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Hydrogen Spillover and Its Relation to Hydrogenation: Observations
on Structurally Defined Single-Atom Sites**

Max J. Hiilsey", Victor Fung®, Xudong Hou, Jishan Wu, and Ning Yan*

Abstract: Hydrogen spillover, involving the transfer of
H atoms from metal sites onto the catalyst support, is
ubiquitous in chemical processes such as catalytic hydro-
genation and hydrogen storage. Atomic level informa-
tion concerning the kinetics of this process, the struc-
tural evolution of catalysts during hydrogen spillover, as
well as the nature of participation of the spilled over H
in catalysis, remain vastly lacking. Here, we provide
insights to those questions with a solubilized polyoxome-
talate-supported single-atom catalyst which allows for
the use of characterization techniques generally inacces-
sible to the study of heterogeneous catalysts. Hydro-
genation kinetics together with poisoning studies further
reveal that hydrogen spillover can be either detrimental
or beneficial for catalysis, the direction and magnitude
of which depends mostly on the nature of the reducible
functional group. Similar trends were observed on one
of the most prototypical hydrogen spillover catalysts—
Pt/WO,. )

Introduction

Previously studied catalysts exhibiting hydrogen spillover
only offer limited insights due to their lack of well-defined
structures, insufficient tools to precisely characterize spill-
over stoichiometries and kinetics, as well as the lack of
information on the role of spilled over hydrogen during
catalysis.! For example, conventional nanoparticle catalysts
on metal oxides such as the prototypical Pt/WO; comprise
ill-defined metallic hydrogen splitting sites as well as
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complex metal support interfaces. Furthermore, ambiguities
exist about whether spilled over H should be rather
regarded as hydrogen atoms or protons.”! Although surface
science studies offer deeper insights, correlating hydrogen
spillover with catalytic activity remains difficult.”! In most
cases, the support covered in spilled over hydrogen is viewed
as a H reservoir with the metallic site as the main driver for
catalysis, though in certain cases the direct participation of
the H-covered support in hydrogenation reactions has been
hypothesized.!"* Besides constraints by the catalyst materi-
als, techniques to study the hydrogen spillover phenomenon
are additionally restricted to solid-state NMR,” temper-
ature-programmed reactivity studies,'”’ neutron scattering,”’
resonant  photoemission®™ and  X-ray  absorption
spectroscopy,” among others, all with known limitations in
the investigation of heterogeneous catalysts. DFT calcula-
tions can offer additional details but the relevance of those
results is compromised by the lack of definedness of most
heterogeneous catalysts exhibiting spillover.

Due to these limitations, several major questions about
hydrogen spillover remain inconclusively addressed: i) the
kinetics of the process, i.e. how the rate of H spillover is
affected by an intermediate spillover state, ii) the composi-
tion and properties of the catalyst after H spillover, and
iii) how the spilled over H contributes to heterogeneous
hydrogenation catalysis. Herein, we provide insights to those
questions by characterizing the hydrogen spillover behavior
of several solubilized lacunary polyoxometalate (POM)-
based single-atom catalysts (SACs). Previously, we reported
similar catalysts to identify active sites during hydrogena-
tion, as well as the CO and benzyl alcohol oxidation
reactions.'”” The chemical space for POM-based (single-
atom) catalysts has been drastically extended especially in
the past few years opening exciting avenues for both
discovering new catalytic reactivity as well as fundamental
studies."!! Herein, we find a unique interplay between
positively charged Pd and a reducible Mo-based support for
hydrogen spillover. Due to the solubility of the SAC in polar
solvents, techniques like electrospray ionization mass spec-
trometry (ESI-MS), liquid phase 'HNMR and UV/Vis
spectroscopy become viable tools for the characterization of
the process. Based on reaction kinetics, catalyst poisoning,
and ESI-MS, we identified subtleties in the contribution of
spilled over H to the hydrogenation of different substrates.
These molecularly defined catalyst model structures with
experimentally proven reaction intermediates provide an
ideal system for DFT calculations to understand both the
thermodynamics as well as kinetics of hydrogen spillover.
Combined with analogous experiments with Pt/WO;, it
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appears that our findings are not only true for SACs but
may be more generally applicable.

Results and Discussion

SACs based on lacunary POMs offer advantages such as
easy synthesis, stable structures in 1:1 metal support ratios,
as well as their high solubility in polar solvents.""l PMo,,05,
(charge states are omitted for clarity) was synthesized by the
lithium carbonate-mediated removal of one MoO subunit
from phosphomolybdic acid (Figure la, Figure S1) while
PW,,05, was synthesized following a procedure described in
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our previous study.™ Mixing equimolar ratios of the
lacunary POM and metal salts with weakly coordinating
ligands yielded the active site in situ, PMo;;O5Pd;, which
can be easily and unambiguously characterized by electro-
spray  ionization = mass  spectrometry (ESI-MS)
({[PMo,;04Pd;] +2H "}~ (calc.: 606.55, expt.: 606.57; the
formula in the brackets indicates the composition of the
catalytic sites whereas the two protons are captured from
the solvent). DFT calculations confirmed that Pd was most
likely adsorbed in the vacant site of the lacunary POM
similar to structures that were confirmed experimentally
before (Figure S2)."! We also precipitated PMo;;05M,
(M =Pd, Pt, Rh) as tetrabutylammonium salts for solid-state
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Figure 1. Structure of PMo,,05,Pd, after hydrogen spillover. a) Catalyst structure before and after full hydrogen spillover (16 H atoms) based on
DFT calculations. Color code—grey: Pd, pink: Mo, blue: P, red: O, white: H. b) ESI-MS of PMo,,05,Pd, during the hydrogen spillover for different
durations. Some of the higher m/z species occur due to Na™ and K* adducts. c) UV/Vis spectroscopy of PMo,;;0;,Pd, during the hydrogen
spillover (45 and 180 min), photographs of the solution at different time points are shown in the inset. d) '"H NMR of PMo,,0;,Pd, before and after
24 h hydrogen spillover. ) DFT-calculated reaction energies of the heterolytic H, dissociation and subsequent spillover on adjacent (H-O) as well
as distant sites (H—O’) for different PMo,,O3,M, catalysts (detailed structures are shown in Figure S16). Color code — grey: Pd, light blue: Mo, pink:

P, red: O, green: H.
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characterization such as probe molecule DRIFTS and XPS
among others.

CO DRIFTS suggests that all materials comprise
positively charged metal ions for all three PMo,;O;M;
materials, with CO vibrations for Pd at 2113 cm™' (consistent
with partially positive Pd®*),[™*! for Pt at 2105 cm™' (sugges-
tive of Pt*'),™ and for Rh at 2109, 2072, 2024, and
1993 cm™ (likely due symmetric and asymmetric vibrations
of a mixture of Rh™ and Rh*"),'" respectively (Figure
S3b). This reduction of Rh’* in situ during CO exposure is
relatively common and single Rh atoms on Mo-based POMs
can be reduced to Rh* rapidly at room temperature.'”
None of the materials exhibit broad CO vibrations below
1950 cm ™, which would be indicative of bridged site CO on
metal nanoclusters or -particles. We therefore conclude that
despite small differences in the oxidation states, the different
PMo,,03M, materials are comprised of the same structural
motifs merely differing by the identity of their metal active
sites. CO DRIFTS further shows the stability of the atomic
dispersion of Pd on PMo,;O3;Pd; even after hydrogen
spillover treatment (Figure S3c) providing further evidence
that hydrogen spillover indeed occurs over atomically
dispersed metal sites.

Infrared spectroscopy suggested high purity of the
PMo,;05M, samples after precipitation (Figure S4). When
PMo,,05Pd;, was exposed to H, at room temperature, a
gradual color change from yellow to blue was observed.
ESI-MS of the solution after color change suggested the
formation of catalyst species containing spilled over hydro-
gen. The m/z values of the catalyst after H, exposure for
60 min were consistent with the formation of {[PMo;;OsPd;-
Hg] +3H"})* (calc.: 917.89, expt.: 917.86) with 16 spilled
over H atoms on the POM (Figure 1b and Figure S5). We
did not observe any species with higher H coverage
suggesting that this is the highest hydrogen spillover state of
PMo,,05Pd;, under our reaction conditions. The lack of
color changes and unaltered ESI-MS spectra of PMo,;;0O3,,
PW,,05Pd;, PMo,,0O;Rh,, and PMo,,0O5Pt, after H, ex-
posure revealed that none of those exhibit a similar behavior
suggesting that the combination of Mo-based POMs and Pd
is unique (Figure S6). UV/Vis spectroscopy of the Pd-Mo
POM system showed the formation of two distinct states
with absorption maxima at 700 and 316 nm, respectively
(Figure 1c). This indicates significant changes in the elec-
tronic state of the POM-based SAC as should be expected
from the oxidation state change of Mo. Reduction of Mo""
to Mo" often leads to absorption at 600-800 nm® while
more significant reduction of the POM changes the color to
a deep blue in this case with the absorption maximum in the
UV region.' The occurrence of two distinct maxima
observed by UV/Vis spectroscopy implies the formation of
two sets of species during hydrogen spillover (Figure 1c).
ESI-MS at different times of H, exposure further supports
the notion that distinct states of hydrogen spillover exist
with a group of intermediate species (plausibly ranging from
8 to 12 or 14 H atoms) centered at around {[PMo;;OsPd;-
Hyp,] +3H P (calc.: 915.88, expt.: 915.84) (Figure 1b and
Figures S5 and S7), before reaching the saturated state of
[PMo;;05,Pd;-H;¢]. '"H NMR of the catalyst before and after
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24h H, exposure in d>-DMSO showed well-resolved and
sharp resonances of spilled over H. The strong downfield
shift of the "H NMR signals highlight the electron-deficient
nature of the spilled over H which thus should be viewed as
protons on the reduced PMo,;0;,Pd; supported by a Bader
charge analysis of the components of PMo,;O5Pd, at differ-
ent H coverages (Figure 1d, Figure S8, and Table S1).
Integrated ratios between the 'H resonances (1:1:1:1)
corroborate the formation of [PMo,;O5Pd;-H;4] as identi-
fied by ESI-MS. Solvents appeared to exert a drastic effect
on hydrogen spillover kinetics with a general promoting role
of polar protic solvents (Figures S9 and S10). This would
suggest that proton transfer is important for hydrogen
spillover or that apolar solvents destabilize the transition or
final state of the catalyst during or after H transfer. This is
consistent with the generally assumed critical role of water,
even when merely present as adlayers in gas phase catalyst
systems, on hydrogen spillover.”'® We further evaluated the
stability of Pd sites against sintering by XPS and CO
DRIFTS after H, treatment under different conditions
(Figures S3 and S11).

From the observations mentioned above, we propose
two subsequent steps to occur with PMo,;O;Pd; during H,
exposure:

PMo,,05,Pd, + x/2H, — PMo,,05,Pd,-H,

(8 < x < 14, intermediate state)

PMo,, O5,Pd,-H, + (16—x)/2H, — PMo,, 05, Pd,-H,,
(full H coverage)

1

@

From the ESI-MS analysis of the hydrogen spillover
process after elongated times (90 min or longer), the
formation of an oxygen vacancy from {[PMo,;O5,Pd,-H;¢] +
3H"}* started to occur as evidenced by a mass loss of one
molecule of water (Figure 1b). This was corroborated by the
fragmentation of the {[PMo;;O5Pd,-H;s]+3H"*}*" showing
the formation of {{PMo,;0sPd;-H,,] +3H"}*~ (Figure S12).

PMo,; O3Pd;-Hyg — PMoy; O3Pd;-Hyy + H,O 3)

As reported previously, oxygen vacancies are closely
linked to hydrogenation/deoxygenation reactions (see
below).! For the NBu,-precipitated solid-state material, we
detected EPR-active Mo" suggesting that those are inter-
mediates in the hydrogen spillover process (Figure S13). The
EPR signal is only seen in the solid state probably due to
the high reactivity of Mo" in the presence of water or
magnetic coupling of Mo" rendering them EPR silent.””
XPS on the solid-state PMo;;03;Pd; compound further
provided evidence that the majority of Mo"" is reduced after
H, exposure (Figure S11). Within a few hours’ exposure to
air, hydrogen spillover on PMo;;0;Pd;, was completely
reversible but stable under a flow of inert gas for 20 h
(Figures S14 and S15). This suggests that spillover is not
spontaneously reversible but spilled over H is capable of
reacting with oxidants such as O,.

DFT calculations were employed to identify why the
combination of PMo;;0; and Pd is special for hydrogen

© 2022 Wiley-VCH GmbH
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spillover. Complexes between the lacunary POM and Pd",
Pt", and Rh' (Figure S16) were considered in line with the
oxidation states we observed based on CO DRIFTS. For all
catalysts, only the heterolytic splitting of H, into metal-
based H> and POM-based H*" were feasible mechanisms.
Pd" exhibited the highest H, dissociation barriers, while Pt"
and Rh' split H, with negligible barriers (Figure 1e) which
seems to be in contrast with experimental observations. For
hydrogen spillover to occur, however, the subsequent trans-
fer of H from the metal site to the support needs to be
considered as well. Pd" demonstrated the lowest barriers,
whereas activation energies were >1.5 eV for Pt" and Rh',
rendering them kinetically incompetent for H spillover at
room temperature. Hydrogen diffusion barriers between O
atoms on the support were low (~0.5 eV) and only margin-
ally affected by the single metal cation (Figure le). The
hydrogen spillover capacity of PMo,;O5,Pd, was investigated
by obtaining the average hydrogen adsorption energy
relative to H, gas as a function of H coverage (Figures S17
and S18). Consistent with experimental data, 16 H atoms
appear to be the approximate limit upon which further H
spillover becomes endergonic, suggesting that the experi-
mentally observed maximum H coverage is determined by
thermodynamic rather than kinetic limitations. Those results
support our observations that metal-POM combinations
other than PMo,;0;,Pd; do not show hydrogen spillover as
well as the catalyst:H ratios after hydrogen spillover based
on ESI-MS and 'H NMR. DFT calculations further inves-
tigated the impact of POM composition on the H, splitting
behavior suggesting that spillover is thermodynamically
rather than kinetically limited on PW,;05Pd; as compared
to PMo,;05Pd, (Figure S19). Although hydrogen spillover
from metallic Pt to various reducible supports is commonly
assumed, previous experiments also suggested that cationic
Pt behaves differently from its metallic counterpart.***
The distinction of two related spillover species by UV/
Vis provides us with a direct and non-destructive tool to
follow hydrogen spillover kinetics. The formation of the first
set of stable spillover intermediates with its UV/Vis
absorbance at 700 nm has a positive order towards H,
concentration (1.52) confirming that H is involved in the
rate-determining step and that spillover entails multiple
elementary steps (Figure2a). We further observed a
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negative order towards the concentration of PMo,;O3Pd,
(—0.99) (Figure 2b). With this, the apparent activation
enthalpy and entropy were determined to be 552(%
1.7)kJmol™! and —133.5(%7.8) Jmol 'K™', respectively
(Figure 2c). Hydrogen spillover overall as defined in Equa-
tion (1) is an entropically disfavored process and thus it is
reasonable to assume that the apparent activation entropy is
negative.

The absence of H spillover intermediates with low H
coverages (i.e. below approximately 8 H, Figure 1b) suggests
a level of autocatalytic hydrogen spillover. A DFT analysis
of the impact of H coverage on the H, splitting barriers
reveals a continuous decrease in the H, activation barrier on
PMo,,05,Pd, as hydrogen spillover progresses (Figure S20).
Based on DFT calculations, the hydrogen splitting mecha-
nism also changes from heterolytic to homolytic H-H
cleavage with higher H coverage. At a coverage of around
14 H atoms, the activation barriers for H, splitting become
almost negligible and thus we may assume that the rate-
determining step changes from H, splitting to the diffusion
of H on the support. Yang et al. for example have shown
previously that the diffusivity of H on spillover catalysts is
inversely proportional to the extent of hydrogen coverage.”"
Those two competing effects might lead to the observation
of only a few distinct hydrogen spillover intermediates.
Overall, an important finding here is that the initial spillover
of hydrogen benefits the subsequent activation and spillover
of H, i.e., it is a self-catalytic process, which is consistent
with the occurrence of an induction period that is sometimes
observed for hydrogen spillover.[®!

To identify the relation of hydrogen spillover to
catalysis, we tested the nitrobenzene (NB) hydrogenation
during H, exposure of the catalyst. We found NB conversion
to increase in an accelerated manner with time (Figure 3a)
with the reaction rate acceleration following an approx-
imately two-stage linear behavior with constants of 0.040
and 0.263 min?, respectively (Figure 3b). The inflection
point of this increase at around 40 mins coincides with the
onset formation of the final hydrogen spillover species (that
is PMo,;05Pd;-H;s). We therefore conclude that spilled
over H on the catalyst has a unique reactivity in the
hydrogenation of NB. In order to test this hypothesis, we
resorted to the selective poisoning of Pd species by benzyl
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Figure 2. Kinetics of the hydrogen spillover on PMo,,034Pd,. Reaction orders towards a) H, and b) PMo,,0;,Pd;, during the hydrogen spillover
process. c) Eyring plot for the first hydrogen spillover step with the absorbance at 700 nm.
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Figure 3. Hydrogenation kinetics and poisoning studies. a) Conversion and b) reaction rates for the NB hydrogenation during the hydrogen
spillover. The slopes (reaction rate acceleration constants in min~?) are indicated as slopes of the plot. c) Long-term poisoning study of
PMo,,034Pd, during the NB hydrogenation reaction with 100 equivalents of substrate (details on how the number of H transfer is calculated are in
the experimental section). Reaction kinetics for the hydrogenation of d) NB, e) ACP, f) VA with the addition of 2 equivalents benzyl mercaptan after
different reaction times. g—i) ESI-MS during the reaction between {[PMo;;035Pd;-H;¢]+3H*}*~ and different substrates. PMo,,03,Pd,; was
subjected to H, for 120 min prior to the addition of 25 equivalents of substrate. g) NP, h) ACP, i) VA, j) Schematic depiction of the contribution of
spilled over H to hydrogenation catalysis for different substrates. Reaction conditions for d—i) V=0.02 L, Cppo11039=1, 0.25 (c) mmol L™,
Cpy=0.33, 0.08 (c) mmol L™, F (5% H,) =40 cm’min™", T=RT (a—d, g—i), 40 (e), or 0 (f) °C, Coupstrare =8-25 mmol L' with the addition of benzyl
mercaptan to Cecapan=0.66, 0.17 (c) mM after different reaction times ranging from 0 to 90 min. Conversions in d—f were plotted as difference
between conversion and conversion at t =0—the time point when poison was added.

mercaptan, a thiol with strong affinity to soft Lewis acids in preventing further hydrogen activation and spillover to
like Pd*". Adding two equivalents (relative to Pd) of benzyl  the support. Even with the poison present, two NB
mercaptan to {[PMo;;O3Pd;-H,(]+3H "} after 120min  molecules were converted to aniline per POM equating to
hydrogen spillover together with the substrate NB in large  the total transfer of 12 H atoms per PMo,,;0;yPd; unit to the
excess shows that the poisoning protocol is indeed effective  substrate within 240 min (Figure 3c, details on the calcula-
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tion of the number of H transferred are in the experimental
section). Reaction rates and their changes were further
elucidated during catalysis with catalyst poisoning at differ-
ent time points. Again, for the hydrogenation of NB the
conversion increased exponentially without poison while
following a strict linear increase after adding benzyl
mercaptan. The correlated reaction rates are thus increasing
linearly for the unpoisoned case while they stayed constant
for the case where the poison was added. Noticeably, the
reaction rates were dependent on the time point of benzyl
mercaptan addition indicating that the extent of spillover
affects reaction kinetics (Figure 3d and Figure S21a). We
observed similar trends for the hydrogenation of acetophe-
none (ACP) with increasing or constant reaction rates when
no or two equivalents of benzyl mercaptan were added,
respectively (Figure 3e and Figure S21b). For the hydro-
genation of vinyl acetate (VA) comprising an unsaturated
C=C bond the conversion increased linearly with time with
the related reaction rates thus being constant. Upon addition
of benzyl mercaptan, the conversion of VA did not increase
anymore with reaction rates immediately dropping to zero
(Figure 3f and Figure S21c). This strongly suggests that
spilled over H did not participate in the hydrogenation of
C=C bonds but instead that H transfer occurred from the Pd
site. Overall, there seems to be a strong tendency of the
hydrogenation of polar functional groups by spilled over H
while less polar bonds rely on the transfer of H directly from
metal active sites.

ESI-MS was used to shed further light on the participa-
tion of spilled over H in the hydrogenation reaction of
different substrates. When substrates were added to the
catalyst after hydrogen spillover for 120 min, clear differ-
ences were observed among them. For VA, there was no
obvious change in the composition of the spilled over
catalyst structure within 180 min (Figure 3i), confirming that
spilled over H does not participate in C=C bond hydro-
genation. For ACP, the intensity of the mass peak for
{[PMo,;05Pd;-H,s] +3H "}~ decreased significantly over
time with almost complete H removal after 180 min (Fig-
ure 3h). This is consistent with the contribution of spilled
over H to the hydrogenation of C=O bonds. The biggest
differences arise for the hydrogenation of nitrophenol (NP,
NP is used to replace NB for its higher solubility in water)
with the immediate removal of H from the support and the
formation of the oxygen vacant species {{PMo;,;O;Pd,-H,] +
3H"}* (Figure 3g). The formation of this intermediate was
additionally confirmed by hydrogen spillover experiments in
the presence of NP (Figures S22 and S23), while the H
transfer stoichiometry was consistent with the transfer of 12
H atoms per PMo,;05,Pd;-H,¢ discussed earlier (Figure 3c).
Fragmentation of the NP-containing intermediate confirmed
the ability of the substrate to refill the oxygen vacancy
during reaction (Figure S24). These ESI-MS experiments
support the notion that spilled over H is responsible for the
hydrogenation of certain reducible bonds while the exact
nature of participation of these H atoms differs in mecha-
nism between different functional groups (e.g. the direct
transfer of H, formation of oxygen vacancies, etc., Figure 3j).
Those findings were further corroborated by measuring the
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concentration of hydrogen spillover species by UV/Vis in
the presence of the three reducible substrates (Figure S25)
as well as the observation that the hydrogen spillover species
can be completely recovered after all reducible substrate
was consumed (Figure S26).

We measured the initial hydrogenation turnover fre-
quencies for NB and VA with PMo,;0;Pd, after different
times of H, exposure to obtain a clearer correlation between
the extent of hydrogen spillover and the hydrogenation
kinetics. A 33-fold increase in NB hydrogenation activity
after 90 min initial hydrogen exposure was observed (Fig-
ure 4b) consistent with proceeding H spillover and oxygen
vacancy formation. In contrast, the reaction rate dropped by
a factor of 3.3 after 90 min H, exposure of the catalyst for
VA hydrogenation (Figure 4a). This indicates that not only
does hydrogen spillover contribute to the hydrogenation of
various reducible groups differently, but hydrogen spillover
can also be detrimental to catalysis in certain cases.

Since experimental data provide good indication that
hydrogenation may occur either on the POM support
through spilled over hydrogen or on the metal site through
Pd-mediated hydrogen transfer, the reaction energies of the
VA and ACP hydrogenation over two types of sites located
on the support and on Pd under different hydrogen cover-
ages were calculated by DFT. For the hydrogenation of VA,
only the Pd site showed reasonably low reaction barriers
with marked effects of the H coverage on both kinetics and
thermodynamics of the reaction. Activation energies were
calculated to be 0.07 eV and 0.33 eV for low and high H
coverages, respectively (Figure 4c and Figures S27 and S28).
In contrast, the hydrogenation of polar bonds such as C=0
in ACP only proceeds with low activation barriers when
PMo,,03Pd; exhibits high H coverages. Low hydrogen
coverages increase the reaction barriers and render the
hydrogenation far less exothermic (Figure 4d and Figur-
es S29, S30, and S31). In addition, the local H density,
depending on the specific location of H atoms, significantly
impacted the hydrogenation reaction barriers (Figure S32).
The hydrogenation of NB should be assumed to depend on
the extent of hydrogen spillover as well, since the proclivity
for forming oxygen vacancies is H coverage-dependent
(Table S2). Those findings are consistent with experiments
suggesting that different sites on Pt/TiO, might be involved
in the hydrogenation of functional groups of differing
polarity.” Kinetic barriers for the deoxygenation of ACP
are high on Mo POM-based Pd SACs, in accordance with
the lack of experimentally observed ethylbenzene as well
one of our previous studies (Figure $33).”*! While for the
above-mentioned three reactions, we did not observe differ-
ences in the H-coverage-dependent selectivity, analogous
reactions with cinnamaldehyde suggest that the activity for
C=0 bond hydrogenation of PMo,;03,Pd, is approximately
12 times higher after hydrogen spillover compared to the
catalyst without any pre-treatment (Figure S34). We may
ascribe those differences in reactivity to the change in
oxidation state of Pd, as reflected by a shift in XPS binding
energies of Pd from initially 337.6 eV to 337.1 eV as hydro-
gen spillover progressed (Figure S11), as well as by Bader
charge analysis of PMo,;0;yPd, as a function of H coverage

© 2022 Wiley-VCH GmbH
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Figure 4. Correlation between the hydrogen spillover and the hydrogenation activity. Substrate conversion for the a) VA and b) NB hydrogenation
after hydrogen spillover for 5, 45, or 90 min. DFT calculated reaction energies for the c) VA and d) ACP hydrogenation for different sites on the
catalyst and H coverages. EA stands for ethyl acetate, the hydrogenation product of VA; PE stands for 1-phenylethanol, the hydrogenation product

of ACP.

(Table S1). This reactivity trend is consistent with previous
reports on the drop in C=C bond hydrogenation activity
when the oxidation state of Pd was reduced.” We further
found that a catalyst not exhibiting hydrogen spillover
(PW,,05,Pd,) was significantly more active in the hydro-
genation of vinyl acetate (Figure S35).

To identify whether the findings related to hydrogen
spillover are specific to POM-supported SACs or can also
be applied to more traditional nanoparticle-based catalysts,
we performed analogous investigations on the archetypical
hydrogen spillover catalyst Pt/WO;, which we observed to
also undergo a color change from yellow to blue during H,
exposure (Figure S36). This color change was concomitant
with the formation of Pt particles with diameters on the
order of 3-5nm (Figure S37) while the absence of metal
leaching into solution was confirmed by ICP-OES (Ta-
ble S3). Plotting the initial reaction rates for the VA and
ACP hydrogenation reaction against time after different
durations of H, treatment revealed a picture comparable to
the case of PMo;;03Pd,. Hydrogenation rates dropped by a
factor of 7.8 for VA when Pt/WO; was exposed to H, for
90 min while the opposite was true for NB with a rate
increase by a factor of 3.6 (Figures 5a,b). We therefore again
conclude that spilled over H positively contributes to NB
reduction while hindering VA hydrogenation. Further
verification of this hypothesis was obtained from isotope
labelling experiments. Provided that the spilled over H

Angew. Chem. 2022, €202208237 (7 of 10)

exchanges protons with protic solvents and considering that
the rate of hydrogen spillover is considerably larger than its
reversal (which we found to be true for PMo;;O3Pd,),
differences in the D incorporation should be expected when
D,O and H, are used during the hydrogenation reaction.
Indeed, significant deuteration of the ACP hydrogenation
product 1-phenylethanol was observed while the D incorpo-
ration was negligible when VA was used as substrate
(Figures 5c,d). This strongly supports the notion that H/D
from the support is involved in the hydrogenation of the
polar C=O bond while only H from the Pt nanoparticles are
transferred to VA.

Studies on bimetallic single-atom alloys have revealed
certain factors affecting spillover catalysis but the nature of
H on metallic surfaces is very different compared to more
conventionally investigated metal oxides.’**! Understanding
the impact of hydrogen spillover on the electronic structure
of the catalyst as well as its hydrogenation activity might
have implications for reactions that do not involve H atom
transfer directly but which may either form H species as
side-product or benefit from the co-feeding of H, such as
shown recently for epoxidation reactions.” For reactions
like the CO, or N, hydrogenation, the contribution of
hydrogen spillover to catalysis has been discussed very
recently and remains inconclusive.””! Based on our results, it
is very likely that hydrogen spillover plays a crucial role in
forming oxygen vacancies and transferring H to polar

© 2022 Wiley-VCH GmbH
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molecules like CO,. Caution should be exercised for
correlating hydrogen spillover and enhanced catalytic activ-
ity since in some cases limiting the spillover of H on the
support appears to be beneficial. As a corollary to that,
hydrogen spillover obviously affects the selectivity in the
hydrogenation of different functional groups and once fully
understood could offer an additional handle to rationally
design hydrogenation catalysts. We developed a related
heterogeneous single-atom catalyst and observed compara-
ble hydrogen spillover behavior as well as hydrogenation
kinetics for solid—gas biphasic processes and we expect those
data to shed further light on the curious case of hydrogen
spillover.

Conclusion

In summary, the unique soluble SAC-POM catalyst system
allows for the investigation of hydrogen spillover to a
previously unattainable level of detail. Our observations
based on kinetics, spectroscopy, spectrometry, and DFT
calculations reveal that hydrogen spillover is an autocatalytic
process, that the spilled over H on metal oxides is highly
protonic in nature and induce vacancy formation on the
support, with the maximum H coverage determined by
thermodynamic limitations. The nature of the contribution
of spilled over H to catalysis depends on the reducible

Angew. Chem. 2022, €202208237 (8 of 10)

functional group: for nitro group and C=O bond hydro-
genation spilled over hydrogen enhances the reaction rate
by direct participation from the support and may addition-
ally decrease the reaction barrier on the metal site; for C=C
bond hydrogenation, in stark contrast, spilled over hydrogen
cannot be directly added to the double bond while their
presence increases the hydrogenation barrier on the metal
site, thus slowing down the reaction. Comparable experi-
ments performed on Pt/WO; support the notion that some
of the conclusions in particular pertaining to the contribu-
tion of spilled over H to catalysis drawn from the POM-
based SAC are applicable for other catalysts as well. This
study provides fundamental insights as well as guidance for
designing improved hydrogenation catalysts targeted for
various substrates. It may also inspire more studies of
complex catalytic phenomena on model catalyst systems
comprising single-atom sites.'"**! We envision that this
platform can be utilized more extensively in the future to
resolve long-standing questions in the fields of catalysis and
beyond.
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