S5d) that appear at d = 1.0 nm in STEM predict

N(Ru—Rui) = 3.9 and 6.5 with a flat and a three-dimensional shape, respectively, aligning

7



reasonably with values from the best EXAFS fits of Ru/CeO; and Ru/TiO»-A at this size (3.3 +
0.7 and 6 + 1, Table S2), supporting the concluded shape. Furthermore, the flattening of Ru/CeO»
at < 0.25 nm is accompanied by 1) a sharp increase in the o2 disorder factor of Ru—Ru scattering
paths (Figure le, red), 6> (Ru—Ru), or a sharp decrease in the Debye Temperature, @p, in the
alternative fit model using the Debye Model to calculate 6> (Ru—Ru) (Figure S5¢, Table S2-Alt),
both of which indicate a higher level of structural disorder; 2) the abrupt shortening of direct
Ru—Ru bonds, R(Ru—Ru;) (Figure 1f).® In contrast, none of these parameters change significantly
when the Ru coverage on TiO>-A decreases to 0.06 nm™ (blue in Figures le-f and S5c¢), further
supporting that Ru does not flatten to wet TiO2-A. In X-ray photoemission spectroscopy ((XPS),
collected after re-reduction with no air exposure), 0.06 Ru/TiO>-A exhibits a lower Ru 3ds»
binding energy (Figure S6a, 279.7 eV, close to metallic**) than 0.13 Ru/CeO; (280.6 eV).? Since
Ru particles/clusters on the two surfaces have a similar top-projection area (d ~1 nm) in STEM,
such observation supports that a smaller fraction of Ru atoms on TiO»-A are in contact with the
oxide-support surface, i.e., Ru structures are more three-dimensional. XPS also shows that the H»-
reduction creates minimal (2.5%) Ti(IlI) in the near-surface region of Ru/Ti0»-A (Figure S6b), in
comparison to 48% Ce(III) in that of Ru/CeO, (mean escape depth = 1.1 nm for Ti 2p and Ce 3d

46-48

photoelectrons®).® This is consistent with the consensus that TiO,-A favors bulk Oy,*-* while

CeO» favors near-surface ones.*>°

LEIS further examined the different wetting behaviors of Ru on the two reducible-oxide
supports. As a technique that is only sensitive to the topmost surface layer,’!>* LEIS is less
commonly used in powder than single-crystal studies due to surface adsorbates and curvatures.>®
An analytical procedure was developed to minimize such artifacts (details in Note S2 and Table

S3 in the Supporting Information). Each sample was re-reduced before the measurement, with no



air exposure. Figure 2a shows that among all Ru/TiO;-A, the Ru coverage in the first surface layer,
calculated from the area of scattering peak from Ru and Ti atoms (see Figure S7a for raw spectra),
is proportional to the total Ru coverage, suggesting that as one increases the Ru coverage,’'-* the
cross section of Ru particles grows, but the average height remains similar. In this plot, a slope of
1 in the linear fit going through the origin (marked by the grey dotted line) would indicate Ru
structures with a I-layer height (first-layer Ru = total Ru). The slope on TiO2-A is ~0.25,
corresponding with 4-layer average particle height, suggesting that Ru particles do not completely
wet the support. The average particle height was calculated separately for each sample, fluctuating
around 4.5 layers (Figure 2c). The relatively constant Ru particle height of ~4 layers aligns with
the EXAFS results, which indicate that the particles become more three-dimensional when the size
decreases (Figure 1d). The sample with the smallest particles, 0.06 Ru/TiO»-A, shows dry = 1.1
nm in STEM and three-dimensionality of 0.92, corresponding to particle heights of 3 ~ 4 layers,
in reasonable agreement with LEIS. In contrast, among Ru/CeO> samples, at < 0.25 Ru nm™, the
first-layer Ru coverage accounts for the total Ru coverage (Figure 2b, see Figure S7b for raw
spectra), and the average cluster height is close to 1 layer (Figure 2d), confirming the EXAFS-
based conclusion of flat Ru clusters. At > 0.25 Ru nm, the average particle height monotonically
increases with Ru coverage (Figure 2d), with the first-layer Ru coverage not being proportional to
the total Ru coverage (Figure 2b). These observations suggest the formation of three-dimensional

particles that expand in all directions, aligning with the EXAFS characteristics.
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Figure 2. LEIS analysis of Ru/TiO:-A and Ru/CeQO:. a—b. Ru coverage in the first surface layer

plotted against total Ru coverage. ¢ —d. Average number of Ru layers (i.e., “particle/cluster height™)
as a function of total Ru coverage. Procedures to calculate these values are described in Note S2

and Table S3 in the Supporting Information. e — f. Ru count as a function of Ar" sputtering dose

(I ML Ru eq. = 1.62 x 10" ¢m2), normalized to the count before sputtering (i.e., depth profile of
Ru atoms). Only samples with the lowest and highest Ru coverages on each support are shown for

clarity. Complete data are available in Figure S7c-d. Prior to LEIS measurements, each sample

was re-reduced in a side chamber with ~15 mbar H» at 260 °C, and transferred to the measurement

chamber with no air exposure. All samples were pre-reduced at 260 °C under 30 bar H> for at least

3 h
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To acquire the atomic depth profile, LEIS was repeatedly measured on each sample after
several Ar” sputtering steps that removed surface atoms. Figure 2e and S7¢ show that all Ru/TiO»-
A samples exhibit qualitatively similar depth profiles, with increasing Ru counts until sputtering
Ar" dose reaches ~3 x 10! cm (equivalent to approximately 2 ML of metallic Ru; the sputtering
yield of Ru with 0.5 keV Ar” is close to 1.0).°° The initial increase in counts was also observed on
the samples for Ti atoms (Figure S7¢), and the bulk Ru reference (Figure S7f). This was attributed
to removing adventitious surface adsorbates (e.g., carboxylates), and TiO2 is known for the strong
tendency to form such adsorbate layers.” > °® On Ru/TiO,-A, decreases in Ru counts after
sputtering were not observed because, as the geometric model (Scheme S1a) shows, removing 1
ML Ru atoms from a hemispherical particle with the sputtering ion beam reduces counts from the
primary ion beam by ~1 atom per particle cross section. This translates into ~25% and ~5% count
loss for dru = 1 and 5 nm, respectively, which are easily offset by the strong count-enhancement
effects from adsorbate removal (1.7- to 3-fold in Figure S7¢). Meanwhile, Figures 2f and S7d show
that Ru/CeO> samples exhibit drastically different Ru depth profiles in the flat (< 0.25 nm2) and
three-dimensional (> 0.25 nm™) regimes. Samples with > 0.25 Ru nm2 show minimal changes or
slight increases in Ru counts after Ar" sputtering doses equivalent to ~4 ML Ru, which follows the
same rationalization as Ru/TiO;-A samples with three-dimensional particles, and CeO; has much
less adventitious adsorbates than TiO,-A (Figure S7e-f). In contrast, samples with < 0.25 Ru nm™
exhibit a fast, steady decrease in Ru counts during the first 2 ML sputtering, before stabilizing at
~40% of the first-layer values. Such behavior suggests that most Ru on < 0.25 nm2 Ru/CeO; have
flat structures that can be removed entirely within 2-ML sputtering (Scheme S1b; see Note S2 in
the Supporting Information for detailed discussions). These results align well with the EXAFS

characteristics (Figure 1) and surface coverage analysis from LEIS (Figure 2b and 2d).
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In our previous study of polyolefin (PO) hydrogenolysis on Ru/CeQs, in the range that Ru
wets CeO, (< 0.25 nm2), a drastically higher rate and lower selectivity toward the undesired
product CHy (Scrsa) were observed.® As the EXAFS and LEIS data agree that Ru particles remain
three-dimensional and rigid on TiO»-A in the entire coverage range, we expected their reactivity
in the reaction to follow trends on regular three-dimensional particles, rather than the one observed
on Ru/CeOs. Figure 3a shows that at 260 °C under 30 bar H» (similar conditions with the reduction
conditions of the samples), the intrinsic conversion rate of polypropylene (PP, in gpp - Zsurface Ru™' *
h!) on Ru/TiO,-A decreases monotonously as one decreases the Ru coverage (blue), in sharp
contrast to the abrupt U-turn on Ru/CeO; at < 0.25 nm™ (red). The negative rate dependence on
particle size was widely reported in alkane hydrogenolysis and attributed to an ensemble-size
requirement for the dehydrogenative adsorption of C—C bonds on particle terraces prior to C—C
bond cleavage.>% The fact that all Ru/TiO»-A samples with regular Ru particle structures follow
such an established trend is expected. The flat Ru structures on CeO; avoid this rate dependence,

likely by providing terrace-like Ru ensembles despite their small size.
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Figure 3. PP hydrogenolysis results on Ru/TiO:-A (blue) and Ru/CeO: (red, replotted from
Ref 8). a. intrinsic rate as a function of Ru coverages; b. carbon-based selectivity toward CH4
(Scha4) as a function of Ru coverages (full product distribution in Figure S8). Reaction conditions:
260 °C, 30 bar Hy, naikane = 1 g, mru = 0.5 mg, ~ 18 h, X(PP) < 50% to avoid secondary reactions.
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Similarly, Figure 3b shows constant Scus across all Ru/TiO2-A with measurable rates (blue),
without the abrupt decrease seen on Ru/CeO> when the metal-support wetting occurs (red). PO
hydrogenolysis under the testing conditions is known to operate in *H-deficient regimes, and the
surface coverage of *H is the key negative descriptor for Scus.® 3% #1-67 The large o>(Ru—Ru) or
high @p of flat Ru clusters on CeO> suggest disordered structures, i.e., weak Ru-Ru interactions.
This should enhance the electron-sharing between Ru and *H, leading to reported strong *H
adsorption, and thus high *H coverage on them.® The rate enhancement can also be explained by
the high *H coverage. Since the three-dimensional small Ru particles on TiO2-A maintain regular
structural order, with o2 typical for particles of nm-sizes at the measurement temperature and @p
typical for supported particles, the lack of drastic changes in Schs is also expected. The fact that
similarly sized Ru particles/clusters (d = 1 nm) on the two reducible supports display entirely
different reactivities emphasizes the significant role of particle/cluster shape, i.e., metal-support

wetting in catalysis.

Computational prediction of the size-dependent wetting of reducible oxides by Ru clusters

The wettability of TiO2-A and CeO; surfaces by Ru was studied within a DFT-based model
by adsorbing flat (F) or multi-layer (M) Ru structures on them. Three Ru sizes, 13-atom (Ru;3), 7-
atom (Ruy), and 4-atom (Rus) were tested for each case. Based on experimental XPS results,® 0.25
ML of Oy was added to the CeO; surface and distributed within the subsurface according to the
literature.*” Ru structures were also examined on a pristine (O,-free) CeO: surface to assess the
impact of Oy on the Ru structure and surface wettability (Figure S14). The initial arrangement of
the flat Ru clusters had atoms evenly on the surface (see Figure S10 for TiO; and Figure S13 for

Ce03), whereas the multi-layer structures featured stacked layers of atoms. Adsorption energies

13



were calculated relative to the bulk Ru metal (see Table S5 for values with spherical Rus reference
state, Figure S1). The most favorable structures for the three Ru cluster sizes obtained from
geometry optimizations are shown in Figure 4 along with the corresponding adsorption energies
(where smaller adsorption energies are more favorable, Eqn. S1). In all cases involving TiO»-A,
the most favorable adsorption position occurred when the Ru cluster base was situated between
two Oz rows or directly above the saw-tooth gap that characterizes the TiO>-A (101) surface, more
effectively illustrated in Figure S10b, d, and f. In the case of CeO», the Ru clusters preferentially
locate at the center of a triangle formed by three oxygen vacancies (Ov). The 4F structure, however,

was an exception, whereby the cluster situated directly above an Oy site is the most favorable.
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Figure 4. Optimized geometries and adsorption energies for initially flat (green boundary) and
multilayer (purple boundary) Ruis (top), Ruy (middle), and Rus (bottom) clusters on TiO2-A (left)
and CeO> (right). Ru atoms are colored based on the Bader charge population (in fraction of
electron charge).
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The optimized “F” and “M” structures were compared for each cluster size and support
surface. On TiO», the 13M structure features a 2-layer stacking of the Ru atoms (Figure 4),
arranged such that the base layer, comprising 8 Ru atoms that contact the surface (the metal support
interface), is topped by 5 additional Ru atoms. In contrast, during the geometry optimization, the
Ru atoms in the 13F structure moved from a single-layer geometry to a puckered structure (Figure
4) with no clear differentiation between the first and second layers. This observation, along with
the lower adsorption energy of the 13M structure compared to that of the 13F structure, indicates
that the wetting of TiO2-A by Ruis is not favored. Similar results were obtained for the 7F and 7M
clusters. Although the 7F structure has a more favorable adsorption energy than the 7M structure
(Figure 4), the initially flat 7F configuration also transforms into a 2-layer structure, similar to the
13F structure. In both final 7F and 7M structures, the base layer consists of 5 atoms, with two
atoms layered on top. During geometry optimization, the spontaneous layering of the 7F structure
suggests that flat Ruy structures are unstable, indicating that Ruy does not wet TiO2-A. Lastly, the
4F structure (Figure 4) is the preferred structure and remains flat throughout the geometry
optimization process. The 4M is a spherical structure with three atoms at the base and one on top,
which is less favorable than 4F. This indicates that tiny Ru clusters could potentially wet the TiO»-
A surface. In both layered structures of Ru; (7M and 7F), the base includes 5 Ru atoms.
Additionally, Rus clusters are found to prefer a multi-layer structure over the flat structure by 0.14
eV/Ru (Figure S9). These observations imply that the critical size required for Ru to wet TiO2-A

is less than Rus.

To further analyze the “flatness” of the Ru clusters, we examined the height of each Ru
atom (z-distance above the support surface) from the TiO»-A surface (Figure 5). The statistical

analysis is based on the final configuration reflected in Figure 4 and is in reference to each
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individual atom in the clusters analyzed. Therefore, the minimum is in reference to the smallest
atom z-distance above the surface within the cluster, and the maximum is the largest atom z-
distance above the cluster, which in the case of stacking is a 2 ML layering. The average height
difference between 4F and 4M Ru atoms is 0.2 A, with the maximum height being noticeably
larger (1.2 A) for the latter due to its well-defined two-layer structure. This maximum height
difference is less significant in the cases of Rus (0.56 A) and Ruy; (0.58 A), as the 7F and 13F
structures rearrange into multi-layer configurations (Figures 4, S10). The trend in minimum height
varies; the 4M structure exhibits a smaller value than the 4F, while the opposite is true for Rui3
and Ruy. For Ruy, the 4F structure has all its atoms in the base at nearly the same level. In contrast,
the 4M structure has rearranged, with one Ru atom filling the gap created by the saw-tooth, while
the other two Ru atoms in the base are positioned at the edge of the saw-tooth near the Oz atoms.
The 13M also has the base atoms almost at the same level, leaving the saw-tooth gap empty,
whereas 13F is disordered and has some base atoms filling the saw-tooth gap (Figure 4). This
results in smaller minimum height values for 13F and 4M than their counterparts. The 7F exhibits
this phenomenon, with its base rearranging to fill the saw-tooth gap with a Ru atom, leading to a
smaller minimum height than 7M. Such a rearrangement is more favorable than in the 13M and

4F cases.

On the CeO; surface (with 0.25 ML Oy), the 13F structure partially layers during geometry
optimization, with 4 Ru atoms rising above the plane of the initial flat cluster (Figure 4). However,
the average height of these atoms is 0.49 A lower than the average height of Ru atoms in the second
layer of the 13M structure, indicating an incomplete layering process. This can be easily seen in
Figure 4. This is similar for the TiO2-A support, where the 13F structure begins to layer but does

not result in distinct layers (Figure 4). Unlike the TiO> system, the 7F structure on CeO> does not
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undergo any layering during geometry optimization. This is evident in the difference between the
minimum and maximum heights of Ru atoms: for CeO, the 7M structure shows a height variation
of 2.07 A, while the 7F structure shows only 1.11 A — a difference of 0.96 A between the two. In
contrast, the TiO system exhibits a height difference of 2.43 A for the 7M structure and 2.32 A
for the 7F structure, resulting in a much smaller change of just 0.11 A. This indicates that both the
7M and 7F structures in TiO are optimized into a layered configuration, whereas in CeOz, only
the 7M structure is layered, and the 7F structure remains relatively flat. Importantly, the flat 7F
structure is energetically more favorable than the 7M structure on CeOz, in contrast to TiO2-A,
where more compact, layered structures are preferred. This energetic preference for flatness
suggests that Ru clusters exhibit higher wettability on CeO,, whereas on TiO2-A, only smaller
clusters like Ruy4 favor flat configurations. The trend is consistent with experimental data (Figures
1-2). The 4F structure on CeO- remains flat during geometry optimization showing a difference
between the maximum and the minimum height of 0.89 A while this difference becomes 2.00 A

for the 4M structure. The 4F structure is energetically more favorable than the 4M structure.
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Figure 5. Height information (z-distance of Ru nuclei from the surface nuclei) for the three
different complexes tested on TiO; support (left) and CeO: support (right).

Two key points emerge when comparing the pristine CeO> surface (Figures S15) and the
CeOs surface with 0.25 ML Oy. First, Ru clusters adsorb more strongly on the pristine surface with
adsorption energies ranging from 5.68 to 6.23 eV/Ru, compared to a range of 6.33 to 7.66 eV/Ru
on the CeO> surface with Oy when using bulk Ru as the reference. Second, on the pristine CeO»
surface, Ru clusters do not flatten (see Figure S14 g h,i,j,k,1). The only initial flat structure that
does not spontaneously layer during geometry optimization is the 4F structure, and its adsorption
energy is still 0.14 eV/Ru less favorable than the 4M structure. On the surface with Oy, both the
4F and 7F structures have more favorable adsorption energies than their multilayer counterparts
and do not spontaneously layer. The comparison suggests that Oy formed under reducing

conditions in the near-surface region plays a key role in the wetting of CeO2 by Ru.

Computational characterization of the electronic and structural properties of supported Ru clusters

We define the positioning and the size of Ru clusters on the TiO2-A surface as between the
two Oz edges of the saw-tooth formation. Further questions remain about why the structure is
reordered in this way. Looking at the Bader charge distribution for each Ru atom (Figure 4), we
see a trend of positively charged atoms making up most of the metal support interface. The
adsorption position of the Ru clusters above the electronegative O surface atoms should result in
a positive charge for the adsorbed atoms. For multi-layer structures , the most favorable structure
has a majority of the interfacial Ru atoms positively charged, consistent with a previous study of

Ru clusters on a non-reduced TiO» surface.®® The Ruas cluster on both CeO; and TiO> has the more
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favorable 4F structure having one slightly negatively charged Ru atom at the metal support
interface. In CeO> the 7F structure also has a negatively charged atom at the metal support interface.
This can be related to the preference of Rus and Ce-Ruy for the flat geometry meaning no 2™ layer
positions are available for the negatively charged Ru atoms. Rui3 and Ruy have the most favorable
ground state with a higher number of positive charges than negative ones and with most of the
positive charges at the metal support interface. All clusters have a positive overall charge based on
the Bader analysis (Table S4). On CeO,, the Ru clusters show a similar charge distribution, with
Ru atoms in the base of multilayer structures being more positively charged than the Ru atom in
the second layer. Even in the flat structures, the most negatively charged Ru atoms are found in
slightly elevated positions relative to the other atoms in the same layer. Between the pristine CeO»
surface and the one with 0.25 ML Oy, the latter resulted in a smaller net positive charge for all
sizes of clusters analyzed, which is expected because the reduction of CeO: increases its electron
density. The smallest total net charge observed was the 4F system (0.271 ¢) for CeO, and the 4F

system (0.597 e) for TiO»-A.

The radial distribution function, g(R), between Ru atoms on the surface, of the most
favorable geometry for each cluster shows the nearest Ru neighbor (1NN) interactions between 2-
3 A, while the second-nearest neighbor (2NN) is between 3-4 A (Figure S11). We see this in TiO»-
A with one peak (2.28 A) for the INN and one peak for the 2NN (3.18 A) (Figure S11a) for Rua.
In CeO; there are three peaks observed (2.25, 2.95, and 3.35 A), two for INN and one for 2NN
(Figure S11d). With the increase in cluster size there is an increase in number of peaks and a
broadening of high intensity peaks for both support systems in Ru; and Rui3. High intensity peaks
for 1NN have an increase of interaction length of ~0.2 A for TiO,-A and ~0.1 A for CeO, compared

to Rus. The 2NN lateral interaction peaks have slight lengthening for TiO>-A of 0.07 A, while for
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CeO; they remain consistent for all three clusters sizes (Figure S11b-f). The INN and 2NN
distances in these sub-nanometer clusters are generally shorter than those in ordered Ru crystal:
R(Ru—Ruy) = 2.66 A and R(Ru—Ruz) = 3.76 A. This reflects the disordered irregular structure of
the clusters, echoing with the decrease in R(Ru—Ru;) and increase in 6> when Ru wets CeO in the

experimental EXAFS results (Figures 1e-f).

We integrated g(R) peaks between 2 and 3 A and those between 3 and 4 A to acquire the
N(Ru—Ru;) and N(Ru—Ru,) values, respectively. The smallest experimentally available Ru particle
on TiO»-A has 20 ~ 30 Ru atoms (Figure 1c), and the largest one in the theoretical study is Ruis.
Although N cannot be compared directly due to size difference, the N(Ru—Ruz) / N(Ru—Ru)) ratio,
which reflects particle/cluster shape (close to “three-dimensionality / 2”), is reasonably close
between computation (0.39 for 7F and 0.57 for 13M, Table 1) and experiment (0.43 on 0.06
Ru/TiO,-A). This result, along with an analysis of the inertia tensor of the clusters® (Figure S12),
implies that d = 1 nm Ru clusters have an asymmetric ellipsoid shape on TiO:-A. In Table 1, the
flat structures generated by theory have a lower N(Ru—Ruz) / N(Ru—Ru)) ratio than the layered
ones, as expected. In the g(R) analysis, we defined “NN2” as Ru atoms with 3-4 A distance. Atoms

in the same layer of a defined Ru crystal do not fall in this range, with R(Ru—Rui) = 2.66 A and
R(Ru—Rusz) = 4.62 A. The irregular ordering of the simulated clusters leads to some atoms in the

same layer being pushed into this range as distant atoms move closer together and cross the 4
Angstrom threshold needed to qualify as 2NN. This is especially prominent in the 7F structure for
CeO: where a slight increase in the height of one row of Ru atoms allows neighboring rows to
move closer to each other leading to a significant increase in the 2NN/INN ratio. Similar
phenomena can be seen in the 4F clusters as diagonal Ru atoms move closer together and qualify

as 2NN. This leads to the non-zero NN2 / NN1 value for the flat structures, and challenges
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quantitatively comparing g(R) and the EXAFS analysis. Similar issues are present for all clusters

analyzed as the same procedure was used for analysis.

Table 1. Comparison between the computed radial distribution and experimental EXAFS data.

TiO2-A Ce0: (0.25 ML Oy)
Cluster size ~ Geometry NN2/NN1* Cluster size Geometry NN2 /NN1

Ruy Flat 0.32 Ruy Flat 0.20

Ruy Layered 0.39 Ruy Flat 0.67

Ruiz Layered 0.57 Ruiz Layered 0.56
~Ruzo (Exp.) Layered 0.43 ~Ru7 (Exp.) Flat 0

* NN1 and NN2 are defined as Ru atoms between 2 and 3 A and those between 3 and 4 A, respectively. They

are similar to the values of N(Ru—Rui) and N(Ru—Ruz) from the EXAFS fitting.

In summary, DFT supports the experimental conclusion that Ru clusters have a stronger
tendency to wet the surface of CeO: than the surface of TiO2-A under reducing conditions. The
smaller size of Ru clusters favors wetting, and Oy formed in the near-surface region of CeOs: is

crucial for the wetting.

Summary of the Computational Results

The most favorable adsorption position for the anatase TiO2 (101) surface is above the
saw-tooth ridge inherent to the (101) anatase surface, which is bordered by the O». surface atoms.
This placement remains consistent regardless of the largest or smallest sizes tested (Figure 4). For
Ruy, the preferred configuration is 4F; whereas, for all other complexes tested, the cluster
reorganizes and favors a 2-layer structure (13M and 7F). The threshold for the preference for a flat
structure is 4 atoms, as the 5-atom structure prefers 2 layers (Figure S9). The most favorable

structures display a Bader charge distribution with positively charged Ru atoms at the metal-
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support interface and negatively charged Ru atoms in the second layer. Radial distribution
information indicates that the closest ratio of NN2 to NN1 to the experimental value is observed
in the 7F structure, which will likely adopt an asymmetric top shape (Figure S8). The experimental
particles are approximately 10 times larger than the complexes tested here, suggesting that the
height and width limits will differ. Therefore, the adsorption position above the saw-tooth at that
scale is no longer relevant. As there will be significantly more atoms than in Rui3, the structure is
not 2-layered but consists of multiple layers (average 4 layers in Figure 2c). However, the
asymmetric top shape and the general configuration of the favored larger base with smaller top

layers will likely persist.

The CeO; (111) surface has the most favorable adsorption site inside a triangle formed by
three oxygen vacancies for all systems except the 4F structure, which forms over a vacancy. Flat
cluster shapes were favorable for the Rus and Ruy clusters on the surface with vacancies, while no
flat clusters were favorable on the pristine CeO: surface. As with TiO;-A, the Bader charge
distribution reveals that the bottom layers of the clusters are positively charged, while the top
layers are more negatively charged. The radial distribution of clusters on CeO> shows very low
NN2-to-NNI1 ratio in flat Rus that maintains an ellipsoidal shape, aligning with the lack of

N(Ru—Ru); in the flat clusters from the experiment.

Discussion

Eq.1 suggests that the metal-support wetting, i.e., the increase in cosd, is favored by: 1)
higher surface energy of the support (ys); 2) lower surface energy of the metal (ym); and 3) lower

excess energy of the interface (ymsi), i.e., more stable metal-support interface.* > From an atomistic
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point of view, the flattening of a supported metal particle/cluster gains metal-support interactions
at the cost of metal-metal interactions, while stabilizing undercoordinated atoms on the support
surface. These governing principles for the wetting are demonstrated in this work. On both TiO»-
A and CeOa, flat Ru structures are more favorable at smaller sizes. Theory shows a small size limit
to favor flat structures (Rus4 on TiO2-A; between Ru; and Ruiz on CeOs, Figure 4), echoing with
the experimental observations that Ru only wets CeO; at < 0.25 nm™ (< Rui4 from STEM; Ru7 ~
Rui4 from the EXAFS, Figure S5¢). This can be understood as supported tiny metal clusters often
have irregular metal-metal bonding,”®-7? as suggested by the lower @p than metal foil in the EXAFS
fits (Figure S5c). As a cluster grows in size, metal crystals become more ordered, and the increase

in metal-metal interaction overcomes the metal-surface interaction, preventing wetting.°

The computational case studies described analyzed a bare surface instead of a hydroxylated
or hydrogenated surface. A hydrogenated surface is expected to change the particle/cluster shape
depending on the hydrogen coverage. When hydrogen is adsorbed at high coverages the
particle/cluster begins to change shape and there can be spillover between the H* adsorbed to the
metal and the support.”3-7> Other studies have shown that the presence of oxygen vacancies can
enhance the migration of H on the surface of CeO by weakening the strength of O-H bonds. Taken
together these studies suggest on our surfaces hydroxyl groups should form easier due to the Ru
nanoparticles enabling a spillover effect and the H atoms forming the hydroxyl groups should be
mobile due to the oxygen vacancies on the CeO, surface.”® On the CeO: surface pretreatment with
H> has been observed to increase Ru nanoparticle dispersion’” suggesting hydroxyl groups enhance
Ru wetting. This could partially be explained by hydroxyl groups forming vacancies in the CeO:
surface after they desorb to form water, but evidence from in situ DRIFT”? spectra suggests the

hydroxyl groups remaining on the CeO, surface can trap and stabilize Ru-Ox complexes enabling
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single Ru sites to form. While a detailed description of how these hydroxyl groups influence the
shape of Ru nanoparticles is beyond the scope of this work, it is likely such an effect is present
and elucidating that effect would be a worthwhile subject of a future study. Computational results
show that Oy in the near-surface region, i.e., partial reduction, is required on CeO: to be wet by
Ru. Two factors could explain this. First, the metal-support interaction comprises two components:
local M—O bonding, and the electron transfer at the metal-support “heterojunction” driven by the
difference in their work functions (¢). The latter is known to be the dominating driving force for
the wetting of MgO thin films by Au particles.!%-16- 787 Literature values of gry (~5.3 V)38 and
prioz-a (~4.4 V)% predict electron transfer from TiO2-A to Ru. Reported gpceo2 values have a
wide range between 3.5 and 6.3 eV,>% 887 but the consensus exists that surface reduction reduces
@ceo2 significantly, to < 4 eV.%% 8687 This is intuitive because the reduction injects electrons into
CeOo, elevating its Fermi level. The reduced ¢pceco2 enhances CeOz-to-Ru electron transfer, and
thus metal-support interaction, reducing ymsi. Second, Oy created by the reduction destabilize CeO»
surfaces, i.e., increases ys.°%  Both lower ymsi and higher ys would facilitate the wetting (Eq. 1).
The effects of near-surface Oy emphasize that the wetting behaviors could vary with reaction

conditions.

The two components of the metal-support interaction induce opposite effects on the charge
state of Ru. The bonding with electronegative O (3.44 on the Pauling Scale compared to 2.2 of Ru)
withdraws electrons from Ru, while the lower ¢ of TiO2-A/CeO; than Ru drives electron transfer
to Ru. Bader analysis (Figure 4) shows that most Ru atoms in the second layer of the clusters carry
partial negative charges, while those at the base (at the metal support interface) tend to be
positively charged. This is expected because the electron-withdrawing effects from directly

bonded O are relatively short-range. At the same time, the electrons transferred due to the
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difference in ¢ should be distributed within the entire cluster. The overall charge of the Ru cluster
would hence be determined by the balance between the two. In XANES, < 0.25 Ru nm samples
on both supports exhibit slightly higher white-line intensity than Ru foil, implying minor depletion
of the p-band in comparison to bulk Ru metal. This echoes with theory results that on TiO2-A, Ru
atoms have a positive charge, aligning with a previous study that showed that Ruio clusters on
TiO2-A carry 0.5 ~ 1.3 total positive charge.®” On the pristine CeO> surface, Ru clusters also carry
slight positive charges (0.07 e - 0.78 e total, Table S4). The positive charge is reduced by 39% on
average on partially reduced CeO: (0.03 e - 0.55 e total), which is expected as the decreased pceo2
drives more electron transfer to Ru. We previously observed partially negatively charged Pt and
Pd flat sub-nanometer clusters on highly reduced oxide supports.” ° Since the level of electron
transfer induced by both factors is dependent on the properties of the metal (e.g., electronegativity,
work function) and the support (e.g., basicity, work function), predicting the charge state of
supported sub-nanometer metal clusters a priori is challenging. Density-of-state analysis, coupling
ab initio calculations with high-energy resolution fluorescence detection (HERFD) XANES,

would benefit the detailed understanding of electronic configuration and its effects in catalysis.

Conclusions

This work presents a comparative investigation of the wetting between Ru particles/clusters
of varying sizes and two reducible supports, anatase TiO2 (TiO2-A) and CeOs. Flat Ru structures
on the support, or metal-support wetting, were identified by: 1) the EXAFS analysis: low
N(Ru—Ru) relative to the predicted value from N(Ru—Rui) and hemispherical shape; 2) LEIS
analysis: similarity between first-layer Ru coverage and total Ru coverage, and sputtering depth

profiles; and, 3) theory: more favorable adsorption energy of flat over layered structures, and flat
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geometry after optimization. Consistent evidence from these techniques revealed that Ru wets
reduced CeO: surfaces at < 0.25 Ru nm™ coverage (d = 1 nm) but remains as three-dimensional
rigid particles on TiO2-A throughout the entire coverage/size range studied herein experimentally.
As a result, in polyolefin (PO) hydrogenolysis catalysis, Ru/TiO2-A exhibit reactivity trends that
are well-established among regular particles, without the unique desired activity and selectivity
exhibited by flat Ru clusters on CeO». Theory and XPS further revealed that Oy formed in the near-
surface region of reduced CeO», which likely caused its higher wettability than TiO2-A. This work
demonstrates a systematic approach to studying the catalytically consequential metal-support
wetting phenomenon on practical catalysts under realistic catalytic conditions, and two key factors
governing it: size and oxygen vacancies. This investigation lays the foundation for future efforts
to develop a predictive framework for the structure of sub-nanometer metal and metal-oxide
clusters supported on reducible oxides. Such a framework could clarify the role of factors such as

oxygen vacancies in influencing the wetting behavior of different clusters on these surfaces.” !

Supporting Information

Detailed description of all methods; supplemental information about all catalysts;
supplemental analysis of XAS and LEIS data; EXAFS fitting parameters; XPS and STEM data;
notes that detail procedures for EXAFS and LEIS analysis; product distribution from
polypropylene hydrogenolysis; second most favorable positions for a multi-layer; Bader charge
analysis of ceria surface with oxygen vacancies; Rus clusters on the TiO»-A surface; moment of

inertia analysis; initial structures of Rh nanoparticles on CeO; and TiO2-A surfaces; optimized
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geometries, adsorption energies, Mulliken and Bader charge analysis for initially flat and

multilayer structures of Ru on ceria.
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