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ABSTRACT 

To address the challenge in sustainable global development, considerable efforts have 

been made to produce fuels from renewable resources with photocatalysts and 

photoelectrochemical cells (PECs) by harvesting solar energy. The solar energy conversion 

efficiency of photocatalysts and PECs is strongly dependent on the light absorption, charge 

separation, charge migration, charge recombination processes and (electro)catalytic activity in 

photoactive semiconductors. This perspective article describes the barrier, progress and future 

direction of research on the correlation of the chemical constituent, size, dimensionality, 

architecture, crystal structure, microstructure and electronic band structure of photocatalysts (or 

photoelectrodes) with five vital processes including light absorption, charge separation, 

migration and recombination as well as surface redox reactions. This article deals with both 

single materials and composites such as co-catalysts on photoelectrodes/photocatalysts, dye-

sensitized or plasmon-enhanced photocatalysts, semiconductor-semiconductor heterostructures, 

semiconductor-carbon hybrids as wells as Z-scheme and tandem cells. This article also highlights 

the application of representative photocatalysts and PECs in solar water splitting. 

  

Key words: photocatalyst, photoelectrochemical cell, solar fuel, water splitting, hydrogen, 

energy band, charge transfer, semiconductor, surface plasmon resonance 
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1. Introduction 

      Currently, the primary energy source is supplied from fossil fuels, which accounts for ~81% 

of all energy supplies in 2011 and 2012.[1,2]  Combustion of fossil fuels leads to the greenhouse 

effect and climate change.[3-5] The environmental concern, the reducing availability of fossil fuels 

and the daily-increasing demand on energy supply has simulated the development of an 

renewable energy sources. Solar energy is a most clean, abundant renewable energy source. The 

energy that the sun hits the earth for one hour is much more than what human beings need for 

one year.[5,6] The solar energy can be converted and stored in fuels such as hydrogen by water 

splitting and hydrocarbon compounds by CO2 reduction.[7-16]  

      In 1972, Fujishima and Honda discovered the hydrogen generation by illuminating TiO2 

electrode in a photoelectrochemical cell (PEC).[17]  In 1979, the same group reported the 

photocatalytic CO2 reduction by different semiconductors.[18] These two discoveries have opened 

a new avenue for solar fuel production. The US Department of Energy (DOE) has set up a target 

for PEC hydrogen production to achieve the solar-to-hydrogen (STH) efficiency of 10% with 

durability of 5000 hours till 2018.[19,20] DOE also targets to reach $5.7/gge (gasoline gallon 

equivalent) for photoelectrode systems and $4.6/gge for photo-particle systems in 2020. 

Although efficiencies as high as 12.4% for a tandem cell and 18% for a multijunction cell have 

been achieved, high cost and long-term instability of the employed semiconductors hindered 

their commercialization.[21-23] It is recognized that the technology for solar water splitting is still 

far from maturity, and the current R&D priority is put on the material and device development. 

      Photocatalysts and photoelectrochemical cells have been reviewed in the previous papers.[9-16] 

This perspective article will place an emphasis on the correlation of the 

photocatalytic/photoelectrochemical performance of semiconductors with materials features and 

the five vital physico-chemical processes including (i) light absorption, (ii) charge separation, (iii) 

charge migration, (iv) charge recombination and (v) surface redox reactions. The material 

features such as the chemical constituent, size, dimensionality, architecture, crystal structure, 

microstructure and electronic band structure govern these five physico-chemical processes, 

which in turn determine the solar energy conversion efficiency of semiconductor-based 

photocatalysts and PECs.[24-27] In the present work, we attempt to provide insight into the 

physico-chemical processes. We also review the technical barriers in development of 

photocatalyst/photoelectrode materials. We will then discuss the strategy for designing new 
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materials and structures for photocatalysts/photoelectrodes. 

 

2. Photocatalysis and Photoelectrochemical Cells 

2.1 Concepts and Testing of Photocatalysts and Photoelectrochemical Cells 

The detailed introduction to photocatalysis refers to previous excellent papers.[24,25] 

Briefly, semiconductor photocatalysis drives a heterogeneous photochemical catalytic reaction 

on the surface of a solid-state semiconductor.[28] There are two basic configurations for 

photocatalytic generation of fuels: the particulate system and the PEC as shown in Figure 1. In a 

particulate system, the free-standing photocatalyst powders are either suspended in a solution or 

fixed at a reactor bed. As shown in Figure 1, five main processes occur: (I) light absorption, (II) 

charge separation, (III) charge migration, (IV) charge recombination and (V) redox reactions.[24-

27] When a semiconductor absorbs the photons with the energy greater than the band gap energy 

(Eg), electrons are excited to the conduction band, leaving the holes in the valence band. The 

separated electrons and holes then migrate through the semiconductor to the 

semiconductor/electrolyte interface, where redox reactions occur to generate fuels. However, not 

all the photo-generated charge carriers can be collected and finally contribute to the fuel 

generation. In fact, a portion of the photo-generated charge carriers are subject to the 

recombination in the bulk and at the surface, dissipating their energy thermally by creation of 

phonons and so on.[29] Charge recombination is believed to be a major loss of the excited charge 

carriers and a critical factor that limits the solar-to-chemical energy conversion efficiency for 

semiconductor photocatalysts. The charge carriers have a recombination time on the order of 10-9 

s while the chemical interaction with adsorbed species has a longer time scale between 10-8-10-3 

s.[30] Studies show that the charge recombination can sometimes reach up to 90% within a period 

of 10 ns after generation.[4,31]   

The amount of produced hydrogen and oxygen can be quantitatively measured by gas 

chromatograph. The fuel production rate is typically evaluated by the amount of fuel per unit 

time. The apparent quantum yield (QE) is typically used to evaluate the performance of 

photocatalysts as follows[32] 

                                                    
photonsincidentofnumber

moleculesHofnumber
QE 22

                   (1) 
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photonsincidentofnumber

moleculesOofnumber
QE 24

                    (2) 

 

     

 

Figure 1. Scheme illustration of (a) a particulate photocatalyst, (b) a photoelectrochemical (PEC) 

cell with a n-type photoelectrode, (c) Photocurrent density-voltage curves obtained from a n-type 

semiconductor photoanode. Note: (I) Light absorption, (II) Charge separation, (III) Charge 

migration, (IV) Charge recombination and (V) redox reaction. CB=Conduction band, 

VB=Valence band, Eg=Band gap, A=Acceptor, and D=Donor.  

 

In a PEC, the photoelectrode is made of semiconductor, which is supported on a 

conductive substrate as the working electrode (a n-type semiconductor as the anode and a p-type 

semiconductor as the cathode). Different from the particulate system, the reduction and 

oxidization reactions occur on the different electrodes separately. For example, in a PEC with an 

n-type semiconductor photoanode for overall water splitting, hydrogen is generated at the 

cathode while oxygen is evolved at the photoanode surface. Thus the reaction products can be 

collected in separate chambers. The PEC configuration provides great flexibility in designing 

materials. The photoactive and catalytic materials can be applied on the separate electrodes that 

are located in different chambers. Also, in a PEC, the Fermi level of the photoelectrode can be 

controlled via a potentiostat; and the redox reactions can be controlled at a desirable potential so 

that reaction selectivity can be improved. Moreover, a PEC is a powerful tool for studying the 

photo-induced charge separation and charge transfer processes in semiconductors as well as the 

reaction kinetics and mechanism at the semiconductor/electrolyte interface.  
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In order to make comparative evaluation, an effort has been made to publish the standard 

methods for testing the performance of PECs. [33] A photocurrent density-voltage (J-V) curve is 

an important tool used for testing PECs (Figure 1c), in which a primary performance indicator 

for a PEC is the photocurrent density (mA/cm2) at an applied voltage of 1.23 V (vs. RHE, the 

reversible hydrogen electrode) for a photoanode and at 0 V (vs. RHE) for a photocathode, 

respectively. Alternatively, the solar-to-chemical energy conversion efficiency () can be 

quantitatively measured for a two-electrode PEC, which requires an external bias to drive a 

redox reaction, as follows [33]  

light

appredox

P

VVJ )( 
                          (3) 

where J is the measured photocurrent density (mA/cm2), Vredox is the redox potential of a 

reaction. Vredox =1.23 V for electrochemical water splitting. Vapp is the applied external bias (V). 

Plight is the measured intensity of the full-spectrum solar radiation (mW/cm2). In addition, the 

quantum efficiency of a two-electrode PEC is typically quantified by the incident photon-to-

electron conversion efficiency (IPCE), which is calculated as [33] 

 P

J
IPCE





1240                                        (4) 

where λ is the wavelength of the incident light (nm), and Pλ is the measured irradiance at the 

specific wavelength (mW/cm2). In addition, the transient photocurrent is typically acquired to 

study the long-time scale charge recombination behavior in a semiconductor photoelectrode.[34] 

Also, electrochemical impedance spectroscopy (EIS) is an important tool that is able to gain in-

depth understanding of physic-chemical processes in a PEC. For example, the space charge 

capacitance (CSC) near the semiconductor surface in an electrolyte can be derived from EIS. The 

relationship of the donor density (ND) in a semiconductor photoelectrode with CSC can be 

obtained via the Mott-Schottky equation [33] 

)(
21

22 e

kT
VV

AeNC fbapp
Drosc




                                      (5) 

where o is the vacuum permittivity, r is the relative permittivity, A is the photoelectrode area, 

Vfb is the flat band potential, k is Boltzmann constant and T is temperature. From the plot of 
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21 scC vs. Vapp (called Mott-Schottky plot), ND and Vfb can be obtained. Also, the Mott-Schottky 

plot can tell whether the semiconductor is a p-type or n-type. The above-mentioned 

photoelectrochemical test methods have been extensively used in the previous papers. [35,49,228,259]  

 

2.2 Requirements of Materials for Photocatalysts and Photoelectrodes 

One of important applications of photocatalysts or PECs is solar water splitting for 

hydrogen and oxygen generation.[4-15] The materials used for photocatalysts/photoelectrodes 

must enable the light absorption, the charge separation, migration and transfer to the electrolyte 

solution for redox reactions. This leads to high demand on the semiconductor as follows. 

Wide light absorption spectral range: As shown in Figure 2, the theoretical maximum solar-

to-hydrogen (STH) efficiency is determined by the band gap of semiconductors. The 

semiconductor should have a small band gap to absorb the sunlight in a wide spectra range to 

achieve high a STH efficiency.  

 

Figure 2. Dependence of the theoretical maximum solar-to-hydrogen (STH) efficiency and the 

photocurrent density of photoelectrodes on the band gap under AM 1.5 G irradiation (100 

mW/cm2). 

 

Suitable band energetics: The conduction band (CB) and the valence band (VB) levels must 

straddle the redox potentials of the photocatalytic reaction.[3,10-14] Taking water splitting as 

example 

                                          22
1

22 OHOH                              (6) 
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Water splitting is a thermodynamically uphill reaction, which requires the Gibbs free energy of 

237.18 kJ∙mol-1. In view of the electrochemical potential, a minimum potential of 1.23 V is 

required at 293 K.[36,37] Therefore, the minimum band gap of the semiconductor for water 

splitting should be 1.23 V plus the required overpotentials. Meanwhile, the conduction band 

position must be more negative than the H2 generation potential, and the valence band more 

positive than the O2 generation potential to promise the overall water splitting. Figure 3 

summarizes the band edge positions of some widely studied semiconductors.[10,38] The dashed 

lines indicate the water redox potentials. 

High charge mobility and long charge carrier diffusion length: The charge recombination is 

responsible for a major loss of the solar energy conversion efficiency. High charge mobility and 

long charge carrier diffusion length are demanded to ensure a low charge recombination rate. 

Strong catalytic activity: The photoanode and photocathode should have good catalytic 

activity toward water oxidation and reduction, respectively, to reduce the overpotential.  

Good stability: The semiconductor must chemically, electrochemically and 

photoelectrochemically stable in the electrolyte.  

Sustainability and low cost: The last but not the least, to meet the global sustainable 

development, the materials employed should be inexpensive, earth-abundant, environmentally 

friendly, and are desirable to be synthesized via “green” processes. 
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Figure 3. Band edge positions with respect to the vacuum level and the NHE for selected 

semiconductors at pH 0. The top squares represent the conduction band edges; the bottom 

squares present the valence band edges. The top numbers show the exact conduction band level 

and the number between squares is the band gap. The two dashed lines indicate the water redox 

reaction potentials. The data are adopted from Ref. 38 with the permission from the 

Mineralogical Society of America, and modified with new literature. [10, 13, 30, 52] 

  

3. Single materials 

3.1 Highlights of Typical Materials for Photocatalysts and Photoelectrodes 

Since 1972, researchers have selected or developed many semiconductors for 

photocatalysts/photoelectrodes, such as metal oxides, metal chalcogenides, metal nitrides, carbon 

nitrides and III-V compounds. Several representative photoactive semiconductors are highlighted 
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here. 

TiO2: It is the first materials used for photoelectrochemical water splitting and still serves as 

the benchmark for photocatalyst/photoelectrode materials. It has a wide band gap (3.2 eV for 

anatase 3.0 eV rutile phase) and an optical penetration depth of p=250 nm at =308 nm of 

incident light,[39] where p is the depth at which the intensity of incident light is decayed to 1/e of 

original value. The minority (hole) diffusion length (LD) is 70 nm for anatase TiO2 [40] and 10 nm 

for rutile phase.[41] TiO2 is earth abundant, non-toxic and photochemically stable under harsh 

condition. However, owing to its large band gap, it can only absorb the ultraviolet (UV) light, 

which accounts for <5% of solar radiation. This leads to a very low theoretical maximum STH 

efficiency (=1.3% for anatase and 2.2% for rutile TiO2). In the last decade, many attempts were 

made to dope TiO2 with either anions or cations to enable the visible-light photocatalytic activity. 

Although doping can extend its light absorption spectral range from the UV light to the visible 

light, the optical absorbance is low in the visible-light region. In addition, the doped TiO2 

typically exhibit a low photocatalytic activity in the visible-light region and may harm on the UV 

photocatalytic activity.  

Fe2O3: It is earth abundance, non-toxicity, stable, and has an optical penetration depth of  

p=118 nm at =550 nm.[42] It has an ideal band gap (1.9-2.2 eV),[43]  thus can achieve a  

theoretical maximum STH of 12.9%, which exceeds the STH benchmark efficiency of 10% for 

practical application.[44] However, its actual efficiency is hindered by its very short minority 

(hole) diffusion length (2-4 nm), low minority charge carrier mobility and poor water oxidation 

kinetics, which causes the accumulation of most photogenerated holes near the surface, leading 

to high surface and bulk charge recombination rates.[45-47] To overcome these shortcomings, 

nanostructures are commonly employed to enable the holes to migrate to the surface.[45-49] The 

water oxidation kinetics can be improved using co-catalysts. Deposition of IrO2 on hematite 

surface has led to a photocurrent of 3.3 mA/cm-2 at 1.23 V (vs. RHE), shifted the on-set potential 

by 200 mV.[48] The world-record photocurrent for hematite (4.32 mA/cm-2 at 1.23 V vs. RHE) 

was achieved recently using cobalt-phosphate (Co-Pi) co-catalyst on highly crystalline worm-

like hematite photoanode.[50] 

BiVO4 (BVO): It has an optical penetration depth of p=100-500 nm at =420-530 nm [51] 

and a direct band gap of 2.4 eV with conduction band at near 0 V (vs. RHE).[52-55] It is 

thermodynamically favorable for the water oxidation half reaction, but requires an externally 
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applied bias for water reduction half reaction. The theoretical maximum STH efficiency is 9.1% 

and the theoretical maximum photocurrent is 7.4 mA/cm2.[44,52,56] However, so far the theoretical 

maximum STH efficiency cannot be achieved due to serious charge recombination and  low 

water oxidation kinetics. BVO has a majority (electron) diffusion length of only ~10 nm, and 

minority (hole) diffusion length of ~100-200 nm.[55,57,58] This causes excessive consumption of 

electrons by charge recombination. Doping BVO with Mo and W can significantly increase its 

electron diffusion length to ~300 nm with a diffusion coefficient of 1.5×10-7cm2s-1.[44,55-60] As the 

water oxidation half reaction is a four-proton transfer process, the poor kinetics for O2 evolution 

at the BVO surface constrains its efficiency. Therefore, it is necessary to load the co-catalysts on 

BVO for oxygen evolution reaction (OER). Co-Pi is the most commonly used co-catalyst for the 

water oxidation kinetics.[57-60] A large cathodic shift up to ~440 mV and almost complete 

elimination of the surface charge recombination losses have been achieved with Co-Pi as the co-

catalyst for W-doped BiVO4.[57] The highest photocurrent was claimed to be 2.73 mA/cm2 at 0.6 

V (vs. RHE) on the nanoporous BiVO4 photoanode with a FeOOH/NiOOH dual-layer as the 

OER catalyst.[61]  

CdS: It has an optical penetration depth of p=62 nm at =500 nm[62] but a long charge 

carriers diffusion length up to the micrometer scale.[63-66] CdS has a band gap of 2.4 eV with the 

conduction band and the valence band that straddle the redox potentials for water splitting.[10,67] 

Thus CdS theoretically is suitable for the overall water splitting under the visible light irradiation. 

However, its low water oxidation kinetics leads to the accumulation of photogenerated holes, 

leading to photocorrosion.[10,67] Therefore, hole-scavenger sacrificial agents such as sulfide or 

sulfites, which have much faster oxidation kinetics than that of water oxidation, is used to protect 

CdS from photocorrosion. In addition, its hydrogen evolution reaction (HER) rate is extremely 

low for CdS alone due to the presence of a large amount of surface defects that trap the 

photogenerated electrons, which requires to employ the co-catalysts for HER such as Pt, Pd, PdS 

and MoS2.[68-74] On the other hand, recent study shows that a low hole transfer rate was an 

efficiency-limiting factor in a CdS-based heterostructure.[75] 

III-V compounds: The III-V compound semiconductors, such as GaAs, InP, GaP and their 

ternary and quaternary alloys are attractive for solar water splitting.[67,76] First, the III-V 

semiconductors have the desirable band gaps for light absorption (e.g., 1.42 eV for GaAs 1.35 

eV for InP and 2.26 eV for GaP).[77] Their band gap can be tailored by alloying (e.g., 1.83 eV for 
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InGaP2, 0.36-1.42 eV for InxGa1-xAs depending on the In/Ga ratio).[78,79] Second, they exhibit 

extraordinary charge carrier mobility (Figure 4).[76] At 300 K, GaAs has an electron mobility up 

to 9200 cm2V-1S-1, and its hole mobility up to 400 cm2V-1S-1. Surface recombination, however, is 

a critical factor that limits its efficiency.[80,81] Multi-junction has been considered as an efficient 

way to address this issue.[82-84] Multijunction PEC devices based on III-V semiconductors have 

demonstrated the impressive STH efficiency exceeding 16%.[82,83] However, the instability and 

high-cost put a constraint on these III-V semiconductor devices.[79,84] 

 

Figure 4. Electron (red) and hole (blue) mobility of III-V compounds. Reprinted from Ref. 76 

with permission from Nature Publishing Group. 

 

3.2 Size of Nanostructures  

In the last decade, research on nanostructured photocatalytic and photoelectrochemical 

systems increased dramatically. The performance of semiconductor is strongly correlated with its 

size. Herein the size of nanostructure refers to the diameter, the transverse dimension and the 

thickness for zero-dimensional (0D), one-dimensional (1D) and two-dimensional (2D) materials, 

respectively. When the size of materials falls into the nanoscale, materials may exhibit the 

different properties.  
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As the size is reduced down into the nanometer scale, the percentage of atoms or ions 

exposed on the surface massively increases, leading to an increase in the surface-to-volume ratio. 

This increases the number of active sites for catalytic reactions. Therefore, nanoscale materials 

may also exhibit high surface activity that does not exist in the bulk.[85,86] For example, 

molybdenum disulfide (MoS2) is a nontoxic, environmentally friendly and earth-abundant 

semiconductor with a potential to replace precious metal catalysts for hydrogen evolution 

reaction (HER). Bulk MoS2 has poor catalytic activity toward HER[87] while nano-sized or 

monolayer MoS2 is very active for HER[88]. Therefore, both the size and the surface effects are of 

great importance to photocatalysis. 

As a consequence of the size reduction, a cascade of electronic properties of material also 

changes dramatically. Particularly, as the size of a semiconductor is smaller than its Bohr radius, 

the movement of the charge carriers is greatly confined in a physical size due to the quantum 

confinement effect, which results in the discrete electronic band structure, leading to size-

dependent electronic and optical properties.[89,90] Size and band gap are inversely related in 

semiconductor crystals  such as quantum dots (QDs). As a result, some unworkable surface 

reactions become prospective by controlling the semiconductor to a suitable size. [10,89,90] For 

example, bulk MoS2 is an indirect semiconductor with a band gap of around 1.1 eV, which does 

not meet the requirement of band edge energetics for solar water splitting. When bulk MoS2 is 

engineered to monolayers, a MoS2 monolayer becomes a direct semiconductor with a band gap 

of around 1.9 eV [91,92], which provides the thermodynamic drive force for both photocatalytic 

water oxidation and reduction. Therefore, 2D MoS2 monolayers are desirable for photocatalytic 

HER compared to the bulk counterpart. 

Size is an important factor when considering the light absorption of semiconductors. The 

optical absorption in a semiconductor can be considered to follow the Beer-Lambert Law 

( d
od eII  ), depending on the wavelength-dependent absorption coefficient () [93]. The optical 

penetration depth (p) is defined as p=1/. For example, p is 118 nm at a wavelength of 550 nm 

for Fe2O3 [94]. At the depth of 3p=354 nm, the intensity of incident light is about 5%. In other 

words, 95% of incident light is absorbed within a thickness of 354 nm. Therefore, the optimal 

thickness of a thin film photoelectrode should be about 3p in view of light absorption.  

Size is also a critical factor when considering the charge recombination. For a thin film 

photoelectrode, the optimal thickness is around LD+W, where LD and W are the minority 
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diffusion length and the depletion layer width, respectively. And
mmD DL  , where Dm is the 

minority diffusion coefficient and m is the minority carrier lifetime.[93] This indicates that all the 

charge carriers photo-generated within a distance (LD+W) away from the 

photoelectrode/electrolyte interface could migrate to the photoelectrode surface. The charge 

carriers beyond this distance are subject to recombination. For example, the minority (hole) 

diffusion length is 2-4 nm for the Fe2O3 photoanode.[48,49]  Taking a depletion layer width of 7 nm, 

the Fe2O3 film photoanode should be around 9-11 nm thick. This concept has been demonstrated 

by the nanoscale cauliflower-shaped hematite photoelectrode [95], which offers a few hundreds of 

nanometers for the optical path but only a few nanometers for the minority charge carrier (hole) 

transport path. This nanostructured photoanode has exhibited a photocurrent density of 2.3 

mA/cm2 at 1.23 V (vs. RHE) in the absence of a co-catalyst on the hematite surface.  

For nanostructured semiconductors, although the charge recombination inside a material is 

reduced as the size is reduced, the surface and interfacial charge recombination may increase 

considerably with an increase in the specific surface area.[96] Surface modification is 

demonstrated to help reduce these losses.[97-99] For example, deposition of anatase TiO2 onto the 

rutile TiO2 nanorod can effectively reduce the  charge carrier traps on the surface. [100] 

 

3.3 Dimensionality and Architecture 

Semiconductors with different dimensionalities (0D, 1D, 2D and 3D) have been explored as 

photocatalysts/photoelectrodes as shown in Figure 5. Free-standing 0D nanoparticles are 

typically used as photocatalysts. In a suspension of nanoparticles, light scatters at both the front 

and the back sides of the nanoparticles, increasing the effective optical path length (Figure 5a). In 

addition, the suspended nanoparticles are isolated from each other, the nanoscale in all three 

dimensions promises the short charge carrier diffusion pathways. However, if nanoparticles are 

assembled into a photoelectrode configuration (Figure 5a), the photogenerated electrons have to 

transfer through inter-particle pathways to reach the charge collector. In this process, thermally 

activated hopping and electron tunneling occur at the inter-particle boundary, which increases the 

chances for charge recombination and back reactions.[86] Although a porous photoelectrode made 

of nanoparticles has a large specific surface area, the charge transport in such a photoelectrode is 

characteristic of slow diffusion via the multiple trapping and de-trapping events in the boundaries 

of nanoparticles. [101-103] 
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Figure 5. Light scattering/trapping and charge transport in nanoscale architectures for single 

material as the photoelectrode or the suspension photocatalyst. (a) 0D nanocrystals, (b) 1D 

nanostructures, (c) 2D nanosheets and films, and (d) 3D nanostructures constructed with 0D, 1D 

and 2D building block units. Adapted from Ref. 104 with permission from John Wiley. The 

corresponding SEM images present (a) TiO2 nanoparticles, (b) TiO2 nanorod array, (c) TiO2 

nanosheet array, and (d) WO3 porous photonic crystals constructed photoelectrodes, respectively. 

Reprinted from Ref. 105-108 with permissions from the PCCP Owner Societies, Royal Society 

of Chemistry and American Chemical Society.  

 

Different from 0D nanoparticles, 1D nanomaterials possess one dimension from the 

nanoscale to the micrometer scale and even longer. Nanowires, nanorods, nanotubes, nanofibers 

and nanobelts are typical representatives for this kind of architecture (Figure 5b). The enlarged 

length provides a “highway” for the charge transport along the longitudinal direction in a  1D 

single-crystalline nanomaterial.[109] The charge separation in 0D nanoparticles is not as effective 

as that in bulk because of the confined space in the nanostructure.[110] This can be alleviated in 

1D nanostructures where the charge carriers are less localized compared to 0D 

nanoparticles.[109,111] For this reason, 1D nanostructured semiconductors are of particular interest 
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in solar energy conversion devices. A comparative study by Nick Wu’s group has demonstrated 

that the single-crystalline TiO2 nanobelts with two dominant surfaces of (101) facet exhibited 

better photocatalytic activity than the 0D nanosphere counterparts (Figure 6). [109] The  nanobelts 

yielded an enhanced reactivity with O2 molecules on the (101) facet, which produced more 

superoxide anions by trapping the photogenerated electrons, facilitating the charge separation. In 

addition, compared to 0D nanosphere counterparts, the TiO2 (101) nanobelts exhibited a lower 

charge recombination rate due to greater charge mobility, fewer localized states near the band 

edges and in the band gap and enhanced reactivity with O2 molecules on the (101) facet.  

Another advantage of 1D nanomaterials is the light trapping and scattering, where light gets 

reflected between nanowires (Figure 5), dramatically increasing the path length of incident light, 

which is different from the large outward reflection as seen in a planar electrode.[112,113] The 

enhancement of light path length is dependent on the geometry of 1D nanostructures.[114] Leaky 

mode resonances could occur with either proper nanowire inter-spacing or diameter, which 

increases the light absorption. As such, it could be possible to control the light absorption 

enhancement at a desired wavelength by tuning the nanowire diameter.[115] 

A vertically aligned 1D nanostructure array on a transparent conductive substrate is of 

particular interest to a photoelectrode (Figure 5b). [100,116] For a 2D thin film photoanode, the 

direction of light absorption is the same as the direction of charge carrier transport. In many 

cases (e.g. Fe2O3), the minority diffusion length of photoactive semiconductor is much shorter 

than the optical penetration depth. The maximum thickness of a 2D thin film photoanode is 

determined by the minority diffusion length. A vertically aligned core-shell nanorod array, in 

which the core and the shell are made of a highly conductive material and a photoactive material, 

respectively, can solve this problem because this kind of nanorod array can separate the 

directions of light absorption from the charge transport. [11,117] The incident light travels along the 

longitudinal direction of nanorods while the charge carriers migrate through the shell thickness 

along the transverse direction (Fig.5b). This architecture is of particular interest to the photo-

active semiconductors such as Fe2O3 with its minority diffusion length much shorter than the 

optical penetration length. For example, Dunwei Wang’s group has demonstrated a TiSi2-Fe2O3 

core-shell nanonet array as the photoanode for solar water splitting, in which a highly conductive 

metallic TiSi2 nanonet acted as the charge transport channel while a 25 nm thick Fe2O3 shell 

served as the photoactive material.[118] This core-shell nanonet increased the photocurrent density 
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from about 0.3 to 1.6 mA/cm2 at 1.23 V (vs. RHE).    

 

Figure 6. Anatase TiO2 with exposed (101) facets. (a) HRTEM and (b) SEM images of TiO2 

nanobelts. (c) Geometry of anatase (101) TiO2. Reprinted from Ref. 109 with permission from 

American Chemical Society.  

 

2D nanomaterials refer to materials with two dimensions out of nanoscale range, such as 

free-standing nanosheets or planar films deposited on a substrate as shown in Fig. 5c. In most 

cases, the free-standing nanosheets as photocatalysts work as similar to 1D nanostructures. 

Compared to 1D nanostructures, the two large-area dominant surfaces of 2D single-crystalline 

nanosheets can be engineered to a highly reactive facet for photocatalysis. Moreover, the 

nanosheets with high specific surface area act as the physical support to form composites with 

other catalysts. The large face-to-face contact between nanosheets facilitates the formation of the 

heterojunction and interfacial charge transfer.[103] More details of 2D photocatalysts can refer to 

the previous paper.[103] 

3D materials can be constructed by assembly of 0D, 1D or 2D nanomaterials as building 

blocks in a precise and ordered arrangement.[119] Assembly can be guided under a template (such 

as a self-assembled polymer spheres and block co-polymers) or by the inherent force of the 

nanoscale blocks into a 3D ordered  structure. 3D ordered structures possess desired properties 

that cannot be achieved with disordered or suspended building blocks. For example, some 3D 

nanostructures have unique optical features, e.g., waveguiding, light trapping and scattering. 

Semiconductor photonic crystals, as one of representatives as shown in Fig. 5d, can create a 

photonic band gap. The light that enters the photonic crystal undergoes strong coherent multiple 
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scattering and propagates with a very low group velocity near the photonic band edges, which is 

referred as slow-light effect, which can considerably increase the effective optical path 

length.[108,120] It was observed that the light absorption can be enhanced orders of magnitude.[121] 

To maximize the light absorption enhancement, slow-light propagation modes in the inverse opal 

photonic crystal should be designed to be resonant with a light frequency around its electronic 

absorption edge.[122] Photonic-crystal-based optical coupling offers a new strategy to modify the 

intrinsic optical interactions inside a material. [108,123,124] 

 

3.4 Crystal Structure and Microstructure 

Crystal structure determines the electronic band structure and physico-chemical properties 

of semiconductors.[125] For instance, TiO2 has four types of crystal structures: anatase, rutile, 

brookite, and TiO2(B).[85] Anatase and rutile TiO2 are commonly used as photocatalysts with 

band gaps of 3.20 eV and 3.0 eV, respectively. Although rutile TiO2 can capture more light due to 

a narrower band gap, it exhibits lower photocatalytic activity than anatase TiO2. Both of them are 

composed of TiO6 octahedra with each Ti4+ ions surrounded by six O2- ions. But rutile octahedra 

share two edges while anatase octahedra share four edges.[4,25,85] This makes longer Ti-Ti 

distance and shorter Ti-O distance with lower symmetry in anatase TiO2. Anatase TiO2 has 

advantages over rutile phase in terms of the charge dynamics.[126] First, it has better charge 

carrier mobility and longer charge carrier lifetime.[127] Second, it exhibits larger depletion layer 

width and stronger band bending.[128,129] As a result, surface hole trapping dominates the spatial 

charge separation in anatase due to the strong upward band bending. In rutile, bulk 

recombination of electrons and holes prevails since only the holes very close to surface can 

migrate to the surface.[127,130] Anatase TiO2 exhibits a charge recombination rate about ten times 

lower than rutile.[4] Third, anatase has a conduction band level higher by 0.2 eV, providing higher  

driving force for the water reduction reaction.  

It is worth noting that a mixture of anatase and rutile TiO2 phases (e.g., Degussa P25 with 

an anatase/rutile ratio 70/30) typically displays much higher photoactivity than any single phase 

TiO2. At the anatase/rutile interface, the space charge layer is built, leading to band bending. As a 

result, the electric field at the interface promotes the charge separation and suppresses the charge 

recombination.[100,106,126,131,132] It is postulated that photo-generated electrons can transfer from 

anatase to rutile, and the holes can transfer in an opposite direction.[133,134] 
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Both single- and poly-crystalline materials have been used for 

photocatalysts/photoelectrodes. Single-crystalline materials have better charge mobility and 

lower charge recombination rate compared to polycrystalline counterparts. In polycrystalline 

materials, grain boundaries impede the charge transport and act as the sites for charge 

recombination. [135-137] 

One of advantages of single crystals is their capability of selectively exposing the crystal 

facets on the surface. The photocatalytic activity can be tuned by tailoring the exposed crystal 

facets. Different facets have different surface energies. For rutile TiO2, the {111} facet has a 

relatively high surface energy.[138] For anatase TiO2, the crystal facet is ranked in terms of surface 

energy as γ{110} (1.09 J·m-2) > γ{001} (0.9 J·m-2) > γ{100} and {010} (0.53 J·m-2) > γ{101} 

(0.44 J·m-2).[139] The crystal facet with a high surface energy is active in photocatalysis. Anatase 

TiO2{001} has exhibited better photocatalytic activity than other facets except for {110}.[140] 

Preparation of most active  anatase TiO2{110} is still a challenge. For Ag3PO4, the crystal facet is 

ranked in terms of surface energy as {111}>{110}>{100}.[141,142]  It has been reported that the 

exposed {111} facet in Ag3PO4 promoted the photo-generation of electron-hole pairs and 

suppressed the charge recombination because of the dispersion between the valence band and the 

conduction band. [141] 

When the exposed facets with different surface energies co-exist in a single entity, the offset 

of the band energy levels between different facets facilitates the charge transfer and thus 

enhances the photocatalytic activity.[143] In addition, studies have shown that different crystal 

facets are preferable for either photoreduction or photooxidation. For instance, the rutile {011} 

facet serve as the metal oxidation sites while the {110} facet offers the metal reduction 

sites.[144,145] 

It remains a significant challenge to synthesize the single crystals with the desirable 

exposed facets because the surface facet with a high surfaced energy usually is 

thermodynamically unstable, thus diminishes rapidly due to minimization of surface energy 

during the growth process. Special surfactants that passivate the highly active facets are usually 

employed to guide the crystal growth. For example, for exposure of {001} facets in anatase TiO2, 

fluorides are employed to control the exposure percentage.[140,146] 

 

3.5 Electronic Band Structure and Doping 
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The electronic band structure governs many properties of a semiconductors, which controls 

the light absorption, the charge separation, migration and recombination as well as the 

thermodynamic drive force for photocatalytic chemical reactions.[24,85,147] This in turn has 

significant influence on the photocatalytic/photoelectrochemical performance of semiconductors. 

The electronic band structure determines the nature of optical transition.[93] For direct 

semiconductors, the optical transition does not require a change in the crystal momentum, they 

can absorb all the incident light within a few of micrometers. As a result, the charge carriers in 

direct semiconductors migrate in a relatively short distance to reach the electrolyte. In contrast, 

indirect semiconductors require a change in the crystal momentum during optical transition. 

Since incident light (photon) possesses little momentum, indirect transition requires the 

involvement of phonons (lattice vibration). As a result, indirect semiconductors need much larger 

thickness (typically a few hundreds of microns) to absorb the incident light completely. 

Consequently, the charge carriers deep in an indirect semiconductor with a short minority charge 

diffusion length may be recombined before they reach the electrolyte. The absorption coefficient 

(α(E)) above band gap (Eg) is expressed by  for a direct semiconductor, and 

 for an indirect semiconductor. The photon energy is given by E=hv=hc/, 

where c is the light velocity in vacuum and  is the wavelength of light. When plotting α(E) 

versus E, the indirect semiconductors typically exhibit the Urbach tail. 

In addition, the electronic band structure affects the charge carrier mobility, which is 

dependent on the widths of the conduction and the valence bands. The charge carrier mobility is 

inversely proportional to the effective mass of the carriers (either electrons or holes) that is 

determined by the curvature of individual bands.[93] Broad bands are largely curved, leading to 

small effective mass and high charge carrier mobility.  

Also, the electronic band structure is correlated to photo-corrosion of semiconductors 

during solar fuel generation.[148] Generally speaking, smaller band gap leads to more 

vulnerability to photo-corrosion. Although some narrow band gap semiconductors such as Si, 

Cu2O, CdSe, CuInSe2 and GaAs have an advantage of wide light absorption spectral range, they 

are subject to photo-corrosion when acting as the photoelectrodes during solar water splitting. 

Generally, in view of thermodynamics, if the energy level of anodic decomposition (Ep,d)  is 

lower with respect to the valence band edge of a semiconductor, anodic decomposition of 
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semiconductor will not take place. If the energy level of cathodic decomposition (En,d) is higher 

with respect to the conduction band edge, cathodic decomposition will not happen.[10,149] 

However, this thermodynamic rule cannot be simply used to judge the photocorrosion of 

semiconductors. Taking TiO2 as an example, Ep,d is higher than the valence band, which implies 

the possibility of anodic photocorrosion. In fact, anodic photocorrosion does not occur in TiO2 

due to the extremely slow reaction kinetics. Photocorrosion of semiconductors can be inhibited 

by addition of a suitable sacrificial agent to the electrolyte. Alternatively it can be alleviated by 

deposition of a suitable co-catalyst on the surface of semiconductor.   

Moreover, the electronic band structure has an influence on the thermodynamic potentials 

for photoelectrochemical reactions. For example, the energy band edge positions of 

semiconductors must straddle the energy levels of water reduction and oxidation in order to 

photoelectrochemically split water. Shifting up the conduction band edge with respect to the 

water reduction level increases the thermodynamic drive force for water reduction. 

 Furthermore, the electronic band structure determines the spectral range of light absorption 

of semiconductor and the theoretical maximum solar-to-hydrogen (STH) efficiency as shown in 

Figure 2.[44,56,79] For example, the theoretical maximum STH efficiency is only 0.22% for SrTiO3 

(Eg=3.7 eV) and 1.3% for anatase TiO2 (Eg=3.2 eV). The most effective approach to increase the 

conversion efficiency is to reduce the band gap to extend the light absorption spectral range into 

visible-light region (~43% of total solar radiation) and even near-infrared light region (~80% of 

total solar radiation).[36,44] However, the band gap must be large enough to meet the 

thermodynamics and kinetics requirements for water splitting. In viewpoint of thermodynamics, 

the minimum energy is required to overcome the  standard Gibbs free energy change (1.23 eV) 

for water splitting plus the thermodynamic losses (0.3-0.5 eV). [150,151] In viewpoint of kinetics, 

an overpotential of 0.4-0.6 eV is required to enable a fast reaction.[23] Therefore, an ideal band 

gap is 1.9-2.3 eV for solar water splitting. TiO2 is a benchmark semiconductor for photocatalysis 

but it has a wide band gap (3.2 eV for anatase). Hence it can only absorb the UV light, which is 

less than 5% of total solar radiation.[85]  

As described above, the electronic band structure is the key to solar water splitting. Hence 

researchers have been persistently finding a solution to engineer the electronic band structure. 

Doping is one of common routes to extend the light absorption of wide band gap semiconductors 

to the longer wavelength region. Asashi et al. first reported the visible-light absorption of TiO2 
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by N doping in 2001.[152] Since then, TiO2 has been extensively doped either at the Ti sites with 

transition metal cations such as Cu, Co, Ni, Cr, Fe, and Mn.[153-155] or at the O sites and/or 

interstitial sites with non-metal anions such as N, C, S, P and B.[27,156-161] Generally, doping  leads 

to the extension of light absorption spectral range. However, it may or may not bring great 

benefit to photocatalytic activity, which depends on the doping-induced change in the electronic 

band structure. 

In the first case, doping does not change the band gap, but it introduces the shallow- or 

deep-level states[162], as shown in Figure 7(b). Both the shallow- and deep-level states are able to 

extend the light absorption spectral range to the longer wavelengths. Compared to the pristine 

semiconductor (Figure 7(a)), a doped semiconductor shows an add-on shoulder on the edge of 

absorbance curve (Figure 7(b)). [162] And the optical absorption cross-section of these defects is 

quite small. Although the mid-gap deep-level states can extend the light absorption spectral range 

of wide band gap semiconductors from the UV light to the visible-light range, they make little or 

no contribution to the visible-light photocatalytic activity because the charge carrier mobility in 

these states is very low[163] and these states act as the charge recombination centers [162,164]. The 

shallow-level states could improve the charge carrier mobility and increase the minority carrier 

diffusion length.[165,166] For example, doping Fe2O3 with Ti greatly improves the 

conductivity.[49,167] However, the shallow-level state may still serve as the charge recombination 

centers. [154,162,168] Nick Wu’s group recently found that nitrogen-doping did not alter the band 

gap of TiO2. Instead, it induced the localized N 2p state above the valence band and the 3d states 

of Ti3+ below the conduction band.[162] Both the localized states made limited contributed to the 

visible-light absorption. It is interesting that N-doped TiO2 has improved the visible-light 

photocatalytic activity a little but reduced the UV-light photocatalytic activity. These two energy 

levels affected the photocatalytic activity differently. The gap between the N 2p levels and the 

conduction band was smaller the band gap of TiO2, leading to the visible-light photocatalytic 

activity. The oxygen vacancies and the associated Ti3+ species reduced the photocatalytic activity 

by acting as the recombination centers, which consumed the photo-generated charge carriers. 
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Figure 7. Scheme for engineering the electronic band structure of semiconductors. The band 

structure and optical absorption curves of (a) a pristine semiconductor, (b) doping-induced 

shallow-level and deep-level states and (c) doping-induced band gap narrowing. (d) Change in 

the band structure of AgTaO3 resulting from different dopants; Reprinted from Ref. 178 with 

permissions from the PCCP Owner Societies and Royal Society of Chemistry. 

 

Recently hydrogenated TiO2, also called black TiO2, has received intense attention as the 

visible-light photocatalyst for water splitting. Mao et al. first reported the synthesis of black TiO2 

by hydrogenation at 20 bar H2 atmosphere for 5 days,[169] which initiated the enormous studies on 

this material since then.[170-177] It is interesting that hydrogenation-induced visible-light 

absorption is not main cause of its improved photocatalytic activity because the improvement 

mainly occurs in the UV-light region.[169-171] Two main models were proposed to explain the 
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visible and near-infrared light absorption in black TiO2: (i) surface disorder and (ii) oxygen 

vacancy. Surface disorder-engineering by hydrogenation was proposed to destroy the lattice 

periodicity and to generate two tails from the VB and CB to narrow the band gap. [169] Another 

reason is the formation of the oxygen vacancies. Li et al. found that the hydrogenation of rutile 

TiO2 did not shift the valence band; and they assumed that the colorization of TiO2 was 

originated from the presence of oxygen vacancies.[171] However, the oxygen vacancies in many 

cases have proven to jeopardize the photocatalytic activity as the recombination center. So far, 

the underlying mechanism of the better UV-light photoactivity and the limited visible-light 

photoactivity of hydrogenated TiO2 remains ambiguous. 

In another case, doping into a semiconductor leads to the narrowing of band gap without 

introduction of any local states inside the band gap, which brings benefit to both the light 

absorption and the photocatalytic activity.[179] Recently Nick Wu’s group observed this 

phenomenon in the nitrogen-doped La2Ti2O7.[179] Compared to pristine La2Ti2O7, N-doped 

La2Ti2O7 showed a parallel shift of the whole optical absorption edge to the longer wavelength 

direction, as shown in Figure 7(c). The XPS analysis revealed that N-doping in La2Ti2O7 led to 

the upshift of the valence band and the narrowing of the band gap. This strategy not only 

increases the light absorption in the visible-light region but also improve the photocatalytic 

activity in the UV-light region. As a result, the N-doped La2Ti2O7 showed much better 

photocatalytic activity toward hydrogen generation than the pristine counterpart. [180] 

A recent study has demonstrated that the electronic band gap can be engineered by doping. 

[178] Figure 7(d) shows that N-doping into AgTaO3 led to the discrete local states above the 

valence band while N/H co-doping can delocalize the discrete shallow-levels. In contrast, F-

doping induced the narrowing of band gap by down-shifting the conduction band while N/F co-

doping resulted in the narrowing of band gap by broadening the valence band. As a result, N/F 

co-doping extended the light absorption spectral range, maintained the necessary drive force for 

water reduction, enhanced the charge separation, increased the hole mobility in the valence band, 

and prevented from the presence of mid-gap local states. 

An alternative approach to modulate the valence band of a semiconductor is to form a solid 

solution. It has been demonstrated that p-d repulsion for III-VI semiconductors leads to a shift of 

the valence band maximum upward while retaining the conduction band unchanged.[181] For 

example, both ZnO and GaN have a large band gaps over 3 eV, however, their solid solution can 
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absorb light up to 500 nm.[182,183] It was believed that p-d repulsion in the solid solution causes an 

upshift of the valence band, leading to the narrowing of band gap.[184] Similar band gap 

narrowing was also observed in other solid solutions such as AgAl1-xGaxO2,[185] Ca1-xBixVxMo1-

xO4
[186] and (AgNbO3)1-x(SrTiO3)x.[187] Solid solution offers a promising way to improve the 

visible-light photocatalytic activity of semiconductors because it does not introduce the localized 

states between the VB and the CB. 

 

4. Composite Materials 

As mentioned above, no single material can achieve 10% of STH efficiency so far. To 

improve the STH efficiency, two or more materials have been combined together to form a 

composite, which can utilize the strengths of individual materials and compensate their 

shortcomings and even create new functionality. 

 

4.1 Plasmonic Metal-Semiconductor Composite photocatalysts/Photoelectrodes 

As described in Section 3.5, the optimal band gap of single materials is 1.9~2.3 eV. This 

indicates that the sunlight with a wavelength longer than 653 nm cannot be harvested by the PEC 

if a single semiconductor is used as the photoelectrode/photocatalyst for solar water splitting.   

Incorporation of a semiconductor with a plasmonic metal nanostructure is an alternative solution 

to this problem. In a metal nanostructure, surface plasmon resonance (SPR) is established when 

the frequency of incident light matches the frequency of excited conduction electrons at the 

interface between metal and a dielectric.[188] SPR can be categorized into two forms: (i) surface 

plasmon polariton (SPP) propagating at the metal/dielectric interface, and (ii) localized SPR 

(LSPR) with non-propagating, collective oscillation of the surface electrons in metal 

nanostructures.[189-191] It has been reported that incorporating plasmonic nanostructures with 

semiconductors increases the efficiency of photovoltaic cells and the photocatalytic activity of 

semiconductors toward water splitting or organic compound decomposition.[188-192] SPR 

enhances the photocatalytic activity of semiconductors in three pathways: [189] (i) an increase in 

the light absorption by photonic enhancement,[193] (ii) enhancement of the charge separation in 

the semiconductor via either the direct electron transfer (DET)[194,195] or the plasmon-induced 

resonance energy transfer (PIRET) process, [196] and (iii) reduction of the charge recombination 

rate by the plasmon-mediated electromagnetic field. [193] 
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Photonic enhancement: Plasmonic metal nanostructures can increase the light absorption of 

semiconductors in three ways as shown in Figure 8a.[190] Large particles at the interface between 

two dielectrics can guide the incident light preferentially into the dielectric with the larger 

permittivity.[197] Light trapping thus occurs by scattering forward and backward in the 

semiconductor multiple times to effectively increase the optical path length. Although small 

plasmonic metal nanoparticles lead to weak light scattering,  the nanoparticles embedded in the 

semiconductor film can create a strong local electromagnetic field with intensity up to ~103 times 

the incident field, which increases the light absorption cross-section remarkably.[188] For a 

periodic metal nanostructure on the back surface of the semiconductor layer, SPP mode can 

guide the incident light along the lateral direction and efficiently trap the light in the 

semiconductor.[190, 198] All three ways  refer to photonic enhancement, which contributes to 

enhancement in light absorption and charge separation at the energies above the band gap of 

semiconductor.[189] The photonic enhancement strategy is suitable for thin film semiconductors 

with a small absorption coefficient, such as Si and hematite.[190,199,200] 

 

Figure 8. Photocatalysis enhancement mechanisms in plasmonic photocatalysts. (a) Illustration 

of the photonic enhancement. Reprinted from Ref. 190 with permission from Nature Publishing 

Group. (b) Direct electron transfer (DET) from the plasmonic metal to semiconductor; (c) 

Plasmon-induced resonant energy transfer (PIRET) from plasmonic metal to semiconductor with 

an insulating space layer. (d) Absorption of the full-spectrum solar radiation with multiple 
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plasmonic photosensitizers. (b-d) reprinted from Ref. 189 with permission from the 

Electrochemical Society. 

 

Direct electron transfer (DET): Under light irradiation, conduction electrons in the 

plasmonic metal are excited to become highly energetic electrons, also known as hot 

electrons.[201-206] Hot electrons can overcome the Schottky barrier and transfer to the neighboring 

semiconductor (Figure 8b). Tian and Tatsuma first observed the hot electron injection to the 

conduction band of TiO2 from plasmonic Au under excitation of monochromatic visible-

light.[194,195] The DET process was confirmed in the Au-TiO2,[35] Ag-Cu2O[207] and Au-CdS[208] 

heterojunction systems by transient absorption spectroscopy. DET can occur with the LSPR 

energies below or above the band gap of the semiconductor; and its energy transfer efficiency is 

determined by the relative energy of hot electrons in the metal to the height of the Schottky 

barrier at the interface.[35,189,193,207] This differs from the electron transfer from a dye to a 

semiconductor, where an energetically electronic alignment is necessary for efficient downward 

electron transfer. In addition, the energies of hot electrons depend on the carrier concentrations 

and geometry (shape and size) of the plasmonic structures, which offers flexibility in controlling 

the DET enhancement by varying the geometry of plasmonic metals.[189,209,210] 

However, it must be pointed out that the quantum efficiency in the LSPR spectrum region is 

two orders lower than that in the UV light region in a IPCE spectrum of metal-semiconductor 

composite.[211,212] One of the possible reason is that hot electron injection efficiency is only 

around 40% in the Au-TiO2 composite under 550 nm excitation while the electron injection 

efficiency is almost 100% for ruthenium N3 dye to TiO2.[213,214] This means some unknown 

pathways consume the plasmonic energy and retard its transfer to the semiconductor. More 

efforts are required to understand this fundamental issue in order to design efficient plasmonic 

photocatalysts by fully utilizing the plasmonic hot electrons. 

Plasmon-induced resonance energy transfer (PIRET): When an insulating SiO2 layer exists 

between the plasmonic metal and the semiconductor, the plasmon-enhanced photocatalytic 

activities are still observed.[196,215-220] The DET mechanism cannot occur in the presence of such 

an insulating layer. Recently Nick Wu’s group made unprecedented discovery of the PIRET 

process, which has unraveled the underlying mechanism of such kind of plasmonic 

photocatalysis enhancement (Figure 8c).[196] PIRET proceeds via coupling between the LSPR 
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dipole of the plasmonic metal and the transition dipole of the semiconductor, which 

nonradiatively transfers the plasmonic energy from the metal to the semiconductor, leading to 

charge separation in the semiconductor. In contrast to DET, the dipole-dipole interaction thus 

does not require intimate contact between the plasmonic metal and the semiconductor. The 

efficiency of PIRET depends on both the distance and the spectral overlap between the 

semiconductor’s absorption band and the SPR band of the plasmonic metal.[196] In contrast to the 

DET, the PIRET process is much more efficient in enhancing the photocatalytic activity. PIRET 

enables the charge separation in the semiconductor at the energies even below the band gap. This 

indicates that incorporation of multiple plasmonic photosensitizers into a wide band gap 

semiconductor could result in the absorption of full-spectrum solar radiation that is able to 

generate electron-hole pairs in the wide band gap semiconductor (Figure 8d). 

 

Figure. 9 Enhancement of solar water splitting by hematite nanorod array with a plasmonic Au 

nanohole array pattern. (a&b) SEM images of the Au nanohole array pattern before and after 
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growth of the hematite nanorod array, (c-e) the photoelectrochemical performances including J-V 

curve, IPCE spectra and IPCE enhancement spectrum, (f) The SPP-associated light trapping in 

the hematite nanorod, (g) The LSPR on the edge of the nanoholes. Reprinted from Ref. 193 with 

permission from Nature publishing Group. 

 

Although plasmonic nanostructures have a large extinction cross-section, which can 

effectively absorb the sunlight,[189,221] most of the plasmonic metal-semiconductor heterojunction 

photocatalysts reported previously have exhibited a low efficiency in the spectral range of SPR 

because the large amount of plasmonic energy in the metal is not able to efficiently transfer to 

the semiconductor. Nick Wu’s group recently designed a plasmonic metal-semiconductor 

heterojunction photoelectrode to address this challenge, as shown in Figure 9.[193] A long-range 

ordered gold nanohole array was fabricated on a FTO substrate, which enabled both SPP and 

LSPR modes simultaneously under the solar radiation (Fig. 9a). A hematite nanorod array was 

grown onto the plasmonic gold nanohole array pattern (Fig. 9b). The photoelectrochemical water 

splitting performance of the hematite nanorod was significantly improved by the plasmonic 

nanostructure, leading to a ten-fold increase in the photocurrent at 1.23 V (vs. RHE) (Fig. 9c). 

The IPCE enhancement spectrum (Fig. 9d&e) has revealed two enhancement wavelength ranges, 

which corresponded to the SPP and LSPR enhancements, respectively. The SPP launched a 

guided mode inside the hematite nanorods to increase the light absorption in hematite above the 

band gap (Fig. 9f). Also, the Au nanohole initiated a LSPR mode, which enhanced the charge 

separation in hematite below the band gap via the PIRET process (Fig. 9g). Moreover, the charge 

carrier lifetime in hematite was prolonged by the intense local plasmonic field at the 

metal/hematite interface, which reduced the charge recombination rate in hematite. In addition, 

Wang and his coworkers have assembled Au nanocrystals on the TiO2-based photonic crystal 

substrate.[124] A high IPCE efficiency of nearly 8% in SPR spectral range was achieved. It is 

worth noting that the maximum values of both IPCE and photocurrent occurred when the 

photonic crystal band gap matched the LSPR band of Au.  

 

4.2 Dye-Sensitized Semiconductors 

Wide band gap semiconductors have the limited light absorption spectral range despite a lot 

of other advantages. Hence they are photosensitized with organic dyes to harvest the visible-light. 
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Similar to the dye-sensitized solar cells, the dyes are excited to the excitation status (S*) after 

harvesting the visible-light that cannot be absorbed by the wide band gap semiconductor. The 

photo-generated electrons are then injected to the conduction band of the semiconductor.[36,37] To 

make the charge transfer energetically favorable, the lowest unoccupied molecular orbital 

(LUMO) of the dye must be higher than the conduction band of the semiconductor, while the 

highest occupied molecular orbital (HOMO) lies between the valence band of semiconductor and 

the oxidation reaction potential. After donating electrons, the dyes become unstable and must be 

regenerated quickly with an electron donor. The choice of the electron donor is important 

because it not only prevents the dyes from being etched during the photoelectrochemical reaction 

but also determines the open voltage for the whole system. One of challenges is that the charge 

recombination competes with the electron injection process to consume the charge carriers.[36] 

Another concerns is the instability of dyes under long-term irradiation of the sunlight, especially 

the UV photons.  

 

4.3 Semiconductor-Semiconductor Heterojunctions 

Two different inorganic semiconductors are joined together to form a heterojunction, which 

has been demonstrated to bring great benefit to photocatalysis in four ways: (i) broadening the 

light absorption spectral range, (ii) enhancing the charge separation, (iii) suppressing the charge 

recombination, (iv) preventing the narrow band gap semiconductor from photo-corrosion.    

When two materials that have the band gap close to each other, such as n-type SrTiO3 

(Eg=3.3 eV) and n-type TiO2 (Eg=3.2 eV), form a heterojunction, the light absorption spectral 

range of materials is not affected. But the band offset can improve the charge separation and 

inhibit the charge recombination.[222-224] This has been confirmed by a shift in the Fermi level to 

the negative potential direction, implying more accumulation of electrons in the coupled 

heterostructure. [223] 

When two semiconductors form a p-n junction, a stronger electric field is generated at the 

interface, which results in more significant improvement in the charge separation and the 

reduction of the charge recombination rate.[49,225-228] For example, the p-type NiO nanoparticles[49] 

and the p-type Mg-doped hematite[226] have been grown on a n-type hematite thin film to form p-

n junction photoanodes for solar water splitting, respectively. The p-type outer layer not only 

facilitates the extraction of accumulated holes from hematite, but also lowers the barrier for 
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oxygen evolution reaction with negative shift of the onset potential.[49,226,227]  

Another type of popular heterojunction is formed by a wide band gap semiconductor (such 

as TiO2, K4Nb6O17 and SrTiO3) with a narrow band gap semiconductor (such as CdS, CdSe and 

PbS quantum dots), in which the quantum dots with high absorption coefficient function as a 

photosensitizer.[89,90,100,106,233-237]. Other examples include p-type Cu2O (Eg=2.2eV)/n-TiO2 (Eg 

=3.2eV)[229,230], p-type CaFe2O4 (Eg =1.9eV)/n-type ZnFe2O4 (Eg =2.0eV) and MgFe2O4 (Eg 

=2.0eV) /PbBi2Nb1.9W0.1O9 (Eg =2.75eV).[225,231,232] In the QD/semiconductor systems, the light 

absorption spectral range of QDs, which is dependent on the band gap, can be easily tuned to the 

infrared range by reducing the QD size. A favorable band gap alignment is required to be Type-II 

band offset in order to enable the efficient charge transfer, as shown in Figure 10a. The 

conduction band and the valance band of the narrow band gap semiconductor should have higher 

energy level than those of the wide band gap semiconductor. The drive force of interfacial charge 

transfer depends on the band offset.[237]  Figure 10b shows the tuning of band alignment and the 

interfacial charge transfer between TiO2 and PbS QDs by tailoring the QD size. Smaller QDs 

have a larger band-gap and a higher conduction band level, leading to faster electron transfer to 

TiO2. The electron transfer is disabled from the QDs to TiO2 when the conduction band of QDs is 

lower than that of TiO2, as shown in Figure 10b.[237] This experiment clearly demonstrated the 

importance of proper band alignment to the interfacial charge transfer in the composite. Li and 

his co-workers have created a multi-junctioned CdS@anatase TiO2@Rutile TiO2 structure as the 

photoelectrode.[106] Inserting anatase TiO2 layer as the mediator, which has a conduction band 

level lower than that of CdS, but slightly higher than that of rutile TiO2, results in an excitation 

staircase alignment. This band alignment directs a gradual staircase electron transfer from CdS 

through anatase TiO2 to the rutile TiO2 nanorod with a interfacial potential gradient, while blocks 

their backward transfer to CdS. This ternary system exhibited the photocurrent twice than the 

binary CdS@rutile TiO2 system. A similar structure has also been successfully used in the ternary 

CdS/TiO2/WO3 system with a photocurrent about 5 times larger than that of sole CdS and about 

2-3 times larger than that of the binary composite.[238] The staircase structure in a multi-junction 

guides the charge carriers to move in the desired direction, which is an effective strategy to 

improve the photocatalysis efficiency.[106,238-240] 
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Figure 10.  (a) Desirable Type-II band alignment and the charge separation and transfer 

processes in the composite photocatalyst; (b) Size-dependent band alignment and the charge 

transfer in PbS/TiO2. Reprinted from Ref. 237 with permission from American Chemical Society. 

 

In organic dye-sensitized metal oxide composites, the photo-generated electrons in the dye 

can be quickly injected into the conduction band of metal oxide. However, slow electron 

injection and high charge recombination rate at the interface is of major concern regarding the 

QD-metal oxide composites.[241-243] The previous studies show that the interfacial trap states and 

the back transfer in the heterojunction are responsible for the loss of charge transfer efficiency.[35] 

In particular, the trap states lead to a high Auger scattering rate at the interface, consuming the 

photo-generated charge carriers.[35,244-246] It has been reported that the Au nanoparticles 

sandwiched between the TiO2 nanorod core and the CdS shell can reduce the trap-state Auger 

scattering rate, suppress the back transfer of photo-generated electrons, and expedite the 

interfacial charge carrier transfer from CdS to TiO2.[35] Another concern regarding the metal 

chalcogenide QD-sensitized metal oxide is the photocorrosion of metal chalcogenide because of 

the photo-oxidation in water under sunlight. High concentration of polysulfide aqueous 

electrolyte (0.25 M Na2S and 0.35 M Na2SO3, pH 12) is typically employed to consume the 

photo-generated holes to protect the sulfide semiconductors. 

Generally wide band gap semiconductors are photoelectrochemically stable but can only 

absorb the UV light of solar radiation while narrow band gap conductors have a wide spectral 

range of light absorption but many of them suffer from photo-corrosion. Hence a narrow band 

gap semiconductor is coated with an outer layer of wide band gap semiconductor to isolate the 

narrow band gap semiconductor from the liquid electrolyte. Such a composite can achieve a wide 

spectral range of light absorption and long-term photo-stability. For instance, Cu2O is a p-type 
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semiconductor with a direct band gap of 2 eV; and it has a minority carrier diffusion length of 

20-100 nm and an optical absorption depth of 10 m.[247] To solve its instability problem, a 

multi-layered FTO/Au/Cu2O/Al-doped ZnO/TiO2 photocathode was created, in which TiO2 was 

the outmost layer.[247] This multi-layered photocathode has achieved a photocurrent density of 

7.6 mA/cm2 at 1.23 V (vs. RHE). Two other examples are the p-type Si/n-type Fe2O3 core-shell 

nanowire photoanode [248] and the n-type Si/n-type TiO2 core-shell nanowire photoanode [249]. In 

the latter case, the TiO2 shell prevents the Si nanowire from photo-corrosion and absorbs the UV-

light in the solar radiation, and allows the visible-light pass while the Si nanowire absorbs the 

visible-light. 

 

4.4 Semiconductor-Carbon Composites 

Various forms of carbon materials including amorphous carbon, graphite-like carbon, 

fullerene, carbon nanotubes, graphene and graphene oxide have been coupled with 

semiconductors to form composites in order to improve the photocatalytic activity.  1D carbon 

nanotubes have been used as the scaffold for supporting TiO2 [250-252] and other semiconductors, 

which can increase the specific surface area of semiconductor photocatalysts. In addition, the 

carbon nanotubes provide the charge transport channels, which can reduce the charge 

recombination rate.   

Recently many attempts have been made to couple semiconductors to 2D graphene or 

graphene oxide to form heterogeneous photocatalysts.[253-257] Graphene sheets have very high 

specific surface area (~2,600 m2/g) [258] and act as excellent physical supports for semiconductor 

photocatalysts. The graphene/semiconductor photocatalysts exhibit better photocatalytic activity 

compared to the semiconductor alone. Transient absorption spectroscopy and time-domain 

terahertz spectroscopy were recently obtained from the reduced graphene oxide (rGO)-Fe2O3 

composite.[259] The spectroscopic results have provided the direct evidence that the photo-

generated electrons transfer as the mobile carriers into the rGO sheets from α-Fe2O3, which can 

migrate and are trapped, reducing the charge recombination rate. It is worth noting that the 

interfacial electron transfer rate between TiO2 and the graphene sheet is dependent on 

dimensionality of semiconductor.[260] 0D nanoparticles, 1D nanotubes and 2D nanosheets of TiO2 

were supported on the 2D graphene sheet, respectively. The interfacial electron transfer rate was 

ranked as 0D-2D<1D-2D<2D-2D. 
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It is interesting that graphene oxide or rGO can be tuned to either p-type or n-type 

semiconductor by doping different elements. Nick Wu’s group took this advantage to prepare the 

p-MoS2/n-rGO composite, in which multiple nanoscale p-n junctions were formed in a single 

nitrogen-doped rGO sheet (Figure 11a). [228] The free-standing solitary MoS2 nanoparticles 

showed negligible photocatalytic activity toward hydrogen evolution (Figure 11b). In contrast, 

the MoS2/rGO composite where the MoS2 nanoplatelets were supported on the undoped rGO 

sheets showed evident photocatalytic activity. The p-MoS2/n-rGO composite exhibited much 

higher photocatalytic activity. Photocurrent transient study shows that the layer-structured p-n 

junction greatly enhances the charge separation and suppresses the charge recombination. 

Besides graphene as the physical support for semiconductor, it can bridge two semiconductors. 

Feng and her co-workers have employed graphene as the interlayer between the α-Fe2O3 nanorod 

and the BiV1–xMoxO4 shell.[261] The graphene “bridge” has promoted the interfacial charge 

transfer between two semiconductors. 

 

Figure 11. (a) Schematic illustration of the p-MoS2/n-rGO composite photocatalysts; (b) 
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Hydrogen evolution by the MoS2, the MoS2/rGO and the p-MoS2/n-rGO photocatalysts. 

Reprinted from Ref. 228 with permission from American Chemical Society. 

 

4.5 Multijunctions, Tandem Cells and Z-Schemes 

Multijunctions and tandem cells for solar fuel generation are similar to those used in 

photovoltaic devices. In a multijunction with a series connection, the overall photovoltage is the 

sum of individual junctions but the overall photocurrent is determined by the minimum among 

all the individual junctions.[147] The individual junctions absorb the sunlight in different spectral 

ranges that are complementary to each other. Hence the overall light absorption spectral range of 

a multijunction-based PEC is greatly extended. In short, a multijunction-based PEC can achieve 

much higher solar energy conversion efficiency than a single-junction-based PEC because of its 

higher photovoltage and larger light absorption spectral range.[21-23,262,263] Tandem PEC cells has 

a multijunction design that consists of a photoanode|photocathode or a 

photoelectrode|photovoltaic configuration with a tunnel junction. Multijunction PEC cells based 

on III-V or Si hold the world record of STH efficiency up to 18%.[22] As mentioned above, high 

cost and instability are two main issues to restrict its practical application. Effort is being made to 

replace the expensive materials in tandem cells with inexpensive earth-abundant elements. 

Nocera et al. have developed an amorphous silicon based triple junction PEC with earth-

abundant metals and Co-Pi as the catalyst. The cell has achieved an efficiency of 4.7% for solar 

water splitting.[263] Recently Sivula and his coworkers have successfully constructed a tandem 

cell with hematite or WO3 as the photoanode, as shown in Fig. 12a. The cell reached a STH 

efficiency of 3.1%.[262] All the semiconductors used were earth-abundant.  

The concept of “Z-scheme” photocatalyst comes from the natural photosynthesis system in 

green plants. [264] A “Z-scheme” can be considered as a special type of PEC-PEC tandem cell, in 

which two semiconductors are bridged with a redox mediator (Fig. 12b). Two photocatalysts are 

excited simultaneously to generate electron-hole pairs. The electrons from the conduction band 

of one photocatalyst and the holes from valance band of another photocatalyst will be consumed 

with the redox mediator. Hence the water reduction reaction and the water oxidation reaction 

occur separately on each photocatalyst.[13,265-267] The Z-scheme design has some characteristics 

as follows:[13,265-267] 

(i) Combination of two different semiconductor photocatalysts allows the broad light absorption. 
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Furthermore, light is utilized more efficiently compared to single semiconductor because the 

energy required to drive each photocatalyst is reduced.[266] 

(ii) Consumption of photo-generated electrons and holes with the redox mediator significantly 

reduces the charge recombination in the semiconductors, which improves the photocatalytic 

efficiency. 

(iii) Each photocatalyst in a Z-scheme is responsible only for half reaction of the water splitting 

but larger driven force is available for the reduction and oxidation reactions. 

(iv) The semiconductors with the band edge energetics only for either H2 or O2 evolution can be 

involved as the counter partner for overall water splitting in this system. For example, WO3 with 

a conduction band level lower than the H2O/H2 potential has proven being effective when 

coupled with SrTiO3:Rh in a Z-scheme for overall water splitting.[268] 

However, some issues still need to be addressed for the Z-scheme photocatalysts. Only 

limited semiconductor photocatalysts are available for construction of a Z-scheme. These include 

SrTiO3, TaON, and BaTaO2N for the water reduction reaction; WO3 and BiVO4 for the water 

oxidation reaction.[268-276] Few studies have reported the possibility of TiO2 as H2 or O2 

photocatalyst in the Z-scheme system.[277,278] Further work needs to be performed to explore 

more semiconductors to construct the Z-scheme. In addition, the most commonly used redox 

couples in Z-scheme systems such as IO3-/I- and Fe3+/Fe2+ are liquid and have shown the 

negative effects (back reactions and strong visible light absorption).[240,266] 

To solve these problems, Kudo et al. have reported a Z-scheme system Ru-

SrTiO3:RhBiVO4 for overall water splitting but without employment of additional redox 

couples.[275] It is believed that the impurity level (Rh3+/Rh4+) formed by Rh doping in the 

forbidden gap functions as a mediator to assist the electron transfer in this system. Another 

approach is to employ a solid-state electron mediator for replacing the liquid redox couples. 

Graphene oxide and Au nanoparticles have been claimed being effective to shuttle the electrons 

between two semiconductors for the improved photocatalytic activity due to their high electron 

conductivity. [279-281]  
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Figure 12. Charge transfer in (a) tandem cell and (b) Z-scheme photocatalysis systems. Reprinted 

from Ref. 262 with permission from Nature publishing group and Ref. 265 with permission from 

American Chemical Society. 

 

4.6 Co-catalysts 

Although a lot of semiconductors have been explored for photocatalysts/photoelectrodes for 

water splitting, most of them show insufficient catalytic or electrocatalytic activity toward redox 

reactions.[10-13,180,225,240,282] It is therefore essential to deposit co-catalysts on the surface of 

photocatalysts/photoelectrodes in order to lower the overpotential/activation energy of the redox 

reaction and to avoid the back reactions. In many cases, co-catalysts help extract the photo-

generated minority charge carriers inside the semiconductor to the surface, and provide the active 

sites for surface redox reactions. For water splitting, the co-catalysts for the hydrogen evolution 

reaction (HER) are different from those for the oxygen evolution reaction (OER). The 

electrocatalytic activity of co-catalysts can be initially screened with the assistance of a volcano 

plot for either HER or OER, as shown in Figure 13. [283,284]. The co-catalysts that are close to the 

apex of the volcano curve generally possess relatively high activity toward a specific reaction. 

Good co-catalyst can effectively shift the photocurrent onset potential in the J-V curve as shown 
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in Figure 1c. In addition, the stability of co-catalysts needs to be evaluated. Co-catalyst may 

change under a large applied potential. The impurity in the electrolyte may poison the co-

catalysts. In addition, the chemical diffusion at the semiconductor/co-catalyst interface may 

occur under the long-term operation. One also needs to pay attention to the mass loading and 

thickness of the deposited co-catalyst on the semiconductor surface. Too high mass loading or 

too thick film of co-catalyst could block the light incident to the semiconductor because co-

catalysts are typically opaque. Transparent co-catalysts are rare although we wish to have. 

However, a photoactive co-catalyst that has a light absorption spectral range complementary to 

that of the underneath semiconductor could be an alternative solution. For example, MoS2 not 

only catalyzes the HER but also is photoactive if coupled to a good charge carrier shuttle. [228]  

Oxygen Evolution Reaction (OER) Co-catalyst: The water oxidation half reaction is a four-

electron transfer process. The slow kinetics of OER limits the efficiency of both photon-driven 

and electricity-driven water splitting. Trasatti has obtained a volcano plot of electrocatalytic OER 

on the selected metal oxides. [285] Rossmeisl and his co-workers have used the computation 

method to obtain a volcano plot for an expanded list of metal oxides (Figure 13 a). [283] It can be 

seen from the volcano plot that the representative OER catalysts are IrO2, RhO2, NiO, CoOx and 

MnOx.[225,286] IrO2 is considered as the best OER co-catalyst because of its strong activity and the 

lowest overpotential for electrocatalytic water oxidation.[86] A shift of 200 mV in the 

photocurrent-onset potential was observed when it was deposited on the hematite photoanode for 

water oxidation.[48] However, its high cost is of major concern. As a result, some low-cost, earth-

abundant materials, such as nickel oxides and cobalt oxides have been investigated as the OER 

catalyst. But they show relatively low cathodic shift in the photocurrent-onset potential.[49,287,288] 

Fortunately, cobalt phosphate (Co-Pi) has demonstrated negative shift at a neutral pH, which is 

comparable to IrO2.[289] The largest cathodic shift in the onset potential up to 440 mV was 

obtained  by incorporating Co-Pi with the W-doped BiVO4 photoanode.[290] After its emergence, 

Co-Pi has been intensively coupled with many photoanode materials such as hematite, ZnO, 

BiVO4, TiO2, WO3 and other semiconductors for water oxidation.[290-294] Co-Pi catalyst can 

efficiently collect and store photo-generated holes from the photoanode semiconductor, reducing 

the surface charge recombination rate. [290] In addition, an α-FeOOH thin film has been 

demonstrated as the OER catalyst. Its activity could be comparable to that of other OER co-

catalyst such as Co-borate on the amorphous Si electrode.[295,296] When FeOOH was coupled 
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with NiOOH to form a dual layer on the porous BiVO4 electrode, the OER catalyst layer not only 

greatly reduced the interfacial charge recombination at the electrode/OER catalyst junction, but 

also created a Helmholtz layer potential drop at the OER catalyst/electrolyte junction, which 

resulted in 2.73 mA/cm2 at 0.6 V (vs. RHE), the highest photocurrent density for the BiVO4 

photoanode so far.[61] 

Hydrogen Evolution Reaction (HER) Co-catalysts: Trasatti has experimentally measured the 

volcano plot of electrocatalytic HER on the selected metals.[297] Recently, MoS2 and Ni2P were 

added into this volcano plot as shown in Figure 13b. [284] Representative HER catalysts are noble 

metals such as Pt, Rh, Ru and Pd. The intimate contact between the semiconductor and the noble 

metal leads to the formation of a Schottky junction.[225] The electric field formed in the Schottky 

junction acts as the electron sink to trap the photo-generated electrons transferred from the 

semiconductor. The trapping ability is largely dependent on the work functions of the noble 

metals.[286] Platinum has the largest work function (6.35 eV), and rendered it the best choice as 

the co-catalyst. The trapped electrons are quickly discharged across the interface for the catalytic 

proton reduction.[298] It is worth noting that noble metals such as Pt and Rh, which catalyze the 

HER, may also catalyze the back reaction, leading to the formation of H2O. To address this issue, 

Domen’s group has developed a Ph@Cr2O3 core-shell nanoparticle as the HER co-catalyst on the 

GaN:ZnO photocatalyst, in which the Cr2O3 shell allows the proton and H2 molecule to pass 

through, but blocks the oxygen species. [299] 
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Figure 13. (a) Volcano plot of oxygen evolution reaction on metal oxides, Reprinted from Ref. 

283 with permission from John Wiley; (b) Volcano plot of hydrogen evolution reaction, 

Reprinted from Ref. 284 with permission from Royal Society of Chemistry.  

 

Unfortunately, the scarcity and high cost of the noble metals limit their commercial 

application. It is crucial to search for inexpensive, earth-abundant co-catalysts for HER. Recently, 

MoS2, which is an earth-abundant semiconductor, has arisen as an active HER catalyst with a 

potential to fill this void.[228,300-309] MoS2 has an intrinsic layered structure stacked by S-Mo-S 

sheets with Van der Waals MoS2 into nanostructures with more exposed active edges can 

improve its catalytic activity. As described above, MoS2 is also a photoactive material. Although 

it alone has no photocatalytic activity, the p-MoS2/n-rGO composite exhibits strong visible-light 

photocatalytic activity toward water reduction to hydrogen. [228] WS2 and NiS have also attracted 

attention because of their similar structure to MoS2.[310,311] A different molybdenum sulfide, 
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Mo3S4, is also an effect HER catalyst. A negative shift of the proton reduction overpotential up to 

0.7 V was observed when Mo3S4 was deposited on the p-Si photoanode in a PEC cell.[304]  

 

5. Conclusions and Perspective 

As described above, wide band gap semiconductors such as TiO2 are inexpensive and stable 

but not effective in absorption of visible-light. Narrow band gap semiconductors such as CdS 

and III-IV compounds have a potential to achieve high efficiency but suffer from instability and 

high cost. In addition, charge recombination is one of critical factor that limits the solar energy 

conversion efficiency of photocatalysts and PECs.  

Development of inexpensive, stable and highly efficient photocatalyst/photoelectrode 

materials is the key to the commercialization of photocatalysts and PECs for solar fuel 

production. In the last decade, we have witnessed lots of innovations in the structure design and 

the material combination, which is built on the significant progress in understanding of the 

correlation of the photocatalytic/photoelectrochemical performance of semiconductors with the 

material feature and five vital processes including light absorption, charge separation, migration 

and recombination as well as (electro)catalytic activity. Such fundamental research still needs to 

move forward before one can develop photocatalysts/photoelectrodes in a fashion of “material-

by-design”. Combination of computation, ultrafast optical spectroscopy, microscopic 

characterization and electrochemical technique will expedite the mechanistic studies on the 

nanometer, atomic and electronic levels. In authors’ personal opinion, new development on 

single materials in the near future should be put more emphasis on the intrinsic “narrow-band-

gap” semiconductors or those with tunable band gap via alloying or forming a solid solution. For 

composite materials, “wide-band-gap” semiconductors could still play significant role as one of 

components in the whole system. It is of particular interest that plasmonic nanostructures can 

overcome the band edge energetics constraint of single semiconductors, and harness the sunlight 

below the band gap of semiconductor to induce the charge separation. Hence plasmonic metal-

semiconductor composites hold great promise in photocatalysts/photoelectrodes. In addition, 

multi-junctions and tandem cells are promising but a spot light will be put on lowering their costs. 

Last but not least, one can envision further exploration of green synthesis and earth-

abundant materials for photocatalysts and PECs in order to address the challenges in the cost and 

sustainability.  
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