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Abstract  

The use of photocatalysis for the photosplitting of water to generate hydrogen and oxygen has gained 

interest as a method for the conversion and storage of solar energy. The application of photocatalysis 

through catalyst engineering, mechanistic studies and photoreactor development has highlighted the 

potential of this technology, with the number of publications significantly increasing in the past few 

decades. In 1972 Fujishima and Honda described a photoelectrochemcial system capable of 

generating H2 and O2 using thin film TiO2. Since this publication, a diverse range of catalysts and 

platforms have been deployed, along with a varying range of photoreactors coupled with 

photoelectrochemical and photovoltaic technology. This chapter aims to provide a comprehensive 

overview of photocatalytic technology applied to overall H2O splitting. An insight into the electronic 

and geometric structure of catalysts is given based upon the one and two step photocatalyst systems. 

One step photocatalysts are discussed based upon their d0 and d10 electron configuration and core 

metal ion including transition metal oxides, typical metal oxides and metal nitrides. The two step 

approach, referred to as the Z-scheme, is discussed as an alternative approach to the traditional one 

step mechanism and the potential of the system utilise visible and solar irradiation. In addition to this 

the mechanistic procedure of H2O splitting is reviewed to provide the reader with a detailed 

understanding of the process. Finally, the development of photoreactors and reactor properties are 

discussed with a view towards the photoelectrochemical splitting of H2O.  
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1 Introduction 

1.0 Historical overview of water splitting  

The production of renewable and non-polluting fuels via the direct conversion of solar energy into 

chemical energy remains a fascinating challenge for the end of this century. Among various 

interesting reactions, the splitting of water into molecular hydrogen and molecular oxygen by visible 

light is potentially one of the most promising ways for the photochemical conversion and storage of 

solar energy (Maeda et al. 2005; Lee et al. 2007; Bard 1979; Sayama et al. 2001). Since the first 

reported photo splitting of water by Fujishima and Honda in 1972 many authors have published their 

efforts to split water using semiconductor photocatalysis (Bolton 1996; Esswein and Nocera 2007; 

Kudo and Miseki 2009; Amouyal 19995). 

Photocatalytic water splitting was first reported by Fujishima and Honda in 1972 where they used 

TiO2 thin film as the photocatalyst. Since then, TiO2 has become a widely used photocatalyst in 

photocatalytic water splitting. Nevertheless, the biggest disadvantage of TiO2 is its inability to harvest 

the visible light which accounts a major portion of sunlight. To overcome this shortcoming, several 

techniques, such as metal doping, ion doping, and dye sensitization, have been studied extensively 

(Dvoranova et al. 2002; Ikuma et al. 2007; Jin et al. 2007). Despite the successful development of 

several visible-light driven photocatalysts, only low hydrogen or oxygen production yield can be 

obtained, which is attributed to the intrinsic bandgap limitation of the photocatalyst. 

This chapter aims to give an insight into photocatalytic technology applied to H2O splitting for the 

production of H2 and O2 covering the areas of catalysts development, mechanistic pathways and 

reaction chambers deployed. A comprehensive, yet not exhaustive review has been compiled to 

provide the reader with an understanding of the fundamentals of this field of research. The topics 

covered herein include a review of one- and two-step photocatalysts, the mechanism of H2O splitting 

and a brief overview of photoreactors including photoelectrochemical cell typically used for the 

production of H2 and O2. 

 

1.1 Important parameters to be considered for water splitting  

The following chapter is written with a view towards overall H2O splitting and as such a number of 

parameters, put forward by Kudo and Miseki in their review in 2009, should be considered when 

reviewing published work in the field. There are additional parameters which are discussed in review 

papers (Kudo and Miseki, 2009; Ohtani, 2008), however, detailed below are the key parameters: 

1. Stoichiometric production of H2 and O2  

2. Experimental time frame  
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3. The turnover number (TON) 

4. Quantum yield  

5. Photoresponse  

The stoichiometric production of H2 and O2 should follow the ratio of 2:1 respectively in the absence 

of a sacrificial reagent. Often reported is the evolution of H2 in the presence of a sacrificial reagent 

with minimal O2 recorded. It is ambiguous as to whether this is overall H2O splitting and not a 

sacrificial reaction.  

The evolution of H2 and O2 should be directly proportional to time and should increase with an 

increasing irradiation time. The production of H2 and O2 should also be stable over the time course 

with evolution occurring after the system has been evacuated. 

The turnover number (TON) refers to the production of H2 and O2 in relation to the photocatalyst. In 

overall H2O splitting the production of H2/O2 should be significantly greater than the amount of 

catalyst deployed. If the quantity of H2/O2 is less than the amount of catalyst it is not clear if the 

process has occurred photocatalytically. The TON is typically defined as the ratio of the number of 

reacted molecules to the number of active sites. As the number of active sites for a photocatalyst is 

difficult to establish the TON is often calculated by the ratio of number of reacted electrons to the 

number of atoms in a photocatalyst or number of atoms at the photocatalyst surface. The number of 

reacted electrons can be established from the volume of H2 evolved.  

Variation in experimental conditions presents a problem in the comparison and review of data. While 

the majority of data is presented as a unit such as µmol h-1, photocatalytic activity is dependent on 

conditions such as irradiation source and reactor geometry. As such the quantum yield is an important 

parameter to evaluate. The determination of the number of absorbed photons by a photocatalyst is 

difficult to ascertain, therefore the calculated quantum yield is referred to as the apparent quantum 

yield (AQY). The AQY is calculated as the ratio of the number of reacted electrons to the numper of 

incident photons.  

The response which is initiated by the absorption of light energy greater than the band gap of the 

catalyst should be evaluated especially when using a visible light catalyst. This can be achieved by 

using suitable control experiments which monitor H2O splitting in the absence of a catalyst or 

illumination. Cut-off filters should also be used with visible emitting lamps to ensure activity being 

recorded is a result of the catalyst being excited by visible light photons. 

Taking into consideration the above mentioned parameters there is a general trend which indicates 

H2O splitting results are reliable, Figure 1. Reliable data should show steady stoichiometric evolution 

of both H2 and O2 with no activity prior to illumination and no significant deactivation of the catalyst 



5 
 

over an increasing time frame. In contrast, unreliable data shows activity which could not be 

attributed to photocatalytic activity such as H2 evolution under no illumination and lack of O2 

evolution. 

 

Figure 1; Comparison of typical reliable and unreliable data for H2O splitting 

2  Photocatalysts for water splitting  

Water splitting over photocatalysts can be divided into two broad categories. The initial approach is 

the one step photocatalyst stage, during which a catalyst is exposed to light to generate the production 

of H2 and O2. This approach requires the photocatalyst to have sufficient thermodynamic potential to 

allow the splitting of water. Ideally it would also require a catalyst to have a narrow band gap to allow 

excitation by visible photons and have sufficient stability to prevent photo corrosion. The second 

approach uses a two photocatalyst system, modelled on the photosynthesis process. The system is 

referred to as the Z-scheme.  

When considering powdered photocatalysts for H2O splitting a significant level of focus is given to 

transition and typical metal oxides and nitrides. Figure 2 details common elements which are used to 

compose photocatalysts for H2O splitting. The red and green highlighted elements are transition and 

typical metals respectively, while the blue highlighted elements are those that are frequently used as 

dopants and co-catalysts in photocatalytic complexes. 
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Figure 2; Periodic table highlighting common elements used in H2O splitting catalysts 

 

It is the electronic configuration of catalysts which make them suitable for photocatalytic 

mechanisms. Transition metal oxides with a vacant d orbital (d0 configuration) primarily include 

titanates, tantalates, niobates, vanadates and tungstanates. Typical metal oxides have shown 

photocatalytic H2O splitting activity with an occupied d orbital (d10 configuration). Inoue (2009) 

made the observation that d0 and d10 configurations on a quantum chemistry level behave in a similar 

fashion. Catalysts with d10 configurations include gallates, germanates, stannates, antimonates and 

indates.  

The catalysts discussed here are grouped firstly on their electronic configuration and secondly on the 

core metal ion of the compound. Within these groupings the geometric and electronic structure, 

distortion and performance of the catalysts are discussed. An overview of selected catalysts is also 

provided in Table 1, however, the reader is encouraged to refer to a number of excellent review papers 

which provide a detailed insight into catalyst development (Kudo and Miseki, 2009; Inoue, 2009; 

Moriya et al. 2013; Maeda, 2011; Abe, 2010). 
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2.0  Water splitting over powder photocatalysts  

The photocatalytic decomposition of H2O over semiconductor powders has been studied for the 

conversion of photon energy into chemical energy. Thermodynamically, the photocatalytic splitting of 

H2O into H2 and O2Equation (1) is described as an ‘uphill reaction’ where a large positive change in 

the Gibbs free energy is observed (∆Go = -238 kJmol-1) (Maeda, 2011). The properties of a catalyst 

including the positioning of the conduction band (CB) and valence band (VB) can dictate the level of 

activity. The CB of the catalyst must be more negative than the reduction potential of H+ to H2 (0 eV 

vs NHE at pH 0), Equation (2). The VB must also be more positive than the oxidation potential of 

H2O to O2 (1.23 eV vs NHE) (Maeda, 2011), Equation (3).  

 

2𝐻2𝑂 → 2𝐻2  + 𝑂2 Equation (1) 

2𝐻+  + 2𝑒−  → 𝐻2 Equation (2) 

2𝐻2𝑂 + 4ℎ+  → 𝑂2 + 4𝐻+ Equation (3) 

 

The mechanism of photocatalytic H2O splitting along with the thermodynamic potential for the half 

reactions is shown in Figure 3. The presence of a co-catalyst in the CB of the catalysts is typically 

required to allow the protonation of H+ to H2. Common co-catalysts are highlighted in Figure 2 and 

include Pt (Yamaguti and Sato, 1984), RuO2 (Inoue, 2009) and NiO (Hu and Teng, 2010).  

 

 

Figure 3; Mechanism of photocatalytic H2O splitting 
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The band positions of common catalysts are shown in Figure 4 in relation to the required potential of 

H2O splitting. The Eg of the catalysts are shown and as can be seen there are few catalysts which 

possess an Eg suitable for excitation by wavelengths in the visible region of the electromagnetic 

spectrum.    

 

 

Figure 4; Band position of selected catalysts and the potential for H2O splitting 

 

The band position of the catalyst is not the sole requirement for H2O splitting to proceed as a number 

of additional requirements must be addressed. Suppressing the recombination of holes and electrons 

along with efficient charge separation are key requirements. The creation and separation of active 

sites for H2 and O2 evolution is also important. It has been suggested that the separation of evolution 

sites should be on the nanometre scale to ensure the back reaction of O2 and H2 does not occur (Kato 

et al. 2003). Suppressing the back reaction will also prevent the formation of any intermediates in the 

process. The catalyst structure has been investigated to improve the catalytic activity through charge 

separation and back reaction suppression. A number of catalyst structures have been reported 

including anatase, perovskite, layered structure, tunnel structure and cubic pyrochlore. While these 

structures may differ in chemical composition and crystal phase, the presence of an MO6/MO4 (M = 

transition/typical metal) octahedral/tetrahedral unit is often present and has been reported to play a 

key role in the activity exhibited by a catalyst. Furthermore, the distortion of this fundamental unit as 

a result of the M-O-M bond angle has also been found to impact activity.   



9 
 

2.1 d0 configuration catalysts  

Transition metals with a vacant d orbital have shown activity towards H2O decomposition with a 

range of catalysts reported (Kudo and Miseki 2009; Inoue 2009). The core metal ion of the catalysts 

reported include Ti4+, Zr4+, V5+, Nb5+, Ta5+ and W6+. All of the metal ions have a d0 electronic 

configuration. Discussed here are key examples of catalysts with a d0 configuration based upon the 

core metal ion. 

 

2.1.1 Titanates  

Ti based catalysts have been extensively used in the field of photocatalysis, specifically the use of 

TiO2. Photocatalytic splitting of water over TiO2 was first reported by Fujishima and Honda using a 

photoelectrochemical system. The system comprised a TiO2 electrode with Pt counter electrode, 

which used an external bias from a power supply. Upon UV illumination, electrons and holes were 

generated in the system which contributed to the reduction and oxidation of H2O. On the Pt counter 

electrode the electrons reduced H2O to H2, while H2O was oxidised to O2 on the TiO2 electrode. In 

contrast to this, powdered TiO2 catalysts are not capable of splitting water without modification to the 

catalyst such as the addition of a co-catalyst.  

In the early stages of water splitting research the capability of Pt-loaded TiO2 was questionable due to 

low yields of products and no O2 evolution. A number of publications, however showed the evolution 

of both H2 and O2 over platinised TiO2 using NaOH coatings (Yamaguti and Sato, 1984; Yamaguti 

and Sato 1985) and the addition of alkali carbonates (Sayama and Arakawa, 1997). Yamaguti and 

Sato found that a 10 wt % NaOH coating onto Pt-TiO2 to be effective for H2O splitting, producing a 

quantum yield of 17 %. Following their study in 1984, Sayama and Arakawa (1985) further increased 

the quantum yield to 29 % when using a NaOH coated Rh-TiO2 catalyst. The enhanced activity of Pt-

TiO2 was due to the ability of Pt to restrict the recombination of electrons and holes and catalyse 

proton reduction (Zheng et al. 2009; Yang et al. 2012; Mizukoshi et al. 2007). Pt has improved 

electron acceptor properties as a result of a larger work function (5.65 eV), as described by Mizukoshi 

et al. (2007), which prevents the recombination of photo generated electrons and holes.    

The addition of carbonate salts to a Pt-TiO2 suspension was shown to increase the production of H2 

and O2 from H2O splitting. Sayama and Arakawa (1997) found Pt-TiO2 in suspension with 2.2 M 

Na2CO3 produced 568 µmol h-1 and 287 µmol h-1 of H2 and O2 respectively, which conforms to the 

stoichiometric ratio of 2:1. The presence of carbonate species on the Pt-TiO2 catalyst played a 

significant role in the reaction pathway. On the Pt, absorbed carbonates suppressed the H2O splitting 

back reaction while on TiO2, the effective desorption of O2 prevented photoadsorption.   
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The use of layered perovskites catalysts has been reported in literature using a range of titanates 

including Rb2La2Ti3O10 (Takata et al. 1997), KaLaZr0.3Ti0.7O4 (Reddy et al. 2003), KTiNbO5 

(Takahashi et al. 1999), SrTiO3 (Domen et al. 1986), K2La2Ti3O10 (Haung et al. 2008), La2Ti2O7 

(Kim et al. 1999), La4CaTi5O17 (Kim et al. 1999), Gd2Ti2O7 (Abe et al. 2006) and Y2Ti2O7 (Abe et 

al. 2006). The activity exhibited by such layered structure catalysts is a result of the interlayer space 

formed resulting in the increased presence of evolution sites. Additionally, the evolution sites in a 

layered structure are sufficiently separated from one another to suppress the back reaction of H2 and 

O2. The catalyst LaCaTi5O17, which had a 110 layered perovskite structure, was reported by Kim and 

colleagues in 1999 to generate a high quantum yield of 20 % under UV irradiation at < 320 nm. 

Takata et al. (1997) reported evolution rates of 444 and 221 µmol h-1 for H2 and O2 respectively over 

Ni-K2La2Ti3O10, while Ikeada et al. (2006) later reported increased rates of 2186 and 1131 µmol h-1 

for H2 and O2 respectively over the same catalyst synthesised by a polymerised complex method. The 

structure of K2La2TiO10 and K2La2Ti3O10 with a hydrated layer is shown in Figure 5. The structure 

consists of negatively charged titanoanthanate perovskite layers and interlayer K+ ions. 

(a) 

 

(b) 
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Figure 5; Structure of (a) K2La2Ti2O10 and (b) K2La2Ti2O10.H2O (reproduced from Huang et al. (2008), with 

kind permission of Elsevier) 

 

Abe et al. (2006) also showed that catalysts with a perovskite structure were active for H2O splitting, 

however, demonstrated for the first time that titanates with a pyrochlore structure were also active, 

Figure 6. The cubic pyrochlore catalysts Y2TiO7 (3.5 eV) and Gd2TiO7 (3.5 eV) along with the 

monoclinic perovskite La2Ti2O7 (3.8 eV) were capable of evolving both H2 and O2 from distilled 

water under irradiation from a 400 W Hg lamp. The catalysts were loaded with NiO to split pure H2O 

into H2 in the range of 307 - 850 µmol h-1 and O2 in the range of 152 - 420 µmol h-1. Abe and 

colleagues found that the activity of Y2Ti2O2, Gd2Ti2O7 and La2Ti2O7 was dictated by the crystal 

structure of the catalyst. The authors reported that the cubic pyrochlore structure of Y2Ti2O7 and 

Gd2Ti2O7 and the monoclinic perovskite structure of La2Ti2O7 both possessed a network of corner-

shared octahedral units of the metal cation TiO6. The presence of the corner units allows the 

formation of networks which are capable of increasing the mobility of charged particles. The study 

also showed that catalysts without this structure showed minimal activity, indicating the dependency 

of crystal structure on H2O splitting.  
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(a) 

 

(b) 

 

 

 

Figure 6; Structure of (a) La2Ti2O7 and (b) Y2Ti2O7 (reproduced from Abe et al. (2006), with kind permission 

of American Chemical Society) 

 

The engineering of catalyst structures for H2O splitting can play a key role in developing an efficient 

compound. The development of nanotubes arrays (Yang et al. 2012; Altomare et al. 2013) along with 

TiO2 thin films (Kitano et al. 2007) has been reported. Kitano and colleagues reported a visible light 

responsive system using a Pt-TiO2 thin film to generate H2 and O2 from methanol and silver nitrate 

solutions respectively. Nanotube structures reported by Yang and colleagues used a Nb doped 

TiO2/SrTiO3 catalyst in their photoelectrochemical studies, while Altomare et al. developed a system 

which consisted of TiO2 nanotubes grown on a Ti support, Figure 7. The Altomare et al. system 

yielded separate evolution streams of H2 and O2 without any electrical bias or sacrificial agent. An 

electrochemical anodisation method was used to synthesise self-organised nanotube arrays. The 

activity of the system was reported in terms of H2 and O2 evolution rates at 80 and 43 µmol h-1 

respectively. Based upon the production of H2 a quantum yield of 15 % was also reported under 

optimum conditions. This approach to H2O splitting has numerous advantages over the use of more 

traditional catalysts for the decomposition of H2O with a view towards clean H2 production. There are 

a number of limitations which can restrict the large scale applicability of powdered systems including 

fast rates of recombination, recovery from aqueous reaction solutions and down stream processing 
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techniques associated with H2 and O2 separation from a mixture. Deploying a nanotube array system 

can suppress these limitations to construct a method of attaining high purity H2.     

 

 

Figure 7; Schematic of nanotube array on a titania support with a Pt electrode (reproduced from Altomare et al. 

(2013), with kind permission of Elsevier) 

 

2.1.2 Tantalates  

The use of tantalate based catalysts has been used extensively in the field of photocatalytic H2O 

splitting. Alkali and alkaline earth tantalates have exhibited high activity towards H2O splitting to H2 

and O2 in stoichiometric quantities. A number of Ta based complexes have been studied including 

K3Ta3Si2O13, ATaO3 (A = Li, Na, K), Sr2Ta2O7, RbLnTa2O7, K2LnTa5O15 and A2SrTa2O7.nH2O 

(A = H, K, Rb). While these compounds vary in chemical composition and crystal structure they all 

posses a TaO6 octahedral interconnected in the 1-, 2- or 3-D manner. As discussed previously with Ti 

based catalysts, the presence of a corner metal cation in the structure of catalysts has proven to be key 

for efficient H2O splitting to proceed. In particular the distortion of this structure has been found to 

further increase activity through increased charge separation (Kim et al. 2012). The distortion of the 

catalyst structure is dictated by the angle of the M-O-M bond, where generally an angle of < 180 o 

results in distortion. 

The presence of a TaO6 corner unit has been reported to be present in catalysts with a pyrochlore, 

(layered) perovskite and weberite structure. This fundamental unit has been reported to contribute to 

the formation of the CB, which was shown recently in work by Kim et al. (2012) who developed 
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niobate and tantalate layered crystal catalysts with ferroelectric properties. Catalysts SbNbO4 (3.12 

eV) and SbTaO4 (3.7 eV) were synthesised using a conventional solid-state reaction method. The 

increased Eg of SbTaO4 was found to be a result of the distortion of the crystal structure, which was 

dictated by the angle of the Ta-O-Ta bond (130 o) in the TaO6 octahedral. In contrast the 150 o angle 

of Nb-O-Nb bonds in SbNbO4 resulted in the compound being distortion free. Kato and Kudo also 

reported that a decrease in the Ta-O-Ta bond angle from 180 o to 143 o in their catalysts KaTaO3 and 

LiTaO3 resulted in distortion (Kato and Kudo, 2003). These observations by Kim et al. and Kato and 

Kudo were found to impact photocatalytic activity. Under optimum conditions 2.4 µmol h-1 and 5.8 

µmol h-1 H2 was evolved over SbNbO4 and SbTaO4 respectively. The authors hypothesised that the 

58.6 % increase in H2 production over SbTaO4 was a result of the increased CB band edge of Ta 5d 

orbitals in the TaO6 octahedral along with efficient charge separation due to the dielectric constant 

which was induced by the distorted crystal structure of the SbTaO4 catalyst.  

While the presence of a MO6 metal octahedral structure has been shown to be significant, it is the 

metal at the M position which is also essential for photocatalytic activity. In 2006 Abe et al. showed 

that the level of distortion of the catalyst La3TaO7 and the presence of TaO6 octahedral corner units 

increased H2O splitting activity. The distortion of the crystal structure was a result of the ionic radius 

of rare earth metals in R3TaO7 (R = rare earth metal). The distortion caused a change in structure 

from cubic fluorite to cubic pyrochlore and then to orthorhombic weberite. Despite pyrochlore 

structured catalysts previously being reported active by Ikeada et al. (2006), negligible activity was 

found when the cubic fluorite and pyrochlore catalysts were deployed. In contrast, the webertie 

structure catalyst showed significant H2O splitting; 164 µmol h-1 H2 and 80 µmol h-1 O2.  

The activity of La3TaO7 for H2O splitting was found to increase with the shift in crystal structure 

from cubic pyrochlore to orthorhombic weberite. The weberite structure was composed of zig-zag 

chains formed by corner-shared TaO6 octahedrons, as shown in Figure 8 (a). While it was found that 

the catalysts with a cubic pyrochlore (Gd3TaO7/La3TaO7) structure did contain TaO6 units, the 

structure also revealed the presence of GdO6 and LaO6 corner units, Figure 8 (b). The ratio of TaO6 

and Gd/LaO6 units was in a ratio of 1:1. It was found that the network of octahedrons increases the 

mobility of the charged particles (electrons and holes) in the catalyst structure. Work conducted by 

Zheng and West (1991) showed that the weberite structure of La3TaO7 exhibited high 

electrochemical conductivity. This conductivity can increase the mobility of charged particles, which 

can increase the probability of electrons and holes reaching an active site located on a catalyst surface. 
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Figure 8; Structure of orthorhombic weberite La3TaO7 and pyrochlore Gd3TaO7 (reproduced from Abe et al. 

(2006), with kind permission of American Chemical Society) 

 

The use of the catalyst NaTaO3, with a distorted perovskite structure, has received an increased level 

of attention due to the high quantum yields reported (Kato and Kudo 2003; Kato et al. 2003; Kudo 

and Kato, 2000). As discussed earlier in the chapter, displaying catalyst activity as quantum yield is 

key to understanding the efficiency of the compound in relation to the quantity of photons absorbed 

and products evolved. The activity of this catalyst has been significantly improved by the addition of 

co-catalysts and doping of lanthanides. Kudo and Kato (2000) investigated the production of H2 and 

O2 over NaTaO3 catalysts doped with a range of lanthanides. The Eg of the catalysts synthesises 

ranged from 4.01 – 4.09 eV, which limited them to UV excitation by a 400 W high-pressure Hg lamp. 

All catalysts deployed displayed activity towards H2 and O2 evolution from distilled H2O in the 

conventional ratio of 2:1. The highest activity recorded was over NaTaO3:La using NiO as a co-

catalyst at 5.9 µmol h-1 and 2.6 µmol h-1 for H2 and O2 respectively. This rate of production produced 

an AQY of ~50 % at 270 nm. Kato and Kudo further reported an AQY of 50 % at 270 nm in 2003 

along with a discussion into the crystal structure of the catalyst. Later in 2003, Kato et al. reported the 

highest apparent quantum yield for the catalyst at 56 % at 270 nm. The optimum conditions were a La 

doped loading of 2 mol % and NiO loading of 0.2 wt %, which produced 19.8 µmol h-1 and 9.66 µmol 

h-1 H2 and O2 respectively. The activity of this catalyst was found to be due to the structure of the 

catalyst which consisted of a TaO6 corner unit, as previously discussed. The authors, however, also 

discussed the importance of the nanostep structure in H2O splitting. The authors used transmission 

electron microscope and extended X-ray absorption fine structure analysis to conclude that H2 

evolution occurred on the ultrafine NiO particles, which were loaded onto the nanostep structure of 

the catalyst while O2 proceeded at the groove of the nanostep structure. 
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2.1.3 Niobates  

As has previously been discussed the activity of niobate catalysts and the structure of the compound 

are closely linked. Common structures which have been reported in Nb based catalysts include 

layered perovskites, pyrochlores and wolframite (Zou et al. 2003). The initial research into complexes 

with a layered structure was primarily conducted using Nb based catalysts. A number of Nb catalysts, 

with a layered structure, have been reported active for H2O splitting including A2.23Sr0.67Nb5O14.335 

(A = K, H) (Li et al. 2009), In-H2LaNb2O7 (Wei et al. 2009), NiO-K4NbO17 (Lin et al. 2008), Pt-

K4NbO17 (Sayama et al. 1998), K0.5La0.5Bi2Nb2O9 (Chen et al. 2012), SbNbO4 (Kim et al. 2012), 

Sr2(Ta1-xNbx)2O7 (Kato and Kudo, 2001) and Ni-A4TaxNb6-xO17 (A = K, Rb) (Sayama et al. 1996). 

The structured catalysts have been shown to have two interlayer spaces (interlayers I and II) present, 

the advantages of which were discussed in Section 2.1.1. Co-catalysts were found to be present in the 

interlayers; Domen et al. (1986) impregnated NiO into K4Nb6O17, Sayama et al. (1998), Li et al. 

(2009) and Wei et al. (2009) all interlaced Pt into K4Nb6O17, A2.33Sr0.67Nb514.335 (A = K, H) and In-

H2LaNb2O7 respectively.  

The publication by Domen and colleagues in 1986 was one of the earliest reports of the layered 

compound K4Nb6O17 (3.3 eV) being used for H2O splitting. Since the initial publication, K4Nb6O17 

and its variations have been reported frequently. While Domen et al. reported that stoichiometric 

evolution of H2 and O2 was achieved over bare K4Nb6O17, an 1 order of magnitude increase was 

reported when using NiO as a co-catalyst. Under favourable conditions a maximum quantity of 80 

µmol h-1 H2 and 38 µmol h-1 O2 was recorded.  

Sayama and colleagues reported the synthesis of K4Nb6O17 by photoreduction and H2 reduction 

methods. Under photoreduction synthesis the Pt particles were found to be < 6 Å, which allowed the 

fine particles to occupy interlayer I, Figure 9. Under the H2 reduction method particles were found to 

be > 15 Å, which were too large to occupy the interlayer space and resulted in the destruction of the 

catalyst layers. The results of the research showed the photoreduction synthesised catalyst to have 

higher activity than the H2 reduction catalyst. In a suspension of Na2CO3 451 µmol h-1 and 217 µmol 

h-1 H2 and O2 were produced respectively over Pt-K4Nb6O17 by photoreduction, while over Pt-

K4Nb6O17 by H2 reduction 293 µmol h-1 and 123 µmol h-1 H2 and O2 were produced respectively. 

The authors found that O2 production occurred within interlayer II, while H2 production proceeded in 

interlayer I with the addition of carbonate anions suppressing the back reaction of H2 and O2 over Pt. 
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Figure 9; Structure of interlayers in Pt-K4Nb6O17 (reproduced from Sayama et al. (1998), with kind permission 

of Elsevier) 

 

In 1996, Sayama et al. found that Rb4Nb6O17 also exhibited H2O splitting activity. The research 

group observed an increase from 403 µmol h-1 H2 and 197 µmol h-1 O2 to 936 µmol h-1 H2 and 451 

µmol h-1 O2 over Ni-K4Nb6O17 and Ni-Rb4Nb6O17 respectively. A series of catalysts were developed 

by Sayama and colleagues which comprised of Ni-A4TaxNb6-xO17, where A = K or Rb. The highest 

activity was observed when x = 0 with a decreasing trend seen when the substitution of Nb for Ta 

increased. When x = 6, Ta was fully substituted for Nb and a significantly low level of H2/O2 was 

evolved; 11 µmol h-1 H2 and 1 µmol h-1 O2. The decrease in evolution was primarily a result of the 

difference in Eg of Ni-Rb4Ta6O17 (4.1 eV) and Ni-Rb4Nb6O17 (3.5 eV). Despite the difference in Eg, 

the quantum yields of the catalysts were similar, which was a result of Rb4Ta6O17 absorbing less 

photons than Rb4Nb6O17. 

In 2003 a series of different structural Nb catalysts were investigated including an A2B2O7 cubic 

pyrochlore, ABO4 wolframite and ABO4 stibotantalite type structures with a view towards visible 

light H2O splitting (Zou et al. 2003). As has been discussed in this chapter, despite the catalysts 

varying in crystal structure they were all found to posses octahedral NbO6 units. The layered 

wolframite structure was shown to contain both NbO6 and InO6 octahedral corner sharing units, 

which contributed to the formation of the structure. The NbO6 units formed zig-zag chains of [NbO3], 

which were connected through the InO6 units to form the network, Figure 10. The Eg of InNbO4 was 

calculated at 2.5 eV, which was suitable for absorption of visible wavelengths. Under irradiation from 

a 300 W Xe lamp with a 420 nm cut off filter the evolution of H2 from pure H2O was observed over 

NiO-InNbO4. Under these experimental conditions, it should be noted that O2 evolution was not 

recorded, with the authors suggesting any O2 evolved was photoabsorbed onto the catalysts structure. 
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Figure 10; Schematic structure of InNbO4 (reproduced from Zou et al. (2003), with kind permission of 

International Association of Hydrogen Energy)  

 

2.1.4 Vanadates and Tungstanates  

A number of additional transition metal oxides have been reported to be active for H2O splitting 

including ZrO2 (Reddy et al. 2003), PbWO4 (Kadowaki et al. 2007), BiVO4 (Hau Ng et al. 2010), 

Cu2O (Hara et al. 1998), InVO4 (Ye et al. 2002) and Sr-CeO2 (Kadowaki et al. 2007).  

The use of vanadium oxide (VO4) catalysts for H2O splitting is of particular interest due to the 

activity reported under visible light irradiation (Ye et al. 2002; Hau Ng et al. 2010). Hau Ng and 

colleagues used BiVO4 in conjunction with reduced graphene oxide (RGO) in a photoelectrochemical 

system to generate H2 and O2, Figure 11, while InVO4 was deployed by Ye et al. Over RGO-BiVO4, 

production rates of 0.75 and 0.21 µmol h-1 were achieved for H2 and O2 respectively, which was a 4.2 

% increase over pure BiVO4. The improvement in activity was a result of photoexcited electrons 

injecting into the RGO, thus prolonging the lifetime and suppressing recombination. The rate of 

transition of the photoelectron to the Pt counter electrode was significantly faster using RGO over 

pure BiVO4.  
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Figure 11; Schematic representation of H2O splitting mechanism on RGO-BiVO4 (reproduced from Hau Ng et 

al. (2010), with kind permission of American Chemical Society) 

 

The activity of NiO-InVO4 was reported in relation to H2 production under irradiation from a 300 W 

Xe arc lamp using a 420 nm cut-off filter. The Eg of the catalyst was calculated at 1.9 eV which was 

formed from the V 4d orbital in VO4. The structure of the catalyst was found to consist of both InO6 

octahedral units and VO4 tetrahedral units, which was similar to that reported for InNbO6 (Zou et al. 

2003). The production rate of H2 from pure water was ~3.25 µmol h-1 over InVO4 with a 1.0 wt. % 

loading of NiO. There was no evolution of O2, which the authors hypothesised was due to O2 

photoabsorbing onto the catalyst surface in a physisorbed and /or chemisorbed molecular state (Ye et 

al. 2002). 

 

2.2 d10 configuration catalysts  

2.2.1 d10 metal oxides  

The observation was made by Inoue in 2009 that since metal oxides with a vacant d orbital (d) are 

efficient photocatalysts, metal oxides with a filled d orbital will also be efficient. It has been reported 

that catalysts constructed using In3+, Ga3+, Ge4+, Sn4+ and Sb5+ along with RuO2 as a co catalyst, 

exhibit photocatalytic H2O splitting activity. Work conducted primarily by Inoue’s research group has 

highlighted the potential of d10 metal oxides for water splitting. A number of key catalysts were 

reviewed by Inoue (2009) including layered catalysts such as NaInO2 and CaSb2O6, weberite 

catalysts Ca2Sb2O7 and Sr2Sb2O7 and willemite catalyst Zn2GeO4. Inoue (2009) and Kudo and 

Miseki (2009) both discussed the importance of RuO2 as a co-catalyst for d10 for metal oxides. In the 

absence of RuO2 the catalysts exhibited minimal activity. An exception was the catalyst Ga2O3, 
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which previously displayed activity when loaded with NiO. The catalyst, with an Eg of 4.6 eV, 

produced 46 µmol h-1 H2 and 23 µmol h-1 O2. Using Ni as a co-catalyst, a Zn doped Ga2O3 was found 

to be highly active (Sakata et al. 2008). Using irradiation form 450 W Hg lamp 4100 µmol h-1 H2 and 

2200 µmol h-1 O2 was evolved. 

The distortion of catalyst structure in a series of compounds researched by Inoue’s group has been 

published. Catalysts investigated included alkaline earth metal MGa2O4 (M = Mg, Ca, Sr), MSnO4 

(M = Ca, Sr, Ba), NaSbO3, CaSb2O6 and M2Sb2O7 (M = Ca, Sr) (Inoue, 2009; Sato et al. 2002). In 

2002 Sato and colleagues found 1 wt. % RuO2 loaded Sr2Sb2O7 to exhibit the highest level of activity 

over other antimonate catalysts due to its weberite structure consisting of two distorted SbO6 units. 

The compression and elongation of Sb-O bonds gave rise to the distorted octahedral shapes shown in 

Figure 12. 

 

 

 

 

Figure 12; Structure of (a) SbO6 elongated and (b) SbO6 compressed octahedron 

 

The structures of MGa2O4 (M = Mg, Ba, Sr) were found to be cubic with a GaO6 octahedron when M 

= Mg, monoclinic with a GaO4 tetrahedron when M = Sr and hexagonal with a GaO4 tetrahedron 

when M = Ba. The activity of these compounds was investigated in relation to their dipole moments, 

which were calculated to be 0 D for MgGa2O4, 0.80 and 1.2 D for SrGa2O4 and 1.70, 1.11 and 2.58 D 

for BaGa2O4. The dipole moment, which is a measure of difference in electronegativity, indicates the 

level of distortion in a compound. MgGa2O4 had a dipole moment of 0 which suggested the catalyst 

was distortion free, while SrGa2O4 and BaGa2O4 both had increased dipole moments suggesting they 

had a distorted structure. The authors found that the distorted structure of SrGa2O4 and BaGa2O4 

were photoactive while the distortion free structure of MgGa2O4 was not. A similar observation 

regarding distorted structures was made when using stannates doped with Ca, Sr and Ba. Ca2SnO4 
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and Sr2SnO4 were found to exhibit photocatalytic H2O splitting activity, while Ba2SnO4 displayed 

negligible results. The fundamental unit, SnO6, in the crystal structure of Ca2SnO4 and Sr2SnO4 was 

found to be distorted while in Ba2SnO4 it remained distortion free.  

The activity exhibited by catalysts with a distorted structure is interesting and a number of possible 

explanations have been reported. Inoue (2009) suggested that the length of metal-oxygen bonds 

impacts photoexcitation. The poor symmetry formed as a result of distorted octahedral and tetrahedral 

structures results in isolated orbitals, which gives rise to different photoexcitation efficiencies. Inoue 

also suggested that the local internal fields of the compounds as result of the dipole moment could 

increase electron-hole separation and suppress recombination. 

 

2.2.2 d10 metal nitrides  

The investigation of metal nitrides (and oxynitrides) is an interesting area of H2O splitting research 

and publications in this field are increasing. The advantage of metal nitrides and oxynitrides is the 

potential of synthesising visible light responsive photocatalysts for overall H2O splitting. The VB of 

metal nitrides is composed of N2p, which has a higher energy level than that of O2p in metal oxides. 

Therefore the Eg is narrower, presuming the CB remains the same, which allows for excitation by 

photons with a wavelength > 400 nm. A number of d0 transition metal oxides have been investigated 

such as Ta3N5 (Hitoki et al. 2002), TaON (Hitoki et al. 2002), MTaO2N (M = Ca, Sr, Ba) (Yamasita 

et al. 2004) and LaTiO2N (Kasahara et al. 2002), however minimal activity was reported. Metal 

nitrides with a d10 configuration, however, have the advantage of forming large band dispersion at the 

CB, which yields highly mobile photoexcited electrons (Inoue, 2009; Moriya et al. 2013).     

Examples of metal nitrides being used include β-Ge3N4 (Maeda et al. 2006), doped GaN and GaN in 

a solid solution with ZnO (Maeda et al. 2005; Maeda et al. 2006; Yoshida et al. 2013; Lee et al. 

2012). These catalysts have all shown activity towards H2O splitting when used with RuO2 as a co-

catalyst. RuO2-β-Ge3N4 was the first successful example of a non metal oxide catalyst being 

deployed for overall H2O splitting (Inoue, 2009).  

The activity of (Ga1-xZn)(N1-xOx), synthesised from Ga2O3 and ZnO, has been reported by a number 

of research groups (Maeda et al, 2005; Maeda et al. 2006; Lee et al. 2012; Yoshida et al. 2013). The 

interest in this catalyst has grown due to its high level of activity and potential for visible light 

activation. Maeda et al. (2005) reported their samples of (Ga1-xZn)(N1-xOx) to have an Eg in the range 

of 2.6 - 2.8 eV, which is lower than that of the individual catalysts ZnO (3.2 eV) and GaN (3.4 eV) 

and suitably low enough to permit excitation by absorbed visible photons. More recently, Lee et al. 

(2012) have further minimised the Eg to 2.2 eV by increasing x to 0.87, which they concluded can 

significantly increase the absorption of solar photons. Using a 5 wt % of RuO2, Maeda and colleagues 
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(2005) found the catalyst was active under UV and visible illumination, producing stoichiometric 

quantities of H2 and O2. The highest activity was reported over (Ga1-xZn)(N1-xOx) where x = 0.12 and 

the nitridation time was 15 hr. The authors found that the longest wavelength available for water 

splitting was 460 nm, which corresponded to the absorption edges of the catalyst. Following this 

publication Maeda and colleagues published an additional paper in 2006 reporting an increased 

activity of (Ga1-xZn)(N1-xOx) doped with Cr and a series of transition metals under UV irradiation. 

Using 1 wt % Rh and 1.5 wt % Cr, 3835 µmol h-1 H2 and 1988 µmol h-1 O2 was evolved over (Ga1-

xZn)(N1-xOx) from distilled water.  

Recently it was reported that the activity of the Rh doped (Ga1-xZn)(N1-xOx) catalyst under visible 

irradiation was further increased using lanthanoid oxide layers (Yoshida et al. 2013). Using a 300 W 

lamp with a cut off filter (> 400 nm), H2 and O2 was evolved over Rh-(Ga1-xZn)(N1-xOx) catalysts 

doped with La, Pr, Sm, Gd and Dy, while un doped Rh-(Ga1-xZn)(N1-xOx) displayed no activity. It 

was found the presence of lanthanoid oxide layers act as Rh modifiers and suppress the back reaction 

of H2 and O2 over Rh. 
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Table 1; Overview of selected publications for overall water splitting

Electronic 
Configuration Core Metal Ion Catalyst Co-catalyst Eg Reaction solution Activity (µmol h-1) AQY 

(%) Reference 
H2 O2 

d0 

Ti4+ 

TiO2 Pt 3.2 H2O/ 2.2 M 
Na2CO3 

568 287  Sayama and Arakawa (1997) 

TiO2 Rh 3.2 3 M NaOH 449 - 29 Yamaguti and Sato (1985) 
Sr3Ti2O7 NiO 3.2 Pure water 83 42 4.3 Jeong et al. (2006) 

K2La2Ti3O10 NiO 3.5 H20/ 0.1 M KOH 444 221  Takata et al. (1997) 
Na2Ti6O13 RuO2 - Pure water ~17 ~8  Ogura et al. (1998) 
BaTi4O9 RuO2 - Pure water ~18 ~8  Inoue et al. (1992) 

Zr4+ ZrO2 - 3.93 H2O/ Na2CO3 88.8 45  Reddy et al. 2003 
V5+ InVO4 NiO 1.8 Pure water 69.1 34.5  Lin et al. (2008) 

Nb5+ 

K4Nb6O17 Pt 3.4 H2O/ 2.2 M 
Na2CO3 

451 217  Sayama et al. (1998) 

SbNbO4 RuO2 3.1 Pure water ~2.4 -  Kim et al. (2012) 
H1.6K0.2La0.3Bi0.1Nb2O

6.5 
- 3.49 Pure water 27.2 Trace  Chen et al. (2012) 

Ta5+ 

NaTaO3:La NiO 4.0 Pure water 19.8 9.66 56 Kato et al. (2003) 
Sr2Ta2O7 NiO 4.55 Pure water 1000 500  Kato and Kudo (2001) 
SbTaO4 RuO2 3.7 Pure water ~5.8   Kim et al. (2012) 

K2Ta2O6 NiO 4.6 H2O/ NaOH 437 226  Ikeda et al. (2006) 
W6+ PbWO4 RuO2 3.24 Pure water ~18 ~8  Kadowaki et al. (2007) 

d10 

Ga3+ 

Ga2O3 NiO 4.6 Pure water 46 23  Inoue (2009) 
Ga2O3:Zn Ni 4.6 Pure water 4100 2200  Sakata et al. (2008) 
GaN:ZnO RuO2 2.58 H2O/ H2SO4 0.98 0.48 0.14 Maeda et al. (2005) 

(Ga1-xZn)(N1-xOx) RuO2 2.7 Pure water 3835 1988  Maeda et al. (2006) 

In3+ 
NaInO2 RuO2 3.9 Pure water 0.9 0.3  Kudo and Miseki  (2009) 
SrIn2O4 RuO2 3.6 Pure water 7 3  Kudo and Miseki  (2009) 

Ge4+ β-Ge3N4 RuO2 3.85 Pure water 0.8 0.4 9 Maeda et al. (2006) 
Sn4+ Sr2SnO4 RuO2 - Pure water 5 2.5  Inoue (2009) 

Sb5+ 
Ca2Sb2O7 RuO2 3.6 Pure water 2.9 1  Sato et al. (2002) 
Sr2Sb2O7 RuO2 4.0 Pure water 8 3  Sato et al. (2002) 
NaSbO3 RuO2  3.6 Pure water  1.7 0.8  Sato et al. (2002) 
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2.3 Z-scheme photocatalysts  

The use of a single visible light responsive photocatalyst with a sufficient potential to achieve overall 

H2O splitting is known as a one-step mechanism (Maeda et al. 2005). As previously discussed, the 

photocatalyst employed should have a suitable thermodynamic potential for H2O splitting, a 

sufficiently narrow band gap to harvest visible photons, and stability against photocorrosion. These 

requirements are rather stringent and thereby limit the number of photocatalysts capable of 

photosplitting H2O using the one step mechanism (Maeda et al. 2005; Lee et al. 2007). Discussed 

here is the two-step Z-scheme mechanism for H2O splitting, Figure 13. This dual photocatalyst 

system for the photosplitting of H2O was first suggested by Bard in 1979 (Bard 1979). A wider range 

of visible light is available because a change in Gibbs free energy required to drive each photocatalyst 

can be reduced when compared to the one step system. It is also possible to separate evolved H2 and 

O2 which is a significant advantage with a view towards large scale H2 production. The problem of 

spontaneous backward reaction of redox products remains as in ordinary single-photocatalyst systems. 

Hence a useful system without any disadvantages has yet to be developed (Sayama et al. 2001; Kato 

et al. 2004; Abe et al. 2005; Higashi et al. 2008; Sasaki et al. 2009; Abe et al. 2009; Maeda et al. 

2010; Tabata et al. 2010).  

 

Figure 13; Schematic of Z-scheme photocatalytic process 

 

Two step Z scheme H2O splitting systems have a number of advantages over conventional one-step 

systems and currently appear to be the most promising way of achieving efficient H2O splitting under 

visible light. Sayama et al. reported evidence of the photosplitting of H2O into H2 and O2 using a Z-
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scheme photocatalytic system and visible light irradiation (Sayama et al. 2001; Sayama et al. 2002; 

Abe et al. 2001). SrTiO3 doped with Cr and Ta (SrTiO3:Cr/Ta) for H2 evolution, WO3 for O2 

evolution and an iodate/iodide redox couple used as an electron mediator was capable of 

photosplitting H2O under visible light. A version of the Z scheme had been previously reported under 

UV irradiation using Pt loaded anatase TiO2 and bare rutile TiO2 photocatalysts in the presence of 

iodate/iodide redox shuttle (Abe et al. 2005). This system was only capable of operation at 

wavelengths < 400 nm. The large band gap of TiO2 however meant that there was potential to extend 

this to the visible light region by appropriate doping of TiO2 or inclusion of suitable visible light 

active catalysts.   

The simultaneous evolution of H2 and O2 in a Z scheme H2O splitting system is difficult to achieve 

because the backward reactions of the redox mediator proceed readily over both photocatalysts and 

suppress the forward reactions (evolution of H2 and O2). Hence a redox shuttle is employed. 

The most common redox shuttle employed within Z scheme photocatalysis is the IO3
-/I- redox shuttle 

or the Fe3+/Fe2+. They facilitate this via the following reactions: 

 

IO3
-/I-: 

ℎ𝑣 → 𝑒𝐶𝐵− + ℎ𝑉𝐵+ Equation (4) 

𝐼𝑂3− + 3𝐻2𝑂 + 6𝑒𝐶𝐵− → 𝐼− + 6𝑂𝐻− Equation (5) 

2𝐻2𝑂 + 4ℎ𝑉𝐵+ → 𝑂2 + 4𝐻+ 
Equation (6) 

 

Fe3+/Fe2+ 

𝐹𝑒3+ + 𝑒𝐶𝐵− → 𝐹𝑒2+ Equation (7) 

2𝐻+ + 2𝑒𝐶𝐵− → 𝐻2 Equation (8) 

𝐹𝑒2+ +  ℎ𝑉𝐵+ → 𝐹𝑒3+ Equation (9) 

 

Early reports of the use of the iodate/iodide redox couple demonstrated the advantage for the 

photosplitting of H2O. Sayama et al. have reported O2 evolution over four TiO2 photocatalysts 

(A:anatase; R:rutile) in an aqueous solution containing 1 mM NaIO3 under UV irradiation (> 300nm, 

400 W high pressure Hg lamp) (Darwent and Mills 1982). Evolution of O2 over rutile TiO2 preceded 

at a steady rate until the amount of O2 produced reached 1500 µmol in the absence of NaI, this was 
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also observed in the presence of a significant amount of I- anions. The amount of O2 recorded agreed 

with the stoichiometric amounts expected based on the quantity of IO3
- added to the solution before 

irradiation. The results when the photocatalyst used was Pt/WO3 proceeded in a similar manner. For 

both catalysts when the amount of I- was increased the O2 evolution rate was reduced.  

Also reported was the fact that the addition of excess I- to the solution completely suppressed O2 

evolution over both anatase TiO2 and Pt/BiVO4 photocatalysts. The loading of a co-catalyst such as 

Pt or RuO2 is necessary for the efficient evolution of O2 over the WO3 photocatalyst using IO3
- anion 

as an electron acceptor. It has been reported that WO3 alone is capable of O2 generation from H2O in 

the presence of other electron acceptors such as Ag+ or Fe3+ (Erbs et al. 1984; Sayama et al. 1997; 

Kato et al. 2004). The presence of the Pt co-catalyst mainly serves to provide reduction sites that 

enable the 6 electron reduction of IO3
- to I-. 

The use of a photocatalyst combination that favourably adsorbs either IO3
- or I- leads to the 

photosplitting of H2O via a two step mechanism. The first step involves the reduction of H2O to H2 

and oxidation of I- to IO3
- over a Pt/anatase TiO2 photocatalyst while the second step involves 

reduction of IO3
- to I- and oxidation of H2O to O2 over a rutile TiO2 photocatalyst.  

The rapid reduction of IO3− to I- over rutile TiO2 results in a very low IO3
- concentration during the 

reaction. This effectively suppresses the undesirable backward reaction (IO3
− reduction to I−) over the 

Pt/anatase TiO2 photocatalyst giving a higher H2 evolution rate. The key for achieving H2O splitting 

is to use different oxidation reactions; in other words, preferential oxidation of I−to IO3
− over the H2 

photocatalyst (e.g., Pt/anatase TiO2) and preferential oxidation of water to O2 over the O2 

photocatalyst (e.g., rutile TiO2) must occur simultaneously in a single solution. 

Another major redox couple used to facilitate the two step process of the Z-scheme during 

photosplitting of H2O is Fe3+/Fe2+. Kato et al. reported H2O splitting under visible light using a Z-

scheme photocatalytic system that consisted of Rh-doped SrTiO3 (SrTiO3:Rh) for H2 evolution, 

BiVO4 for O2 evolution, and a Fe3+/Fe2+ redox couple as an electron mediator (Kato et al. 2007; 

Sasaki et al. 2008; Ohno et al. 1997). Previous studies had demonstrated the functionality of using 

Fe3+ ions as efficient electron acceptors over a RuO2/WO3 or rutile TiO2 photocatalyst for O2 

evolution (Kato et al. 2004; Konta et al. 2004). However, the use of Fe2+ ions as electron donors for 

the efficient photocatalytic production of H2 had not previously been achieved. 

Doping with Rh cations (Ishii et al. 2004) and co-doping with Cr3+/Ta5+ (Kato and Kudo 2002), 

Cr3+/Sb5+ (Kato and Kudo, 2002), and Ni2+/Ta5+ has been reported to sensitise SrTiO3 to visible light. 

Kudo et al. demonstrated that doped SrTiO3 powders with Pt-co-catalyst exhibit photocatalytic 

activities for H2 evolution under visible light. This proceeds in the presence of methanol as a 

sacrificial electron donor. Pt-loaded SrTiO3:Rh photocatalyst demonstrated activity for H2 evolution 
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from H2O in the presence of Fe2+ as a reversible electron donor. The reaction was initiated in FeCl3 

aq. (2 mmolL−1), predominantly produced O2 during the initial stage of the first run. The rate of O2 

production subsequently decreased gradually. In a second run after evacuation of the gas phase, H2 

and O2 were produced in the stoichiometric ratio (2:1) during the initial period. The reaction in FeCl2 

aq. (2 mmolL−1) also exhibited stoichiometric evolution of H2 and O2 during the second run, while H2 

was predominantly evolved in the initial stage of the first run. In both cases, Fe3+ and Fe2+ ions in the 

steady state were found to have concentrations of ca. 1.5 and 0.5 mmolL−1, respectively. H2 and O2 

can be evolved in the (Pt/SrTiO3:Rh)–(BiVO4) system even when the reductant (Fe2+) and the oxidant 

(Fe3+) coexist. This differs significantly when compared to the IO3−/I− redox couple, where H2 

production is suppressed by the coexistence of a small amount of oxidant (IO3−) due to preferential re-

reduction of IO3− anions over water by the photoexcited electrons (Sayama et al. 2001; Sayama et al. 

2002; Darwent and Mills 1982). 

This demonstrates that the H2 photocatalyst (Pt/SrTiO3:Rh) and the O2 photocatalyst (BiVO4) have 

sufficiently high selectivities for the forward reactions. H2 evolution on the Pt/SrTiO3:Rh 

photocatalyst was enhanced rather than suppressed by the presence of Fe3+ (Sasaki et al. 2008). The 

results of investigations of photocatalytic H2 evolution and dark reactions in various aqueous 

solutions containing Fe3+ ions strongly suggest that the adsorption of [Fe(SO4)(H2O)5]+ and/or 

[Fe(OH)(H2O)5]2+ on the Pt surface efficiently suppresses both the undesirable backward reactions on 

the Pt surface, water formation from H2 and O2, and the reduction of Fe3+ with H2. The increased H2 

production that accompanies an increase in the Fe3+ ion concentration is somewhat unusual in view of 

the electron acceptability of Fe3+. The beneficial effect of Fe3+ suppressing the backward reactions 

should exceed the detrimental effect of Fe3+ trapping photoexcited electrons. In contrast to H2 

evolution, O2 evolution over the BiVO4 photocatalyst was remarkably inhibited by the presence of 

Fe2+ ions, indicating that oxidation of Fe2+ to Fe3+ on the BiVO4 photocatalyst (Sasaki et al. 2008). 

BiVO4 has a sufficiently high selectivity for the forward reaction, which enables O2 production even 

when there is a high (5 mmol L-1) Fe2+ ion concentration. The splitting of H2O under visible light has 

also been achieved using WO3 or Bi2MoO6 as an O2 evolution photocatalyst in combination with a 

Pt/SrTiO3:Rh photocatalyst in the presence of Fe3+/Fe2+ electron mediator (Kato et al. 2007). 

Challenges remain in the promotion of electron transfer between two semiconductors and in the 

suppression of backward reactions involving shuttle redox mediators. 
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3 Water splitting mechanism 

3.0 Multimolecular systems  

3.0.1 Ideal functions 

H2 and/or O2 production from H2O by visible light requires one or several intermediates having 

ideally the following functions: 

1. Visible light absorption, 

2. Conversion of the excitation energy to redox energy (charges), 

3. Concerted transfer of several electrons to water leading to the formation of H2 as energy-

storage compound and/or to the formation of O2. 

Indeed, one of the main difficulties in achieving the splitting of H2O by means of light-induced redox 

processes is that H2 requires two electrons Equation (10) while O2 requires four electrons, Equation 

(11). 

 

2𝐻2𝑂 + 2𝑒− → 𝐻2 + 2𝑂𝐻−,𝐸°(𝑝𝐻 = 7) =  −0.41 𝑣𝑠 𝑁𝐻𝐸 Equation (10) 

2𝐻2𝑂 → 𝑂2 + 4𝐻+ + 4𝑒−,𝐸°(𝑝𝐻 = 7) = +0.82 𝑣𝑠 𝑁𝐻𝐸 Equation (11) 

 

This number of charges corresponds to the most favourable thermodynamic conditions for Equation 

(1). The reaction is a multi-electron transfer process which requires 1.23 eV per electron transferred. 

Hence, photons with λ < 1008 nm corresponding to a minimum energy of 1.23 eV can induce the 

cleavage of H2O. 

As has been previously discussed, upon illumination with light of energy greater than the Eg, a 

semiconductor will form electrons and holes. The Eg is the energy difference between the VB and the 

CB. The electron and holes formed are highly charged and initiate reduction and oxidation reactions. 

H2O molecules are reduced by the electrons to form H2 and are oxidised by the holes to form O2 for 

overall H2O splitting.  

 

3.0.2 General schemes for H2 and O2 production  

Early research reported photochemical systems involving several compounds. A multi-molecular 

system was designed with each compound fulfilling a particular role towards the photosplitting of 
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H2O. The first compound required was a photosensitiser (PS) capable of visible light absorption in 

order to generate the excited species PS* with useful redox properties, Equation (12): 

 

𝑃𝑆
ℎ𝑣𝑣𝑖𝑠�⎯⎯� 𝑃𝑆∗ Equation (12) 

 

A second compound R is necessary which can be reduced or oxidized by quenching of the excited 

species PS* in electron transfer reactions. This leads to the formation of charge pairs, PS+, R- in the 

case of the oxidative quenching of PS, Equation (13): 

 

𝑃𝑆∗ + 𝑅 → 𝑃𝑆+ + 𝑅− Equation (13) 

 

Finally it requires a third compound capable of collecting several electrons to facilitate the exchange 

of two or four electrons with water. This multi-electron collection and transfer can be realised by a 

specific redox catalyst. 

 

2𝑅− + 2𝐻+ 𝐶𝑎𝑡
�� 2𝑅 + 𝐻2 Equation (14) 

 

In such a system, the second compound R acts as an electron relay between the photosensitizer PS and 

the catalyst (Cat) mediating the electron collection. The redox potential of its reduced species R - 

must be less than - 0.41 V (vs NHE, pH = 7) to take part in Equation (10). 

The main problem associated with this process is the fast recombination of charge pairs, Equation 

(15).  

 

𝑃𝑆+ + 𝑅− → 𝑃𝑆 + 𝑅 Equation (15) 

 

The main challenge for these multi-molecular systems is how to prevent the back electron transfer 

reaction in order to increase the charge separation lifetime. 
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In the case of multi-molecular systems, the introduction of a fourth compound in the form of an 

electron donor should help to prevent this back reaction. The electron donor should scavenge the 

oxidized photosensitizer PS+ in a competitive electron transfer reaction to give the initial PS and a 

donor oxidation product D+, Equation (16). 

 

𝑃𝑆+ + 𝐷 → 𝑃𝑆 + 𝐷+ Equation (16) 

𝐷+ → 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠 Equation (17) 

 

The latter is a sacrificial system and rapidly decomposes irreversibly, Equation (8). D is the only 

compound, apart from H2O (H+), which is consumed. The other compounds PS, R and Cat follow 

catalytic cycles. 

Two schemes for cyclic production of H2 from H2O were proposed (Higashi et al. 2008). The first 

called the "oxidative quenching mechanism" involved oxidation of the excited photosensitizer PS* to 

PS+ by the electron relay R, Figure 14 a. It corresponds to reaction, Equation (12) to Equation (17).  
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Figure 14; Schematic representation of the redox catalytic cycles in the photoreduction of H2O to H2 by 

visible-light irradiation of a four-component model system PS/R/D/Cat: (a) oxidative quenching mechanism (b) 

reductive quenching mechanism (reproduced from Higashi et al. (2008), with kind permission of Elsevier) 

 

The reduction of the excited state photosensitizer PS*' by D is called reductive quenching (Figure 14 

b).  

 

𝑃𝑆∗ + 𝐷 → 𝑃𝑆− + 𝐷+ Equation (18) 

 

This primary reaction, Equation (18), yields the reduced photosensitizer PS- and the oxidized donor 

D+ which decompose irreversibly, Equation (17). In this way, PS- can accumulate and react with an 

electron relay R to regenerate PS and to yield R,-Equation (19). 

 

𝑃𝑆− + 𝑅 → 𝑃𝑆 + 𝑅− Equation (19) 

 

The inclusion of a suitable catalyst allows the formation of R- which can lead to the production of H2 

as is shown in Equation (14). 
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PS- is a more powerful reducing species than R-. Therefore the reduction of H2O to H2 can be 

achieved directly by PS- itself in the presence of a suitable catalyst. As a consequence, this scheme 

involves only three components (PS, D, Cat) and the mechanism becomes simplified (Figure 15). 

 

 

Figure 15; Redox catalytic cycles in the photoreduction of H2O to H2, via reductive quenching mechanism 

for a three component model system PS/D/Cat (reproduced from Higashi et al. (2008), with kind permission 

of Elsevier) 

 

Similar three-component systems for O2 production from water have been proposed (Figure 16). These 

systems require the formation, following visible-light excitation of the photosensitizer PS, of a strong 

oxidizing species PS+, having a redox potential E˚ (PS+/IPS) greater than 0.82 V (vs NHE, pH = 7). This 

can be achieved by using an electron-acceptor A as quencher which, once reduced to A,-Equation (20), 

decomposes irreversibly, Equation (21).  

 

𝑃𝑆+ + 𝐴 → 𝑃𝑆+ + 𝐴− Equation (20) 

𝐴− → 𝐷𝑒𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 Equation (21) 

 

The oxidized PS+ can accumulate and lead to O2 evolution in the presence of a suitable catalyst capable of 

facilitating the exchange of 4 electrons with H2O, Equation (22). 
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4𝑃𝑆+ + 2𝐻2𝑂
𝐶𝑎𝑡
�� 4𝑃𝑆 + 4𝐻+ + 𝑂2 Equation (22) 

 

 

Figure 16; Redox catalytic cycles in the photooxidation of H2O to O2 by visible-light irradiation of a three-

component model system PS/A/Cat (reproduced from Higashi et al. (2008), with kind permission of Elsevier) 

 

3.1 Recent developments  

In recent years research into the development of materials capable of photosplitting of water have 

focused on two approaches: 

1. One step mechanism 

2. Two step mechanism 

The one step mechanism is shown in Figure 3, while the two step Z-scheme mechanism is represented 

in Figure 13. 

3.1.1 One step mechanism  

The one-step mechanism of H2O photosplitting into H2 and O2 uses a single visible light active 

photocatalyst. However there are very few stable semiconductor materials available to achieve 

photosplitting of H2O with a one-step mechanism. Band engineering of semi-conductors is required to 

artificially develop new semiconductor materials that would satisfy the following criterion: 
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1. Have a narrow band gap 

2. Stable under photo-irradiation 

3. Suitable conduction and valence band levels for H2 and O2 production. 

It is impossible in principle to achieve separate production of H2 and O2 in a conventional one step 

water splitting system as H2 and O2 are evolved simultaneously on small semiconductor particles. 

 

3.1.2 Two step mechanism  

A process inspired by natural photosynthesis in green plants is the two-step mechanism of 

photosplitting of water, known as the Z scheme. This mechanism uses two different photocatalysts 

one tailored for H2 production and the other for O2 production and water is split into stoichiometric 

amounts of H2 and O2 in combination with a redox couple in the solution. 

Within this system the photocatalyst for H2 production the photoexcited electrons reduce water to H2 

and the holes in the valence band oxidise the reductant (Red) to an oxidant (Ox). The oxidant is 

reduced back to the reductant by photoexcited electrons over and O2 evolving photocatalyst where the 

holes oxidise H2O to O2. This system allows a semi-conductor to be used that has either a water 

reduction or oxidation potential on one side of the system. As a result of this a variety of semi-

conductors can be used on the Z-scheme even if they do not satisfy all the stringent requirements for a 

one-step system.  

Another advantage of Z scheme systems is the ability to separate production of H2 and O2 by 

employing a separator, such as porous glass filter, that permits only redox mediators to be transferred. 

A disadvantage of Z scheme systems as this is a two step photoexcitation system the number of 

photons needed to achieve water splitting is 2 fold larger than with the one step system. 

 

4 Photoreactors for water splitting  

The splitting of H2O on illuminated semiconductors has long been studied as a clean and renewable 

means of converting solar energy into chemical energy in the form of H2.  The production of H2 from 

H2O through chemistry has been known for hundreds of years, the United States military has been 

using a ferrosilicon reaction since the first world war (Weaver et al.). NaOH, ferrosilicon and H2O are 

added to a sealed vessel and as the hydroxide dissolves and heats to 200 oF, H2 and steam are 

produced. Many other methods are also used, steam reforming, CO2 sequestration, partial oxidation, 

plasma reforming, coal, electrolysis, photobiological, sulphur-iodine, fermentative production, 

enzymatic production, renewable hydrogen and lastly photocatalysis (Guo and Chen 2011; Musa et al. 
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2014; Kumar et al. 2013; Sugai et al. 2012; Huang et al. 2013; Ge et al. 2013; Bundaleska et al. 2013; 

Kim et al. 2014; Liberatore et al. 2012). Photocatalytic H2O splitting through two-step photoexcitation 

using two different semiconductor materials and a reversible donor-acceptor pair is one of the possible 

forms of “manmade photosynthesis” and is known as the Z-scheme system, which was described 

previously and can be seen in Figure 13. The development of new semiconductor materials aids in the 

efficiency of Z-scheme H2O splitting by reducing the number of back reactions. This section shall focus 

on reactors developed for H2O splitting primarily with a view towards the production of H2 via a 

photoelectrochemical system.  

 

4.0 Photochemical reactors  

Photoreactors utilising a catalyst suspension has advantages over a photoelectrochemical cell, a higher 

surface area which results in more active sites for photocatalytic reactions to take place, also it is a far 

more simple process as no film deposition or coating is required. 

Photocatalytic H2O splitting can be divided into two types of reaction, photochemical and 

photoelectrochemical. The photochemical is more commonly referred to as taking place in a 

photoreactor or photocatalytic reactor, which consists of a powder catalyst in a suspension in an 

aqueous media. Whereas a photoelectrochemical cell (PEC) consists of an immobilised photocatalyst 

on an anode. 

Photoreactors for the splitting of H2O take many forms, utilise numerous shapes and sizes of vessels 

and utilise many materials.  These can range from the simplest of set up, single chamber reactor, 

Figure 17, to the more complex multi-chambered multi-layer cell type.  Whatever design, the housing 

of the reactor takes, the fundamental operational principles remain the same, and it is those which 

shall be addressed here. 
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Figure 17; Single chamber triple electrode PEC reactor (reproduced from Xing et al. (2013), with kind 

permission of Elsevier)  

 

The most basic form of reactor is the beaker or cube shaped vessel, the latter tends to be more 

acceptable as curved surfaces are not suitable for electrode style set ups. The biggest drawback of a 

single chambered (or non-membrane) reactor is the dangerous mixture of O2 and H2. This is quite 

possibly the single biggest danger in H2O splitting, the mixture of O2/H2 forming an explosive ratio. 

In the case of batch or stirred tank photoreactors this proves to be the greatest danger but also the 

more complex problem, as separating H2 and O2 requires expensive membrane technology or cryo 

processing (Zhang et al. 2013; Yu et al. 2011). 

It can be seen in Figure 18 that it is possible to use a batch style stirred photoreactor to produce H2 

and O2 in the same system, but the two gases are generated in isolation thanks to a proton membrane 

such as Nafion. 
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Figure 18; Bi-gas sulfonated tetrafluoroethylene membrane cell (reproduced from Liao et al. (2012), with kind 

permission of International Association of Hydrogen Energy)  

 

The same principles of format can be applied to multi-chambered PEC reactors, Figure 19. The use of 

coated electrodes for the generation of H2 and O2 can be seen in a twin chamber and triple chamber 

arrangement. 

 

Figure 19; H-type reaction vessels, triple and twin chamber (reproduced from Minggu et al. (2010), with kind 

permission of International Association of Hydrogen Energy)  

 

http://en.wikipedia.org/wiki/Tetrafluoroethylene
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In the triple chamber reaction vessel the H2 and O2 are evolved on the WE and CE electrodes in 

ported chambers under illumination via a side window, this arrangement of porting prevents explosive 

mixing of the two gases. Similarly in the twin chamber reactor, the evolution of gas occurs on the WE 

and CE electrodes but this time the reactor contains a Nafion membrane which allows the H+ to 

transfer to the CE side of the reactor. 

There are many other formats of photochemical reactors which contain the same constituent 

components but vary the orientation and design (Matsumoto et al. 2012; Zhang et al. 2010; Lo et al. 

2010; Yu et al. 2011; Jing et al. 2010; Huang et al. 2012; Yan et al. 2011; Babu et al. 2012; Ding et 

al. 2013). 

 

4.1 Photoelectrochemical cell reactors  

In a photoelectrochemical cell reactor the catalyst is prepared in a thin film on a substrate to form a 

photo-anode, with the application of an external circuit to direct the electrons from the photocatalyst 

to the cathode where H2 is evolved, Figure 20.  

The mechanism involves fundamentally 4 steps 

1. Generation of electron hole pairs on the photo-anode 

2. Oxidation of water by the holes to give O2 and H+ 

3. Transfer of photogenerated electrons circulate to cathode 

4. Reduction of H+ on cathode to give H2 

The first demonstration of this type of PEC was by Fujishima and Honda in 1972. The 

photoelectrochemical reactor is a bi-gas system where O2 is generated, on the anode from the splitting 

of H2O.  
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Figure 20; Schematic of photoelectrochemical cell (reproduced from Liao et al. (2012), with kind permission of 

International Association of Hydrogen Energy) 

 

The major advantage of a PEC is the ability to create bias within the cell by altering the anode 

material configuration.  The internal bias can be further complemented by applying an external bias 

between the electrodes.  Water, under certain conditions, can be reversibly electrolysed at a potential 

of 1.23 V. 
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Figure 21; Types of photoelectrochemical cells, (a) n-type, (b) p-type, (c) n-&p-type, (d) hybrid, (e) monolithic-

bypolar and (f) monolithic-electrical connection (reproduced from Minggu et al. (2010), with kind permission of 

International Association of Hydrogen Energy) 

 

Semiconductors are the main photoactive material in a PEC and can be classified as either metal oxide 

or photovoltaic material. There are several types of PEC which exist; n-type, p-type, n-&p-type, 

hybrid, monolithic-bypolar and monolithic-electrical connection, Figure 21.  For example an n-type 

semiconductor can be TiO2 (a), p-type can be InP (b) and a n-&p-type can be n-GaAs/p-InP (c). A 

hybrid cell could consist of several n-type semiconductors with differing band gaps to cover more of 

the solar electromagnetic spectrum (d). It is possible to also have a hybrid cell which combines both 

the anode and cathode in a monolithic structure (e) with a metal substrate coated on either side or to 

separate the anode and cathode with their own isolated substrate and connect the two with an 

electrical connection (f) (He et al. 2014; Li et al. 2013; Zhu et al. 2013; Danko et al. 2013; Wang et 

al. 2014; Zhang et al. 2014). 
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4.1.1 Cell biasing  

The optimum PEC is the generation of H2 without the application of an external current. This zero 

biasing only occurs when the band gap and band edges of the photocatalyst is correct to split H2O. 

Currently there is no single semiconductor which can produce H2 in a sufficient quantity under a zero 

bias operation, the application of an external current is necessary to create viability (Li et al. 2011; 

Hsu et al. 2011). 

 

 

Figure 22; Biasing methods for photoelectrochemical water splitting (reproduced from Minggu et al. (2010), 

with kind permission of International Association of Hydrogen Energy) 

 

There are several types of external bias which can be applied to a PEC including an electrical bias, 

chemical bias, photovoltaic bias or internal bias, Figure 22. In the case of electrical bias (a), the PEC 

is connected to an external power supply. In practice this is a reliable and effective method of biasing 

a PEC, but ultimately defeats the green energy credentials of photocatalytic sytems; unless driven via 

renewable sources. For an internally biased PEC (b), it is the multilayer structure of the anode which 

creates the required bias. This can take the form of PV~a-SiGe, PEC~WO3, PV1~GaInP, PV2~GaAs 

or PEC/PEC PEC1~DSSC PEC2~WO3 whereby the structures achieve the correct band gap required. 

In the case of chemical bias (c) the pH of the electrolyte which the anode and cathode are submerged, 
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separated by an ion exchange membrane, acid one side and alkali on the other. This form of biasing 

proves un-cost effective as a constant replenishing of the starting electrolytes is required as each move 

towards equilibrium as H+ and OH- are consumed. For photovoltaic bias (d), a solar photovoltaic cell 

is directly connected to the PEC, this could be a dye sensitised cell for example (Andrade et al. 2010; 

Shin et al. 2013; Abe et al. 2010; Lianos et al. 2011). 

 

4.1.2 Photovoltaic photoelectrochemical cell  

As mentioned in the previous section, an increasingly common format for a PEC is the addition of a 

photovoltaic cell as shown in Figure 23. For realistic low impact H2 production from H2O spitting, 

the use of a photovoltaic cell allows a more energy efficient process to occur (Fujii et al. 2013; Zhang 

et al. 2012; Avachat et al. 2006; Mishra et al. 2007). Recent research has shown an increase in 

photovoltaic efficiency in the region of 12% (Gibson and Kelly, 2008). 

 

Figure 23; Monolithic photoelectrochemical/photovoltaic device (reproduced from Liao et al. (2012), with kind 

permission of International Association of Hydrogen Energy) 
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4.2 Illumination  

There are several laboratory based illumination sources currently employed in water splitting, ultra-

violet, visible and solar simulator lamps are used with bench scale systems. In the case of larger scale 

up systems a move towards purely natural solar illumination is necessary as there is no economic 

viability in creating purely lamp driven H2. As the solar electromagnetic spectrum contains ~4 % UV 

and almost 50 % visible light the move towards visible absorbing catalyst is needed to make 

photocatalytic water splitting a viable technology. Current catalyst trends are directing formulation 

towards visible only activation, but efficiencies are still low for commercially viable catalysts.  
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