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metal oxides†
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Yoyo Hinuma, d Hisayoshi Kobayashi e and Hiromi Yamashita *abc

Hydrogen spillover, the migration of dissociated hydrogen atoms from noble metals to their support

materials, is a ubiquitous phenomenon and is widely utilized in heterogeneous catalysis and hydrogen

storage materials. However, in-depth understanding of the migration of spilled hydrogen over different

types of supports is still lacking. Herein, hydrogen spillover in typical reducible metal oxides, such as

TiO2, CeO2, and WO3, was elucidated by combining systematic characterization methods involving

various in situ techniques, kinetic analysis, and density functional theory calculations. TiO2 and CeO2

were proven to be promising platforms for the synthesis of non-equilibrium RuNi binary solid solution

alloy nanoparticles displaying a synergistic promotional effect in the hydrolysis of ammonia borane. Such

behaviour was driven by the simultaneous reduction of both metal cations under a H2 atmosphere over

TiO2 and CeO2, in which hydrogen spillover favorably occurred over their surfaces rather than within

their bulk phases. Conversely, hydrogen atoms were found to preferentially migrate within the bulk prior

to the surface over WO3. Thus, the reductions of both metal cations occurred individually on WO3,

which resulted in the formation of segregated NPs with no activity enhancement.
Introduction

Hydrogen spillover is an interfacial dynamic behaviour, which
is initiated by the dissociation of gaseous hydrogen molecules
at noble metal sites (e.g., Pt, Pd, and Ru). Spontaneously, the
activated hydrogen atoms migrate to the adjacent hydrogen-
poor surface driven by a concentration gradient.1–5 At the
metal–support interface, the protons (H+) diffuse to O2� anions
to form O–H bonds, whereas the concurrently generated elec-
trons (e�) reduce metal cations adjacent to O–H bonds.1,6

Principally, this process is governed by the following reaction:
Mn+ + O2� + H/M(n�1)+ + OH�. Because of the facile reduction
of metal cations, hydrogen spillover is specic for reducible
metal oxides, such as TiO2,7–10 CeO2 (ref. 11–13) and WO3,14–16

while it is energetically difficult over non-reducible metal
oxides.17
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The detailed mechanism and the utilization of the hydrogen
spillover effect have been continually studied since the rst
report by Khoobiar in 1964.18 It is undergoing a revival of
interest, because unprecedented functions that seem to involve
hydrogen spillover have been observed not only in the eld of
catalysts,19–24 but also in the elds of hydrogen fuel cells,25

hydrogen storage materials,26–28 and hydrogen sensors.29,30 In
order to extend the opportunities for utilizing the spillover
effect and developing advanced hydrogen energy devices,
comprehensive understanding is indispensable.

Recently, several studies have been performed to further
deepen the knowledge of the unique behaviour of hydrogen
spillover. Bokhoven and coworkers quantied the spatial extent
of hydrogen migration on Al2O3 and TiO2 by observing the
reduction of supported iron oxides located at precisely varied
distances from co-supported Pt by X-ray absorption ne struc-
ture (XAFS) analysis.6 The results demonstrated that hydrogen
spillover over reducible metal oxide TiO2 is ten orders of
magnitude faster than over non-reducible metal oxide Al2O3,
and enables the reduction of iron oxide located more than 1 mm
away from Pt. Zheng et al. reported the effect of the support
structure on the spillover hydrogenation by utilizing two
different exposed facets of Cu (111) and Cu (100) involving
dispersed Pd atoms.31 It was found that hydrogen atoms spilled
from Pd atoms only on Cu (100) were active for the semi-
hydrogenation of alkynes, although hydrogen spillover from
Pd to Cu was facet independent. Furthermore, novel low-
temperature catalytic reactions using surface protonics, which
Chem. Sci., 2022, 13, 8137–8147 | 8137
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is regarded as hydrogen migration activated by an electric eld,
have been achieved, in which the migrated H+ atoms play
a crucial role in activating the robust C–H and N^N triple
bonds.32,33

In addition to the above experiments, in situ characterization
techniques, including low-temperature scanning tunneling
microscopy (LT-STM),34 near-ambient pressure X-ray photo-
electron spectroscopy (NAP-XPS),35,36 and tip-enhanced Raman
spectroscopy combined with scanning tunneling microscopy
(STM-TERS), have been used for real-time monitoring of the
hydrogen spillover effect.37 Despite accumulated reports con-
cerning hydrogen spillover, its dynamic behaviour, such as at
what temperature it can take place, what pathway it follows, and
the region to where hydrogen migrates, is still poorly under-
stood even for typical reducible metal oxides, because the
detailed spillover mechanism is inuenced by the difference in
reducibility of the metal cations, number of oxygen vacancies
and/or surface hydroxyl groups, and the crystal structure.5,38

Our group has succeeded in the synthesis of binary solid
solution alloy NPs catalysts with essentially immiscible metal
combinations (Ru–Ni and Rh–Cu) by utilizing spilled hydrogen
atoms as a strong reductant.39–41 On the other hand, non-
reducible g-Al2O3 and MgO supports, whose hydrogen spill-
over abilities are inferior to that of TiO2, afforded segregated
NPs under the identical synthetic conditions. This means that
the formation of non-equilibrium solid solution alloys strongly
reects the hydrogen spillover ability of the support surface. In
this study, we rst used the above phenomena to identify
hydrogen spillover in typical reducible metal oxides, such as
TiO2, CeO2, and WO3. The obtained results were further dis-
cussed based on systematic in situ characterization techniques,
kinetic analysis, and density functional theory (DFT) calcula-
tions. The combined experiments revealed that TiO2 and CeO2

allowed the preferential migration of dissociated hydrogen
atoms over their surfaces, whereas hydrogen atoms preferably
migrated within the bulk over WO3. This study provides not
only fundamental insights into the spillover pathways but also
new strategies for utilizing hydrogen spillover for the design of
advanced materials for the up-coming hydrogen society.

Results & discussion
Formation of RuNi solid solution alloy nanoparticles assisted
by hydrogen spillover

Ru exists as a hexagonal close-packed (hcp) structure, while Ni
exists as a face-centered cubic (fcc) structure in a bulk state,
which makes it difficult to form the RuNi solid solution alloy
NPs due to their positive enthalpy of mixing. Actually, Ru and Ni
are thermodynamically stable in segregation even at 773 K
under most of equilibrium composition. Recently, Chen et al.
succeeded in the synthesis of RuNi solid solution alloy NPs by
a hot-injection method with co-reduction of Ni(acac)2 and
Ru(acac)3 (acac ¼ acetylacetonate) in oleylamine with super
hydride (LiBEt3H) as the reducing agent at 300 �C.42 Note that if
a weaker reducing agent (such as NaBH4) is used, separate
growth of Ni and Ru NPs was conrmed. Thus a strong reducing
agent, high temperature, and a high-boiling solvent were
8138 | Chem. Sci., 2022, 13, 8137–8147
indispensable for achieving the formation of RuNi solid solu-
tion alloy NPs.

We have previously demonstrated that spilled H atoms
enabled the simultaneous reduction of deposited Ru3+ and Ni2+

ions with distinctly different redox potentials to form non-
equilibrium RuNi solid solution alloy NPs. TiO2, one of the
typical reducible metal oxides, was shown to be a promising
platform for the formation of RuNi NPs due to its prominent
hydrogen spillover ability associated with the concurrent
proton–electron transfer.39,40 On the other hand, non-reducible
metal oxides, such as Al2O3, and MgO, were demonstrated not
to be suitable owing to the lack of hydrogen spillover on their
surfaces. The formation of RuNi solid solution alloy NPs was
conrmed by HR-TEM and EDX analysis, in which Ru and Ni
were randomly distributed over RuNi/TiO2 without segregation
(Fig. S1†). Moreover, RuNi/TiO2 showed drastically improved
activity during the hydrolysis of ammonia borane (AB)
compared to monometallic Ru/TiO2, even though Ni exhibited
only negligible activity at the same condition. This synergistic
promotional effect is attributed to neighboring Ru–Ni pairs with
an electronic imbalance, as proven by DFT calculations
(Fig. S2†).40

Thus, the catalytic performance of each catalyst during the
hydrolysis of AB is strongly reected by whether the RuNi solid
solution alloy NPs are formed or not, which may be conven-
tionally utilized as a method for evaluating the surface
hydrogen spillover ability of a series of reducible metal oxides,
such as TiO2, Ga2O3, CeO2, Nb2O5, and WO3. Ru and Ni were
deposited on each support by an impregnation method and
subsequently reduced under H2 atmosphere at 300 �C. The
mean particle diameters of RuNi catalysts over TiO2 and WO3

were comparable with those obtained for the monometallic Ru
catalysts (Fig. S2 and S3†). The particles sizes of RuNi and Ru
over the CeO2 catalysts cannot be dened because of its heavy
characteristic, but the elemental mapping indicates the high
dispersion of Ru and Ni species without agglomeration
(Fig. S4†). These results clearly exclude the effect of particle size
on catalytic activity.

The time courses of hydrogen evolution during the hydro-
lysis of AB (NH3BH3 + 2H2O/NH4

+ + BO2
� + 3H2) are shown in

Fig. 1a–e. Fig. 1f summarizes the normalized turnover
frequency (TOF) values for RuNi catalysts based on Ru. Notably,
the reactions using pure Ni catalysts were extremely sluggish,
regardless of the supports. The activity enhancement ratio was
strongly dependent on the reducibility of the catalyst supports,
which was determined by Helali and coworkers based on the
formation energy of oxygen vacancies.43

RuNi supported on TiO2, Ga2O3, and CeO2 catalysts, with
relatively low reducibility, showed enhanced activity over those
of the corresponding monometallic Ru catalysts by a factor of
approximately 2, suggesting the formation of RuNi solid solu-
tion alloy NPs by the assistance of hydrogen spillover on their
surfaces. Similarly, the activity of RuNi/Nb2O5 was 1.5 times
higher than that of Ru/Nb2O5. By contrast, RuNi/WO3 did not
show any improvement in the activity by the addition of Ni,
which indicates that no RuNi solid solution alloy was formed on
the surface of WO3 despite its high reducibility, as will be
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Time course of hydrogen evolution in hydrolysis of AB over
metal-supported (a) TiO2, (b) Ga2O3, (c) CeO2, (d) Nb2O5, and (e) WO3,
and (f) activity enhancement for each catalyst by the addition of Ni. The
values in parentheses in (f) are the formation energies of oxygen
vacancies (eV) determined by DFT calculations.
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View Article Online
discussed later. For subsequent detailed characterizations, we
used TiO2, CeO2, and WO3 as typical supports in an effort to
investigate the hydrogen spillover ability.

H2-TPR measurements were performed to evaluate the
reduction behaviour of each sample (Fig. 2a). The reduction
Fig. 2 (a) H2-TPR profiles of Ru, Ni or RuNi-supported (i) TiO2, (ii)
CeO2, (ii) WO3. (b) Ru K-edge XANES spectra and (c) Ru K-edge FT-
EXAFS spectra of (i) RuNi/TiO2, (ii) RuNi/CeO2, (iii) RuNi/WO3, and (iv)
Ru foil.

© 2022 The Author(s). Published by the Royal Society of Chemistry
peaks for Ni2+ ions of as-deposited Ni samples appeared at
much higher temperature than those for Ru3+ in Ru deposited
samples for all supports (Table 1). These results are reasonable
because Ru3+ ions are easier to reduce than Ni2+ ions due to
their higher reduction potential (E0(Ni

2+/Ni) ¼ �0.26 V vs. NHE,
E0(Ru

3+/Ru) ¼ 0.80 V vs. NHE). Interestingly, both Ru3+- and
Ni2+-deposited TiO2 and CeO2 showed only one peak with
a maximum at around 158 �C and 126 �C, respectively. These
results suggest that hydrogen spillover occurs at low tempera-
ture on TiO2 and CeO2, which promotes the reduction of Ni2+

ions, and then both Ru3+ and Ni2+ions were simultaneously
reduced to form a RuNi solid-solution alloy despite the differ-
ence in redox potentials. On the other hand, RuNi/WO3 showed
several peaks attributed to the reduction of Ru3+ and Ni2+

species. Such reduction proles indicate that hydrogen spillover
on WO3 occurs at much higher temperature than the reduction
temperature of only Ru3+, which cause sequential reduction of
Ru3+ and Ni2+ ions, resulting in segregated NPs rather than solid
solution alloy ones.

In the separate experiments, Ni2+-deposited samples
including pre-reduced Ru NPs was employed. The details were
summarized in Fig. S5.† The CO pulsed measurement and TEM
analysis indicated that no signicant differences were found in
the dispersion and particle sizes of Ru NPs on each support. The
reduction temperature of the Ni2+ ions on TiO2 and CeO2 were
substantially decreased in the presence of pre-reduced Ru NPs.
On the other hand, the reduction temperature of Ni2+ ions on
WO3 was not promoted even in the presence of pre-reduced Ru
NPs. These results exclude the effect of particle size on the
reduction of metals due to the hydrogen spillover.

In order to distinctly assess the reduction sequences, in situ
XAFS measurements were performed under H2 atmosphere at
elevated temperature. The reduction temperatures for the
deposited Ru3+ and Ni2+ were determined from the change in
the X-ray absorption near edge structure (XANES) spectra during
a reduction sequence (Table 1 and Fig. S6–S8†). In preliminary
results, as deposited Ni and Ru species were found to be single-
atom in 2+ and 3+ oxidation states for all samples, respectively
(Fig. S9†). Additionally, the reduction temperatures of Ni2+ and
Ru3+ ions for monometallic samples were not dependent on the
Table 1 Reduction temperatures for Ru3+ and Ni2+ supported on TiO2,
CeO2 and WO3 as determined based on in situ XANES spectra and H2-
TPR

Sample H2-TPR

In situ XANES spectra

Ru K-edge Ni K-edge

Ru/TiO2 130 �C 125 �C —
Ni/TiO2 370 �C — 325 �C
RuNi/TiO2 160 �C 200 �C 200 �C
Ru/CeO2 125 �C 150 �C —
Ni/CeO2 300 �C — 330 �C
RuNi/CeO2 125 �C 190 �C 200 �C
Ru/WO3 130, 405 �C 140 �C —
Ni/WO3 310, 405 �C — 320 �C
RuNi/WO3 145, 200, 390 �C 170 �C 240 �C

Chem. Sci., 2022, 13, 8137–8147 | 8139
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support materials. These results indicate that the effect of
interaction between metal precursors and supports on spillover
effect can be excluded. It should be noted that the reduction
temperatures for Ru3+ slightly increased in the presence of Ni2+,
while the reduction temperature of Ni2+ drastically decreased in
the presence of Ru3+ for all samples. More importantly, the
reduction temperatures for Ni2+ and Ru3+ ions were nearly
consistent for RuNi/TiO2 and RuNi/CeO2. In contrast, the
reduction temperatures for Ru3+ and Ni2+ species on the surface
of WO3 were determined to be 170 �C and 240 �C, respectively,
suggesting the subsequent reduction of Ru3+ followed by Ni2+.
These results are all consistent with the H2-TPR results and
clearly indicate that TiO2 and CeO2 allow a more rapid and
homogeneous reduction at lower temperatures driven by the
pronounced hydrogen spillover effect in comparison to WO3.
The retarded reducibility of the Ru3+ species in the presence of
Ni2+ in comparison with that for the monometallic samples over
the TiO2 and CeO2 supports may be ascribed to the interaction
between Ru3+ and Ni2+ and the decrease of the coverage of the
Ru3+.

A comparison of the X-ray absorption results aer reduction
at 300 �C provides additional local structural information. The
shapes of the normalized XANES spectra at the Ru K-edge and
the edge positions for three RuNi samples resembled those of
Ru foil (Fig. 2b). More detailed inspection revealed that the
intensity of two distinct peaks at approximately 22 136 and
22 159 eV for RuNi/TiO2 and RuNi/CeO2 were different from
those for RuNi/WO3 and Ru foil, indicating that the symmetry of
the Ru metal hcp structure was slightly disordered by integra-
tion with the Ni.44 The Ru K-edge Fourier transform-extended X-
ray absorption ne structure (FT-EXAFS) spectra contained
a single sharp peak associated with Ru–Ru bonds at approxi-
mately 2.4 Å (Fig. 2c). For RuNi/TiO2 and RuNi/CeO2, the posi-
tion of this peak was slightly shied to shorter interatomic
distances in comparison with Ru foil, which suggests the
formation of heteroatomic Ru–Ni bonding. Moreover, the
inverse FT was well tted by using Ru–Ru and Ru–Ni shells,
respectively (Table 2 and Fig. S10†). On the other hand, no shi
of the main peak was observed for RuNi/WO3, in which curve
tting was completed with only Ru–Ru bonds without the
contribution of Ru–Ni bonds. EDX analysis of RuNi/WO3

showed the random distribution of Ru and Ni, and the forma-
tion of denite RuNi solid solution alloy was not observed
(Fig. S12†). Conclusively, the RuNi alloy NPs were evidently
formed not only on TiO2, but also on CeO2, while Ru

3+ and Ni2+

species were reduced separately on the surface of WO3, which
Table 2 Curve fitting results determined by Ru K-edge FT-EXAFS data

Shell CN R/Å s2

RuNi/TiO2 Ru–Ru 5.4 2.64 0.0064
Ru–Ni 4.2 2.54 0.0056

RuNi/CeO2 Ru–Ru 3.7 2.63 0.0077
Ru–Ni 2.0 2.59 0.0022

RuNi/WO3 Ru–Ru 6.4 2.65 0.0056

8140 | Chem. Sci., 2022, 13, 8137–8147
results in the formation of segregated NPs rather than the solid
solution alloy.
Mechanistic investigation by DFT calculations

Considering the H2-TPR and in situ XAFS results, a mechanism
for the formation of the RuNi solid solution alloy NPs in
conjunction with hydrogen spillover is proposed in Fig. 3a. The
Ru3+ precursors are rst partially reduced to generate nuclei,
which then act as uptake sites to dissociate H2 to form Ru–H
species (step 1). The reduction of Mn+ to M(n�1)+, together with
the transfer of H atoms from Ru nuclei at the metal–support
interfaces (step 2), is accompanied by the migration of electrons
from M(n�1)+ ions to neighboring Mn+ ions. This promotes the
subsequent simultaneous transfer of protons to O2� anions
attached to these adjacent Mn+ ions (step 3). In this manner,
hydrogen atoms rapidly reduce all metal ions by moving over
the support surface (step 4).

DFT calculations were performed to simulate the activation
energies for each step. Rutile TiO2 (110), CeO2 (001), and WO3

(001) were employed as the models of supports due to their
superior stability. Ru5 clusters with a square pyramidal
arrangement were chosen as Ru nuclei because 5 is the magic
number for Run clusters.45,46 The energy diagram and the ob-
tained activation energy (Ea) are displayed in Fig. 3b and Table
3, in which step 1 (I / II), step 2 (II / III), step 3 (III0 / IV),
and step 4 (IV0 / V) were considered as the representative
Fig. 3 (a) Schematic illustration of elementary steps in formation of
solid solution alloy NPs on reducible metal oxides support assisted by
hydrogen spillover and (b) potential energy profiles for processes on
TiO2 (110), CeO2 (001), and WO3 (001) as obtained from DFT
calculations.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Activation energies (Ea; eV) for various steps during hydrogen spillover on TiO2, CeO2, and WO3

Step 1
(I / II)

Step 2
(II / III)

Step 3
(III / IV)

Step 4
(IV / V)

Step 10

(I / III) Step 40

H2 cleavage
on
Ru5 (homolytic)

H atom
transfer
from Ru5 to
oxide

H atom
migration
on oxide

Reduction of Nin+ by
spilled H (Langmuir–
Hinshelwood mechanism)

H2 cleavage
on Ru5 and oxide
(heterolytic)

Reduction of Nin+ by H2 vapor
(Eley–Rideal mechanisms)

TiO2

(110)
�0.0a 0.92 0.08 0.72 0.66 3.69

CeO2

(001)
�0.0a 1.31 0.28 0.87 1.00 2.54

WO3

(001)
�0.0a 1.26 2.04 2.01 0.73 5.16

a The H2 molecule was dissociated spontaneously upon adsorption on a Ru atom away from the Ru5/support interfaces.
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elementary steps in the hydrogen spillover process. Energy
proles and calculated models were shown in Fig. S11–S23.†

The activation energies (Ea) in the dissociation of H2 at Ru5
(step 1) are barrier-less for all models. The H2 molecule was
dissociated spontaneously upon adsorption on a Ru atom away
from the Ru5/support interfaces.47 In the case of TiO2 (110), the
Ea of step 2 was calculated to be 0.92 eV. Alternatively, the
heterolytic H2 splitting at the metal–support interface (denoted
as step 10 (I / III) in Table 3) was calculated to be 0.66 eV,
indicating that this is the energetically more reasonable
pathway than the homolytic H2 splitting at the Ru followed by
the migration from Ru to supports.47 The migration of a H atom
(step 3) over the TiO2 (110) is energetically favourable between 3-
coordinated oxygen atom and 2-coordinated one (Fig. S13†).
The Ea of 0.72 eV for step 4 was the largest among the four steps,
suggesting that reduction of Nin+ by the spilled H atom is rate-
determining. A relatively low Ea for all steps indicates the easy
occurrence of hydrogen spillover over TiO2 without a large
external energy input. In the case of CeO2, step 1 was barrier-
less and the Ea values for step 3 was small, whereas that of
step 2 was 1.31 eV. The heterolytic H2 splitting pathway (step 10)
was determined to be 1.00 eV, indicating the involvement of the
energetically reasonable alternative pathway. The H atom
migration on this substrate (step 3) preferentially occurs at the
nearest oxygen sites, and there is a relatively high activation
energy for migration to the secondary-adjacent oxygen site
(Fig. S17†). In contrast, step 3 was found to be the rate-
determining step for WO3 and the Ea was as large as 2.04 eV
for possible two pathways (Fig. S19†).

Adsorption of neutral H on the surface could, in some cases,
be more appropriately described as adsorption of H+ and e�,
and the excess electron may be localized on a metal nano-
particle at the surface.48 A related phenomenon where excess
electrons appear at the surface is surface O removal as a neutral
species. The surface O vacancy formation energy can be reduced
when a nearby metal nanoparticle can absorb excess electrons
(electron scavenger effect).49 Hinuma et al. showed that mani-
festation of the electron scavenger effect is determined by the
order of the oxide defect level aer O removal and the metal
work function.50 Compared to late transition metals typically
© 2022 The Author(s). Published by the Royal Society of Chemistry
adsorbed as nanoparticles, fully oxidized group 3, 4, 5 oxides as
well as CeO2 have very large ionization potentials (IPs), or in
other words, the valence band maximum is very deep with
respect to the vacuum level. However, the IPs become smaller
when the cation is reduced. In particular, reduced titanium
oxides have very small IPs and the electron scavenger effect
could happen, which could explain the surface reactivity of
reduced oxides. That being said, diffusion of H over long
distances of the TiO2 surface requires diffusion over regions
where nanoparticles are far away and are less reduced. We
focused on calculating the activation barrier in such regions
because this would become the bottleneck.

The reduction of deposited Nin+ ions by the spilled H atoms
(step 4) was qualitatively evaluated by calculating Ea for the
attack of a neighbouring H atom on a Nin+–OH species on the
support, together with the loss of H2O. The Mulliken atomic
charges of Ni atom decreased aer the reduction for all models
(Fig. S23–S25†), suggesting the reduction of Ni atoms. The
electron density in the vicinity of the Fermi level (E ¼ 0) clearly
increased aer the reduction of Ni species, suggesting the
change of oxidation state of Ni atoms from oxide to metallic
nature (Fig. S24†). These Ea values according to Langmuir–
Hinshelwood mechanism were estimated to be 0.72, 0.87, and
2.01 eV for TiO2 (110), CeO2 (001), and WO3 (001), respectively,
which are substantially lower than those for the same process by
the direct reduction with a gaseous H2molecule (step 40 in Table
3; 3.69 eV for TiO2 (110), 2.54 eV for CeO2 (001), and 5.16 eV for
WO3 (001), which follows Eley–Rideal mechanisms, as shown in
Fig. S25†). Consequently, the order of Ea in the rate-determining
steps is TiO2 (110) < CeO2 (001) < WO3 (001) and the TiO2 and
CeO2 surfaces do not require a higher energy input than that on
WO3 for the formation of RuNi alloy NPs by the assist of
hydrogen spillover, despite the stronger binding energy of
metals over TiO2 and CeO2 rather than WO3 (Table S1 and
Fig. S26†). Moreover, the Ea for the removal of lattice oxygen by
the spilled H atoms to form H2O and oxygen vacancy were
3.60 eV for TiO2 (110), 3.09 eV for CeO2 (001), and 2.40 eV for
WO3 (001) (Fig. S27†), which were substantially larger than
those in step 4. This veried that spilled H atoms promoted the
rapid and simultaneous reduction of the metal precursors at
Chem. Sci., 2022, 13, 8137–8147 | 8141
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low temperatures, and the reduction of metal cations of support
themselves is negligible on a thermodynamic basis.

Identication of surface and internal hydrogen spillover

In the hydrogen spillover process, the dissociated hydrogen
atoms generate O–H bonds via a concurrent proton–electron
transfer pathway. We evaluated the hydrogen spillover charac-
teristics on the surface of Ru-supported TiO2, CeO2 and WO3 by
in situ DRIFT experiments aer D2 introduction at 50, 150, and
250 �C. Ru/TiO2 generated a distinct peak assignable to dO–D

stretching vibrations ranging from 2550–2750 cm�1 at 50 �C, as
displayed in Fig. 4.51,52 No peaks were detected for Ru/CeO2 or
Ru/WO3 at 50 �C, suggesting the absence of hydrogen spillover,
while peaks appeared at 150 �C for Ru/CeO2 and 250 �C for Ru/
WO3. It should be noted that this characteristic peak cannot be
observed in the intrinsic metal oxides without Ru, indicating
that formation of dO–D denitely originated from hydrogen
spillover via the supporting Ru, not the direct insertion of
gaseous H2. These results prove that hydrogen spillover
occurred at different temperatures depending on the metal
oxides, i.e., TiO2 (below 50 �C), CeO2 (50–150 �C), andWO3 (150–
250 �C), which supports the above experimental results for the
formation of RuNi solid solution alloy NPs and theoretical
calculations. Moreover, the BET surface areas (SBET) determined
by N2 adsorption–desorption were TiO2 (60.1 m2 g�1), CeO2

(135.3 m2 g�1), and WO3 (5.5 m2 g�1), respectively. This means
that the hydrogen spillover onWO3 is slow albeit the coverage of
Ru is quite high, which further verify that the hydrogen spillover
on TiO2 and CeO2 favourably occur than that on WO3.

The reducibility (formation energy for oxygen vacancies) of
WO3 (5.36 eV) is higher than those of TiO2 (8.23 eV) and CeO2

(5.91 eV). However, the results described above demonstrated
that H atom transfer onWO3 is energetically more difficult than
Fig. 4 In situ DRIFT experiments following D2 for (a) Ru/TiO2, (b)
CeO2, and (c) WO3. The specimen was first heated under N2 at 150 �C
for 1 h to remove physisorbed water. Subsequently, H2 gas was
introduced into the specimen at 50 �C and a baseline was collected,
and then the gas was switched to D2 and kept for 10 min to equilibrate.
The H2–D2 switching process was performed and spectra were ob-
tained at 50 �C, 150 �C, and 250 �C.

8142 | Chem. Sci., 2022, 13, 8137–8147
that on TiO2 and CeO2. In order to understand this contradic-
tion, we must consider the hydrogen spillover pathway not only
from the surface but also from the bulk point of view, because
the obtained results for the formation of RuNi alloy NPs and
DFT calculations are essentially reected by the hydrogen
spillover pathway on the surface of metal oxides.

By employing Ru/TiO2, Ru/CeO2 and Ru/WO3 as specimens,
H/D exchange via the spillover process was monitored at
elevated temperature, and the reaction can be simply described
as

2Had + Olattice–D / HD (g) + Olattice–H (1)

where Had is adsorbed H atom, Olattice is lattice oxygen in metal
oxides and HD (g) is the yielded gaseous HD. Specically, the
specimen was rst heated at 300 �C under a D2 atmosphere to
introduce O–D bonds into/onto each support. Subsequently, the
specimen was cooled to room temperature and heated to 400 �C
at a rate of 5 �C min�1 under a H2 atmosphere, and the formed
HD (m/z ¼ 3) was detected by mass spectrometry (MS).

All samples showed an immediate HD production peak at
low temperature aer switching to H2, which originated fromH/
D exchange at the Ru NPs, not on the metal oxides related to
hydrogen spillover. Ru/TiO2 showed strong peaks at around
50 �C accompanied by a small peak at around 100 �C (Fig. 5a).
Our DRIFT experiment revealed that Ru/TiO2 produced O–D
bonds via hydrogen spillover at lower than 50 �C. Moreover, it
has been reported that hydrogen atoms can quickly migrate
more than 1 mm over a TiO2 surface.6 Thus, the peak observed at
lower temperature can be assigned to the HD formed on the
surface, while the peak at higher temperature is assignable to
the HD formed in the bulk (internal phase). Notably, the
contribution from the bulk is small, indicating that migration
of hydrogen atoms is limited to the subsurface of TiO2 (the
second O–Ti–O tri-layer) at less than 300 �C. Similarly, Ru/CeO2

displayed a bimodal peak involving a prominent peak at 90 �C
and a minor peak at 230 �C (Fig. 5b). The slight shi of both
peaks toward higher temperatures indicates slower H/D
exchange compared to TiO2, which is in agreement with the
DRIFT experiment.

Interestingly, Ru/WO3 showed only one peak at 130 �C
(Fig. 5c). This temperature was substantially lower than that
observed by in situ DRIFT, where the dO–D bond appeared at
250 �C. From the XRD pattern aer H2 reduction at 150 �C, the
crystal structure of Ru/WO3 was completely changed from
monoclinic WO3 (JCPDS No. 43-1035) to W19O55 (JCPDS No. 45-
0167) by the introduction of oxygen vacancies (Fig. S28†).53

Moreover, a signicant colour change from white to bronze,
which is due to the appearance of mixed valence transfer bands
between W6+ and W5+,14,15 can be observed in the in situ UV-vis
measurements under H2 ow at temperatures between 70 �C
and 180 �C (Fig. S29†). This temperature range matches well
with that of the HD production peaks via H–D exchange
(Fig. 5c). These supplementary results clearly conrmed that the
peak observed at around 130 �C can be assigned to the HD
formed via internal hydrogen spillover within the bulk, and
hydrogen spillover over WO3 preferentially occurs within the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 HD evolution as function of heating rate b (�C min�1) monitored by mass spectrometry for (a) Ru/TiO2, (b) Ru/CeO2, and (c) Ru/WO3,
determination of reaction order from asymmetry of endothermic differential thermal analysis peak for (d) Ru/TiO2, (e) Ru/CeO2, and (f) Ru/WO3,
and Kissinger plots to evaluate activation energies of H/D exchange processes for (g) Ru/TiO2, (h) Ru/CeO2, and (i) Ru/WO3.
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bulk phase accompanied by partial reduction of W6+ to W5+

rather than on the surface.
It should be noted that there is an obvious difference in the

shape of both peaks for Ru/TiO2 and Ru/CeO2 (Fig. 5d and e).
Kissinger reported that the symmetry of the peaks obtained by
differential thermal analysis gave the reaction order (n)
according to the following equation:54

n ¼ 1:26
ffiffiffiffi
S

p �
S ¼ b=a

�
(2)

where S is the shape index dened by the peak symmetry
(Fig. S30†). As a result, the reaction orders on the surface (nsurf)
© 2022 The Author(s). Published by the Royal Society of Chemistry
were calculated to be 2.18 and 1.72, while those within the bulk
(nbulk) were determined to be 1.14 and 1.10 for Ru/TiO2 and Ru/
CeO2, respectively (Fig. 5a and b). This means that the reaction
orders for the H/D exchange reaction are essentially dependent
on the spillover site (surface or bulk), not on the type of
reducible metal oxides. The reaction order obtained from the
peak of Ru/WO3 was 1.16 (Fig. 5c), which is consistent with
those within the bulk observed in Ru/TiO2 and Ru/CeO2. This
further veries that H/D exchange via the spillover process of
WO3 is dominated within the bulk. The differences in the
reaction order are presumably due to the differences in the
Chem. Sci., 2022, 13, 8137–8147 | 8143
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Fig. 6 Proposed spillover pathways for (a) TiO2, (b) CeO2, and (c) WO3

at various temperatures. The blue highlighted shows the H-migrated
area.
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coordination number of oxygen atoms and geometry over the
surface and within the bulk.

Furthermore, the H/D exchange via spillover process was
analyzed by applying the Kissinger equation given by

ln
b

Tm
2
¼ �Ea

R

1

Tm

þ ln A (3)

where b is the heating rate, Tm is the peak temperature, Ea is the
activation energy, and R is the universal gas constant. Kobaya-
shi and Kageyama et al. experimentally determined Ea for
hydride diffusion involving H/D exchange in perovskite oxy-
hydrides according to the Kissinger method.55 For all samples,
Tm shied to higher temperature along with increasing heating
rate and a linear relationship between ln(b/Tm

2) and 1/Tm was
obtained (Fig. 5g–i). In the case of Ru/TiO2, Ea on the surface
(Ea,surf ¼ 64.4 kJ mol�1) was smaller than that within the bulk
(Ea,bulk ¼ 84.5 kJ mol�1). Ru/CeO2 displayed a similar trend
(Ea,surf ¼ 47.9 kJ mol�1 and Ea,bulk ¼ 114.0 kJ mol�1). These
kinetic investigations further demonstrated that hydrogen
spillover preferentially occurs on the surface of TiO2 and CeO2

rather than in the bulk aer transferring from Ru nuclei at the
metal–support interfaces. The Ea,surf for Ru/TiO2 was found to
be larger than that with Ru/CeO2. This is reasonably supported
by the theoretical calculation of the activation energy in step 3
(migration of H atoms). The Ea,bulk for Ru/WO3 (87.3 kJ mol�1) is
comparable to that obtained with Ru/TiO2, suggesting that the
migration of hydrogen atoms within bulk WO3 occurs in
a similar temperature range as that in the subsurface in TiO2.

Upon consideration of the above results, a possible reaction
pathway for hydrogen spillover over each reducible metal oxide
is proposed in Fig. 6. Ru/TiO2 allows preferential hydrogen
spillover on its surface at less than 50 �C, which extends to its
subsurface from 50 �C to 150 �C (Fig. 6a). The spillover within
the bulk does not occur even at higher temperature, because
almost no peak due to the formation of HD was observed at
higher temperature than even 150 �C (Fig. 5a). Ru/CeO2 also
favours hydrogen spillover on its surface in the temperature
range from 50 �C to 150 �C, which migrates to its subsurface at
higher than 150 �C (Fig. 6b). It can be said that the spillover
within the bulk is suppressed at around 250 �C, since the acti-
vation energy within the bulk is substantially higher (Ea,bulk ¼
114.0 kJ mol�1) (Fig. 5h). In the case of Ru/WO3, hydrogen
spillover hardly occurs at less than 50 �C. In the temperature
range from 50 �C to 150 �C, H atoms predominantly migrate to
within the bulk phase rather than the surface. It can be deduced
that a further increase in temperature allows migration to the
surface, because the reduction temperature of the deposited
Ni2+ ions, which is accelerated by surface hydrogen spillover,
dropped from 320 to 240 �C in the presence of Ru3+ (Table 1).

In order to support the experimental results for the hydrogen
spillover pathway, H diffusion energy from the surface to the
subsurface was calculated for TiO2 (110), CeO2 (001), and WO3

(001). The results were shown in Fig. S32.† The energy of the H
atom migration over TiO2 (110) from the top surface to the rst
and second inside oxide layers were 0.90 and 1.17 eV, respec-
tively, which were larger than that of the surface H atom
migration (0.08 eV, see Table 3). A similar tendency was
8144 | Chem. Sci., 2022, 13, 8137–8147
observed over CeO2 (001). On the contrary, H diffusion from
surface to rst and second inside oxide layers over WO3 (001)
occurs with a barrier of 0.75 and 0.52 eV, respectively, which
were substantially lower than that of the surface H atom
migration (2.04 eV, see Table 3). These results agree with the
experimental data obtained from the DRIFT and HD formation
reaction.

With respect to the differences in the hydrogen spillover
pathway, we point out the importance of the redox properties of
metal oxides, because hydrogen spillover proceeds with
concurrent proton–electron transfer associated with reversible
reduction and oxidation of metal oxides (Mn+ + e� 4 M(n�1)+).
Since TiO2 and CeO2 have moderate reducing properties (the
formation energies of oxygen vacancies), the redox of metal
oxides is likely to proceed reversibly on their surfaces. Accord-
ingly, hydrogen spillover preferentially occurs on their surfaces,
since metal oxides are less likely to be reduced within the bulk
due to the increase in the number of coordinated oxygen atoms,
resulting in limited hydrogen spillover into the bulk.

The high reducibility of WO3 tends to accelerate the reduc-
tion of W6+ ions, thus retarding the oxidation of W5+ ions.
Consequently, hydrogen spillover on the surface of Ru/WO3 is
limited because the reversible redox reaction is unlikely to
proceed. As the number of adjacent oxygen atoms increases,
such a trade-off relationship would be improved. Thus, WO3

allows the reversible reduction and oxidation of W ions within
© 2022 The Author(s). Published by the Royal Society of Chemistry
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the bulk and preferentially transfers H atoms. It can be
concluded that the reducibility of the metal oxides is respon-
sible for not only the improvement of hydrogen spillover but
also its pathway.
Conclusions

We explored the inherent hydrogen spillover properties of three
representative reducible metal oxides. Reduction proles for
the deposited ions obtained using H2-TPR and in situ XAFS data
suggest the simultaneous reduction of Ru3+ and Ni2+ species on
the TiO2 and CeO2 supports, which generates RuNi binary solid
solution alloy NPs exhibiting a synergistic effect in AB hydro-
lysis. These two cations were reduced individually on WO3,
resulting in the formation of segregated NPs without activity
enhancement. These results indicated that the hydrogen spill-
over on the surface of TiO2 and CeO2 is more likely proceed than
on WO3. DFT calculations revealed that the rate-determining
steps were different, and the activation energy increased in
the order of TiO2 (110) < CeO2 (001) < WO3 (001). In situ DRIFT
and kinetic analysis of HD formation based on the Kissinger
method veried that hydrogen spillover on TiO2 and CeO2

favorably occurred on their surfaces rather than within their
bulk phases. Conversely, hydrogen spillover on WO3 preferen-
tially proceeded within the bulk prior to the surface. These
insights into the occurrence temperature of hydrogen spillover
as well as its migration pathway will provide an opportunity to
select an optimized metal oxide and maximize its properties
according to the desired application elds, such as hydrogen
storage, catalysts/photocatalyst design, and enhancement of
catalytic functions. Meanwhile, a more in-depth study
combined with an experimental approach, theoretical calcula-
tion, and advanced characterization should be performed for
the construction of key technology in the upcoming hydrogen
society.
Experimental
Materials

TiO2 (JRC-TIO-4, anatase : rutile¼ 7 : 3), CeO2 (JRC-CEO-2), and
Nb2O5 (JRC-NBO-2) were supplied by the Catalysis Society of
Japan. WO3 and Ga2O3 were obtained from Wako Pure Chem-
ical Industries, Ltd. RuCl3$nH2O and NiCl2$6H2O were obtained
from Nacalai Tesque. Ammonia borane (AB, NH3BH3) was
purchased from Aldrich Chemical Co. All commercially avail-
able chemicals were used as received. Distilled water was
employed as the reaction solvent.
Preparation of catalysts

RuCl3$3H2O (0.0324 g, 0.124 mmol) and NiCl2$6H2O
(0.038 mmol, Ru : Ni ¼ 1 : 0.3) were added to a mixture of TiO2

(0.6 g) and distilled water (100 mL). This suspension was stirred
at room temperature for 1 h, aer which the solvents were
evaporated under vacuum. Finally, the sample was reduced
under H2 dosage at a heating rate of 5 �C min�1 (20 mL min�1,
300 �C) for 2 h to yield RuNi/TiO2 (Ru 2.0 wt%; Ru : Ni¼ 1 : 0.3).
© 2022 The Author(s). Published by the Royal Society of Chemistry
RuNi/CeO2, RuNi/WO3, RuNi/Ga2O3, and RuNi/Nb2O5 with the
same Ru and Ni loadings were also prepared by the same
procedure.

Characterization

Transmission electron microscopy (TEM) images were obtained
with a eld emission (FE) TEM instrument (Hf-2000, Hitachi).
Scanning transmission electron microscopy (STEM) images,
elemental mapping and line analysis were obtained using
a JEOL-ARM 200F instrument equipped with a Kevex EDX
detector (JED 2300T) operated at 200 kV. Powder X-ray diffrac-
tion (XRD) patterns were recorded using a Rigaku Ultima IV
diffractometer with Cu Ka radiation (l ¼ 1.54056 Å).
Temperature-programmed reduction with H2 (H2-TPR) was
conducted on a BEL-CAT (BEL Japan, Inc.) instrument by
heating 50 mg specimens at 5 �Cmin�1 from 50 to 600 �C under
a 5.0% H2/Ar ow. Ru K-edge and Ni K-edge in situ X-ray
absorption ne structure (XAFS) spectra were acquired in
transmission mode at the 01B1 beamline station in conjunction
with a Si (111) monochromator at SPring-8, JASRI, Harima,
Japan (Proposal No. 2020A1062 and 2020A0523). In a typical
experiment, spectra were acquired while a pellet sample was
held in a batch-type in situ XAFS cell. XAFS data were examined
using the REX2000 and ATHENA programs (Demeter).56 In situ
diffuse reectance infrared Fourier transform spectroscopy
(DRIFTS) measurements were conducted using an IR Spirit
(Shimadzu) instrument equipped with a heating chamber con-
nected to a gas-exchange system. HD (m/z 3) production via the
hydrogen spillover process at heating rates of 2, 5 and
10 �C min�1 was measured by mass spectrometry (MS) using
a BELMass (BEL Japan, Inc.) connected to a BEL-CAT instru-
ment. In situ ultraviolet-visible adsorption spectroscopy (UV-vis)
measurements were conducted using a V-750 (JACSO Interna-
tional Co., Ltd).

Hydrolysis of AB

In a typical experiment, the RuNi/TiO2 catalyst (10 mg) and
distilled water (8 mL) were mixed in a Schlenk-type reaction
vessel (30 mL) connected to a gas burette. Aer the system was
purged three times with Ar, 2 mL of a 2 mmol aqueous solution
of AB was added into the vessel to react at 30 �C. The reaction
progress was evaluated by the amount of evolved H2. TOF values
were calculated as (H2 mol)/((total Ru mol) min).

DFT calculations

All calculations were performed using the DMol3 program in
the Materials Studio 17.2 soware package.57,58 The generalized
gradient approximation (GGA) exchange-correlation functional
proposed by Perdew, Burke, and Ernzerhof (PBE) was used. This
function was combined with the double-numerical basis set
plus polarization functions (DNP) in conjunction with a cutoff
value of 4.0 Å. We adopted the medium level in the DMol3

program for the integration grid.
The simulations of hydrogen spillover on reducible metal

oxides were conducted using 3 � 3 rutile TiO2 (110) supercell
with a cell dimension of 5.918 � 12.994 � 20.785 Å, 3 � 3 CeO2
Chem. Sci., 2022, 13, 8137–8147 | 8145
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(001) supercell with a cell dimension of 11.479 � 11.479 �
19.058 Å and 3 � 3 WO3 (001) supercell with a cell dimension of
10.662 � 10.662 � 21.070 Å, respectively. Herein, rutile TiO2

was used as the TiO2 model because the hydrogen spillover
mechanism over anatase TiO2 was thoroughly investigated in
other reports.6,52,59,60 The number of oxide layers was 4, 4, and 3
for TiO2 (110), CeO2 (001) and WO3 (001) planes, respectively.
The slab was separated by a vacuum space with a height of 15 Å
and tetrahedral Ru5 clusters were loaded on the surface of each
oxide. The reactant atoms, Ru cluster and top oxide layer were
relaxed during geometry optimizations and the other layers
were xed at the corresponding bulk positions. Transition
states (TSs) were determined by the nudged elastic band
method and the activation energy was dened by the energy
difference between the TS and the reactant.
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