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Abstract
Solar-driven overall water splitting using particulate photocatalysts represents a
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photosynthesis, considerable effort has been devoted in enhancing the overall
efficiency and stability of photocatalysts. More specifically, modifying the photo-
catalyst surface with suitable cocatalysts can significantly enhance its water-splitting
performance. In this minireview, we describe recent advances with respect to the
hybridization strategies in constructing high-performance cocatalyst/photocatalyst
systems. We first discuss the fundamental concepts and principles governing the
photocatalytic water splitting and the important role of cocatalysts. Subsequently,
we examine the strengths and drawbacks of conventional and emerging cocatalyst
loading strategies. Special consideration is given to the structure-activity relation-
ship of cocatalysts to achieve efficient photocatalytic H, production from pure H,O.
Finally, the remaining key challenges and possible future directions in the discovery
and further exploration of cocatalyst materials are also discussed. We anticipate this
review will provide insights and inspire more research interest in designing high-

performance cocatalysts for photocatalytic overall water splitting.
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INTRODUCTION and photovoltaic electrolysis) [3-6], the decomposition of H,O via
particulate photocatalysis could be readily scaled-up in a cost-effective

Resolving the constantly increasing global energy requirement through manner. Extensive research has been directed in designing high-

carbon-neutral energy sources is among the most serious challenges in
recent times [1]. Solar-driven photocatalytic H,O splitting has been
considered as one of the best strategies for producing H, (Figure 1a).
Although storage of H, presents a number of technical challenges, it is
still regarded as a favorable energy carrier and a reactant for CO,
reduction [2]. When used as a carbon-free fuel, it only releases zero
emission and produces H,O as by-product upon its combustion. In

comparison to other solar-hydrogen methods (e.g., photoelectrocatalysis

performance photocatalyst systems and the working mechanism has
been examined exhaustively over the past decades. In fact, a recent field-
scale experiment has established the practical viability of photocatalytic
overall water splitting (OWS), wherein a photocatalytic solar panel reactor
with an area of 100 m? was developed without loss of efficiency over a
span of several months [7]. However, current solar-to-hydrogen (STH)
energy conversion efficiencies are still far from the target 5%-10% range

to make solar-driven H, production via OWS economically feasible.
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Photocatalytic Overall Water Splitting
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FIGURE 1

(a) Solar-driven H, generation from pure H,O using particulate photocatalysts. (b) Energy requirement, and (c) schematic

illustration of OWS on a photocatalytic semiconductor. OWS, overall water splitting.

Water splitting is an unfavorable uphill reaction (Figure 1b) with a
large positive Gibbs free energy change of 237 kJ mol™* at 298 K [8],
as shown in Equation (1):

H,O = H, + %0,. (1)

Hence, an external energy is required in order for this reaction to
proceed, which solar energy can supply. This research has received
widespread attention and has been regarded as the “holy grail” in
photochemistry community since Fujishima discovered that a single-
crystal TiO, photoelectrode can decompose water [9]. The produc-
tion of H, and O, on a semiconductor photocatalyst involves three
essential steps (Figure 1c): (1) the absorption of photons with energy
values equal to or higher than the semiconductor band gap (hv 2 E,)
to excite electrons from the valence band to the conductive band and
leaving holes on the valence band; (2) separation of photogenerated
electrons and holes and subsequent migration to the active sites of
the photocatalyst surface; and (3) promotion of the redox reactions
to produce H, and O, with the aid of the cocatalysts. The reactions
are summarized through the following equations below [10].

Hydrogen evolution (HER):

2H* + 2e” — Hj,(acidic conditions), (2)

2H,0 + 2e” = H, + 2H (alkaline conditions). (3)
Oxygen evolution reaction (OER):

2H,0 = O, + 4e™ + 4H*(acidic conditions), (4)

40H" = O, + 4e™ + 2H,0(alkaline conditions). (5)

To initiate OWS, the valence band maximum must be more
positive than the H,O/O, oxidation potential (+1.23V vs. NHE,
pH =0) and the conductive band minimum must be more negative
than the H*/H,O reduction potential (OV vs. NHE, pH=0) [11].

Therefore, the minimum light energy necessary to drive OWS is
1.23 eV and this makes the utilization of the full visible-light range
(400 < A < 800 nm) possible. Nevertheless, supplemental kinetic over-
potentials are normally needed to drive the carrier transfer step and
the water-splitting reactions at acceptable rates. Considerable efforts
have been mainly focused in designing photocatalysts with extended
light absorption (step 1) along with an efficient charge separation and
migration (step 2). In particular, a range of strategies have been
developed to improve the photonic efficiencies of photocatalytic
systems including valence band engineering [12], doping [13],
quantum dots [14], dye-sensitization [15], heterostructure formation
[16], and Z-scheme construction [17]. On the other hand, diverse
nanostructured semiconductor photocatalysts with high crystallinity
and shorter charge diffusion length have been examined to realize

superior charge separation and transport [18-20].

Role of cocatalysts on photocatalytic overall water
splitting

Most photocatalysts do not possess the catalytic capacity to facilitate
proton reduction and/or water oxidation reactions. As a consequence,
semiconductors are modified with electrocatalysts, often called
cocatalysts, to promote these reactions. As discussed earlier, the third
step to achieve OWS is facilitated by Hj-evolution and O,-evolution
cocatalysts, which serve as active sites by lowering their respective
overpotentials [21, 22]. This is especially critical for O,-evolution
reaction which involves a four-electron and four-proton pathway and
requires a large thermodynamic potential. As a result, the application
of O,-evolution cocatalyst with small overpotential could augment the
OWS efficiency. Moreover, cocatalysts can aid the electron-hole pair
separation. As shown in Figure 1c, the photoexcited electrons are
captured by reductive cocatalyst and reduce H* to H, while the holes
are trapped by oxidative cocatalyst and oxidize H,O to generate O,.
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It is noteworthy that a finely tuned interface between the
photocatalyst and cocatalyst is a prerequisite for an effective carrier
separation and migration. Most importantly, the energy level
alignment at the interface should be suitable to establish an Ohmic
contact or reduce the barrier height to maximize the photogenerated
carrier usage. Likewise, an intimate heterojunction is notably advanta-
geous to suppress charge recombination and improve the efficiency.
Cocatalyst can also inhibit the photocorrosion of the photocatalysts
and in turn enhance their long-term stability and durability. Normally,
visible-light responsive photocatalysts including (oxy)nitrides and (oxy)
sulfides are not stable in H,O oxidation, since the anions are more
susceptible to oxidation than H,O [23, 24]. Thus, hybridizing
semiconductor photocatalysts with cocatalysts could prevent their
decomposition by capturing the photoexcited holes for H,O oxidation.
Moreover, a volcano-type correlation between the amount of
cocatalyst loaded and the photocatalytic performance is commonly
observed irrespective of the type of cocatalysts and photocatalysts
employed (Figure 2) [8]. As noted previously, modifying photocatalyst
with cocatalyst lessens charge recombination and enhances reaction
kinetics, thereby augmenting the photocatalytic activity. However, a
severe reduction in activity occurs once an excess of cocatalysts have
been immobilized as they can shield the semiconductor surface from
the incident light and concurrently serve as recombination sites.

In recent years, a number of reviews focusing on specific
materials that can be used as cocatalysts have been presented such
as earth-abundant cocatalysts [8], transitional metal disulfide [25],
and bimetallic nanoparticles [26]. However, no related work has given
an in-depth and comprehensive discussion on cocatalyst engineering
strategies for photocatalytic OWS, hence, a concise review is
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essential to propel further advances in this important catalysis field.
In this minireview, we examine the significant progress that has been
achieved in developing cocatalyst materials and how to effectively
construct intimate cocatalyst/photocatalyst interface. More specifi-
cally, we highlight the advantages of each hybridization strategy and
their suitability for specific materials. A special attention is put on the
cocatalyst engineering strategies recently applied to realize photo-
catalytic H, production in pure H,O. Finally, we outline the
challenges and outlook by giving a preview of potential directions

for further advancement of cocatalyst performance.

GENERAL COCATALYST LOADING
SCHEMES

Hybridization between a photocatalyst and cocatalyst plays a crucial
role in achieving the optimal photocatalytic performance of the system.
More specifically, the synthetic routes for cocatalysts determine their
size, structure, and dispersion which have a great effect on the activity
of the hybrid material. In general, cocatalysts can be in-situ/directly
(e.g., impregnation, photodeposition, chemical reduction, etc.) or ex-situ/
sequentially deposited (liquid-phase adsorption, mechanical mixing,
electrostatic self-assembly, etc) onto the semiconductor. Direct
hybridization refers to the methods in which cocatalysts are simulta-
neously formed from the precursors on the photocatalyst surface.
This strategy ensures the creation of sufficient and an intimate
cocatalyst/photocatalyst interfacial contact, thereby promoting photo-
excited carrier separation and transport. However, direct coupling of
cocatalysts with photocatalyst largely depends on the overall stability of

Excessive loading of
cocatalysts causes

= = - - - —-— -

(i) covering active sites on photocatalyst

(ii) shielding the light absorption by photocatalyst
(iii) decreasing the surface area and activity of
cocatalysts

(iii) increasing the charge recombination in
cocatalysts

The optimal loading value

>
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FIGURE 2 An illustration of volcano-type relationship between the amount of cocatalyst loading and the photocatalytic performance of a
semiconductor photocatalyst modified with cocatalysts. Reproduced with permission [8], Copyright 2014, The Royal Society of Chemistry.
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the photocatalyst. Likewise, the control over the cocatalyst size and
composition are challenging due to the presence of photocatalysts
during cocatalyst deposition. On the other hand, ex-situ deposition
permits the immobilization of presynthesized cocatalyst particles on the
substrate. Here, the particle size and chemical composition of the
cocatalysts can be easily precontrolled to maximize their catalytic
activities. Conversely, the resulting interfacial contact between the
cocatalyst and semiconductors using ex situ deposition routes are at
times unsatisfactory and therefore must be thoroughly optimized via
thermal processing methods. In this context, the application of ligands or
surfactants to enhance the interfacial coupling within the hybrid would
be desirable followed by their removal through high-temperature
annealing. Another way to induce a compact contact area is to take
advantage of conductive binders. Ex-situ hybridization is also advanta-
geous in assembling 2D-2D layered heterostructure of cocatalysts and
photocatalysts. Finally, indirect coupling likewise enables a quantitative
evaluation of the electrocatalytic activities of cocatalysts by performing
electrochemical characterizations without the photocatalysts. In this
section, we describe the advantages and shortcomings of traditional and

emerging cocatalyst loading strategies (Table 1).

Direct hybridization
Impregnation

One of the simplest cocatalyst deposition procedure is the impregna-
tion method. Typically, precursor solution is uniformly dispersed over
the semiconductor substrate and solvent is then completely removed
by drying. Then the impregnated metal precursors are subsequently
annealed under oxidizing or reducing conditions to transform them
into active nanoparticulate cocatalysts (Figure 3a). A range of solvents
and precursors can be chosen for this approach in conjunction with the
succeeding treatment conditions. Domen et al. first demonstrated the
loading of NiO, nanoparticles onto the surface of SrTiOs; via
impregnation in 1980 [27]. After four decades, the same group

reported a 1 m?-size photocatalytic water-splitting panel with an STH
of 0.4% using impregnated RhCrO, cocatalyst on SrTiO3:Al photo-
catalyst [28]. A recent study by Xue et al. reported the formation of
CoNi P cocatalyst by impregnating Co and Ni precursors onto
graphitic carbon nitride and followed by a high-temperature phos-
phorization process (Figure 4a-c), which validates the possibility of
immobilizing not only metal or metal oxides but also phosphide-based
cocatalysts [29]. Nevertheless, the major drawback of the impregna-
tion technique is the application of high-temperature annealing for
cocatalyst activation, limiting the availability of photocatalyst materials
that are not thermally stable. Previous reports have similarly indicated
that regulating cocatalyst dispersion and size distribution is difficult to
achieve through this method and aggregation of cocatalysts may
negatively affect their catalytic activities [36]. The aggregation is
especially drastic for non-noble transition metal catalysts (e.g., Ni, Cu,
Co, etc.) which have to be supported at a high loading (normally,
10-30 wt%) to compete with noble metals [37, 38].

Photodeposition

Another traditional cocatalyst deposition method is the light-assisted
chemical reduction (or photochemical reduction). By irradiating light
to an aqueous solution containing metal ions and semiconductor
support, photoexcited carriers migrate to the semiconductor surface
and reduce/oxidize the proper precursors leading to the formation
and immobilization of particulate cocatalysts (Figure 3b) [40].
Assuming that the photon energy is sufficient to excite the
semiconductor, the conduction band minimum (or LUMO) must be
more negative than the reduction potential of reductive cocatalyst,
and the valence band maximum (or HOMO) must be more positive
than the oxidation potential of oxidative cocatalyst to trigger
photochemical deposition. An attractive feature of photodeposition
is the site-selective loading of reduction and oxidation cocatalysts on
the electron-rich and hole-rich facets of the photocatalyst, respec-
tively [41]. As a result, the shorter carrier route from the

TABLE 1  Summary of the hybridization methods for various photocatalysts and cocatalysts.
Photocatalyst Cocatalyst Type of cocatalyst Hybridization method References
SrTiO5 NiO, HER Impregnation [27]
SrTiOs:Al RhCrO, HER Impregnation [28]
g-C3Ny Co,Ni, P HER Impregnation + Phosphorization [29]
SrTiO5 Pt, Au, and Ag HER Photodeposition [30]
SrTiO3 MnO, and Coz0,4 OER Photodeposition [30]
TiO,/CdS Pt HER Chemical Reduction [31]
g-C3Ny Ni,Co,P@C HER Ball milling [32]
rGO/La,Ti,O5 NiFe-LDH HER Ultrasonication [33]
GaN:ZnO Rh HER Liquid-phase adsorption [34]
SrTiOs:Al PtRu HER Liquid-phase adsorption [35]
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FIGURE 3 Schematic illustrations of (a) impregnation, (b) photodeposition, and (c) liquid-phase adsorption loading methods.

semiconductor to the cocatalyst enhances charge separation and
simultaneously suppresses recombination. Li et al. have reported the
dual cocatalyst deposition of reduction (Pt, Au, and Ag) and oxidation
(MnO, and Co30,) cocatalysts on the {001} and {110} planes of an
18-facet SrTiO3 nanocrystal, which resulted in a 5-fold enhancement
in apparent quantum yield for OWS (Figure 4d,e) [30]. In comparison
to other alternative loading schemes that involve elevated tempera-
ture/pressure, applied potential, and presence of redox reagents,
photodeposition only requires illumination to form well-defined
cocatalysts and enables the utilization of thermally unstable photo-
catalysts [42, 43]. Other favorable attributes of this process include
control over the structure, composition, distribution, and oxidation
state of the cocatalysts. Apart from (noble and transition) metals
[44-46] and metal oxides [47-49], materials based on metal sulfides
[50-52], metal (oxy)hydroxides [53-55], metal phosphates [56, 57],
metal phosphides [58, 59] can be photodeposited as either H,- or O,-
evolution cocatalysts.

Chemical reduction

This method allows the rapid deposition of metal nanocrystals on the
photocatalyst surface from their related organic or ionic metal
precursors. In particular, metal ions are first adsorbed and then
reduced to metal nanoparticles by a reducing agent with the aid of a
stabilizer. Standard chemical reduction protocols involve reducing the
metal salt precursors as a solid at high temperature under reducing
atmosphere [39, 60] or in solution phase by soluble or liquid

reductants that can also function as solvents such as ethylene glycol
[61], NaBH4 [62], and hydrazine hydrate [63]. For example, Ning et al.
described the formation of metallic Pt nanoparticles from the
reduction of H,PtClg solution by hydrazine hydrate over a TiO,/
CdS photocatalyst for OWS (Figure 4f-h) [31]. By choosing suitable
surfactants or ligands, diverse metal nanoparticles with well-defined
structures, sizes, and shapes can be synthesized even in the presence

of photocatalyst particles.

Ex-situ deposition
Mechanical mixing

Mechanical mixing is the simplest way of constructing a cocatalyst/
photocatalyst hybrid system. Ball milling is a well-established
technique to homogenously mix two or more solid materials in large
scale [64, 65]. This process requires minimal to no solvent and can be
applied for a wide variety of photocatalysts [66]. A supplementary
annealing treatment is necessary to reinforce the interface between
the cocatalyst and the substrate. Zhang et al. successfully coupled
Ni,Co,P@C cocatalyst with g-C3N4 photocatalyst via ball milling and
achieved a comparable photocatalytic H, evolution performance with
Pt-modified g-CsN4 (Figure 5a-c) [32]. Another facile approach to
physically mix photocatalysts with cocatalysts is through ultrasonica-
tion. Recently, a ternary rGO/La,Ti,O5/NiFe-LDH nanosheets were
constructed using ultrasound-assisted electrostatic self-assembly
method [33]. The heterostructure displayed superior photocatalytic
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FIGURE 4 (a) Schematic illustration showing the fabrication of
Co,Ni,P via impregnation and subsequent phosphorization on g-C3N4
photocatalyst. (b) TEM and (C) HRTEM images of Co,Ni,P cocatalysts
on g-C3Ng4. Reproduced with permission. [29] Copyright 2019,
Elsevier. SEM images of the 18-facet and 6-facet SrTiO3 nanocrystals
with simultaneous photodeposition of Pt and Co3;04 as cocatalysts.
(D) Pt-Co304/18-facet SrTiO3 and (E) Pt-Co304/6-facet SrTiOs.
Reproduced with permission. [35] Copyright 2016, The Royal Society
of Chemistry. (F) TEM, (G) HRTEM, and (H) elemental mapping
images of Pt-TiO,/CdS photocatalyst. Reproduced with permission.
[39] Copyright 2017, Elsevier. HRTEM, high-resolution transmission
electron microscopy.

H, generation relative to its components, highlighting the potential of
ultrasonication of creating effective interface for high-performance

photocatalysis.

Liquid-phase adsorption

The high level of control over chemical composition, shape, and size in
colloidal nanocrystals makes them invaluable as cocatalysts for highly
active water-splitting systems. Recent advances in the preparation of
colloidal crystals can offer an attractive way to normalize their properties
even to the level of atomically-precise nanoparticles [67]. In liquid-phase

adsorption process, colloidal nanocrystals are attached on the photo-
catalyst surface via stirring in a solvent. Considering that photocatalysts
may have surface hydroxyl groups (—-OH), ligand-capped nanocrystals
containing functional groups can be adsorbed onto the photocatalyst
surface through hydrogen bonding [68]. A subsequent ligand removal
(e.g., calcination or ozone oxidation) is required since organic molecules
may act as recombination sites for photoexcited carriers. In 2009,
Domen et al. introduced the application of monodispersed colloidal Rh
nanoparticles as cocatalysts for GaN:ZnO solid solution photocatalyst
system for OWS [68]. A follow-up study identified the influence of
particle size of Rh nanoparticles on the water-splitting performance [34].

Furthermore, this strategy allows a quantitative understanding of
the electrocatalytic activities of similar nanoparticulate cocatalysts by
conducting isolated electrochemical analyses. For example, Teranishi
et al. have synthesized ultrafine bimetallic alloy nanoparticles via a
polyol method and revealed that alloying Pt with Ru enhanced the
electrocatalytic H, evolution and reduced the O, reduction reaction
activities of Pt (Figure 5d-h) [35]. By applying the knowledge gained
from electrocatalysis, the optimal PtRu nanoparticulate electrocata-
lysts were integrated onto Al-doped SrTiOj via liquid-phase adsorp-
tion as H,-evolution cocatalysts. With the co-loading of CoOOH
nanoparticles as O,-evolution cocatalysts, this system reached an
apparent quantum yield of 65% at 365 nm, which is the most efficient
for SrTiO3-based photocatalytic OWS with Rh-free cocatalyst. These
results make liquid-phase adsorption an emerging scheme in loading

precisely controlled cocatalysts to photocatalysts.

COCATALYST ENGINEERING STRATEGIES
FOR OVERALL PHOTOCATALYTIC WATER
SPLITTING

Morphological and structural engineering

The size of the cocatalysts has a prominent role on the photocatalytic
OWS activity. Smaller cocatalysts have larger surface area and offer a
higher number of active sites given the same loading amount, which
leads to a higher catalytic performance. Additionally, they could not limit
light absorption by photocatalysts owing to their small size. For instance,
a previous study prepared a series of Rh nanoparticles via a polyol
reduction using polyvinylpyrrolidone as a surfactant. By varying the
reaction pH and temperature, monodisperse Rh nanoparticles with
different sizes were fabricated. It was found that applying smaller Rh
nanoparticles as cocatalysts could boost the water-splitting performance
of GaN:ZnO photocatalysts (Figure 6a) [34]. There is also a higher
chance of suppressing the charge recombination using cocatalysts with
smaller sizes than the larger ones. Smaller nanoparticulate cocatalysts
might as well demonstrate lower barriers for interfacial charge transfer
from photocatalysts. Indeed, many reports have confirmed that ultrafine
nanoparticulate cocatalysts with high dispersion results in an improved
photocatalytic efficiency [69-73]. However, there are cases that size
reduction in cocatalysts show adverse effects on the catalytic
performance. When Pt nanoparticles reach the size of <2nm, their

85U8017 SUOLUIOD A0 3[cedldde Uy Ag paueAob ae oIl VO ‘SN JO SaINJ J0j AIq1T 8UIIUO AB[IM UO (SUONIPUOD-PUR-SLLIBI WD  AS 1M AleIq 1jUl [UO//:SdNY) SUOTPUOD pue SIS 18U 88S *[1Z02/90/T] Uo AriqiTauliuo AB]iM ‘PIojjo Ind Imnsu|-foueld-xe |\ Aq 080008202 1dde/Z00T 0T/10p/Wo A8 i AReiqiuljuo//:SAny Woij papeojumod ' ‘vZ0z ‘882v20L2



APPLIED RESEARCH

SrTiO5:Al

FIGURE 5 (a-c) HRTEM images of NizCo,-P@C/CN photocatalyst prepared via ball-milling. Reproduced with permission. [63] Copyright
2022, The Royal Society of Chemistry. (d) BF-STEM and (e) HAADF-STEM images of air-H,-PtRu/SrTiO3:Al coated with Cr,Oa3. (f, g) Pt and Ru
STEM-EDX maps and (h) overlay images of (f) and (g). BF-STEM, bright-field scanning transmission electron microscopy; HAADF, high-angle
annular dark-field imaging; HRTEM, high-resolution transmission electron microscopy.

surface appears to have less-active edge sites lowering their activity
towards the electrocatalytic H, evolution [74-76]. A density functional
theory (DFT) calculation showed that the surface of larger metallic Pt
has proper H* adsorption energy for H, evolution, whereas sizes smaller
than 1 nm has less-metallic characteristics which can promote electron
transfer from TiO, [77]. This work suggests that an optimal cocatalyst
size should be determined to achieve the equilibrium between the
surface reaction kinetics and electron transfer efficiency [78]. Apart
from size, the shape of cocatalysts apparently likewise determines the
activity trend. To explore the influence of the shape of Pt nanoparticles
as cocatalysts [79], Cao et al. loaded cubic, octahedral, and spherical Pt
nanoparticles on g-C3N4 photocatalysts. As illustrated in Figure 6b,
spherical Pt-loaded g-C3N4 revealed the highest activity among the
samples. This is due to the fact that a spherical Pt nanoparticle consists
of numerous {100} and {111} facets which have substantial quantity of
edges at the interfaces and endowed with more active sites.
Compositional engineering is a straightforward strategy to tune
the activity of cocatalysts. For example, bimetallic alloy systems can
modify their geometric and electronic structures which can induce
unprecedented properties that are far superb than their monometallic
parents [80, 81]. Domen et al. successfully modified SrTaO,N
photocatalyst with RulrO, cocatalysts for OWS [82]. By incorporating
Ru to IrO5-loaded SrTaO,N via a conventional impregnation-thermal
reduction process, the formed RulrO, cocatalyst promoted charge

separation and accelerated surface reactions (Figure 6c-h). Besides,
the most active cocatalysts for evolving H, and O, gases are based
on noble metals (e.g., Rh, RuO,, and IrO,). Needless to say, these
metals are expensive and unsustainable for practical application.
Hence, the development and exploration of cost-effective cocata-
lysts with analogous activity as with the noble metals are highly
desirable and urgent matter. In recent years, novel cocatalysts
prepared from earth-abundant elements have been developed to
facilitate photocatalytic OWS. Zong et al. synthesized CoP as active
site Al-doped SrTiO; for photocatalytic OWS [83]. CoP was
hybridized onto the surface of the photocatalyst via in-situ
photodeposition-phosphorization method. This cocatalyst has a
metallic character and reduced the overpotential for H, production
and at the same time accelerated the charge separation and
migration. Other multi-component inorganic electrocatalysts such
as perovskites, mixed-metal oxides, and spinels can be explored as

cocatalysts for photocatalytic water splitting.

Suppression of reverse reactions

It is important to note that noble metals are unable to solely operate
as cocatalysts for OWS. Although they provide efficient H, evolution
sites, noble metals can also catalyze O, reduction reaction that
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(a) Rates of H, and O, evolution over GaN:ZnO loaded with Rh@Cr,03 core-shell nanoparticles. Reproduced with permission.

[67] Copyright 2013, American Chemical Society. (b) Photocatalytic H, evolution activities of bare and Pt-loaded g-CsN4 photocatalysts under
visible light. Reproduced with permission. [79] Copyright 2016, The Royal Society of Chemistry. (c) lllustration of the structure and dispersion of
various cocatalysts on the surface of SrTaO,N. (d) ADF-STEM image and (e-h) STEM-EDS elemental maps of the CrO,/Ru/IrOpmw)/SrTaO2N(1)
specimen. Reproduced with permission. [82] Copyright 2023, American Chemical Society.

depletes evolved H, and O, during photocatalysis [68, 84, 85]. Thus,
it is imperative to suppress the backward reaction to develop highly
active photocatalyst systems. Maeda et al. first reported a prominent
breakthrough to inhibit the reverse reaction by covering metal
surfaces with Cr-based species [86]. From electrochemical and in situ
in situ infrared reflection absorption spectroscopy (IRAS) analyses, it
was established that the Cr-based layer (possibly CrO1 5-m)(OH)zmx-
H,0) selectively permeate H* and H,, but not oxygen atoms and
molecules (Figure 7a) [87]. Up to now, the modification of cocatalysts
with CrO, has been exploited in diverse photocatalytic water-
splitting systems such as GaN:ZnO [88], Al-doped SrTiOs; [89],
TasNs-nanorod [90], and visible-light responsive Y,Ti,OsS, [91].
Similarly, the porous metal oxides such as SiO,, lanthanide oxides,
and MoO, (Figure 7c,d) are identified to prevent the backward
reaction during photocatalytic OWS [92, 93].

Another effective surface modification scheme in preventing the
reverse reaction is through the photodeposition of amorphous

oxyhydroxides of group IV and V transition metals (Ti, Nb, and Ta)
over a cocatalyst/photocatalyst system [94]. By using metal
peroxides as precursors, the photodeposition of metal oxyhydroxides
over the whole photocatalyst surface created a core-shell structure
(Figure 7b). Despite the fact that the active sites are fully covered, the
selective permeation within the oxyhydroxide coating allowed H,O

to permeate in and the evolved gases to diffuse outward.

Site-selective dual cocatalyst deposition

As a central step in energy conversion, it is highly desirable to
effectively separate the photogenerated electron-hole pairs and
transferred to the photocatalyst surface for the target reactions.
Normally, cocatalysts are randomly positioned over the photocatalyst
which causes deactivation due to charge recombination. Thus, random
cocatalyst deposition must be avoided and as presented earlier
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splitting.

photodeposition could be a strategic way to preferentially load metallic
or metal oxide nanoparticles on desired redox locations. For this
reason, spatial separation of reductive and oxidative sites is a sensible
strategy to achieve a highly efficient photocatalytic water-splitting
system [95]. When semiconductor photocatalysts are enclosed with
multiple crystal facets, the work function difference between the

planes triggers a potential gradient which results in the migration of
electrons and holes on certain crystal planes [96, 97]. Accordingly, Ho-
and Os-evolution cocatalysts could be preferentially loaded on
electron-rich and hole-rich facets, respectively (Figure 8a-c). Domen
and his group perfected this approach to demonstrate OWS with an
external quantum efficiency of up to 91.6% at an excitation
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wavelength of 365 nm (Figure 8d) [97]. More specifically, Rh@Cr,O3
cocatalyst was reductively photodeposited as H,-evolution cocatalyst
on the {100} crystal facets, whereas CoOOH cocatalyst was oxidatively
loaded as O,-evolution cocatalyst on the {110} crystal facets of an Al-
doped SrTiO3 photocatalyst (Figure 8e). In turn, both cocatalysts were
able to accelerate the succeeding charge separation and efficiently
promote the redox reactions on their surfaces (Figure 9).

Active species determination via in situ/operando
techniques

Monitoring the dynamic changes within the cocatalysts during
photocatalytic reactions in real-time is crucial to elucidate the reaction
mechanism, chemical behaviors, and structural evolution of cocata-
lysts, and eventually in designing superior cocatalysts [101, 102]. In
situ and operando characterizations could bridge the gap between the
structure and activity of cocatalysts under actual operating conditions
by offering diverse environmental factors to mimic the actual reactions
including light irradiation, atmosphere, temperature, and reactants. For
example, Indra et al. applied in situ electron paramagnetic resonance
(EPR) spectroscopy to uncover the nature of active Ni species during
photocatalytic H, production [98]. As shown in Figure 10a, in situ EPR
proved that the Ni?* species are gradually reduced to metallic Ni
during photocatalytic reaction and functions as a cocatalyst for proton

reduction. Another study observed the structural changes of Pt active
sites during photocatalytic OWS over PtO/TiO, using an operando X-
ray absorption fine structure spectroscopy [99]. They found out that
the coordination number and Pt-O bond length during OWS were
altered in comparison to the precatalytic and postcatalytic stages. This
important finding may serve as a guideline in developing highly active
Pt-based cocatalysts. Spanu et al. investigated the composition and
oxidation state of a bimetallic NiCu cocatalyst during photocatalytic H,
production from ethanol-H,O mixture via operando X-ray absorption
spectroscopy [100]. The authors used a liquid-phase spectroscopic cell
that simulated the working conditions during photocatalysis. The
comparison between the oxidation states of Ni and Cu before and
during UV irradiation revealed the formation of Ni and Cu metallic
species from their oxides or hydroxides under light illumination.
Simultaneously, an increase in the photocatalytic H, rate was observed
which indicates that the metallic state of the cocatalysts caused the
activity enhancement. Thus, it can be inferred that determining the

active species plays a key role in augmenting surface reaction kinetics.

Theoretical design of high-performance cocatalysts

Catalytic activities and properties of materials are mainly associated
with their electronic structures, and hence, their analyses necessitate
computational techniques based on quantum mechanics [103].
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FIGURE 9 (a) In situ EPR examination of Ni-based cocatalyst on g-C3N,4 during photocatalytic reaction. Reproduced with permission [98].
Copyright 2016, The Royal Society of Chemistry. (b) Coordination number and bond length of PtO cocatalyst at different experimental stages.
Reproduced with permission [99]. Copyright 2017, The Royal Society of Chemistry. (c) Cu K-edge and (d) Ni K-edge XAS spectra of 5Ni5Cu-
TiO, in a H,O-ethanol under UV irradiation at different exposure times. (e) Cu and (f) Ni phase compositions determined by operando XAS for
5Ni5Cu-TiO,. Reproduced with permission [100]. Copyright 2020, American Chemical Society.

Recent advances in theoretical calculations can enable a more theory (DFT) calculations offer a faster approach for large-volume
efficient exploration and prediction of highly active cocatalysts. screening of cocatalysts for photocatalytic OWS [104]. Numerous
Traditional materials screening experiments for cocatalysts are often studies on DFT calculations have aided in unraveling the structure-
time-consuming and energy-intensive whereas density functional activity relationships and contributed in providing in-depth
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understanding of electronic behavior of cocatalyst materials. For
example, Gao et al. unraveled the electronic state of electron-poor Se
sites and their impact on strengthening Se-H,4s bonds by conducting
first-principles calculations [105]. By loading Se-enriched WSe; .,
(3wt%) nanodots on TiO, via a complexation-photodeposition
strategy, an optimum H,-evolution rate 3770.8umolh™tg™? is
reached, which is 4.5 and 2.4-fold higher relative to crystalline
WSe,/TiO, and amorphous WSe,/TiO,, respectively. The Se-enriched
WSe, ., nanodots (0.5-1 nm) have abundant unsaturated Se atoms
(45.8%) owing to their amorphous and unsaturated Se-enriched
nature, which is much larger in comparison to amorphous WSe,
(25.0%) and crystalline WSe, (8.6%). As such, usual (001) WSe, surface
with Se and W terminals is optimized (Figure 10a-f). Unsaturated Se
sites are generated through the W atom removal on the terminated
(001) surface together with extra Se atom below to simulate the Se
enrichment. Accordingly, Se atoms get less coordinated and become
enriched in WSe,, imitating an identical bonding in Se-enriched
WSe, . , nanodot cocatalysts.

The Bader charge further confirmed that the Se atom enrichment
triggers an electron deficiency at Se sites in WSe, ., cocatalyst in
comparison to WSe, (Figure 10f). In turn, the creation of electron-

(278~ sjtes promoted the adsorption of Hads for accelerated

poor Se
H, generation through the reinforcement of weak Se-H,qs bonds.
Another important application of theoretical calculation is the
estimation of the adsorption energies for the reactant and interme-
diate species on the surface of cocatalyst active sites [107]. Since
cocatalysts are just electrocatalysts loaded on the photocatalyst
surface, AGy~ has been regarded as a main indicator of the H»,-
evolution activity of cocatalyst materials (AGy+ must be close to zero
for optimal performance) [108]. For instance, a previous study
examined the suitability of O-terminated TisC, Mxene as a water-
reduction cocatalyst [106]. They found out that the O-terminated
TizC, Mxene has a near-zero AGy- (0.00283¢eV) at optimal H*
coverage, which is more favorable that state-of-the-art Pt and earth-
abundant HER catalysts such MoS, and WS, The hybridization of
TisC, Mxene and CdS photocatalyst led to a ultrahigh visible-light H,
evolution activity of 14342 umolh g™ and an AQY of 40.1% at
420 nm. These above studies highlight the importance of theoretical
calculations in gaining new insights for accelerated design of highly

active cocatalysts.

SUMMARY AND OUTLOOK

Semiconductor photocatalysts lack the necessary active sites to drive
water-splitting reactions, hence, hybridizing photocatalysts with
cocatalysts is a classical approach to facilitate charge separation
and transport. Furthermore, cocatalyst can not only function as
photoexcited carrier sink but provide reaction sites as well as
accelerate the intended redox reactions. In this minireview, we first
discussed the conventional and emerging cocatalyst loading strate-
gies. By highlighting the recent developments in hybridization
schemes, the creation of high-performance cocatalyst/photocatalyst

systems could be easily achieved. Since the activity equally depends
on cocatalyst preparation and the ensuing cocatalyst/photocatalyst
interface, cocatalyst engineering is essential in breaking the present
limitations of water-splitting efficiency. An enhanced photocatalytic
activity could be anticipated by precisely controlling the properties
of cocatalysts such as size, composition, and dispersion on the
photocatalyst surface. Since both H,- and O,-evolution sites occur
on the same photocatalyst particle, it is highly desirable to spatially
deposit reductive and oxidative cocatalysts to avoid charge carrier
recombination and the reverse reaction. At the same time,
cocatalyst materials also tend to intensify the rates of the backward
reactions to the HER and OER (ORR and the HOR, respectively).
These reverse reactions are undesirably more thermodynamically
favorable than the forward reactions, thus, it is crucial to
discriminately deactivate them. The most prevalent surface modifi-
cation strategy is through coating the HER cocatalyst with Cr-based
species. However, there are issues with the stability of CrO, layer
during OWS, for this reason, it is necessary to explore viable
alternative materials for CrO,. The development of earth-abundant
cocatalysts as an alternative for noble metals could help in the shift
of photocatalysis from lab-scale to industrial-scale production.
Nonnoble metal-based cocatalysts are attractive since they possess
good activities towards H, evolution and appropriate electroche-
mical selectivity. In fact, exploring highly efficient electrocatalysts as
cocatalysts will speed up the search for the optimal material for H,
and O, evolution reactions. Examining the intrinsic electrocatalytic
activities of cocatalysts under the same photocatalytic conditions
can provide crucial information on their real-time performance,
chemical stability. Likewise, the long-term durability of cocatalysts
must be realized since their deactivation might lead to corrosion of
photocatalysts during reactions.

Another crucial concept that needs to be taken account when
combining cocatalysts with photocatalysts is the energy level
alignment between them. Notably, their Fermi levels or electronic
structures must be regulated such that an effective junction (a
Schottky-type or Ohmic-type) could be created and in which the
charges flow to the appropriate direction. As stated in Section 3,
applying isolated electrochemical measurements could aid in the
optimization of cocatalyst activity and stability. The transformations
of currently applied cocatalysts are not yet fully understood, thus,
theoretical simulations and advanced characterizations techniques
are important tools in understanding the real nature of the
cocatalysts during photocatalysis. These analyses could be pivotal
in determining the factors that affect cocatalyst performance and
eventually in constructing highly active photocatalytic water-splitting

systems.
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