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Abstract 

Continuous efforts have been made in developing renewable energy resources to alleviate the 

upcoming energy crises in this century. Solar energy has been considered as one of the most 

promising energy sources, since it is clean, sustainable, and abundant. Among various techniques of 

solar energy conversion, photoelectrochemical (PEC) water splitting to produce hydrogen could 

potentially provide a cost-effective, eco-friendly and convenient solution by taking advantage of 

thousands TW-scale of radiation that continually strikes the earth’s surface, which can successfully 

achieve the goal of the economics with zero-carbon emission  in the future. Significantly, designing 

and fabricating highly advanced photoelectrodes plays a critical role in determining solar energy 

conversion efficiency. There exist mainly four photophysical process in a typical photoelectrode, 

photon absorption, bulk charge separation, charge transport and surface charge transfer. In this Thesis, 

I will focus on the development of new methods for photoelectrodes design and fabrication to achieve 

a better charge separation efficiency both in bulk and on surface for solar water splitting: 

Chapter 1. Background introduction. A comprehensive literature review of fundamental and rational 

photoelectrodes design for solar water splitting. 

Chapter 2. Bismuth Vanadate with Electrostatically Anchored 3D Carbon Nitride Nano-networks as 

Efficient Photoanodes for Water Oxidation. In this chapter, protonated 3-dimensional (3D) carbon 

nitride nano-networks/bismuth vanadate (C3N4/BiVO4) heterojunctional photoanode was constructed 

via electrostatic interaction strategy to improve bulk charge separation. This electrostatic self-

assembly can initiate and contribute to an intimate contact at the interfaces, leading to an enhanced 

photoelectrochemical activity and stability compared with that fabricated by non-electrostatic 

assembly counterpart. 

Chapter 3. Dual Quantum Dot-Decorated Bismuth Vanadate Photoanodes for Highly Efficient Solar 

Water Oxidation. In this chapter, dual carbon quantum dots (CQDs) and BiVO4 quantum dots (BQDs) 

are introduced on the surface of as-prepared BiVO4, in which CQDs can widen photon absorption 

range from 540 to over 700 nm. More significantly, lattice-matched homojunction construction can 

enable more efficient bulk interfacial charge separation.  

Chapter 4. Unique Layer-Doping-Induced Regulation of Charge Behaviour in Metal-Free Carbon 

Nitride Photoanodes for Enhanced Performance. In this chapter, phosphorus and boron atoms are 

uniquely layer-doped into the C3N4-film photoanode based on different polymerization routes of 

precursors. This layer-doping fabrication strategy effectively contributes to the formation of dual 

junctions that optimizing the bulk charge separation efficiency. 

Chapter 5. Polymeric Carbon Nitride Photoanodes Decorated with Atomically Dispersed Ruthenium 

Cocatalysts for Efficient Solar Water Oxidation. In this chapter, a novel atomically dispersed 

ruthenium species are successfully designed and fabricated as cocatalysts on polymeric C3N4 

photoanode to improve surface reaction kinetics. The integration of RuOP sites into the C3N4 

frameworks effectively suppress the charge recombination on the photoanode/cocatalyst interface, 

which enables an enhancement of photocurrent density for polymeric C3N4-abased photoanodes from 

micro-ampere to milli-ampere scale.  

Chapter 6. Summary and outlook. A brief summary of the thesis and several possible future directions 

of photoelectrochemical water splitting are proposed. 
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Background introduction 

Owing to the rapid depletion of traditional fossil fuels and the consequent increased emission of 

greenhouse gas CO2, energy and environmental issues are becoming a big challenge for the entire 

humankind in the 21st century.1-4 Therefore, it is highly essential to create new industry and energy 

resources to achieve the goal of zero-carbon emission economics. Harvesting energy directly from 

sunlight offers a desirable solution toward fulfilling, with minimal environmental impact, the need 

for clean and sustainable energy.5-8 Solar energy is a decentralized and inexhaustible natural resource, 

with the magnitude of 105 terawatts (TW) striking the surface of earth (Figure 1), which far exceeds 

the 20∼40 TW of global power consumption expected by 2050.9  

 

 

Figure 1. Worldwide mean solar irradiance variation. Reprinted with permission. Copyright (2014) Vaisala Inc. 

(Source: https://www.3tier.com/static/ttcms/us/images/support/maps/3tier_solar_irradiance.jpg.) 

 

In terms of solar energy utilization, nature has offered us the best-case scenario where photosynthesis 

can effectively convert and store sunlight in the form of carbohydrate molecules as demonstrated in 

Figure 2. The key processes of natural photosynthesis can be divided into three main steps: (1) initial 

dual light-harvesting process in photosystem II (PS II) and photosystem I (PS I); (2) spatial charge 

separation through electron transfer between redox cofactors, and (3) carbohydrate and oxygen 

https://www.3tier.com/static/ttcms/us/images/support/maps/3tier_solar_irradiance.jpg
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molecule formation at active sites.7, 10 In order to mimic these biological processes to exploit solar 

energy, artificial photosynthetic routes need to be well designed and launched.11-12 

 

 

Figure 2. A brief Z-Scheme of natural photosynthesis. 

 

Efficiently splitting water into usable hydrogen could become a new industrial photosynthesis process 

that would provide clean and carbon-free fuel whose only waste product upon utilization is water. 

The “Holy Grail” of solar energy conversion and storage, proposed by Allen Bard and Marye Fox in 

1995, lies in photoelectrochemical (PEC) water splitting using semiconductor-based photoelectrodes 

as both light absorber and energy converter to store solar energy in the simplest chemical bond 

associated with hydrogen (H2).
13 Since Fujishima’s and Honda first report on PEC water using a TiO2 

photoelectrode in 1972,14 the approaches to address the water splitting problem have been focused on 

understanding the basic photophysical and photochemical charge behaviour,15-19 synthesizing novel 

photoelectrode materials for both anodic/cathodic processes,20-24 and developing efficient 

configurations for device assembly.8, 25-28  
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Figure 3. OER and HER for overall solar water splitting.  

 

Basic principles of PEC water splitting 

Photoelectrochemistry is an optoelectronic effect that occurs at the interface of a semiconductor 

photoelectrode and a liquid electrolyte. As seen in Figure 3, once upon the illumination, the 

semiconductor can be excited by the photons with the energy higher than its bandgap (Eg), and the 

electron-hole pairs can be generated and separated, where the photo-induced electrons exist on the 

bottom of conduction band position (ECB) while the photo-induced holes are on the top of valence 

band position (EVB).29-30 Thermodynamically, water splitting reaction is an uphill reaction in which 

standard free energy change for the conversion of one molecule of H2O to H2 and 1/2 O2 is ΔGo = 

237 kJ/mol.31 Consequently, an ideal semiconductor must have a ECB and EVB that straddle the 

thermodynamic potentials (E0) of 0 V vs. NHE for H+/H2 and 1.23 V vs. NHE for O2/H2O to meet the 

requirements of driving hydrogen evolution reaction (HER) and oxygen evolution reaction (OER), 

respectively (Equation 1).22, 31 However, in order to carry out water splitting reaction, the energy 

required is frequently reported as 1.6-2.4 eV per electron-hole pair generated to account for these 

losses of concentration and kinetic overpotentials of HER and OER.18 Of the two water-splitting half 

reactions, OER is more kinetically demanding because it requires the coupling of four electrons to 

four protons in the cleavage of four O-H bonds and formation of two O-O bonds.32-33  
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𝐻2O + 2ℎ+  ⇌  
1

2
𝑂2 + 2𝐻+                 (𝑂𝐸𝑅)                                                           

2𝐻+ + 2𝑒−  ⇌  𝐻2                                 (𝐻𝐸𝑅)                                                           

𝐻2O ⇌  
1

2
𝑂2 + 𝐻2                                                                               𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟏 

 

In principle, PEC system consists of a photoelectrode (photoanode or photocathode) as the working 

electrode for water redox reaction, a current collector as substrate for semiconducting photoelectrode 

materials, and a counter electrode as the platform for the other half water splitting reaction.2, 4 

Generally, semiconductor-electrolyte interface should be extensively investigated to optimize the 

PEC performance. Theoretically, the structure of the semiconductor-electrolyte interface is comprised 

of a space charge layer of semiconductor photoelectrode, a Helmholtz layer (the compact or inner 

layer), and a Gouy layer (the outer diffuse layer). The thickness of the Helmholtz layer is 0.3-0.5 nm, 

which is independent of the nature of the photoelectrode. However, the thicknesses of the space 

charge layer (depletion layer) and Gouy layer decrease with increasing concentrations of charge 

carriers in the photoelectrode and electrolyte, respectively. For example, the thickness range of the 

Gouy layer is between 10 and 100 nm in aqueous ionic solutions with low ion concentrations, while 

it decreases to about a mono-molecular layer in 1 M concentrated ionic solutions.34  
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Figure 4. The typical n-type photoanode-electrolyte interface. Reprinted with permission.34 Copyright (2013) Royal 

Society of Chemistry.  

 

A more specific typical n-type photoanode/electrolyte interface is illustrated in Figure 4. For a film-

based n-type photoanode, the effective minority charge (holes) transfer distance (Lsc + Lp), including 

the length of diffusion (Lsc) and drift (Lp), is within the light penetration depth (α-1) which is 

determined by the intrinsic absorption coefficients (α), a property of semiconductors. LD is the Debye 

length that can be regarded as the characteristic length of potential attenuation. Usually, the space 

charge layers can be classified into three types: (i) the accumulation layer where mobile majority 

charge carriers are accumulated; (ii) the depletion layer where mobile majority carriers are depleted 

and an excess space charge is carried by immobile ionized donors or acceptors; and (iii) the inversion 

layer where mobile minority charge carriers are accumulated.35 For the depletion layer, Lsc > LD, 

while Lsc < LD for accumulation layer or inversion layer. And for a typical n-type photoanode, the 

depletion layer is the most common and important type of the space charge layer. 

In the PEC system, an external applied bias is usually required for running the overall water splitting 

reaction (except the unbiased PEC tandem device), the polarization potential (φsc) drops on the 

photoelectrode side is within the depletion layer to tune the level of band bending and the thickness 

of depletion layer in order to change the property of charge carrier transfer towards to the surface. 

When the photoelectrode is polarized by a potentiostat at the so-called flat band potential (Efb), the 

conduction band and valence band are flat throughout the photoelectrode, hence there is no 

photocurrent flow. In order to generate a redox photocurrent, an external applied bias is moved 

cathodically (more negative) or anodically (more positive), the ECB and EVB move along with the 

vacuum level, but the energy levels at the surface stay fixed. It contributes to the formation of band 

bending and construction of space charge layer so that drives photo-induced holes and electrons 

separation and migration to achieve the splitting of H2O. 
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Figure 5. (a) Theoretical maximum photocurrent density depending on the bandgap of semiconductors calculated 

by assuming all absorbed photons converted to electrons under AM 1.5G solar irradiation, (b) Possible photocurrent 

loss mechanisms in a real photoelectrode. Reprinted with permission.36 Copyright (2019) Royal Society of 

Chemistry.  

 

General considerations for a PEC cell 

Performance indicators  

In the development of water-splitting photoelectrodes, their performance needs to be evaluated and 

compared to achieve optimal results. In order to evaluate the PEC performance of a photoelectrode, 

the most common indicator is the photocurrent density (J) measured in a three-electrode configuration 

under 1 sun AM 1.5 G illumination (100 mW/cm2), because the resulting photocurrent is theoretically 

proportional to H2 or O2 production rate. The photocurrent density presented by photoelectrodes is 

primarily determined by Eg of the semiconductor, which governs the total amount of photons in the 

solar flux can be absorbed and converted to electron flows (photocurrent). In Figure 5a. the 

theoretical maximum photocurrent density (Jmax) can be calculated by integrating the solar flux (Air 

Mass 1.5 Global) over the photo-active range of wavelengths for a specific photoelectrode.37-38 

Therefore, one facile way to increase J of one photoelectrode towards its Jmax is to reduce Eg of the 

semiconductor. Figure 5b depicts several factors of photocurrent loss, the very first loss is from the 

the reflection of the incident light at the photoelectrode surface without absorption, and then 
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transmission is another loss due to incomplete light absorption, resulted from the small Eg, and the 

mismatch between α and the thickness of the photoelectrode. The most loss of photocurrent is 

originated form the properties of photoelectrode itself, namely electrical loss due to the unfavourable 

charge behaviour.  

 

 

Figure 6. (a) J-E curves of a photocathode and photoanode, showing enhancement in Voc and J. (b) J-E curves of 

a photocathode and photoanode, showing improvement in ff. Reprinted with permission.36 Copyright (2019) Royal 

Society of Chemistry. 

 

Similar to photovoltaic (PV) cells, photovoltage (Voc) is a critical property of photoelectrodes, which 

corresponds to the maximum driving force available for solar water splitting.39-40 Basically, Voc is 

generated by the Fermi level (EF) splitting upon the light illumination , where the EF will split into 

the electron quasi-Fermi level (EF,n) and hole quasi-Fermi level (EF,p). Therefore, any factors, such 

as surface states and mismatched band alignment, narrowing the splitting of EF should be eliminated 

in order to increase the output Voc. In the PEC system, together with flat-band potential (Efb), it 

determines the onset potential (Eonset) range of the photoelectrode. The Efb can define the cathodic 

limit of onset potential, but is not very useful in cases of visible light-absorbing photoanodes because 

the Voc are generally not enough to drive the water oxidation at an applied bias equal to Efb.
31, 41 Figure 

6 depicts J-E curves of a paired photoanode and photocathode for unassisted water splitting. It is 

shown that the optimized trend of J and Voc curves from undesired (dot lines) to desired (solid lines) 

in Figure 6a, in which the intersect current-matching point (operational points) can be enhanced by 
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increasing J and Voc. Besides Voc, fill factor (ff), defined as the maximum power output divided by 

the Voc and short-circuit current density (Jsc), can reflect the trend of how fast the saturated 

photocurrent can be reached under the anodic or cathodic polarization.42 Figure 6b depicts two 

photoelectrodes with the same J and Voc (Eonset) achieving different efficiencies due to different ff, in 

which a higher ff contributes to a saturated photocurrent at a lower potential, and thus a higher 

operational efficiency.  

Critical efficiencies 

The efficiency of a photoelectrode is theoretically determined by the energy that can be extracted 

from the photo-induced electron-hole pairs. In principle, the maximum internal energy that can be 

extracted from these pairs is given by the difference between ECB and electrochemical redox potential 

(-qE) of H2O, that is, the barrier height (qφb). To optimize performance of a photoelectrode/electrolyte 

interface, this difference should be as large as possible. Besides that, some critical efficiencies are 

also needed to be considered and calculated to evaluate the final solar energy conversion efficiency.  
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Figure 7. (a) Single light absorber system (S2) configuration, (b) Side-by-side dual light absorber system (D4) 

configuration, (c) Stacked D4 configuration, (d) Maximum theoretical ηSTH of S2 configuration as a function of the 

bandgap. (e) Maximum theoretical ηSTH of side-by-side D4 configuration. (f) maximum theoretical ηSTH of stacked 

D4 configuration. Reprinted with permission.2 Copyright (2013) Royal Society of Chemistry. 

 

The primary quantified metric for solar water splitting is the solar-to-hydrogen conversion efficiency 

(ηSTH), which gives the fraction of the incident solar power that is stored in the H2 with no external 

applied bias, and it can be calculated using Equation 2:38 

 

𝜂𝑆𝑇𝐻 =  
1.23 × 𝐽𝑃𝐸𝐶

𝑃𝑖𝑛
× 𝜂𝑂2/𝐻2

                                           𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟐 

 

where JPEC is the measured photocurrent density (mA/cm2), Pin is the incident light intensity 

(mW/cm2), η is the Faraday efficiency of O2 or H2. In this scenario, O2 and H2 gas must be separated 

to ensure that the reverse reactions are suppressed, such as oxidation of H2 and reduction of O2. The 

maximum ηSTH and optimal Eg of light absorbers for PEC tandem systems with three configurations 

are shown: a single light absorber (S2) system in Figure 7a, a side-by-side dual light absorber (D4) 

system in Figure 7b, and a stacked dual light absorber (D4) system in Figure 7c. The maximum 

theoretical ηSTH for S2 system is 11.2 % for a photoelectrode with Eg of 2.26 eV (Figure 7d). It is 

noted that this value falls far short of the thermodynamic limit of ~30% according to previous work,43 

suggesting a significant loss associated with unfavourable charge behaviour in S2 system. By contrast, 

the maximum ηSTH is 15.5 % for side-by-side D4 system with the same band gap of 1.59 eV (Figure 

7e), in which side-by-side D4 system provides more available free energy to meet the requirement of 

water splitting. Furtherly, the maximum ηSTH for stacked D4 system can reach 22.8 % (Figure 7f), 

where the photoanode works as the top light absorber (Eg value of 1.84 eV) and photocathode as 

bottom light absorber (Eg value of 1.23 eV). This enhancement compared to side-by-side system is 

originated from utilization of more photons in solar spectral range. These theoretical values provide 

a baseline of reasonable device efficiencies to guide the PEC cell design and fabrication. By far, the 
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highest ηSTH  reported by Jia et al. has achieved as high as 30 % but using a PV-EC system that consists 

of a triple-junction solar cell (InGaP/GaAs/GaInNAs) and two polymer electrolyte membrane (PEM) 

electrolysers connected in series.44 However, the ηSTH of metal oxide-based PEC and PEC-PV tandem 

device systems are still low with a value of under 10 %.45-48  

Generally, most reports are focusing on the evaluation of a single photoanode or photocathode with 

an external applied potential (Eapp), so that the applied bias photon-to-current conversion efficiency 

(ηABPE) is always employed to reveal the conversion efficiency under polarization. Moreover, other 

critical efficiencies need to be precisely measured and calculated to estimate the PEC performance.37-

38 For instance, incident photon to current conversion efficiency (ηIPCE) can reveal the percentage of 

incident photons those are converted into electrons collected by the PEC cell as a function of the 

wavelength of the illuminating light; Faradaic efficiency (ηF) can demonstrate the ratio between the 

charge used for the evolution of H2/O2 and the overall charge flow through the external circuit, which 

can reveal that the generated photocurrent is either from photoelectrode self-oxidation/reduction or 

water redox reaction. Others like charge separation efficiency (ηCSE) and charge injection efficiency 

(ηCIE) can be also investigated in some particular cases to study charge behaviour in the bulk and on 

the surface of a photoelectrode.49-52  
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Figure 8. (a) Chemical stability of a photoelectrode without any bias in view of thermodynamics. Reprinted with 

permission.34 Copyright (2013) Royal Society of Chemistry. (b) Calculated oxidation potential ϕox (red bars) and 

reduction potential ϕre (black bars) relative to the NHE and vacuum level for a series of semiconductors in solution 

of pH = 0, the ambient temperature of 298.15 K, and pressure of 1 bar. The water redox potentials φ(O2/H2O) and 

φ(H+/H2) (dashed lines) and the valence (green columns) and conduction (blue columns) band edge positions at pH 

= 0 are also plotted. Reprinted with permission.53 Copyright (2012) American Chemical Society.  

 

Operational stability  

Stability is one of the biggest challenges for the commercialization of PEC water splitting cells, which 

significantly impacts on the cost of producing H2.
2, 54 Whereas commercial solar cells exhibit an 

operational stability for over 20 years,  

making high stability in PEC cells is a daunting task. Generally, most semiconducting photoelectrodes 

are thermodynamically unstable for water splitting, including Si, III-V group compounds, and 

(oxy)nitrides, because their calculated semiconductor oxidation potentials are above the theoretical 
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water oxidation or reduction potential.55-56 As shown in Figure 8a, the semiconductors whose EVB is 

less negative than water oxidation and ECB is less than water reduction suffer from the anodic self-

oxidation and cathodic self-reduction, respectively. A highly efficient, low band gap material that is 

also stable at the same time is yet to be found since photoelectrodes have to act as both solar light 

absorber and energy converter. Moreover, high-valence metal oxides can be kinetically stable at high 

oxidative potentials or in extreme pH electrolytes, while non-oxide semiconductors or low-valence 

metal oxides can be kinetically stable to the reduction of photo-induced electrons (Figure 8b).53, 57 

Besides the intrinsic corrosion, thermodynamically stable metal-oxide semiconductors are also 

potentially susceptible to generated H2O2 corrosion. For instance, WO3 photoanodes suffer from 

dissolution due to H2O2 production rather than O2 evolution, because the surface-active sites tend to 

a two-electron path catalysis than the four-electron route.58 The same case can also be found for 

BiVO4 photoanodes.59-60  

Although extensive investigations have been conducted to design stable photo-response materials or 

introduce a protection layer on surface of photoelectrodes, intrinsic limited properties are not easy to 

be improved.61-63 Zhou et al. coated a thin ~ 50 nm film of cobalt oxide (CoOx) n-type crystalline 

silicon photoanode,61 in which CoOx thin film can form a heterojunction with the silicon so that 

provided a Voc of 575 mV, and stabilize the unstable silicon photoanode operated in aqueous alkaline 

electrolytes. Moreover, CoOx can act as a cocatalyst for water oxidation by reducing the kinetic 

overpotential, which is highly sluggish for barely silicon photoanode. This silicon/CoOx photoanode 

exhibited a continuously operational stability over 2500 h (100 days), which is the longest operation 

reported so far. Recently, a in situ compensation mechanism is proposed for maintaining the 

operational stability of photoelectrodes.64 Taking a bismuth vanadate photoanode as a phototype, Lee 

and Choi demonstrated a strategy of tuning composition of electrolyte with excessive V5+ to suppress 

the loss of V5+ from bismuth vanadate itself,65 and thus decreasing the photocorrosion and enhancing 

the long-term stability for nearly 500 h. Similarly, Kuang et al. utilized an in situ compensation 
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strategy to enhance the self-generation and regeneration of NiFe-based cocatalyst, showing a stable 

PEC O2 evolution for > 1100 h at a potential as low as 0.4 V vs. RHE, longest operational stability 

for metal-oxide based photoelectrodes.  

 

 

Figure 9. Bandgap structure and selected crystal structures of metal oxide and oxynitride semiconductors for PEC 

applications. Contribution of metal cation and oxygen anion states to ECB and EVB. The bandgap energy (red for n-

type, black for p-type) is shown with respect to RHE and the water redox energy levels (assuming Nernstian 

behaviour for the band-edge energies with respect to electrolyte pH). Reprinted with permission.66 Copyright (2016) 

Nature Publishing Group. 

 

Emerging photoelectrodes 

 In this section, a literature review of emerging photoelectrode materials, including metal oxides, 

metal chalcogenides, silicon and polymeric carbon nitride, is demonstrated and summarized in terms 

of basic electronic and chemical structure. Particularly, the aim of this section is to highlight the key 

issues associated with each class of materials. 

Metal oxides 

Semiconducting transition metal oxides are attractive photoanodes for solar water oxidation, because 

the high electronegativity of oxygen results in the formation of stable compounds based on O2- anions. 
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The band and crystal structures of some common metal oxides and oxynitride are shown in Figure 

9.20, 67 The binary metal oxides, whose metal cations possess empty d bands (d0) such as Ti4+ and W6+, 

usually have a EVB strongly determined by the O 2p levels (e.g., TiO2 and WO3), showing a high 

stability towards solar water oxidation. And due to the high ionic character, these binary metal oxides 

always exhibit a large separation between the band edges, and thus a large Eg value. As a result, in 

order to utilize more photons in the solar spectrum, doping or introducing mid-gap defect states are 

required to tune the charge excitation process to enhance the PEC performance.68-69 Metal oxides 

containing metal cations with dn electronic configurations,  such as Fe2O3, often have smaller Eg due 

to the great influence of metal-metal d-d transitions, and hence are good visible light absorbers.23 

However, charge carrier transport is often limited due to the low polaron conductivity.70-71 Another 

promising photoanode material is ternary oxide BiVO4 with a proper Eg of 2.4 eV and suitable EVB 

edge location for solar water oxidation.72-73 However, recent studies unveiled that poor electron 

transport due to limited overlap between V 3d-V 3d and V 3d-Bi 6p orbitals in the conduction band 

limits the photocurrent. Although the reported experimental photocurrent density for BiVO4 is 

approaching its theoretical 7.5 mA/cm2,74 further efforts should be still made in the improvement of 

Eonset and ff.  

By contrast, Cu-based binary and ternary oxides are investigated as photocathodes as the 

hybridization of Cu 3d-O 2p in the EVB of Cu2O yields a small ionic character,75 which can promote 

an increased EVB dispersion, and thereby resulting in favorable p-type semiconductor conductivity.76 

Despite Cu2O is a promising photocathode candidate, it is intrinsically vulnerable to self-redox 

photocorrosion and H2O chemical corrosion during PEC operation. Surface protection layers can be 

introduced in order to maintain the long-term operational stability.63, 77 Moreover, the minority charge 

carrier (electron) diffusion length is approximately 200 nm or less.78 Efficient nanostructuring that 

favors for charge carriers transport is highly desired as well. 
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Figure 10. Bandgaps of selected mental chalcogenides with respect to RHE (pH 7), with the exception of WSe2 

which is given at pH 0 because the EFB exhibits a strong variation with pH and is below the water reduction potential 

at pH 7. Reprinted with permission.66 Copyright (2016) Nature Publishing Group. 

 

Metal chalcogenides 

Sulfur and selenium have higher lying p-band energy levels than oxygen, and can be used to achieve 

smaller bandgaps compared with oxides.66 Therefore, metal sulfides and selenides can be used as 

photocathodes for solar water splitting, such as layered Sb2Se3, chalcopyrite Cu(In,Ga)S(Se)2, and 

kieserite Cu2ZnSnS(Se)4.
79-81 In fact, these materials have received considerable attention for PV cells 

attributed to high extinction coefficients, long charge-transport characteristics, and tunable bandgaps 

(1.0-2.4 eV). Although metal chalcogenides exhibit excellent photophysical properties, they suffer 

from a major drawback of low chemical stability. Efforts have been made in introducing various 

protection layers (e.g., TiO2 and SnO2) to stabilize the photocathode as well as minimizing 

undesirable bulk and surface defects. 

Another challenge in commercial application of metal chalcogenides is the high cost associated with 

photocathodes and cocatalysts. For instance, despite recent advance of developing Cu(In,Ga)S(Se)2 

(CIGS) photocathode enabling a photocurrent density as high as 25 mA/cm2 at 0 V vs. RHE,82 the 

cost of In and Ga is still high. By replacing expensive trivalent cations (i.e., In3+ and Ga3+) with cheap 

di- and tetravalent cations (i.e., Zn2+ and Sn4+), kieserite Cu2ZnSnS(Se)4 (CZTS or CZTS) is emerging 
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as one of low-cost photocathode candidates for solar water splitting.81 Meanwhile, most reports on 

fabricating photocathodes are still using noble metals (i.e., Pt) as cocatalysts to promote the HER 

process. Therefore, efficient earth abundant transitional metal-based cocatalysts that can improve the 

J, ff, and Eonset of metal chalcogenide photocathodes are highly desirable.83-86  

 

 

Figure 11. The energy band diagrams of a-Si, mc-Si, and c-Si. Reprinted with permission.87 Copyright (2017) 

Wiley-VCH Verlag GmbH & Co. KGaA. 

 

Silicon 

As the most fundamental component of silicon-based PV cells, semiconducting silicon (Si) materials 

with various structures have been developed, including crystalline Si (c-Si), nano-crystalline Si (nc-

Si), micro-crystalline Si (mc-Si) and amorphous (a-Si).87-89 In principle, intrinsic c-Si can be doped 

with elements in different valence states to form n-type or p-type semiconductors, enabling c-Si can 

be used as photoanodes and photocathodes for solar water oxidation and reduction.21 The c-Si, with 

Eg of about 1.1 eV that could utilize a large portion of the solar spectrum (Figure 11) and a theoretical 

maximum photocurrent density of 43 mA/cm2 (without correcting surface reflection), is emerging as 

a suitable candidate for a photoelectrode material for solar water splitting.90 As the charge carrier 
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mobility of c-Si is 1400 cm2/V·s for electrons and 450 cm2/V·s for holes, the maximum diffusion 

length of carrier in c-Si can reach approximately to millimetres. Therefore, the c-Si photoelectrodes 

are often fabricated with a thickness of larger than 400 μm, and the light transmission loss is almost 

negligible in light harvesting.21 Based on the above analysis, nanostructured silicon, such as 

nanowires9, nanopillar arrays91, and nanocone arrays92, can be employed to improve photons 

scattering and interference, and thus enhance light harvesting efficiency. In principle, Voc of c-Si is 

relatively small for driving solar water splitting due to its small Eg and unfavourable band position 

compared to the metal oxides. As a result, buried p-n junction should be built in order to increase the 

Voc.
89, 93 Besides the tuning the properties in bulk, surface condition should be considered as well. 

Theoretically, Si crystals are formed with four covalent bonds in tetrahedral coordination. When a Si 

crystal is shrunk into the nanoscale, some covalent bonds should be broken to leave dangling bonds 

on surface.94 Although the surface dangling bonds provide an opportunity for surface modifications, 

these exposed unsaturated bonds dramatically decrease the reactivity and stability. As a result, a 

protection layer (e.g., intrinsic SiO2, and TiO2)
95-96 or cocatalyst layer (e.g., NiOOH/FeOOH and 

CoP)86, 97 need to be deposited and passivate the surface. 
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Figure 12. Electronic structure of polymeric melon. (a) Density-functional-theory band structure for polymeric 

melon calculated along the chain (Γ–X direction) and perpendicular to the chain (ϒ–Γ direction). The position of 

the reduction level for H+/H2 is indicated by the dashed blue line and the oxidation potential of H2O/O2 is indicated 

by the red dashed line just above the valence band, (b) the Kohn-Sham orbitals for EVB of polymeric melon, (c) the 

corresponding ECB. The carbon atoms are grey, nitrogen atoms are blue and the hydrogen atoms are white. The 

isodensity surfaces are drawn for a charge density of 0:01qe Å−3. Reprinted with permission.98 Copyright (2009) 

Nature Publishing Group. 

 

Carbon nitride 

Graphitic carbon nitride (g-C3N4) has emerged as a promising heterogeneous catalyst for solar energy 

conversion attributed to tunable electronic band structure, high stability under harsh chemical 

conditions, and earth abandunce.99-100 Figure 12a demonstrated that the band structure of polymeric 

melon structure has a non-isotropic band structure with a direct bandgap at the Γ point and only 

dispersion along the Γ–Χ direction parallel to the chain. The wavefunction of the valence band in 

Figure 12b is a combination of the HOMO level of the melem monomer, which is derived from 

nitrogen pz orbitals. The conduction band can similarly be connected to the LUMO of the melem 

monomer, which consists predominantly of carbon pz orbitals (Figure 12c).98 Despite the fact that 

suspension-based g-C3N4 photocatalysts have shown some success in water splitting,101-102 PEC 
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application of g-C3N4 is still on early stage and less reported. This is partially due to poor crystallinity, 

low conductivity, and difficulties in fabricating high-quality g-C3N4 layer on substrates.103-105  

Polymeric g-C3N4 is often synthesized with a low crystallinity compared to metal oxides and Si, as a 

result, its trap state density is relatively high.106 Although long-lived charge carriers can be observed 

due to these deep trap states, it does not ensure a good PEC performance. Efficient engineering to 

eliminate the deep trap states can contribute to a longer charge diffusion length, and thus a higher 

PEC performance.107 The conductivity is not a key factor in suspension-based photocatalysis system, 

because the charge transport can reach the surface from any direction. However, in the film-based 

PEC system, the direction of charge transport needs to be controlled, with minority charge moving to 

the surface while majority charge to the current collector. Therefore, using doping or coupling 

conductive species to enhance the conductivity is crucial for enhancing PEC performance.108-109 

Finally, the photoelectrode fabrication is important as well to enable a strong adhesion to the substrate. 

Various strategies like thermal vapor deposition,110 doctor blading,105 and electrophoretic 

deposition,111 are employed to fabricate a stable g-C3N4 film on conductive substrates. 

Based on the above literature overview, although many kinds of semiconductors have been 

investigated as photoelectrodes for solar water splitting, no single semiconductor has yet satisfied all 

the basic requirements for manufacturing a practical photoelectrode, including low cost, high 

efficiency and stability under real operation conditions. Therefore, mechanistic insights into the 

photo-induced charge behaviour on bulk transfer and surface reaction is crucial for improving the 

PEC performance and benefitting for scaling up from a laboratory bench scale to an industrial solar 

farm scale.  

Photophysical and photochemical behaviour of charge carriers in PEC water 

splitting 

Fundamental understanding in semiconductor-electrolyte interfacial energetics, and corresponding 

photophysical/photochemical behaviour of charge carriers in a photoelectrode is the key for 
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constructing efficient PEC systems. In principle, when a semiconductor is brought into contact with 

a liquid that contains a redox couple (A/A-) possessing an energy level of -qE, where E is the Nernstian 

potential of A/A-, electrons will flow between the semiconductor and the liquid until equilibrium is 

established. In the case of a PEC system, the redox couples are the H+/H2 for a p-type semiconductor 

photocathode, and the H2O/O2 for an n-type semiconductor photoanode. And interfacial electron flow 

will lead to the reconstruction of the electric field to balance the initial difference between the EF of 

photoelectrode and -qE of H2O. At equilibration, the EF and -qE are the same everywhere.  

 

 

Figure 13. Band energetics on a typical n-type photoanode/electrolyte interface (a) before equilibration, (b) after 

equilibration in dark, and (c) in quasi-static equilibrium under steady state illumination. Reprinted with permission.6 

Copyright (2010) American Chemical Society. 

 

Taking an n-type photoanode as an example (Figure 13a), the excess positive charges in the 

photoanode will contribute to a more positive EF than -qE of H2O/O2 before equilibrium, arising from 

the dopant atoms with more valence electrons than the host atoms. When the photoanode is in contact 

with water, the EF and -qE tend to be equal due to the interfacial electrons flow (Figure 13b). As the 

energetics of the surface in photoanode keep the same due to the pinning effect, the surface band 

bending is formed. The positive charge is spread out over the depletion zone of a certain width (W), 

whereas the negative charge is spread over the Helmholtz layer (d) in water. Under illumination, the 
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EF of the semiconductor photoanode will split into two energy states, the EF,n and EF,p as shown in 

Figures 13c. The difference between these two energy states under the condition with no net current 

flow is referred to as the open-circuit voltage (Voc). It is notable that whether the overall water splitting 

can be achieved is determined by EF,n, EF,p, and Voc, rather than the inherent band edge positions of 

the semiconductor photoelectrodes in the real conditions. The p-type semiconductor photocathodes 

behave in an analogous manner, except that the ionized dopants are negatively charged and the 

electrolyte ion is positively charged. Therefore, p-type semiconductor photocathodes favour electron 

flow into the positively charged acceptor species (H+/H2) at the interface.  

 

 

Figure 14. (a) Photophysical and photochemical process of a typical n-type photoanode for PEC water oxidation, 

and (b) potential recombination pathways for photo-induced holes and electrons, including bulk recombination (Jbr), 

depletion region recombination (Jdr), and surface recombination (Jsr). Reprinted with permission.6 Copyright (2010) 

American Chemical Society.  

 

Based on this model, the corresponding photophysical and photochemical process of charge carriers 

in a photoanode is given in Figure 14a, involving four major steps: (i) photon absorption to generate 

electron-hole pairs, (ii) photo-induced hole migration to the surface of the photoanode, (iii) photo-

induced electron transport via external circuit to the counter electrode, and (iv) surface water-

oxidation catalysis.19, 31 Therefore, an effective photo-induced charge regulation and utilization 

strategy that can suppress unfavourable charge recombination plays a significant role in achieving a 
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high PEC solar energy conversion efficiency. Potential charge recombination pathways of photo-

induced hole-electron pairs are illustrated in Figure 14b: (i) bulk charge recombination (Jbr) 

occurring outside the depletion layer, where the distance to the solid-electrolyte interface is shorter 

than the penetration depth of the light but longer than the effective minority holes transport distance, 

(ii) depletion region charge recombination (Jdr) occurring inside the depletion layer, where the charge 

recombination in this region is very low due to a large electric field in the semiconductor (~ 105 V/cm) 

caused by the band bending, (iii) surface charge recombination (Jsr) occurring on the 

photoanode/electrolyte interface due to the presence of intrinsic surface states and slow surface 

reaction kinetics.6 As mentioned above, the semiconductor-based PEC water splitting is realized by 

such complex photo- and electro- chemical processes. Therefore, in order to enhance PEC 

performance, it is highly desirable to utilize efficient strategies to simultaneously promote the 

generation and migration of charge carriers during the reactions.  

Recent advances in regulating charge behavior in bulk  

In this section, it is comprehensively summarized recent advances in regulating charge behavior in 

bulk by morphological control, heteroatom/defect doping, crystal facet engineering, and junction 

fabrication, and thereby favoring for the light harvesting, charge transport and charge separation in 

bulk.  

Morphological control 

Physical and chemical properties for materials are critically determined by their structure, especially, 

when the size of materials is reduced to nanoscale dimension. Therefore, design and fabrication of 

advanced photoelectrodes with well-defined one dimension (1D), two dimension (2D), and three 

dimension (3D) nanostructures that are beneficial for light trapping, surface area enlargement, charge 

transport and mass transport, is an effective approach to enhance overall PEC performance.9, 112-114  
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Figure 15. Schematic illustration of the optical absorption and charge carrier transport of thin-film-based BiVO4 

photoanode with porous structures: (a) flat BiVO4 film and (b) hierarchical BiVO4 nanostructured film composed 

of sphere arrays. Comparison of simulated cross-sectional electric field intensity distribution of the electromagnetic 

wave at 420 nm in (c) flat BiVO4 film and (d) hierarchical BiVO4 film, respectively. The thickness of BiVO4 film 

and the void diameter are set to 250 and 100 nm, respectively, in the simulation. Reprinted with permission.115 

Copyright (2017) American Chemical Society. 

 

A unique highly oriented and ordered nanostructured platform can provide a gradient of refractive 

index at the interface between the liquid and semiconductors, dubbed as the light-trapping effect, in 

which this suitable antireflection layer can suppresses reflection and enhance nondirectional 

scattering of incident light.112, 116 For instance, Zhou et al. developed a 3D ordered hierarchical BiVO4 

nanosphere arrays (NAs) photoanode composed of small nanoparticles and sufficient voids (Figure 

15a and b).115 This unique nanostructure induced efficient light harvesting by rendering a high 

capability of multiple light scattering in the sphere arrays and voids along with the large effective 

thickness of the BiVO4 photoanode. Meanwhile, cross-sectional electric field intensity distributions 

of the electromagnetic wave plotted in Figure 15c and d show that the incident light is scattered and 

trapped in hierarchical BiVO4 NAs as the distance between nanosphere arrays approaches the 

wavelength of incident light. By contrast, the electric field intensity was evenly distributed in the bulk 

counterpart. The areas between adjacent NAs exhibited an intensified electric field, corresponding to 

light trapping in these areas. Shi et al. fabricated a helical WO3 arrays photoanode by oblique angle 
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deposition.117 Theoretical simulations and analyses suggested that this unique helical arrays scatter 

light effectively with an electric field distribution of ~ 3-fold higher compared to other nanostructures 

(such as stack of nanoparticles, nanorods, and thin films) due to their greater cross-sectional light-

scattering.  

 

 

Figure 16. (a) and (b) FESEM surface views of vertically aligned Fe2O3 nanosheet films, (c) Ag NPs/Fe2O3, (d) 

CoPi/Ag/Fe2O3. Reprinted with permission.118 Copyright (2016) Wiley-VCH Verlag GmbH & Co. KGaA. 

 

Nanostructured photoelectrodes, such as 2D nanosheets, always exhibit a larger surface area or 

surface atoms compared to the bulk counterpart.119-121 Therefore, they can provide more reaction 

active sites and promote charge migration across both semiconductor/electrolyte and 

semiconductor/cocatalyst interface, enabling a redox half-reaction of H2O to proceed at a sufficiently 

high rate of turnover. The high surface area of nanostructured photoelectrodes will reduce the required 

overpotentials and flux density for the charge transfer of half reactions, and thus outcompeting the 

possibility of surface recombination and increase the values of ff, Eonset, and the eventual energy 

efficiency.122 For instance, Peerakiatkhajohn et al. synthesized the vertically aligned Fe2O3 

nanosheets on Fe foil substrates by anodization method (Figure 16a and b).118 Due to the well-
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defined nanosheet structure, vertically aligned Fe2O3 nanosheets effectively provide a large surface 

area to react with H2O and a stable substrate for hosting surface plasmon resonance Ag nanoparticles 

(Figure 16c) and CoPi cocatalysts (Figure 16d). Meanwhile, as the Fe2O3 was synthesized in situ on 

the Fe foil by the anodization process, an intimate connect is constructed between photocurrent 

generator (Fe2O3) and collector (Fe foil). Zhou et al. successfully synthesized an ordered macro-

porous BiVO4 photoanode with controllable dual porosity by a modified colloidal crystal templating 

method.123 It is notably that the PEC performance shows strong dependence on the relative size of 

the two pores, in which the optimized periodically ordered macro-porous architectures feature on 

photo-induced charge migration and mass transport for PEC water splitting.  

 

 

Figure 17. Morphology and structure characterization of the C3N4 photoanode. (a) Cross-sectional SEM image, (b) 

magnified view of the cross section. Schematic diagrams showing the transport pathway of electrons in (e) 

nanoparticle film (NPF) and (f) porous nanorods (PNR) of C3N4. Reprinted with permission.124 Copyright (2018) 

American Chemical Society. 

 

Generally, efficient transport of majority charge carriers in nanoparticle-based photoelectrodes is 

regarded as one of critical steps during solar energy conversion.113, 125-126 Rational nano-engineering 

of photoelectrodes to generate charge transport favoring nanostructure, such as 1D nanorods, is 

essential to improve the PEC performance. For instance, Guo et al. reported a novel photoanode based 
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on a vertically aligned C3N4 porous nanorod arrays (Figure 17a and b) prepared in situ, using a 

thermal polycondensation approach, with anodic aluminium oxide as the template.124 In the case of 

C3N4 nanoparticle film, it is obviously seen that the photo-induced electron transport is characterized 

by slow diffusion through interparticle pathways to reach the charge collector (Figure 17c). Particular, 

thermally activated hopping of electrons via multiple trapping and detrapping can occur at the 

interparticle boundaries, which increase the probability of charge recombination and back reactions. 

In contrast, the vertical aligned nanorod arrays of C3N4 with decreased interfacial boundaries are 

beneficial to the smooth migration of photo-induced electrons to the back contact (Figure 17d), 

accelerating electron transport and thus lowering the recombination probability of charge carriers.  

 

 

Figure 18. High-resolution images of Fe2O3 films grown by APCVD on FTO. (a) Cross-section of 500 nm thick 

mesoporous Si-doped Fe2O3 on 400 nm thick compact FTO. (b) Top view (45° tilted) of the Si-doped Fe2O3 film. 

(c) Top view (45° tilted) of an undoped Fe2O3 film. Reprinted with permission.127 Copyright (2006) American 

Chemical Society. 

 

Similarly, in the case of Fe2O3 photoelectrodes, a thickness of 500 ~ 600 nm is always needed in 

order to sufficiently absorb sunlight when considering its relatively poor absorptivity.23, 128 However, 

the extremely short hole diffusion length (2 ~ 4 nm) and the width of depletion layer (10 ~ 20 nm) 

make it a great challenge for charge transport across a nearly micrometer-scale distance. Kay et al. 
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utilized an atmospheric pressure chemical vapor deposition (APCVD) method with Fe(CO)5 and 

tetraethoxysilane (TEOS) as precursors to synthesize a nano-branched Si-doped Fe2O3 photoanode 

with the thickness of 500 nm and a minimum feature size of 5-10 nm on each aggregate (Figure 18). 

127 Using this method of fabrication, the best Fe2O3 film produced a photocurrent density of 2.2 

mA/cm2 at 1.23 vs. RHE under standard illumination in 1 M NaOH. This unprecedented high 

efficiency is in part attributed to the nano-branched structure which simultaneously minimizes the 

diffusion distance of photo-induced holes to reach the photoanode/electrolyte interface while still 

allowing efficient light absorption. Additionally, it is found that an increase in the carrier-gas flow 

rate from 2 to 6 L/min (2L-Fe2O3 and 6L-Fe2O3) greatly enhanced charge transport of Fe2O3 and thus 

the PEC performance, with little change of the film's morphology (Figure 19a and f). A shorter gas 

residence time resulted from higher carrier-gas flow rate contributes to a better adhesion between 

each particle during the growth of the film.129  

 

 

Figure 19. Nanostructured hematite aggregates whose charge transport properties are affected by high-angle grain 

boundaries: (a-e) for 6L-Fe2O3 and (f-j) for 2L-Fe2O3. (a) and (f) bright field TEM images, (b) and (g) dark field 

TEM images, (c) and (h) C-AFM topography, (d) and (i) related current maps at a tip–sample voltage of 9 V, (e) 

and (j) Statistical analyses of the current maps: the curves represent the fraction F of the area exhibiting a current 

larger than the current i shown on the horizontal axis. Each curve shows these results for a different applied voltage. 

Reprinted with permission.130 Copyright (2013) Nature Publishing Group. 
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In a followed up research by the same group, in order to identify this champion nano-branched Fe2O3 

by correlating nano-branched structure and charge transport, an approach was developed to correlate 

the spatial distribution of crystalline and current-carrying domains in entire nanoparticle aggregates 

by crystal-by-crystal imaging of entire nanocrystal aggregates using dark-field transmission electron 

microscopy (DF-TEM) and conducting atomic force microscopy (C-AFM). In detail, bright-field 

TEM (BF-TEM) images presented the branched aggregates consisting of small nanoparticles for both 

2L-Fe2O3 and 6L-Fe2O3 photoelectrodes (Figure 19a and f), and the related regions with the same 

colour in DF-TEM imaging represent mosaics of nanocrystals with similar but not identical 

orientations (Figure 19b and g). It is clearly observed that each of the upper three aggregates ([101], 

[601], and [211])shows just one colour for the case of 6L-Fe2O3, suggesting that most aggregates of 

6L-Fe2O3 have a single principal crystallographic orientation (Figure 19b). However, multiple 

crystal orientations are found in one aggregate of 2L-Fe2O3 (Figure 19g), forming many high-angle 

grain boundaries. These grain boundaries can generate a potential barrier that blocks majority carrier 

charge (electrons for n-type Fe2O3) transport between adjacent crystals. In addition, the potential drop 

at high-angle grain boundary barriers decreases the potential that falls at the 

photoelectrode/electrolyte interface. The vertical charge transport properties of individual 

nanoparticle aggregates grown on FTO was probed by C-AFM (Figure 19c-e and h-j), where the size 

of the current-carrying regions and the magnitude of current passing through them could correlate 

with the structural features, reflecting potential barriers in these electrodes created by high-angle grain 

boundaries. The size of regions with similar current for 6L-Fe2O3 (60-200 nm) is larger than that of 

the 2L-Fe2O3 (< 60 nm). These sizes are similar to those of the nanocrystalline mosaics in each sample 

(Figure 19b and g), implying that majority carrier transport is limited primarily by the potential 

barriers formed at high-angle grain boundaries. In addition, statistical analyses of the current maps at 

different applied voltage show that charge transport in the 2L-Fe2O3 is significantly slower than the 

6L-Fe2O3 (Figure 19e and j). Hence, the facile vertical charge transport toward the substrate with 
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few high-angle grain boundaries is the key to high PEC performance for nanostructured Fe2O3 

photoanodes, especially those with a substantial film thickness.  

Heteroatom/Defect doping 

Doping is one of the most fundamental strategies to tune the properties of a photoelectrode, which 

can effectively (1) increase the intrinsic electronic conductivity by changing the crystal symmetry 

and introducing polarons, both of which would benefit a higher charge carrier concentration,71, 131-132 

(2) improve photo-induced charge migration to reduce the charge recombination during drift and 

diffusion processes,133-135 (3) narrow the bandgap energy or change the band edge position by forming 

a new donor energy level/defect level to enhance the photon absorption,136-138 (4) create intrinsic 

vacancies properly as the trapping centres to enhance bulk photo-induced charge separation.139-141  

 

 

Figure 20. (a) Schematic small polaron hopping paths in Mo-BiVO4 for DFT calculations. Only Mo and V atoms 

are shown in the schematic structure model. V1-V5 are V positions with different distances to the nearest Mo atom, 

as listed in the legends. (b) Spin density and average hopping energy barriers in Mo-BiVO4 along the reaction 

coordination representing one entire small polaron hopping event. The initial state energy of each curve is set to 

zero. Insets in (b) show the spin-density isosurfaces at an isovalue of 0.002 e/Å3 near the polaron of initial, transition 

state, and final states along the reaction coordination. The yellow ball denotes Bi ions, orange is for V, and cyan is 

for O. Reprinted with permission.131 Copyright (2018) American Chemical Society. 

 

Small polaron hopping determines carrier transport and limits the ground-state mobility in metal 

oxides, such as BiVO4 and Fe2O3.
70, 142 In principle, small polarons are highly localized and thus 
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require a large activation energy to hop to the neighboring atoms, leading to a low carrier mobility. 

High-valence n-type doping is an effective approach to improve the bulk charge transport properties 

in terms of optimizing polaron hopping mode, increasing carrier concentration and hence the 

conductivity of metal oxides.131, 143-144 Generally, hexavalent metals molybdenum (Mo) and tungsten 

(W) have been extensively investigated as the metallic dopants for BiVO4 photoanodes.145 For 

instance, Zhang et al. reported an unconventional carrier transport relation induced by extrinsic Mo 

doping of BiVO4 photoanodes.131 It is identified that Mo doping significantly condenses the optimal 

regime between carrier transport and photon collection by substituting V sites, resulting slight 

tetragonal distortion to the parent monoclinic lattice structure, which simultaneously increases the 

donor density and lowers the small polaron hopping barrier. Figure 20a depicts the comparison of 

several possible inequivalent hopping paths between the nearest neighbours in multiple directions. 

The hopping barriers for all paths in Mo-BiVO4 are smaller than those in the pristine BiVO4, with the 

lowest barrier of 202 m eV for the V3+-V5+ hopping route. Meanwhile, according to DFT calculation 

results (Figure 20b), it is stated that V-O bond stretching in the transition state implies strong 

electron-phonon coupling in this small polaron hopping process while the interaction between polaron 

and Mo dopants results in dominant photo-induced electron transport and provides a lower barrier for 

electrons to hop away from Mo dopants. Zhou et al. synthesized a Mo-doped BiVO4 photoanode with 

an inverse opals architecture.137 The Mo doping effectively optimized photo-induced charge 

behaviour in two ways: (1) the electron mobility was enhanced by substitution of V5+ (tetrahedral 

ionic radius of 0.35 Å) with a larger Mo6+ (tetrahedral ionic radius of 0.41 Å), which could extend 

the c-axis and promote free electron hopping between internally unconnected VO4 tetrahedra, where 

the ECB of BiVO4 mainly consists of V 3d orbitals; (2) the charge carrier density was increased 

because Mo with one more valence electron than V host atoms can serve as electron donors to increase 

the charge carrier densities. This strategy can be also applied for Fe2O3 photoelectrodes using 

quadrivalent Ti4+ and Sn4+ in terms of magnitude enhancement in charge carrier density.143, 146-148  
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Defect engineering, such as introduction of disorder and oxygen vacancies (Ov), can also be 

considered as a kind of self-doping, which has been intensively studied in energy conversion 

applications.149-151 A typical case of defect doping, reported by Chen et al, is the hydrogenated 

treatment of TiO2 to expand the photon absorption range from ultra-violet to near infrared by creating 

a disordered surface and Ov.
152 Generally, efficient defect engineering to create Ov can improve the 

charge carrier density and conductivity in the bulk.108, 135 For instance, Wang et al. first demonstrated 

hydrogen treatment as a simple and effective strategy to fundamentally improve the PEC performance 

of TiO2 nanowires.153 It is observed that hydrogen treatment increases the donor density of TiO2 

nanowires by 3 orders of magnitude via creating a high density of oxygen vacancies that serve as 

electron donors.  

 

 

Figure 21. (a) Schematic band structure at the semiconductor-electrolyte interface and the charge transfer (green 

arrows) and recombination (red arrows) processes. (b) The three key steps for charge transfer, namely bulk transfer, 

photoelectrode/electrolyte interfacial transfer, and surface reaction. The influence of Ov is indicated with yellow 

arrows. Reprinted with permission.139 Copyright (2019) Wiley-VCH Verlag GmbH & Co. KGaA. 

 

Besides the frequently reported improvements in bulk conductivity and charge carrier density, Wang 

et al. found that the role of Ov in PEC process was more complicated based on the study of a Fe2O3 

photoanode.139 In the presence of Fermi level pinning by surface trapping states (Figure 21a), severe 
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charge recombination takes place at the photoanode/electrolyte interface. The hole quasi-Fermi level 

(EF,p) will be more reluctant to moving downwards to meet the thermodynamic requirement for water 

oxidation, and thereby causing sluggish interfacial charge transfer even the surface reaction property 

can be enhanced by proper intensity of Ov. And once the overpotential is sufficiently large, the EF 

pinning at photoanode/electrolyte interface is minimized. High conductivity can accelerate bulk 

charge transfer and facilitate charge collection, so that bulk recombination by the back-transferred 

electron-hole pairs and the crystals or particles boundary can be suppressed. Moreover, improved 

conductivity can lead to a smaller potential drop in the bulk part of Fe2O3 photoanode, and thus a 

greater potential will be applied at the photoanode/electrolyte interface to provide a stronger driving 

force for surface reactions. This finding suggests that Ov has both positive and negative impacts on 

PEC performance. The improved bulk conductivity and surface catalysis are beneficial for bulk 

charge transfer and surface charge consumption while interfacial charge transfer deteriorates because 

of recombination through Ov-induced trap states at photoanode/electrolyte interface (Figure 21b).  

 

 

Figure 22. (a) Photoetching for the BiVO4 photoanode without external bias, (b) Mott-Schottky plots measurement 

of BiVO4 and PE-BiVO4 in the dark, and (c) The band diagrams of BiVO4 and PE-BiVO4 in the dark. Reprinted 

with permission.135 Copyright (2020) Wiley-VCH Verlag GmbH & Co. KGaA.  

 

In the contrast to promote bulk charge transport by properly defect engineering, high intensity of Ov 

in bulk will lead to a poor charge transport efficiency owing to the drag of Ov bound polarons. In 

order to overcome the negative effect of bulk Ov in photoelectrodes, Qiu et al. utilized highly 
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oxidative 2D bismuth oxyiodate (BiOIO3) as precursor to synthesize BiVO4 photoanodes with 

reduced bulk Ov.
132 As the Ov in bulk was drastically reduced, the released bound polarons enabled a 

fast charge transport inside BiVO4. Consequently, the performance in tandem devices based on the 

Ov-eliminated BiVO4 was. Apart from selecting propers precursor for photoelectrode fabrication, 

other methods of defect engineering can also be used to ensure that Ov is only formed on the surface 

of photoelectrodes. For instance, Feng et al. utilized a facile photoetching approach to alleviate the 

negative effects from bulk defects by confining Ov at the surface of BiVO4 photoanode. A 

photocurrent density of 3.0 mA/cm2 at 0.6 V vs. RHE was among the highest obtained so far with 

defect-doped BiVO4 photoanodes.135 As demonstrated in Figure 22a, the photoetching is performed 

on the as-prepared BiVO4 film in the absence of an external bias by immersing in 1 M potassium 

borate electrolyte containing 0.2 M Na2SO3 with 10-minute illumination from the solar simulator. A 

possible mechanism is proposed by the authors, which involves the formation of photo-induced holes 

in BiVO4 film. These holes can oxidize Olattice
2- (lattice oxygen) and release O2 resulting in the 

formation of Ov according to the reaction equation 2Olattice
2- + 4h+ = O2 + Ov. Na2SO3 is used as a 

scavenger to remove O2 in order to minimize the reverse reaction between O2 and Ov, which could 

otherwise hinder the formation of Ov.  Based on the results obtained from the Mott-Schottky plots 

(Figure 22b), the ECB edge remains unchanged upon photoetching while the charge carrier density is 

significantly increased from 2.71 × 1019 to 8.21 × 1019 cm-3. The enhanced charge carrier density can 

shorten the depletion width (Wd) and enhance the band bending for hole collection (Figure 22c), 

which can accelerate the hole drift and suppress the charge recombination.  
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Figure 23. (a) UV-vis -NIR spectra of WO3, WO3-x-VT (WO3 obtained by vacuum thermal treatment), and WO3-x-

HT (WO3 obtained by H2 thermal treatment) nanosheets, and (b) band level arrangements of WO3-x-HT. Reprinted 

with permission.69 Copyright (2015) Wiley-VCH Verlag GmbH & Co. KGaA. 

 

Theoretically, there exist three different approaches for solar light harvesting: (1) electrons excited 

from top of EVB to bottom of ECB; (2) electrons excited from top of EVB to Ov level below the bottom 

of ECB; and (3) electrons excited by localized surface plasmon resonance (LSPR). Efficient Ov defect 

engineering can also improve the optical property of photoelectrodes by tuning Ov level and LSPR. 

For instance, Yan et al. successfully synthesized single crystal WO3 nanosheets from the exfoliation 

of layered tungstic acid and post thermal treatment, showing dramatically enhanced performance in 

PEC water oxidation.69 Post thermal treatment in both vacuum and H2 can significantly change the 

electronic structure by forming Ov, which are predominantly located at the outer surface of nanosheets 

to form a disorder layer. As shown in the diffuse reflectance UV-vis-NIR spectra in Figure 23a, WO3, 

WO3-x-VT and WO3-x-HT showed similar intrinsic absorption up to 480 nm, consistent with the 

indirect bandgap absorption edge of pristine WO3 at 2.6 eV. Significantly, for WO3-x-VT and WO3-

x-HT, optical absorption beyond the band edge could be observed in the spectral range of 480-700 

nm, which should be due to the new discrete energy bands below the conduction band created by the 

introduction of anionic vacancies as shown in Figure 23b. Moreover, typical LSPR peaks centered 

at around 1520 and 1450 nm are observed for WO3-x-VT and WO3-x-HT, respectively, which is 

induced by collective oscillations of surface free electrons. Therefore, the introduction of Ov into 
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single crystal WO3 nanosheets can induce LSPR effect, which not only creates the light harvesting 

via LSPR in the near-infrared region but also promotes the light harvesting in the ultraviolet and 

visible region.  

 

 

Figure 24. Illustration of the charge transfer on Ov-FeOOH/BiVO4 photoanode. Reprinted with permission.154 

Copyright (2016) Wiley-VCH Verlag GmbH & Co. KGaA. 

 

Besides the photoelectrode itself, the OER co-catalysts can be also tuned by defect engineering for 

surface charge transfer properties. For instance, Zhang et al. developed a facile solution impregnation 

method for growing an ultrathin high crystalline FeOOH nanolayer with abundant Ov on a BiVO4 

photoanode.154 This Ov-FeOOH can effectively induce the outward driving forces for hole trapping 

and drive hole migration to alleviate energy loss on the intrinsic potential barrier at the 

BiVO4/electrolyte interface. Specifically, as shown in Figure 24, the created Ov is more favourable 

for the formation of low-coordination Fe2+ sites, leading to a decreased hindrance for the adsorption 

of H2O on the surface since Fe2+ centre is more active towards the adsorption of H2O. Owing to the 

holes with high oxidation capacity and the defects in the ultrathin FeOOH layer, the Fe2+ sites could 

be converted into a higher state (Fe3+) by hole oxidation. And then Fe3+ state is reduced to the Fe2+ 

state by getting the electron from the water (produce oxygen). Therefore, it is apparent that the 

ultrathin Ov-FeOOH not only be served as the hole transport layer to promote charge separation but 

also the active sites for the water oxidation.  
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As discussed above, although doping brings significant regulation of electronic structure of a bulk 

material in some cases, the effect of doping may not be always favourable due to the induced electron-

hole recombination due to the presence of more trapping centres, impeded charge transport by 

providing scattering centres, and the decrease in the thickness of the depletion layer.73 Therefore, 

incorporating hetero-atom dopants or defects into semiconductor crystal lattice should be controlled 

precisely and properly, taking into consideration various factors, such as the absorption coefficient 

and minority carrier diffusion length.  

Crystal facet engineering 

Owing to the different atomic arrangements in various facets, semiconductor crystals exhibit facet-

dependent anisotropic properties, such as surface electronic structures, redox reaction sites, surface 

built-in electric fields, molecular adsorption, photoreaction activity, photo-corrosion resistance, and 

anisotropic electrical conductivity.24 Usually, exposed facets can be generated by selectively 

controlling the nucleation and growth rates in different directions during the growth of semiconductor 

crystals. According to the Gibbs-Wulff theorem, the facets with higher surface energies always grow 

rapidly and usually account for a very small fraction of the surface or even vanish from the final 

crystals, whereas the facets with lower surface energies grow slowly and are preserved, constructing 

the shape of the final crystals.24, 155 Therefore, advanced technology and efficient capping agents are 

required to selectively cover the facets with higher surface energies and reduce the surface energies 

of the corresponding adsorbed facets.50, 156-158 
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Figure 25. Growth orientation and facet design of a pristine BiVO4 photoanode and their impact on PEC 

performance. (a) Growth morphology and hetero-epitaxial alignment of a monoclinic BiVO4 film on rutile SnO2. 

(b) The use of preferentially [001]-oriented BiVO4 to circumvent inherent limitations (sluggish oxygen evolution 

reaction kinetics and poor charge transport and collection) by reducing surface, bulk, and interfacial charge 

recombination. Reprinted with permission.159 Copyright (2018) Royal Society of Chemistry. 

 

Theoretical studies have indicated that [001]-oriented growth of BiVO4 is expected to be better in 

charge transport properties, while (001) facet of BiVO4 is also suggested exhibit higher OER activity 

than other facets due to the favourable surface electronic properties and surface atomic structure.145, 

160-161 For instance, Han et al. fabricated the pristine BiVO4 photoanode with a preferential [001] 

growth orientation and exposed (001) facets by a laser ablation assisted epitaxial method on FTO 

substrates (Figure 25a).159 In Figure 25b, it is strikingly presented (1) superior surface reaction, (2) 

bulk charge transport, and (3) backside charge collection. Correspondingly, (1) the exposed (001) 

surface facets possess a higher solar water oxidation performance compared to the (101), (2) the 

charge transport along [001] orientation is more efficient compared to the random growth orientation, 

and (3) the backside electron collection is more efficient on the lattice-matching BiVO4[001] || 

SnO2[101] interface. The excellent intrinsic charge transport property and surface reactivity of 

preferentially [001]-oriented BiVO4 contributes to a 16-times higher photocurrent density compared 

to the random oriented counterpart, which is the highest value among pristine BiVO4-based 

photoanodes for solar water oxidation.  
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Figure 26. SEM images of BiVO4 with and without single metal/oxide deposited. (a) BiVO4; (b) Au/BiVO4; (c) 

Pt/BiVO4; (d) Ag/BiVO4; (e) MnOx/BiVO4 and (f) PbO2/BiVO4. Reprinted with permission.162 Copyright (2013) 

Nature Publishing Group.  

 

The anisotropic charge transport property in photoelectrodes also tends to induce crystallographic-

orientation-dependent photoinduced charge separation.158, 163-164 For instance, Li et al. observed that 

efficient charge separation can be achieved on different crystal facets using BiVO4 as a model 

photoelectrode (Figure 26a),162 based on the evidence that reduction reaction with photo-induced 

electrons and oxidation reaction with photo-induced holes occurred separately on the (010) and (110) 

facets under illumination. In particular, Ag, Au and Pt particles were all solely deposited on the (010) 

facets (Figure 26b-d), implying photo-induced electrons specifically flowed to the (110) facets, while 

MnOx and PbO2 particles were solely deposited on (110) facets, demonstrating the transportation of 

photo-induced holes to (110) facets (Figure 26e-f). This unique phenomenon has also been observed 

on other semiconductors, such as TiO2 and SrTiO3
50, 158 
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Figure 27. (a) SEM image of and spatial distribution of SPV signals. Pink and green colours correspond to holes 

and electrons separated toward the external surface, respectively. (b) Schematic band diagrams across the border 

between the (011) and (010) facets of a bare single BiVO4 photocatalyst particle. Reprinted with permission.165 

Copyright (2017) American Chemical Society. 

 

Although facet-dependent charge transport and surface redox reaction were observed in many reports, 

the underlying mechanisms are still not well understood. Zhu et al. developed a spatially resolved 

surface photovoltage (SR-SPV) microscopy technique for directly visualizing the local spatial charge 

separation in single crystal BiVO4 (Figure 27a),165 which provides some insights into the facet-

dependent surface charge dynamics. In Figure 27b, SR-SPV studies on a single BiVO4 crystal 

containing (010) and (011) facets revealed that the (011) facet exhibits a much stronger SPV signal 

intensity than the (010) facet, indicating that the surface band bending in the space charge region of 

the (011) facet is more significant than that of the (010) facet. Consequently, the surface band bending 

induced built-in electric fields between these facets are different, leading to the spatial transfer of 

photo-induced electrons and holes to different facets in a single semiconductor crystal. By increasing 

the area ratio of (010)/(011), the difference in the SPV signal intensities between the (011) and (010) 

facets can even reach a factor of 70, suggesting a larger difference in their surface built-in electric 

fields.  

Owing to the unique facet-dependent properties of semiconductor crystals discussed above, it is 

possible to modify photoelectrodes through crystal facet engineering toward efficient PEC water 

splitting. Compared to the suspension-based photocatalysis systems, PEC water splitting systems 

require the efficient loading of photocatalysts on conductive substrates. It is still very challenging to 
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keep the specific faceted exposing to H2O and excellent interfacial contact with conductive substrates. 

To assist the mechanistic understanding of facet-dependent properties of semiconductor, advanced 

microscopy and spectroscopy techniques should be  developed for directly imaging and probing the 

surface and interface charge transfer dynamics.163-164, 166  

 

 

Figure 28. Band structure of two kinds of heterojunction. a) Staggered junction. b) Z-scheme junction. 

 

Hetero/Homo-junction fabrication 

Rational design and fabrication of a junction is one of most effective and facile ways to promote the 

bulk charge separation and transport.36, 128, 167 From the point of semiconductor materials, junctions 

can be formed by two different semiconductor materials with a suitable band alignment or the same 

semiconductor material with different electronic structure or phase. The former is called 

heterojunction, while the latter is called homojunction. Fundamentally, there exist two kinds of 

junctions based on the band energy level alignment of the semiconductor pair: staggered junction and 

Z-scheme junction as shown in Figure 28. In a typical staggered band alignment, both ECB and EVB 

positions of semiconductor 2 (S2) are slightly higher than that of semiconductor 1 (S1). After intimate 

contact and band bending formation, a built-in field is constructed that drives the photo-induced 
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electrons from S2 to S1, and photo-induced holes from S1 to S2, leading to a spatial charge separation 

of the electron-hole pairs on two sides of heterojunction interface. For Z-scheme junction, as ECB of 

S1 is close to EVB of S2, the interfacial photo-induced electrons from S1 and holes from S2 recombine, 

enabling forward current flow. The photovoltage is the sum of the photovoltage of S1 and S2. It is 

clearly seen that, in staggered junction system, two photons can generate two electron-hole pairs for 

redox reactions, whereas in Z-scheme system only one of the two electron-hole pairs generated by 

two photons is used for redox reactions due to recombination of one electron-hole pair, which reduces 

quantum efficiency to half.  

 

 

Figure 29. Infrared nanosecond TA traces recorded at 2050 cm-1 with BiVO4 and WO3/BiVO4 heterojunction. 

Reprinted with permission.168 Copyright (2018) American Chemical Society. 

 

WO3/BiVO4 is one of the best heterojunction pairs for water splitting, because WO3 is a reasonably 

stable n-type semiconductor with a ECB value of 0.4 V vs. NHE allowing facile photo-induced electron 

injection from the conduction band of BiVO4 with a ECB value of 0.2 V vs. NHE. Various 

nanostructured WO3/BiVO4 heterojunction were designed and fabricated in the past decade for 
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enhancing the bulk charge separation.169-172 For instance, Shi et al. fabricated a helical WO3 array on 

FTO by oblique angle deposition, followed by coating with amorphous (W, Mo)-BiVO4,
117 which 

exhibited a photocurrent density of as high as ~ 5.35 mA/cm2 and a IPCE value of over 90 % at 1.23 

V vs. RHE. Rao et al. synthesized WO3/BiVO4 core/shell nanowire photoanode in which BiVO4 is 

the primary light-absorber and WO3 acts as a photo-induced electron conductor,173 showing a 

photocurrent density of 3.1 mA/cm2 and IPCE value of 60 %. In these cases, effective photo-induced 

charge transfer can occur on the WO3/BiVO4 interface, and superior nanostructured WO3 is beneficial 

for the consequent photo-induced electrons transport. In order to provide a deeper insight of photo-

induced charge transfer dynamics, Grigioni et al. directly probed the WO3/BiVO4 heterojunction 

photoelectrode by transient absorption (TA) midinfrared (mid-IR) spectroscopy on the picosecond to 

microsecond time scale.168 It was found that photo-induced electrons in BiVO4 decayed within 

nanosecond scale, whereas WO3/BiVO4 heterojunction showed a long-lived IR signal to microsecond 

scale, as shown in Figure 29a. Selective excitation of BiVO4 at 500 nm in WO3/BiVO4 generates a 

long-lived IR signal (Figure 29b), which provided conclusive evidence that photo-induced electrons 

from ECB position of BiVO4 promptly move to that of WO3. Interestingly, a decreased IR signal was 

observed at the excitation wavelength of 410 nm, indicating that a potential undesirable 

recombination pathway is present between photo-induced electrons in the conduction band of WO3 

and photo-induced holes in the valence band of BiVO4 upon simultaneous excitation of both oxides 

(Figure 29c). Therefore, in optimized heterojunctions, care should be taken to avoid this parasitic 

process of wavelength-dependent charge dynamics in the heterojunction system.  
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Figure 30. Band diagram schematic of BiVO4 samples. (a) W-BiVO4, (b) W-BiVO4 homojunction, (c) W-BiVO4 

reverse homojunction and (d) gradient-doped W-BiVO4. In all cases, the light enters from the right-hand side 

(through the electrolyte), and the FTO back contact is situated on the left. (e) Carrier-separation efficiency (ηsep) as 

a function of applied potential. Reprinted with permission.117 Copyright (2013) Nature Publishing Group.  

 

Different from heterojunction, homojunction is composed of same semiconductors but with different 

electronic structures or phase, such as typically anatase and rutile TiO2. As discussed in Section 1.5.3, 

band position can be effectively tuned by doping method, and thus creating a different electronic 

structure from the bulk. Abdi et al. reported a gradient W dopant concentration in BiVO4 film, thereby 

creating a distributed n+-n homojunction to enhance the bulk charge separation.138 By comparing band 

diagram of pristine W-BiVO4, (Figure 30a) and W-BiVO4/BiVO4 (Figure 30b), it is found an 

enhanced bulk charge separation by forming homojunction architecture. To fully leverage this effect, 

the BiVO4 photoanode with a 10-step in gradient W doping (Figure 30d) was fabricated, starting 

from 1% W at the interface with the back contact to 0% W at the semiconductor/electrolyte interface. 

This photoanode shows a charge separation efficiency of over 60% (Figure 30e). To confirm the 

cascade charge transfer from BiVO4 to W-BiVO4, a reverse homojunction was fabricated in which 

the W-BiVO4 side is closest to the electrolyte (Figure 30c). It is clearly shown that the charge 

separation efficiency is decreased as the band bending is present in the opposite direction to act as a 

barrier for carrier separation. Similarly, Ruan et al. synthesized a metal-free photoanode nanojunction 

architecture, composed of B-doped C3N4 (top layer with a depth of 100 nm) and bulk C3N4 (bottom 

layer with a depth of 900 nm), by one-step thermal vapour deposition.108 The B-C3N4/C3N4 
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nanojunction photoanode produces a 10-fold higher photocurrent density than pristine bulk C3N4 

photoanode due to the enhanced conductivity and presence of mitigated deep trap states.  

 

 

Figure 31. (a) Schematic diagrams showing the phase junction effects on charge separation and transfer in 

photocatalysis system and PEC system. Type A is the electrode with random phase alignment. Type B and type C 

are the electrodes with phase alignments for forward and reverse electron migration, respectively. (b) J-E curves of 

TiO2 electrodes with type A (red), type B (green) and type C (blue) phase alignments. Reprinted with permission.174 

Copyright (2016) Royal Society of Chemistry. 

 

Introducing phase homojunction is also an effective way to promote bulk charge separation.175-177 

Because of the similar crystal structure between the two phases, a phase junction can be more easily 

formed. In the phase junction, the band alignment between the different phases critically determines 

the interfacial charge transfer directions thermodynamically then the charge separation. For instance, 

Li et al. utilized typical TiO2 anatase-rutile phase junction as a model to reveal that appropriate 

bandgap alignment is essential for unidirectional charge separation and transfer.174 In photocatalysis 

system, electron-hole pairs separated across the phase junction can readily react with water (Figure 

31a). However, different from photocatalysis system, photo-induced charges need to transport in the 

desired direction in PEC system. Both the random phase junction (type A) and the junction with an 
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incorrect band energy alignment that causes undesired reverse charge transfer (type C) exhibit a 

relatively low PEC performance (Figure 31b). In contrast, type B phase junction produces a favoured 

unidirectional photo-induced holes transfer from bulk side to electrolyte side, resulting in the highest 

PEC water oxidation performance (Figure b). Generally, the bandgap of different phases are quite 

similar due to the same chemical composition, which makes it hard to identify the ECB and EVB of 

different phases. Moreover, the band alignment is very sensitive to the interfacial structure, the gas 

atmosphere, or the electrolyte, etc. Thus, more efforts are required to clarify the band alignment 

theoretically or experimentally.  

Recent advances in regulating charge behaviour on surface  

In this section, recent advances in regulating charge behaviour on surface are presented by introducing 

various passivation layer and cocatalysts, and thereby enhancing the chemical stability and surface 

reaction kinetics. 

Interface passivation 

Passivation layers are applied to the photoelectrode/electrolyte and current collector/photoelectrode 

interface using various materials (Al2O3, SiO2, ZrO2, SnO2, TiO2)
57, 62, 96, 178 and technologies (atomic 

layer deposition, electrodeposition)96, 179, mainly aiming at (1) reducing chemical or photochemical 

corrosion induced by aqueous electrolyte or detrimental side reaction, (2) manipulating interfacial 

energetics to decrease the loss of original photovoltage, (3) preventing surface states trapping of 

surface-reaching charges, and (4) decreasing the charge accumulation on the back contact.  
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Figure 35. Schematic of Ni/n-Si photoanode. (a) Structure of 2-nm Ni-coated n-Si anode (top) and proposed 

approximate energy band diagram (bottom). (b) Structure of 5- to 20-nm Ni-coated n-Si anode (top) and a typical 

Ni/n-Si Schottky barrier formed between 5- to 20-nm Ni and n-Si, with built-in potential φs and photovoltage lower 

than the 2-nm Ni/n-Si case in (a). Reprinted with permission.180 Copyright (2014) American Association for the 

Advancement of Science. 

 

Several studies have shown that constructing a metal-insulator-semiconductor (MIS) interface as the 

surface passivation layer to manipulate interfacial energetics in order to maximum the photovoltage 

can offer a feasible way to enhance the solar-conversion efficiency. Generally, taking an n-type Si 

photoanode as an example, the electron quasi-Fermi level falls close to the valence band at the 

interface, and thus creating a potential barrier that repels the majority carriers when being in contact 

with a high work function metal or transition-metal-oxide. This barrier height should be closely 

associated with the work function of the metal relative to the electron affinity of Si according to the 

Schottky-Mott rule.96, 181 In order to obtain a high photovoltage, the metal must have a high work 

function value and the insulator layer must have a proper thickness. For instance, Kenney et al 

reported an MIS interface system using an n-type Si photoanode with its native SiO2 insulator layer 

and ~ 2-nanometer high work function nickel metal layer (Figure 35), showing an enhanced PEC 



56 
 

water oxidation in both aqueous potassium hydroxide (pH = 14) and aqueous borate buffer (pH = 9.5) 

solutions. It is demonstrated that the ultrathin Ni/NiOx and the electrolyte form an effective layer 

interfacing with Si, affording a high built-in potential (φs) and Voc, while φs and Voc became lower as 

the thickness increased from 5 to 20 nm. Similarly, Yao et al. manipulated the interfacial energetics 

of n‑type silicon photoanodes by building an n-Si/TiOx/ITO Schottky junction, which exhibited a 

highly efficient charge transport and a barrier height of 0.95 eV (close to the theoretical optimum for 

n-Si/ITO Schottky contact).181 Specifically, the donor-like defects at the n-Si/ITO interface and 

reverse effects of the defects on charge transfer were eliminated by introducing a thin layer TiOx, 

while the barrier height and holes extraction efficiency of the optimized n-Si/TiOx/ITO junction can 

be further enhanced through enlarging the work function of the surface layer.  

 

 

Figure 36. Electron energy scheme of an n-type semiconductor photoanode under polarization using a potentiostat 

at different potentials and with the presence of surface states that cause Fermi level pinning. (a) Electrode at Efb. (b) 

An anodic potential empties the surface states but does not induce band bending. Band bending commences at (c) 

when the surface states are emptied. Reprinted with permission.18 Copyright (2013) American Chemical Society. 

 

Finally, the effective surface passivation can be also employed to suppress the high density of surface 

states (or so-called Fermi level pining) caused by defects or oxygen vacancies in polycrystalline 

metal-oxide photoelectrodes, and thus decreasing surface charge recombination.18, 179, 182 As seen in 

Figure 36, in principle, the applied bias does not contribute to band bending but instead result in 

emptying the surface states. And the potential drop occurs over the Helmholtz layer instead of in the 



57 
 

photoelectrode itself, and as a result, space charge field is not present to separate photo-induced 

charges. It is not until the surface states are emptied that the photoelectrode can lead to surface band 

bending and a space charge field to generate anodic photocurrent. In other words, these surface states 

act as trapping centres of photo-induced holes, which is deleterious surface charge injection kinetics. 

One of the most widely investigated photoelectrodes in surface state passivation is Fe2O3 photoanode. 

There exist mainly two strategies to optimize the surface state to enhance water splitting efficiency. 

The facile way is thermal treatment under high temperature to improve the crystallinity. Zandi et al. 

utilized the annealing strategy to treat Fe2O3 thin film prepared by atomic layer deposition (ALD), 

which is shown to remove one of two surface states identified to reduce surface photo-induced charge 

recombination and Fermi level pinning.182 However, high-temp calcination usually tend to destruct 

the desirable nanostructure. Li et al. synthesized a ZrO2-induced Fe2O3 nanotube photoanode that can 

be survived over 750 ℃.183 By introducing a ZrO2 shell on hydrothermal FeOOH nanorods by ALD 

method, subsequent high-temperature solid-state reaction converts ZrO2-FeOOH nanorods to ZrO2-

induced Fe2O3 nanotubes showing an exciting PEC water oxidation activity among Fe2O3-based 

photoanodes without co-catalysts.  

Although passivation is promising strategy to achieve long-term operational stability and to remove 

high density of surface states, the properties of materials, such as thickness, permeability, stability, 

and attaching capability, still need to be carefully controlled. Moreover, the effects of surface 

passivation, catalytic improvement in interfacial charge transfer kinetics, and chemical stabilization 

are not necessarily independent. Well-designed solar water-splitting devices have to combine these 

properties to enhance overall performance.  
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Figure 37. (a) Cross-sectional SEM image of FTO/Cu-NiOx/Sb2Se3/TiO2/Pt photocathode. (b) Schematic band 

diagram showing the relative energy positions of EVB and EF for the three different layers with respect to the FTO 

before equilibrium. Band energy diagram after equilibrium: (d) Without NiOx layer, (e) NiOx layer, and (f) Cu-NiOx 

layer. Reprinted with permission.184 Copyright (2019) American Chemical Society.  

 

Besides focusing on the top photoelectrode/electrolyte interface, an effective bottom layer on the 

current collector/photoelectrode interface is crucial for the back-contact charge transfer as well. In a 

typical photocathode comprising a p-type semiconductor, the photo-induced electrons should drift to 

the photocathode/electrolyte interface to drive the HER, while the photo-induced holes are 

transported to a counter electrode via the back contact and external circuit, followed by the OER 

process. The slow injection of the photo-induced holes to the back contact is likely to induce charge 

accumulation and recombination at the back current collector/photoelectrode interface. Lee et al. 

fabricated Cu-doped NiOx as back contact insertion layer for Sb2Se3 photocathodes (Figure 37a and 

b) to block the charge recombination and selectively facilitate photo-induced hole extraction at the 

back interface.184 The band alignment between the Sb2Se3 and the back contacts after the EF 
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equilibration is further schematically depicted in Figure 37c. The photo-induced electrons and holes 

possibly recombined at the FTO/Sb2Se3 interface due to the electron backflow, whereas the 

fabrication of NiOx layer between the FTO and Sb2Se3 can effectively prevent the photo-induced 

electron backflow because of the overwhelmingly positive ECB of NiOx (Figure 37d). The hole 

extraction through NiOx may have been sluggish because of the undesirable EVB matching. In the case 

of Cu-NiOx layer, the photoexcited holes were efficiently extracted through the hole-selective layer 

because of the more desirable band alignment and the higher electrical conductivity. This result is in 

good agreement with the literature showing that a small difference in the band offset can result in a 

significant difference in the performance of semiconductor-based devices.  

Co-catalyst deposition 

In addition to tuning the physicochemical properties in the bulk of photoelectrodes, surface charge 

utilization also plays a vital role in solar water splitting, where the kinetics of OER or HER is still 

relatively sluggish.11, 16-17, 185 In order to promote the reaction process, typical O2 and H2 evolution 

co-catalysts (OECs and HECs), such as noble and transition metal oxides (RuO2, IrO2, CoOx, 

MnOx)
129, 186, oxyhydroxide (NiOOH/FeOOH, FeOOH/CoOOH)42, 187, transition metal 

phosphide/phosphate (CoP/CoPi)86, 188, noble metals (Pt)82, and enzymes (hydrogenase)189-190 have 

been widely studied and employed to deposit on the surface of photoelectrodes. As mentioned above, 

it is clearly demonstrated that a successful cocatalyst candidate in PEC system must be an efficient 

electrocatalyst for water splitting. Therefore, inspired by Kanan and Nocera’s work on OER catalysed 

by a CoPi electrocatalyst,191 the first case of integrating cocatalysts into PEC water splitting was 

reported by Zhong et al. in 2009,192 in which CoPi was electrodeposited on the nanostructured Fe2O3 

photoanode resulting in reduction of the overpotential for PEC water oxidation by over 350 mV. 

Since then, the electrodeposition of sparser CoPi cocatalysts193 and photo-assisted electrodeposition 
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of more uniform CoPi cocatalysts188 have been further developed to enhance the kinetics of the 

surface reactions of photoelectrodes.  

 

 

Figure 32. Effect of OECs on photocurrent density for solar water oxidation and Na2SO3 oxidation. (a) J-E curves 

of BiVO4 (black solid line), BiVO4/FeOOH (blue), BiVO4/NiOOH (green), BiVO4/FeOOH/NiOOH (red), and 

BiVO4/NiOOH/FeOOH (pink) for water oxidation measured in a 0.5 M phosphate buffer (pH = 7) under AM 1.5 G 

illumination. Dark current is shown as a dashed line. J-E curves of (b) BiVO4/FeOOH, (c) BiVO4/NiOOH, (d) 

BiVO4/FeOOH/NiOOH, and (e) BiVO4/NiOOH/FeOOH comparing photocurrent density for Na2SO3 oxidation 

(dashed) and water oxidation (solid) measured with and without the presence of 1.0 M Na2SO3 as hole scavenger. 

Photocurrent for sulfite oxidation by BiVO4 is shown as the black dashed line for comparison. Reprinted with 

permission.42 Copyright (2014) American Association for the Advancement of Science.  

 

Considering the crucial role of surface charge utilization in solar water splitting, for the first time, a 

more efficient dual-layer OER catalyst consisting of FeOOH and NiOOH was fabricated by Kim and 

Choi on BiVO4 photoanodes.42 In order to investigate the PEC property of BiVO4 with the implication 

from poor surface charge utilization, photocurrent density was first examined in the electrolyte 
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containing Na2SO3 as a hole scavenger. A very much lower onset potential of 0.1 V vs. RHE, and a 

much more rapid increase in photocurrent in the potential region of 0.2 V - 0.6 V vs. RHE compared 

to that in the absence of Na2SO3. These results illustrate that the majority of the surface-reaching 

holes recombine because of poor catalytic nature of the BiVO4 surface for water oxidation. By photo-

assisted electrodepositing proper amount of a dual layer of FeOOH/NiOOH cocatalyst, a significant 

reduced overpotential and enhanced photocurrent density were achieved for BiVO4/FeOOH/NiOOH 

as demonstrated in Figure 32a. By comparing the PEC property of BiVO4/FeOOH (Figure 32b) and 

BiVO4/NiOOH (Figure 32c) for water oxidation, it is observed that BiVO4/FeOOH generated higher 

photocurrent density than BiVO4/NiOOH, although BiVO4/NiOOH presented a less positive onset 

potential, suggesting that the charge recombination at the BiVO4/NiOOH interface is more substantial 

than that at the BiVO4/FeOOH interface. Moreover, photocurrent density of BiVO4/FeOOH for 

sulfite oxidation is very close to that for pristine BiVO4, whereas that for BiVO4/NiOOH was 

considerably lower, which indicated that the charge recombination at the BiVO4/NiOOH interface is 

indeed more substantial. Therefore, it is demonstrated that the consecutive dual layers of FeOOH/ 

NiOOH simultaneously optimized BiVO4/OEC and OEC/electrolyte interface, in which FeOOH at 

the BiVO4/OEC junction reduces the interface recombination, while the NiOOH layer at the 

OEC/electrolyte interface decreases Helmholtz layer potential drop to achieve a more negative Efb for 

BiVO4 while realizing faster water oxidation kinetics (Figure 32d) than if FeOOH was used as the 

outermost layer (Figure 32e).  
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Figure 33. Schematic illustrations of the growth procedure for (a) island growth of traditional CoPi cocatalysts, and 

(b) coating of TANF on the surface of Mo-BiVO4. TEM images of (c) Mo-BiVO4 and (d) Mo-BiVO4@TANF. 

HRTEM images of (e) Mo-BiVO4 and (f) Mo-BiVO4@TANF. Reprinted with permission.194 Copyright (2018) 

American Chemical Society.  

 

Although the FeOOH/NiOOH cocatalyst is a typical layer double hydroxide (LDH) atomic structure, 

it often emerged as independent islands instead of a continuous layered nanostructure, making less 

active sites for surface reaction. Shi et al. demonstrated the complex assembly film composed of 

phenolic ligands (tannic acid) coordinated with Ni and Fe ions (TANF) as a robust and uniform 

coating on Mo-BiVO4 photoanodes.194 Different from many traditional cocatalysts with island growth 

(Figure 33a), the TANF exhibits a 2D network structure where tannic acid molecules are connected 

with metal ions, resulting in a thin layer of an intact and uniform film on the surface of Mo-doped 

BiVO4 as shown in (Figure 33b). This layered TANF cocatalyst could completely cover the surface 

of Mo-BiVO4 photoanode (Figure 33c-f), hence can protect the photoanode from photocorrosion to 

enhance the operational stability as well as mitigate the surface charge recombination.  
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Although the overall PEC performance can be improved by introducing the cocatalyst on surface of 

photoelectrodes, it is still unclear about whether PEC performance is limited by surface charge 

recombination or surface catalytic reaction. Ye et al. systemically compared several OER 

electrocatalysts of CoPi, IrOx, Pt and Co3O4 on W-BiVO4 photoanodes for PEC and electrochemical 

water oxidation.186 It is observed that Pt-modified W-BiVO4 gave the best photocurrent performance 

followed by CoPi- and Co3O4-modified ones while IrOx almost showed no enhancement in 

photocurrent. By contrast, IrOx exhibited the higher electrochemical OER activity compared to CoPi, 

Co3O4 and Pt. On basis of these results, it was concluded by the authors that loading OER 

electrocatalysts on a photoanode could accelerate surface reaction kinetics, but the overall PEC 

performance was still significantly determined by the nature of the OECs and the 

semiconductor/OECs interface. This is because the OECs or semiconductor/OECs interface can affect 

photo-induced charge carrier generation, separation, and recombination in the photoanodes, not just 

the kinetics of oxygen evolution.  

 

 

Figure 34. Simplified model of the elementary processes in the BiVO4 photoanode (a) with a surface passivating 

cocatalyst (e.g., CoPi) and (b) with a non-passivating co-catalyst (e.g., RuOx). Upon illumination, photo-excited 

carriers move towards the semiconductor-electrolyte interface, (1) direct water oxidation by valence band holes, (2) 

surface state-mediated recombination, and (3) charge transfer via co-catalyst. Reprinted with permission.195 

Copyright (2017) Royal Society of Chemistry. 
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Recently, using an intensity modulated photocurrent spectroscopy (IMPS) technique developed by 

Peter et al.,15 it is possible to determine the reaction rate constants for surface charge recombination 

and transfer kinetics to the electrolyte. Zachäus et al. employed the IMPS technique to investigate the 

surface charge recombination and transfer kinetics by using a typical BiVO4 photoanode.195 It is 

observed that CoPi does not improve the surface charge transfer rate constant (kt) on the surface of 

BiVO4, but instead suppresses surface recombination rate constant (kr) by a factor of 10-20 (Figure 

34a), leading to an enhanced photocurrent density. In contrast, the photocurrent density of BiVO4 

does not improve with the introduction of RuOx, a conventional OER electrocatalyst; instead it 

decreases, where the kt is actually smaller than that of the pristine BiVO4, while the kr is not affected 

(Figure 34b), suggesting that BiVO4 by itself is already thermodynamically active towards water 

oxidation and RuOx does not passivate the BiVO4 surface. Therefore, it can be concluded that 

photocurrent of BiVO4 is limited by surface recombination, not water oxidation kinetics. A more 

specific scheme in Figure 34c show that the photo-induced holes can either directly oxidize water or 

move to the surface trapping states and recombine with photo-induced electrons. By functionalizing 

the BiVO4 with a surface passivating “co-catalyst” (CoPi), the surface charge recombination pathway 

was blocked so that more surface charge can be injected into the electrolyte to directly oxidize water 

(Figure 34d). And a non-passivating co-catalyst (RuOx) on BiVO4 (Figure 34e) does not affect the 

kr. However, the RuOx does decrease the kt compared to pristine BiVO4 due to the lower oxidation 

power of the holes in RuOx. The similar conclusion that PEC performance is limited by surface 

recombination rather than surface catalysis is also reached by others using IMPS technique and Fe2O3 

as the phototype photoelectrode.187, 196 It is also note that the same photoelectrode materials prepared 

by different methods may be limited by various factors. For example, undoped BiVO4 made by 

magnetron sputtering consistently show lower onset potentials and higher injection efficiencies than 

sprayed samples.197 Efforts to improve these sputtered samples by CoPi or RuOx deposition have 
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been unsuccessful, most likely because their performance is limited by bulk recombination at sputter 

induced defects.  

Research in this Thesis 

My PhD study mainly focused on the development of photoelectrodes for solar water splitting. By 

utilizing strategies of building junction and fabricating cocatalysts to regulate charge behavior in the 

bulk and on the surface, respectively, higher PEC performance was achieved in BiVO4 and C3N4-

based photoelectrodes. And the corresponding mechanism was proposed and investigated for 

understanding the PEC process. The structure of the Thesis is as follows:  

Chapter 2. Bismuth Vanadate with Electrostatically Anchored 3D Carbon Nitride Nano-networks as 

Efficient Photoanodes for Water Oxidation 

Chapter 3. Dual Quantum Dot-Decorated Bismuth Vanadate Photoanodes for Highly Efficient Solar 

Water Oxidation 

Chapter 4. Unique Layer-Doping-Induced Regulation of Charge Behavior in Metal-Free Carbon 

Nitride Photoanodes for Enhanced Performance 

Chapter 5. Atomically Dispersed Ruthenium Cocatalysts on Polymeric Carbon Nitride Photoanodes 

for Efficient Solar Water Oxidation 

Chapter 6. Summary and outlook 
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Figure S1. TEM images of a) pristine BVO, nanocomposites of b) CNNW/BVO, 

and c) CNNS/BVO.  

 

 

 

 

Figure S2. Large-scaled SEM image of BVO immersed in unprotonated CNNW 

aqueous solution.  
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Figure S3. XRD patterns of a) BCN, CNNS and CNNW, b) BVO, CNNS/BVO and 

CNNW/BVO.  

 

 

 

 

Figure S4. High-resolution XPS spectra of Bi4f and V2p.  
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Figure S5. SEM images of CNNW/BVO nanocomposites a) before and b) after J-t 

measurement.  

 

 

 

 

 

Figure S6. J-V curves in KPi buffer with 0.5 M Na2SO3 as an added hole scavenger.  

 

 



103 
 

 

Figure S7. a) Uv-Vis absorption spectra and b) Light harvesting efficiency (LHE) 

of BVO, CNNS/BVO and CNNW/BVO. 

 

 

 

 

Figure S8. Spectra of the solar irradiance of AM 1.5G (ASTM G173-03) and Jabs 

of BVO and CNNW/BVO integrated from solar irradiance and LHE. 
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Figure S9. XPS spectra of Fe2p and Ni2p for CNNW/BVO-FN. 

 

 

 

 

 

Figure S10. HAADF-STEM image and elemental mapping of CNNW/BVO-FN. 
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Table S1. Comparison of C3N4-modified BiVO4 photoanodes toward PEC water 

oxidation:  

Photoanode Cocatalyst 
Photocurrent density at 

1.23V vs. RHE 
Light Fabrication method Ref. 

Nanoporous BVO/RGO/C3N4 Nanosheets Co-Pi 3.4 mA/cm2 AM 1.5G Electrophoresis [2] 

Nanoporous BVO/C3N4 Nanosheets N/A 3.12 mA/cm2 > 420 nm Calcination  [3] 

BVO/C3N4 N/A 0.7 mA/cm2 > 420 nm Calcination [4] 

BVO/C3N4 Nanosheets N/A 0.44 mA/cm2 > 420 nm Electrospinning [5] 

Nanoporous BVO/C3N4 Nano-networks NiOOH/FeOOH 4.87 mA/cm2 AM 1.5G Electrostatic self-assembly Our work 

  

Table S2. Comparison of the performance of BiVO4-based photoanodes toward 

PEC water oxidation under AM 1.5G:  

Photoanode Cocatalyst Photocurrent density  IPCE vs. RHE Ref. 

Nanoporous BiVO4 NiOOH/FeOOH 2.73 mA/cm2 at 0.6 V 60% at 420 nm at 0.6 V [6] 

Nanoporous BiVO4/Carbon QDs NiOOH/FeOOH 5.99 mA/cm2 at 1.23 V 85% at 420 nm at 0.6 V [7] 

BiVO4 NiOOH/NiO/CoOx 3.5 mA/cm2 at 1.23 V N/A [8] 

Nanoporous BiVO4/Co3O4 N/A 2.71 mA/cm2 at 1.23 V 50% at 1.23 V [9] 

Nanoporous N-doped BiVO4 NiOOH/FeOOH 3.47 mA/cm2 at 0.6 V ~ 64% at 400 nm at 0.6V [10] 

Helical WO3/Mo, W-codoped BiVO4  NiOOH/FeOOH 5.35 mA/cm2 at 1.23 V > 90% at 450 nm at 1.23V [11] 

WO3/BiVO4 Core/Shell Nanowire Ni:FeOOH 4.5 mA/cm2 at 1.23 V N/A [12] 

Core-shell WO3/BiVO4 nanorods CoPi 6.72 mA/cm2 at 1.23 V >90% at 300-516 nm at 1.0V [13] 

Nanoworm transparent BiVO4 NiOOH/FeOOH-Bi 3.2 mA/cm2 at 1.23 V N/A [14] 

Mo-doped Macro-Mesoporous BiVO4 N/A 2.0 mA/cm2 at 1.6 V(a) 40% at 350-400 nm at 1.0 V [15] 

WO3/BiVO4 Nanoporous Sphere Arrays NiOOH/FeOOH 5.5 mA/cm2 at 1.23 V N/A [16] 

Mo:BiVO4/Ni/Sn NiFe mixture ~ 2.5 mA/cm2 at 0.6 V N/A [17] 

Gradient W-doped BiVO4 CoPi 3 mA/cm2 at 1.23 V N/A [18] 

Electrochemically Treated BiVO4 CoBi 3.2 mA/cm2 at 1.23 V 76% at 340 nm at 0.7 V [19] 

H, Mo-codoped BiVO4 CoPi 4.8 mA/cm2 at 1.23 V ~ 95% at ~ 370 nm at 1.23 V [20] 

Layered-by-Layered WO3/BiVO4 N/A 2.78 mA/cm2 at 1.2 V(b) ~ 40% at ~ 420 nm at 0.7 V [21] 

Nanocone Pt/Mo:BiVO4 NiOOH/FeOOH 5.82 mA/cm2 at 1.23 V 75% at 460 nm  [22] 

Nanoporous BiVO4/C3N4 Nano-networks NiOOH/FeOOH 4.87 mA/cm2 at 1.23V 79.6% at 360 nm Our work 

*All the potentials are with respect to RHE except (a) and (b) which are with respect to 

Ag/AgCl.  
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Figure S11. a) DRS, b) Bandgap value calculated from the (αhν)1/2 versus hν plots, 

and c) Mott-Schottky plots. 

 

 

Table S3. The energy band structure of BCN, CNNS, and CNNW.  

 

vs. NHE BCN CNNS CNNW 

CB position (eV) -1.12 -1.19 -1.22 

VB position (eV) 1.52 1.62 1.64 

Bandgap (eV) 2.64 2.81 2.86 
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Figure S1. High-resolution XPS spectra of (a) Bi4f; (b) V2p.  

 

 

 

Figure S2. SEM images of (a-c) BVO, (d-f) B/BVO, (g-i) C/BVO and (j-l) CB/BVO.  
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Figure S3. TEM images of (a) pristine BVO and (b) B/BVO.  

 

 

 

 

 

Figure S4. XPS spectra (a) C1s and (b) TEM image of CQDs.  
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Figure S5. (a) UV-Vis absorption spectra and (b) LHE of BVO, B/BVO and CB/BVO.  

 

 

 

Figure S6. Spectra of the solar irradiance of AM 1.5G (ASTM G173-03) and Jabs of 

BVO, B/BVO and CB/BVO integrated from solar irradiance and LHE.  
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Figure S7. High-resolution XPS spectra of (a) Fe2p and (b) Ni2p.  

 

 

 

 

 

 

 

Figure S8. HAADF-STEM image and elemental mapping of CB/BVO-NF.  
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Figure S9. J-V curves of BVO, B/BVO, C/BVO, CB/BVO and CB/BVO-NF under 

AM 1.5G irradiation in 0.05 M sodium borate buffer (pH = 9.3) with 0.1 M Na2SO3 as 

a hole scavenger.  

 

 

 

Figure S10. EIS Nyquist plots collected at 0.7 V vs. RHE in (a) dark and (b) under 

illumination. (Rs is series resistance, Rct is surface charge transfer resistance, and CPE 

is constant-phase elements).  

 



124 
 

 

 

 

Figure S11. Structural and optical characterization of free-standing quantum-sized 

BiVO4. (a) TEM image, and HR-TEM and Particle size distribution as the insert; (b) 

UV-Vis absorption spectra; (c) Tauc plots of (αhν)2 vs. hν and (d) Mott-Schottky plots.  
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Table S1. Comparison of the performance of BiVO4-based photoanodes for PEC water 

oxidation under AM 1.5G:  

 

Photoanode Cocatalyst Photocurrent density  IPCE vs. RHE Ref. 

Nanoporous BiVO4 NiOOH/FeOOH 2.73 mA/cm2 at 0.6 V 60% at 420 nm at 0.6 V [3] 

Nanoporous BiVO4/Carbon QDs NiOOH/FeOOH 5.99 mA/cm2 at 1.23 V 85% at 420 nm at 0.6 V [4] 

BiVO4 NiOOH/NiO/CoOx 3.5 mA/cm2 at 1.23 V N/A [5] 

Nanoporous BiVO4/Co3O4 N/A 2.71 mA/cm2 at 1.23 V 50% at 1.23 V [6] 

Helical WO3/Mo, W-codoped BiVO4  NiOOH/FeOOH 5.35 mA/cm2 at 1.23 V > 90% at 450 nm at 1.23V [7] 

WO3/BiVO4 Core/Shell Nanowire Ni:FeOOH 4.5 mA/cm2 at 1.23 V N/A [8] 

Core-shell WO3/BiVO4 nanorods CoPi 6.72 mA/cm2 at 1.23 V >90% between 300-516 nm at 1.0 V [9] 

Dual Ovancacy-enriched BiVO4  NiOOH/FeOOH 5.87 mA/cm2 at 1.23 V N/A [10] 

WO3/BiVO4 Nanoporous Sphere Arrays NiOOH/FeOOH 5.5 mA/cm2 at 1.23 V N/A [11] 

H, Mo-codoped BiVO4 CoPi 4.8 mA/cm2 at 1.23 V ~ 95% at ~ 370 nm at 1.23 V [12] 

Exposed (001) facets BiVO4 CoPi 6.1 mA/cm2 at 1.23 V 74 % at 350 nm at 1.23 V [13] 

Nanocone Pt/Mo:BiVO4 NiOOH/FeOOH 5.82 mA/cm2 at 1.23 V 75% at 460 nm at 1.23 V [14] 

3D C3N4 Nano-networks/BiVO4 NiOOH/FeOOH 4.87 mA/cm2 at 1.23 V 79.6% at 360 nm at 1.23 V [15] 

Mo-doped BiVO4  NiFe-Phenolic Networks 5.1 mA/cm2 at 1.23 V 95% between 365-475 nm at 1.23 V [16] 

CQDs&BQDs/BiVO4 NiOOH/FeOOH 6.12 mA/cm2 at 1.23V 91 % at 340 nm at 1.23 V Our work 
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Table S2. Band position of BVO QDs and BVO substrate vs. NHE. 

 

 Conduction band (eV) Valence band (eV) Bandgap (eV) 

BVO QDs -0.01 2.60 2.61 

BVO substrate 0.16 2.65 2.49 
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Scheme S1. The polymerization routes for (a) Mel-derived CN and (b) DCDA-derived CN. 

Mel-derived CN can be formed via a fast one-step thermal polycondensation process from 

triazine-based Mel molecule. By contrast, DCDA-derived CN is formed in a much slower rate 

via a two-step process, which involves an initial cyclization of chain-based DCDA molecule to 

triazine-based Mel molecule followed by polycondensation to form polymeric CN. 

 

 

 

 

 

  



142 
 

 

Scheme S2. Illustration of one-step thermal vapor deposition of CN-based film on FTO. 

 

 

 

 

 

Figure S1. Cross-section SEM images of CN film with different thermal vapor deposition time. 

(a) 10, (b) 15, (c) 20 and (d) 25 min.  
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Figure S3. (a) XRD patterns and (b) FITR spectra of CN, BCN, PCN and PBCN.  
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Figure S4. SEM top and cross section images of (a-c) CN, (d-f) BCN, PCN and (j-l) PBCN. 

The SEM top view images demonstrate that all films were uniformly deposited on the surface 

of the FTO substrate while the side-view images show that the thickness is around 1 μm for 

CN, BCN, PCN and PBCN films. 
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Figure S5. TEM image and elemental mapping of PBCN.  
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Figure S6. XPS spectra of PBCN (a) B1s at surface and 50 nm depth and (b) P2p at 200 and 

300 nm depth. Due to the different polymerization routes, the elemental P and B are mainly 

distributed on the surface (0.87 %) and 100 nm from the surface (1.42 %), respectively, 

although tiny amount of B (0.11 %) and P (0.15 %) are found throughout the film. 

 

 

 

 

 

Figure S7. Solid-state NMR of 31P reference NH4H2PO4  
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Figure S8. Photocurrent density of (a) BCN and (b) PCN with different amount (1., 3, 5 and 

7 %) of boron and phosphorus dopants.  
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Figure S9. Absorbance and related LHE of CN, BCN, PCN and PBCN.  

 

 

 

 

 

Figure S10. (a) Photocurrent density measured in 0.1 Na2SO4 electrolyte containing 0.1 M 

Na2SO3 as a hole scavenger and (b) Jabs in the photoactive range from 300 to 460 nm of CN, 

BCN, PCN and PBCN.  
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Figure S11. Valence-band XPS spectra of CN, BCN and PCN vs. NHE.  

 

 

 

 

Figure S12. Tauc plots of (αhν) vs. hν of CN, BCN, PCN and PBCN.  
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Figure S13. Absorption coefficient of CN, BCN, PCN and PBCN.  

 

 

  



152 
 

 

Figure S14. IPCE values of (a) CN, (b) BCN, (c) PCN and (d) PBCN measured from 400 nm 

illumination through FTO side (IPCEback), film side (IPCEfront) and related ratio of 

IPCEfront/IPCEback at the applied potential of 0.63, 0.83, 1.03, 1.23 V vs. RHE, respectively.  
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Figure S15. IMPS plots of (a) CN and (b) PBCN at 0.4, 0.8 and 1.0 V vs. RHE.  
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Table S1. The contents of boron and phosphorus in different depth of PBCN.  

 

 Surface  50 nm  100 nm  200 nm  300 nm  

Phosphorus (%) 0.87 0.36 0.18 0.15 0.05 

Boron (%) 0.11 0.13 0.58 1.42 1.01 

 

 

 

 

 

Table S2. Summary of PEC performance of CN-based photoanodes.  

 

Photoanode 
Photocurrent density  

(μA/cm2) at 1.23 V vs. RHE 
IPCE (%) Ref. 

C3N4 63 6.6 at 350 nm [2] 

C3N4/r-GO 75 5.3 at 400 nm [3] 

Textured C3N4 30.2 NA [4] 

Nickel-C3N4 69.8 > 2 at 400 nm [5] 

Boron-doped C3N4 103.2 10 at 400 nm [6] 

S-Supported C3N4 100 16 at 340 nm [7] 

Closely-packed C3N4 116 8.5 at 400 nm [8] 

Phosphorylated C3N4 120 8 at 460 nm [9] 

Vertically Aligned Porous 

C3N4 
120.5 ~ 15 at 360 nm [10] 

P/B-layer-doping C3N4 150 ± 10 8.6 at 340 nm This work 
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Table S3. Conduction band (CB) and valence band (VB) edge vs. NHE of CN, BCN and PCN 

derived from the XPS valence band spectra and Tauc plots, respectively. 

 

 CB edge (eV) VB edge (eV) Band gap (eV) 

CN -0.93 1.78 2.71 

BCN -0.99 1.69 2.68 

PCN -1.02 1.59 2.61 

 

 

 

 

Table S4. Kinetic analysis of emission decay of CN, BCN, PCN and PBCN.  

 

 τ1 (ns) τ2 (ns) τ3 (ns) τave (ns) 

CN 
3.71 ± 0.08 0.69 ± 0.02 23.4 ± 0.7 

16.4 ± 0.5 
41.6 % 43.6 % 14.8 % 

BCN 
4.09 ± 0.08 0.68 ± 0.02 25.2 ± 0.7 

19.2 ± 0.6 
42.0 % 37.7 % 20.3 % 

PCN 
4.37 ± 0.09 0.73 ± 0.03 27.2 ± 0.8 

21.0 ± 0.6 
45.0 % 33.1 % 21.9 % 

PBCN 

4.67 ± 0.10 0.82 ± 0.04 28.5 ± 0.9 

22.3 ± 0.7 44.4 % 31.6 % 24.0 % 

44.4 % 31.6 % 24.0 % 
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Abstract 

Solar water splitting offers a promising means for low-cost and renewable hydrogen generation. 

Elaborately designing photoelectrodes that favors for both bulk and surface charge behavior critically 

determines photoelectrochemical performance. Previous progress was mainly made to optimize 

metal-based semiconducting photoelectrodes and nanoscale cocatalysts, whereas comparatively little 

effort has been expended in metal-free polymer photoelectrodes and atomic-scale cocatalysts. Here 

we report a high-efficiency, low-cost and easy-processed 2D/2D photoanode of supramolecular-

derived carbon nitride/reduced graphene oxide (C3N4/RGO) with atomically dispersed ruthenium 

species as cocatalysts for efficient solar water oxidation. Significantly, the conductive RGO play as 

effective scaffolds that obviously elongates the holes diffusion length, while the propensity of 

surface-reaching holes was strikingly promoted for water-oxidation chemistry by designing 

atomically dispersed ruthenium cocatalysts. With these efforts, a record-high photocurrent density of 

1.0 mA/cm2 at 1.23 V vs. RHE under AM 1.5G was achieved in an alkaline electrolyte, enabling 

photoelectrochemical performance of polymeric C3N4-based photoanodes from micro- to milli-

ampere scale. 
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Introduction  

Photoelectrochemical (PEC) water splitting offers the ability to directly convert energy from the 

largest renewable source, the Sun, to stored chemical energy in the form of molecular hydrogen (H2).
1-

3 Designing advanced photoelectrodes that benefits for bulk and surface charge carriers utilization is 

one of the most direct and effective approaches to enhance solar energy conversion efficiency.4 In a 

recent decade, a class of metal-based semiconductors and nanoscale electrocatalysts are employed 

and investigated as photoelectrodes and cocatalysts, respectively, for solar water splitting.5-9 By 

contrast, the developments of low-cost metal-free polymeric photoelectrodes and atomic-scale 

cocatalysts still remain a challenge, which is mainly plagued by intrinsically low conductivity and 

poor surface kinetics of polymer-based films.4, 10 

Graphitic carbon nitride (C3N4), a tri-triazine-based conjugated polymer, is becoming a very 

promising material in solar energy conversion, arisen from its appealing electronic band structure, 

superior layered nanostructure, high physicochemical stability and earth-abundant nature.11-12 

However, compared to its photocatalysis in a suspension system,12 the film-based PEC applications 

are not yet widely reported due to the aforementioned limitations as well as the difficulties in 

fabricating stable and uniform film.10 These drawbacks always result in relatively low bulk and 

surface charge carriers utilization, and thereby making the photocurrent density at as low as a micro-

ampere level.13-15 Self-assembly supramolecular cyanuric acid-melamine (CM) complex is a 

promising precursor candidate for thermal polymerization to C3N4, which also enables a feasible 

process with other materials, such as conductive reduced graphene oxide (RGO) for enhancing bulk 

charge diffusion length.16-17 

Besides the intrinsic optimization of charge behavior in bulk, there always exists long-standing 

interest in designing cocatalysts on the surface to improve reaction kinetics by potentially providing 

active sites, lowering the activation energies and trapping charge carriers.18-20 In principle, higher 

PEC selectivity and activity can be achieved via rational molecular engineering of homogeneous 
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cocatalysts (e.g. molecular catalysts) immobilized on photoelectrodes, resulting from well-defined 

coordination geometry, active center and ligands.21-22 However, it is greatly hindered by poor stability 

due to weak chemical bonding to photoelectrodes, and high sensitivity to pH and temperature. In 

comparison, heterogeneous cocatalysts (e.g. layered double hydroxides) can exhibit long-term 

stability and recyclability.23-24 However, it should be well in consistence with photoelectrode 

semiconductors in terms of compatible lattice and electronic structures (Fermi levels), enabling 

efficient charge transfer across semiconductor-cocatalyst and cocatalyst-electrolyte interface.8, 20 

Additionally, only a limited proportion of active centers are exposed and involved in solar water 

splitting reaction, leading to a low atom-utilization efficiency. 

Single-atom catalysts (SACs) with maximum atom-utilization efficiency and unique electronic 

properties exhibit a great opportunity in bridging the merits of homogeneous and heterogeneous 

catalysis.25-27 Two-dimensional (2D) C3N4 is regarded as one of the most ideal supports to confine 

and coordinate the single atoms, attributed to the explicit sp2 N atoms with lone pair electrons as 

donors, and tri-s-triazine structural motif with large N-coordinating cavities as binding pockets.26, 28 

These advantageous features can effectively and strongly stabilize single metal atoms those have 

unsaturated d orbits. Ruthenium (Ru)-based catalysts are extensively investigated in electrocatalytic 

water oxidation, which is mainly linked to its flexible redox state originated from frequent 

adsorption/desorption of oxygenated species.29-31 As a result, it is given a great rationality and 

feasibility to fabricate an atomically dispersed Ru-based species as cocatalysts on polymeric C3N4 

support. 

Toward these goals, we employed an easy-processed blade coating method to fabricate a polymeric 

2D/2D C3N4/RGO (GCN) photoanode with atomically dispersed ruthenium species as cocatalysts for 

efficient solar water oxidation. The resulting RuOP-GCN has reached a photocurrent density of as 

high as 1.0 mA/cm2 at 1.23 V vs. RHE, which is even comparable with conventional metal-based 

semiconducting photoanodes. This work is notable in simultaneously demonstrating that polymeric 
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C3N4 can be a promising candidate for photoelectrodes, and cocatalysts can be precisely designed at 

atomic scale for solar water oxidation. 

Results 

 

 

Scheme 1. Schematic illustration of the synthesis of RuOP-GCN.  

 

Synthesis and characterization of RuOP-GCN photoanodes. 

The typical fabrication procedure of RuOP-GCN photoanodes is illustrated in Scheme 1, including 

the precursor preparation and photoanode fabrication. The supramolecular cyanuric acid-

melamine/graphene oxides (CM/GO) complex was first synthesized based on acid-base interaction 

and non-covalent hydrogen bonding.16, 32 In detail, GO featuring abundant functional −COOH groups 

was first chemically bonded with melamine via acid-base interaction. Afterwards, supramolecular 

CM was formed on GO surface through cross connection of adjacent melamine and cyanuric acid 

molecule by hydrogen bonding and layered stack in a perpendicular direction to the triazines by π-π 

interaction.33-34 Specifically, new peaks in X-ray diffraction patterns (XRD) for supramolecular CM 

crystal compared to melamine and cyanuric acid were originated from new hydrogen bonding-

mediated arrangement (Supplementary Fig. 1a), where the in-plane pattern of CM at 10.5, 11.5, and 

21.5° were indexed to (100), (110), and (200) of the in-planar packing, respectively, and a well-

defined lamellar stacking peak of (002) was observed at 27.6° corresponding to a sheet-like 

structure.35 Additionally, Fourier-transform infrared (FTIR) spectroscopy reveals that the C=O peak 
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of cyanuric acid at 1691 cm-1 is split into two peaks at 1657 cm-1 and 1731 cm-1, while the vibration 

peak of the triazine ring in melamine is shifted from 807 cm-1 to 761 cm-1 (Supplementary Fig. 1b), 

demonstrating the establishment of supramolecular assembly.33 

 

 

Fig. 1 Characterizations of RuOP-GCN. a, SEM image. b, TEM image. c, HAADF-STEM image. d, XPS 

spectra of Ru 3d and C 1s. e, Ru K-edge XANES spectra. f, FT-EXAFS spectra of RuOP-GCN, RuO2 and Ru 

metal. g, FT-EXAFS fitting for RuOP-GCN.  

 

The porous GCN photoanode was then obtained after the doctor blading method and thermal 

polymerization in nitrogen, in which the film thickness ranging from 5 ~ 75 μm could be controlled 

by placing different tape layers (Supplementary Fig 2). To introduce atomically dispersed ruthenium 

cocatalysts, the GCN photoanode was vertically immersed in ruthenium red (Cl6H42N14O2Ru3) 

aqueous solution under slow stirring condition to absorb Ru-containing species via a strong 

electrostatic interaction.36 Consequently, RuOP-GCN photoanode was obtained via a pyrolysis 

process and phosphidation treatment. The scanning electron microscopy (SEM) image of RuOP-GCN 

(Fig. 1a) gives a similar porous structure with a thickness of about 40 μm as well as the morphology 

of GCN (Supplementary Fig 2h and 2i) and CN (Supplementary Fig 3) films. The transmission 
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electron microscopy (TEM) image (Fig. 1b) reveals that no aggregation of Ru nanoparticles are 

formed on GCN surface. This is also confirmed by comparing XRD patterns (Supplementary Fig 

4a) and FTIR spectra (Supplementary Fig 4b) of CN, GCN and RuOP-GCN, where only typical 

diffraction peaks and stretching vibrations are observed for conjugated polymeric CN. Furtherly, 

aberration-corrected high-angle annular dark-field scanning TEM (HAADF-STEM) image gives 

high-contrast and well-defined Ru atoms on GCN (Fig. 1c), suggesting a homogeneous atomic 

dispersion of Ru on GCN.  

X-ray photoelectron spectroscopy (XPS) was applied to investigate oxidation state and chemical 

composition. As given in Supplementary Fig 5a and 5b, all characteristic binding energies of C 1s 

and N 1s are essentially identical for intrinsic conjugated framework structure of polymeric CN.34, 37 

Moreover, for RuOP-GCN, it is observed Ru-O bonding at 131.0 eV (Supplementary Fig 5c) and 

Ru-P was observed in Significantly, new peaks of RuOP-GCN at 281.4 eV in Fig 1d associated with 

Ru 3d5/2 indicates a positive Ru binding energy than metallic Ru (279.8 eV), suggesting a positive 

oxidation states of single Ru atoms in O and P coordination environments and no metallic Ru-Ru 

bonding in RuOP-GCN.38 To further investigate the structure of Co species at the atomic level, X-ray 

absorption fine structure (XAFS) measurements were carried out. From Fig. 2e, it is given the Ru K-

edge X-ray absorption near-edge structure (XANES) spectra of RuOP-GCN, RuO2 and metallic Ru. 

According to the absorption edge of RuOP-GCN in Fig. 2e, the Ru atom valence is situated between 

Ru0 and Ru4+. The Fourier transforms of extended X-ray absorption fine structure (EXAFS) spectra 

are plotted in Fig. 2f to probe the local environment of Ru. The main peak at ~ 2.4 Å is associated 

with the Ru-Ru interaction in metallic Ru. For RuOP-GCN, the main peak at ~ 1.6 Å corresponds to 

the scattering interaction between Ru and O comparing with RuO2, and an additional small peak 

appearing at ~ 2.2 Å can be ascribed to Ru-P bond, which is consistent with the fact that the length 

of metal-P bond is longer than metal-O bond. Meanwhile, the fitting curve shown in Fig. 2g indicates 

that the Ru atom is spatially coordinated by three P atoms and two O atoms in the RuOP-GCN.  
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Fig. 2 PEC performance of CN, GCN, and RuOP-GCN. a, J-E curve of CN and GCN measured in the 1 

M NaOH aqueous electrolyte with TEOA as hole scavenger. b, ηCSE of CN and GCN. c, J-E curve of CN, 

GCN and RuOP-GCN measured in the 1 M NaOH aqueous electrolyte. d, ηCSE of GCN and RuOP-GCN. e, 

Transient photocurrent density measured at the applied bias of 1.23 V. f, ηIPCE. g, J-E curve of RuOP-GCN, 

bulk NiOOH/FeOOH and CoPi cocatalysts on GCN. h, J-t curve. i, Faradaic efficiency and O2/H2 hydrogen 

production.  

 

PEC performance evaluation 

PEC performance was first examined in the presence of triethanolamine (TEOA) served as the hole 

scavenger. The oxidation process of TEOA is thermodynamically and kinetically more facile than 

that of water, which can enable the investigation of PEC properties of GCN independent from surface 

kinetics of water-oxidation chemistry. The optimized correlation between thickness of GCN films 

and ratio of GO/CM (mg/mmol) were given in Supplementary Fig. 6 and 7, showing that the best-

performance GCN photoanode with the thickness of 40 μm (balanced the charge transfer distance and 
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light absorption) and ratio of 3 reached a photocurrent density of 1.3 mA/cm2 at 1.23 V vs. RHE 

(applied bias is versus reversible hydrogen electrode elsewhere unless stated). In Fig. 2a, it is given 

a rapid increase of photocurrent density in the potential window of -0.2 < E < 0.5 V with an excellent 

fill factor, contributing to a photocurrent density of 1.0 mA/cm2 at an applied bias as low as around 

0.5 V. Incident photon-to-current conversion efficiency (ηIPCE) of GCN measured in TEOA reached 

a value of nearly 80 % and revealed an onset wavelength of IPCE around 430 nm (Supplementary 

Fig. 8), which is in well accordance with the UV-Vis absorbance and bandgap Tauc plots 

(Supplementary Fig. 9). Calculated from theoretical absorption photocurrent density (Jabs) based on 

light harvesting efficiency (ηLHE) and simulated solar spectrum (Supplementary Fig. 10), an obvious 

enhancement in charge separation efficiency (ηCSE) of GCN was presented over 50 % at 1.23 V 

compared to that of pristine CN (Fig. 2b), which is essentially resulted from the improvement of 

charge transport property by coupling the conductive RGOs. 

However, PEC performance of CN and GCN in water oxidation is considerably lower than that in the 

electrolyte with TEOA (Fig. 2c), indicating that the majority of surface-reaching holes were lost to 

surface recombination due to poor surface catalytic nature for water-oxidation chemistry. To promote 

the water oxidation kinetics, the active atomically dispersed ruthenium cocatalysts were designed and 

fabricated as aforementioned. The amount of RuOP cocatalysts were optimized by controlling the 

absorption of ruthenium red in aqueous solution in order to maximize the photocurrent generation 

(Supplementary Fig. 11). It is obviously seen that, in Fig. 2c, the markedly enhanced PEC 

performance of RuOP-GCN for water oxidation was achieved compared to that of GCN and pristine 

CN, with a record photocurrent density of 1.0 mA/cm2 at 1.23 V (a summary of CN-based photoanode 

for PEC water oxidation in Supplementary Table 1), which is attributed to an improved surface 

reaction kinetics. This significant enhancement is originated from atomically dispersed ruthenium 

species rather than single component of P or Ru species (Supplementary Fig. 12). The surface charge 

injection efficiency (ηCIE) of RuOP-GCN from photoanode into electrolyte was significantly 
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enhanced from 15 to nearly 75 % in the potential window, leading to a suppressed surface charge 

recombination, while GCN exhibited a constant CIE lower than 15 %. Under the applied bias of 1.23 

V, transient photocurrent density of RuOP-GCN exhibited a good switching behavior under 

illumination and in dark (Fig. 2e). It is notably that no spikes were observed in the transient 

photocurrent curves upon illumination for RuOP-GCN, demonstrating an efficient photo-induced 

hole extraction at the photoanode/electrolyte interface.39 Meanwhile, in Fig. 2f, IPCE of RuOP-GCN 

showed an impressive value of 50.1 % at 340 nm compared to GCN (11.2 %) and CN (3.4 %). 

To compare the performance of atomically dispersed ruthenium cocatalysts with bulk counterparts, 

two typical bulk water-oxidation cocatalysts of iron-nickel oxyhydroxide (FeOOH/NiOOH) and 

cobalt phosphate (CoPi) were selected and electrodeposited on GCN photoanodes. In Fig. 2g, almost 

no enhanced photocurrent density was observed by introducing bulk FeOOH/NiOOH and CoPi 

cocatalysts. This may originate from low interfacial charge transfer between polymeric CN and bulk 

FeOOH/NiOOH and CoPi cocatalysts due to the incompatible lattice and electronic structures, which 

results in a high photoanodes/cocatalysts interfacial charge recombination.8 The long-term 

operational activity and stability of RuOP-GCN was evaluated and compared in acid, neutral and 

alkaline electrolytes, respectively, at 0.8 V. As seen in Fig 2h, no obvious decays were observed in 

PEC measurement over 6 hours in all pH, demonstrating a high durability and pH-resistance of RuOP-

GCN. Additionally, O2 and H2 gases were quantified in Fig 2i. The total amounts of O2 and H2 were 

17.2 and 38.1 μmol after a 6-hour test, which were close to the calculated amounts from measured 

photocurrent density with about 90 % Faradaic efficiency.  
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Fig. 3 Mechanistic insights into charge behavior of CN, GCN, and RuOP-GCN. a, Photoinduced charge 

diffusion at wavelength of 400 nm at different applied biases. b, EIS Nyquist plots collected at 1.23 V. c, IMPS 

plots collected at 1.23 V under excitation of 385 ± 10 nm. d, Rate constants kt and kr at different applied biases 

under excitation of 385 ± 10 nm.  

 

Mechanistic insights into charge behavior 

Charge diffusion length (L) can be a useful parameter for the quantitative description of competition 

between bulk charge carriers diffusive transport and recombination in a photoelectrode.37, 40 Therefore, 

in order to quantify the enhancement in charge transport by coupling conductive RGO, L was 

calculated based on the comparison of IPCE values of illumination from front and back in 

Supplementary Fig. 13.41 It is observed that L was significantly prolonged from less than 5 μm (CN) 

to nearly 20 μm (GCN) (Fig. 3a). This result clearly states that the photo-induced charge transport in 

bulk was remarkably promoted by coupling highly conductive reduced GOs. To estimate the surface 

charge transfer, the Nyquist plots of electrochemical impedance spectroscopy (EIS) were collected 

under illumination at 1.23 V in Fig. 3b. Clearly, the smallest arc radium was observed for RuOP-

GCN as compared to those of GCN and CN, demonstrating a fast charge transfer and suppressed 
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photo-induced charge recombiantion at the interface photoanode/electrolyte via fabricating 

atomically dispersed ruthenium cocatalysts.  

Intensity-modulated photocurrent spectroscopy (IMPS) was employed to reveal charge behavior in 

terms of transport in bulk and surface reaction properties. It is accepted that bulk charge transport 

corresponds to the high-frequency semicircle, whereas surface interfacial charge transfer is related to 

the low-frequency semicircle.13, 42-43 As presented in Fig. 3c, the high-frequency capacitance-

impedance arc (below dashed line) of both RuOP-GCN and GCN were obviously increased compared 

to the pristine CN, illustrating that improved bulk charge transport effectively enables more photo-

induced holes flux arriving at the surface for both RuOP-GCN and GCN via the conductive RGO. 

More importantly, a decreased low-frequency capacitance-impedance arc (above dashed line) was 

observed for RuOP-GCN in comparison with GCN, which is demonstrated that atomically dispersed 

ruthenium cocatalysts successfully suppress surface charge recombination and facilitate surface-

reaching holes transfer from photoanode to electrolyte.  

Generally, kinetics of charge carriers can be represented by the first order rate constant of surface 

charge recombination (kr) and interfacial charge transfer (kt) derived from IMPS plots data 

(Supplementary Fig. 14).37, 42 In principle, larger kr describes a faster charge recombination on the 

photoanode surface. It is observed that kr was gradually decreased with an increased applied potential 

as expected for an ideal photoanode/electrolyte interface in all samples (Fig. 3d), because the 

continuous applied potential drop contributes to an enhanced band bending so that photo-induced 

charge recombination on the surface is suppressed. Moreover, kt is defined to describe the interfacial 

charge transfer between photoanode and electrolyte, that is, surface reaction of photo-induced holes 

with water. As seen in Fig. 3d, kt of GCN was obviously larger than pristine CN in the potential 

window, indicating more photo-induced holes reached to the surface to oxidize water via coupling 

conductive RGO as scaffolds. Significantly, kt of RuOP-GCN was apparently larger than GCN over 

0.7 V, which demonstrates a faster surface reaction rate of photo-induced holes with water as a result 
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of fabrication of atomically dispersed ruthenium species as cocatalysts. In order to indicate the 

efficiency of photoanodes, the ratio of kt/kr values were plotted in Supplementary Fig. 15. In higher 

applied potential range, the value of kt/kr of RuOP-GCN became sharply increased with over five-

times larger at 1.1 V, which furtherly indicates a faster interfacial charge transfer on the 

photoanode/electrolyte interface.  

Discussion  

In summary, we have fabricated atomically dispersed ruthenium cocatalysts on polymeric GCN 

photoanode for efficient solar water oxidation. The well-defined atomically dispersed ruthenium 

cocatalysts simultaneously improve the surface kinetics of water-oxidation catalysis and facilitate 

charge transfer from GCN to active RuOP sites, enabling a record high photocurrent density of 1.0 

mA/cm2 at 1.23 V under AM 1.5G illumination. This work opens an alternative way for developing 

highly efficient cocatalysts for solar water splitting.  

Methods 

Preparation of supramolecular CM complex. 1 mmol CA and Mel was fully dissolved in 10 mL 

water with stirring for 30 min at 60 ℃, respectively. Then mix two homogeneous solution at the same 

temperature with another stirring 6 hours to assemble supramolecular CM complex. Consequently, it 

was collected by filtration and dried at 60 ℃ overnight. 

Preparation of GO. GO was first synthesized from natural graphite using the method reported by 

Hummers et al. Furtherly, as-synthesized GO is treated using Li’s et al method to increase its quality 

and dispersion.44 

Preparation of CN photoanode. 100 mg supramolecular CM powder was first blended thoroughly 

in 100 μL ethylene glycol to form a homogeneous paste. Then the CM paste was cast onto fluorine-

doped tin oxide (FTO) via a blade coating method, followed by dried on a hotplate. Afterwards, the 

film was put into an enclosed quartz tube purged with N2 for 30 min. Finally, thermal polymerization 
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was carried out at 550 °C for 4 h under N2 atmosphere with an increasing rate of 5 ℃/min to obtain 

the pristine CN photoanode. The obtained film was rinsed with water and dried under N2 flow. 

Preparation of GCN photoanode. Different amounts of GO (1 mg, 2 mg, 3 mg and 4 mg) were 

dispersed in 10 mL water with ultrasonication for 2 h. Afterwards, 1 mmol melamine was added into 

GO solution and kept stirring for 10 h at 60 ℃ to be fully dissolved. Subsequently, 10 mL aqueous 

solution containing homogeneously dispersed 1 mmol cyanuric acid was dropped into this solution 

and kept moderate stirring for 6 h at 60 ℃ to form composite of CM/GO, and then collected by 

filtration and dried at 60 ℃ overnight. The CM/GO paste was made using the same method as CM. 

After the thermal polymerization process, the CM/GO was converted into GCN. The obtained film 

was rinsed with water and dried under N2 flow. Different layers of tapes are applied to change the 

thickness of GCN photoanodes. The obtained film was rinsed with water and dried under N2 flow.  

Preparation of RuOP-GCN photoanode. GCN film was vertically immersed in 1.0 mg/mL 

ruthenium red aqueous solution for 0.5, 1, 2, and 4 h respectively, to absorb the Ru species on the 

surface of GCN via strong electrostatic interaction. Then, thermal treatment was carried out at 400 ℃ 

for 2 h in argon (Ar) atmosphere with an increase of 2 ℃/min (Ru-GCN). Afterwards, sodium 

hypophosphite (NaH2PO2) was used as the P source for phosphidation treatment. Typically, 20 mg 

NaH2PO2 and Ru-GCN film were placed in a small porcelain boat. Finally, thermal treatment was 

carried out at 350 ℃ for 2 h in Ar atmosphere with an increase of 5 ℃/min. Upon phosphidation 

treatment, Ru-GCN was supposed to convert into RuOPx-GCN. The obtained film was rinsed with 

water and dried under N2 flow. 

Preparation of Ru-GCN photoanode. 

GCN film was vertically immersed in 1.0 mg/mL ruthenium red aqueous solution for 2 h to absorb 

the Ru species on the surface of GCN via strong electrostatic interaction. Then, thermal treatment 

was carried out at 400 ℃ for 2 h in Ar atmosphere with an increase of 2 ℃/min. The obtained film 

was rinsed with water and dried under N2 flow. 
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Preparation of P-GCN photoanode. 

20 mg NaH2PO2 and GCN film were placed in a small porcelain boat. Thermal treatment was carried 

out at 350 ℃ for 2 h in Ar atmosphere with an increase of 5 ℃/min. The obtained film was rinsed 

with water and dried under N2 flow. 

Characterization. X-ray Diffraction (XRD) data were collected with a Bruker D8 Eco powder 

diffractometer (Cu Kα radiation, λ = 0.15406 nm). The Fourier-transform infrared spectroscopy (FTIR) 

spectra of the samples were collected with a Cary 630 FTIR spectrometer (Agilent Technologies). X-

ray photoelectron spectroscopy (XPS) was performed with a Kratos-AXIS ULTRA DLD apparatus 

using Al X-ray source. Scanning electron microscopic (SEM) images were obtained with a FEI 

Magellan 400 XHR FEGSEM Instrument. High-angle annular dark-field scanning transmission 

electron microscopic (HAADF-STEM) images and energy-dispersive X-ray spectra were acquired 

with a FEI Tecnai G2 F20 S-TWIN FEGTEM instrument operated at 200 kV. The photoluminescent 

and fluorescence decay spectra were carried out on the FLUOROMAX-4C-TCSPC.  

Optical properties. The UV-Vis absorption spectra were measured using UV-Vis spectrophotometer 

(PG, UH-4150) at room temperature. For the calculation of light harvesting efficiency (ηLHE):  

 

𝜂𝐿𝐻𝐸  =  1 −  10−𝐴𝜆 

 

Where A is the absorbance at a given wavelength. For the calculation of light absorption coefficient 

(α):  

 

𝛼 =  
−𝑙𝑛(10−𝐴)

𝑑
 

 

Where d is thickness of the photoanode film (μm). 
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PEC and electrochemical tests. PEC and electrochemical tests were both conducted at 25 ± 2 oC 

using a CHI-760E electrochemical workstation in a three-electrode PEC cell with photoanode (0.12 

cm2) working, Ag/AgCl (4M KCl) reference, and Pt wire counter electrodes. A 1 M NaOH solution 

(pH = 13.6) was used as the electrolyte and purged with N2 for 30 min to remove O2 before every test. 

The recorded potentials vs. Ag/AgCl were converted to reversible hydrogen electrode (RHE) using 

the Nernstian equation below: 

 

𝐸𝑅𝐻𝐸  =  𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 + 0.059 ×  pH + 0.197  

 

During the PEC measurements, the simulated solar light, generated from a 300 W Xeon lamp 

(Microsolar300 Beijing Perfectlight Technology Co. Ltd.) with an AM 1.5G filter, passed through 

the insulating side of the FTO substrate (back-side illumination). The power density of the incident 

light was calibrated to 100 mW/cm2 (one-sun illumination) at the surface of the FTO substrate using 

a light meter (PECSI01 Bunkoukeiki). Photocurrent density measurement was collected at a scan rate 

of 50 mV/s. Incident photon-to-electron conversion efficiency (IPCE) was measured at an applied 

bias of 1.23 V combined with simulated solar light pass through mono-wavelength filter (Newport 

10BPF10 Bandpass Filter) from 600 nm to 340 nm at an interval of 20 nm: 

 

𝜂𝐼𝑃𝐶𝐸  =  
𝐽𝜆  × 1240

𝜆 × 𝑃𝜆
 

 

Where Jλ (mA∙cm-2) is the photocurrent density measured under monochromatic illumination at λ, Pλ 

(mW∙cm-2) is the power intensity of the incident monochromatic light at wavelength λ.  

Jmax is the calculation of maximum photocurrent density under AM 1.5G irradiation. Briefly, the 

standard solar spectral irradiance (ASTMG-173-03) is converted to the solar energy spectrum in terms 

of number of photons (s-1·m-2·nm-1) vs. λ (nm), then the number of photons in the photo-active range 
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between λ1 (nm) and λ2 (nm) is selected to calculate its maximum photocurrent density. In this work, 

λ1 = 300 nm and λ2 = 460 nm were selected as the photo-active range according to the IPCE results:  

 

𝐽𝑚𝑎𝑥  =  𝑒 × ∫
𝑃𝜆 ×  𝜆

ℎ × 𝑐

𝜆1

𝜆2

 

 

Where e is the charge of one electron (1.6 × 10-19 C), h is Planck’s constant (6.63 × 10-34 J∙s) and c is 

the speed of light (3 × 108 m/s). For the calculation of absorption photocurrent density (Jabs):  

 

𝐽𝑎𝑏𝑠  =  𝐽𝑚𝑎𝑥  × 𝜂𝐿𝐻𝐸 

 

Where Jabs (mA/cm2) is the photocurrent density converted from photon absorption rate assuming 

100% absorbed photon-to-current conversion efficiency (ηAPCE). For the calculation of charge 

separation efficiency (ηCSE):  

 

𝜂𝐶𝑆𝐸 =  
𝐽𝑠𝑐𝑎𝑣𝑒𝑛𝑔𝑒𝑟

𝐽𝑎𝑏𝑠
 

 

Where Jscavenger is the measured photocurrent density in a 1 M NaOH with TEOA as the hole scavenger. 

For the calculation of charge injection efficiency (ηCIE), photocurrent density was measured in 1 M 

NaOH aqueous electrolyte containing TEOA as the hole scavenger with volume ratio of 1:10. 

 

𝜂𝐶𝐼𝐸 =  
𝐽

𝐽𝑠𝑐𝑎𝑣𝑒𝑛𝑔𝑒𝑟
 

 

Where Jscavenger and J are the measured photocurrent density in a 1 M NaOH with and without TEOA.  
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Electrochemical impedance spectroscopy (EIS) was carried out under illumination at an applied bias 

of 1.23 V in a frequency range of 10-1-105 Hz with an AC voltage amplitude of 10 mV. Intensity 

modulated photocurrent spectroscopy (IMPS) was recorded with a Zahner Zehniumm potentiostat 

equipped with a frequency response analyzer module and a monochromated LED light source of 385 

± 10 nm. The cell was connected in a three-electrode configuration and the IMPS spectra was 

collected at 1.23 V. The DC bias illumination was adjusted to be 50 mW/cm2, and the light AC 

sinusoidal perturbation was set to 15.5% of the DC light intensity (± 13 W/m2), the frequency range 

was recorded from 105 to 10-1 Hz. For the calculation of first order constant rate of charge transfer 

(kt) and charge recombination (kr):  

 

𝑘𝑡

𝑘𝑡 + 𝑘𝑟
=

𝐿𝐻𝐼

𝐻𝐹𝐼
 

 

𝜔𝑚𝑎𝑥 = 𝑘𝑡 + 𝑘𝑟 

 

Where LFI is the low frequency intercept with the real axis, HFI is the high frequency intercept with 

the real axis, and ωmax is extracted from Ima J’(ω) in the IMPS spectrum. 

The hole diffusion length (L) was evaluated based on the results of IPCE values from front and back 

illumination at different applied bias:  

 

𝐼𝑃𝐶𝐸𝑓𝑟𝑜𝑛𝑡(𝜆, 𝑑)

𝐼𝑃𝐶𝐸𝑏𝑎𝑐𝑘(𝜆, 𝑑)
=

sinh (
𝑑
𝐿) + 𝐿𝛼(𝜆) cosh (

𝑑
𝐿) − 𝐿𝛼(𝜆)𝑒𝛼(𝜆)𝑑

sinh (
𝑑
𝐿) − 𝐿𝛼(𝜆) cosh (

𝑑
𝐿) + 𝐿𝛼(𝜆)𝑒−𝛼(𝜆)𝑑

 ×  𝑒−𝛼(𝜆)𝑑 

 

Where d is thickness of the photoanode film (μm), IPCEfront and IPCEback are measured at 400 nm at 

0.63, 0.83, 1.03, 1.23 V vs. RHE respectively.  
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Product analysis. The H2 gas was detected using a gas chromatograph-mass spectrometer (Shimazu, 

GCMS-QP2010 Ultra) equipped with a ShinCarbon ST packed column (Restek) and a secondary 

electron detector. He (99.9997%) was used as the carrier gas. The amount of H2 and O2 evolution was 

determined by sampling 100 μl of gas from the headspace of the CE compartment using a gas-tight 

syringe every 1 h. The Faradaic efficiency was calculated by dividing the amount of gas detected by 

the theoretical amount of gas calculated on the basis of the total charge passed, using the following 

equation:  

 

𝜂𝐹𝐸 =
𝐴 × 𝑛𝑔𝑎𝑠 × 𝐹

𝐶
× 100% 

 

Where F is the Faraday constant (96485.33 C/mol), ngas is the amount of O2 or H2 (mol), A is the 

number of electrons transfer to produce one O2 or H2 molecule, and C is the total charge passed 

through photoanode.  
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Supporting Information 

 

 

Supplementary Figure 1. (a) XRD patterns and (b) FTIR spectra of melamine (Mel), cyanuric acid 

(CA), supramolecular cyanuric acid-melamine (CM) and cyanuric acid-melamine/graphene oxide 

(CM/GO). 
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Supplementary Figure 2. SEM images of GCN photoanodes from top and side view using different 

Scotch tape layers blade with (a-c) one layer, (d-f) two layers, (g-i) three layers, (j-l) four layers, and 

(m-o) five layers. 
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Supplementary Figure 3. SEM images of CN photoanode from side view using Scotch tape with 

three layers. 
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Supplementary Figure 4. (a) XRD patterns and (b) FTIR spectra of CN, GCN and RuOP-GCN.  

 

Typically, the two diffraction peaks at 27.7 and 13.0 indexed for (002) and (100) in the XRD spectrum 

correspond, respectively, to interlayer stacking of conjugated aromatic rings and repeated in-plane 

heptazine motifs in CN. The serial stretching vibrations of 850 to 1730 cm-1 and 3000 to 3400 cm-1 

in the FTIR spectrum represent the repeating units of heptazine ring and −NH2 groups, respectively.  
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Supplementary Figure 5. XPS spectra of (a) C 1s, (b) N 1s, (c) O 1s of CN, GCN and RuOP-

GCN, and (d) P 2p of RuOP-GCN.  

 

 

XPS C 1s spectra associated with C=C, C−O, and N−C=N are essentially identical for polymeric CN, 

while in N 1s spectra, the main peak at 398.2 eV and two smaller ones at higher energies of 400.1 

and 401.0 eV are characteristically corresponded to C−N=C, N−(C)3 and −NH2 groups, respectively. 

Because there is a very strong overlap between the Ru 3d and C 1s regions, C 1s of RuOP-GCN is 

not presented here.  

In O 1s spectra, two typical peaks at 532.5 and 533.5 eV are associated with C-O and O-H bonds for 

all the samples. Significantly, the Ru-O bonding was observed in RuOP-GCN, which demonstrate 

the center Ru atoms are coordinated with O atoms. Furtherly, in P 2p spectra, the 133.4 eV peak can 

be attributed to Ru-P bonds, while the 139.5 eV peak is characteristic of P-N coordination.  
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Supplementary Figure 6. J-E curves of GCN with (a) different layers and (b) ratios of CN (mmol) 

to GO (mg) measured in in 1 M NaOH aqueous electrolyte with triethanolamine (TEOA) as the 

hole scavenger.  
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Supplementary Figure 7. Photocurrent density measured in TEOA of (a) GCN photoanodes with 

respect to different thickness, and (b) Different ratios of GO (mg) to CM (mmol) from 0 to 4.  

 

 

Generally, thicker film leads to a lower PEC performance probably due to a longer charge transfer 

distance across the film while thinner film may result in a negative effect on the PEC performance 

since the light absorption becomes less efficient. As increasing the ratio of GO (mg) to 

supramolecular CM (mmol), the color of films obviously changed from the light yellow to black.  
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Supplementary Figure 8. ηIPCE of CN and GCN measured in 1 M NaOH aqueous electrolyte with 

TEOA as the hole scavenger.  
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Supplementary Figure 9. Optical property of (a) UV-Vis absorbance, and (b) calculated Tauc plots.  
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Supplementary Figure 10. (a) Calculated light harvesting efficiency (ηLHE), and (b) Spectra of AM 

1.5G (ASTM G173-03) solar irradiance and ηLHE-weighted spectra from 300 to 430 nm. The Jabs 

given for each curve was calculated from integration of the corresponding spectrum.  
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Supplementary Figure 11. J-E curve of RuOP-GCN, 0.5, 1, 2 and 4 represent the time dipping in 

the ruthenium red aqueous solution.  
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Supplementary Figure 12. J-E curve of CN, GCN, P-GCN and Ru-GCN.  

 

 

 

 

  



193 
 

 

 

Supplementary Figure 13. Optical property of (a) absorbance and (b) absorption coefficient of CN 

and GCN, IPCE values at different applied bias measured from the front and back illumination and 

corresponding calculated ratio of (c) CN and (d) GCN.  
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Supplementary Figure 14. For the identification of the rate constants kt and kr from an IMPS 

spectrum of CN, GCN and RuOP-GCN. 
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Supplementary Figure 15. The ratio of kt/kr of CN, GCN and RuOP-GCN.  
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Supplementary Table 1. Summary of PEC water oxidation performance of CN-based photoanodes 

recorded at 1.23 V vs. RHE under AM 1.5 illumination.  

 

Photoanode J (μA/cm2) IPCE (%) Ref. 

C3N4 63 6.6 at 350 nm 1 

C3N4/RGO 75 5.3 at 400 nm 2 

Boron-doped C3N4 103.2 10 at 400 nm 3 

S-supported C3N4 100 16 at 340 nm 4 

Close-packed C3N4 116 8.5 at 400 nm 5 

Phosphorylated C3N4 120 8 at 460 nm 6 

Vertically aligned porous C3N4 120.5 ~ 15 at 360 nm 7 

Crystal-facet C3N4 228.2  23.1 at 380 nm 8 

Phosphorus/Boron-layer-doped C3N4 150 ± 10 8.6 at 340 nm 9 

Tight-packed C3N4/RGO 270 17.1 at 380 nm 10 

RuOP-GCN 1.0 mA/cm2 

50.2 at 340 

nm 

This work 
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Supplementary Table 2. Kinetic analysis of emission decay of CN, GCN and RuP-GCN.  

 

 τ1 (ns) τ2 (ns) τ3 (ns) τave (ns) 

CN 

6.6 47.3 1.4 

26.4 

41.7% 21.8% 36.5% 

GCN 

4.2 26.3 0.7 

27.1 

45.6% 19.9% 34.5% 

RuP-GCN 

7.8 44.3 1.5 

32. 9 

45.1% 29.9% 25% 
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Chapter 6. Summary and outlook 
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By mimicking natural photosynthesis, solar water splitting for H2 production has been widely and 

intensively investigated for nearly 50 years since Fujishima and Honda’s first report. It is quite clear 

that the ultimate goal of solar water splitting is to fabricate highly efficient and self-powered PEC 

cells to realize leaf-to-farm application. As a result, design and fabrication of efficient photoelectrode 

materials with favored photo-induced charge behavior is highly significant in improving the overall 

PEC performance. In this Thesis, I focused on the design and synthesis of photoanode materials to 

regulate photo-induced charge behavior in bulk and on surface. The main findings include: 

1. Utilizing an electrostatic strategy to fabricate a C3N4/BiVO4 photoanode for solar water oxidation. 

The effective heterojunction can promote bulk charge separation of BiVO4 and 3D nano-networks 

C3N4 provides a larger surface area for solar water oxidation reaction 

2. A homojunction of QDs BiVO4/BiVO4 photoanode was prepared by an in situ growth method. 

Compared to the heterojunction system, charge transfer is more efficient due to lattice matching 

in the homojunction system. 

3. A unique phosphorus and boron layered doping C3N4 photoanode was fabricated by thermal vapor 

deposition, based on the different polymerization pathways of melamine and dicyandiamide 

precursors. Efficient triple layers of P-C3N4/B-C3N4/C3N4 was formed and successfully promote 

the bulk charge separation by the internal electrical field. 

4. An atomically dispersed cocatalyst of RuOP was fabricated on the C3N4/rGO photoanode, where 

the surface charge injection efficiency was obviously improved with a photocurrent density of as 

high as 1.0 mA/cm2 at 1.23 vs. RHE at AM 1.5G. More important, the decreased charge 

recombination at the photoelectrode/cocatalyst interface contributes to the enhanced PEC 

performance as atomically dispersed ruthenium cocatalyst are integrated into C3N4. 

Based on the conclusion in the thesis, photo-induced charge behavior plays a vital role in the final 

resulting solar energy conversion efficiency, which can be precisely tuned both in bulk and on surface 

as forementioned. Towards the future commercial mass production, the front-illustration photoanodes 
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side must be composed of multi-junction or layer to optimize bulk energetics, light absorption range, 

and charge behavior favoring for holes migration to the surface for water oxidation reaction. The 

Chapter 2, 3 and 4 tells an efficient strategy of junction fabrication in hetero and homo type by using 

electrostatic self-assembly and in situ growth of BiVO4-based photoanodes. Moreover, surface 

reaction kinetics must be boosted by incorporating efficient cocatalysts. Considering the interfacial 

photoelectrode/cocatalyst charge recombination and cocatalyst stability, the Chapter 5 tells a novel 

strategy by designing and fabricating atomic scale cocatalysts. By incorporating the active sites into 

the photoelectrodes, the interfacial photoelectrode/cocatalyst charge transfer can be significantly 

facilitated and instability originated from loss of nanoscale cocatalysts can be maximized eliminated. 

As a result, both of two strategies in the thesis provide ideas for the future commercialization of PEC 

water splitting. 

 

 

 

Figure 38. Technological map showing various photon-driven water splitting approaches for solar energy 

conversion and specific experimental demonstrations. Presentation format followed that of Kazuhiro Sayama and 

Yugo Miseki with permission. Copyright (2014) National Institute of Advanced Industrial Science and Technology. 

 

Despite various strategies are employed to develop new photoelectrode materials, understand new 

photophysical and photochemical charge behaviour, and manufacture advanced cells in the past 

decade, ηSTH based on PEC and PEC-PV tandem cells is still under 10%, which is much lower than 
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PV-electrolyzer system. A technology map presented in Figure 38 shows efficiency vs. system 

complexity. It is obviously seen that intrinsically stable metal oxide-based materials have low 

efficiencies and low complexity, while PV-grade materials exhibit high efficiencies, but a higher 

complexity and hence a higher cost. It is suggested that material developments have to go in parallel 

with the scale up and demonstration projects for practical applications. 

In order to compete with the high technology readiness level PV-electrolyzer system technologically 

and commercially, several key points need to be considered for future improvements. First, advanced 

manufacturing processes should be developed to produce commercial-size photoelectrodes. The 

illumination area of emerging high-efficiency photoelectrodes operated and recorded in laboratories 

are always quite small (usually less than 1.0 cm2). To produce large sized photoelectrodes for 

commercial applications, more efforts should be taken to the development of scalable techniques with 

easily accessible and processable materials, using conventional fabrication techniques (such as spin-

coating and chemical vapor deposition) and burgeoning nanotechnology fabrication processes (such 

as 3D printing and atomic layer deposition). Second, long-term operational stability under solar 

illumination is another crucial factor in practical applications. Poor stability of photoelectrodes 

mainly originates from the direct contact or proximity between the light-absorbing materials and 

corrosive electrolytes. Specifically, nanoscale materials suffer from instability or even decomposition 

during the reaction due to their high surface energy. Finally, the projected cost of tandem cells, 

including the cost for raw materials, manufacturing of photoelectrodes, and cell assembly processes, 

must be competitive in order to be deployable at the energy-market scale. The ultimate target for 

using the PEC device to produce clean hydrogen energy is the massive production of photoelectrodes 

with a STH efficiency of at least 10 %, a lifetime of at least 10 years and a cost of less than 

US$ 100/m2, which is challenging but still achievable.  
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