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Abstract
Recent progress in photocatalysts for sunlight energy conversion into chemical energy through water
splitting, carbon dioxide (CO2) reduction, nitrogen fixation, etc. has witnessed the importance of cocatalysts
in elevating the efficiency of the overall reaction systems. A cocatalyst can assist a semiconductor
photocatalyst by promoting the transportation of photoexcited charges (electrons and holes). The improved
shuttle of photoexcited charges has direct constructive impacts on the suppression of charge recombination,
facilitation of redox reactions with reactants, and prevention of photo-corrosion (in certain photo-unstable
semiconductor). Given the critical roles played by cocatalyst, the methodologies adopted in decorating such
entities on a semiconductor photocatalyst would have influence in the surface and interfacial interaction
between the two components, resulting in the tunability of reaction performance. In this mini review, we
aim to summarize the structural configurations of cocatalyst-photocatalyst composites yielded via various
loading methods. The implications of the resultant surface and interfacial interaction imposed by the
cocatalysts are discussed to provide general guidance for tailoring an ideal photocatalytic system.
Subsequently, we summarize the methodologies developed over years in loading of cocatalyst on
semiconductor photocatalyst. The challenges presented at the end of this mini review serve as a platform
of opportunity for this community to overcome or improve further.
Cocatalyst is a crucial component to provide efficient
photocatalytic system. It serves different functions, ranging
from electron sinks for the excited photocatalyst to the
passivation role to suppress photo-corrosion of photocatalyst.
The methods in loading cocatalyst onto semiconductor
photocatalysts can affect the extent of influence. This
minireview is, therefore, summarizing the commonly used
and newly developed techniques in decorating photocatalyst
with cocatalyst.
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Introduction and Background
The production of solar fuels using only
sunlight, water, CO2, NH3 or other organic waste
through
heterogeneous
semiconductor
photocatalytic reactions is a promising method and
potentially the greenest way to replace the traditional
utilization of fossil fuels and to address
environmental issues resulted from the combustion
of fossil fuels. The first demonstration of
photoelectrochemical splitting of water into its
individual component of H2 and O2 by Fujishima and
Honda has kick-started a new era of research in
photocatalysis for the production of solar fuels [1].
Since then, significant efforts have been made to
develop photoactive semiconductors with improved
efficiency to drive redox reactions to yield products
capable of being used as energy carrier (including
water splitting to generate H2, CO2 reduction to form
methane
or
short-chained
alcohols,
and
decomposition of ammonia for H2 [2-4]. In general,
photocatalytic reactions follow three consecutive
steps (Figure 1): (1) absorption of light. When light with
energy equivalent to or greater than the band gap of
the semiconductor photocatalyst, energy is absorbed
to excite electrons from valence band into the
conduction band; (2) transportation of photoexcited
charges. Upon band gap photoexcitation, electrons are
brought into conduction band leaving the vacancies
(named as holes, or h+) to remain in the valence band.
These charges (electrons and holes) migrate through
the bulk to reach the surface of the semiconductor
photocatalysts; and (3) redox reactions on the surface.
Reactants adsorbed on the photocatalysts’ surface
reacts with either the electrons or the holes to yield

product or a series of products with certain
selectivity.
Strategies in improving the first two steps, i.e.
light absorption and charge transportation (or
suppression of charge recombination), include the
modulation of structural and electronic properties of
a semiconductor photocatalyst. For instance, doping
methods can be employed to introduce an impurity
energy level between the valence and conduction
bands (depends on the dopant and the conduction
type of photocatalyst) that change the electronic
properties of the photocatalyst. As a result, band gap
might be narrowed and thus the light absorption is
modulated. Nanosizing of photocatalyst particle is
another popular way to shorten the diffusion length
of the photogenerated charges to reach the surface of
particle. To promote the surface reaction (step 3)
which involves the transfer of electrons (or holes) to
reactants to induce reduction (or oxidation), the most
overwhelmingly used method is through the
introduction of cocatalyst on the semiconductor
photocatalyst. The adsorbed reactant on a
photocatalyst receives photogenerated electrons or
holes to form product. The number of electrons or
holes being transferred will determine the
distribution of final products. For example, reduction
of CO2 to CO, formic acid, methane or methanol
involves different number of transferred electrons.
Similarly, oxidation of water into H2O2 and O2 require
the transfer of different number of holes from a
photocatalyst. Cocatalyst plays an important role in
determining the thermodynamic and kinetic of such
charge transfer and thus affecting the overall
photocatalytic performances. Furthermore, as the
cocatalyst serves as bridges of charge to promote the
transfer from photocatalyst to reactant, it suppresses
the recombination of electron-hole pair for higher
charge utilization. For certain semiconductor
photocatalysts suffer from photo-corrosion (selfreduction or self-oxidation of photocatalyst by its
own photocharges), cocatalyst alleviates the
photodissolution issue and prolong the stability of
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the photocatalyst. Cocatalyst, on its own, may also
facilitate selective adsorption site for reactants that
favor the formation of selected products [5].

Figure 1. Schematic illustration of photocatalytic
reaction on a semiconductor photocatalyst upon
band gap photoexcitation.
As discussed, cocatalyst is an important
component in a great number of photocatalytic
systems with various targeted applications. Upon
selection of the desired cocatalyst, in general, the
cocatalyst is dispersed on a photocatalyst, either in a
random or well-designed manner. Although the
presence of cocatalyst can improve the photocatalytic
activities as indicated by many literatures, methods
in loading the cocatalyst onto photocatalyst regulates
a number of governing properties for the interactions
between cocatalyst and host photocatalyst.
Therefore, loading a same type of cocatalyst by
different methods always result in variation of
photocatalytic performances (although a general
improvement is observed, the extent of activity boost
can be significantly varied). This mini review aims to
summarize the methodologies developed over years
and gain popularity in the research community. We
discuss the relationship between the loading
methods and the resulting properties of a cocatalyst
(such as architecture, geometry, composition, crystal
facet and etc.). Note that the examples quoted in this
mini review may not be exhaustive but rather
indicative of the availability of the technique and its
relevance in the photocatalytic reactions.
Configuration of Cocatalyst Particles
As discussed previously, there are two critical
surface and interface present in a cocatalyst-
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photocatalyst system. The first surface is for the
cocatalyst and the adsorbed reactant(s), in which the
redox reactions occur. The surface energy of
cocatalyst particle regulates the strength of reactants’
adsorption and products’ desorption and hence
influences the activation capability and the reactions
selectivity. The second interface between the
cocatalyst and the semiconductor photocatalyst, on
the other hand, determines the separation, migration
and transfer of the photogenerated electron-hole. The
suppression of charge recombination and the
promotion of charge transfer governs the overall
activities and stability of the photocatalytic reaction.
Ideally, the loading of cocatalyst on a semiconductor
photocatalyst should be designed in a desirable
configuration to possess both highly efficient
interfacial charge transfer (between cocatalyst and
photocatalyst) as well as rapid surface reaction
(between cocatalyst and reactants/products). The
continuing advancement in synthetic methods has
enabled the rational design of cocatalystphotocatalyst with tunable architecture. Although
each method has its own pros and cons in terms of
efficacy as well as the methods’ versatility, they
demonstrate the improved photocatalytic activities
when certain properties of the cocatalystphotocatalyst can be understood and precisely
controlled.

Figure 2. Schematic illustration of the possible
configuration of architectural arrangement of
cocatalysts on a semiconductor photocatalyst.
Figure 2 shows the variations of the
architectural configurations of cocatalyst particles on
a semiconductor photocatalysts reported in
literature. According to the architecture and the role
of the cocatalysts, they can be grouped into categories
with different impacts on either the cocatalyst surface
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reactions or the interfacial charge transfer, or both. In
general, interfaces can be enlarged through fine
dispersion of small cocatalyst particles on the
photocatalyst. The well-dispersed tiny cocatalyst
particles possess large contact with the host
semiconductor and the large surface for the
interaction with reactants. As the cocatalyst particles
usually have direct contacts with the semiconductor
photocatalyst, the quality of the interface is a key
parameter in determining the charge transfer
between two components (direction of the electrons
transfer is depending on the type of cocatalysts).
Experimental conditions such as pH of the aqueous
medium and temperature of post-treatment offer
certain extent of control over the size of the cocatalyst
particles and the homogeneity of the particle
dispersion [6,7]. Even at the similar degree of
dispersion (as indicated in the Figure 2), interfacial
charge transfer is affected by the strength of the hostguest interaction, i.e. intimate contact facilitates
higher efficiency of charge transfer [8]. There are also
examples of cocatalyst without direct contact with
semiconductor photocatalyst in which the interfacial
contact is facilitated by a conductive linker (e.g.
graphitic carbon nanostructures) [9]. The use of
conductive carbon nanostructures such as graphene
and carbon nanotubes have received great attention
in photocatalyst community because the pre-coating
of either photocatalyst or the cocatalyst with
graphitic carbon can be performed conveniently. The
main consideration of this strategy, typically, is
centered at the negative light-shielding effect which
lowering the intended light absorption by the
photocatalyst as well as the oxidative decomposition
of this carbonaceous component over prolong
exposure of irradiation [10].
In addition to the control over the interfacial
contact between the cocatalyst and the photocatalyst,
geometry of the cocatalyst can also impose significant
impact on the photocatalytic activities. Shapes of the
cocatalyst particles can be pre-designed with
engineered crystal-facet. Because the Fermi level of
each crystal facet is varied, the cocatalyst with
distinctive exposed crystal plane will form band
energy alignment with the semiconductor
photocatalyst, results in different efficiency of charge
transfer. For instance, Cui and Lu loaded platinum
(Pt) particles of different shapes (with exposed facets
of Pt{100}, Pt{111} and Pt{100}/{111}) onto TiO2
photocatalyst for photocatalytic H2 generation [11].
Owing to the lower Fermi level possessed by Pt{111}
compared with the other shapes of Pt, the greater
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energy difference (and thus the driving force for
electron injection) from the conduction band of TiO2
promoted the transfer of electrons. Therefore, careful
consideration in the interfacial band alignment as a
strategy to boost electron transfer can be actualized
through facet-engineering of cocatalyst on the
photocatalyst. When changing the facets of cocatalyst
particles, however, a more complicated alteration
beyond Fermi level could also happen. Surface
reactivity towards certain reactants/products would
be different as the mode of adsorption (e.g. surface
energy, activation barrier and anchoring geometry of
the reactant molecules) is also dependent on the
crystal facets. Therefore, albeit enhancement in
photocatalytic activities was observed, the sole
contribution of band energy alignment can’t be
conveniently quantified [12]. Decoupling of these
two factors for fundamental understanding would
require more thought from the community in the
future.
There are situations that the photocatalytic
systems receive more beneficial effects in the
presence of more than one type of cocatalyst. Hybrid
of cocatalyst with bi- or tri-component can be tailormade for the reactions of interest [13]. As
photocatalytic reactions involve both reduction and
oxidation of reactants (or sacrificial component), it is
not unusual to have different cocatalysts being
loaded on a photocatalyst for each half reaction (i.e.
reduction cocatalyst and oxidation cocatalyst,
respectively). Another cocatalyst can also be
incorporated with the existing cocatalyst for the same
type of reactions (e.g. both cocatalysts are loaded to
promote reduction reaction). For this purpose,
bi/trimetallic cocatalysts have been designed with
different configurations to maximize the constructive
roles of each cocatalyst. Figure 2 shows a number of
possible structures of cocatalyst with bi-component.
Generally, when two different cocatalysts are loaded
to assist with reduction and oxidation reactions,
respectively, these two cocatalysts do not need to
have direct contact with each other. This is because
the electrons and holes are usually migrating to
different spots on the surface of a photocatalyst. It is
best to specifically locate the reduction cocatalyst on
the electron accumulation site of the photocatalyst
(and vice versa for the hole accumulation site). In the
situations where the different cocatalysts are
responsible to promote similar type of reaction, the
arrangement of the locations or geometry for both
cocatalysts can be made in contact with each other.
For example, they can be made side by side with each
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other, core-shell structure, and one cocatalyst on top
of another cocatalyst without being directly contact
with the semiconductor photocatalyst (as shown in
Figure 2). When combined, the different electronic
structures (or work functions) of the two cocatalysts
will induce a gradient of electrons density at the
junction and prompt the accumulation of more
charges on one particular cocatalyst to make it highly
active [14]. Bi-component cocatalyst in core-shell
structure can also promote photocatalytic reactions
by suppressing the undesirable back or side reaction.
For example, rhodium (Rh) cocatalyst is active for H2
evolution and coating the Rh particles with a layer of
Cr2O3 in a core-shell structure can suppress the back
reaction of hydrogen oxidation reaction by acting as
an oxygen diffusion barrier [15].
With better understanding in the role(s) of a
cocatalyst, the latest trend in designing an efficient
cocatalyst-photocatalyst system is to selectively load
the cocatalyst on the desirable sites of the
photocatalyst. This strategy is especially effective in
photocatalyst with distinctive reductive and
oxidative sites [16]. When the reductive and oxidative
sites of a photocatalyst are identified (currently, the
dominant method is through crystal-facet
engineering of oxide semiconductor photocatalysts
such as BiVO4, Bi2MoO6, and TiO2), the reduction
cocatalyst and oxidative cocatalyst can be selectively
deposited on the respective sites via photodeposition
method [17,18]. Beside the promotion of reduction
and oxidation reactions, cocatalyst can sometimes
contribute to generate additional charges in the
overall photocatalyst hybrid when it is responsive to
irradiation. Plasmonic metallic particles (such as Au
and Ag) demonstrated the function as cocatalyst
while it can harvest light to generate hot electrons.
Although most plasmonic metallic particles (e.g. Au,
Ag and Cu) are working under visible light
irradiation, there are also examples of UV-plasmonic
metal nanoparticles. For example, platinum (Pt) and
many of its alloy nanoparticles exhibit significant
plasmonic response in the UV range (< 300nm)
[19,20].
Upon
photoexcitation
by
suitable
wavelength, the plasmonic metal nanoparticles can
serve as the additional pool of electrons for
photocatalytic reactions. The electrons from the
plasmonic nanoparticles can either be directly
transferred/ reacted with the reactant, or the electrons
might be firstly transferred to the semiconductor
photocatalysts for boosting the reactions to occur on
the photocatalyst. However, the direction of electrons
flow could not be generalized as it depends on the
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band position of the semiconductor. Besides the
additional excited electrons, plasmonic nanoparticles
can assist with the overall photocatalytic reactions
through other mechanistic pathways. These include
the localized heating of the semiconductors’ surface
surrounding the plasmonic nanoparticle as well as
the intrinsic thermal catalytic properties of most of
the plasmonic metal nanoparticles (e.g. Au). The
illumination during photocatalytic reaction can
trigger the plasmonic oscillation while at the same
time heat-up the Au nanoparticles. Similar to the
discussion in the previous part, although the
combination of photocatalyst and plasmonic particles
frequently lead to enhanced activities, the exact
mechanism involved in those systems are not
understood precisely yet.
Methods of Cocatalyst Loading
Table 1 Experimental methods in loading cocatalyst
particles on semiconductor photocatalyst.
Methods of
Examples of
Examples of
loading
cocatalyst
References
cocatalyst
Photodeposition
[21,22]
(photoreduction
Ni, Pt, Ag, Au,
or
Pd, Cu, Cu0.33Pt0.67,
photooxidation)
Co-Pi
Chemical
Ni, Pt, Ag, Au,
[23,24]
reduction
Co, Cu2O,
Impregnation/
sol-gel/
precipitation with
heat treatment
Hydrothermal/
solvothermal
Microwaveassisted
deposition

Ni, NiOx, Cu,
CuO,
Rh, CoO

CoOx, MnOx,
FeOx, IrO2, RuO2
Cu, CuS, Pt,
Au3Cu

[25,26]

[27,28]

[29,30]

(Pulsed)
Electrochemical
deposition
Ultrasonication/
sonochemical
deposition

Cu

[31]

Pd

[32]

Electrospinning

Pt

[33]

Sputtering

Pt

[34]

Spray pyrolysis
Solid-state
ground/ physical
mixing

Ag

[35]

Cu powder

[36]
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As discussed in the previous section, cocatalysts
have evidently played an important function in
improving photocatalytic activities and they can be
decorated on a semiconductor photocatalyst with
different designs as outlined in Figure 2. A number of
experimental techniques has been used to disperse
and load the cocatalyst on the surface of
photocatalyst. Some methods are more popular over
others attributed to the time, cost, ease of operation
and requirement on facilities. Table 1 summarizes
the common techniques adopted by the research
community of photocatalysis in loading cocatalyst
with controllable properties on semiconductor
photocatalyst. Note that the list of methods and the
relevant references are not exhaustive but rather
indicative of its availability.
To date, experimental techniques used in
loading cocatalyst particles on a photocatalyst is
dominated by wet-chemical methods. Photodeposition
is, by far, the most widely used technique to deposit
metal or metal oxides fine particles [37]. When a
photocatalyst is excited under illumination, the
electrons and holes migrated to the surface can be
used to selectively reduce or oxidize the precursors of
metallic cocatalysts. The redox potential of that
cocatalyst must be located at a suitable band energy
position in order to receive (or donate) electrons from
(or to) the excited photocatalyst. A wide variety of
metal and metal-based cocatalysts can be prepared
via this method. This method offers the convenience
to selectively deposit cocatalyst on a specific site of
photocatalyst because of the preferential migration of
photocharges.
Chemical reduction and impregnation-related
methods are versatile and can be carried out in a great
number of modified ways. Typically, the cocatalyst
precursors are adsorbed on the surface of a
photocatalyst in a solution-based medium.
Subsequently, the adsorbed component (usually a
metallic cations) will be transformed into cocatalyst
after a reduction treatment (e.g. chemical reduction
through NaBH4 or heat treatment under reducing
atmosphere). Compare with photodeposition, this
method offers an easier control over the amount of
cocatalyst deposited on the photocatalyst.
Hydrothermal/solvothermal is a chemical reaction in
aqueous/organic solvent medium under high
temperature and high pressure. It is typically done
using an autoclave with reactors made of Teflon for
its inertness under reactive environment. With
precise control over the reaction conditions
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(temperature, pressure, pH, concentration, dead
volume of reactor and etc.), this method allows the
preparation of cocatalyst crystal with tailored
morphology, size and structure. Other deposition
techniques are, in principle, using different sources of
energy to transform cocatalyst precursor into
cocatalyst particles. Microwave, ultrasonication and
electrochemical methods are the examples of
deposition induced by different forms of energy.
Each method has its own advantages in terms of
rapidness, energy consumption and the degree of
control over the properties of cocatalyst. For instance,
electrochemical method uses voltage or current to
induce reduction of metallic precursor directly on the
photocatalyst. Contact between the cocatalyst and
photocatalyst
can
be
controlled
precisely.
Ultrasonication and microwave are rapid reactions
allowing the deposition of cocatalyst over brief
duration but may have relatively limited control over
the deposition site, unless the precursors are preloaded on the photocatalyst prior to the treatment.
Lastly, physical mixing is, perhaps, one of the earliest
methods to prepare composite materials including
cocatalyst-photocatalyst combination. It has the
advantage of being convenient although control over
other properties of cocatalyst is restricted.
Electrospinning is a widely used method in
preparing network-like photocatalytic fibers with
three-dimensional structure. The intertwined nature
of the fibers strengthens the mechanical strength and
robustness of the photocatalyst (usually in the thin
film configuration). As the diameter (typically in the
range of sub-micron size) and surface chemistry (e.g.
hydrophobicity) of the photocatalytic fibers can be
conveniently tuned during the synthesis by carefully
selecting the types and compositions of precursor, its
interaction with the cocatalyst can be adjusted.
Typically, as the photocatalytic fibers are highly
branched, the deposited cocatalyst on the surface of
fiber possesses more superior sintering resistance. On
the other hand, sputtering methods (e.g. magnetron
sputtering) are of high interest in the materials
synthesis community because it is applicable to largearea deposition and the technique has been adopted
in industrial processes. It allows the deposition of fine
cocatalyst nanoparticles with even and homogeneous
distribution at relatively low temperature. If
conformal coating of the surface is needed, this
sputtering technique also offers the controllability
over the thickness at high precision. With the further
development of multi-source sputtering process,
deposition of multi-component cocatalyst is feasible
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with co-deposition or sequential-deposition for better
design of photocatalyst hybrid. In addition, spray
pyrolysis is a rapid process at high temperature in
which the preparation of photocatalyst hybrid
usually offer uniqueness in its crystallinity (and
sometimes crystal phases modulation). A mixture of
liquid phase precursors is purged through a flame for
crystallization process. A careful selection of the
spray rate, temperature and point of sample
collection will allow the preparation of catalyst with
different composition and crystallinity.
Summary and Outlook
In summary, continuing progress has been
achieved over years in the development of highly
active, selective and stable photocatalytic systems for
various applications. However, there is still a
distance before photocatalysis can be put in practical
use by industry. Although cocatalyst has evidently
improved the activities of photocatalyst, it remains a
great challenge to design a cocatalyst-photocatalyst
hybrid that fulfils comprehensive requirements of a
highly efficient catalyst. Partly limited by the
synthetic methods for realizing perfect catalyst
design as well as advanced characterization tools
(materials and reactions) for electronic and molecular
levels,
fundamental
understanding
in
the
interplaying factors of photocatalytic reactions are
not yet fully understood. Experimental observations
can sometimes be varied across laboratories and
consensus on the origins of such results is not always
clearly achieved. For instances, sizes of nanoparticles
for both photocatalyst and cocatalyst can be tuned
conveniently for improving reactions. In general
perception, nanoparticles with smaller size usually
afforded superior activities owing to the larger
surface area or more exposed active sites. However,
in photoexcited semiconductors where band bending
at the surface of semiconductor is an important
phenomenon, size of the particle influences the level
of band bending that drives the mobility of excited
charges. Large particles can generally induce higher
degree of band bending for the benefits of charges
transportation. Furthermore, with common practice
in the existing preparation methods, size and
crystallinity of semiconductor are highly interinfluenced. Higher crystallinity facilitates electron
transportation pathways with reduced resistances or
less amount of charge recombination sites. However,
higher crystallinity is commonly induced by heat
treatment, in which the sintering/agglomeration of
particle takes place at elevated temperatures. The
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interplay between the balance or dominance of
crystallinity and size is not necessarily obvious. Even
in the situation where the same photocatalyst hybrids
are employed, the photoactivities could also be
opposite depending on the configuration of
examination system: suspension-type photocatalytic
reaction or immobilized-type photoelectrochemical
system. The importance of high crystallinity might be
subsided in a photoelectrochemical system as the
applied voltage could be used to withdraw the
excited charges. Opposite requirement would be
needed for photocatalytic system. Hence, the
development of efficient photocatalyst hybrids often
requires tailor-made design to suit the actual
application. Although the constructive effects by
having cocatalyst on the surface of semiconductor
photocatalyst are usually observed, the exact
underlying
mechanism
for
such
activity
enhancement is not fully unfolded. For example, the
kinetics and mechanisms for charge shuttling are one
of the determining factors in regulating the overall
activities. In many cases, such understanding of
charge properties is rather vague. With continuing
the advancement in charge transportation
characterization (such as in-situ or in operando
systems), it helps researchers to capture the details of
charge interactions between two components. A
more rational design of cocatalyst-photocatalyst
system can be achieved after the above bottlenecks
are overcome.
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