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ABSTRACT: The use of photocatalysts to promote the production of molecular hydrogen from
water, following the so-called water splitting reaction, continues to be a promising route for the
green production of fuels. The molecular basis of this photocatalysis is the photoexcitation of
electrons from the valence band of semiconductors to their conduction band, from which they can
be transferred to chemical reactants, protons in the case of water, to promote a reduction reaction.
The mechanism by which such a process takes place has been studied extensively using titanium
oxide, a simple material that fulfills most requirements for water splitting. However, photocatalysis
with TiO2 tends to be highly inefficient; a cocatalyst, commonly a late transition metal (Au, Pt) in nanoparticle form, needs to be
added to facilitate the production of H2. The metal is widely believed to help with the scavenging of the excited electrons from the
conduction band of the semiconductor in order to prevent their recombination with the accompanying hole formed in the valence
band, a step that cancels the initial photon absorption and competes with the photolytic chemical reduction. Here we review and
analyze the molecular basis for that mechanism and argue for an alternative explanation, that the role of the metal is to help with the
recombination of the atomic hydrogen atoms produced by proton reduction on the semiconductor surface instead. First, we
summarize what is known about the electronic structure of these photocatalysts and how the electronic levels need to line up for the
reduction of protons in water to be feasible. Next, we review the current understanding of the dynamics of the steps associated with
the absorption of photons, the de-excitation via electron−hole pair recombination and fluorescence decay, and the electronic
transitions that lead to proton reduction, and contrast those with the rates of the chemical steps required to produce molecular
hydrogen. The following section addresses the changes introduced by the addition of the metal cocatalyst, comparatively evaluating
its role as either an electron scavenger or a promoter of the recombination of hydrogen atoms. A discussion of the viable chemical
mechanisms for the latter pathway is included. Finally, we briefly mention other associated aspects of this photocatalysis, including
the possible promotion of H2 production with visible light via resonant excitation of the surface plasmon of Au nanoparticles, the use
of single-metal (Au, Pt) atom catalysts and of yolk−shell nanostructures, and the reduction of organic molecules. We end with a brief
personal perspective on the possible generality of the concepts introduced in this Critical Review.

■ INTRODUCTION
Heterogeneous catalysis is central to most chemical industries
and also contributes to the production and processing of fuels
and to environmental remediation. The essence of catalysis is
that it opens an alternative pathway for the reaction at hand with
an overall lower activation barrier to help increase the
conversion rate. Nevertheless, many catalyzed chemical
reactions are endothermic and therefore still require consid-
erable amounts of energy. In most processes, this energy is
provided thermally, via heating of the reaction mixture, but it
would be highly desirable to be able to use greener and more
efficient energy sources. In some cases electrocatalysts may be
implemented for this purpose, but, ideally, the required energy
could be harvested directly from the sun.
To that end, there has been an increased interest in the design

of appropriate photocatalysts. For instance, much work has been
directed recently to the development of photocatalysts to
convert carbon dioxide to carbon monoxide and/or a mixture of

organic feedstocks.1,2 Another photocatalytic process that has
generated great interest is the production of molecular hydrogen
(and molecular oxygen) from water, a reaction often referred to
as water splitting, because H2 is a feedstock for other industrial
conversions and can also be used as a clean fuel.3−7 The
implementation of these ideas is still a work in progress, and
further advances could benefit from a better understanding of
the chemistry involved at the molecular level. In this Critical
Review we address a specific aspect of such photocatalysis,
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namely, the role of metals, which are added as cocatalysts, in the
photocatalysis of water splitting.

■ ELECTRONIC STRUCTURE OF PHOTOCATALYSTS
The main element in most photocatalysts is a semiconductor
material, to which additional cocatalysts are added as needed
(Figure 1a). Semiconductors are capable of absorbing photons

with higher energy than their bandgap, that is, the energy
difference between the edges of their valence and conduction
bands (Ebg = ECB − EVB), and potentially convert them into
either electrical or chemical energy.6,8,9 A prototypical photo-
catalyst for basic studies is titanium oxide: although that oxide
has a wide bandgap and cannot absorb any of the visible
radiation coming from the sun, making it less than ideal for most
practical applications,10 it has been characterized more
extensively than other materials.1,11−17 As such, this Critical
Review will focus on TiO2 as the main component of
photocatalysts for the production of hydrogen from water, to
derive basic concepts applicable to other materials.
The electronic structure of titanium oxide and the electronic

transitions associated with water-splitting photocatalysis are
summarized in Figure 1b. Versions of this diagram can be found
in multiple publications, but a detailed quantitative placing of
the individual energy levels is usually given in approximate form
because those are quite sensitive to the exact structure of the
material and to the surrounding environment.18,19 In Figure 1b
we attempted to provide numbers for the case of anatase, the
most common form of crystalline titanium oxide. The position
of the top of the valence band, EVB, was taken from
photoelectron yield measurements20 and optical absorption,
fluorescence, and valence band studies21 to be −7.25 eV below
the vacuum level (Evac). Given that the bandgap of anatase has
been reported to be Ebg = 3.13 eV (based on ultraviolet

photoelectron spectroscopy�UPS�measurements),22 the
bottom of the conduction band is then estimated at ECB =
4.12 eV below the vacuum level; this is the electron affinity of
TiO2. The same UPS data were used to determine the work
function of anatase to be ϕ = 5.1 eV, placing the conduction
band about 1 eV above the Fermi level (Ef). The ECB and ϕ
values have been confirmed by quantum mechanics calcu-
lations,23,24 and the placement of the conduction band above the
Fermi level is also consistent with theoretical estimates.25

With respect to the splitting of water, electrochemical
measurements provide the value for the potential needed to
convert H2O to H2 and O2 at 1.23 eV. The placement of the
energy levels of the proton reduction and hydroxide oxidation
half-reactions depends on the pH of the solution (it increases by
59 meV per unit of pH), but the former has been estimated to
align somewhere between 0.4 and 0.6 above the Fermi level of
TiO2 at pH = 0 (under the standard hydrogen electrode, SHE,
conditions).27−29 The key conclusion from an analysis of these
energy levels is that the conduction band of titanium oxide lies
above the hydrogen reduction potential, which means that the
excited electrons from photon absorption by the semiconductor
can be transferred to protons within the water phase to produce
H2. Similarly, the energy of the valence band of titanium oxide is
much lower that the energy of oxidation of water, so electrons
can flow freely from water to the solid as O2 is produced once
photoexcitation has taken place.
The excited state of semiconductors upon absorbing photons

of higher energy than their bandgap leads to the creation of
excited electron−hole (e−-h+) pairs (Step 1 in Figure 1). The
electrons then diffuse toward the surface (Step 2) and are used
to reduce the reactant, convertingH+ intoH• in the case of water
splitting, for instance (Step 3), while the holes can accept
electrons from the chemical being oxidized, H2O in water
splitting, to facilitate its conversion to O2 (also Step 3).9,26

Semiconductors with bandgaps smaller than that of titanium
oxide are desirable in order to be able to use a wider range of the
solar spectrum for H2 production, but the position of the
bandgap of any alternative material still needs to be optimized so
that the ECB and EVB levels straddle the H+/H2 and O2/H2O
redox potentials. Other criteria for the selection of photo-
catalysts include a high light-absorption coefficient and good
structural and chemical stability; many promising light-harvest-
ing semiconductors such as Si, GaAs, InP, and metal
chalcogenides, for instance, have small bandgaps but are prone
to self-oxidation by photogenerated holes and corrosion by
water and are therefore not good choices.30 Finally, it is desirable
for the photocatalytic material to display small overpotentials for
the promotion of the two water splitting half-reactions, because
those need to be added to the redox potential of the reaction,
hence increasing the minimum viable bandgap energy and
diminishing the fraction of the solar spectrum that can be
absorbed and used to promote a chemical reaction. The search
for semiconductors that fulfill all these conditions is one of the
most active areas of photocatalysis,7,26,29,31−33 but will not be
discussed further in this Critical Review.

■ DYNAMICS OF LIGHT ABSORPTION,
FLUORESCENCE DECAY, AND ELECTRONIC
TRANSITIONS. METAL COCATALYST

Semiconductors that fulfill all of the characteristics listed above
can still display poor photocatalytic activity because the excited
e−-h+ pairs resulting from photon absorption may prefer to
recombine, via nonradiative or, more commonly, radiative

Figure 1. Basics of photocatalysis. (a) Schematic representation of the
major components and processes associated with semiconductor
photocatalysts. Reproduced from ref 26 with permission. Copyright
2007 American Chemical Society. (b) Electronic band structure and
transitions associated with the photoreduction of water to H2 using
pure titanium oxide. (c) Equivalent electronic information for a
titanium oxide photocatalyst modified with a metal (Pt) cocatalyst.
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(fluorescence) steps before they can be harvested for chemical
conversions. The dynamics of the different processes involved in
the photocatalytic promotion of reduction reactions such as the
conversion of protons to hydrogen gas have been studied
extensively with a variety of techniques, primarily time-resolved
optical spectroscopies. The main challenge here is that there is a
gross mismatch in time scales between the electronic transitions
within the solid, which occurs in the picosecond to nanosecond
range, and those associated with the interfacial charge transfer
and subsequent chemical processes, which can take from
milliseconds to seconds (Figure 2).13,14,34−38 Photocatalytic

reactions have in general low quantum efficiencies, but not low
enough to explain such large differences in time scales. It has
been argued that the lifetime of the excited e−-h+ pairs may be
increased by augmenting the charge separation processes,
relying, for instance, on the creation of new heterojunctions or
surface defects.15,39−42 However, the trapping of charges also
reduces their mobility, possibly preventing them from reaching
the surface and becoming available for the promotion of redox
chemistry. What has become apparent is that the kinetic
competition between charge separation and bulk recombination
can determine the efficiency of the photocatalytic process.15

Fortunately, the e−-h+ recombination in titania is relatively
slow to begin with, occurring in approximately 6 ns, because the
valence and conduction bands are mainly composed of O 2p and
Ti 3d orbitals, respectively, and therefore are already spatially
separated.15 Furthermore, the lifetime of the trapped holes can
be extended even more, to the millisecond time scale, in the
presence of electron acceptors such as late transition metals,
typically Pt or Au nanoparticles (NPs).13−15,37,43,44 Several
explanations have been advanced for the changes in electronic
dynamics induced by the addition of these metal cocatalysts, but
the most accepted model by far is based on an electron transfer
from the semiconductor to the metal upon the two phases
coming in contact with each other and the accompanying
generation of a Schottky barrier at the semiconductor/metal
interface.14,45,46 As an example, the electronic structure of a Pt/
TiO2 interface is schematically shown in Figure 1c. All vacuum,
conduction, and valence bands of the semiconductor bend
upward to match the vacuum level of the metal, which has a
higher work function than titanium oxide, approximately 5.65
eV in the case of Pt47,48 (versus 5.1 eV for TiO2).

20 The ensuing
Schottky barrier was reported in one case to be somewhere
between 0.3 and 0.4 eV in height on the basis of Kelvin-probe
force microscopy (KPFM) measurements, but more realistic

numbers range from 0.6 to 1.6 eV depending on the nature of the
interface.46−49 Regardless of the exact value of that barrier,
though, what is clear is that the Fermi level of the metal lies
approximately 1 eV below the conduction band of the
semiconductor, making the transfer of the excited photo-
electrons from TiO2 to Pt (or another metal) energetically
favorable. It has been argued that this process aids a further
charge separation upon illumination and therefore increases the
lifetime of the photon absorption excitation.
The fact that the photoillumination of semiconductor/metal

interfaces leads to significant charge transfer from the former
phase to the latter has been corroborated experimentally. In one
case, the photoluminescence signal of the titanium oxide was
reported to be attenuated by the addition of Au or Ag NPs,50,51

and a blue shift in the absorption spectrum upon illumination
was seen as well due to an increase in the surface plasmon
frequency of the electron gas in the metal NPs.44,52,53 In fact,
continuous illumination leads to a new steady-state with a net
accumulation of extra charge in the metal NPs, of up to 66
electrons per NP for Ag@TiO2 core−shell photocatalysts with
Ag cores 3−4 nm in diameter,52 and to an accompanying shift
upward in the energy of the Fermi level of the system, by a few
tens of meV depending on the size of the NPs.46,54−56 However,
although this electron migration from the semiconductor to the
metal NPs consumes the reduced centers that initially form on
the surface of the former after photon absorption (Ti3+ in
titanium oxide), the process is not complete (according to
results from EPR and XPSmeasurements),15,57,58 and some Ti3+
sites are still available on the surface of the TiO2, potentially
active for the reduction of protons. In addition, the time
mismatch mentioned above between electronic transitions and
chemical conversions applies here as well: transient bleaching of
the surface plasmon of the metal NPs occurs in time scales on
the order of picoseconds, whereas other steps in the water-
splitting process, including hole oxidation, take hundreds of
microseconds.44,59

Several attempts have been reported to directly identify
differences in the dynamics of the electronic transitions relevant
to photocatalysis between pure and metal-modified titanium
oxide samples using time-resolved spectroscopies, but the results
have been, in our opinion, inconclusive. Some early reports with
Pt claimed that the picosecond decay of the e−-h+ excitation
measured in transient absorption, transient photoluminescence,
or time-resolved microwave conductivity experiments is faster
when a metal is added to the semiconductor.43,60−62 However,
the reported differences have often been small, and some of
those experiments were carried out using high laser intensities,
where carrier annihilation effects become important. Also, the
early studies have not always used directly comparable samples
with versus without metal to eliminate the effect of other
contributing factors. In contrast, studies from our laboratory
directly contrasting the fluorescence dynamics of TiO2, Au/
TiO2, and Pt/TiO2 photocatalysts could not detect measurable
differences at any of the time scales probed, from subnano-
seconds to microseconds.63,64 This was in fact the case when
using either commercial P25 titanium oxide (a mixture of
anatase and rutile phases) or homemade Au@Void@TiO2
yolk−shell catalysts (the catalysts reported in Figure 3), and
also for catalysts with various metal loadings. A previous study
had shown that the measured fluorescence lifetimes are sensitive
to the crystallinity of the titanium oxide phase,65 but the same
values were obtained (for the same TiO2 crystallinity) with pure
versus Au-modified catalysts; Au does no appear to appreciably

Figure 2. Time scales of the electronic steps relevant to photocatalytic
processes and to water splitting in particular. Adapted from ref 37 with
permission. Copyright 2017 Elsevier Ltd.
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vary the e−-h+ recombination dynamics (Figure 3). On the other
hand, although a good correlation was established between the
fluorescence lifetime of the Au/TiO2 photocatalysts (which in
our yolk−shell catalysts could be tuned by controlling the
calcination temperature during their synthesis) and the
efficiency of the hydrogen production rate, the latter was only
detected if Au NPs were added (Figure 3); the metal is needed
for the H2 photogeneration.

63

In addition to the role of noble-metal cocatalysts as agents to
improve charge separation within the semiconductor particle
and discharge photogenerated electrons across the interface, it
has been suggested that they may also provide a pathway for the
reduction of protons to hydrogen with low overpotential during
water-splitting processes.44,66,67 There is no doubt that, from an
empirical point of view, the addition of noble-metal NP
cocatalysts enhances the production of water in these water-
splitting processes.57,59,64,68−70 Moreover, previous studies have
suggested that colloidal NPs of metals such as Pt may promote
hydrogen generation by intercepting a photochemically reduced
methyl viologen cation radical (MV+•).71,72 Transient photon
absorption experiments using semiconductor photocatalysts
(CdSe in this case) with versus without Pt NPs, where the
evolution of the semiconductor excitation and the concentration
of the MV+• species were followed independently, highlighted a
fast oxidation pathway that opens up for MV+• via electron
transfer to the metal.44 However, that work did not explore the
effect of such parallel electron transfer pathway on hydrogen
production. Regardless of how the excited electrons arrive to the
Pt NPs from the semiconductor, a further electron transfer from
the metal to the chemical reactants (protons) in the liquid phase
may be energetically uphill (Figure 1c) and therefore not
spontaneous, even if the Fermi level of the metal is (marginally,

by 20−60 meV)54,55 raised by the semiconductor-to-metal
charge transfer induced by illumination. This is an aspect of the
metal promotion of water splitting with photocatalysts that has
not been properly discussed in the literature. We argue that
electron transfer from the semiconductor to the metal upon
photoactivation may be facile but also possibly a dead end that
does not aid in the reduction of protons to molecular hydrogen.
A recent study provides direct evidence that the electrons

trapped on the metal NPs may not be the ones that contribute to
the production of H2.

73 In a unique setup, the authors of that
work synchronized the periodicity of their photocatalyst
excitation, which was modulated at frequencies in the kHz
range using a chopper, with the Michelson interferometer used
for FTIR spectroscopy probing of the surface under reaction
conditions (Figure 4). This way, they were able to suppress the

contribution from thermally excited electrons and correlate the
number of reactive photogenerated electrons with the photo-
catalytic evolution of hydrogen (Figure 4, inset). The authors
concluded that the free electrons in the metal cocatalysts are not
directly involved in the reduction reaction. Instead, a correlation
was identified between the H2 production rate and the number
of electrons shallowly trapped in the in-gap states of the oxide,
which is enhanced upon the loading of the metal cocatalysts.
The main conclusion of this work was that the metal-induced
semiconductor surface states formed at the periphery of the
metal cocatalyst play a key role in the photocatalytic hydrogen
evolution reaction (Figure 4).

■ ROLE OF METAL AS PROMOTER OF HYDROGEN
ATOM RECOMBINATION

The fact that the time-resolved spectroscopic evidence for the
metal acting as a quencher of the e−-h+ recombination pathway
is not conclusive, together with the unfavorable alignment of the
Fermi level of the titanium oxide/metal photocatalysts below the
hydrogen reduction potential, brings into question the generally
accepted model of the role of the metal as providing the sites for

Figure 3. Average fluorescence lifetimes (t1/2,fl, red circles) and rates of
H2 photoproduction (RH2, blue squares) versus titanium oxide grain
average size (⟨d⟩Crystal) for hollow (Void@TiO2, open symbols) and
Au-containing (Au@Void@TiO2, filled symbols) yolk−shell nano-
structures.64 Increased crystallinity was achieved by increasing the
severity of the final calcination step during the synthesis of these
materials, as indicated in the figure. TEM close-up images of the
titanium oxide shells are also included to better visualize the crystallite
sizes of the different catalysts. The fluorescence lifetimes clearly
increase with increasing TiO2 crystallite size but are similar for the
hollow versus Au-containing catalysts. On the other hand, H2 can be
produced from the photocatalytic reduction of water only if Au NPs are
added to these nanostructures.

Figure 4. Schematic illustration of the experimental setup used to study
the correlation between the photoexcitation of electrons in metal-NP-
modified semiconductor oxide photocatalysts and the generation of H2.
Also shown is the mechanism suggested for that reaction. It is proposed
that photogenerated excited electrons migrate to the oxide sites
adjacent to the metal NP and are transferred to protons from the water
above to produce H• atoms; those atoms then recombine on the metal
surface to produce H2. The diagram also explicitly indicates that the
direct participation of excited electrons transferred from the semi-
conductor to the metal do not participate in this chemistry. The inset
provides results indicating a direct correlation between the amount of
reactive electrons accumulated at the metal-oxide interface and the rate
of H2 production. Reproduced with permission from ref 73. Copyright
2024 American Chemical Society.
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the reduction of H+ to H2. In fact, it is important to realize that
this reaction actually consists of at least two distinct steps: the
reduction of protons to neutral atomic hydrogen (hydrogen
radicals or related species) and the subsequent recombination of
two hydrogen radicals to make molecular hydrogen. This
subtlety is important, because late transition metals are certainly
very effective at promoting the second of those steps, the
coupling of hydrogen atoms to yield H2.

74 We argue that, in fact,
this may be the main contribution of the metal NP cocatalysts to
the water-splitting process. What may be in question is whether
the reduction of protons takes place at titanium oxide or metal
sites; we have advanced the idea that it may happen on the TiO2
surface.63,75−79

Titanium oxide can certainly reduce other ions: examples
include Co3+ (Co3+/Co2+ reduction potential = +1.82 V versus
NHE), Ce4+ (Ce4+/Ce3+ reduction potential = +1.44 V versus
NHE), Cr2O7

2− (Cr6+/Cr3+ reduction potential = +1.33 V
versus NHE), IO3

− (I7−/I2 reduction potential = +1.08 V versus
NHE), Hg2+ (Hg2+/Hg° reduction potential = +0.854 V versus
NHE), Ag+ (Ag+/Ag° reduction potential = +0.799 V versus
NHE), Fe3+ (Fe3+/Fe2+ reduction potential = +0.771 V versus
NHE), and UO2

2+ (U6+/U4+ reduction potential = +0.27 V
versus NHE).63,80−84 This type of photoactivity from titanium
oxide is well-known, as it is in some instances exploited to
remove contaminants from water.85,86 In all of the cases cited
above the reduction is easier to induce than with H+ (the
reduction potentials are positive with respect to NHE), but they
still illustrate the fact that titanium oxide is capable of promoting
reduction reactions by itself upon illumination, without the
addition of metal cocatalysts. It should also be mentioned that,
in the case of IO3

− at least, the rate of H2 photoproduction was
measured to be the same, within experimental error, with pure
versus Pt-modified titanium oxide; the Pt cocatalyst does not
seem to help that reaction.63 It may very well be that TiO2 can
photocatalytically produce H• radicals (or a related intermedi-
ate) from water but not be capable of promoting the
recombination of those atoms into molecular hydrogen.62

In order to separate the possible photoreducing and thermal
catalysis contributions of the metal to the enhancement of the
conversion of protons to H2 in water, we have carried out
experiments with other materials as cocatalysts capable of
providing one of those functionalities but not the other.63 The
data are summarized in Figure 5. All catalysts were tested for
both hydrogen photoproduction (using methanol as a sacrificial
agent for the oxidation half-reaction) and hydrogen recombi-
nation activity, following the isotopic scrambling of H2 + D2 gas
mixtures. In terms of the cocatalyst used, these were graphitic
carbon, which can easily accept electrons from the conduction
band of titanium oxide but is not good at promoting the
hydrogen recombination reaction, nickel oxide, with which the
opposite is true, and gold and platinum, both noble metals good
at both functions. It was found that the rates of H2
photoproduction and H-D isotope scrambling (our proxy for
the atomic hydrogen recombination step) correlate well with
each other across this series of catalysts. Moreover, it should be
noted that if the role of the cocatalyst were to trap the
photoexcited electrons and reduce protons, high H2 photo-
production would have been expected with the C/TiO2 catalyst
but not with the NiO/TiO2 counterpart (the NiO cocatalyst
case has also been reported by others),87 yet the opposite was
seen in these experiments. These data are consistent with the
metal producing H2 from H• intermediates formed at the
titanium oxide surface.

Additional experiments were carried out where the metal
(Au) NPs were shielded from making an electrical contact with
the semiconductor surface by coating them with a thin silica
layer (in a core−shell nanostructure).63 It was shown that
indeed, in these Au@SiO2/TiO2 catalysts, the silica shell
electrically isolates the metal and prevents the shift of the
plasmon resonance peak expected from charging of the metal
NP via the transfer of electrons from the titanium oxide support
upon illumination. On the other hand, the resulting new
catalysts were shown to still promote both the photocatalytic
production of H2 and the gas-phase H−D isotope scrambling of
H2 + D2 mixtures. These observations further support the idea
that the main role of metal cocatalysts in the photocatalytic
production of H2 from water is the promotion of hydrogen atom
recombination rather than the scavenging of photoexcited
electrons.

■ REACTION MECHANISM
The nature of the species that form on the semiconductor
(titanium oxide) surface upon photoexcitation and proton
reduction is difficult to ascertain. As mentioned above, some
authors have identified, on the basis of experiments using EPR
and XPS, the transient formation of reduced (Ti3+)
centers.15,57,58 However, the role of those species in the
production of hydrogen has not been established. One
possibility is the formation of Ti3+:H+ polarons at the surface.
DFT calculations have estimated the energy level for the
formation of such intermediate to be approximately 0.82 eV
below the conduction band of anatase and a bond energy for the
Ti4+−H• surface species produced after a charge transfer step of
1.7 eV.88 The latter value may seem high,88,89 but a recent
publication has reported results from a clever experiment
showing that photoexcitation of titanium oxide exposed to water

Figure 5. Rates of H2 photoproduction (red hatched bars) and of HD
production via the room-temperature scrambling of H2 + D2 gas
mixtures, both measured by using titania by itself and with added
carbon, nickel oxide, gold, or platinum NP cocatalysts. Schematic
representations of the electronic transitions associated with the
photocatalysis are shown at the bottom for all cases. The correlation
between the two rates suggests that it is the atomic hydrogen
recombination step that requires the assistance of the cocatalyst.63
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vapor can in fact produce and eject hydrogen radicals.90 The
schematics of the setup used and a summary of the data obtained
in that work are shown in Figure 6. A flow reactor was designed

with two physically separated regions, the first containing pure
titanium oxide, at a level that could be irradiated with UV light (a
xenon lamp) and a second downstream from the first and
separated by quartz wool filled with an alumina-supported Pt
catalyst. Flowing a gas mixture of water and methanol in an
argon carrier through this reactor with the lamp turned on
resulted in the detection of molecular hydrogen. Because in this
arrangement the semiconductor and metal phases lie apart from
each other, it was concluded that hydrogen radicals need to be
generated at the TiO2 photocatalyst, migrate through the quartz
wool layer, and recombine to yield H2 on the Pt NPs. By varying

the length of the inert middle (quartz wool) region, it was
determined that the atomic hydrogen radicals could travel and
survive distances on the order of several millimeters. This report
provides direct evidence for the viability of the model where the
role of the metal cocatalyst is primarily to assist in the atomic-
hydrogen recombination and not in the charge separation step.
The mechanism of the photocatalytic production of hydrogen

from water is perhaps different in the presence of liquid water
because the stability of atomic hydrogen or any other
intermediate is bound to depend strongly on its interaction
with that media, but the possibility of generating a version of
reduced hydrogen atoms on the titanium oxide surface is still
likely under such conditions. Some understanding of the
photocatalytic production of molecular hydrogen have been
extracted from experiments using infrared absorption spectros-
copy (IR)41,91 and quantum mechanics calculations.92,93 The
reaction is likely to start with the formation of a reduced surface
structure, versions of which include the addition of the hydrogen
atom to an oxygen bridge site (Ti4+−O(H)−Ti4+),94 a surface
hydroxide group on a reduced titanium ion (likely a Ti3+−OH
group),13,95 a water molecule covalently bonded to a titanium
surface site (Ti4+−OH2),

96 and a “loosely coupled proton/
electron pair distributed across the titania surface hydroxyl”
(Ti3+−OH2

+).97 The formation of such excited intermediate in
water, whatever its form, happens even in the dark,98−100 but
appears to be enhanced by the absorption of photons. In fact,
some of these surface species may act as electron or hole traps,
extending the lifetime of the photoexcitation to a time scale of up
to minutes,13,101−103 and may correspond to the first
intermediate where reduced hydrogen atoms are bound to the
surface of the catalyst.
On the basis of results from DFT calculations it has been

established that, on defect-free titanium oxide, about 5% of
adsorbed water dissociates on surface oxygen atoms to form
surface OH groups.93 These calculations have concluded that
single hydrogen atoms preferentially adsorb on top of bridging
2-fold coordinated oxygen atoms, possibly forming the Ti4+−

Figure 6. Rates of H2 photoproduction from water vapor (spiked with
methanol as a sacrificial oxidation agent) using the two-stage reactor
depicted in the inset where the pure titanium oxide and supported Pt
phases were physically spaced so that the photocatalytic production of
atomic hydrogen and its recombination to form H2 could be probed
separately. An intermediate space filled with quartz wool was used to
determine the distance over which the hydrogen radicals could travel,
which turned out to be on the order of several millimeters. Adapted
from ref 90 with permission. Copyright 2024 Hydrogen Energy
Publications LLC. Published by Elsevier Ltd.

Figure 7. Examples of studies supporting the reduction of protons on semiconductor surfaces and the migration of the resulting intermediates to metal
NPs. (a) Proposed steps during the electrolytic reduction of water on TiO2 (left) versus Au/TiO2 (right) electrodes. The thicknesses of the several
arrows indicate the relative importance of the different steps. Reproduced from ref 105 with permission. Copyright 2021 The Authors, published by
Elsevier B.V. (b) Left: IR data highlight the protonation of hydroxyl groups (MSITiOH, seen as an IR signal loss) to MSITiOH2

+ (for which the IR signal
increases) upon the heterolytic adsorption of H2 on Au/TiO2, following the mechanism depicted on the right. Reproduced from ref 91 with
permission. Copyright 2021 American Chemical Society. (c) Schematic representation of the spillover of hydrogen atoms produced via H−H
activation at Pt NPs and their migration to iron oxide NPs, where reduction of the oxide takes place.106 (d) Similar hydrogen spillover scheme using
NiO sites to hydrolyze ammonia borane and Pt NPs to produceH2. Adapted from ref 108 with permission. Copyright 2022, The Authors, published by
Springer Nature. (e) Hydrogen photoproduction turnover frequencies (TOFs) as a function of the diameter (D) and thickness (T) of the titanium
oxide shells in Au@Void@TiO2 yolk−shell nanostructures.109
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O(H)−Ti4+ mentioned above, with an adsorption energy of
between approximately 1.5 and 2.3 eV depending on the
crystalline form of the oxide and the orientation of the facet
exposed.92 The migration of those hydrogen atoms into the bulk
was found to be quite favorable, occurring even below room
temperature, but, although diffusion of these atoms on the
surface was estimated to exhibit an activation barrier of about 1.4
eV, twice as large as that for migration into the bulk, it is a
process that may be also favorable if it involves surface OH
species.92 A dynamic equilibrium where a pair of short-lived
hydroxyl groups form on the TiO2 surface via a water-assisted
proton transfer may be a viable mechanism for this hydrogen
surface mobility.93 The feasibility of the reverse spillover of
hydrogen atoms from metal NPs to oxide supports, where they
bind to O2− ions, has been supported using DFT as well.104 On
the other hand, although the production of H2 from
recombination of surface hydrogen atoms on TiO2 was
estimated to be exothermic by 0.95 eV (in anatase), the
activation barrier was calculated at more than 2 eV, possibly too
high to compete with other pathways (or with de-excitation back
to H+ + TiO2).

92 The energy landscape that emerges from these
studies suggests that, from an energetic point of view, the most
probable way by which hydrogen gas is produced in this
photocatalysis is via the initial formation of a version of atomic
hydrogen on the surface followed bymigration to themetal NPs,
where recombination to yield H2 is facile.
Several experimental studies have also provided indirect

evidence to support the model of proton reduction on the
semiconductor surface followed by migration of the resulting
intermediates to the metal NP for recombination and H2
formation. In one case, the electrolytic reduction of water in
alkaline media was tested using cyclic voltammetry, explicitly
contrasting the performance of titanium oxide electrodes pure
versus modified with Au NPs.105 The data indicated that with
pure TiO2 the atomic hydrogen produced by reduction at high
cathodic potentials diffuses into the bulk of the electrode, but
that if Au NPs are added H2 production is observed instead.
These results were explained on the basis of the migration
(spillover) of theH• species produced on the TiO2 surface to the
Au NPs, where they recombine to form H2 (Figure 7a). In a
different study, IR was used to follow the adsorption and
activation of H2 on Au/TiO2.

91 As shown in the left side of
Figure 7b, the spectra revealed both the loss of nonprotonated
hydroxyl groups (MSITiOH) and the creation of protonated
hydroxyl species (MSITiOH2

+) at the metal−semiconductor
interface (MSI) upon exposure of the catalyst to molecular
hydrogen. The authors of that work claimed that after the
heterolytic dissociation of the H−H bond at the MSI (right side
of Figure 7b) the resulting hydrogen atoms spill over into the
titanium oxide surface; a microscopic reversibility sequence in
which H• migration from TiO2 to the metal/TiO2 interface is
followed by recombination to produce H2 would explain the
photocatalysis discussed here.97 The ability of hydrogen atoms
to spill over and migrate on titanium oxide surfaces has been
further demonstrated by a couple of separate experiments, in
one case using Pt NPs to produce the H• species from H2 and
iron oxide NPs to detect them as the oxide is reduced to metallic
iron (a reaction followed by X-ray absorption spectroscopy −
XPS−) (Figure 7c),106,107 and in the other by generating H•

species via ammonia borane hydrolysis at NiO sites and
collecting H2 at Pt NPs (Figure 7d).108 We have reported
different characteristic lengths for the photoproduction of H2
from water with Au@Void@TiO2 yolk−shell nanostructures as

a function of shell thickness (T) versus shell diameter (D)
(Figure 7e): the first was associated with the mean free path of
the initial excited electron as it travels to the surface, whereas the
second, which is almost an order of magnitude larger, is likely to
reflect the average distance traveled by the hydrogen atom
intermediates before they reach the AuNPs.109 In all three cases,
traveling distances of at least tens of nanometers were measured
for atomic hydrogen on TiO2. It is even possible to promote the
reduction of TiO2 itself with H2 activated by Pt NPs to create
Ti3+ and color centers.110,111 Finally, it has been recently claimed
that H2 photoproduction on modified titanium oxide catalysts
can be optimized by tuning the electronic properties of the metal
NPs (via alloying) to optimize the energetics of the atomic
hydrogen recombination step.112

■ OTHER RELATED PHOTOCATALYTIC
HYDROGEN-PRODUCTION SYSTEMS

One limitation of using semiconductors with wide bandgaps
such as titanium oxide as photocatalysts is that they can only
absorbUV radiation and therefore are inefficient if the source for
photoactivation is sunlight. However, if Au or Ag NPs are used
as cocatalysts, those can absorb visible light, which excite their
surface plasmon. Some research groups have tried to exploit that
process to harness low-energy photons for chemical con-
versions, including the production of hydrogen from
water.113,114 Several mechanisms have been discussed in relation
to the way the initial photoexcitation of the metal NPs may be
transferred to the reactants to promote chemical conversions,
including plasmon resonance energy transfer (PRET), near field
electromagnetic enhancement, and scattering and photothermal
heating effects,15,46,115−117 but perhaps the most commonly
cited pathway is a simple generation of hot electrons at the metal
NPs and their transfer to the conduction band of the
semiconductor, where the reduction step is alleged to take
place (Figure 8). A couple of considerations must be taken into
account in connection with this mechanism. First, the energy of

Figure 8. Proposed mechanisms for photocatalysis based on excitation
of the surface plasmon of metal NPs. (a) Near-field electromagnetic
enhancement of absorption; (b) plasmon resonant energy transfer
(PRET); (c) hot-electron formation and transfer to the conduction
band of the semiconductor. The need to promote the accompanying
oxidation reaction at the metal site is highlighted in the latter case.
Reproduced with permission from refs 116, copyright 2021 The
Authors, Small published by Wiley-VCH GmbH, and ref 15, copyright
2014 American Chemical Society.
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the absorbed photons is quite low, whichmeans that to complete
the redox process a sacrificial agent with a very low reduction
potential is required. Sacrificial agents such as methanol are in
fact used in most water-splitting studies, especially with titanium
oxide, because the overpotential for O2 production from water is
quite high,5,67,118 but in the case of surface-plasmon-excitation
photocatalysis the demand on this added reactant is particularly
onerous. The second factor is that because the reduction step is
supposed to occur at the surface of the semiconductor, the yields
in the case of H2 production from water are expected to be quite
low unless a way to efficiently spill over the H• intermediates
back to the metal is possible. In the end, several studies have
shown that the contribution of the plasmonic effect to the
photocatalytic production of H2 from water is in most instances
negligible.75,119,120

From the point of view of the design of photocatalysts, there
has been an interest in recent years in maximizing the use of the
metal, which often is an expensive noble metal such as Au or Pt,
by reducing the size of their NPs. The ultimate limit in this case
is single atoms dispersed on the semiconductor support, an
approach that has become a hot area of research in recent
years.121−125 Some studies have been carried out to use such
single-atom catalysts (SACs) for the photocatalytic splitting of
water,126−128 but a full understanding of how these catalysts
operate is still not available. One issue that has been seldom
mentioned here is the fact that single metal atoms dispersed on
oxide supports tend to be in an oxidized, not metallic, state. In
the case of Pt on either titanium oxide or cerium oxide, +2 and
+4 oxidation states have been detected by XPS, X-ray absorption
spectroscopies (XAS), and CO titrations using IR, and also
estimated from DFT calculations;129−134 the exact oxidation
state depends on the facet of the oxide exposed and the
coordination of the surface atoms (basal planes versus defect
sites). In addition, because these are discrete ions rather than
metal NPs, their electronic levels are sharp; density-of-state
(DOS) calculations have placed the highest occupied (HOMO)
and lowest unoccupied (LUMO) molecular orbitals of these Pt
single atoms (actually ions), the equivalent to the valence and
conduction bands, at between −1.0 and −0.2 eV and between
+0.2 and +0.7 eV relative to the Fermi level, respec-
tively.129,134,135 The latter seems to fall in between the
conduction band of titanium oxide and the reduction potential
for the H+/H2 conversion, better aligned than in the case of
metal NPs for electron trapping and subsequent proton
reduction at the Pt atom site (the conventional photocatalysis
model), which may be the reason for the better performance for
H2 production from water seen in some studies with SAC-Pt/
TiO2 when contrasted with regular NP-Pt/TiO2 counter-
parts.134−136 On the other hand, the ability of these Pt single
atoms to promote the recombination of hydrogen atoms is likely
to be diminished:137 high activation barriers, on the order of 1
eV, have been calculated for this process with DFT,138 and an
almost complete suppression of H2 + D2 isotope scrambling
activity has been seen experimentally when transitioning from
NP-Pt/TiO2 to SAC-Pt/TiO2.

139 This means that the H•

dimerization step may become the bottleneck in photocatalysis
with SCAs. It should be indicated that recent DFT calculations
have shown that single-atom catalysts can bind twoH atoms and
form a dihydrogen metal complex, a possible precursor state to
H2 desorption.140 Yet, that work did not directly probe the
kinetics (activation barrier) of the final H• recombination step.
Another approach that has been explored in terms of the

design of nanostructures for photocatalysis is the use of core−

shell or yolk−shell constructs: Au (or Pt) NPs, for instance, can
be trapped inside titanium oxide shells to make either Au@TiO2
or Au@Void@TiO2 photocatalysts.116,141−144 As we have
already illustrated in Figures 3 and 7e, the use of yolk−shell
nanostructures affords great control on geometrical and
structural parameters such as shell diameter and thickness,
metal NP diameter, and degree of crystallinity of the oxide in the
shell.63−65,109,145−153 In another example, research using Au@
Void@Cu7S4 nanostructures demonstrated that control over the
size of the void space can improve mass transport kinetics across
the shell and enhance photocatalytic activity for hydrogen
production, and that these photocatalysts exhibit efficient charge
transfer and strong surface plasmon resonance (SPR)-mediated
near-field effects.154 Similar claims were made with Au@Void@
TiO2 photocatalysts.

155 In general, though, in most studies, the
use of these and other complex nanostructures has not been
properly justified.
Finally, the same principles and constructs discussed above for

photocatalytic water splitting have been used for the conversion
of organic reactants. For instance Au/TiO2 has been used to
photocatalytically produce H2 from oxalic acid.77 In that case,
bare titanium oxide was also photoactive, but the addition of a
metal cocatalyst led to an increase in activity (more with Pt than
with Au). Moreover, the absence of photoactivity when only
visible light was used, combined with results from comparison
experiments using pure Au versus Au−Pt alloys, indicated the
absence of any contribution from the surface plasmon excitation
mechanism. Photoreforming of other oxygenates to produce H2
has been reported as well, with other organic acids as well as with
various alcohols.78 One caveat here is that the experiments with
organic feedstocks have been carried out using aqueous
solutions, which means that in reality the reduction reaction
may be the same as with pure water, namely, a conversion of
protons to H2. It should be emphasized that, in most studies of
the “water splitting” process, a sacrificial agent, typically
methanol or ethanol, is used to facilitate the oxidation half-
reaction because O2 production from water exhibits a high
overpotential; by bypassing that step it is then possible to focus
on the hydrogen reduction side of the reaction.118 In order to
truly photocatalytically split water a second cocatalyst is needed
to facilitate the O2 evolution reaction; oxides of metals such as
Co, Fe, Ni, Mn, Ru, and Ir have proven to be good choices for
this purpose.6,30,156−158 Much research has been carried out to
better understand and improve the oxidation half-reaction, but
further discussion of that work is beyond the objectives of our
Critical Review.

■ CONCLUDING REMARKS
The focus of this Critical Review has been the molecular details
of the photocatalytic production of H2 from water, with an
emphasis on the role that metal cocatalysts play in enhancing the
activity of that process. It is widely accepted that metals help
scavenge the excited electrons produced from photon
absorption by the semiconductor that comprises the heart of
the photocatalyst, hence preventing rapid de-excitation via
recombination with the accompanying hole photogenerated in
the valence band. We here have argued that although this
electron transfer does take place, it is probably a side process by
which those electrons get trapped below the energy level
required for the reduction of protons at the water/solid
interface. Instead, it is perhaps more likely for the protons to
be directly reduced at the titanium oxide surface and for the
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metal to then facilitate the recombination of the resulting
hydrogen atoms to yield H2.
If applicable, how general may this alternative mechanism be?

For one, it is straightforward to assume that it would apply to
other semiconductors used as photocatalysts. This includes the
many semiconductor materials that have been tested for the
photosplitting of water using visible light since those also have
their conduction band placed at energy levels comparable to that
of titanium oxide; this is a requirement if the photogenerated
excited electrons are to be able to be transferred to protons in
solution. In addition, it is easy to imagine the need of cocatalysts
for the promotion of various other thermal chemistries, with
other feedstocks, following the photoformation of the initial
reduced intermediates on the surface of the semiconductor in
order to convert them into the final products. In this vein, it is
worth remembering that H2 photoproduction, like many other
photocatalytic processes, requires multiple electron-transfer
steps; in this case, two separate protons need to each accept
one electron from the surface to be converted to neutral
hydrogen atoms (or associated surface species). The oxygen-
evolution step that completes the redox photoconversion of
water to H2 + O2 is even more demanding, requiring four
electrons. Because photon absorption by photocatalysts
typically produces one single excited e−-h+ pair at a time (unless
high photon fluxes from powerful lasers are used), the
expectation is for each photoexcitation plus electron transfer
to require the creation of a chemical intermediate on the surface
in order to “trap” it until the next photoexcitation can be added.
For oxygen production fromwater, for instance, the formation of
hydroxo radicals, peroxides, and superoxides have all been
proposed.103,159 The oxidation of the alcohols or organic acids
used as sacrificial agents in the studies on the hydrogen evolution
reaction also yield several surface intermediates such as formates
and alkoxides on the way to the production of CO2.
The thermal chemistry that follows the surface intermediates

produced via the photoreduction of either the initial reactant or
any of the previously produced adsorbed species may potentially
occur on the spot at the same site of the reduction. However, the
semiconductors used as photocatalyst may not be particularly
effective promoters of those steps, as we have argued here may
be the case with the photoproduction of H2 from water. In such
instances, a cocatalyst may be required. On the positive side, the
incorporation of cocatalysts also offers a way to add specific
chemistry to the overall photocatalytic process and perhaps to
direct it toward the selective generation of interesting products.
This is certainly a desirable approach in the case of the
photocatalytic reduction of CO2, for instance, where it may be
relatively easy to produce CO but more beneficial to make other
value-added products such as alcohols.160−162 In fact, the same
approach can be used in electrocatalysis: selective complex
catalytic processes may be designed so that either photons or
voltages are employed to generate hard-to-produce or energy-
demanding intermediates, which then migrate to other surface
sites in order to follow additional thermal (and selective)
chemistry.163−165 We believe that the design of bifunctional
photocatalysts where the initial photoexcitation and reduction
step at the main semiconductor surface is followed by additional
thermal chemistry at sites on added cocatalysts specifically
chosen to drive selective and possibly complex chemistry is a
promising and underdeveloped approach. We hope that the
discussion presented above provides enough incentive for
research groups to explore this idea.
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