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Effects of oxygen vacancies on hydrogenation
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Hydrogen spillover is crucial for hydrogenation reactions on supported catalysts. The properties of supports
have been reported to be very important for affecting hydrogen spillover and the subsequent
hydrogenation process. The introduction of oxygen vacancies offers a promising strategy to enhance
efficiency of catalysts. Recent advanced characterization and theoretical modeling techniques have
provided us with increasing new insights for understanding hydrogen spillover effects. However,
a comprehensive understanding of oxygen vacancy effects on hydrogen spillover and hydrogenation
efficiency of catalysts is still lacking. This review focuses on the recent advances in support effects
especially oxygen vacancy effects on improving the efficiency of catalysts from three process aspects
including hydrogen dissociation, active hydrogen spillover, and hydrogenation by spillover. The
challenges in studying the effects on hydrogenations by spillover on the supported catalysts are
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1. Introduction

The development of effective catalysts is urgently demanded for
the practical application of chemical synthesis, energy storage,
and conversion technologies. It is known as a smart strategy to
create new active sites to enhance efficiency for heterogeneous
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performance catalytic hydrogenation materials.

catalysts by spillover.® In catalysis, only the activated species
spillover is important. Recent studies have highlighted the
multifaceted role of metal oxide supports in catalytic hydroge-
nation. These supports not only facilitate the dissociation of H,
but also act as “hydrogen reservoirs”, absorbing and storing
hydrogen atoms and releasing them under favorable conditions
to sustain catalytic reactions.

A critical feature of metal oxide supports contributing to this
process is the presence of oxygen vacancies. These vacancies
have attracted significant attention due to their ability to
modulate the electronic properties of metal oxide supports,
thereby influencing their catalytic behavior. Cao et al. investi-
gated the role of oxygen vacancies in CeO, using carbon dioxide
hydrogenation as a model reaction.* Their findings provide
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direct evidence that surface oxygen atoms are integral to the
activation of H,, while oxygen vacancies accelerate the dissoci-
ation of CO,, underscoring the unique catalytic roles of both
surface oxygen and oxygen vacancies. Similarly, recent work by
Wang et al. has demonstrated that oxygen-deficient tungsten
oxide is a versatile and efficient catalyst for the hydrogenation of
nitroaromatic hydrocarbons.>® The study revealed that the
catalytic activity of tungsten oxide is closely linked to the
concentration of oxygen vacancies, with higher vacancy
concentrations correlating with enhanced catalytic perfor-
mance. Furthermore, oxygen vacancies alter the dissociation
pathway of H,, with one dissociated hydrogen atom bonding to
a surface metal atom and the other to an adjacent oxygen
vacancy site, thereby optimizing catalytic efficiency.® Despite
these promising advancements, challenges such as slow
hydrogen spillover rates, limited spillover distances, and
insufficient adsorption capacities of the support materials
continue to impede their industrial application, challenges that
become especially acute when scaling these technologies for
broader industrial deployment, where maintaining consistent
performance and efficiency is paramount.”®

The process of hydrogenation by spillover involves three
primary processes: the dissociation of H, on the active metal,
the migration of dissociated H on the “inert” support®** and
hydrogenation. Recent advancements in both experimental and
computational methods have provided us with more evidence
for deeper understanding of the process of hydrogenation by
spillover, as the advent of advanced surface characterization
techniques such as in situ spectroscopy and high-resolution
electron microscopy has enabled researchers to observe, with
unprecedented clarity, the dissociation of H, on active metal
sites in real time, thereby providing direct and compelling
evidence for the spillover phenomenon." Furthermore,
computational methods, particularly density functional theory
(DFT) and molecular dynamics simulations, have proven
indispensable for elucidating the migration pathways of disso-
ciated hydrogen on inert supports while accurately predicting
the energetics and kinetics of these processes."” These
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techniques have not only confirmed the existence of spillover
hydrogen but have also yielded critical insights into the factors
influencing their efficiency, including the properties of the
support material, particle size, and the nature of the active
metal. Despite these significant advancements, a conspicuous
gap remains in the literature—a comprehensive and systematic
review that summarizes these findings is still absent, a shortfall
that, if addressed, would be invaluable for consolidating the
current state of knowledge, identifying persistent challenges.
This review highlights recent progress in understanding the
oxygen vacancy effects on hydrogenations by spillover on cata-
lysts through the three important step processes (Fig. 1). We
start to discuss the different types of hydrogen dissociation, and
then briefly introduce the migration and reaction of active
hydrogen species on various supports, and clearly summarize
the typical factors affecting hydrogenation including oxygen
vacancies. In conclusion, this review provides a comprehensive
summary of the current research status and prospects of
hydrogen spillover, aiming to offer new insights for the design
and application of this phenomenon in catalytic processes.

2. Oxygen vacancies in metal oxides
supports

Supported catalysts used in hydrogenation reactions typically
consist of two main components: a metal phase and a support
material. The metal phase, often composed of noble metals
such as Pt, Pd, Rh, or Ru, is responsible for the adsorption and
dissociation of hydrogen molecules, and is also as the active site
for hydrogenation. The supports can usually be divided into
reducible and irreducible materials. The dissociated hydrogens
could then spill to the reducible support materials such as CeO,
and TiO,, which provide a platform for hydrogen atom migra-
tion and stabilize the active hydrogen species through various
interactions.'*?

Metal oxide catalysts exhibit excellent activity, selectivity and
stability in various redox reactions.'*** The redox performance
of these catalysts is strongly influenced by the distribution and
concentration of oxygen vacancies, which are considered key
active sites within the oxide matrix. Oxygen vacancies can exist
at both the surface and subsurface regions of the support
material (Fig. 2), and they are critical for the activation and
stabilization of hydrogen atoms. Surface oxygen vacancies are
particularly significant due to their higher reactivity, as they
directly influence the adsorption and activation of reactant
molecules. In contrast, subsurface oxygen vacancies, situated
several atomic layers beneath the surface, do not directly engage
in reactions. However, they play a vital role in modulating the
electronic structure of the catalyst by redistributing electrons,
which can indirectly impact the overall catalytic performance.*

These oxygen vacancies not only act as active sites for
hydrogen migration from the metal phase to the support but
also influence the adsorption and activation of reactant mole-
cules. The coordination environment around these vacancies,
such as the number and distribution of neighboring metal
cations, greatly affects their reactivity. Moreover, the migration

Chem. Sci., 2025, 16, 3408-3429 | 3409
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Fig.1 Schematic diagram of the effects of oxygen vacancies on the hydrogenation efficiency of an unsaturated substrate in the case of acrolein.
The elementary reactions typically occur in the following sequence: activation of H,; transfer of active hydrogen and various hydrogenation
reactions with unsaturated substrates. The presence of oxygen vacancies in surfaces facilitates effective hydrogenations.
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Fig. 2 Diagram of oxygen vacancy species on a metal oxide catalyst.

of oxygen vacancies within the support materials is essential for
maintaining catalytic activity, as it influences the electronic
structure of the catalyst and its overall stability. The following
sections will discuss their coordination environments, and the
mechanisms governing their migration. Understanding these
factors is crucial for optimizing the efficiency of hydrogenation
reactions.

2.1 Coordination environment of oxygen vacancies

In catalytic systems, particularly those involving metal oxides
like CeO,, the reactivity of oxygen vacancies is crucial for effi-
cient catalytic processes. A highly reactive oxygen vacancy must
balance the strong adsorption of reactant molecules with the
effective desorption of product molecules. This delicate balance
is significantly influenced by the local atomic and electronic
environment surrounding the vacancy. For instance, in the
fluorite structure of CeO,, oxygen ions are typically tetrahedrally
coordinated with Ce*" cations. Introducing structural

3410 | Chem. Sci., 2025, 16, 3408-3429

asymmetry by doping with other metal cations can disrupt this
symmetry (Fig. 3a), leading to a redistribution of electron
density around the oxygen vacancies.” This redistribution may
enhance the activity of the oxygen vacancy, allowing it to
participate more efficiently in catalytic reactions and providing
a new dimension for catalyst design.

CeO, and its derivatives are regarded as excellent active
supports due to their abundant oxygen vacancies.”® Recent
advancements in the field have demonstrated that doping CeO,
with various transition metals can strategically modify the
electronic properties of these vacancies, thereby significantly
enhancing the material's catalytic efficiency. In a study con-
ducted by Yu et al., low-cost doping ions with distinct d-band
centers were introduced into Pt/CeO,(100) to create the Pt/Ce—
Oy-M interface.”* This strategic doping alters the charge
densities within the oxygen vacancies, as the doped ions influ-
ence the electronic effects at these sites (Fig. 3b). Notably, the
transfer of electrons from Pt, clusters to the asymmetric Ce-Oy—
Y and Ce-Oy-La sites was observed, with doping by Y and La
demonstrating a marked enhancement in interfacial charge
transfer. Further investigations revealed that when O, was
adsorbed at the Pt,/Ce-Oy-Y site, there was significant electron
depletion in the Y-4d orbital (Fig. 3c and d), which was
corroborated by Bader charge analysis. This highlights the
critical role of doping in modifying the electronic environment
of oxygen vacancies, thus improving their ability to participate
in catalytic reactions.

2.2 Migration of oxygen vacancies

The migration behavior of oxygen vacancies is a pivotal aspect
of catalytic science, as the diffusion of these vacancies during
catalytic reactions intricately affects the activity and stability of
the catalyst.>* In the context of transition metal oxides like TiO,,
oxygen vacancies play a crucial role in modulating the material's

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Schematic diagram of the relationship between the microstructure of an oxygen vacancy and its redox properties. Reproduced with

permission. Reproduced from ref. 20. Copyright 2019 Wiley-VCH GmbH. (b) Bader charge of the Pt4 cluster deposited onto different oxygen
vacancy sites. (c) Variation of charge density due to oxygen vacancy formation and oxygen adsorption in Pt;/Ce—0O,-Y (d) Electronic modulation
effect of Y doping in Pt4/Ce-Oy—Y on O; activation. Reproduced from ref. 21. Copyright 2024 American Chemical Society. (e) Vertical diffusion
process of Oy—5 to the surface. (f) Free energy surface of Oy—1 diffusion at 330 K as a function of collective variables d;_z and d;_;. Reproduced

from ref. 22. Copyright 2023 American Chemical Society.

electronic and structural properties, which in turn influences its
photocatalytic performance.

The introduction and precise control of oxygen vacancies in
TiO, have been shown to enhance its photocatalytic efficiency,
making it a subject of intense research. Studies such as those
conducted by Wu et al. have employed advanced computational
methods, including Deep Potential Molecular Dynamics
(DPMD) and enhanced sampling techniques, to model the
diffusion behavior of oxygen vacancies in TiO,, particularly
focusing on the rutile (110) surface.”” By constructing a detailed
Deep Potential (DP) model, the researchers were able to simu-
late the diffusion of oxygen vacancies both within the atomic
layers and on the surface of TiO, (Fig. 3e). To further elucidate
the diffusion mechanism of surface oxygen vacancies, Wu et al.
utilized the Well-Tempered Metadynamics (WT-MetaD) method
to reconstruct the free energy surface associated with the

© 2025 The Author(s). Published by the Royal Society of Chemistry

diffusion process at 330 K (Fig. 3f).>> The analysis employed key
coordinate variables (cv d;_; and d;_;) to model the migration
pathways, revealing distinct states (B and C) that correspond to
oxygen vacancies at different locations on the surface. The
findings showed that the diffusion of an oxygen vacancy from
state B to state C in the [001] direction encounters a free energy
barrier of approximately 1.43 eV. This barrier is indicative of the
kinetic challenges involved in vacancy migration, which can
influence the overall reactivity and efficiency of the catalytic
process.

These insights into the kinetic and thermodynamic behavior
of oxygen vacancies on TiO, surfaces contribute to a deeper
understanding of how vacancy migration impacts catalytic
activity. By manipulating the concentration, distribution, and
mobility of oxygen vacancies, researchers can optimize the
performance of TiO,-based catalysts, making them highly

Chem. Sci., 2025, 16, 3408-3429 | 3411
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adaptable for specific applications in photocatalysis and other
catalytic processes. The ability to fine-tune these factors offers
significant potential for improving the selectivity and efficiency
of catalytic reactions, thus enhancing the industrial applica-
bility of TiO, and related materials.

3. Hydrogen activation
3.1 Hydrogen activation mechanism

The dissociation of H, on metal surfaces, a crucial step in
catalytic hydrogenation, occurs through two primary pathways:
homolytic and heterolytic dissociation.*® Homolytic dissocia-
tion involves the symmetrical cleavage of the H-H bond, where
each hydrogen atom binds to a metal center, typically favored in
environments where metal atoms are closely spaced, as
observed in transition metals like platinum and palladium
(Fig. 4a). In contrast, heterolytic dissociation involves an
asymmetric cleavage, with one hydrogen atom binding to the
Lewis acidic metal center and the other associating with
a nearby Lewis base, commonly seen in metal-support systems
with electron-donating species (Fig. 4b).

The choice of dissociation pathway significantly impacts
catalytic performance, influencing the overall activity, selec-
tivity, and stability of the catalyst. Homolytic dissociation typi-
cally produces highly reactive metal-hydride species that,
although effective in hydrogenation reactions, may also lead to
side reactions if not carefully controlled. In contrast, heterolytic
dissociation, by involving a base, generally enables more
controlled and selective hydrogenation processes, especially
when multifunctional catalysts leverage the base's properties to
direct the reaction towards the desired products. To gain
a deeper understanding of the dissociation mechanism, theo-
retical calculations including DFT are widely used to model the
energy barriers and reaction pathways of different dissociation
mechanisms. Computational methods provide insights into the
microscopic mechanisms of the reactions, uncovering details
that may not be fully understood through experimental obser-
vations alone.

It has been widely believed that hydrogen molecules disso-
ciate into hydrogen atoms with a partial negative charge (H°")
through homolytic cleavage on Pd particle catalysts.”® However,
when Pd atoms are individually dispersed in Pd,/TiO, catalysts,
no Pd-Pd pairs are available for the homolytic cleavage of H,.
DFT calculations conducted by Zheng et al. showed that H,
adsorbed on Pd, readily splits into two H atoms, and one H
atom migrates to a nearby oxygen atom forming an O-H>* bond,

a b
Homolytic dissociation Heterolytic dissociation
H2 HZ M
i - i
MMMM — MMMM M{B M{B — M(B M(B

+

H2 + +

T

MB M(B —» M({B M(B M Metal B OISIN/IP

Fig. 4 (a) llustration of H, homolytic dissociation pathways. (b) Ilus-
tration of H, heterolytic dissociation pathways.
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while the other H atom remains on Pd forming an H®~ species.”
This discovery not only challenges traditional understanding
but also underscores the importance of studying hydrogen
dissociation mechanisms in catalytic hydrogenation and
hydrogen storage processes.

3.2 Oxygen vacancy effects on hydrogen activation

The dissociation mode of hydrogen significantly influences the
type and behavior of active hydrogen species, which in turn
dictates the catalytic reaction pathway and product distribution.
Recent studies have highlighted the potential of oxide catalysts
in promoting heterolytic dissociation of hydrogen, and espe-
cially those located on the surface or at the metal-support
interface, can shift the dissociation process, thereby enhancing
the generation of active hydrogen atoms (Fig. 5a). Gong et al.
reported that on the CeO,(110) surface, homolytic dissociation
of H, into two OH groups is thermodynamically favorable, but
becomes unstable as the concentration of surface oxygen
vacancies increases. Meanwhile, on the CeO,(110) surface with
moderate defects, heterolytic dissociation of H, into an H™
atom at the oxygen vacancy site and an OH group is thermo-
dynamically permissible. This is consistent with previous DFT
calculations, which suggest that surface oxygen vacancies can
enhance the stability of H™ species.”® Yang et al. discovered that
the homolytic cleavage of hydrogen on a-Ga,0; occurs at the
coordination-unsaturated Ga®* sites formed during the initial
heterolytic dissociation process.>® As shown in Fig. 5¢, Ga-H
and Ga-OH rapidly form and intensify simultaneously when a-
Ga,0; is exposed to H,, but the concentration of Ga-H
continues to increase at a rate of 0.9 nm > min~ " after Ga-OH
stabilization, with the final hydride-to-hydroxyl ratio reaching
5.6. Further DFT calculations revealed the dissociation behavior
of H, on the oxygen-deficient a-Ga,05(001) surface (Fig. 5d), the
heterolytic dissociation of H, initially releases a significant
amount of energy (1.65 eV), and the resulting hydrides migrate
to neighboring O atoms to form hydroxyl groups, releasing an
additional 0.58 eV of energy. Interestingly, the average dissoci-
ation energy of H, in the presence of adjacent hydroxyl groups is
—0.46 eV (Fig. 5d), whereas the dissociation energy of H,
without prior heterolytic cleavage is +0.28 eV, which indicates
that heterolytic dissociation is a prerequisite for homolytic
cleavage. This dual dissociation mechanism can significantly
enhance the overall catalytic activity. This highlights the
importance of designing catalysts that can selectively control
the hydrogen dissociation pathway to optimize the catalytic
process for specific reactions.

The dissociation capacity of hydrogen is a critical factor for
determining the production rate of active hydrogen species in
catalytic hydrogenation processes. This capacity is influenced
not only by the inherent properties of the metal at the dissoci-
ation site but also by the characteristics of the support material.
The interaction between metal particles and the support can
significantly alter the electronic environment and the distribu-
tion of active sites, thereby enhancing or hindering hydrogen
dissociation. Recent studies have shown that by carefully
designing and engineering the catalyst's structure, researchers

© 2025 The Author(s). Published by the Royal Society of Chemistry
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can significantly improve hydrogen dissociation efficiency. By
combining spectral experiments and computational models,
Wang et al. elucidated the promoting effect of a CoO shell with
oxygen vacancies on the H, dissociation process.** They found
that the heterolytic dissociation of H, on the CoO(100) surface
required overcoming a potential barrier of 0.60 eV, but the
presence of oxygen vacancies on the CoO(100)-Oy, surface made
the adsorption and dissociation process (Fig. 5b) of H, more
favorable; the heat absorption was reduced (0.36 eV) and the
barrier was lower at 0.56 eV.

4. Hydrogen spillover process
4.1 Hydrogen spillover mechanism

The phenomenon of hydrogen spillover, initially discovered by
Khoobiar during the hydrogen reduction of WO;, marks
a pivotal development in catalysis science.* Initially, hydrogen
molecules are adsorbed onto the metal surface, where they
undergo dissociation to form active hydrogen atoms. These
hydrogen atoms then migrate from the metal surface to the
metal-support interface, where they can diffuse across the
support material, as hydrogen dissociation does not occur on
the support itself. Importantly, hydrogen spillover is not
confined to the support surface immediately adjacent to the
activated metal; it can extend to other areas of the support. In
cases where the composition of a secondary accepting surface
differs from that of the initial surface, secondary spillover may
take place, further facilitating hydrogen migration.**** Despite
decades of research, the underlying mechanisms of hydrogen
spillover remain incompletely understood. An in-depth explo-
ration of the spillover mechanism on various supports is
essential for effectively leveraging this phenomenon to enhance
catalytic performance. For supported metal catalysts, it is widely

© 2025 The Author(s). Published by the Royal Society of Chemistry

accepted that hydrogen spillover can efficiently occur on easily
reducible oxide supports such as WO; and TiO,.">** These
oxides facilitate the migration of hydrogen atoms across their
surfaces, enhancing the catalytic activity of the supported metal
particles. However, the possibility of hydrogen spillover on less
reducible oxide supports, such as SiO, and Al,O3, has been
a contentious topic in the academic community. This contro-
versy stems from the inherent difficulty in experimentally
observing hydrogen spillover on such supports due to their low
reducibility and the challenges associated with visualizing this
phenomenon.*?**-%*

Traditional methods for studying hydrogen spillover have
encountered significant limitations, particularly in the devel-
opment of model systems with clearly separated catalytic
functions. These challenges have hindered the direct observa-
tion and quantification of hydrogen spillover, complicating the
understanding of its mechanisms. To address these challenges,
Waiz Karim et al. developed an innovative approach by placing
pairs of iron oxide and platinum nanoparticles on different
supports, creating a model system with a distance gradient to
directly observe the chemical transformations induced by
hydrogen spillover (Fig. 6a).° This experimental setup provided
direct and intuitive evidence for hydrogen spillover behavior on
various supports, shedding light on the complex interplay
between support materials and spillover phenomena. Addi-
tionally, the adsorption and migration mechanisms of
hydrogen on TiO, and y-Al,O; were explored through first-
principles simulations.**** These computational studies
revealed that the spillover barrier of hydrogen atoms (H*) to
TiO, after separation is approximately 0.45 eV, indicating the
feasibility of hydrogen spillover in this system (Fig. 6b). On the
v-Al,O3 support, the transfer of H* between adjacent alumina
sites exhibited an activation energy barrier ranging from 1.15 eV

Chem. Sci., 2025, 16, 3408-3429 | 3413


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc07375d

Open Access Article. Published on 28 sausio 2025. Downloaded on 2026-02-06 08:56:32.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

@ 'ron oxide /

Platinum Hpee  o® - He
eHatom [} % xIf o
e_» ReactionofH
H spillover » atadistanc

® (]

200

Support

C-- DD _,C

2
l...l
1.5 LA spillover
— 1Fr - ,,' ' I/"‘\‘ 4
i 05 SRR b S ‘-o-’/,"ﬁ\‘“"*_
o= 1 M
go AT
L A VU
5 1 1 1 1 1 1 1
ccbbDDcC*C
f
I’I{ H
.0 O.. . . (o)
‘m Ssi” "j\) "i\] Ssi”

H* utilization
H H H
o cl) o l c|> o !
si7T AT si” Al AT s 7

E B E E E E E E

\Si/

Fig. 6

View Article Online

Review

(=2
$
<

0.3 1

0.2 1

0.11

Diffusion barrier (eV)

V Mn Fe Co Ni Cu

Migration of [AIO4H,] Migration of [AIO,]

AR T e e TR
noHE I
1o 0L .0
si
e
) A=
1 o
1 Ig" _ ™
+ .0 o_ .O__lo_ .0 o.___0 )
1A t‘S_i/ SarT ST S ST AT s
v Bk E B OB OE B OE E
N - - - N - -

(a) Scheme of hydrogen spillover from platinum to an iron oxide particle over a titanium oxide or aluminium oxide support. (b) Hydrogen

dissociation on the platinum cluster and spillover to anatase titanium oxide. (c) Hydride mobility on y-aluminium oxide. Reproduced from ref. 10.
Copyright 2017 Springer Nature. (d) Schematic diagram of H, dissociation and hydrogen spillover on the Pt;_,/Cu(111) surface. (e) Diffusion
barrier of H over the catalyst surface. Reproduced from ref. 41. Copyright 2024 American Chemical Society. (f) Proposed mechanism for the
hydrogen spillover. Reproduced from ref. 9. Copyright 2014 Springer Nature.

to 1.63 eV, depending on the degree of surface hydration
(Fig. 6¢).

These findings align with those of previous theoretical and
experimental work,*** confirming that the mobility of
hydrogen on the surface of y-Al,O; is more restricted than on
TiO,. On irreducible oxide catalysts, such as silica-alumina
(Si0,-Al,0;), early research has identified Brensted acid sites
(BAS) and defect sites produced by surface hydroxyl groups as
potential stabilizers for atomic hydrogen.***> These sites are
significant because they may stabilize atomic hydrogen, facili-
tating its migration across the catalyst surface. However, the
mechanism by which atomic hydrogen migrates at these sites
has not been systematically explored, leaving gaps in the
understanding of this process.

Juhwan Im et al. made notable strides in this area by devel-
oping Pt/NaA zeolites with Pt clusters selectively embedded
within the zeolite's micropore structure.’ This novel material

3414 | Chem. Sci, 2025, 16, 3408-3429

design provides an excellent platform for investigating the
migration mechanism of atomic hydrogen in zeolites. As shown
in Fig. 6f, at the bridge site of two oxygen atoms in the [AlO,]™
framework, the hydrogen radical (H") is stabilized through the
formation of a three-center bond (O-H-O). This three-center
bond formation is driven by the presence of spatially localized
unpaired electrons, also known as polarons, which induce
a local structural distortion at the original BAS site [AlO,] H".
The unpaired electrons at the [AlO,] H" site facilitate the
migration of H' by converting the conventional O-H bond into
a three-center O-H-O bond. This polaron conduction mecha-
nism enables the H' to migrate more easily to adjacent BAS
sites. Through multiple migrations, the unpaired electron can
eventually reach a cation defect site, where it recombines with
a proton to reform H'. At this stage, the hydrogen radical can be
readily transferred to organic molecules adsorbed on external Al
sites, thereby participating in hydrogenation reactions. This

© 2025 The Author(s). Published by the Royal Society of Chemistry
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discovery not only elucidates the stabilization mechanism of
atomic hydrogen on irreducible oxides but also provides insight
into the polaron-assisted migration of hydrogen across these
surfaces.

4.2 Mechanism of sustainable hydrogen spillover

The continuity of hydrogen activation and spillover processes
plays a critical role in catalytic reactions, heavily influenced by
both kinetic and thermodynamic factors. A deep understanding
of these processes at the atomic scale is essential for improving
catalytic efficiency, as it provides insight into the driving forces
behind hydrogen activation and migration.

To probe the atomic-scale dynamics of hydrogen activation,
researchers have employed various theoretical approaches,

-0.061

©
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Busnengo et al. discovered that during the dissociation of H, on
the surface of Pd;/Cu(111), one hydrogen atom tends to remain
bound to the active Pd site, highlighting the site-specific nature
of hydrogen interactions on SAAs.** This finding was later
supported by Lin's group, who observed a similar behavior on
the Pt;/Cu(111) surface at a temperature of 300 K.*” They iden-
tified two distinct hydrogen adsorption states at the Pd site
during H, activation on Pd,/Cu(111) through XPS,* but the
precise nature of these states remains unclear, which may
influence the reactivity and sustainability of H, activation.
Busnengo et al. employed ab initio molecular dynamics (AIMD)
simulations to explore the H, dissociation process on Pd,/
Cu(111).” These simulations provided detailed insights into the
atomic-scale dynamics of hydrogen adsorption, dissociation,
and spillover on such surfaces, complementing experimental
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(a) Energy profiles for H, dissociation on the bare-Pt/Cu(111) surface. (b) The distance between the atom closest to the spilled H atom in

the H, molecule and the spilled H atom. (c) Total kinetic energy and kinetic energy components along x + y and z. Reproduced from ref. 49.
Copyright 2023 Wiley-VCH GmbH. (d) DFT calculations for H* adsorbed on fully hydroxylated rutile (110) at 0.1 H* nm™2. (e) Temperature effects
on H* adsorption. (f) Entropic contributions to hydrogen spillover energetics. Reproduced from ref. 50. Copyright 2023 Springer Nature.
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findings and deepening our understanding of the catalytic
behavior of SAAs. The surface structure represented by Pt; ,/
Cu(111) serves as an ideal model system for such studies
(Fig. 6d). In this model, Cu atoms adjacent to Pt (referred to as
Cu,) and other Cu atoms (referred to as Cu,) exhibit distinct
coordination environments,* which could lead to different
catalytic behaviors. As shown in Fig. 6e, substituting subsurface
Cu atoms with early transition metals like vanadium has been
shown to lower the diffusion barrier of H* from site 1 to site 2,
thereby enhancing the efficiency of the spillover process.
However, the diffusion barrier from site 2 to site 3 remains
consistent across different surfaces, approximately 0.06 eV,
indicating a universal characteristic of these sites in promoting
hydrogen spillover.

Further investigations by Lin et al. revealed that the disso-
ciation energy barrier of H, on Pt/Cu(111) surfaces increases
from 0.047 eV to 0.189 eV (for 1H-hcp), and further to 0.785 eV
(for 2H-hcp&fee), indicating that the initial hydrogen adsorp-
tion can partially or completely deactivate Pt atoms (Fig. 7a).*
To gain a better understanding of this process, they developed
a neural network potential energy surface (PES) to describe the
hydrogen spillover mechanism on Pt/Cu(111). Extensive
molecular dynamics simulations incorporating adiabatic effects
were performed, which showed that the collision between H,
molecules and the pre-adsorbed H atom at the Pt site is crucial
for continuous hydrogen spillover (Fig. 7b and c). At an incident
kinetic energy of 0.25 eV, the horizontal kinetic energy of the H,
molecule is initially too low to overcome the diffusion barrier.
However, at 95 fs, the distance between the H atom in the
dissociated H, and the closest H atom reaches a minimum of
1.43 A, indicating the strongest repulsive force (Fig. 7b). This
force enhances the horizontal kinetic energy of the H atom,
allowing it to overcome the barrier at the Cu-Cu bridge site and
spillover onto the host Cu surface. For the H, + 2H-adsorbed Pt/
Cu(111) system (Fig. 7c), the strongest collision at 105 fs
provides sufficient energy for the H atom to spillover onto the
Cu surface, ensuring the continuity of the spillover process.

Hydrogen activation is a key step that governs the availability
of active hydrogen species while hydrogen spillover plays
a pivotal role in determining the quantity and distribution of
these active hydrogen species across the surface of the catalyst.
Recent studies by Akbar Mahdavi-Shakib et al. have advanced
the understanding of the complex process of hydrogen spill-
By investigating weakly reversible H, adsorption on Au/
TiO, catalysts (Fig. 7d), the researchers quantified the surface
concentration of spilled hydrogen, providing new insights into
this intricate phenomenon. Their findings reveal a notably
unconventional behavior: contrary to typical gas adsorption
systems, where adsorption generally decreases with increasing
temperature, the adsorption of H* on the Au/TiO, system
exhibits a positive temperature dependence (Fig. 7e). This
counterintuitive trend can be attributed to the high proton
mobility on the catalyst surface, combined with configurational
surface entropy, which creates favorable adsorption conditions
at elevated temperatures (Fig. 7f). Additionally, the increase in
temperature elevates the hydroxyl acid-base equilibrium
constant on the TiO, surface, thereby increasing the number of

over.®
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active spillover sites. This rise in spillover points is associated
with an increased concentration of zwitterions on the titanium
dioxide surface, which further enhances the H* adsorption
observed at higher temperatures.

4.3 Oxygen vacancy effects on hydrogen spillover

Metal oxides are critical components in catalytic hydrogenation
reactions, and are extensively utilized in the production of both
fine and bulk chemicals.’*-* The efficiency of these reactions is
heavily dependent on the ability of hydrogen atoms to diffuse
across the surface of metal oxides, as this diffusion directly
impacts the concentration of surface-active hydrogen species
and, consequently, the overall catalytic activity.*»**** However,
the process of hydrogen diffusion on metal oxide surfaces is
often impeded by the requirement to overcome significant
energy barriers (55-236 kJ mol~'). These barriers not only limit
the rate of hydrogenation reactions but also reduce the effec-
tiveness of the catalyst. To address this challenge, introducing
oxygen vacancies into the metal oxide lattice has emerged as
a potent strategy for enhancing the kinetic efficiency of
hydrogen spillover. Oxygen vacancies on supports play a critical
role in the spillover process not only by providing sites for the
migration and stabilization of hydrogen atoms, but also by
manipulating the coordination of the metal environments
around them, which may directly affect the hydrogen migration
barriers.*® These vacancies not only facilitate the movement of
hydrogen atoms across the catalyst surface, but also affect their
stability through electron redistribution (Fig. 8).

Oxygen vacancies have a profound impact on hydrogen
migration by modifying the local electronic environment. The
formation of these vacancies, which involves the removal of
oxygen atoms from the lattice, alters the coordination of adja-
cent metal atoms. It leads to a rearrangement of the local
electronic structure, often resulting in an increased electron
density at specific metal sites. Sun et al. proposed a mechanism
in which oxygen vacancies create a built-in electric field (BIEF)
that facilitates hydrogen spillover.”” In their study, the Mo-Co
diatomic catalyst underwent structural reconstruction in a high-
temperature H, atmosphere, leading to the formation of oxygen
vacancies. These vacancies caused electron accumulation near
the Co atom, generating a weak BIEF between the Mo and Co
atoms (Fig. 9a). Further DFT calculations confirmed that the
formation of oxygen vacancies induces a differential Bader
charge distribution between the Mo and Co atoms, promoting
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Fig. 8 Mechanism of oxygen vacancies affecting hydrogen spillover.
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(a) XPS comparison of MoCo DAC/C before and after the reaction. (b) Two alternative minimum energy paths for the first hydrogenation

step of adsorbed DBT on the MoCo DACs/C surface and the corresponding structures. Reproduced from ref. 57. Copyright 2024 American
Chemical Society. (c) The charge density difference analysis of Pt/TiO, and Vo-Pt/TiO,. (d) Optimized geometric structures of Pt NCs anchored
on TiO; supports with/without oxygen vacancies and the corresponding DFT calculation of the free energy. Reproduced from ref. 58. Copyright
2021 Wiley-VCH GmbH. (e) The schematic diagram of WAPH with oxygen vacancies. DFT calculations of WAPH for the (f) pristine MoOs surface
and water and (g) MoOs_, surface and water. Reproduced from ref. 59. Copyright 2023 American Chemical Society.

the diffusion of positively charged hydrogen atoms
through the localized electric field (Fig. 9b).
Oxygen vacancies also play a regulatory role

(+0.10 e")

in charge

transfer processes between the support and the catalytically
active sites, influencing hydrogen migration either positively or
negatively. Pt known for its unique electronic properties and

surface reactivity, is highly effective in

hydrogen

dissociation.®*> Pt's low electronegativity (2.28 compared to O's
3.44) tends to result in a higher oxidation state for Pt atoms on

metal oxide supports, which can hinder hydrogen d

esorption.

In contrast, Pt nanoclusters (NCs), which contain Pt-Pt bonds,
are better at preventing electron transfer from Pt to the support,

and under specific conditions, they can even reverse

the direc-

tion of charge transfer. This reversal can lower the d-band
center of Pt, thereby facilitating hydrogen desorption. Zheng
et al. demonstrated that oxygen vacancies in the support

© 2025 The Author(s). Published by the Royal Society of Chemistry

material can induce unique dual effects of electron-rich Pt in Pt/
TiO, catalysts, including reverse charge transfer and enhanced
hydrogen spillover.”® In a Pt/TiO, system, approximately 0.367
electrons are transferred from Pt nanoclusters to TiO,, but in
a Vo-Pt/TiO, system, about 0.406 electrons are transferred from
TiO, to Pt nanoclusters, indicating that oxygen vacancies can
reverse the charge transfer direction, enriching the Pt nano-
clusters with electrons (Fig. 9c). Further free energy calculations
revealed significant differences in the hydrogen adsorption free
energy (AGy) at different sites on the Pt/TiO, surface, with
avariance of up to 0.70 eV between site-C and site-D (Fig. 9d). In
contrast, the AGy difference between the two sites on Vg-Pt/
TiO, was reduced to 0.54 eV, suggesting that oxygen vacancies
substantially enhance the hydrogen spillover effect.

The role of acidic hydroxyl groups on the surface of oxides, or
defect sites introduced during synthesis, is well-documented in

Chem. Sci., 2025, 16, 3408-3429 | 3417
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promoting hydrogen transfer processes.>**** Recent studies
have highlighted the significance of these groups in facilitating
the migration of hydrogen atoms, especially when synergized
with other molecules or structural features of the catalyst. Wang
et al. demonstrated that gaseous organic molecules containing
carbonyl functional groups could facilitate the migration of
hydrogen from Pt to Fe sites on an oxide surface.®® This mech-
anism is reminiscent of molecular coenzymes in enzymatic
reactions, where the coenzyme assists in the transfer of reactive
groups between sites, thereby enhancing the overall catalytic
process.®® Metal-organic frameworks (MOFs) have also been
recognized for their ability to absorb water through their clus-
ters or ligands.®”*® Gu et al. emphasized this understanding by
constructing a water-assisted spillover pathway in a Pt@MOF-
801 system.” Their calculations revealed that the energy
barrier for hydrogen migration via this water-assisted pathway
is lower than that of the traditional ligand-based spillover route,
underscoring the potential of water molecules in facilitating
hydrogen diffusion.

On the surface of metal oxides, the presence of water can
further enhance the diffusion of hydrogen atoms through
a mechanism known as proton-coupled electron transfer
(PCET). This process, also referred to as the water-assisted
proton jump (WAPH),”*”* involves the temporary formation of
hydronium ions (H;O") as water molecules absorb hydrogen
atoms. The electrons from these hydrogen atoms are then
transferred to the d-orbitals of the metal oxide, promoting
subsequent hydrogenation reactions on metal oxide-supported
catalysts.””® Wang et al. showed that the presence of oxygen
vacancies can accelerate the adsorption of water molecules
(Fig. 9¢),> thereby reducing the energy barrier associated with
WAPH. Their findings indicate that on a defect-free surface, the
barrier energy for proton jumping is approximately 0.30 eV
(Fig. of), but this barrier decreases to 0.25 eV when oxygen
vacancies are present (Fig. 9g). The impact of oxygen vacancies
on proton jumping is further elucidated by charge density
distribution studies, which reveal how these vacancies alter the
electronic states of surrounding atoms, particularly oxygen and
neighboring metal atoms.

5. Hydrogenations by spillover
5.1 Hydrogenation by spillover mechanism

The hydrogenation process involves two key steps: the forma-
tion of adsorbed H* on a catalyst's surface and the subsequent
desorption of these species to drive the hydrogenation reac-
tion.”*”® Traditionally, these steps are managed by a single
catalytic component, but it often leads to a balance in opti-
mizing both formation and desorption. To overcome this limi-
tation, researchers have used hydrogen spillover which
decouples these steps by employing distinct catalytic compo-
nents specialized for each function.”®””

Following the hydrogen spillover, the active hydrogen atoms
which have migrated to the support surface may participate in
subsequent catalytic reactions under mild conditions depend-
ing on the properties of supports. These hydrogen atoms
interact with reactant molecules, particularly in systems where

3418 | Chem. Sci., 2025, 16, 3408-3429
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the support material, such as metal oxides, provides active sites
like oxygen vacancies. These sites not only stabilize the
hydrogen atoms but also facilitate the activation and adsorption
of reactants. The spillover process effectively increases the
availability of hydrogen atoms on the support surface, which
can significantly enhance the overall reaction rate and improve
the efficiency of the hydrogenation process.">”® Such a separa-
tion strategy not only maximizes the overall efficiency of
hydrogen utilization but also significantly enhances the selec-
tivity and precision of the hydrogenation process, leading to
improved catalytic performance.

5.1.1 Improved hydrogenation reactivity by hydrogen
spillover. Achieving effective hydrogenation at low temperatures
has been a long-standing challenge in catalytic chemistry due to
the inherent high binding energy of metal surfaces, which can
impede catalytic activity. The hydrogen spillover pairs metals
with different binding strengths to optimize the reaction
dynamics. A prime example of this strategy's success is the work
by Zhang et al., which synthesized a PtCo alloy supported on
CoBO,.” As shown in Fig. 10c, this innovative catalyst system
demonstrated an extraordinary turnover frequency (TOF) of
2479 h™' in the hydrogenation of cinnamaldehyde (CAL),
a performance that was unattainable using CoBO, alone due to
its lack of catalytic activity in the absence of the PtCo alloy.""*°
The remarkable catalytic efficiency observed in this system is
attributed to the synergistic interaction between the PtCo alloy
and the CoBO, support. The alloy effectively facilitates the
adsorption and activation of hydrogen, while the CoBO,, support
promotes the desorption of hydrogen, ensuring a continuous
and efficient hydrogenation process.

Electrochemical dechlorination is of critical importance for
the environmental remediation of organochlorine compounds,
which are notorious for their “teratogenic, carcinogenic, and
mutagenic” properties, posing severe risks to both ecosystems
and human health. An exemplary advancement in this field is
the CoPc/CNT catalyst developed by Wang et al, which
demonstrated the efficient conversion of dichloroacetic acid
(DCA) into ethylene and chloride ions in aqueous solutions.*

For effective electrochemical dechlorination, it is essential to
optimize the dissociation of water molecules into reactive H¥,
while concurrently inhibiting the undesirable recombination of
H* into H,. This balance is crucial because, while noble metal
electrodes are highly effective at promoting water dissociation,**
they also tend to enhance the recombination of H*, thereby
reducing its availability for dechlorination reactions.®>*¢
Consequently, there is a pressing need to develop innovative
electrode materials that can efficiently promote water dissoci-
ation while minimizing H* recombination to maximize
dechlorination efficiency. To address the challenge of opti-
mizing the generation, transfer, and utilization of atomic
hydrogen in electrochemical processes, Zhang et al. developed
an innovative electrocatalytic system based on a reverse
hydrogen spillover effect,*® using a Co;-TiO,/Ti electrode.
Individual cobalt atoms are anchored onto a titanium oxide
substrate, leveraging the excellent hydrolytic ionization and
hydrogen adsorption properties of the TiO, support. This
configuration allows for the rapid migration of hydrogen atoms

© 2025 The Author(s). Published by the Royal Society of Chemistry
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TOF values of the CAL hydrogenation. Reproduced from ref. 79. Copyright 2021 Elsevier. (d) Energy barrier for water dissociation on Co;—TiO,/Ti.
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Copyright 2024 Wiley-VCH GmbH. (g) Adsorption configurations of 4-NS on Ni(111) and RuNi SAA(111) surfaces. (h) Product distribution in the
presence of monometallic Ni, Ru, and RuNi catalysts with various Ru loadings (0.1-2 wt%). (i) Potential energy profiles and the corresponding
optimized structures for C=C hydrogenation and N-O scission in 4-NS over the RuNi SAA(111) surface. Reproduced from ref. 82. Copyright

2022 Springer Nature.

to the cobalt sites, where they actively participate in the
dechlorination reaction via the reverse hydrogen spillover
mechanism (Fig. 10d and e). The electrochemical performance
of the Co,-TiO,/Ti electrode was rigorously evaluated, demon-
strating a markedly higher dechlorination efficiency (99%)
compared to the TiO,/Ti electrode alone (Fig. 10f). These find-
ings highlight the potential of hydrogen spillover systems for
advancing the effectiveness of catalytic processes, particularly
in applications requiring precise control over hydrogen atom
dynamics.

5.1.2 Improved hydrogenation selectivity by hydrogen
spillover. In heterogeneous catalysis, the presence of multiple
catalytic sites with varying coordination environments and
electronic structures often leads to diverse adsorption modes

© 2025 The Author(s). Published by the Royal Society of Chemistry

for reaction intermediates, resulting in poor selectivity. This
issue is particularly evident in reactions like the semi-
hydrogenation of acetylene on palladium surfaces, where
different configurations of palladium atoms lead to distinct
adsorption behaviors. On palladium surfaces, acetylene can
adsorb in three primary modes: the acetylene mode and two
sigma modes on continuous palladium active sites, and the -
bond mode on isolated palladium single atoms.*” The acetylene
and sigma modes exhibit strong adsorption, which can lead to
the undesired dimerization of acetylene or its over-
hydrogenation to ethane. In contrast, the m-bond mode,
which is associated with weaker adsorption, promotes the
desorption of ethylene from the palladium surface, thereby
preventing further hydrogenation to ethane.*®*

Chem. Sci., 2025, 16, 3408-3429 | 3419
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The activated adsorption of specific functional groups is
a crucial step in the selective hydrogenation of substrates, as it
directly influences both the efficiency of catalytic reactions and
the selectivity of the resulting products. While an increase in
catalytic activity can sometimes lead to a decrease in the
selectivity of the target product,”** the PtCo/CoBO, catalyst
demonstrates a remarkable exception, maintaining a selectivity
of 94.5% (Fig. 10b). Through DFT calculations, Zhang et al.
discovered that this high selectivity is due to the interaction
between the carbonyl group (-C=0) and three surface hydroxyl
groups on the catalyst.*" This interaction causes CAL to adopt an
inclined adsorption configuration on the catalyst surface, which
positions the C=C bond away from the surface while elon-
gating the C=0 bond. Furthermore, the adsorption energy of
the corresponding alcohol product on the CoBO,-60H surface is
+0.61 eV, indicating that desorption is energetically favorable
(Fig. 10a).

In catalyst design, researchers must carefully consider
surface properties to achieve the activated adsorption of specific
functional groups. This may involve fine-tuning the composi-
tion, structure, and surface modifications of the catalyst to
optimize its ability to adsorb and transform particular
substrates. Liu et al. reported a RuNi single-atom alloy catalyst
where hydrogen dissociates at an adjacent Ni site and then
undergoes hydrogenation at the Ru’~ site (Fig. 10g).** This
catalyst demonstrated excellent performance in the selective
hydrogenation of 4-nitrostyrene to produce 4-aminostyrene
(Fig. 10h). In situ experimental studies, supported by DFT
calculations (Fig. 10i), revealed that the Ru-Ni interface site, as
the characteristic active center, facilitated the activation and
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adsorption of the nitro group with a lower energy barrier (0.46
eV) compared to the monometallic Ni catalyst (0.74 eV), ulti-
mately leading to the successful production of the target
compound.

5.2 Oxygen vacancy effects on hydrogenation by spillover

Although the concept of hydrogenation by spillover has been
recognized in the field of catalytic hydrogenation for many
years, the precise structural characteristics of the support
required to facilitate effective hydrogen spillover remain inad-
equately understood.”** The efficiency of hydrogenation by
spillover is not solely dependent on the catalyst's structural
properties, but the reactant's functional groups and substitu-
ents also determine its affinity for the catalyst surface and its
susceptibility to hydrogenation. Additionally, the nature of the
active hydrogen species and the presence of promoters or
dopants on the catalyst can further modify these interactions,
ultimately affecting the overall catalytic performance.

5.2.1 Oxygen vacancy effects on hydrogenation reactivity.
Oxygen vacancies enhance hydrogenation activity by creating
a local charge imbalance that alters the adsorption properties of
the metal oxide surface.”® As a common type of point defect in
metal oxides, oxygen vacancies significantly influence electron
transfer within reducible metal oxide supports, thereby
providing more adsorption sites or more efficient catalytically
active sites.”**” Xie et al. demonstrated that oxygen vacancies in
the ZnO, _,/Cu catalyst not only enhance the activation of CO,
but also improve the yield of methanol.”® The specific properties
of oxygen vacancies (concentration, type, and coordination) play
a crucial role in determining the overall effectiveness of
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catalysts. Xiang et al. reported that a CeFeO,-Au catalyst with
a controllable concentration of oxygen vacancies significantly
enhances catalytic activity and selectivity in CO oxidation due to
the modified surface electronic properties and improved inter-
action between oxygen vacancies and Au single atoms.* Xu et al.
highlighted that different oxygen vacancy configurations can
greatly affect hydrogenation performance.'® Their findings
showed that the Pt40/CoO,-OyH catalyst had a lower selectivity
for cinnamyl alcohol (CALA) compared to Pt40/CoO,-Oy
(Fig. 11c). Computational and charge density analyses revealed
that the stronger binding and increased charge transfer
between cinnamaldehyde (CALD) and Pt40/CoO,-OyH likely
lead to preferential hydrogenation of the C=C bond, reducing
selectivity for CALA (Fig. 11a and b).

In the context of hydrogenation reactions, the density of
oxygen vacancies on catalyst surfaces plays a crucial role in
determining catalytic activity. Liu et al. confirmed a strong
correlation between the formation energy of oxygen vacancies
and the hydrogenation performance of CO,.”* For Pd/CeO,
catalysts with different morphologies (Fig. 11d), the oxygen
vacancy density follows the order: 2Pd/CeO,-R (0.48) > 2Pd/
CeO,-P (0.31) > 2Pd/CeO,-C (0.28) > 2Pd/Ce0,-O (0.24), as
indicated by O 1s spectra and supported by Ce 3d spectral
analysis. As the oxygen storage capacity (OSC) increases, the rate
of CO, adsorption and activation on the oxygen vacancies also
increases, resulting in higher reaction rates. However, this
increase becomes less pronounced at higher OSC values,
showing diminishing returns at elevated oxygen vacancy
concentrations (Fig. 11e). To further assess the intrinsic activity
of oxygen vacancies, the turnover frequency for oxygen vacancy-
related reactions was calculated. The 2Pd/CeO,-R catalyst,
which exposes the (110) and (111) crystal facets, exhibits the
lowest TOF, whereas 2Pd/CeO,-O, which exposes the (111)
facet, demonstrates the highest TOF (Fig. 11f). These findings
suggest that the formation and reactivity of oxygen vacancies
are influenced by both the crystal structure and the ease with
which vacancies form. On CeO,-R, the formation of oxygen
vacancies is facilitated by the high oxygen mobility and low
vacancy formation energy of the CeO,(110) facet, but this leads
to lower reactivity. In contrast, CeO,-O, with a lower density of
oxygen vacancies and a higher energy barrier for vacancy
formation on the (111) facet, shows stronger interaction with
CO, and higher reactivity for hydrogenation. This difference in
reactivity can be explained by the balance between vacancy
formation and filling.

5.2.2 Oxygen vacancy effects on hydrogenation selectivity.
Oxygen vacancies can also influence hydrogenation selectivity
by altering the adsorption configuration of reactant molecules.
Reactants containing oxygen-functional groups, such as
carbonyl or hydroxyl groups, may preferentially adsorb to these
vacancies. This specific adsorption configuration can either
promote or hinder certain reaction pathways, allowing the
catalyst to selectively favor the formation of specific hydroge-
nation products (Fig. 12a)."*"'> For instance, in lignin hydro-
deoxygenation, transition metal oxide catalysts with engineered
oxygen vacancies exhibit improved selectivity due to modified
reactant binding configurations.'® The presence of oxygen

© 2025 The Author(s). Published by the Royal Society of Chemistry
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vacancies in BiVO, and TiO, catalysts significantly impacts
product selectivity during water oxidation and fatty acid deox-
ygenation, respectively, by modulating the electronic structure
and stabilizing reaction intermediates.'**'® Wang et al. re-
ported that at the copper-cerium interface, oxygen vacancies
induce a downward-oriented adsorption configuration (D-
configuration) of the hydroxyl group.'® This configuration
exhibits a higher adsorption energy (—1.85 eV) compared to the
upward-oriented configuration (U-configuration), as depicted in
Fig. 12b. Additionally, the bond length of the C=O0 group in the
glycol molecule increases in the D-configuration (Fig. 12¢), and
there is a notable difference in hydride transfer barriers
between the D- and U-configurations (Fig. 12d), which can be
attributed to minor geometric reconstructions of the copper
surface during hydrogen transfer. These observations under-
score the critical influence of oxygen vacancies on the adsorp-
tion structures, which in turn play a vital role in modulating the
subsequent hydrogenation processes.

Additionally, in the selective hydrogenation of butenal,
metal-free CeO, nanorods with a high concentration of surface
oxygen vacancies exhibit superior selectivity for C=0 hydroge-
nation compared to C=C hydrogenation, achieving turnover
frequencies comparable to those of precious metal-based cata-
lysts, along with very high selectivity for butanol. This enhanced
selectivity is attributed to the interaction between the oxygen
vacancies and the C=0 group, which stabilizes the group and
promotes its preferential hydrogenation.”® Similarly, another
study on selective hydrogenation of a,B-unsaturated hydrocar-
bons using transition metal photocatalysts supported by LDH
(layered double hydroxide) surfaces found that oxygen vacan-
cies act as active adsorption centers, favoring the adsorption of
C=0 groups while hindering the adsorption of C=C groups.
This selective adsorption pathway ensures high cinnamyl
alcohol yield.**®

The importance of oxygen vacancies extends beyond simple
reactant adsorption and is particularly relevant in the selective
hydrogenation of functionalized nitroaromatics. The selective
reduction of nitro groups to amines is a key reaction in the
synthesis of various fine chemicals, pharmaceuticals, and
agrochemicals; the adsorption configuration of the nitro group
at an oxygen vacancy is highly sensitive to the presence and
properties of adjacent substituents on the aromatic ring.'****
Ortho-substituents that are positioned near the nitro group can
exert both electronic and spatial effects that influence the
interaction between the nitro group and the catalyst surface
(Fig. 12e).” When the ortho-position on the benzene ring is
occupied by a larger substituent, steric effects can weaken the
adsorption of the reactant molecule at the oxygen vacancy,
thereby reducing catalytic activity. Under identical reaction
conditions, the hydrogenation rate of 4-nitrotoluene by PAHD/
WO3-350 is observed to be 19 times greater than that of 2-
nitrotoluene (Fig. 12f). This significant difference in catalytic
activity highlights the impact of steric effects, where the pres-
ence of an ortho-methyl group at the oxygen vacancy signifi-
cantly diminishes the efficiency of p-nitro-hydrogenation.

Oxygen vacancies promote catalytic hydrogenation primarily
by regulating the electronic structure and surface properties of

Chem. Sci., 2025, 16, 3408-3429 | 3421
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distance of C=0 compared to the free gas. (d) Kinetic barrier diagram for glycolyl hydrogenation via the D- and U-configurations. Reproduced
from ref. 106. Copyright 2024 American Chemical Society. (e) Scheme of the adsorption configuration of 2-nitrotoluene and 4-nitrotoluene on
the oxygen vacancy of WOs. (f) Reaction rate of 2-nitrotoluene/4-nitrotoluene hydrogenation by using the PdAHD/WO3-350 and PANP/WO3-350
catalysts. Reproduced from ref. 107. Copyright 2023 American Chemical Society.

the catalyst. Ongoing research will continue to explore the
mechanisms by which oxygen vacancies influence different
catalytic systems and how these active sites can be optimized
through material design to achieve more efficient and envi-
ronmentally friendly catalytic processes.

5.3 Other effects on hydrogenation by spillover

In the study of hydrogenation by spillover reactions, intro-
ducing lattice defects in the support material can lead to addi-
tional active sites or alter the charge distribution to optimize
catalytic = performance. Additionally, controlling the
morphology, regulating the crystal surface, and modifying the

3422 | Chem. Sci., 2025, 16, 3408-3429

catalyst surface can provide more favorable adsorption geome-
tries and reduce activation barriers, thereby promoting catalytic
reactions. For instance, selectively exposing specific crystal
faces can change the density and distribution of active sites on
the catalyst."*® Jiang et al. dispersed Pd atoms onto Cu nano-
materials with distinct crystallographic surfaces.”” Three types
of potential catalytic sites were identified: Pd-related sites,
interfacial Cu sites, and Cu sites (Fig. 13a and b). Both Pd,/Cu
catalysts demonstrated excellent catalytic performance and
high durability during the semi-hydrogenation of phenyl-
acetylene to styrene (PhCH=CH,) under mild conditions
(Fig. 13c). Theoretical calculations revealed that hydrogenation
on Cu using spilled hydrogen atoms is highly dependent on the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(c) Catalytic durability of Pd;/Cu(111) and Pd;/Cu(100) in the semi-hydrogenation of PhC=CH. (d) Calculated barriers for stepwise hydrogenation
of PhC=CH on the two low-Miller-index Cu surfaces. (e) Calculated barriers for TS1 over different active sites on different Pd;/Cu catalysts.
Reproduced from ref. 117. Copyright 2020 Springer Nature. (f) Pt encapsulated in a dense support matrix that allows selective diffusion of
hydrogen over organic reactants. (g) Turnover rates in benzene hydrogenation. Reproduced from ref. 9. Copyright 2014 Springer Nature. (h)
Structure of PMo11039Pd;-H16. (i) Reaction kinetics for the hydrogenation of VA with the addition of 2 equivalents benzyl mercaptan after
different reaction times. Reproduced from ref. 118. Copyright 2022 Wiley-VCH GmbH. (j) AFM image of the TiO, nanoparticle monolayer
assembled on a smooth Pt film (TiO,/Pt). (k) In situ SERS spectra of the selective hydrogenation of R—NO, in the presence of R—-N=C on Au/Pt
and Au/30 nm-TiO,/Pt, respectively. Reproduced from ref. 53. Copyright 2020 Wiley-VCH GmbH.

specific surface structure of copper. The Cu(100) plane exhibi-
ted a lower hydrogenation barrier and higher surface coverage
of phenylacetylene (PA) compared to the Cu(111) plane,

facilitating PA conversion on Cu(100) (Fig. 13d). This enhanced
catalytic activity on Cu(100) is attributed to more effective
rehybridization of the s-p-d orbitals, leading to greater

© 2025 The Author(s). Published by the Royal Society of Chemistry Chem. Sci,, 2025, 16, 3408-3429 | 3423
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stabilization of the transition state (TS1). The energy barrier for
TS1 at the Cu site of Pd;/Cu(111) is significantly higher than at
the Pd site or the Cu site at the interface (Fig. 13e). The superior
catalytic activity of Cu(100) compared to Cu(111) underscores its
potential as an effective support material for enhancing cata-
lytic performance.

The influence of the support's particle size is equally
important, as it directly impacts the specific surface area and
the number of active sites. A study by Juhwan Im et al
demonstrated that increasing the surface area of an alumino-
silicate matrix significantly enhances catalytic activity for
benzene hydrogenation.® The Pt/NaHA-0.95 sample, character-
ized by a large surface area and a highly amorphous structure,
exhibited the highest catalytic activity, surpassing even Pt/SiO,
samples with larger accessible metal surface areas (Fig. 13f and
g). With careful catalyst nanostructure design, it is possible to
achieve high hydrogenation and dehydrogenation catalytic
activity. This principle was further confirmed by Wei et al., who
enhanced the selectivity of hydrogen spillover by carefully
controlling the chemical potential of H*.>* They found that as
H* spilled over from TiO,, the coverage of active hydrogen at the
Au site decreased with increasing spillover distance due to the
presence of a reaction barrier (Fig. 13j), thereby reducing the
chemical potential of active hydrogen. As the chemical potential
decreases, the available hydrogen preferentially follows hydro-
genation pathways that require lower energy, thus enhancing
selectivity (Fig. 13k). This work provides valuable molecular-
level insights into the mechanism of hydrogen activation,
offering a deeper understanding of the rational design of
selective hydrogenation catalysts.

While the hypothesis that spillover H* directly contributes to
hydrogenation reactions has been proposed, it is important to
note that for certain reactants requiring direct H transfer from
the metal active site, spillover H* may not participate in the
hydrogenation process.”>' In the structure of PMo0;,03Pd;-
Hj¢ (Fig. 13h), the introduction of Pd poison (benzyl mercaptan)
prevents the conversion of vinyl acetate, which contains C=C
bonds, causing the reaction rate to drop to zero (Fig. 13i). This
indicates that the hydrogen involved in the hydrogenation of
the C=C bond originates directly from the Pd active site, rather
than from spilled H*."*®

6. Conclusions and perspective

Enhancing the efficiency of active sites has long been a signifi-
cant challenge for supported catalysts, and the spillover effects
offer a promising strategy to activate more sites on the supports.
The advent of advanced surface characterization techniques
such as in situ spectroscopy and high-resolution electron
microscopy has enabled researchers to observe the dissociation
of H, on active metal sites, thereby providing direct and
compelling evidence of the spillover phenomenon. The inte-
gration of machine learning with DFT calculations has illumi-
nated the underlying mechanisms of hydrogen spillover. The
hydrogenation efficiency of spilled hydrogen can be signifi-
cantly enhanced by manipulating various factors, including the
introduction of oxygen vacancies, the modification of metal

3424 | Chem. Sci, 2025, 16, 3408-3429
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crystal surfaces, and so on. Recent studies provide compelling
evidence of the catalytic functions of hydrogen spillover, high-
lighting its potential in the design and development of
advanced catalysts. The support effects especially the effects of
the oxygen vacancies on hydrogen dissociation, hydrogen
spillover, and the hydrogenation process are introduced in
detail.

The hydrogen dissociation process is sometimes the rate-
limiting step in hydrogenation reactions. The dissociation
mode of hydrogen significantly influences the type and behavior
of active hydrogen species, which in turn dictates the catalytic
reaction pathway and product distribution. Recent studies have
shown that by carefully designing and engineering the catalyst's
structure, the presence of oxygen vacancies on the CoO(100)-Oy
surface made the adsorption and dissociation process of H,
more favorable. In the hydrogen spillover process, oxygen
vacancies have a profound impact on hydrogen migration by
modifying the local electronic environment. The formation of
these vacancies, which involves the removal of oxygen atoms
from the lattice, alters the coordination of adjacent metal
atoms. It leads to a rearrangement of the local electronic
structure, resulting in an increased electron density at specific
metal sites. In the hydrogenation process, oxygen vacancies
enhance hydrogenation activity by creating a local charge
imbalance that alters the adsorption properties of the metal
oxide surface. These vacancies create stronger and more selec-
tive binding sites, which profoundly influence the orientation
and reactivity of the adsorbed species.

Although significant progress has been made in hydrogen
spillover and its application to hydrogenation, several chal-
lenges remain for practical implementation. First, developing
accurate imaging and characterization techniques: the charac-
terization of active sites is still a challenge for the reaction
process. It is difficult to separate the hydrogenation reactions
occurring on the metal catalyst from those on the support to
accurately assess the spillover efficiency of active hydrogen
species on the support. Secondly, developing experimental
methods: catalysts with oxygen vacancies are usually not stable,
and thus how to equilibrate the stability and reactivity of
materials is still a challenge. Finally, developing theoretical
calculations with machine learning methods: the combination
of dynamics and thermodynamics is necessary to be considered
for the migration rate of spillover species, which is essential for
understanding the impact of spillover on enhancing hydroge-
nation activity. The influence of oxygen vacancies in supports
on the hydrogenation reaction varies depending on their loca-
tion. A deeper understanding of oxygen vacancy migration
behavior can inform the design of novel catalyst systems for
highly selective chemical reactions. Therefore, a broader
investigation of the dynamic activities of species behaviors on
various types of supports, by ab initio molecular dynamics,
machine learning, and other more accurate methods, is
strongly recommended. In summary, the spillover effect plays
a crucial role in enhancing catalytic performance, offering
a pathway to more efficient and selective hydrogenation
processes. The deep understating of support effects especially
oxygen vacancy effects presents significant opportunities and
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challenges for chemical synthesis, energy storage, and conver-
sion technologies, requiring a multidisciplinary approach that
combines experimental insights with advanced computational
techniques.
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