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Hydrogen spillover, transfer of H, from a metal surface to a support (often metal oxides), is pivotal for many
heterogeneous catalytic processes, including Cu/ZnO and Cu/ZrO, catalyzed methanol synthesis. Little is
known about hydrogen spillover on ZnO or ZrO,, due to the high complexity of the metal-metal oxide
interface. Here, we model hydrogen spillover on ZnO and ZrO, by reacting them with molecular metal
hydrides to see how the properties of the hydrides affect hydrogen spillover. While the good H- donors
HV(CO),dppe (1) and CpCr(CO)sH (2) do not react with the metal oxide surfaces, the strong hydride donors
iBuoAlH (3), CpoZrHCL (4), and [HCu(PPhs)lg (5) do reduce ZnO and ZrO, to give defect sites with the same
EPR signatures as obtained via hydrogen spillover. We also observe new M-O bonds to the surface using
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X-ray absorption spectroscopy (XAS). We propose that these metal oxides undergo hydrogen spillover via
initial hydride transfer followed by tautomerization of the surface hydride, giving reduced sites and OH
DOI: 10.1039/d4cy00504; bonds. This mechanism is in contrast to the traditional spillover mechanism involving discrete proton- and
electron transfer steps. We also observe that ZnO is easier to reduce than ZrO,, explaining the difficulty
rsc.li/catalysis observing spillover on Cu/ZrO,.
accepted to occur for many different heterogeneously
catalysed reactions, including methanol synthesis,*®
hydrocracking,®™® the hydrodeoxygenation of biomass,” " and
the hydrogen evolution reaction.'>™* In these cases, atoms
from the metal oxides play an intimate role in the reaction

Introduction

Heterogeneous catalysts based on ZnO and ZrO, are popular
in the industrial synthesis of methanol."* In particular, when
combined with Cu nanoparticles, as in the Cu/ZnO/Al,O3 and
Cu/ZrO, catalysts for methanol synthesis from either CO or
CO,, they show high activity and selectivity for methanol and
long catalyst lifetimes.> However, the activity of such Cu-
based catalysts is heavily dependent on the identity of the
metal oxide. For example, Cu/SiO, and Cu/Al,O; catalysts
primarily convert mixtures of CO, and H, to CO under the
same conditions at which methanol is made using ZnO and
ZrO, as supports.* This has led researchers to propose that,
rather than simply being used as supports for the Cu

E =2Zn, Zr

E = reduced sites

nanoparticles, the metal oxides play an active role in the ZnO or ZrO,
catalytically active sites. This phenomenon is known as a
strong metal-support interaction (SMSI) and is now widely Modelled
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Fig. 1 Hydrogen spillover from both nanoparticles and well-defined
molecular hydrides on heterogeneous catalyst surfaces.
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mechanism by binding to substrates directly, so much so that
the reactions are no longer possible without their presence.

The mechanisms of SMSIs are not well understood. In the
case of methanol synthesis with Cu based catalysts, two
mechanisms have been proposed: hydrogen spillover (Fig. 1)
and the interfacial mechanism. In the hydrogen spillover
mechanism, hydrogen gas adsorbs on the metal surface,
which acts as a source of protons and electrons that then
‘spillover’ onto the metal oxide,">'® reducing it and
producing defect sites that can react with CO or CO, to
eventually produce methanol. This has been proven to occur
in the Cu/ZnO/Al,0O; catalyst, which forms CuZn alloys on the
surface of the Cu particles."” The Zn atoms of these alloys
change back and forth from CuZn in H,-rich atmospheres to
Zn-formate species in CO,-rich atmospheres.'®

The mechanism of SMSI in the Cu/ZrO, case is not as well
understood. Indirect evidence for hydrogen spillover such as
H/D exchange of Zr-OH species and 1e  reduction of metal
dopants has been observed during catalysis."® However, no
direct evidence for the formation of Zr(u) centers during
catalysis has been reported. We recently demonstrated that a
model oxo-bridged Zr(m) dimer reacts with CO, to give only
CO, rather than formate/methanol, suggesting that even if
the sites are present on the surface, they may not contribute
to the desired reactivity.20 In contrast, the carbonate, formate,
and methoxy intermediates formed during -catalysis are
bound to the ZrO, surface.?' Since Lewis acids are known to
activate molecular catalysts toward CO, hydrogenation,* >
the interface mechanism was proposed in which
intermediates bound to Zr Lewis acid sites are activated
toward hydride transfer, which occurs from nearby Cu
surfaces.>’ However, the participation of hydrogen spillover
in the catalytic mechanism has not been ruled out.

If indeed hydrogen spillover on these metal oxides is
responsible for the production of the catalytically active sites,
then the metal surface only serves to reduce the metal oxide.
In this case, other metals may result in even more hydrogen
spillover and thus a higher proportion of active sites.
However, despite hydrogen spillover being known for nearly
60 years,> our understanding is still limited.'® As a result,
we have relatively little information about the mechanisms
by which hydrogen spillover might occur on ZnO and ZrO, or
the factors controlling its thermodynamics and kinetics.

Our lack of understanding of the basic chemistry of
hydrogen spillover on these oxides is at least partially due to
the extremely complex nature of the catalyst surfaces upon
which it occurs. In particular, the metal nanoparticles
present on the surface have many different potential
hydrogen atom positions on the many surface terminations,
as well as from defects such as step sites, corner sites, and
adatoms that make knowing their basic reactivity very
challenging.

One method for investigating hydrogen spillover is to
simplify the system by removing the metal nanoparticles
from the surface and react pure metal oxide surfaces with
well-defined molecular hydrides. Doing so removes the
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complexity of the metal nanoparticles and hydrogen pressure
from the reaction and allows us additionally to vary the
reactivity of the metal hydrides at will (pK,,>® bond
dissociation free energy (BDFE),>” and hydricity®®). We
recently demonstrated this strategy by reacting MoO; with
the well-defined hydride HV(CO),dppe (1),>° which is a strong
hydrogen atom donor. This reaction was virtually identical to
hydrogen  spillover in Pt/MoO; and  mechanistic
investigations suggested that the reaction proceeds via
sequential proton - and electron transfer steps. We also
found that CpCr(CO);H reacts with CeO, in a similar way
resulting in the same amount of hydrogen spillover as in Pt/
Ce0,.*° Such a strategy may also yield information about
hydrogen spillover on ZnO and ZrO,. Indeed, Mayer and
Gamelin have shown that combinations of strong reductants
and acids can be used to reduce colloidal nanoparticles of
ZnO and TiO, and that these reduced nanoparticles are good
hydrogen atom donors.***

Here, we react ZnO and ZrO, with well-defined molecular
metal hydrides to understand how the hydride reactivity
affects hydrogen spillover. We found that in contrast to other
metal oxides, metal hydrides that are strong hydrogen atom
(H) donors did not reduce ZnO and ZrO,. This lack of
reactivity can be rationalized through the metal oxide
Pourbaix diagrams. Instead, exposure of the metal oxides to
strong hydride (H) donors resulted in spectral signals
characteristic of metal oxide reduction (similar to those
observed during hydrogen spillover). The mechanism for this
reaction can be understood as initial hydride transfer
followed by either surface metal hydride tautomerization to
give new OH bonds and inject electrons into the material or
via loss of H, from the surface, leaving behind two reduced
sites. We also found that ZrO, was more difficult to reduce
than ZnO, explaining why hydrogen spillover in Cu/ZrO, is
observed less frequently than with ZnO.

Results and discussion

We began the model studies of hydrogen spillover on ZnO
and ZrO, by reacting them with good hydrogen atom donors.
We previously showed that the reaction of metal hydrides
with weak M-H bonds, such as HV(CO),dppe (1) or
CpCr(CO);H (2),>”*> with MoO; and CeO, leads to hydrogen
spillover just as is observed with noble metal
nanoparticles.”*® Therefore, we reacted these two metal
hydrides with both ZnO and ZrO,. However, even at elevated
(80 °C) temperatures and high metal hydride concentrations
(0.1 M), we never observed reduction of either of these metal
oxides (by NMR, IR, or EPR).

This result was at first puzzling. The V-H and Cr-H bond
dissociation free energies of 1 and 2 are 52 and 57 kcal
mol™,* making them both approximately as reactive as H,,
thermodynamically speaking. Since both ZnO and ZrO, are
known to react with H, at high temperatures,***° one would
expect 1 to react at some conditions. However, the
thermodynamics of the reduction of ZnO and ZrO, are also
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Fig. 2 Two potential mechanisms of metal oxide reduction.

dependent on the product that is made during the reduction
(Fig. 2). Reduction of metal oxides via PET at low
temperatures (near room temperature) generally leads to
metal oxyhydroxide products, often termed metal hydrogen
bronzes. This is the case for many bulk metal oxides
including MoO;,*"** which we previously observed after
reduction with 1.>° It is also possible to reduce metal oxides
with loss of H,0O, resulting in oxygen vacancies. In this case,
the driving force of the reaction is the production of free
water in the gas phase (at high temperatures), making these
reactions very entropically favorable but often with a high
kinetic barrier requiring high temperatures. In the case of
ZrO, and ZnO, it is likely that the second mechanism is
thermodynamically favorable while reduction without loss of
water does not occur. This is demonstrated nicely by
comparison of the redox potentials of ZrO, and ZnO
reduction (both around -0.8 V wvs. standard hydrogen
electrode (SHE)) obtained from the Pourbaix diagrams,****
both of which are more negative than the reduction potential
of water to H,. This suggests that the putative oxyhydroxides
of these metals are unstable to H, loss in the presence of
water and bulk Zr and Zn oxyhydroxide phases are not stable
enough to be shown on their Pourbaix diagrams. However,
both metal oxides undergo reduction at >300 °C (ZnO) and
>500 °C (ZrO,) under H, flow in a temperature programmed
reduction (TPR) reactor to produce free water and
presumably oxygen vacancies,*>*® the water formation being
the driving force of the reaction.

Therefore, some additional thermodynamic driving force
is necessary for the reduction of ZnO and ZrO, to occur with
molecular metal hydrides. However, at or near room
temperature, where we want to perform our well-defined
reductions, it is not possible to produce free water. Instead of
making free water, we could rather make a new bond to the
surface oxygens that compensates for the thermodynamics of
the reaction. One well-known reaction on surfaces that
produces new M-O bonds is to react hydride donors with
metal oxide surfaces (Fig. 3). In this mechanism, a metal
hydride donor reacts with bridging oxo ligands of the metal
oxide transferring the H™ to a metal atom of the surface and
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Fig. 3 Hydride transfer on metal oxide surfaces.

making a new M-O bond to the hydride donor.””*® If the
strength of this M-O bond is stronger than a potential OH
bond that would be made, this reaction would become
thermodynamically favorable.

We attempted this with a variety of hydride donors
including diisobutylaluminum hydride (DIBAL, 3), Schwartz's
reagent (Cp,ZrHCl, 4), and Stryker's reagent ([HCuPPh;]g, 5)
the latter of which somewhat resembles a Cu nanoparticle
(which are present in industrial methanol synthesis
catalysts). Estimates of Al-O, Zr-O, and Cu-O bond strengths
(120-131, ca. 180, and ca. 97 kecal mol™, respectively)*
suggest that they are indeed much stronger than the weak
O-H bonds typical of reduced metal oxide surfaces (typically
50-80 kcal mol").>>*" Beginning with ZnO, we reacted a
solution of each of these reagents dissolved in toluene with
ZnO at 80 °C for 15 h (Fig. 3). This led to a color change from
white to grey, indicative of reduction. No reaction was
observed at room temperature, indicating that the reactions
are likely kinetically limited (ie. not at equilibrium). We
attempted to identify a hydride on the surface, as the
characteristic spectroscopic signatures of Zn-H are well
known.***®* We did not observe the signals of Zn-H bonds
via NMR or IR (Fig. S17) for any of the hydride donors used,
expected at 0 ppm (ref. 52) and 1710, 1475 cm ', respectively.
However, measurement of X-band EPR spectra of 3-ZnO and
4-ZnO at 77 K (Fig. 4, fitted EPR parameters shown in Table
S11) showed an intense spherically symmetrical signal at g =
1.96, matching the known EPR signal associated with high
temperature reduction of the surface with H,.>>* This signal
corresponds to a defect site that is present on the unreduced
ZnO in very small quantities (Fig. 4), but which greatly
intensifies upon reduction with 3-5. The literature disagrees
as to what type of site this represents with suggestions
ranging from singly reduced oxygen vacancies (F' site) to so-
called shallow donors with hyperfine interactions to ®’Zn and
'H.°>*"°> However, all sources agree that this site corresponds
to a reduction of the ZnO. We also measured XPS spectra of
both ZnO and 3-ZnO in order to attempt to learn more about
the redox state of the Zn atoms. However, the changes that
are typically observed to the Zn 2p;, and Zn LMM Auger
peaks®®”” were obscured by a general line broadening of the
signals in the reduced sample along with the low intensity of
the reduced peaks, demonstrated by the low intensity signals
due to Al (Fig. S187). Deng and coworkers also found that the
XPS signals due to Zn do not change during H, reduction of
Cu/ZnO/Al,0; at methanol synthesis conditions (250 °C),
similar to our findings.”®

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 X-band EPR spectra of ZnO (black) and ZrO, (blue) after
reaction with 3 (top), 4 (middle), and 5 (bottom) at 77 K with the
spectra of the corresponding unreacted metal oxides in red (* denotes
a Cu(i) impurity).

The reaction of ZnO with 5 shows the same characteristic
EPR signal for ZnO reduction along with an additional signal
with g; = 2.30, g, = 2.06, and gz = 2.03. This new signal shows
Cu hyperfine coupling (A = 68 and 300 MHz), meaning that
Cu(u) centers are left behind on the surface of the catalyst.
We also reacted 5-d;, with ZnO and measured its EPR
spectrum. In this spectrum, we see the same EPR signal at g
= 1.96 due to the surface reduction but do not see any peaks

This journal is © The Royal Society of Chemistry 2024
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belonging to Cu(u) species (Fig. S21). This suggests that the
reduced surface sites do not show noticeable hyperfine
coupling to the H/D. It also suggests that the Cu(u) peaks are
not inherent to the formation of the reduced sites and are
likely an impurity in the commercial stryker's reagent that is
not present in our self-synthesized 5-ds. In fact, a Cu(u)
impurity can be seen in the EPR spectrum of both 5 and 5-dg
(Fig. S2,f the intensity of the Cu(u) signal in our self-
synthesized 5-ds is much lower than that of 5). This impurity
is visible by HAADF TEM/EDX as small Cu(un) domains on the
surface of the ZnO and ZrO, as shown in Fig. S5-S8.F
However, the XAS analysis demonstrates that the amount of
Cu(u) impurity on the surface is negligible compared to the
total amount of Cu (vide infra, Fig. S171). Most of the Cu is
dispersed homogeneously across the surface of the metal
oxides as shown in the EDX mapping in the ESLf

We also reacted 3-5 with ZrO, at 80 °C in a toluene slurry.
Similar to ZnO, the reaction of 3-5 with ZrO, did not show
any evidence for Zr-H formation (IR and NMR spectra in Fig.
S37). Unlike ZnO, only 3 led to a new axially symmetric signal
in the EPR characteristic of surface reduction (g, = 1.97 and
g = 1.91 (overlapping), Fig. 4). A similar EPR spectrum was
previously observed for Zr(m) defects in ZrO, with a distorted
tetrahedral coordination geometry.”® Despite not showing
signals due to Zr(um) formation, 5-ZrO, shows the same EPR
signals due to Cu(u) as those observed for 5-ZnO (Fig. S47)
suggesting this does indeed come from an impurity and not
from reaction of 5 with the surface.

The XANES and EXAFS spectra (Fig. 5 and S9-S177) also
shed additional light on the relationship between the Cu
and the metal oxide surface in samples 5-ZnO and 5-ZrO,.
Comparison of the absorption edge positions of 5-ZnO, 5-
ZrO, (edge energy = 8978.4 eV for both), and 5 (edge energy
= 8978.2 eV) with Cu foil (8977.3 eV) suggests similar
oxidation states for 5, 5-ZnO, and 5-ZrO, (shown in Fig. 5).
Simultaneously, the white line intensity at around 8992 eV
follows the pattern Is57.0, > Iszno > Is while the 8979 eV
feature follows the trend I5.7,0, > Is.zno > I5. Comparison of
Cu(0) with 5 reveals that 5 is characterized by a broad
prepeak. The similar shape to Cu(0) indicates a partial
metallic character but its edge position is slightly shifted to
higher energy, in accordance with a Cu(i)-H complex. The
change in shape around 8992 eV for 5-ZrO, and 5-ZnO,
could be caused by two factors. Firstly, the residual
formation of Cu(u) species upon interaction with the solid
support could change the shape of the XANES spectrum.
However, this is less likely as the percentage of Cu(u) is
likely very small (Fig. S17%). Second, the electron-
withdrawing properties of the supports and overlap with
ZnO and ZrO, unoccupied states may modify the available
empty 4p levels of Cu, as has been previously observed.®*®
The effect of electron-withdrawing properties of the surfaces
on the white line intensity is stronger for ZrO, than for ZnO
(see the longer discussion in the ESIT). This does support a
modification of the coordination environment of 5 on the
metal oxide surfaces.

Catal. Sci. Technol.,, 2024, 14, 5854-5863 | 5857
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Fig. 5 Top left) Cu K-edge XANES and EXAFS spectra of Cu(0), 5, 5-ZnO, and 5-ZrO,. Top right) FMS calculations for 5: comparison of the
computed spectrum (top) and relevant density of states functions. (bottom) EXAFS fitting analysis for 5 with various approaches regarding H atoms
for: pure 5 (bottom left); 5-ZnO (bottom middle), and 5-ZrO, (bottom right).

FT-EXAFS also indicates a significant structural difference
between 5 and 5-ZnO and 5-ZrO, (Fig. S6-S8t). The fitting
result for pure 5 was obtained as a reference for hydrides
reacting with supports. EXAFS (including H atoms) required
extremely careful evaluation due to the close-to-zero X-ray
scattering factor for hydrogen. However, exclusion of H from
the fitting model yields slightly worse fits and, more
importantly, unrealistic results (without H atoms in the fit,
EXAFS predicts a coordination number for P of ca. 3, which
is much higher than the true value of 1). The fit parameters
are shown in Table S2.f Since including the H atoms affects
the fitting results, we compared the fit with and without H
atoms and also used a model with a fixed number of
theoretical H atoms. Since the absolute H content modelled
from these calculations is somewhat unreliable, we only
observe its effect on the larger atoms in the coordination
sphere.®*°® For more details and discussion of the EXAFS
fitting models, see the ESL}

If hydride transfer did occur from 5 to ZnO (as in Fig. 3),
we would expect a) fewer H™ ligands to be present on the Cu
and b) a new Cu-O bond to have formed to the surface.
Accordingly, we compared the results of EXAFS fitting, shown
in Fig. 5 (parameters in Table S3t), for 5-ZnO with either a
refined or fixed number of H atoms and also ones containing

5858 | Catal Sci. Technol., 2024, 14, 5854-5863

a potential Cu-O bond. The model for the Cu-O bond of
1.836 A was taken from the crystal structure of Cu(i)
triphenylmethoxide (CCDC identifier WIFQUX).®” The models
with both refined and a fixed number of hydrides both gave
Debye-Waller factors for 2nd and further shells that were
suspiciously high, indicating possible problems with both
models, as no extra disorder was anticipated. Additionally,
both models required significant anharmonic interactions to
be included for convergence. However, inclusion of Cu-O
bond resulted in a stable fit with 3 H atoms at 1.568(36) A,
one Cu-O bond at 1.838(12) A, and Cu-P scatter at 2.155(19)
A (Table S3t). The 2 Cu-Cu scatters from previous attempts
became different, one at 2.514(11) A and the second
significantly lengthened to 2.957(52) A. Such discrepancies
would indicate a dramatic structural change upon the
interaction of 5 with ZnO and would agree with Fig. 3.
Moreover, such a difference is apparent when the FT-EXAFS
of 5 and 5-ZnO are directly compared. In this model, we
assumed a reaction; thus, the final spectrum would contain
contributions from pure 5 and (dominating) from 5-ZnO,
thus generating high static disorder, reflected in elevated
Debye-Waller factors. This model required no additional H
atoms to converge. All things considered, this model reflects
the most probable solution among all our attempted fits of

This journal is © The Royal Society of Chemistry 2024
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this data. Therefore, the XANES and EXAFS data of 5-ZnO
support a reaction mechanism involving hydride transfer
from 5 to ZnO to produce a new Cu-O bond and reduce the
surface.

EXAFS analysis was also conducted for the 5-ZrO, sample,
similar to the 5-ZnO sample, and the results are shown in
Fig. 5 (and Table S4f). For varying H atoms and fixed H
atoms, the total coordination numbers are almost doubled,
which rules out both models. However, once again, the
model containing a Cu-O bond gave a satisfactory fit of the
experimental data. The 1st coordination shell signal is
composed of 4 + 1 Cu-H scatters at 1.705(21) A, one Cu-O
scatter at 1.823(9) A and a Cu-P scatter at 2.297(5) A.
Additionally, one Cu-Cu scatter is barely detectable due to
the very high Debye-Waller factor at 2.233(11) A. Since the
Cu-Cu scatter was essential for the fit to converge, yet it was
impossible to decrease its g, it can be interpreted as the final
stage of hydride decomposition into O[Cu(PPh;)JH subunits,
resulting in high static disorder. Since the Cu-H units do not
react with ZrO, to produce reduced surface sites, then this
Cu-0O bond must form via reaction of the Cu-H with surface
Zr-OH bonds. This matches our observation that the OH
content of 5-ZrO, is much lower than bare ZrO, (Table S127).

In our previous work on MoO; and CeO,, our mechanistic
investigations suggested that hydrogen spillover in that case
proceeds most likely through sequential proton and electron
transfer steps (Fig. 6).° Such a mechanism is corroborated
by Boudart and co-workers' observation that strong proton
acceptors increase the rate of hydrogen spillover on Pt/
WO;.°® This may indeed be the mechanism of hydrogen
spillover for many metal oxides. However, for the reactions
attempted here with ZnO and ZrO,, this appears not to be
the case, since reduction only occurs with hydride donors
while no reaction happens with strong proton/hydrogen atom
donors (this lack of reactivity with these hydrogen atom
donors is likely due to 1 and 2 not being strong enough
hydrogen atom donors, and if a stronger hydrogen atom
donor were used it would react via proton-electron transfer
(PET)). Based on this, we propose that hydrogen spillover on
ZnO and ZrO, can also occur through initial hydride transfer
(H"), forming the reduced centers characteristic of hydrogen
spillover.

One question that comes from the investigations above is
why we never observe Zn-H or Zr-H species? Indeed, it is
likely that the Zn-H's and Zr-H's are intermediates on the
pathway to the observed reduced centers. Zn-H can be
observed on ZnO surfaces upon treatment of pristine
crystalline surfaces and even microcrystalline ZnO with H,
below room temperature, with two types of Zn-H being
observed.’®*®°> These two Zn-H species, one terminal one
bridging, are thought to originate from heterogeneous
dissociation of H, on surface Zn-O bonds giving new Zn-H
and O-H bonds either on Zn terminated surfaces (type 1) or
on oxygen vacancies (type 2). However, these hydrides are
unstable above room temperature.’>®® There are two
possibilities as to the fate of the H atom on the surface. 1)

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Mechanism of hydridic spillover in 5-ZnO (a), 3-ZnO (b), and for
metal nanoparticles on ZnO (c). (red Zn atoms represent reduction of
the material).

the Zn-H tautomerizes to an OH, acting as a proton electron
donor to the surface to make an additional O-H group and
transfer its two electrons to the conduction band. This is
thought to be the origin of the H, sensing capability of ZnO.
Such a mechanism has also been proposed with ZrO,, where
Zr-H species are known,***%’®”! but rearrange at elevated
temperatures producing additional O-H species and Zr(m)
centers.”® To corroborate this, we titrated the OH groups on
the surfaces of the bare metal oxides as well as on the
reduced surfaces (Table S12t). Treatment of the surfaces with
3 and 4 resulted in a reduction of the number of OH sites on
the surface while reaction with 5 increased the number of
sites (at least in 5-ZnO where reduction occurs). The increase
in OH groups on the surface of 5-ZnO over bare ZnO is
consistent with tautomerization of a Zn-H to give new OH
groups and reduced surface sites (Fig. 6a). The lower number
of OH groups upon treatment with 3 and 4 is likely due to
the fact that these hydrides are present in excess and will
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react with any newly formed OH groups to produce H, gas
(Fig. 6b).

The intermediacy of the metal hydride in this process
matches what has been calculated for activation of H, by
ZnO and ZrO,, in which the calculated barrier of
heterogeneous activation (producing metal hydrides) is much
lower than direct homogeneous activation.””> The
tautomerization is most likely not a stepwise deprotonation -
electron transfer, since such a process has been calculated to
have a very large activation energy. Instead, this would
happen simultaneously as a proton-coupled electron transfer
(PCET).*® The microscopic reverse of this process has been
observed for hydroxy-bridged U(m) dimers, which lose H,
oxidatively to produce an oxo-bridged U(v) dimer.”*> This
reaction was shown to proceed via a HO-U(v)-H
intermediate which loses H, via a reverse 1,2-addition type
mechanism.”*”?

Another possibility is that, upon formation of Zn-H and
Zr-H on the surfaces, hydrogen is spontaneously lost from
pairs of hydrides to make two reduced centers/inject two
electrons into the conduction band. Similar reactions are
common for molecular metal hydrides with weak M-H
bonds. For example, CpCr(CO);H (2) is known to reversibly
react vie a bimolecular pathway forming H, and two
equivalents of CpCr(CO); metalloradical, which dimerize
rapidly in solution.”®”” Such a mechanism on the surface
would require that the metal hydrides be near each other,
meaning diffusion of hydrogen atoms across metal oxide
surfaces would need to be fast. Calculations suggest that the
barrier to hydrogen diffusion through ZnO is higher than the
tautomerization of the metal hydrides,”® which suggests that
this is not the case, making this mechanism less likely.
Additionally, we were not able to observe H, in the solution
during the reaction of hydride donors with the metal oxide
surfaces. However, it could be that the amount of H, formed
was too small to measure by NMR in these cases. Therefore,
this does not rule out this mechanism, but does make us
favor the tautomerization mechanism.

No matter how the reduced sites and OH groups form, the
formation of the new M-O bond in the reactions is important
for the overall spillover to occur. Depending on the identity
of the M fragment that ends up bound to the oxygen atom, a
few different things could potentially happen. If the M
fragment is highly oxophilic, as is the case for Al and Zr, it is
possible that multiple hydride transfers could lead to
formation of oxygen vacancies on the surface (along with M-
O-M fragments). However, we never observed the formation
of the oxo-dimers of our hydride reagents that would indicate
formation of oxygen vacancies in any case. For a supported
metal catalyst, hydride transfer would form a bond between
the metal nanoparticle and a surface oxygen atom (Fig. 6c¢).
From this starting point, the nanoparticle could either
transfer another hydride ion (to create an oxygen vacancy
with an oxygen atom absorbed on the metal nanoparticle
surface) or the M-O bond to the nanoparticle can be broken
by proton-transfer, resulting in overall H, transfer to ZnO.
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The mechanism of hydrogen spillover has great
consequences for the industrial catalysts for methanol
synthesis, Cu/ZnO/Al,O; and Cu/ZrO,. As discussed above,
mechanistic investigations of both catalysts suggest that
hydrogen spillover could play a role in the catalytic process.
In the case of Cu/ZnO/Al,O;, the reduction of ZnO to form
water and CuZn alloy on the metal particle surface is thought
to be critical for the catalytic activity, especially for CO,
reduction, where the Zn can be seen switching between the
CuZn state and the Zn(O,CH), state.'® Therefore, the rate of
this transformation is of great importance to the catalytic
process.

In the case of Cu/ZrO,, the role of hydrogen spillover is
less understood, and has not been directly observed during
catalysis. Based on our experiments, this is due to the ZrO,
being more difficult to reduce than the ZnO. Indeed, all
hydrides 3-5 result in reduction of ZnO while only 3 is
capable of reducing ZrO,. This is most likely either because
of a relatively low hydricity (free energy of hydride donation)
of DIBAL or the fact that DIBAL is coordinatively unsaturated
and can coordinate to the surface oxygen atoms before
surface reduction. The Cu nanoparticle may not be capable
of reducing ZrO, under the catalytic conditions, or only
minimally. It may indeed be that the Lewis acid sites on ZrO,
as suggested previously, are more important for the synthesis
of methanol on Cu/ZrO, than hydrogen spillover. This does
not mean that hydrogen spillover will not play a role on the
Cu/ZrO, catalyst, but does explain why it is more difficult to
observe. Our research suggests that nanoparticles that are
better hydride donors would also show more hydrogen
spillover/surface reduction when supported on ZnO and
ZrO,. Therefore, information about the hydricity of metal
nanoparticles under H, would be interesting to see if more
hydridic metals do indeed result in greater degrees of
reduction.

Conclusions

In conclusion, we reacted both strong hydrogen atom and
hydride donors with ZnO and ZrO, in order to model the
hydrogen spillover reaction on these metal oxides. The
reduction of ZnO and ZrO, occurs more readily through the
use of hydride donors 3-5 whereas treatment of the surfaces
with the strong hydrogen atom donors 1-2 did not result in
reduced centers on the surfaces. However, NMR and IR
spectroscopy showed no signs of Zn-H and Zr-H after
reaction with hydride donors. Instead EPR spectroscopy
showed characteristic signals of reduction of ZnO and
tetrahedrally coordinated Zr(m) sites on ZrO, - the same
species that form upon hydrogen spillover. The formation of
reduced sites on the metal oxide surfaces upon exposure to
hydride sources matches the surface science observation that
surface hydrides on these metal oxides tautomerize to form
surface OH groups above room temperature. This suggests
that the surface reduction most likely occurs via a hydride
intermediate that then transforms into a new OH group and

This journal is © The Royal Society of Chemistry 2024
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injects electrons into the material. ZnO is also more readily
reduced by hydride donors than ZrO,, which could be the
reason for the difficulty in the direct detection of hydrogen
spillover in the Cu/ZrO, heterogeneous catalyst for methanol
synthesis. This work is critical to our understanding of
hydrogen spillover on supported metal catalysts, particularly
ones relevant to renewable energy. It may also be used to
inform the choice of metal and metal oxide
applications where hydrogen spillover sites serve as the
catalytically active centers.

in future
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