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Abstract 

Hydrogen (H2) has proved itself as a viable future energy carrier and 

alternative for fossil fuel in terms of ensuring a clean and sustainable 

energy supply. However, H2 must be made available at a lower cost 

so that everyone can benefit from it and prevent causing a worldwide 

ecological imbalance. The usage of photoelectrochemical water 

splitting (PEC) technology by using TiO2 photocatalyst can produce 

H2 using renewable solar energy. The essential milestones, as well as 

the mechanism in PEC H2 generation, are discussed in this article. 
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1. Introduction 

Nowadays, a variety of environmental problems affect our world. The increased growth in human 

population and industrial development has resulted in the generation of various waste products and 

high consumption of energy. As a result, developing a continuous, renewable, and clean energy 

supply to protect the environment by reducing pollution emissions is the most pressing concern 

for human civilization. H2 is now widely regarded as an ideal future energy carrier [1], [2]. The 

energy yield of H2 is approximate 122 kJ/g which this provided energy is larger than the energy 

provided by conventional hydrocarbon fossil fuels combustion [3]. Besides, the process to provide 

energy through H2 combustion is environmental friendly due to the harmless end product of H2O 

[4]. H2 can be generated through various methods using different raw materials, including fossil 

fuels and biomass [3], [5]. However, these methods contribute to problems such as energy 

depletion, environmental pollution, production of unwanted CO2, the need for huge electrical 

consumption, and low efficiency of H2 production [3], [5], [6]. Therefore, a suitable method must 

be invented to resolve all the disadvantages.  
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Solar energy is the largest, clean, renewable, and free energy source accessible throughout the 

world providing up to 1.2 x 1014 kJ of energy per second [7-8]. The amount of solar energy reaching 

our planet is approximately 100000 TW of which 36000 TW reaches land surface each year [9]. 

PEC water splitting is one of the most widely used techniques that use sunlight energy to separate 

water molecules into H2 and oxygen (O2) molecules (2H2O  2H2 + O2) and thus reduce electrical 

energy consumption [8-10]. This technique is effective and environment friendly to make it the 

most promising method for H2 production so far. In this method, H2 and O2 are going to be 

generated at two separated photoelectrodes, anode and cathode, respectively. Large varieties of 

semiconductor (metal oxide) materials are used as photocatalysts in the PEC water splitting 

process. Photocatalysts activated by solar irradiation produce photogenerated electrons and holes, 

and they will react with water to generate H2 and O2 effectively [1], [9].  

In this article, some of the early studies in heterogeneous photocatalysis start from solar 

photovoltaic to the solar H2 in PEC water splitting cell will be reviewed. The development of a 

TiO2 semiconductor photocatalyst capable of producing H2 efficiently through both the PEC cell 

and light activation will be reviewed.  

2. Historical overview of PEC application 

As the demand for alternative energy sources grows worldwide, there is an increasing interest in 

cost-effective, conveniently produced energy sources with excellent performance. Alexandre 

Edmond Becquerel's early experiment based on photocatalysis was published in 1839 [11]. He 

discovered that an electrode made of silver chloride (AgCl) coupled to a counter electrode 

immersed in an aqueous electrolyte creates an electrical current and voltage during solar light 

irradiation. The discovery of capturing solar energy and turning it to electrical power sparked a 

slew of new ideas for scientists and academics looking for alternate energy sources. The 

photoelectric effect was then applied to a device for the first time in 1883 by Charles Fritts, who 

created a gold and selenium n-p junction device with a 1 percent efficiency [12]. There was a 

scarcity of information about heterogeneous photocatalysis in the early twentieth century. 

Bell Laboratories published and reported the first p-n junction solar cell design in 1954, with a 6 

percent efficiency [13]. Bell Labs' breakthrough resulted in the first commercially practical solar 

cell and revolutionized the photovoltaic industry. Improvements have been made to make 

photovoltaic more accessible in the global market. Solid-state junction devices built of silicon have 
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dominated the conversion of solar energy to electrical power. The most significant disadvantage 

of photovoltaics is that it does not work when the sun is not strong or in bad weather. As a result, 

energy storage is critical, which can be accomplished by creating H2 and storing the energy as 

chemical energy in H2. The stored energy is then can be released as electrical energy when needed. 

PEC cells have typically relied on nanocrystal structure materials. The nanostructure material is 

having many advantages such as high current generation efficiency, low cost, and chemical 

stability [14]. 

In 1972, Fujishima and Honda discovered the PEC H2 production using TiO2 electrodes [15-17]. 

Because crude oil prices had abruptly risen and a future shortage of crude oil was a real issue, this 

event heralded the start of a new era in heterogeneous photocatalysis. As a result, scientific 

interests in semiconductor photocatalysis based on TiO2 photocatalyst have grown significantly. 

To have a better understanding of the fundamental mechanisms and to improve the photocatalytic 

effectiveness of TiO2, research works have been published. TiO2 has emerged as the top candidate 

for PEC cells due to characteristics such as non-toxicity, low cost, excellent stability against photo-

corrosion, potent photocatalytic activity, and self-cleaning ability [16-18]. 

In the early 1980s, TiO2 in different forms such as solution suspension and solid photoelectrode 

was used to generate H2 through the PEC cell. However, this system has several flaws such as the 

appearance of trapping sites, long travel distances, and disordered contact areas between two 

particles or spheres. Therefore, the electron transporting time in the TiO2 bulk phase is relatively 

long, resulting in the scattering of free electrons with lower mobility. These drawbacks reduce the 

performance of PEC cells. Other than that, an appropriate substrate is needed to support the 

particles or spheres in the PEC system and a filtration process might be needed after using them 

[17], [19].  

In the early 1990s, TiO2 thin film photocatalyst was created in the PEC application because it 

provides a more resilient and cost-effective solution by removing the issues mentioned above and 

being reusable in the PEC application. However, thin-film photocatalysts do not have a 

significantly large surface area [20]. To achieve optimum overall efficiency without increasing the 

geometric area, it is critical to maximizing the active sites of TiO2 thin films. Advanced geometries 

of TiO2 thin films have recently garnered much attention, especially nanostructured TiO2, which 

has a large surface area (active sites) for photon absorption in PEC application [17]. 
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Zwiling and co-researchers reported the first generation of self-organized porous TiO2 by 

anodizing Ti foil in chromic acid electrolytes containing hydrofluoric acid (HF) in 1999 [16]. Gong 

and his research team later constructed self-organized TiO2 nanotubes arrays with excellent 

uniformity by anodizing Ti in an aqueous dilute HF electrolyte in 2001. The maximum nanotube 

lengths were approximately 500 nm. One-dimensional (1D) nanostructured TiO2 film can be 

simply removed and replaced after the photocatalytic process. Therefore, 1D nanostructured TiO2 

film is used in photoreactors for cost-effective purposes. Various methodologies such as 

hydrothermal, sol-gel, and anodization can be used to create 1D TiO2 nanostructures [16], [21–

23]. 

TiO2 nanotubes have recently been identified as a possible building element for a new generation 

of nanoscale devices. Self-organized TiO2 nanotube arrays bring much attention, not only because 

of their variable band gap due to the quantum confinement effect but also because of their larger 

surface area which allows for more photon absorption [15], [17]. However, a suitable method to 

produce nanotubes arrays must be researched and different effects such as wall thickness, length, 

pore width, and intertube spacing must be optimized to obtain preferred dimensions and 

morphologies. Many researchers have found that highly ordered TiO2 nanotubes are superior and 

highly efficient in PEC responses due to their higher surface area allows for better light scattering 

and thus more electron generation [17]. The improvement of charge transport favors PEC features 

that improve photocurrent resulting in more efficient H2 generation. As a result, TiO2 nanotubes 

have been proved to be a stable photocatalyst or semiconductor for efficient light absorption in 

water photo-electrolysis reactions.  

 

3. Principle and mechanism of PEC water splitting 

The main components of PEC water splitting device are made up of semiconductor 

photoelectrodes which can absorb light, electrolyte, and separation membrane. There are three 

main processes involved in a complete PEC water splitting process. The first process is light 

absorption by semiconductor photoelectrode. Different semiconductors are having different band 

gap energies. Band gap reading is the difference between the valence band (highest occupied 

molecular orbital) and conduction band (lowest unoccupied molecular orbital) of the 

semiconductor [9]. A pair of charge carriers is generated when the semiconductor material 

received photons (from sunlight irradiation) with energies larger than its band gap energy. Excited 
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electrons located in the valence band will tend to move to the conduction band and leaving holes 

in the valence band. In the water splitting process, the valence band potential of the semiconductor 

must be positive than the O2/H2O redox potential of 1.23 V vs. NHE (pH = 0) and the conduction 

band potential must be more negative than the H+/H2 redox potential of 0 V vs. NHE to carry out 

water oxidation and reduction reactions respectively [9], [10], [16]. 

The second process is the separation and transportation of photoexcited charge carriers. The third 

process is the redox reactions of water splitting. Fig. 1 demonstrates the set-up of a simple PEC 

device (type I) based on n-type semiconductor as the photoanode where (I) to (III) represent first 

to third processes.  In this type, I PEC device, a single semiconductor can be used either as a 

photoanode or photocathode to carry out water oxidation or reduction process.  

 

Fig. 1 Type I PEC cell with n-type semiconductor as photoanode and metal as the counter 

electrode. Reproduced from [9] with permission from the Royal Society of Chemistry. 

Metal oxide has gotten much attention in PEC water splitting process due to benefits including 

chemical and physical stability, low cost, easy accessibility, wide varieties, etc. [10]. Despite all 

the advantages, the problems of weak electrical characteristics, large band gap reading, fast 

photogenerated electron, and holes recombination need to be solved to enhance the H2 production 

in the water splitting process [18], [24]. Fig. 2 demonstrates different semiconductors together 

with their valence and conduction band edge readings. Band positions of the semiconductor 

depend on the pH of the electrolyte. It is important to research a low cost, efficient, high stability, 
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non-toxic, and easy to access material for PEC water splitting process. The suitable semiconductor 

used in the PEC systems must have four essential characteristics as shown below [9], [16-18]: 

i. Photochemical stability:  

The material must be stable in an aqueous solution to avoid photo-corrosion during the photo-

electrolysis reaction. Photo-corrosion occurs when the photoexcited charge carrier does not 

carry out water oxidation or reduction but instead decomposes the photocatalyst itself. 

Semiconductors such as zinc oxide, molybdenum disulfide, and bismuth vanadate are 

undergoing photo-corrosion easily.  

ii. Band gap: 

Sunlight is made up of approximately 5% of UV light (wavelength of 300 to 400 nm), 43% 

of visible light (wavelength of 400 to 700 nm), and infrared radiation (wavelength of 700 to 

2500 nm). Thus, the light absorption of the semiconductor must be within the visible region 

to enhance the efficiency of water splitting. The theoretical minimum band gap energy for 

PEC water splitting process is 1.23 eV (light absorption around the wavelength of 1100 nm) 

due to the O2/H2O redox potential as mentioned before. Besides, the possibility of both the 

thermodynamic energy losses during charge carrier transportation and overpotential 

requirement for surface reaction kinetics must be considered to evaluate suitable band gap 

energy reading. Thus, the semiconductor candidate must display a band gap energy of more 

than 1.8 eV (light absorption around 700 nm). The band gap reading should not be more than 

3.2 eV due to the possibility of low sunlight intensity for wavelength under 390 nm 

considering the possibility of overpotential losses and the initial energy required to begin the 

water splitting reaction.  

iii. Charge carrier separation and transportation 

The fast recombination rate of the charge carrier affects the water splitting efficiency. A study 

carried out by researchers shows that approximately 60-90% of photoexcited electrons 

recombine with holes within 10 ns. 

iv. Energy level: 

The reduction and oxidation potential of the photocatalyst must lie between the conduction 

and valence band edges for the immediate water splitting reaction.  

TiO2, as mentioned in the previous section is widely used in this application due to its distinctive 

characteristics [18]. Fig. 3 displays the layout of a simple PEC water splitting set-up using TiO2 
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photoanode and platinum photocathode. In Fig. 3, when TiO2 is irradiated with light energy larger 

than its band gap energy, charge carriers are formed. The exciting form of electrons produced by 

TiO2 will travel through the circuit towards the platinum electrode and undergoes a reduction 

process to synthesize H2 while holes carry out an oxidation process to form O2 [2], [16], [18]. The 

overall process is shown in Eq 1 to 3 as follow: 

TiO2 + 2 hv → TiO2 + 2e- + 2h+     (1) 

2H2O + 4h+ → O2 + 4H+      (2) 

2H+ + 2e- → H2        (3) 

However, TiO2 can only absorb UV light due to its large band gap reading (approximate 3.2 eV 

for anatase and 3.0 eV for rutile phase). Besides, the fast recombination rate of photoexcited 

electron-hole pairs also affects their water splitting efficiency [15], [18]. Today, methods including 

doping with other metal or non-metal materials [25]–[29] and formation of binary [30], ternary 

[31], quaternary composite heterostructures [32] have been reported in numerous publications to 

promote more efficient charge separation, longer charge carrier lifetimes, and improved interfacial 

charge transfer in TiO2. Furthermore, the recombination rate of electron-hole pairs can be 

enhanced by constructing a TiO2 heterojunction photoanode [31]. Furthermore, the formation of 

this structure also improves the efficiencies of both the surface reaction kinetics and photo-redox 

process [31].  

 

Fig. 2 Band positions of different semiconductors corresponding to the redox potential of water 

splitting at pH = 0. Reproduced from [9] with permission from the Royal Society of Chemistry. 
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Fig. 3 PEC water splitting using TiO2 photoanode and platinum photocathode. Reproduced with 

permission from [33]. 

4. Conclusion 

All in all, this review sought to provide an overview of the metal oxide semiconductor in the PEC 

H2 production application so that the reader may gain a better understanding of the historical 

context, basic fundamental investigations, and mechanism in PEC H2 generation. TiO2 

photocatalyst can be used as the photoanode material in PEC cells to generate H2 because of their 

distinctive characteristics such as low costs, chemically stability, long lifetime of charge carriers, 

powerful photocatalytic ability, high resistance towards photo-corrosion, and large surface area.  
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