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In recent decades, the use of photocatalysts in the evolution of hydrogen (H2) has received 
much attention. However, the use of the well-known titanium oxide and other photocatalysts as 
a base for noble metals is limited due to their major weakness in electron-hole pair separation. 
The use of cocatalysts can be a good way to overcome this problem and provide better 
performance for the evolution of hydrogen. In this review, suitable high-efficiency cocatalysts 
for solar hydrogen production have been thoroughly reviewed. New strategies and solutions 
were examined in terms of increasing the recombination of charge carriers, designing reactive 
sites, and enhancing the wavelengths of light absorption. Several new types of cocatalysts 
based on semiconductors in noble groups and dual metals have been evaluated. It is expected 
that these photocatalysts will be able to reduce the activation energy of reaction and charge 
separation. In this regard, the existing views and challenges in the field of photocatalysts are 
presented. The characteristics of monoatomic photocatalysts are reviewed in this manuscript 
and the latest advances in this field are summarized. Further, the future trends and upcoming 
research are also briefly discussed. Finally, this review presents noble metal-based 
photocatalysts for providing suitable photocatalysts on a larger scale and improving their 
applicability.  
© 2021 The Authors. Published by Synsint Research Group. 
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 Introduction 1.

The challenge facing all countries in the world today is the reduction of 
fossil fuels [1]. The growing need for energy, the increasing destructive 
environmental impacts, climate change, greenhouse gases emissions 
and socio-economic development underscore the  importance  of  using  

 
renewable energy sources [2]. Therefore, researchers are looking for a 
serious solution to reduce fossil fuel consumption and replace it with 
solar energy [3]. In the 1970s, for the first time, hydrogen production 
from the photocatalytic water splitting was successfully accomplished 
by Fujishima and Honda [4]. Solar power is used as a free and 
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available source in other technologies such as wastewater treatment [5], 
photocatalysis and photovoltaics [6], N2 fixation [7], prevent CO2 
emissions [8], hydrogenation of nitro compounds [9], removal of air 
pollutants [10], the production of hydrocarbon fuels [11] and other 
hydrocarbon compounds [12]. Information gaps and access to raw 
materials are barriers to the sustainable use of renewable resources. 
Solar fuel production as an economical process must be prepared from 
plentiful and cheap feedstocks such as H2O and CO2.  
The process of natural photosynthesis has been the basic idea that 
oxygen can be produced through solar energy, as depicted in Fig. 1. 
With this strategy, water splitting experiments through artificial 
photosynthesis were performed at the end of the last century. Solar 
energy as a substitute for electricity is a new and promising strategy for 
the water-splitting reaction and hydrogen evolution [13]. According to 
the origin, H2 is color-coded; yellow H2 is generated through 
electrolysis by solar energy. Water splitting using photocatalytic 
technology is one of the hydrogen production methods from renewable 
sources [14]. According to Eq. 1, hydrogen is produced from water 
during the photo electrolysis reaction [15]:  

H2O → 1/2O(g) + H2(g); ∆G = +237 kJ mol-1    (1) 

Hydrogen can also be produced by reforming organic matter derived 
from renewable biomass [16] [17]. It should be noted that there are 

other ways to produce hydrogen using solar energy [18]. In addition to 
the photocatalytic method, photoelectrochemical water splitting [19] 
and electrolysis techniques [20] have also been used to produce 
hydrogen. Photocatalytic hydrogen evolution is preferred, due to the 
corrosive nature of water electrolysis. Photocatalysts are one of the 
substrates for many chemical reactions that work through the visible 
spectrum of sunlight [21]. Therefore, in recent years, the technology of 
photocatalysts has grown exponentially, which of course is associated 
with several challenges. Solving these challenges depends on 
understanding photocatalysts and their molecular behavior. The most 
widely used known photocatalyst is titanium oxide (TiO2), which has 
been studied in various researches and its behavior has been evaluated. 
Despite the advantages of this photocatalyst, such as light stability, 
high activity, non-toxicity, environmentally friendly, and low cost, it 
has disadvantages that limit its application. Wide bandgap energy, 
inefficient use of visible light and low quantum performance of TiO2 
led to extensive research on the other photocatalysts. The energy 
bandgap in TiO2 is activated only under ultraviolet light, which 
includes a limited range of sunlight. Therefore, the goal is to find an 
alternative photocatalyst to achieve the highest efficiency in the best 
conditions.  
Understanding the basic principles of photocatalyst performance helps 
solve problems and challenges and leads to the development of 
research to implement hydrogen production on a larger scale. Fig. 2 
shows a photocatalytic reaction in three steps, including unit cell, bulk 
phase, and surface phase. In this figure, CB and VB represent the 
conduction band and the valence band, respectively. Factors such as 
particle size, surface are, and calcination temperature affect the 
photocatalytic activity of photocatalyst. In addition to TiO2, other 
semiconductors such as MoS2 [22], BiPO4 [23], BiVO4 [24], Cu2O 
[25], CdS [26], WO3 [27], ZnO [28], CoS2 [29], WS2 [30] and 
Co3(PO4)2 [31] have been used for hydrogen evolution. Different 
composites that were constructed in several methods have also been 
used to achieve high optical efficiency [32]. Composites based on g-
C3N4 [33], CNTs [34], N-doped carbon [35], ZIF [36], Ti4O7 [37], 
reduced graphene oxide (RGO) [38] and activated carbon [39] have 
also been investigated in recent research. Through the deposition of 
cocatalyst on the photocatalyst surface, the activation energy of the 
reaction is reduced and the process efficiency is increased due to the 
acceleration of the reaction. In photocatalytic processes, 

Fig. 1. Photocatalytic splitting of water inspired by natural 
photosynthesis. 
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Fig. 2. Schematic representation of fundamentals photocatalytic reactions in heterogeneous semiconductor. 
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semiconductors are often used to absorb photons and produce e-/h+ 
pairs in order to increase the rate of redox reactions.  
The cocatalysts are divided into two main groups: oxidizing (RhOx, 
RuO2, IrO2, CoOx, etc) and reducing (Ru, Rh, Pd, Pt, Au, etc). 
Extensive advances have been made in the field of transition metal 
carbide (TMCs) [40], transition metal nitride (TMNs) [41], metal-
organic framework photocatalysts (MOFs) [42], transient metal 
sulfides (TMSs), intermediate metal oxides (TMOs) [43], and 
intermediate metal dicalcogenides [44]. Covalent organic frameworks 
(COFs), as porous polymers, are a promising new category with high 
flexibility [45]. This group of new photocatalysts could pave the way 
for the efficient production of commercial hydrogen.  
Kavitha et al. have reviewed noble metal deposited graphitic carbon 
nitride (GCN) for various photocatalytic applications [46]. Recently, 
Passi and Pal have summarized modification strategies including noble 
metal doping on calcium titanate (CaTiO3) and production of green 
currency energy [47]. The latest development on SnO2-based 
photocatalysts such as dye-sensitized and noble metal modified SnO2 
has been investigated by Sun et al. [48]. In recent years, new 
semiconductor photocatalysts such as indium vanadate (InVO4) 
coupling with noble metals have been considered for 
energy/environmental applications, which Young et al. have given an 
overview on the challenges and future researches [49]. For enhanced 
photocatalytic hydrogen (H2) production the latest signs of progress in 
the design and construction of bimetallic cocatalysts have also been 
reported by Liu et al. [50]. Thus, noble metals as a large group of 
cocatalysts have attracted considerable attention for the catalytic 
evolution of H2.  
The most important principles in photocatalytic water splitting process 
are sunlight exposure consideration, the reaction mechanism in the 
optimized design reactor, and economic estimation for scale-up. 
Accurate knowledge of solar radiation is very important because it is 
used to evaluate the H2 production. Solar irradiation reports can be 
collected to evaluate solar fuel production with field measurement tools 
or through solar radiation databases. The sun's rays are collected and 
transmitted to the photocatalyst surface in a photoactor. So far, 
membrane reactors [51], surface uniform concentrator [52], compound 
parabolic concentrator [53], column reactors, and parabolic trough 
collector [54] have been considered to perform the water-splitting 
reaction [55]. Membrane photocatalytic reactors minimize the harmful 
effects of the environment and are cost-effective. Another advantage of 
these reactors is that they react and separate materials in one step, 
which reduces the complexity of the process and leads to further cost 
reductions. An important parameter in reactor design is the possibility 
of maximum solar radiation entering so that photocatalysts can absorb 
more photons and supply the necessary electrons. Many photocatalysts 
are known to capture solar photons, which accelerate their transfer into 
the photocatalyst. So far, several laboratory-scale photoreactors have 
been developed to produce hydrogen by absorbing sunlight, but there 
are still challenges in achieving production on an industrial scale.  
In this review, promising approaches for hydrogen production with 
noble metal photocatalysts have been considered. Noble metals are 
some of the intermediate metals in periods 4, 5 and 6 in the periodic 
table that have high chemical resistance even at high temperatures and 
are used in many chemical reactions due to their catalytic properties. 
Generally, noble metals including platinum, palladium, gold, 
ruthenium, rhodium, silver, etc. can assist as reduction cocatalysts for 
the water-splitting reaction. Although noble metals have a small 

amount in nature, but their consumption is also low so that the presence 
of these elements in the earth's crust is sufficient. In many studies, 
noble metals have been studied single-atom, in layers, oxides and 
sulfides to produce hydrogen and some papers have reviewed the effect 
of these metals on a special base. This study summarizes the 
advantages and functions of these metals in a comprehensive way such 
as activity, performance and stability considering all kind of substrates. 
Logical strategies such as doping, composite structure, color 
sensitization, defect engineering, and others have been used to increase 
the activity of photocatalysts. The use of metal atoms in a cocatalyst 
consisting of a solid substrate coated with a metal in heterogeneous 
reactions is a new method that has also been used in the evolution of 
hydrogen. It is noteworthy that in the evolution of hydrogen, aqueous 
solutions are also examined. Therefore, the role of impurities and 
reagents in the amount of light absorption and process efficiency is 
undeniable.  

 Fundamentals of photocatalytic water splitting 2.

Many advances have been made in the photocatalytic production of H2, 
which overlaps with environmental standards and has relatively low 
production costs, so it is expanding as a reliable technology [56]. 
Therefore, understanding the basic concepts of the water-splitting 
reaction based heterogeneous catalyst is essential to optimize the 
process and increase its efficiency. As shown in Fig. 3, the water 
splitting reaction under solar energy using a semiconductor directly 
results in the production of hydrogen and oxygen [57]. H2O splitting is 
actually performed with the TiO2-based semiconductors to provide 
sufficient reaction potential. Water molecules are oxidized to h+ to 
generate oxygen, while protons (H+) are reduced by e- to produce 
hydrogen. In semiconductors as heterogeneous photocatalysts, there is 
an energy gap between electronic states, known as a bandgap, which 
varies in different solids [13]. The electron in its normal state of 
energy, called the valence band, is excited by receiving enough energy 
such as sunlight, and is placed in the conduction band, so positive hole 
(h+) is produced in valence band [16]. Electrons and holes as charged 
species at the photocatalytic surface can participate in 
oxidation/reduction reactions, which are summarized in Fig. 2. 
According to Eq. 2, hydrogen is generated by H+ and e-, and water 
reacts with hole+ to produce oxygen in Eq. 3 by 2:1 stoichiometry ratio. 

2H+ + 2e– → H2       (2) 

H2O + 2h+ → 1/2O2 + 2H+      (3) 

Therefore, the general reaction will be in the form of Eq. 4:  

H2O + 2(h+ + e-) → H2 + 1/2O2      (4) 

As mentioned earlier, hydrogen can also be produced by biomass 
decomposition, i.e. H2O reduction sacrificing half-reaction, which of 
course carbon dioxide is one of the by-products of the reaction [58]. As 
shown in Fig. 3, this process is also possible under solar energy by a 
semiconductor in ambient conditions. The semiconductor used in this 
reaction must have the potential to convert H+ to H2 and reduce water. 
The water-splitting reaction is thermodynamically limited by the 
bandgap energy and potential of the valence and conduction bands 
[13]. Therefore, the consumable photocatalyst must have the necessary 
precondition, i.e. having conduction band energy greater than the ECB 
and a band energy capacity smaller than the EVB [59]. The choice of 
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photocatalyst and its design is also more limited thermodynamically 
due to the bandgap energy (> 2 eV) [60]. Hence, by substituting noble 
metals on the surface of semiconductors as stimuli, it is tried to 
accelerate the reactions rate and make it easier to separate the e–/h+ pair 
to increase the efficiency of the process. The hydrogen evolution is 
entirely dependent on the performance of the cocatalytic system [59]. 
As mentioned above, the cocatalyst must have the necessary conditions 
to supply the reaction energy. In total, the photocatalytic process of 
hydrogen evolution consists of some basic stages: 1) absorption of 
light, 2) dissociation and transfer of photoproduced electron/hole pairs, 
and 3) oxidation and reduction surface reactions [16]. So the main 
challenges in solar to H2 energy conversion lie in these three steps [61]. 
The receive radiant energy (hv) the semiconductor must be larger than 
the bandgap energy (Eg) to be capable to excite the e– and create h+ 
[62]. The prerequisites for photocatalytic reactions are the presence of 
an empty conduction band and an occupied valence band, which can 
produce electron/hole pairs by receiving photons. By stimulating 
electrons or photons in the conduction band (CB), a surface plasmon is 
produced on the semiconductor [63]. In nanoscience, plasmonic 
properties have set a new pathway in the synthesis of photocatalysts 
[64]. To convert solar energy to hydrogen, a pair of light-generating 
electron/hole must be used to affect the redox reaction efficiently. 
Therefore, the combination of electron/hole pairs should be avoided, 
which is one of the challenges of this process. Control of photocatalytic 
properties by various methods such as surface protection layer 
deposition, co-catalyst loading and configuration design can be 
effective in this field. 
The electron donors known as sacrifice agents could produce holes and 
facilitate charge/carrier separation [65]. Photocatalytic efficiency could 
improve by descending the recombination of excited e-/h+ pairs via the 
addition of sacrificial reagents [66]. Although this is not a real water-
splitting reaction, hydrogen production with sacrificial reagents is a 
potential and efficient method. Various sacrificial reagents have been 
introduced by researchers that can be prepared from waste or biomass 
[67].  

The equilibrium of the water-splitting reaction is affected by the 
solution acidity. By adjusting the pH of the reaction solution, the 
migration of charge carriers can be limited [68]. Depending on the type 
of semiconductor, different pH ranges are used in each photocatalytic 
system. 

 Problems of UV-light absorption 3.

Photon absorption is the first stage in the photocatalytic reactions that 
enhances with increasing light absorption [69]. Part of the incident 
radiation that hits the surface is absorbed and the other part is reflected. 
Concave surfaces, with multidimensional scattering, reflect light to 
their surface and lead to the absorption of the full spectrum. The ability 
of semiconductors to achieve the reaction of splitting water with solar 
energy depends on their photoactivity and substrate [70]. As shown in 
Fig. 4, semiconductors have different bandgaps, some of which are 
suitable for hydrogen production depending on the VB and CB levels. 
The inherent band frame controls the properties of photocatalyst such 
as electronic transition energy level. By modifying the band structure, 
charge/carrier mobility can be improved and the photocatalyst potential 
for redox reactions increased. Because many semiconductors are only 
capable of performing the desired reactions in the visible light range, 
they combine with metals and other materials to obtain a cocatalyst 
with the desired properties. The photo efficiency of semiconductors is 
also limited by charge/carrier recombination, so they must be slowed 
down by special techniques [71].  
Various techniques have been proposed to enhance the response of 
light absorption in semiconductors. Since the number of active light 
site plays a main role in preventing recombination of charge carrier, the 
main strategy is focuses on this factor [13]. By reducing semiconductor 
size on a nanoscale, the surface area greatly increases, so designing 
nanoscale photocatalysts is a good method to improve their 
performance. Furthermore, the presence of pores on the photocatalyst 
surface is required to absorb the reactants. Therefore, by modifying the 
structure and morphology of the surface, the diffusion of molecules and 
ions can be increased for further collisions [72]. Also, the noble metal-
based catalysts have positive effects in better absorption of UV light. In 
addition, the separation of charges can be facilitated by the doping of 
noble metals particles such as platinum, gold, silver, palladium, etc. on 
the surface of semiconductors.  

 The roles of cocatalysts 4.

So far, a lot of research has been done on designing a suitable 
photocatalyst based on semiconductors [73]. In general co-catalysts 
have four primary positive roles in photocatalysis kinetics: 1) light-

CxHyOz → CO2 + H2O 
2H2O → 4H+ + O2  
2H+ → H2 
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Fig. 3. Photocatalytic water splitting and biomass reforming. 
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harvesting center, 2) act as the interface with the semiconductor to 
effectively catch charge carrier and encourage electron-hole pair 
separation, 3) they also act as efficient active sites for supplying 
trapped charges to redox reaction, 4) they also take effect as an 
alternative reaction site for supporting the photocorrosion of 
semiconductor. Depending on the type of surface reaction, cocatalysts 
have different functions, some trapping electrons only in reduction 
reactions, some participating in oxidation reactions using holes, and 
others in redox reactions. So, the structures proposed for cocatalysts 
can be divided into several categories: 1) oxidation photocatalyst, 2) 
reduction photocatalyst, 3) redox photocatalyst, 4) plasmonic 
photosensitizers or metals photocatalyst and 5) plasmonic metal or 
photosensitizer without the bridge of a semiconductor. In addition to 
the water-splitting reaction, these groups are also used in the 
conversion of carbon dioxide [74]. To enhance the use of solar energy, 
the rational drawing of architecture compound combined with 
nanoscience is an attractive pathway that transforms the properties of 
photocatalysts such as plasmonic features. It is not necessary to photo 
stimulate semiconductors loaded with cocatalysts [75]. Plasmonic 

particles have the ability to couple electron density with beam 
radiation, while pure metals have limitations. Therefore, by combining 
photocatalysts and plasmonic metals, e-/h+ can be injected into the CB 
and the VB, respectively [76]. In this way, enough electrons and holes 
are provided to perform surface reactions [77]. It is rare for plasmonic 
metal without semiconductors to be used to form a hybrid structure in 
which electrons/holes are induced directly into the cocatalyst and 
participate in redox reactions.  
Generally, noble metals such as palladium, platinum and 
rhodium, noble metal sulfides (e.g., As2S, PdS), noble metal 
oxides (e.g., IrOx, RuOx), and noble metal phosphates (e.g., 
AgPO4) can be utilized as cocatalysts in the water-splitting 
reaction. Various forms have been used to integrate these 
cocatalysts into photocatalysts. In these cocatalysts, the charge 
carriers transfer from the valence and conduction bands to the 
hybrid photocatalyst [46]. The synergistic effects of the hybrid 
photocatalyst created with the new architecture enable efficient 
transfer of charge carriers and prevent e-/h+ recombination.   
Fig. 5 shows the position of noble metals in the periodic table.  

Fig. 4. Bandgap energy and band position of several photocatalysts used in H2 evolution. 
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 Strategies to improve photocatalytic performance 5.

The big challenge in maximizing sunlight usage is finding a 
photocatalyst that can absorb a extensive range of light from infrared to 
visible and ultraviolet region [78], which makes up 52% of the solar 
spectrum [79]. The ability of light absorption in photocatalysts is 
measured by the absorption coefficient and Lambert's law-beer [80]. 
The light that hits the surface is directly reflected. If the surface is 
uneven, light reflection can be scattered to increase light absorption. 
Therefore, modifying the surface structure of photocatalysts can be a 
good way to increase light scattering. Nanoscience and the use of 
single atoms have been useful in this regard [81]. This obliges 
researchers to focus on nanotechnology and even isolated atoms. In 
general, basic design at the atomic level is required for efficient charge 
migration. The types of noble metals used in photocatalytic systems in 
the production of hydrogen by splitting water are discussed below.  

5.1. Single noble metal  

The single atomic catalyst technique is a unique strategy in the 
photocatalytic production of hydrogen that has many advantages. By 
choosing the proper metal, the activity of the catalyst can be increased, 
while at the same time the selectivity of the desired reactions is 
increased and the process costs are reduced. Scattering of metal atoms 
based on a semiconductor as a support can increase production speed at 
the nanoscale and drastically reduce costs. One of the first metals used 
was Ru and Pt to reduce water, and nanoscale RuO2 for water oxidation 
[81]. Of all the noble metals, platinum is the most widely used metal in 
the field of the converting solar energy into hydrogen [82].  
The methods used so far to increase the absorption of solar radiation 
have yielded promising and attractive results. Application of dye 
sensitizers and metal doping on semiconductor base are among these 
methods. These techniques are utilized to expand the range of visible 
light absorption and regulate the bandgap of semiconductors. Doping 
of intermediate metal ions creates surface close to CB within the 
bandgap to receive electrons. Adding metallic ions also enhances the 
mobility of charge carriers [83]. However, the dopant can itself become 
electron/hole recombination centers [84]. Elemental Au is a good 
example of increasing the light absorption under solar spectrum that is 
doped on TiO2 [85]. Plasmon resonance in this photocatalyst has a 
good performance in water splitting and hydrogen production. The rate 
of H2 production is correlated with plasmon resonance, which has been 
attributed to the key role of gold in Au/TiO2 nanoparticles (NPs). 
Methanol acts as a very effective sacrificial agent because it has no    
C–C bond and does not produce undesirable carbon products and 
reduces photocatalytic deposition [86]. Porous semiconductors that 
have a nanoscale structure can provide an extensive specific surface 
area with many energetic sites and therefore increase the activity of 
photocatalyst, because in such structures it is associated with increased 
sunlight absorption. Gold nanoparticles can absorb photoelectrons 
produced nearby, so they act as electron sinks effectively and protons 
reducer. The g-C3N4 Fermi level is increased by the addition of TEOA 
(triethanolamine) and subsequently the charge transfer pathway is 
modified. 
Strontium titanate-based materials are promising new materials used to 
produce hydrogen under visible light [87]. SrTiO3 has many advantages 
such as low cost and photochemical resistance [88]. Rh doped SrTiO3 
has been investigated for hydrogen evolution [89]. The polymerizable 

complex method has been used to synthesis of SrTiO3 and the optimum 
temperature has been found for calcination. The sample activity is 
dependent on the preparation method, for example, hydrothermal 
method or solid state reaction has less activity. Rh:SrTiO3. Lanthanum 
doping of Rh:SrTiO3 in two-step solid-state reaction produces 
core/shell structured photocatalyst and suppresses inactive Rh4+ species 
[90] as an efficient method for improve photocatalytic water splitting 
process [91].  

The photo-deposition method has been used to platinized for the 
Rh:SrTiO3 nanocrystals. The first nanoscale titanate photocatalyst by 
Townsend et al. have been used for photocatalytic solar to H2 evolution 
with SrTiO3, which is a large bandgap semiconductor. The activity of 
NiO/SrTiO3 at the nanoscale is greatly reduced compared to the bulk 
size, which is ascribed to the decrement of light absorption into the 
quantum size [92]. Nickel as an electron trap reduces protons (water 
reduction site) and nickel oxide as a perforated trap oxidizes water 
[93]. Also, it has been recently concluded that the surface dimensions 
of SrTiO3 nanocubes in the photoelectrochemical oxidation of water 
affect its activity [94] and increase with increasing particle size [95]. 
Utilizing the perovskite-type titanate diversity as frontier materials 
[96], the 3D SrTiO3 architecture by hydrothermal method exhibits 
porous but single crystalline properties that represent a mesocrystalline, 
and therefore, the synthesized porous nanocubic assembly of SrTiO3 
has a relatively extensive specific surface area compared to the SrTiO3 
synthesized by the solid state reaction [97].  

In the photocatalytic production of hydrogen from water, platinum as a 
cocatalyst often improves the performance of photocatalysts, but their 
activity is still far from the desired value. To implement the application 
of platinum, the cost of materials must be reduced and the efficiency of 
the photocatalyst must be increased with innovative methods. Clearly, 
the rate of production of hydrogen by TiO2, which is loaded with 
platinum, is higher than that of TiO2 alone [98]. Also, the 
photocatalytic activity of fluorinated nanosheets of TiO2 is more than 
titania nanoparticles in distilled water because of the synergistic effect 
of exposure (001) sides and fluorination. Experiments on hydrogen 
generation using Pt/TiO2-001 have shown that it is 1160 times more 
efficient than TiO2-001 without cocatalyst and three times more 
efficient than co-catalyzed TiO2-101 with Pt, which is a promising way 
to design a monoatomic photocatalyst [99]. Diffuse reflectance spectra 
has shown TiO2-001 and TiO2-101 have similar light absorption 
behaivior. But defective titania on which the Pt atom is mounted, is 
more efficient because Pt, as a place to reduce protons, creates empty 
space in the lateral TiO2 units [100]. Rh/TiO2 exhibited 10 times higher 
photocatalytic activities than pure titania [101]. The latest study on 
Rh/TiO2, synthesized with deposition of Ca3[Rh(OH)6]2, found a H2 
generation rate of 21 mol/h per rhodium gram consumed [102]. At 
room temperature, hydrogen is mainly produced from the 
decomposition of sacrificial reagents such as methanol instead of H2O 
reduction in the presence of Rh-loaded titania. Therefore, by applying 
thermal energy by increasing the reaction temperature under sunlight, 
active proton species can be transferred to water molecules [103]. 

Experiment has shown that the rate of hydrogen production with 
photocatalyst Ru/TiO2 is more than that of TiO2 cocatalysts with 
platinum due to ruthenium electronic properties according to the 
arrangement Ru  >  Pt [104]. However, the amount of loaded Ru is 
important so that increasing it from the allowable value reduces the 
efficiency of the photocatalytic system [105].  



A. Akhoondi et al.                                                                                                        SYNTHESIS AND SINTERING 1 (2021) 223–241                                                                                                                                    229 
 

Okamoto et al. have shown that the activity of Rh-doped KCa2Nb3O10 
photocatalyst in H2 generation follows the amount of Rh doping. While 
the activity of calcium niobate photocatalyst with rhodium doped 
without cocatalyst is low, Ca2Nb3O10 sheets loaded with cocatalyst such 
as NiO, Rh2O3 or Pt have better efficiencies [106]. Then, Nishioka et 
al. tested Rhodium doping on supported BaTiO3 synthesized by 
hydrothermal method [107]. In another study, RhCrOx loaded with 
LaFeO3 cocatalyst was utilizd to closely estimate the performance of 
photocatalytic hydrogen evolution under solar spectrum [108]. It has 
been discovered that the rate of H2 production in the vicinity of 
RhCrOx/Pr-LaFeO3 and triethanolamine (TEOA) as sacrificial agents is 
the highest compared to methanol and ethanol. 
The "one-pot" synthesis of Ag/calcium titanate nanocrystals in aqueous 
dilution has been proposed by Alzahrani et al. [109]. Upon deposition 
of metallic Ag nanoparticles on CaTiO3, hydrogen generation rate has 
been increased, because of the stimulation of surface plasmon 
resonance (SPR) in silver, increased e-/h+ separation in CaTiO3 and 
narrowing of the bandgap in CaTiO3. Recently, silver was utilized on 
the TiO2, and silica was used to provide the highest number of surface 
sites, and calcination was performed on it at the optimum temperature 
and for the appropriate time [110]. Hydrogen generation rate on silica-
supported Ag–TiO2 is 4.5 and 10 times greater than calcined TiO2/SiO2 
and uncalcined TiO2/SiO2 respectively. Previously Shang et al. had 
proposed mesoporous nanofibers Ag@TiO2, which achieved a 
hydrogen production rate of 531.9 μmolg-1h-1 [111], which is lower 
than Ag–TiO2/SiO2. However, the core-shell Ag@Ni/TiO2 has also 
been used to produce photocatalytic hydrogen, which has yielded 
promising results due to synergistic effect of silver and nickle. 
Electrons photoexcited, which is the silver metal, are collected by the 
core (receptor) and the shell, which is nickel, acts as the extractor. 
Nickel is a suitable metal in the development of composites and its 
preparation is low cost because it is an abundant element in the earth's 
crust [112]. 
Recently, many researchers have drawn attention to graphitic carbon 
nitride-based nanocomposites [113]. Important aspects of the activity 
of g-C3N4-based photocatalyst are: (i) the ability to absorb light, (ii) 
charge dissociation and transportation and (iii) reactive surface [114]. 
Uniqe bandgap and high chemical stability has led to the use of g-C3N4 
as a support in cocatalytic systems, even in the reforming of carbon 
dioxide [115]. Research has shown that the noble metals such as Ag 
[116], Pt [117], Ru [118], Pd [119] and Au [120] associated with         
g-C3N4 have excellent photocatalytic performance due to the Schottky 

barrier formation [121]. A synthesis strategy for the production g-C3N4 
monolayer predominant nanosheets by controllable oxidization cutting 
method is suggested by She at al. 2D monolayer structure and oxygen 
modification jointly increase the photocatalytic activity with the 
contribution from large surface area, efficient electrons/holes 
separation and the enhanced bandgap [122]. However, efforts to 
synthesize g-C3N4 material continue in a simple and economical 
process [123]. Of course, the most practical way to improve the 
separation and transfer of charge carriers is to fabricationof 
heterojunction composites [124].  
A common strategy for extending the lifespan of light-induced charge 
carriers is to construct a heterogeneous Z-scheme photocatalyst so that 
the redox potential is not reduced [125]. p-type semiconductors are able 
to create additional valence holes for the host atom , while n-type 
semiconductors are produced when impurities are able to deliver 
additional electrons to the host atom [126]. Fig. 6 shows three types of 
heterogeneous bonds to characterize the different band alignments 
commonly occurring in nanocomposites. Z-scheme and type II 
heterojunction photocatalysts have shortcomings, so the S-scheme has 
been proposed and is still in the study phase. 
The tantalum nitride (Ta3N5) nanoparticles are preferable to bulk Ta3N5 
because they are more optically active, have less defective sites, and 
higher surface area [127]. Platinum cocatalyst enhances photoactive 
sites and increase the contact surface. But with Pt/MgO(in)-Ta3N5 the 
photocatalytic activity is much higher than Pt/Ta3N5 [128]. By 
comparing the results, it is found that Ta3N5, as a semiconductor, 
performs better with single atoms of noble metals. Even single atoms 
of Ru, Ir, and Rh have comparable or even better performance than 
single atoms of Pt [129]. Therefore, Ta3N5 can be a noteworthy 
candidate for the photocatalytic generation of H2 under sunlight by 
doping single atom of noble metals. However, there is a volcanic 
relationship between photocatalyst activity and the amount of 
cocatalyst loaded, as shown in Fig. 7. Initially, by adding a cocatalyst 
to the semiconductor, the photocatalytic activity increases to a 
maximum. Then more cocatalyst loading leads to a downward trend in 
photocatalytic activity [130]. 
To increase the efficiency of solar energy, it must be possible to 
control the location of the cocatalyst on the semiconductors to 
comfort charge carrier transfer and to prevent e-/h+ 
recombination. By depositing platinum on the surface of carbon 
sulfide while Si deposited sites are under control, electron 
transfer can be accelerated to lead to a water-splitting reaction 
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Fig. 6. Different types of heterojunctions: a) type I, b) type II, and c) type III, in which A and B correspond to semiconductors A and B, 
respectively. 
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[131]. Simultaneous deposition of Pt and IrO2 on the SiC 
surface can increase the rate of hydrogen production from 1376 
μLg-1h-1 to 2337 μLg-1h-1, while the activity of Pt/IrO2/SiC is 
130 times that of pure SiC [132]. Because IrO2 has little 
potential for the water-splitting reaction, it should not be used 

alone and should be placed on a composite base. However, with 
the synthesis of Pt/SiC nanowire by hydrothermal synthesis, the 
rate of hydrogen production reaches 4572 μLg-1h-1 [133]. The 
photocatalytic compounds studied for hydrogen generation are 
presented in Table 1.   

Table 1. List of photocatalytic compounds for hydrogen production based on noble metals. 

Photocatalyst Synthesis method and reaction conditions H2 prod. rate Ref. 

Pt/TiO2 nanosheets (001)  Hydrothermal route, ethanol aqueous solution, 350 W Xe lamp, ethanol 16.68 mmolg-1h-1 [98] 

Pt/TiO2-001 Deposition precipitation, Xe lamp 300 W (CEL-HXF300), 0.1 M methanol 21.9 mmolg-1h-1 [99] 

Single Pt atoms on defective TiO2 Xe lamp 300 W (CEL-HXF300), 0.1 M methanol 52.7 mmolg-1h-1 [100] 

Rh-doped TiO2 single-crystal 
nanosheets 

Thermal annealing, 20 vol % CH3OH, xenon lamp 500 W 2550 μmolg-1h-1 [101] 

Rh/TiO2 Deposition, ethanol solution, λ = 380 nm 3.3 mmolg-1h-1 [102] 

Ru atoms/multi-edged TiO2 spheres Solvothermal method and calcination of as-synthesized ME-PT, 20 ml of methanol, Xe lamp,    
300 W  

7.2 mmolg-1h-1 [105] 

Rh-doped Ca2Nb3O10 sheet Thermal annealing, 10 vol % CH3OH, xenon lamp 500 W 77 mmolg-1h-1 [106] 

Ag/CaTiO3 “One-pot” synthesis, medium pressure Hg lamp 450 W, 20 min, 10 vol% solution of glycerol 167 μmolg-1h-1 [109] 

Ag−TiO2/SiO2 Hydrothermal approach, 2 mL of methanol and 10 mL of water, Xe Arc lamp 150 W, Ar gas 738 μmolg-1h-1 [110] 

Ag@Ni/TiO2 One-step photoinduced deposition, four 365-nm LEDs (23.0 mW cm−2), 20 min, D-520 Nafion 
and ethanol (1:1) 

2934  μmolg-1h-1 [112] 

Pt@O-g-C3N4 Thermal oxidation, Xe lamp 300 W (λ > 400 nm), 10 vol % TEOA 8875 µmolg-1h-1 [122] 

Pt/Ta3N5 nanoparticles MeOH 20 vol%, Hg lamp 450 W, 5 h, 2 M NaNO2 filter (λ > 400 nm) 136 μmolg-1h-1 [127] 

Pt-CuS/ZnIn2S4 Assisted hydrothermal method, Ar carrier, 0.35 M Na2S-0.25 M Na2SO3 mixed in 100 mL water, 
300 W solar simulator 

4 mmolg-1h-1 [134] 

D149/Protonated g-C3N4 (pCN) Pt Calcination method, 18 mL aqueous solution, 0.81 mg H2PtCl6.6H2O, 2 mL triethanolamine 
(TEOA), 300 W Xe lamp, λ > 420 nm, 12 °C 

2138 μmolg-1h-1 [135] 

Pd/2D C3N4 Hydrothermal method, oil bath method for Pd nanotubes preparation, 100 °C, 90 mL water and     
10 mL TEOA, 300 W Xe lamp,  λ >400 nm 

1208.6 μmolg-1h-1 [136] 

Co-Pi/Bi-La2Ti2O7 nanosheet/Pt Hydrothermal method, room temperature, methanol 20 vol%, 0.1 M AgNO3, Xe light source,        
(λ > 400 nm) 

8 mmolg-1h-1 [137] 

Pt/black TiO2-x crystalline core–
amorphous shell 

Impregnation ,300 W Xe lamp, 5 h, 20% methanol, TiO2-x was reduction at 300 °C denoted as 
T300 

5.2 mmolg-1h-1 [138] 

Au NPs 0.5 %/ TiO2 (P25) The Duff and Baiker method, closed Pyrex glass reactor, an argon atmosphere, 25 v% CH3OH,      
λ = 400 

63 mmolg-1h-1 [139] 

TiO2–Au composite nanofibers Electrospinning (ES) combined with subsequent calcination, xenon arc lamp 300 W, 3 h, 
methanol/water 1:9 under ultrasonic, argon  

12440 μmolg-1h-1 [140] 

The 
photocatalytic 

activity 

Cocatalyst loading amount 

Loading of cocatalyst 
below optimal amount 

Excessive loading of 
cocatalyst causes 

The optimal loading value 

The highest activity 

Fig. 7. The relationship between the activity of photocatalyst and the loading amount of cocatalyst. 

https://www.sciencedirect.com/topics/engineering/hydrothermal
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Table 1. continued. 

Au/TiO2(P25)-gC3N4 Thermal polycondensation, 1 %v triethanolamine, quartz vessel, Milli-Q deionized H2O (1 L), 
nigrosing solution, ceramic-metal-halide Hg lamp 150 W 

419 μmolg-1h-1 [141] 

Au/TiO2–gC3N4 Sol–gel procedure and calcination, methanol < 1 vol%, 150 W Hg lamp, 1000 mL MilliQ water 570 μmolg-1h-1 [142] 

Au/BiVO4/g-C3N4 Calcination method, 20 mL triethanolamine in 80 mL ultrapure water, Ar gas, xenon lamp 300 W 
(λ ≥ 420 nm),  

410 μmolg-1h-1 [143] 

Ag NPs/SrTiO3 perovskite nanocubes Hydrothermal synthesis, ethanol-water scavenger suspension (100:100 mL), UV-low pressure Hg lamp,               
λ = 254 nm 

463 μmolg-1h-1 [144] 

Rh-Ti3NS Solid-state reaction method, water solution (pH 11), triethylamine (TEA) as an electron donor, 
500 W Xe lamp, λ > 220 nm 

1970 μmolg-1h-1 [145] 

Pt@Cu1.94S−ZnxCd1−xS 1D, 0≤x≤1 In-situ photodeposited Pt nanoparticles (NPs) (5 wt%), deionized water, 0.1 M Na2SO3 and 0.1 M 
Na2S, 50 mL/20 mg,  λ> 420 nm 

13533 µmolg-1h-1 [146] 

Pt/black TiO2@TiO2–xHx (core/shell) Photodeposition method, methanol, AM 1.5 (100 mW cm-2) 10 mmolg-1h-1 [147] 

Pd-CdS/g-C3N4 Hydrothermal method, 100 mL aqueous solution, 0.5 M Na2SO3 and 0.5 M Na2S, Xe lamp 300 W 
a 420 nm cut-off filter, 2 h 

293 μmolg-1h-1 [148] 

Pt/CoOx/TiO2 Atomic layer deposition with assisted template, Xe lamp 300 W 275.9 μmol h-1 [149] 

RuO2/CeO2:Sr Calcination, 400–450W high pressure Hg lamp with a quartz cell, distilled water 100 μmolg-1h-1 [150] 

RuO2/BaCeO3 Pechini-type process, Hg lamp 400 W, 50 mL methanol and 420 mL distilled water 59 μmolg-1h-1 [151] 

RuO2/Zn2GeO4 Calcination method, Ar atmosphere, 200 W Hg-Xe lamp and a quartz cell, pure water 88 μmolg-1h-1 [152] 

Pt/CdS nanowires Solvothermal method, lactic acid as sacrificial (8 mL/72 mL water), Xe arc lamp 350 W through a 
cutoff filter (≤ 420 nm) 

16.06 μmolg-1h-1 [153] 

Pt/urchin-like CdS Solvothermal method, lactic acid as sacrificial (8 mL/72 mL water), 350 W Xe arc lamp through a 
UV-cutoff filter (≤ 420 nm) 

13.1 mmolg-1h-1 [153] 

Au@TiO2@RuO2 Sol-gel method, 20 vol% methanol, 300 W xenon arc lamp,  527 μmolg-1h-1 [154] 

CdS-Ag3PO4 heteronanostructures Solvothermal and subsequent chemical reaction method, ambient condition, 350 W Xenon arc 
lamp (> 420 nm), 10% methanol 

6.6 mmolg-1h-1 [155] 

TiO2/Pt/rGO Modified Hummers method, 500 W Xe lamp, ambient temperature and atmospheric pressure,       
25 mL methanol and 75 mL water 

876 μmolg-1h-1 [156] 

Au–TiO2–rGO One-step microwave-assisted hydrothermal method, ambient condition, 4 low power (3 W)         
420 nm-LEDs , 20 mL CH3OH and 60 mL H2O 

296 μmolg-1h-1 [157] 

Pt/TpPa-1, C3N–Pt–Cl2 Integration method, 400 mg of sodium ascorbate (SA) as a sacrificial agent in 100 mL PBS buffer 
solution, 300 W Xe lamp, 420 nm cutoff 

719 μmolg-1h-1 [158] 

Pt/TiO2 (N719 dye) coated by ionic 
liquid 

 70 μmolg-1h-1 [159] 

Pt/C3N3-SO  2966 μmolg-1h-1 [160] 

Pt-modified B-SO  1253 μmolg-1h-1 [160] 

Ag-ZnIn2S4 Hydrothermal method, 0.25 M Na2SO3 and 0.35 M Na2S, xenon lamp 300 W, λ >  420 nm 7.3 mmolg-1h-1 [161] 

Pt/Sn3O4 Hydrothermal method, 50 mL of methanol in distilled water, H2PtCl6 Xe lamp 300 W, λ > 400 16.67 μmolg-1h-1 [162] 

Rh (NCs)-TiO2 (anatase)-CeO2 Seed-mediated methods, methanol/deionized water: 3/1, Xe lamp 300 W, λ > 400 nm 48.3 μmolg-1h-1 [163] 

Au (surface plasmon 
resonance)/InVO4 

Hydrothermal method, electron donor: 0.1 mL ascorbate, pH = 4, Xe lamp 300 W, λ > 420 nm 116.7 μmolg-1h-1 [164] 

Heterojunction formed Ag3PO4–TiO2 In-situ precipitation, 25 mL 20 vol% MeOH, Xe lamp 300 W and solar filter (AM 1.5), 25 °C 44.5 μmolg-1h-1 [165] 

Pt/g-C3N4/BiOBr S-scheme Solvothermal method 361 μmolg-1h-1 [166] 

Rh/CuGa3S5 Hydrothermal method, 10 mM Na2S and 10 mM Na2SO3, Xe lamp 300 W, 420 < λ < 520 1000 μmolg-1h-1 [167] 

Rh/Cr2O3 (core 
shell)/(Ga1−xZnx)(N1−xOx) 

In situ photodeposition method, Hg lamp 450 W, NaNO2 2M solution, λ > 400 nm 1.16 mmolg-1h-1 [168] 

Ag2S nanoparticle-decorated MoS2 In situ growth, Xe lamp 450 W with an AM 1.5G filter, ambient temperature, 10 vol% lactic acid 
as a sacrificial agent 

628 μmolg-1h-1 [169] 

Ag2S@MoS2 2 Core-Shell Sulfurizing Ag nanowires and growing MoS2 shell simultaneously, formaldehyde as hole 
sacrificial agent, 420 < λ < 780 

141.6 mmolg-1h-1 [170] 

PdS/CdS In situ coprecipitation and hydrothermal method, Na2SO3 and Na2S as sacrificial reagents 4500 μmolg-1h-1 [171] 
‘ 
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Indium vanadium (InVO4) is one of the most used semiconductors in 
the photocatalytic processes, which due to its thermal and chemical 
resistance and bandgap can have proper performance in hydrogen 
production [49]. But the use of InVO4 has not been developed because 
it has little ability to absorb solar energy. To increase the efficiency of 
hydrogen production, InVO4 is modified with gold nanoparticles whose 
surface plasmons stimulate InVO4 [164]. InVO4 can produce 140.8 
μmol/gcat hydrogen in methanol solution in the vicinity of a xenon lamp 
300 W provided that its hydrothermal synthesis conditions such as 
temperature and pH are controlled [172]. 

5.2. Dual noble metals photocatalysts 

Recent research has shown that photocatalysts designed with two noble 
metals, such as Pd-Pt, Au-Pt and Ag-Pt, perform better in producing 
photocatalytic hydrogen. Platinum group metals with group 10 and 11 
metals have been used for alloying and forming intermetallic materials 
i.e. Pt-Cu, Pd-In, Pd-Ag. Bimetallic-based cocatalysts are an attractive 
strategy for the photocatalytic water splitting because they separate the 
charge carriers better than their single-metal counterparts [173]. 
Besides, the use of solar energy increases due to the intensification of 
surface plasmonic effects [50]. Also, in the reducing photocatalysts, 
Gibbs energy of hydrogen adsorption decreases by bimetallic 
cocatalysts. Noble metals have low Fermi levels that can trap 
photoproduced electrons by forming a Schottky barrier and prevent 
recombination of charge carriers. Therefore, in bimetallic systems, all 
factors including particle size, metal structure, composition and loading 
amount of metals must be investigated. 

5.2.1. Plasmonic bi-noble metal photocatalysts 

Gold and silver are noble metals exhibit large surface plasmonic effects 
that cause high absorption of visible light and a strong electric field on 
their surface. Plasma hybridization regulates the adsorption band by 
adjusting the ratio of silver to gold in Agx-Au1-x nanoparticles [174]. 
The Schottky barrier can also be raised with the optimal ratio of alloy 
metals used. The subnano sized Pt-Au was used by Cheng et al. for the 
first time [175]. The use of Pt-Au alloy on a sub-nanoscale can increase 
the rate of hydrogen production by up to 60 times compared to 
platinum and gold alone. Alloy clusters improve photocatalytic activity 
due to their high dispersion and the provision of active sites and 
synergistic effects of the two metals [176]. By adjusting the electronic 
structures of materials, catalysts with increased activity can be 
developed. The energy of hydrogen adsorption by the second metal can 
be tuned. Catalyst manufacturing process, type of support, capacity 
status and particle size affect the activity of platinum-based cocatalysts 
[177].  
Strontium titanate-based materials are promising new materials used to 
produce hydrogen from solar energy. The Rh:SrTiO3 monocrystalline 
film modified with Pt/Ru on a gold substrate (Au) shown in Fig. 8 for 
hydrogen evolution has been investigated. The results show that 
platinum/ruthenium cocatalysts are effective in both charge separation 
in the adsorbent and redox reaction [178]. The results show that 
platinum/ruthenium cocatalysts are effective in both charge separation 
in the adsorbent and redox reaction [178]. For this purpose, different 
voltages have been used to inject the hole into K4[Fe(CN)6], 
K3[Fe(CN)6], KI and methanol. These voltages are particularly 
effective in the photocatalytic performance of the cocatalyst. Adding 

methanol, K4[Fe(CN)6] or KI as an electron donor (in pure form) 
dramatically increases the film voltage. Of course, La- and Rh-codoped 
SrTiO3 (SrTiO3:La/Rh), produced with solid state method during a 
two-step reaction, perform much better than Rh-doped SrTiO3 with Pt 
on Au. Here SrTiO3 is a perovskite host, and SrTiO3:La/Rh has a 
core/shell structure. La doping suppresses inactive Rh4+ species and the 
formation of oxygen voids [90]. Wang et al. examined the effect of 
annealing temperature on the activity of Ru:La, Au/Rh/BiVO4: Mo-
modified SrTiO3 nanosheet and showed that by annealing the electrical 
relays were amplified and the suppression of undesirable reactions 
increased [179].  

5.2.2. Non-plasmonic bi-noble-metal photocatalysts 

Non-plasmonic noble metals such as platinum and palladium 
simultaneous loading improve photocatalytic performance compared to 
single-platinum and single-palladium cocatalysts [180]. Of course, the 
morphology or crystal structure of the base cocatalyst should not be 
damaged by the decoration of Pt-Pd nanoparticles. Therefore, the 
method of loading metals is important. In a study of the Pt-Pd 
nanoparticles on g-C3N4, Xiao et al. found a high rate of hydrogen 
production, because of the efficient charge transfer in the graphitic/Pt-
Pd NPs. Palladium is oxidized in almost all mono- and bimetallic 
catalysts under reaction, while oxidation of Pt-Pd alloy has not been 
observed, so platinum richness is useful in this compound [181]. In Pt-
Pd nanoparticles, the produced photoelectrons are more likely to be 
transferred to the metals interface because the joint surface of the 
metals has a higher energy and the separation of e– and h+ produced by 
light is easier. 
Bai et al. by plotting photocurrents versus time for different samples 
TiO2 cocatalysts at λ < 400 nm found that quasi-core–shell cocatalysts 
are effective at separating charge carriers (Pd@Pt3L–TiO2 > Pd@Pt10L–
TiO2 > Pt–TiO2 > Pd–TiO2 > TiO2) [182]. Combining a Schottky 
junction causes enhance lattice strain, lectron density and adsorption of 
H2O onto platinum surface. Also, required electron trapping is promote 
with Pt shell in atomic state.  
Due to the uncomon structural and physico-chemical characteristics of 
two dimentional compounds in multilayer or monolayer construct, it 

Au 

Rh:SrTiO3 

Pt 
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Fig. 8. The Rh:SrTiO3 monocrystalline film modified with Pt/Ru on a 
gold substrate. 
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has attracted widespread attention as an optimistic photocatalytic 
system with some advantages [183]: i), the specific surface area of 
semiconductors is increased and most active sites can be located on the 
surface and participate in the photocatalysis [184], ii) the 
recombination of e-/h+ is reduced due to their very thin character [185], 
and iii) by changing the number of layers, the light absorption and 
bandgap of two dimensional semiconductor can be tuned [186]. 
Recently, among many 2D photocatalyst with just a few layers or 

single-layer structure, graphene-based photocatalysts, 2D oxides, 2D 
chalcogenides, 2D graphitic carbon nitride (g-C3N4), and other 2D 
semiconductors begin to draw great attention in photocatalysis. 
Recently, some 2D semiconductor with multi-layer or mono-layer 
construct such as g-C3N4, chalcogenides graphene and graphene based 
materials have attracted many attention in photocatalytic reactions. A 
list of some these materials and their production methods are presented 
in Table 2.  

 

Table 2. Typical bi-noble metallic photocatalyst system in H2 evolution from water splitting. 

Photocatalyst Reaction conditions H2 prod. rate Ref. 
PtxAu100-x/C3N4 composite Laser ablation and ex-situ deposition, 10 vol% TEOA solution, Xenon lamp 300 W, λ > 420 1.6 mmolg-1h-1 [173] 

AgxAu1−x NPs alloy/ZnIn2S4 (ZIS) Solvothermal method, 0.8406 g Na2S·9H2O and 0.3151 g Na2SO3 in distilled water (10 mL), 300 W 
Xe lamp 

5500 μmolg-1h-1 [174] 

Pt–Au alloy with subnano size/TiO2 Ligands-assist chemical reduction method, methanol 80.1 μmol h-1 [175] 

Pt/modified Rh-doped SrTiO3 aqueous K4[Fe(CN)6] 0.05 M, Xe lamp 300 W with filter, λ > 400 nm, neutral pH 50 μmolg-1h-1 [178] 

La,Rh/Au: SrTiO3/BiVO4:Mo sheet Particle transfer method, distilled water (pH 6.8), Xe lamp 300 W (λ > 420 nm) at 573 K and 5 kPa. 95 μmolh−1 [179] 

PtPd nanoparticles (NPs)/g-C3N4 
nanosheet 

Chemical deposition precipitation, 10 mL of TEOA and 90 mL of deionized H2O, 10 g K2HPO4 Xe 
arc lamp 300 W, λ > 400 nm, 4 °C 

2885 μmolg-1h-1 [180] 

Pt-Pd Nb-doped TiO2 Hydrothermal and deposition method, Hg-Xe lamp (500 W) and dichroic filters, cutting absorption 
edge at ca. 300 nm, 420-680 nm, methanol 

4.5 mmolg-1h-1 [181] 

Pd@Pt quasi-core–shell/TiO2 Hydrothermal process, λ < 400 nm, 2.7 mWcm-2, 25 mL methanol and 75 mL water 600 μmolg-1h-1 [182] 

Pt and Au co-loading on g-C3N4 Traditional photodeposition method  [187] 

Pt-Au NPs/g-C3N4 sheets Solvothermal reduction in DMF, 0.25 M Na2S with 0.25 M Na2SO3, Xe lamp 300 W, 5 h, 43−45°C 1.01 mmolg-1h-1 [188] 

Au-Pd/TiO2 2.7 M formic acid, AM 1.5 sunlight, 5 mg/10 mL 17.7 [189] 

BiVO4–Ru/SrTiO3:Rh composite Z-
scheme 

Liquid–solid state reaction and impregnation, Xe lamp 300 W, (420 nm < λ < 800 nm), BiVO4 to 
Rh@Ru/SrTiO3 in weight = 2.5 

47.2 μmolh-1 [190] 

RuO2/TiO2/Pt (NaBH4) 300 W Xenon lamp (> 420nm), the light intensity: 200 mW/cm2, 0.2 M methanol,  6126.6 μmolh-1 [191] 

Pd–IrOx/TiO2 Calcining method, 300 W top-irradiated xenon lamp, methanol aqueous solution (20 vol%) or a 
formic acid aqueous solution (0.5 vol%), 

7740 μmolg-1h-1 [192] 

RuO2@TiO2@Pt Multiple strategy, T = 30 °C, 4 LED lamps, λ = 365 nm, 60 mL water and 20 mL methanol,  4200 μmolg-1h-1 [193] 

Au-TiO2-Pt nanodumbbells The chemical reduction method, aqueous solution of methanol: v/v 20%, A Xe lamp coupled filter 
AM 1.5G (λ > 420 nm) 

344.6 μmolg-1h-1 [194] 

Pt 1%wt/Ag/Ga2O3 nanofibers Electrospinning method, 50 mL water, 10 vol% CH3OH (electron donor), Xe lamp 300 W, 2 h,       
20 °C 

1095 μmolg-1h-1 [195] 

Nanostructured Ag2S/Ag 
(heteronanostructure) 

Hydrochemical bath deposition, Na2S, Na2SO3, pH=12, 450 nm wavelength light-emitting diode 
(LED) 

40 μmolg-1h-1 [196] 

Ag@C sphere-RuO2/TiO2 Alkoxide hydrolysis–precipitation and facile impregnation method, EDTA-2Na (0.5 g) as a 
sacrificial electron donor, 300 W Xe lamp 

750 μmolg-1h-1 [197] 

IrO2-loaded SrTiO3 doped with Rh 
and Sb 

Conventional solid-state reaction, pH=3, Xe lamp 300 W with cutoff filter (> 440 nm) 10 μmolg-1h-1 [198] 

Pt–PdS/CdS Precipitation–hydrothermal process, 0.5 M Na2SO3 and 0.5 M Na2S, Xe lamp 300 W, > 420 nm, 
room temperature 

83 mmolg-1h-1 [199] 

Pt–PdS/CdS Photodeposition, 0.5 M Na2SO3 and 0.5 M Na2S, Xe lamp 300 W, > 420 nm 29.2 mmolg-1h-1 [200] 

Au–Pt/CaIn2S4 composite High-temperature sulfurization and photoreduction method, 100 mL 0.025 M Na2S/Na2SO3, Xe arc 
lamp 300 W, 420 ≤ λ ≤ 750 nm 

11 mmolg-1h-1 [201] 

Pt–Pd hybrid nano-particle on CdS Two-step chemical reduction, photo-induced electrons, (NH4)2SO3 1 M, 283 K, 300 W Xe light      
(λ > 420 nm) 

25.28 mmolg-1h-1 [202] 

AuPd nanoparticles/g-C3N4 In situ chemical deposition method, 100 mL of 10 vol% triethanolamine and K2HPO4, Xe lamp     
300 UV, λ ≥ 400 nm, 4 °C 

326 μmolg-1h-1 [203] 

Pt-Ru/Y2Ta2O5N2 20% v/v ethanol solution, Xe lamp 300 W (λ > 420 nm) 833 μmolg-1h-1 [204] 

https://www.sciencedirect.com/topics/chemical-engineering/nanosheets
https://www.sciencedirect.com/topics/engineering/chemical-deposition
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5.3. Noble metal sulfide 

Metal sulfide is an important type of semiconductor, where metal 
cation is associated with sulfur, which can be in single, double, or 
multiple forms. They can have special, unique, and diverse properties 
due to the extensive range of available metal sulfides with different 
structural types, which makes them eminently suitable for producing 
semiconductors with varied and unique properties through controlling 
the production processes parameters like composition control, doping, 
defect control, etc . Commonly reported noble metal sulfides such as 
Ag2S [205] and PdS [206] as mono-metal sulfide and AgInS2 [207] and 
AgGaS2 [208] as bi-noble metal sulfide have been recognized.  
Noble metal sulfides have clear quantum effects because their effective 
mass is small and they have a shallower capacitance band, long lifetime 
and lower redox potential than metal oxides. The charge excitation and 
the ability to absorb light in metal sulfides depend on these properties. 
The valence and conductivity bands of these materials, such as 
palladium sulfide, are adjustable; so many studies have been done on 
the conversion of photo energy by the quantum dots of these materials 
[209]. Since noble metal sulfides are rare or toxic compounds, they 
have scarcely been used in the design of photocatalysts to not conflict 
with the "ubiquitous element strategy" approach to building a stable 
and secure society [210]. The selectivity and sensitivity of metal 
sulfides at operating temperatures are higher than those of metal oxides 
[211]. However, the operating temperature required for sulfide species 
is lower than for metal oxides. Another distinguishing feature of metal 
sulfides is their lower melting point, but metal oxides still play a 
prominent role in photocatalytic processes. To date, numerous physical 
and chemical methods for the fabrication of high quality metal sulfides 
have been investigated to develop large-scale production with a well-
defined size, shape, structure, and defect state. The strategies used to 
develop single-metal or bimetallic sulfide systems are shown in Fig. 9. 
Monometallic and bimetallic sulfides are short-term durable because 
they are degraded by light, so their performance is unsatisfactory for H2 
production through solar power. In addition, sacrificial agents should 
be used to increase the photocatalytic activity of such compounds. 
However, the activation energy of the hydrogen production reaction 
can be reduced through heterojunctions [212]. To modify the electronic 
structure of nanoparticles, ion doping exposes more active sites and 
prevents recombination and aggregation of carriers. Compared with bi-
metal sulfide/TiO2, recently developed ternary-metal-sulfide/TiO2 

photocatalysts have the advantages of low toxicity, a tunable band 
structure, and favorable chemical stability, enabling a higher 
photocatalytic hydrogen evolution rate [213].  
In 2019, Wu et al. achieved a production rate of 5.93 mmolg-1h-1 
hydrogen under AgGaS2 nanocrystals [214]. AgGaS2 nanocrystal has 
double-vacancy feature: sulfur vacancies and silver vacancies, which is 
controllable by only altering the molar ratio of Ag and Ga prototypes. 
TiO2/AgGaS2 [215] and n-CdS/p-AgGaS2 [216] have also been 
previously used as sulfide photocatalysts in Na2S/Na2SO3 solution. 

 Water splitting reactors 6.
Reactors such as membrane reactor, surface uniform concentrator 
(SUC), combined parabolic concentrator (CPC), column reactor, and 
parabolic trough concentrator (PTC) have been proposed to produce 
photocatalytic hydrogen by solar power [217]. Materials such as 
polytetrafluoroethylene, polyvinylidene fluoride, and polypropylene 
used in microfiltration or ultrafiltration membranes are hydrophobic in 
membrane reactors [218]. These materials do not meet the criteria for 
fouling resistance because they are prone to sediment due to their 
hydrophobic properties, especially biological sediment. Sediments 
deposit in the membranes and reduce the filtration resistance. The pores 
of the membrane become clogged with the accumulation of sediments, 
and a small flux passes through the membrane over time, reducing the 
life of the membrane, thus imposing additional costs on the process. 
Hence, sediment-degrading membranes must be constructed to 
overcome these problems. On the other hand, it is possible to reduce 
bio-sediment by using photocatalysts with pre-treatment to remove 
bacteria from the primary feed. 

 Conclusions 7.
Photocatalytic production of hydrogen through a water-splitting 
reaction using sunlight is a way to compensate for fuel shortagies and 
provide renewable energy. So far, the main approach to the production 
of photocatalytic hydrogen has been the use of semiconductors, 
especially titania, which is far from the optimal production criteria. In 
general, there are four crucial roles for photocatalysts: 1) light-
harvesting center, 2) act as the interface with the semiconductor to 
effectively catch charge carrier and encourage electron-hole pair 
separation, 3) they also act as efficient active sites for supplying 
trapped charges to redox reaction, 4) they also take effect as an 
alternative reaction site for supporting the photocorrosion of 
semiconductors. In this regard, new ways to overcome the limitations 
and disadvantages of photocatalysts, especially the development of 
light absorption, have been an attractive solution. For this purpose, the 
use of cocatalysts designed with noble metals (e.g., Ag, Au, Pt, Ru, and 
Rh) can be a good way to separate the charges and reduce the reaction 
activation energy. Another advantage of noble metals is their resistance 
to corrosion and oxidation, which are superior to other metals. In total, 
four configurations have been proposed for noble metal-based 
cocatalysts, including single atomic noble cocatalysts, dual cocatalysts, 
and noble metal sulfide cocatalysts. For the photocatalytic H2 
generation, the atomic substitution of noble metals on semiconductors 
performed better than the coating layer. Load separation and transfer of 
charge carriers have been more successful in such photocatalysts. 
Photocatalysts can be supported by the incorporation of noble metal 
oxides. But metal oxides have disadvantages such as short excited-state 
lifetimes, low electrical conductivity and high defect concentrations 
that cannot be eliminated alone. To avoid these shortcomings, new 

Fig. 9. Principled techniques to enhance the activity of metal sulfide 
systems. 
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materials with triple and quaternary compounds are needed. In 
addition, the construction of a heterojunction semiconductor can be 
used to enhance charge separation and transfer. It is noteworthy that in 
the evolution of hydrogen, aqueous solutions are also examined. 
Therefore, the selection of the sacrificing agent is one of the significant 
parameters in the process of photocatalytic H2 evolution. 
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