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ABSTRACT: Metal—support interactions have garnered much
attention due to their impact on the structure and reactivity of
supported metal catalysts. Despite the widespread recognition of
multifunctional mechanisms in metal/metal oxide systems, much

less attention has been paid to how the metal influences

its

support. Here, we explore metal—support interactions using
hydrogen adsorption on a dehydroxylated y-Al,O;(110) supported
Pt,, cluster as a prototype. Through molecular dynamics
simulations performed using an actively trained machine-learned
force field, we observed reversible hydrogen spillover between the
support and the metal. Analysis of the electronic structure and
chemical nature of the interface reveals that charge transfer from H
to the Pty cluster drives the spillover by stabilizing H adsorbed on the support. The same charge transfer concept also explains the
stabilization of OH fragments at the Pt,,/y-Al,O;(110) interface despite the scarcely impacted or even reduced acidity of interfacial
Al sites. These findings demonstrate the rich chemistry of metal—support interfaces and the importance of “inverse” effects in the

fundamental understanding of supported catalysts.

ible H

Revers

KEYWORDS: metal—support interactions, surface hydroxylation, surface acidity, machine-learned force fields, active learning,

molecular dynamics, density functional theory

1. INTRODUCTION

Dispersed supported metal catalysts ranging from single atoms
up to nanoparticles make up a large class of heterogeneous
catalysts." Fundamental investigations of supported metal
catalysts have mainly focused on the chemistry over the active
metal species. Modeling has employed contiguous metal
surfaces for nanoparticle facets and homogeneous catalysis
concepts for single atoms.”” The importance of metal—support
interactions has recently garnered much attention.*”” From
interfacial charge transfer to encapsulation, an active support,
such as CeO, or TiO,, can alter the electronic and structural
properties of a supported metal nanoparticle, modifying its
catalytic properties.” > Reactive metal/support interfacial sites
had been demonstrated for various reactions, e.g, CO
oxidation and water—gas shift."*~"*

Metal atoms, clusters, and nanoparticles have also been
reported to influence the structural and electronic properties of
their support. On nonreducible supports, metals impact the
nature, strength, and abundance of acidic sites, for instance, by
binding to Lewis-acidic sites on y-Al,O; or by inducing reverse
hydrogen spillover from hydroxyls on y-Al,O; and zeo-
lites."”~** On reducible supports, metal-support interactions
could influence the reducibility of the support, and induce
phenomena such as the reverse spillover of oxygen."”** These
interactions are important for bifunctional catalysts, used for
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example in hydrocracking of hydrocarbons and plastics and
hydrodeoxygenation of biomass, as some of the chemistry
takes place on the support.”*~** In light of the rich chemistry
of metal/support interfaces, developing a wholistic picture of a
working catalyst requires the consideration of these “inverse”
effects of the dispersed metal species on its support.
Hydrogen is one of the most important industrial gases, and
its activation permeates heterogeneous catalysis.”””  Several
supported metal clusters are catalytically active for H,
dissociation.*°** In some instances, dissociated H atoms can
spillover onto the support initiating new catalytic mechanisms
and consequently affecting activity and selectivity of the
catalyst.”"** H spillover has been experimentally observed with
spectroscopic methods, including IR,** NMR,*® Ralme1n,3‘5 etc.
However, space- and time-averaged spectroscopic measure-
ments cannot resolve adsorbate spillover dynamics and the
spatial distribution of adsorbates on and around supported
clusters.”” Computational modeling can provide insight into
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the dynamics and distribution of dissociated H atoms and help
interpret spectroscopic data.

In this work, we explore interfacial phenomena on a
supported metal catalyst by examining the adsorption and
spillover of hydrogen at the Pt/y-Al,O; interface through
machine-learning-based molecular dynamics (MD) simulations
and density functional theory (DFT) calculations. MD
simulations demonstrate that H spillover at different coverages
is dynamic, suggesting the possibility of reversible spillover and
multiple catalytic pathways for reactions involving chem-
isorbed H. H spillover is accompanied by restructuring of the
cluster and support, suggesting that catalyst sites are also
dynamic under working conditions. DFT calculations con-
firmed the energetics of H adsorption and spillover at the Pt-
alumina interface. Analysis of the adsorption and electronic
structure of the interface reveals that charge transfer from H to
low-lying unoccupied states of the Pt cluster in the alumina
band gap enables spillover. By charge transfer from occupied
states above the alumina valence band, a Pt} cluster can also
stabilize an OH fragment adsorbed near the Pt/y-Al,O;
interface. The influence of support acidity was ruled out by
comparing the adsorption energy of pyridine adsorbed on the
Al sites near Pt.

Our paper is structured in the following way: we first
examined the feasibility of hydrogen spillover by MD
simulations and DFT calculations, followed by an analysis of
the DFT calculations to elucidate the physical origin of the H
spillover phenomenon. Finally, we demonstrate the generality
of charge transfer-based stabilization of adsorbates by
comparing H spillover to OH adsorption on the same surface
and to similar phenomena in numerous systems.

2. METHODS

2.1. DFT Calculations and Structural Models. DFT
calculations were performed using the Vienna Ab-initio
Simulation Package, version 5.4.1.3%7%° The exchange—
correlation (XC) energy was calculated using the Perdew—
Burke—Ernzerhof (PBE) functional.* The DFT-D3 method
with the Becke-Johnson damping function was used to
calculate the van der Waals dispersion energy.*>* One
electron wave functions were expanded using a basis set of
plane waves with kinetic energy up to 400 eV. The core
electrons were described using the projector-augmented wave
method.*”* The electronic structure of the surface model in
each self-consistent field (SCF) cycle was considered
converged when the difference in total energy between
consecutive SCF steps fell below 107 eV. The atomic
positions were considered converged when the Hellmann—
Feynman forces on unconstrained atoms fell below 0.02 eV/A.
The vibrational frequency calculations were performed using
the finite difference method with a step size of 0.01 A.

Two y-Al,05(110) slab models of different thickness were
used in this work. Following our group’s previous inves-
tigations, hydroxylation was not considered as the chemical
potential of water is expected to be extremely low under a
nonoxidative propane dehydrogenation reaction environ-
ment.* A 4-layer-thick y-Al,0,(110) surface model was used
to train the machine-learned force field, where the bottom
layer of the model was fixed to bulk atomic positions. Spin
polarization was not used in the 4-layer model calculations. All
training calculations were performed in a (2 X 2) supercell of
7-AL,O;(110), where the dimensions of the simulation cell
measure 16.7 A X 16.0 A X 20.0 A. The Brillouin zone was

sampled using a (2 X 2 X 1) Monkhorst—Pack mesh.*® On the
other hand, an 8-layer-thick y-Al,O;(110) surface model was
used to compute adsorption energies of radical fragments and
probe molecules, for adsorption energy decomposition
analyses, and for electronic structure analyses.”’ > Spin
polarization was used in the 8-layer model calculations. More
details of the 8-layer model and comparisons between the two
models are provided in the Supporting Information (see
discussion in Section S1, Figures S1 and S2, Table S1). Finally,
as a reference, the adsorption energies of hydrogen and OH on
a (3 x 3) cell of Pt(111) were also computed. In these
calculations, the Brillouin zone was sampled using a (9 X 9 X
1) Monkhorst—Pack mesh.

2.2. Moment Tensor-Based Machine Learning Poten-
tials (MLPs). DFT calculations are prohibitively expensive,
making it infeasible to simulate long-time scales for complex
systems. Several advances in the past decade have enabled the
development of readily parametrized accurate MLPs.”> MLPs
can model bond-breaking and -formation events and can be
trained to a higher degree of accuracy compared to traditional
force-fields.”* Here we use moment tensor potentials
(MTPs)™> to perform MD simulations of H spillover in Pt/
Al,O;. MTPs represent energies and forces in a basis of atom
centered Chebyshev polynomials and moment tensor
functions. MTPs are parametrized by fitting them to DFT
calculated energies and forces on a set of representative
atomistic configurations. MTPs can be trained to a high degree
of accuracy with fewer configurations compared to other
MLPs.>® See ref 55 for details on the basis functions and the
fitting procedure and Section S2 of the Supporting Information
for details on MTP hyperparameters used for training.

2.3. Active Learning Procedure to Train MLPs and
Molecular Dynamics (MD) Simulations. MTPs were
trained with the active learning algorithm developed by
Shapeev.”” First, a preliminary MTP is trained on an initial
set of randomly generated configurations. Active learning
requires setting an extrapolation grade, ¥, to actively choose
configurations for retraining the MTP. ¥ measures the degree
of extrapolation of an atomistic configuration from the training
set. For details on defining y see ref 57. Two thresholds of y are
required to be set for active learning, ¥ et and Yyt An MD
simulation is performed with the preliminary MTP, and all
configurations with ¥, < ¥ < Vimax Sampled during the MD run
are stored for further retraining. The MD simulation is
terminated if a configuration with y > y,... is encountered and
single-point DFT calculations are performed on the config-
urations stored in the database (Y < ¥ < Vmax). These
configurations are added to the training set and the MTP is
retrained. The MD simulation is restarted with the retrained
MTP. Active learning stops once the MD simulation completes
without encountering a configuration with y > y,;.

MTPs were trained for H,(Pt;o/y-Al,O;. MD simulations
were performed with the Large-scale Atomic/Molecular
Massively Parallel Simulator code.”® The equations of motion
were integrated with the Velocity Verlet algorithm with a time
step of 0.25 fs.” Simulations were performed in the NVT
ensemble, and the temperature was controlled with a Langevin
thermostat with a time constant of 0.1 ps.*’ 7., and ¥,y were
set equal to 2.1 and 10.0, respectively. Active learning was
terminated when no configurations with y > 2.1 were
encountered during a 10° step MD trajectory.
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3. RESULTS

3.1. Molecular Dynamics Simulations of a Hydrogen-
Precovered Pt,, Cluster on y-Al,05(110). y-Al,O;-
supported Pt clusters are catalytically active for H,
dissociation,*” spilling over the dissociated H atoms onto the
7-AlL,O5 support.”’ We investigated H spillover in Pt/y-AL, O,
with 10 ns MD simulations at five different coverages with H/
Pt ratios of 1, 0.8, 0.6, 0.4, and 0.2. MTP extrapolation errors
for each coverage are reported in Table S2. The calculations
were initialized with a stable Pt;;/y-Al,0;(110) cluster
obtained with basin—hopping.é2 We selected the Pty cluster
as it has not been intensively studied on this surface and
because the structural and combinatorial complexity of Pt;oH,
makes it a good prototype for subnanometer clusters. H atoms
were randomly dispersed on the Pt cluster, and the structure
was locally optimized. We initialized simulations with different
initial H atom configurations. In all cases, H atoms equilibrated
over the Pt cluster within 2.5 ps, indicating that the initial H
atom configuration does not influence the long-time dynamics
of H spillover. All simulations were performed at 700 K to
reflect industrial reaction temperatures involving Pt/y-Al,O;
catalysts.**

Figure 1 shows the evolution of the average H—Pt, H-0O,
and H—Al coordination numbers, CNy_p, CNy_o, and
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Figure 1. Average H—Pt, H-O, and H—Al coordination numbers as a
function of time for a H/Pt coverage of 1:1. MD simulations were
performed with a time step of 0.25 fs and configurations were dumped
every 2000 steps. The plotted data was smoothed by averaging in
blocks of SO timesteps.

CNyy_yy respectively, for a H/Pt ratio of 1:1. Coordination
numbers are averaged over all H atoms in a configuration.
Cutoffs of 2.0, 1.2, and 1.9 A were used for calculating H—Pt,
H-0, and H—Al coordination numbers, respectively. Figure
2a shows the starting configuration of H;,Pt,/y-Al,04(110),
with all H atoms on the Pt,, cluster. Initially (t = 0), CNy_p,
was approximately 1.4, because some H atoms were
simultaneously coordinated with multiple Pt atoms. CNy_o
was approximately 0.2, despite no H atoms being coordinated
to surface O atoms due to smoothing of the data. H atoms
began to spillover from the Pt,, cluster onto y-Al,O5 within 3
ps and contribute to the averaged point at ¢ = 0. No H atoms
were coordinated to Al atoms.

After the initial spillover at 3 ps, H atoms dynamically
shuttled between the Pt cluster and surface O atoms near the
cluster periphery, reflected in CNy_ fluctuations between 0.2
and 0.4 within the first 1.5 ns. Following this, some H atoms
diffused away from the cluster, and beyond 1.5 ns, CNy_g
fluctuated between 0.3 and 0.6. All spilled over H atoms
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Figure 2. Configurations at the beginning and end of the 10 ns MD
trajectory. (a) The initial configuration of H,,Pt,/7-Al,04(110), with
all H atoms are on top of the Pt cluster, and (b) the final
configuration, where S of the 10 H atoms have spilled onto the Al,O,

support. Color scheme: Pt (gray), O (red), and Al (blue), and H
(white with a black outline). Red arrows show spilled over H atoms.

coordinated with surface O atoms and no H—AI bonds were
formed. Spilled over H atoms also hopped between adjacent
support O atoms suggesting that they can diffuse across the
support. Figure 2b shows the configuration at the end of the 10
ns trajectory, where S H atoms (marked with red arrows) have
spilled over from the cluster onto the support, with one of
those embedded between the cluster and the support by
breaking a subsurface Al-O bond. In addition to H spillover,
the initial 3D cluster transitioned to a flat geometry by S ns.
Prior computational studies have also reported structural
changes of gas-phase and supported metal clusters with
temperature, e.g., Au,64 Ag,65 Cu,65 Co,66 Pt/ a—AlZO3,67 Au/
CeO," etc. The 3D to flat transition of the Pt cluster is also
accompanied by y-Al,O; restructuring, shown in Figure 2b. We
also performed a 10 ns MD simulation with an extended (4 X
4) y-ALO,(110) slab to investigate the migration of H atoms
away from the Pt), cluster. However, we did not observe
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Figure 3. Adsorption energy (AE,4) of hydrogen (H) on and surrounding the Pt,, cluster. (a) Geometry of the supported cluster and labeled Pt
and O sites. (b) AE,4, of H (calculated with respect to H, gas) at the eight most stable sites. H prefers to adsorb on subcoordinated Pt sites (gray
bars) and surface O,,, sites surrounding the cluster (red bars). For reference, the AE, 4 of H on Pt(111) is —0.56 eV at 6; = 1/9 and denoted with

a horizontal dashed line in (b).
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Figure 4. Adsorption energy decomposition analysis for the AE 4 of H on O sites surrounding the Pt cluster. (a) Energy decomposition schemes
employed. (b) Correlation between the AE, 4 of H on the Pt,y/y-Al,O; substrate, where the Pt,, cluster and the y-Al,05(110) surface were allowed
to relax, and that where the cluster and surface were not allowed to relax (AE, g fieq)- (c) Correlation between AE 4 of H on the Pt;/y-Al,O;
substrate, where the Pt,, cluster and the y-Al,04(110) surface were allowed to relax, and that on the distorted Pt,,/y-Al,O; substrate (AE, ). The
Pt cluster enhances the intrinsic interaction strength between H and O sites near the Pt;o/y-AL,O5(110) interface. H on O;,-4R was omitted as an

outlier due to subsurface Al reconstruction.

significant H migration far away from the Pt;, cluster, which
indicates that spilled-over H atoms are more stable near the
Pt/y-Al,O; interface and are unlikely to diffuse very far away
after spillover. The evolution of coordination numbers at H/Pt
coverages of 0.8:1, 0.6:1, 0.4:1, and 0.2:1 is shown in Figure
S3. Similar to the 1:1 coverage, H atoms dynamically hop
between the Pt cluster and the y-AlL,O; support for all
coverages.

3.2. Adsorption Energy of Hydrogen on Pt;,/y-
Al,05(110). Motivated by the H spillover, we explored the
adsorption energy of H on the O and Pt sites of Pt;o/y-
Al,05(110) (Figure 3), calculated using an 8-layer model (see
Methods and Section S1). Ordering the sites in ascending H
adsorption energy (AE,4, calculated with respect to H, gas),
we found that H prefers to bind on the Pt-Top and Pt-Bri
(bridge) sites of the cluster and the O,,, sites surrounding it.
Comparing all available Pt and O sites in the cell, we found
that multiple O sites can bind H as strongly as Pt sites, with O
sites immediately surrounding the Pt cluster as the most stable

13582

adsorption sites, consistent with results obtained from MD
simulations (Figures S4—S6). H adsorbs most strongly on O,,-
2R, followed by atop Pt-2 and between Pt-2 and Pt-5 (Pt-2/Pt-
S). This preference supports the H spillover to the O,,, sites,
as seen in the final image of the MD trajectory in Figure 2b.

In general, H adsorbs stronger on Pt;/y-Al,05(110) than
either Pt(111) or the bare y-Al,05(110) surface. Compared to
the close-packed Pt(111) surface, H binds stronger on the Pt-
2/Pt-5 bridge site by 0.37 eV. On the other hand, H
adsorption on O,,-2R is far stronger than that on a bare
alumina surface, where the AE,;; of H on O,, is 0.20 eV (Table
S1). Among all O sites, although H prefers to bind to O,,,
than Oy, ; its adsorption on Oy, is still strongly stabilized
compared to bare alumina (Figures S4—S6). Notably, H
adsorption at the O3,-2R site in a cavity under the Pt cluster
is stabilized by 2.01 eV compared to the bare y-AL,O;(110)
surface (Figure S6), making the adsorption energy at this site
comparable to that on Pt sites. This stabilization also agrees
with the coordination of H under the Pt;, cluster, at the same

https://doi.org/10.1021/acscatal.4c03485
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Figure S. Electronic structure of the bare y-AL,O;(110) surface and Pt;o/7-Al,05(110). (a) Geometry of the Pt;;/y-AL,O;(110) interface. (b)
Electronic density of states (DOS) of bare y-Al,05(110) and Pt,,/y-Al,0,(110). (c) O 2s + 2p PDOS of surface O,,-1L on the bare y-Al,0,(110)
surface (red) and on Pt,,/y-ALO;(110) (green) and the first moment of their occupied O 2s+2p states (ezﬁzp). (d) O 2s +2p PDOS and €354 Of
0,,-2R on bare y-Al,04(110) and Pt,/y-AL,O5(110). The Pt,,/y-Al,05(110) surface has a higher Fermi energy (Eg) than the bare y-Al,04(110),
where many states due to Pt are present in the alumina band gap. The interaction between O,,-2R and Pt-1 pushes some O states above the Ey of
the bare y-Al,0;(110), but the effect of Pt on unbound O (e.g,, O,,-1L) is limited.

site observed in the MD trajectories (Figure 2b). As both the
flattening of the Pt;, cluster and additional y-AL,O;(110)
surface reconstructions are observed in the MD trajectories, we
also considered the adsorption of H on and near a flattened
Pty cluster inserted between surface Aly, and O,, We found
that neither the flattening nor the alternate surface
reconstruction swayed the stabilization of H on these
interfacial O sites (Figure S7). These deviations in the AE 4
of H relative to the reference surfaces suggest that H
adsorption on Pt/Al,O; intimately depends on the structure
of the adsorption site.

In summary, H can adsorb strongly on the Pt cluster and
the oxygens at its immediate support surroundings, making H
spillover thermodynamically feasible. The AE_;, of H depends
on the binding site, where O,,;, and Pt sites are largely
preferred. Compared to the clean Pt(111) and y-Al,05(110)
surfaces, H adsorption on Pt,o/y-AL,O;(110) is much stronger.

3.3. Chemical Origin of the Strengthened Adsorption
of Hydrogen. As atomic H binds weakly to O sites of
nonreducible oxides, the strengthened AE, 4 of H on O sites at
and near the Pt;o/y-Al,O;(110) interface warrants a closer
inspection. To uncover its chemical origin, we first studied the
adsorbed state by energy decomposition analyses using two
schemes (Figure 4). In both schemes, we partition the
adsorption energy into two components, one which mainly
represents the intrinsic interaction between the H and the O
binding site, and another the extent to which the binding site
must distort to host the adsorbed H. In the first scheme, the
AE 4, of H on O sites was partitioned into that on a fixed Pt;,/
7-AL,05(110) substrate (AE 4 f..q) and the energy change of
the subsequent structural relaxation (AE,,,,). AE, 4 is strongly
correlated with AE 4 4..q) With a coefficient of determination
(R*) of 0.82. On the other hand, AE, and AE,,, are
essentially uncorrelated, with R* of 0.14 (Figure S8a). In the
second scheme, AE ;; was partitioned into the energy cost to
distort the atomic positions of the Pt;,/y-Al,0;(110) substrate
to those in the final H-adsorbed state (AEg) and the
subsequent adsorption energy of H on the distorted substrate

(AE,,)- Here, AE, 4 better correlates with AE, .. than AE,,,
with R* of 0.65 and 0.40, respectively (Figures 4 and S8b).
Both energy decomposition schemes suggest the intrinsic
interaction strength between the H and the O sites near the
Pty cluster, rather than creating more geometrically favorable
H binding sites near the cluster, is responsible for enhancing
AE ..

Since the intrinsic interaction between H and O sites best
correlates with the AE_; of H, we turn to investigate the
chemical properties of the O sites on the Pt;o/y-AlL,O5(110)
surface and how they are influenced by Pt;,. By comparing the
DOS of the bare y-Al,O;(110) and Pt;/y-Al,0;(110), we
found that Pt shifts the surface’s Fermi energy (Eg) from —6.16
to —4.92 eV (Figure S). The upshifted Ey is accompanied by
the appearance of states in the y-Al,04(110) surface band gap,
which can mainly be assigned to Pt states with minor
contributions from O and Al (see also the local DOS of
relevant bands in Figure S9). An interfacial Pt—O bond can be
characterized as a four-electron interaction between occupied
states, which pushes some O 2s+2p states above the Eg of the
bare y-AL,O;(110) due to Pauli repulsion and shifts the first
moment of the occupied O 2s+2p states (&y.,,) (Figures
$10-512).°” Some upshifted O 2s+2p states (e.g, in O,,-2R,
Figure Sd) here may stabilize H on O bound to the Pty
cluster. Although the Pt)y cluster has a pronounced effect on
the electronic structure of O bound to it, its effect on surface O
not bound to Pt is limited. The O 2s+2p PDOS of remote
surface O resembles that on bare y-Al,0;(110), with few to no
states above the Ep of the bare y-AL,O;(110) (e.g,, in O,,-1L,
Figure Sc). The lack of upshifted 2s+2p states in the remote O
sites cannot explain the strengthened AE on these sites.
Similarly, we found that the Ep of the flattened Pt;, cluster to
be upshifted to —5.01 eV, demonstrating the generality of the
phenomenon despite minor changes to the electronic structure
due to the dynamical restructuring of the cluster and the
support surface. Overall, although the Pt;, cluster directly
affects the electronic structure of O sites to which it is bound,
it has little impact on those not bound to the cluster.

13583 https://doi.org/10.1021/acscatal.4c03485
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(b)

Figure 6. Charge transfer upon H adsorption on O. Spin density difference analysis for (a) H adsorption on the O,,-2 site not bound to Pt and
(b) on bare y-Al,04(110) (isosurface level of 0.003 a.u.; positive spin density is shown in yellow and negative in blue). H adsorption on O,;-2
transfers charge to the Pt cluster, while charge is transferred to Aly on the bare alumina. Unoccupied Pt states in the y-Al,O;(110) band gap

stabilizes H—O interactions by accepting charge from the adsorbed H.
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Figure 7. Charge transfer-stabilized adsorption of OH on surface Al sites surrounding the Pt,, cluster. (a) Geometry of the supported cluster and
labeled Al sites. (b) Adsorption energy of an OH fragment on Al sites surrounding the Pt,, cluster and on a reference bare y-Al,O;(110) and
Pt(111) surface and (calculated with respect to H,O and H, gas). Blue and gray bars denote adsorption on Al and Pt sites, respectively. Analogous
to H on O, high-lying occupied Pt states enable the adsorption of OH on surface Al sites by donating charge to the adsorbed OH.

The spatially immediate effect of Pt—O bonding on the
electronic structure of O sites cannot explain the stabilization
of the AE,;, of H on O not bound to the cluster. To better
understand the longer-ranged effects of the Pt), cluster, we
analyzed the spin density difference for H adsorption.
Specifically, we compared H adsorbed on the O,,-2 site of
Pt,/7-Al,0;(110) (Oy,-2 is not bound to Pt) and O,, site of
the bare y-Al,05(110) surface (Figure 6). When H adsorbs on
O4;,-2, charge is mainly transferred to the Pty, cluster, which is
expressed as diffuse lobes of positive spin density difference on
the cluster. On the other hand, upon H adsorption on O,, of
the bare y-Al,05(110) surface, charge is transferred to the
lowest unoccupied band of the adjacent Aly; (see also LDOS in
Figure S9), resembling the adsorption of atomic H on
coordinatively unsaturated sites of MgO.”””" The different
charge transfer behaviors are due to the electronic structure of
the surfaces. Pt;o/y-ALO;(110) has many low-lying unoccu-
pied Pt states in the alumina surface band gap and readily
accommodates the excess charge. In contrast, the conduction
band of the bare y-Al,05(110) surface cannot as it is much
higher in energy. A similar behavior is observed upon H
adsorption on fixed Pt;o/y-Al,05(110) and y-Al,0;(110)
surfaces, which, in combination with the adsorption energy
decomposition analysis presented above, suggest that charge
transfer to Pt;, is the main mechanism behind the stabilization
(Figures 4 and S13). This mechanism is consistent with the
diminished stability of spilled-over H on O sites farther away
from the Pt cluster due to charge separation (e.g., O;,-1L/R vs
0,,-3L/R, Figure S6). Although H, can dissociate on the bare
7-AL,O;(110) surface to form an OH with lattice O, the
reaction is heterolytic, and one H™ must form on Al to balance
the charge.”” Near the Pt/y-Al,O5 interface, unoccupied states

below the y-Al,O; conduction band belonging to the Pt cluster
act as the countercharge for H' instead.

3.4. Charge Transfer-Based Stabilization of OH Near
the Pt-Alumina Interface. As an immediate extension of the
charge transfer-based H stabilization on surface O, one may
hypothesize that the high-lying occupied Pt states above the y-
Al,O; valence band may serve as the countercharge for an
anionic fragment. As a proof-of-concept, we compared the
AE, 4 of an OH fragment on Pt and Alyy sites (with respect to
H,0 and H, gas) against that on Pt(111) and on the Aly; site
of y-Al,04(110) (Figures 7 and S14). Overall, OH is bound
stronger at the interfacial Alyy sites than at Pt—Al bridge sites
or the Pt cluster. The most stable adsorption sites were Aly;-2,
followed by Aly-3 and Alp-1. Compared to the bare y-
Al O4(110) surface, an OH adsorbed at Alj-2 is stabilized by
1.57 eV. By visualizing the spin density difference, we found
that charge is transferred from the Pty cluster to the OH
fragment upon adsorption (Figure S15). On the other hand,
upon OH adsorption on Alyy; of the bare y-ALO;(110) surface,
charge is transferred out of the low-coordinate O,,;, sites,
whose occupied states lie lower in energy than the Pt states,
rendering the adsorption much less favorable. These results
demonstrate that the Pt cluster can also act as the
countercharge to stabilize an anionic fragment near the Pt-
alumina interface.

Analogous to H adsorption on O, it is also possible that the
strengthened OH adsorption near the Pty cluster is due to the
inherent differences in the Lewis acidity of Al sites in the
presence of the cluster. To probe the intrinsic Lewis acidity of
surface Al sites, we compared the energy position of the
unoccupied Al 3s + 3p states. Like surface O, bonding between
surface Al and the Pt cluster affects the Al site’s electronic
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Figure 8. Pyridine adsorption on Alyy sites in the presence of Pt. (a) Cluster geometry and labels of Al sites. (b) Adsorption energy of pyridine on
sites shown in (a) and shifts in the “8a” vibrational mode of adsorbed pyridine compared to reference structures. The Lewis acidity of Aly;-4 is
reduced, but those not bound to Pt are scarcely affected. Pyridine could also adopt a flat, multidentate configuration on Aly-4 and the surrounding

Pt.

structure, forming new unoccupied states below the con-
duction band. In contrast, the electronic structure of remote Al
sites resembles the bare y-Al,05(110) and should not stabilize
OH (Figure S16). The Al—Pt interaction can be characterized
as a two-electron one with primarily bonding character (Figure
S17).

As a second comparison, we calculated the AE 4 of pyridine
and shifts in the “8a” vibrational mode of adsorbed pyridine on
the available Al sites of Pt;,/y-Al,05(110) (Figures 8 and S18,
and Table S3), as an extrinsic measure of Lewis acidity. Here,
we target monodentate adsorption modes that only involve
Al—N interactions as a metric for acidity. The AE_ 4 of pyridine
at the Aly-4, Alyy,-2L, Aly,-3, and Alpy,-4 sites weakens by 0.1
eV or more, while the AE 4 of pyridine at the Aly-2, Aly-3,
Alpy,-1R, Aly,-3L, and Alpy,,-2 sites strengthens by 0.1 eV or
more. The shifts in the AE 4 of pyridine are accompanied by
marginal differences in the blueshift of the pyridine “8a”
vibrational mode. Overall, these relatively minor differences in
the extrinsic acidity of Al sites in the presence of Pt are
incommensurate with the much larger stabilization of OH
observed above, leaving charge transfer as the primary
mechanism.

A loss of acidity, though, does not necessarily mean a loss in
reactivity. When adsorbed on Al sites sufficiently close to Pty
pyridine can be further stabilized by adopting a multidentate
configuration, with the aromatic ring partially adsorbed on Pt
sites (Figure S19). For instance, although the AE, g4, of pyridine
at the Aly-4 site in an upright configuration is much weaker
than on an ordinary Aly site (—1.64 vs —2.33 V), bonding
between the aromatic ring and the adjacent Pt-6 and Pt-7 can
stabilize this multifunctional adsorbate. Here, the 8a vibrational
mode is severely red-shifted due to bonding between the 7
system of the aromatic ring and the Pt cluster. These
configurations are reminiscent of the flatter pyridine
adsorption _;eometries on Pt(111) at low temperatures and
coverage.”””*

4. DISCUSSION
4.1. Dynamics of Hydrogen Spillover on Pt/y-Al,0;.

Space- and time-averaged spectroscopic methods cannot
directly probe the spillover dynamics and distribution of H
on supported metal clusters. MD can simulate H spillover
dynamics and spatial distribution and help interpret spectro-
scopic measurements. However, most computational studies of

13585

H spillover have used expensive ab initio MD simulations
limited to a few picoseconds.””””” Recent advances in MLPs
enable longer time scale MD simulations at ab initio accuracy
to provide critical insight into slower processes associated with
hydrogen spillover.

Our computations suggest that H spillover can occur across
a range of H coverages, notably even at low coverages of H/Pt
= 0.2. Spilled-over H atoms can embed themselves between
the Pt cluster and Al,O; support, creating potentially new
hydrogen storage and catalysis mechanisms. Furthermore, H
spillover between the metal and the support is dynamic and
reversible, suggesting reverse spillover and additional catalytic
pathways for hydrogen-involving reactions.

Simulations also show Pt cluster and Al,O; support
restructuring at longer time scales, which could affect reaction
kinetics and thermodynamics. The Pt cluster flattens as it
restructures, leading to increased Pt dispersion. The restructur-
ing also alters the local coordination environment of Al and O
sites bonded to Pt. These changes can affect the acid/base
properties of the interface and the kinetics of typical Lewis
acid-catalyzed reactions, which will be the subject of future
investigations.

Our work underscores the importance of exploring long-
time scale processes associated with H spillover on Pt/Al,O4
catalysts inaccessible by expensive ab initio MD simulations.

4.2. Mechanism of H Spillover and Energetics of H,
Chemisorption on Pt/y-Al,0s. The spillover of hydrogen on
supported metal catalysts has been studied for decades.
Although generally considered much less favorable on
nonreducible oxides than reducible ones, H spillover from Pt
nanoparticles to nonreducible oxides has been demonstrated in
model systems with well-defined structures.”* ™" The difficulty
stems from the weak adsorption of atomic H on nonreducible
oxides, whereas on reducible oxides, H could be stabilized by
donating its electron to the support.”® H spillover on
nonreducible oxides is believed to be assisted by defects on
the support, Bronsted acid sites, or H* diffusion coupled with
that of an anionic fragment, such as H™.”*’®" The charge
transfer-based mechanism in our work shares a similarity with
the proposed mechanisms, in that spilled-over H prefers binds
to undercoordinated O sites present on the dehydroxylated y-
Al,04(110) support. Such surface Al and O sites (termed
“defect sites”) have been reported to activate H, and alkanes
through a Lewis acid—base mechanism.*>”* H spillover was
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not observed on Pt clusters supported on other dehydroxylated
alumina facets and hydroxylated y-Al,0;(110); though, reverse
H spillover from hydroxylated y-Al,05(110) to Pt clusters has
been reported at low H coverages.””**™** Importantly, our
mechanism differs from the proposed mechanisms as it
accounts for the electronic influence of the supported metal
species. The presence of the Pty cluster is vital as it avoids the
unfavorable charge transfer to Al sites on the alumina support
(Figure 6). This distinction demonstrates the importance of
the supported metal species on its support. Overall, we expect
the charge-transfer-driven mechanism to be responsible for H
spillover near the Pt/y-Al,O, interface, as charge separation
will diminish the stability of spilled-over H farther away. We
recognize that the presence of undercoordinated O sites on the
support and low-lying unoccupied electronic states on the
cluster are conducive for spillover at the Pt/y-Al,O; interface.

Beyond the spillover of H, the chemisorption of hydrogen
on Pt/y-Al,O; has also been studied for decades, and several
assignments have been proposed for the various adsorption
sites. Based on reported temperature-programmed desorption
spectra of H,-treated Pt/y-Al,O3, H, desorption peaks beyond
the reversibly bound H, desorption peak in the range of 100—
200 °C have been assigned to H adsorbed at the Pt-alumina
interface, H spilled over to alumina, H adsorbed at
subcoordinated Pt sites, or Pt-catalyzed decomposition of
OH groups or surface impurities.””*”*>*> The calculated
energetics of H spillover in this work support that both H
adsorbed on subcoordinated Pt sites and O at the Pt/y-
AL,O5(110) interface (Figure 3) could contribute to high-
temperature H, desorption peaks. Our results also have
ramifications regarding the interpretation of calorimetric and
surface site titration studies.

4.3. Electronic Structure of Pt/y-Al,0; and Charge
Transfer Near Metal—Support Interfaces. By analyzing the
influence of Pt on the adsorption of H, OH, and pyridine, we
found that charge transfer involving Pt states in the -
Al,04(110) surface band gap stabilizes adsorbates on O and Al
sites not bound to Pt. The presence of these states is directly
related to the heightened Eg. of Pt;,/y-Al,04(110) compared to
both contiguous Pt surfaces and y-Al,05(110). This difference
is mainly due to the coordinatively unsaturated geometry of
the Pty cluster; a similar rise in the Ep is also reported for y-
Al O;-supported Pd, clusters."” More generally, the electronic
structure of Pt/y-Al, O3 can be compared to that of a metal—
insulator heterojunction.””®” At the heterojunction interface,
the Fermi energy could be raised due to electrostatic
compression, charge transfer, and structural relaxation.®® States
in the insulator band gap can be formed due to the decay of
the metal wave function into the insulator medium, chemical
bonding, and charge transfer.*” Here, aside from the presence
of high-lying Pt states corresponding to coordinatively
unsaturated Pt sites, states above the Ep of the bare y-
Al,04(110) surface are also generated due to Pt—Al and Pt—O
interactions (Figure S). The formation of these additional
states falls under gap states induced by chemical bonding,
where the bonding picture is consistent with re}Eorted analyses
of y-Al,O; supported Pd and Pt clusters.'””>®” Although the
upshifted O 2p states could contribute to the strengthened
adsorption of H at the Pt-y-Al,O; interface, they cannot
explain the stabilization on the O sites farther away from the
interface.

An important class of heterogeneous catalysts often likened
to a heterojunction is the inverse catalyst, where the spatially

immediate influence of the Pt cluster on the electronic
structure of alumina resembles that observed on MgO(100)
thin films.*” Although 1 and 2 monolayer (ML) thick
MgO(100) films deviate from thicker films due to the quantum
size effect, the electronic properties of the both supported and
unsupported MgO(100) film begin to resemble that of thick
films from the third ML onward; the adsorption energy and
structure of single Pd, Ag, and Au atoms on unsupported
MgO(100) surfaces are already converged by the third
ML.*??"?* 1In relation, the minorly impacted acid/base
properties of Al and O sites away from the Pt-y-Al,O,
interface (Figures S, S10, and S16) are comparable to those
of MgO, where the adsorption energy of a neutral Pd atom has
been reported to be similar on both supported and
unsupported thick MgO(100) films.””

Beyond the electronic structure and acid/base properties,
the adsorbate charge transfer observed near the Pt/y-Al,O,
interface is comparable to reported findings in conventional
catalysts. The stabilization of H" on tetragonal ZrO,(101) in
the presence of a Ru cluster (although still less stable than H
on Ruy, at low coverage) and of anionic fragments on
MgO(100) in the presence of a metal rod have been
reported.’””*™"° Analyses of these systems paint a familiar
physical picture, where charge transfer to/from the metal
species is responsible for the stabilization.”* In the desorbing
direction, the formation of oxygen vacancies (Vy) on
nonreducible oxides has also been reported to benefit from
the presence of a metal species, such as that in the presence of
a Ru, cluster, which becomes more endothermic with distance
from the cluster.* Besides charge transfer, the V5 could also be
stabilized by bonding between the metal atom/cluster and the
cations surrounding the Vo. e~ This bonding contribution is
reminiscent of the H adsorption, as certain upshifted O 2p
states of O bound to the Pt cluster may stabilize the adsorbed
H (e.g, 0,,-2R).

Aside from conventional catalysts, adsorbate charge transfer
has also been reported on inverse catalysts. When a metal—
supported MgO(100) film is sufficiently thin (ca. 3 ML or
less), electrons can tunnel through it to stabilize compatible
adsorbates, including H*.””~"" Like the case of spilled-over H,
these adsorbates become less stable with increasing MgO film
thickness due to charge separation.”” One difference between
H adsorption near the Pt-alumina interface and charge transfer
through MgO(100) thin films is the dependence on site
structure. The adsorption of an Au adatom on MgO(100) thin
films is facilitated by a strong inward relaxation of the Mg
site.””'%? Importantly, the charging of Au is diminished
without surface relaxation, while charge transfer from H to
the Pt cluster does not require relaxation (Figure S13). These
differences suggest that adsorbate charge transfer is heavily
dependent on the structure of the metal-oxide interface and the
identity of the adsorbate.

4.4. Catalytic Reactions Over Supported Metal
Catalysts. The chemical and electronic properties of the Pt-
alumina interface, which stabilize radicals on the support, have
several implications for reactions on supported metal catalysts.
Bifunctional mechanisms have been recognized for reactions
such as hydrocracking and hydrodeoxygenation.”®”” Scaling
relations-based kinetic analyses of bifunctional catalysts had
been reported, which identified situations where the spillover
of adsorbates could improve the catalyst’s overall reactiv-
ity."%>'%* Importantly, the reported analyses show that rapid
diffusion and spillover of intermediates is required for a

https://doi.org/10.1021/acscatal.4c03485
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multicomponent catalyst to outperform the sum of its parts.
Here, rapid, reversible H spillover was realized due to charge
transfer at the Pt/y-Al,0;(110) interface and may be
generalized to other nonreducible supports, as discussed
above, provided that the electronic structure of the interface
readily facilitates charge transfer and that reactive sites are
present on the support near the metal cluster. Spilled-over H
may influence the reactivity and selectivity of (de)-
hydrogenation reactions over such catalysts, as they allow
elementary (de)hydrogenation steps to occur at sites where H,
activation may be difficult. For instance, aluminosilicate-
encapsulated Pt catalysts have been reported to be active for
cyclohexane/benzene (de)hydrogenation due to H spillover
enabling reaction on support sites but less active for propane
hydrogenolysis.”” The thermodynamics of H adsorption may
also influence the coverage of H on the cluster and the
interface, as the coverage of H on Pd and Pt surfaces had been
reported to influence the selecti\_/itg of furfural hydrogenation
and propane dehydrogenation.'*>" ©

Another possible consequence originates from the proximity
of metal and acidic sites, where structure-sensitive reactions
involving a multidentate species could benefit. As reported for
CO oxidation over supported Au catalysts and dry reforming of
methane over Ni/y-Al,O;, important intermediates and
transition states can be stabilized at the metal—support
interface."™">'% 7' We observed a similar result here in the
adsorption of pyridine; the lone pair on N and the conjugated
C could simultaneously bind to Al and Pt, respectively (Figure
8). The adsorption energy of pyridine in this configuration is
comparable to or greater than that on standalone Aly and
Alpy, 1, sites. Another important consequence, as reported for
MgO-supported metal rods, is that linear scaling relations at
the metal-oxide boundary often differ from those on
monometallic surfaces, which may also promote multistep
reactions occurring through bifunctional mechanisms, as
discussed above.”**

5. CONCLUSIONS

In this work, we explored the adsorption and spillover of
hydrogen on a Ptj, cluster supported on dehydroxylated y-
Al,04(110) through MD simulations using a MLP and DFT-
based electronic structure calculations. MD simulations show
that H spillover is reversible and occurs at various coverages. H
spillover is also accompanied by a restructuring of the Pt
cluster and the y-Al,05(110) support at higher temperatures,
indicating that the catalyst site structure dynamically evolves at
higher temperatures. Through DFT-based H adsorption
energy calculations, we found that aside from coordinatively
unsaturated Pt sites on the Pty cluster, O,,, sites at and near
the Pt-y-Al,O; interface could also serve as potent binding sites
for H, which enable the spillover of H from the Pt cluster to
alumina at a modest H coverage. By adsorption energy
decomposition and electronic structure analyses, we showed
that reactive Pt states near the Fermi energy of Pt)/y-
Al,04(110) are primarily responsible for the stabilization of H
near the Pt-alumina interface. We further demonstrated the
charge transfer-driven stabilization of charged fragments by
comparing the adsorption energy of OH near the Pt-alumina
interface to that on a bare y-Al,0;(110) surface. Finally,
through pyridine adsorption calculations, we showed that
surface Al sites not bound to the Pt,, cluster retain their Lewis
acidity, and the proximity of Pt and Al sites stabilizes
multidentate adsorbates. Our work demonstrates that the

unique electronic structure of the metal—support interface
enables redox reactions otherwise unachievable over a
nonreducible but active support. These results also show that
the metal affects the chemical properties of its support.
Moreover, our framework, combining MLPs and electronic
structure calculations, can be readily applied to investigate H
spillover for other supported metal catalysts.
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