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Abstract 

To alleviate the global energy crises and environmental problems caused by the 

conventional fossil fuels, it is important to widespread develop renewable alternative energy 

schemes (e.g. solar- and wind-energies) to meet the growing energy demand of human society. 

Since the pioneering works on photo-electrocatalysis using TiO2 reported by Fujishima and 

Honda, photoelectrochemical (PEC) water splitting is regarded as one of the most promising 

ways to achieve solar energy conversion and storage into H2 molecular by splitting water into 

H2 and O2. Compared to the H2 evolution reaction (HER), the O2 evolution reaction (OER) is 

a kinetic bottleneck for overall water splitting, due to the complicated transfer of four electrons 

and four protons. Moreover, during the water oxidation reaction, some other possible oxidation 

reactions can occur (e.g. degradation of catalysts) in a harsh oxidizing environment. Therefore, 

one of the most important tasks for solar H2 production is the development of efficient and 

stable OER photoanodes for enhancing the solar energy water splitting conversion efficiency. 

Bismuth vanadate (BiVO4) is supposed to be one of the most promising photoanodes 

for solar water splitting due to its suitable bandgap, low valence band position, earth-abundance, 

stability in aqueous solution and low cost. However, the efficiency of solar energy conversion 

is still far below the theoretical value due to the sluggish carrier mobility, poor electrical 

conductivity and slow surface reaction kinetics. Therefore, the rapid progress mainly focuses 

on the modification of the BiVO4 photoanode materials to improve the PEC performance. One 

approach to this end is the use of polyoxometalates (POMs) which are a unique class of 

molecular metal oxide clusters that consist of early transition metals. Benefiting from the 

unique structure and reactivity, POMs play a key role associated with metal oxide light 

absorbers materials in photo-electrocatalytic system in terms of both photoanodes and 

photocathodes. 

Based on this background, this thesis summarizes investigations into various BiVO4 

photoanode modification strategies for photoelectrochemical water splitting and current 

progress of POMs-based/derived BiVO4 photoanodes. After an introduction, the main research 

topics of this thesis are presented in two chapters, which aims at designing new and low-cost 

POMs-based/derived BiVO4 OER composite materials and innovative methods to promote the 

OER rate in overall water splitting configurations. For instance, doping with molybdenum or 

cobalt polyoxometalate (CoPOM = Na10[Co4(H2O)2(PW9O34)2]) in bulk of BiVO4 enhances 

the electrical conductivity and improves the charge separation efficiency respectively. 
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Meanwhile, surface modification with CoPOM water oxidation co-catalyst enhances the hole 

extraction and improves the charge transfer efficiency, particularly significant at very low bias 

potentials it can partially compensate the detrimental effects of the electron polaronic states 

from doping. Besides, several innovative methods are also developed for energy electrode 

materials fabrication, such as ‘Double-Use’ strategy for CoPOM used both as a bulk doping 

agent as well as a surface-deposited water oxidation co-catalyst to develop high-performance 

BiVO4 photoanodes materials. 

Apart from the aboved material design, a variety of characterization techniques such as 

UV-Vis absorption spectra, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), 

scanning electron microscopy (SEM), and high-resolution transmission electron microscopy 

(HR-TEM) were employed to acquire sufficient information on the optical properties, 

elemental composition, crystal structures and morphology for all materials before and after 

reaction involved in the thesis. Besides, PEC performances are conducted by potentiostat in a 

typical 3-electrode system under a Xe lamp equipped with an AM 1.5G filter and O2 production 

is directly recorded by the FireSting optical fiber O2 sensor for the evaluation of OER 

performance. Parts of the corresponding studies have already been published in academic 

journals. 
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Kurzzusammenfassung 

Um die globale Energiekrise und die Umweltprobleme zu lindern, die durch 

konventionelle fossile Brennstoffe verursacht werden, ist es wichtig, erneuerbare alternative 

Energiesysteme (z. B. Solar- und Windenergie) weiter zu entwickeln, um den wachsenden 

Energiebedarf der Menschheit zu decken. Seit den Pionierarbeiten zur Photoelektrokatalyse 

mit TiO2 von Fujishima und Honda gilt die photoelektrochemische (PEC) Wasserspaltung als 

eine der vielversprechendsten Möglichkeiten, Sonnenenergie zu speichern, indem Wasser in 

H2 und O2 gespalten wird. Im Vergleich zur H2-Entwicklungsreaktion (HER) ist die O2-

Entwicklungsreaktion (OER) aufgrund der komplizierten Übertragung von vier Elektronen und 

vier Protonen ein kinetischer Engpass für die gesamte Wasserspaltung. Darüber hinaus können 

während der Wasseroxidationsreaktion in einer hoch oxidierenden Umgebung einige andere 

mögliche Oxidationsreaktionen auftreten (z. B. Zersetzung der Katalysatoren). Daher ist eine 

der wichtigsten Aufgaben für die solare H2-Produktion die Entwicklung effizienter und stabiler 

OER-Photoanoden zur Verbesserung der Umwandlungseffizienz der lichtgetriebenen 

Wasserspaltung. 

Bismutvanadat (BiVO4) gilt aufgrund seiner geeigneten Bandlücke, seiner niedrigen 

Valenzbandposition, seines Vorkommens auf der Erde, seiner Stabilität in wässriger Lösung 

und seiner geringen Kosten als eine der vielversprechendsten Photoanoden für die solare 

Wasserspaltung. Aufgrund der geringen Ladungsträgerbeweglichkeit, der schlechten 

elektrischen Leitfähigkeit und der langsamen Oberflächenreaktionskinetik liegt die Effizienz 

der Solarenergieumwandlung jedoch noch weit unter dem theoretischen Wert. Daher 

konzentriert sich die Forschung derzeit auf die Modifizierung der BiVO4-

Photoanodenmaterialien zur Verbesserung der PEC-Leistung. Ein Ansatz ist die Verwendung 

von Polyoxometallaten (POMs), einer einzigartigen Klasse molekularer Metalloxidcluster, die 

aus frühen Übergangsmetallen bestehen. Aufgrund ihrer einzigartigen Struktur und Reaktivität 

spielen POMs eine Schlüsselrolle im Zusammenhang mit Metalloxid-Lichtabsorbermaterialien 

in photoelektrokatalytischen Systemen sowohl in Bezug auf Photoanoden als auch 

Photokathoden. 

Vor diesem Hintergrund fasst diese Arbeit Untersuchungen zu verschiedenen 

Modifizierungsstrategien für BiVO4-Photoanoden zur photoelektrochemischen 

Wasserspaltung und den aktuellen Fortschritt bei BiVO4-Photoanoden auf POM-

Basis/abgeleiteter Basis zusammen. Nach einer Einführung werden die wichtigsten 
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Forschungsthemen dieser Arbeit in zwei Kapiteln vorgestellt, die auf die Entwicklung neuer 

und kostengünstiger BiVO4-OER-Verbundwerkstoffe auf POM-Basis und innovativer 

Methoden zur Verbesserung der OER-Rate in Wasserspaltungskonfigurationen abzielen. So 

erhöht beispielsweise die Dotierung von BiVO4 mit Molybdän- oder Kobaltpolyoxometallat 

(CoPOM = Na10[Co4(H2O)2(PW9O34)2]) die elektrische Leitfähigkeit bzw. die 

Ladungstrennungseffizienz. Gleichzeitig verbessert die Oberflächenmodifizierung mit dem 

CoPOM-Wasseroxidations-Kokatalysator die Lochextraktion und die 

Ladungsübertragungseffizienz, was insbesondere bei sehr niedrigen 

Überspannungspotentialen von Bedeutung ist, da es die nachteiligen Auswirkungen der 

Elektronenpolaronzustände durch die Dotierung teilweise kompensieren kann. Darüber hinaus 

werden auch mehrere innovative Methoden zur Herstellung von Elektrodenmaterialien 

entwickelt, wie etwa die „Double-Use“-Strategie für CoPOM, das sowohl als 

Massendotierungsmittel als auch als oberflächenabgelagerter Cokatalysator für die 

Wasseroxidation verwendet wird, um hochleistungsfähige BiVO4-Photoanodenmaterialien zu 

entwickeln. 

Neben dem oben genannten Materialdesign wurden verschiedene 

Charakterisierungstechniken wie UV-Vis-Absorptionsspektren, Röntgenbeugung (XRD), 

Röntgen-Photoelektronenspektroskopie (XPS), Rasterelektronenmikroskopie (SEM) und 

hochauflösende Transmissionselektronenmikroskopie (HR-TEM) eingesetzt, um ausreichende 

Informationen über die optischen Eigenschaften, die Elementzusammensetzung, die 

Kristallstrukturen und die Morphologie aller Materialien vor und nach der Reaktion zu 

erhalten, die in der Arbeit verwendet werden. Darüber hinaus werden PEC-Leistungen mit 

einem Potentiostat in einem typischen 3-Elektroden-System unter einer Xe-Lampe mit einem 

AM 1,5G-Filter durchgeführt, und die O2-Produktion wird zur Bewertung der OER-Leistung 

direkt vom FireSting-Glasfaser-O2-Sensor aufgezeichnet. Teile der entsprechenden Studien 

wurden bereits in wissenschaftlichen Zeitschriften veröffentlicht. 
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1. Introduction 

The total world energy consumption in 2022 was 1.8×105 Terawatt hours (TWh), rising 

to 2.4×105 TWh in 2040, an averaging increase of 1% to 2% per year.[1,2] Fossil fuels currently 

supply us with 85% of our energy, with carbon dioxide (CO2) emissions in the atmosphere rising 

from 278 ppm at the beginning of the industrial revolution to > 400 ppm today.[3] As the global 

industries are under intense pressure from energy scarcity and fossil fuel depletion, international 

energy deployment has set a goal of near net-zero emissions by 2050.[4] It is urgently needed to 

develop eco-friendly, clean, and green energy to deal with the energy crisis and environmental 

issues for modern society, which include solar, wind, hydropower, geothermal and biomass 

energy.[4–8] Many countries are taking action to produce renewable energy sources to reduce carbon 

emissions. For example, the European Union (EU) solar generation capacity keeps increasing 

and reached, according to SolarPower Europe, an estimated 259.99 GW in 2023.[9] 

Although fossil fuels will remain for decades, a path to zero emissions is envisioned in 

Figure 1.[3] An increasing amount of clean renewable energy (such as solar- or wind-energy) is 

being converted into electricity and stored in batteries for industrial production and household 

applications such as lighting and power electric vehicles. Transmission and distribution of 

electricity is becoming more efficient thanks to breakthroughs in wide bandgap semiconductors 

and dielectric materials. As the cost of clean energy continues to plunge, new catalysts and 

photoelectrochemical devices will enable us to economically achieve electrocatalytic high-

values chemical production, such as hydrogen (H2) production by splitting water,[10–13] carbon 

monoxide (CO), methane, ethylene et al. by carbon dioxide reduction reaction (CO2RR),[14,15] 

ammonia (NH3) production by nitrogen reduction reaction (NRR)[16,17] or nitrate reduction 

reaction (NO3RR) etc.[18,19] Moreover, other novel carbon-capture materials will decrease CO2 

from the industry generation, and ultimately the atmosphere. After recycling as much of the 

captured carbon as possible, advances in materials science will allow us to permanently 

sequester the rest of the carbon.[3] 

As nature accomplishes by photosynthesis, harvesting sunlight into chemical bonds 

directly is a highly promising approach to lower the carbon footprint.[20] One example is using 

solar energy to split water into hydrogen and oxygen by semiconductors, from intermittent 

solar energy into an inherently more storable energy of chemical bonds,[21] where H2 could 

subsequently be stored and transported to other energy conversion systems.[20] For example, 

combusting of H2 produces water as the only harmless product with the help of oxygen (O2), 
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releasing the stored energy. This can be able to accomplish an attractive carbon-free cycle 

between H2 production and combustion. Since Fujishima and Honda’s electrochemical 

photolysis of water by TiO2,
[22] photoelectrochemical (PEC) water splitting has been proved to 

be an elegant and environmentally benign pathway to produce H2. 

 

 

Figure 1: Renewable energy future. (a–i) advances in materials science and engineering are increasing 

the efficiency of electricity generation from clean renewable energy sources — for instance, (a) solar 

panels and (b) wind turbines— as well as electricity (c) distribution and (d) storage. Improved energy 

management in (e) buildings and (f) widespread diffusion of electric vehicles are decreasing our carbon 

footprint. Better catalysts and photoelectrochemical devices allow a more efficient generation of (g) 

hydrogen and oxygen, and (h) CO2 conversion to fuels and chemicals. (i) Carbon-capture materials will 

decrease the amount of CO2 released in the atmosphere.[3] Reprinted with permission from (Nature 

Materials, 2017, 16, 16-22). Copyright 2017, Springer Nature. 

 

Overall splitting water into H2 and O2 depicted in the following two half-reactions under 

alkaline conditions, which are hydrogen evolution reaction (HER) and oxygen evolution 

reaction (OER).[23,24] 

Alkaline HER: 2H2O + 2e− → H2 + 2OH− Reaction 1 

Alkaline OER: 4OH− → O2 + 2H2O + 4e− Reaction 2 

Overall reaction: 2H2O → 2H2 + O2, ΔG° = 238 kJ mol−1 Reaction 3 

Compared to the HER, which is a proton-coupled two-electron process, the OER is a typical 

kinetic bottleneck of overall water splitting since the mechanism of oxygen generation is much 

more complex, involving concerted transfer of four electrons and four protons. Therefore, one 

of the most important tasks for solar hydrogen production is the development of efficient and 

stable OER photoanodes for promoting the oxygen evolution reactivity and enhancing the solar 

energy conversion efficiency of PEC water splitting.[25] 

a b c 

i h g f 

e d 
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Moreover, polyoxometalates (POMs) are a unique type of molecular metal oxide 

clusters that consist of early transition metals (e.g., Mo6+, W6+, V5+) with high oxidation 

valences, which represent a tremendous range of crystalline inorganic clusters with an 

unmatched range of physical and chemical properties.[26,27] With continuous in-depth study, 

POMs is of great significance associated with conductive metal oxide materials in the various 

(photo)electrocatalytic systems in terms of (photo)anodes and (photo)cathodes.[28,29] 

Based on this background, the work presented in this thesis deals with the design of 

innovative POMs-based/derived OER photoelectrodes for photoelectrochemical (photo-

electrocatalytic) water splitting. 

1.1. Photoelectrochemical (PEC) water splitting 

1.1.1. Mechanism of PEC water splitting 

Figure 2a shows a PEC cell in a 3-electrode system with an n-type semiconductor 

photoanode as working electrode, a metallic cathode as counter electrode and a reference 

electrode under an aqueous electrolyte. Taking the n-type semiconductor photoanode as an 

example, as shown in Figure 2b, when the photoanode film absorbs photons with energy equal 

to or greater than the bandgap energy (Eg) of the semiconductor, electrons are excited to the 

conduction band (CB) (photogenerated electrons), while leaving holes in the valence band (VB) 

(photogenerated holes). Because of band bending occurring at the semiconductor||electrolyte 

interface, holes migrate to the surface of photoanode and oxidize water to generate oxygen 

(Reaction 2) and electrons move to the surface of counter electrode through the external circuit, 

driven by an applied bias potential (Eapp), and then reduce water to generate hydrogen (Reaction 

1). This process leads to the overall water splitting reaction and produces hydrogen from water 

using solar light.[20,23,30,31] 

Overall, there are three basic steps, i.e., the light absorption and charge separation, the 

charge transport from the bulk to the surface, and the surface reaction to evolve oxygen 

occurring at the surface of the photoanode. The objective of the PEC device is to produce the 

largest photocurrent (𝐽𝑝ℎ) with a minimum amount of applied bias. This could be achieved by 

maximizing light absorption (𝐽𝑎𝑏𝑠 ) by using a semiconductor with an appropriate Eg and 

minimizing the loss of charges due to bulk recombination (𝐽𝑏𝑟) and surface recombination (𝐽𝑠𝑟) 

by proper modifications of the semiconductor.[23] 

There is the experimental method to quantify 𝐽𝑎𝑏𝑠, 𝐽𝑝ℎ, 𝐽𝑏𝑟 and 𝐽𝑠𝑟, which provides 

an important basis to understand fundamental processes occurring on the photoelectrode. 
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Figure 2b shows the transfer and loss processes of photogenerated charges on a photoanode. 

The light absorption by a photocatalyst generates photocurrent (𝐽𝑎𝑏𝑠) that undergoes two major 

losses through bulk and surface recombination. Hence, the measured photocurrent by water 

oxidation (𝐽𝐻2𝑂) is expressed by[23] 

𝐽𝐻2𝑂 =  𝐽𝑎𝑏𝑠 × 𝜂𝑏𝑢𝑙𝑘 × 𝜂𝑠𝑢𝑟𝑓 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1 

where 𝜂 denotes the charge separation efficiency in the bulk of semiconductor (𝜂𝑏𝑢𝑙𝑘) or on 

the surface (𝜂𝑠𝑢𝑟𝑓). 

The photogenerated electron-hole recombination at the semiconductor||electrolyte 

interface can be neglected when the system is introduced readily oxidizable reducing agent 

such as H2O2 and Na2SO3.
[23]  

Water oxidation: 2H2O + 4h+ → O2 + 4H+, E° = 1.23 V vs. RHE Reaction 4 

H2O2 oxidation: H2O2 + 2h+ → O2 + 2H+, E° = 0.68 V vs. RHE Reaction 5 

Sulfite oxidation: SO3
2– + h+ → SO3

–, E° = 0.73 V vs. RHE Reaction 6 

Thus, hole transfer toward the sacrificial reagents is kinetically favorable at the 

semiconductor||electrolyte interface, which means that almost 100% photogenerated holes can 

be injected to their oxidation reaction (𝜂𝑠𝑢𝑟𝑓 = 100%). The charge bulk separation efficiency 

(𝜂𝑏𝑢𝑙𝑘) is estimated by the equation:[23] 

𝜂𝑏𝑢𝑙𝑘(%) =
𝐽𝑁𝑎2𝑆𝑂3

𝐽𝑎𝑏𝑠
𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2 

where 𝐽𝑎𝑏𝑠  is the unit-converted photocurrent density obtained by integrating the UV–vis 

absorptance spectrum over the AM 1.5G solar spectrum according to the following formula:[32] 

𝐽𝑎𝑏𝑠 = ∫ 𝑁𝑝ℎ(𝜆) × 𝐿𝐻𝐸(𝜆) × 𝑒𝑑𝜆 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3 

Where, 𝑁𝑝ℎ(𝜆) is the photon flux (unit: mW cm-2 nm-1) and 𝑒 is the electron charge (1.602 × 

10-19 C). 𝐿𝐻𝐸  is the light harvesting efficiency (defined as the ratio of absorbed light to 

incident light) is calculated from the UV-vis absorption spectrum according to the following 

formula:[33] 

𝐿𝐻𝐸 = 1 − 10−𝐴(𝜆) 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4 

where 𝐴(𝜆) is the absorbance of the sample at wavelength λ. 

The hole surface transfer efficiency (𝜂𝑠𝑢𝑟𝑓) was determined using the equation:[34] 

𝜂𝑠𝑢𝑟𝑓(%) =
𝐽𝐻2𝑂

𝐽𝑁𝑎2𝑆𝑂3

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 5 
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where 𝐽𝐻2𝑂 and 𝐽𝑁𝑎2𝑆𝑂3
are the photocurrents measured in the absence and presence of an 

additional hole scavenger (Na2SO3). 

 

Figure 2: (a) Photoelectrochemical cell in three-electrode configuration. (b) Working principle showing 

charge transfer and loss processes (where, Jabs – current with maximum light absorption, Jbr – bulk 

recombination, Jsr – surface recombination, Jbr’ – interfacial recombination). (c) Formation of 

semiconductor||electrolyte junction for a photoanode in direct contact of electrolyte (redox was set for 

H2O/O2, 1.23 V vs. RHE): (i) Equilibrium state of Fermi level of n-type semiconductor (Ef,n) without 

illumination or bias; (ii) Illumination and formation of quasi-Fermi level (Ef,h). The gap between Ef,n 

and Ef,h is the photovoltage (Vph); (iii) With applied bias (Eapp) of the same as the potential needed for 

initial charge transfer (onset potential, Eoc); (iv) In the case of Eapp > Eoc. 

 

The formation of a semiconductor||electrolyte junction, also well known as a 

semiconductor–liquid (SCL) junction, is the key phenomenon of a PEC cell composed of 

photoelectrodes. As depicted in Figure 2c, illumination provides a photovoltage (Vph = Ef,n − 

Ef,h) from the generation of charge carriers by the photoexcitation. Often, Vph alone is not large 

enough to drive the charge transfer, and then applied bias (Eapp) adds up and provides enough 

driving force, when Eapp is larger than the onset potential (Eoc).
[23] 

1.1.2. Photoelectrode requirements 

Theoretically, a semiconductor can split water if its Eg is greater than 1.23 eV (water 

dissociation energy) and its CB and VB edge energy levels are more negative and more positive 
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than the water reduction (0.0 V vs. RHE) and oxidation (1.23 V vs. RHE) potentials, 

respectively.[30] In reality, thermodynamic losses of 0.3 – 0.4 eV and the existence of an 

overpotential to ensure sufficiently fast reaction kinetics (0.4 – 0.6 eV) must also be considered. 

As a result, the band gap should be at least 1.9 eV, which corresponds to the absorption onset 

at 650 nm. Below 400 nm the intensity of sunlight drops rapidly, imposing an upper limit of 

3.1 eV on the bandgap. Therefore, the optimum value of the bandgap should be somewhere 

between 1.9 and 3.1 eV, which is within the visible range of the solar spectrum.[30,35] 

The Eg and the band edge of VB and CB only determine whether the semiconductor 

can be able to perform photoelectrochemical water splitting from a thermodynamic perspective. 

In addition, the ideal photoelectrode fulfills several tasks at once: good light absorption, 

efficient charge separation and transport, low overpotentials for H2 or O2 evolution at its surface. 

Moreover, the photoelectrode must stand the tests of harsh environmental conditions such as 

water, salts, and strong sunlight and have the potential to be made at low cost.[30] To date, no 

earth-abundant material fulfills all these requirements. One solution to this is to use two 

semiconductors for HER and OER, respectively. Water reduction (Reaction 1) occurs on 

photocathodes while water oxidation (Reaction 2) on photoanodes. This tandem configuration 

not only takes sufficient use of the incident sunlight but also combines photovoltage generated 

from two electrodes.[20,36] Compared to HER, OER half-reaction is regarded as the bottleneck 

for water splitting because the generation of one oxygen molecule involves four electrons, 

determining the reaction rate.[23,25] Therefore, the development of efficient and stable OER 

photoanodes plays a critical role to enhance the solar energy conversion efficiency of PEC 

water splitting. 

1.2. BiVO4-based photoanodes for PEC water splitting 

1.2.1. BiVO4 as a photoanode material 

To date, numerous n-type porous semiconductors have been explored as photoanodes 

for PEC water oxidation, including TiO2,
[37–39] Fe2O3,

[20,40] WO3,
[41,42] BiVO4,

[23,31,43,44] 

Ta3N5,
[45,46] Bi2WO6,

[47] etc. Among these semiconductors, Bi-based mixed-oxide 

semiconductors have become the hot research materials because of their special band structures. 

The valence band (VB) potential is shifted negatively to decrease the bandgap when hybrid 

orbitals of O-2p and Bi-6s are formed due to repulsion of the two orbitals. As a sample of 

BiVO4 in Figure 3a, CB is made of V 3d, while VB is composed of hybrid orbitals of O-2p and 

Bi-6s, reducing the bandgap value. However, in conventional simple oxide semiconductors, 



INTRODUCTION 

9 

 

the valence band primarily consists of O-2p orbitals when the metal d orbital is unoccupied, 

which results in a need for an external bias for the photoelectrode as the conduction band shifts 

positively (as samples of TiO2 and WO3 in Figure 3a).[30]  

Among Bi-based mixed-oxide semiconductors, bismuth vanadate (BiVO4) stands out 

for its multifold features such as earth-abundance, low valence band position, appropriate 

bandgap, and high stability in aqueous solution.[48–50] Monoclinic scheelite BiVO4 has a strong 

yellow color and is often used as a pigment for strong reflection.[51] As shown in Figure 3b, the 

scheelite structure contains a V ion coordinated by four O atoms in a tetrahedral site and a Bi 

ion coordinated by eight O atoms in a dodecahedron polymorphs, which has a high asymmetry 

of crystal structure with different Bi–O and V–O distances. Thus, BiVO4 also has a very high 

anisotropic electronic structure (polarized) owing to the great degree of asymmetry of VO4 and 

BiO8.
[23,31] BiVO4 possesses a bandgap of around 2.4 eV, corresponds to 516 nm wavelength 

of light, absorbing up to ~ 30% of the solar radiation, resulting in a theoretical photocurrent 

density of 7.5 mA cm−2 corresponding to the solar-to-hydrogen (STH) efficiency of 

9.2%.[31,52,53] 

As an n-type photocatalyst, the efficient hole transfer plays a key role for photoanodic 

water oxidation. Similar to the case of Fe2O3,
[20,54] the charge carrier transfer in BiVO4 is 

governed by a polaron hopping conduction mechanism occurring rapidly at a time scale of ≈ 

ps,[55] in which a detailed study shows that electrons and holes are heavily bound to those 

intragap polaron levels with characteristic potentials located ≈0.88 eV below the conduction 

band minimum (CBM, edge of CB) and ≈0.11 eV above the valence band maximum (VBM, 

edge of VB). They can effectively trap electrons and holes, limit their mobility and suggest that 

electron–hole recombination through polaronic states could hamper the evolution of the water 

splitting reaction.[54] This accounts for the relatively sluggish electron mobility of BiVO4 of 

0.02–0.044 cm2 V−1 s−1 (polycrystalline) to ≈12 cm2 V−1 s−1 (single crystalline), which is 

significantly lower than those of WO3 (10 cm2 V−1 s−1). Its hole mobility (≈2 cm2 V−1 s−1) is 

higher than that of Fe2O3 (0.0001 cm2 V−1 s−1).[23] 

Despite the low mobility, high quantum efficiencies can nevertheless be achieved in 

BiVO4 due to the long lifetime of the photogenerated charge carriers (∼40 ns), which leads to 

relatively long carrier diffusion lengths defined as the average distance that an excited carrier 

will travel before recombining, as shown in Figure 3c.[56] The minority carrier diffusion length, 

LD, or the carrier lifetime, τR, often express the susceptibility to recombination. They are related 

through[30] 
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𝐿𝐷 ≃ √𝐷𝜏𝑅 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 6 

where the diffusivity of the free carriers, D, is related to their mobility, μ, via the Nernst–

Einstein equation:[30] 

𝐷 =
𝑘𝑇𝜇

𝑒
𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 7 

Where k is the Boltzmann constant, T is the temperature, and e is the charge of an electron. 

Values of LD range from several nanometers to several hundred nanometers in some oxides. 

Table 1 summarizes the carrier diffusion length, lifetimes and mobilities of promising 

photoelectrode materials. The hole diffusion length (LD) of BiVO4 was calculated as 70 nm, 

which is relatively longer than that of Fe2O3 (2 – 4 nm) but shorter than that of WO3 (150 – 

500 nm).[56] 

Table 1: Comparison of carrier mobility, lifetime, and diffusion length of several promising metal 

oxides.[56] 

Photoelectrode materials 
Carrier mobility 

𝜇 (cm2 V−1 s−1) 

Carrier lifetime 

𝜏𝑅 

Carrier diffusion length 

𝐿𝐷 (nm) 

Fe2O3 0.5 3 ps 2 – 4 

WO3 10 1 – 9 ns 150 – 500 

BiVO4 0.044 40 ns 70 

 

BiVO4 is inherently stable without itself getting oxidized during water oxidation. 

However, BiVO4 is generally not highly stable in electrolytes, especially in phosphate (PO4
3−, 

HPO4
2−, and H2PO4

−), and tends to be more stable in bicarbonate (HCO3
2−) and especially 

borate (BO3
2−).[23] The Pourbaix diagram for BiVO4 was recently reported by Toma et al. As 

shown in Figure 3d, BiVO4 is stable in a large region with pH values from 1 to 11 and at the 

electrochemical potentials within the water stability region. Unfortunately, BiVO4 is no longer 

thermodynamically stable at potentials close to the oxygen evolution potential, whose 

constituent is expected to dissolve as VO4
− ions and Bi oxyhydroxides.[57] From a 

thermodynamic perspective, it is expected that the BiVO4 would self-passivate via formation 

of a chemically stable bismuth oxide at its surface. Sayama et al reported that the BiVO4 

dissolved V atoms from the surface during the photoreaction and formatted a thin Bi-rich layer 

(BiOx layer), which may help prevent further erosion of BiVO4.
[58] 

Therefore, a rapid development is obvious that BiVO4 has become one of the most 

promising materials for a metal oxide–based photoanode in the field of PEC water splitting. 
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Figure 3: (a) Band structure of TiO2, WO3, Fe2O3 and BiVO4. (b) Crystal structure of monoclinic 

scheelite Mo-doped BiVO4 (Red balls: O; dark green balls: V; bule balls: Bi; orange ball: Mo). (c) 

Absorption regions in a semiconducting photoanode. (d) Pourbaix diagram of the 50:50 Bi:V system in 

an aqueous solution, assuming Bi and V concentrations of 10−5 mol kg−1. Upper red dashed line: 

potential for OER; lower red dashed line: potential for HER. Cyan regions: stable solid compounds; 

pink region: BiVO4 (s); white regions: ions dissolved in aqueous solution.[57] Reproduced with 

permission (Nat. Commun., 2016, 7, 12012). Copyright 2016, Springer Nature. 

 

However, up to now, the STH efficiency for BiVO4 photoanode is still far below its 

theoretical efficiency. This discrepancy in performance arises due to the rapid recombination 

of photogenerated charge carriers at BiVO4 surface ( 𝐽𝑠𝑟 ) and bulk ( 𝐽𝑏𝑟 ) as well as 

BiVO4/substrate interface (𝐽𝑏𝑟′) (Figure 2b). First, charge recombination at BiVO4 surface 

readily happens at surface trapping states (defect states), trapping free electrons from the bulk 

due to -OH surface termination from the water dissociatively adsorbed at its surface.[30] This 

leads to poor surface reaction kinetics and thereby the low onset potential in BiVO4 (typically 

≈ 0.6 V vs. RHE).[59] Second, the sluggish carrier mobility (high resistivity) confirms that the 

bulk electronic conductivity in BiVO4 is the main limiting factor.[56,60] Therefore, 

photogenerated electrons and holes recombine before they reach the substrate or the surface to 

a b 

c d 

https://www.nature.com/ncomms
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decrease the charge bulk separation efficiency. Third, the charge recombination at the 

BiVO4/substrate occurs due to interfacial defect states as a result of lattice mismatching 

between BiVO4 and substrates.[61] The above aspects, involving surface, bulk, and interface 

properties directly impact the PEC performance of BiVO4 photoanodes. 

To address the above-mentioned problems in BiVO4 photoelectrodes, and to increase 

its overall PEC performance, commonly used methods include: (1) surface modification 

(surface state passivation and loading of co-catalysts, etc.); (2) bulk modification (element 

doping, construction of heterojunctions and nanostructure design, etc.); and (3) optimization of 

the interface between BiVO4 and the substrate. 

1.2.2. Surface modification strategies 

Compared with the rapid generation of photogenerated electron-hole pairs in the 

semiconductor, the poor surface charge transfer at the semiconductor||electrolyte interface 

usually progress on a considerably longer scale (from nanoseconds to microseconds).[62] The 

severe surface charge recombination and slow surface reaction kinetics greatly restricts the 

PEC performance of BiVO4. The cocatalysts deposition on BiVO4 photoanodes has been 

extensively studied as an effective strategy to promote charge separation, suppress surface 

charge carrier recombination, reduce the overpotential and accelerate the surface water 

oxidation kinetics of BiVO4.
[63,64] In this section, we focus on the surface functionalization of 

BiVO4 via different surface-deposited materials as cocatalysts or passivation layer. 

IrOx and RuOx are well-known electrochemical oxygen evolution catalysts, but their 

efficiency as cocatalysts on BiVO4 is very low due to the relative poor capability of the hole 

injection into the OER of water, compared with cobalt (oxy)hydroxide phosphate (Co–Pi) or 

FeOOH.[65,66] Co–Pi,[67–71] CoOx,
[72,73] FeCoOx,

[74] CoOOH[75,76] etc cobalt-based co-catalysts 

are widely reported. Bi group demonstrated that the plasma-exfoliation of CoOOH nanolayers 

(≈8 nm) into an ultrathin structure (≈2 nm) could significantly improve the PEC activities of 

BiVO4 photoanodes due to the enhanced charge separation and increased surface active sites.[76] 

Co–Pi was first reported by Kanan and Nocera,[77] and later Co–Pi was introduced onto BiVO4 

by electrodeposition or photo-assisted electrodeposition.[71,78] The Gamelin group reported 

quantitative analysis of the charge transfer efficiency owing to cocatalysts, demonstrating that 

Co–Pi modification on W:BiVO4 increased the photocurrents, yielded a cathodic onset 

potential shift of ∼0.44 V (Figure 4a), and achieved a near-complete suppression of surface 

recombination in PEC water splitting (energy diagram in Figure 4b).[78] A detailed study by the 
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Durrant group reported that the kinetics of hole transfer from the BiVO4 to the Co–Pi layer are 

more sluggish than the direct water oxidation from BiVO4. The performance enhanced by Co–

Pi deposition due its ability to suppress electron/hole recombination within the BiVO4 

photoanode.[79] This was further proven by the Krol group by using intensity modulated 

photocurrent spectroscopy (IMPS), as shown in Figure 4c to determine that the main role of 

CoPi is to suppress surface charge carrier recombination as it passivates the surface states of 

BiVO4.
[80] However, the long-term stability remains an issue for Co–Pi cocatalyst due to the 

dissolution of Co–Pi in a phosphate buffer solution.[81] Co-borate (CoBi) onto BiVO4 

photoanode also has the same problem of stability, although the onset potential is negatively 

shifted and the photocurrent are significantly improved.[82] An iron-cobalt oxide (FeCoOx) as 

an efficient co-catalyst was beneficial to achieve a significantly higher stability of over 10 h 

than that by CoOx, as shown in Figure 4d.[74] 

Figure 4: (a) Photocurrent density vs. applied potential (J-V) curves, and (b) energy diagram showing 

the kinetic processes for Co-Pi/W:BiVO4 photoanodes.[78] Reprinted with permission from (J. Am. 

Chem. Soc., 2011, 133, 18370–18377). Copyright 2011, American Chemical Society. (c) Simplified 

model of the elementary processes in a BiVO4 photoanode.[80] Reprinted with permission from (Chem. 

Sci., 2017, 8, 3712–3719). Copyright 2017, the Royal Society of Chemistry. (d) Stability curves of the 

FeCoOx/BiVO4 and CoOx/BiVO4 photoanodes at 1.23 V vs. RHE.[74]
 Reprinted with permission from 

(Adv. Funct. Mater., 2018, 28, 1802685). Copyright 2018, Wiley-VCH GmbH. 

Non-passivating catalyst 

a 

c 
 

b 

Surface passivating catalyst 

d 
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In addition to cobalt-based co-catalysts, there are also other co-catalysts widely used in 

PEC water splitting, such as transition metal hydroxyl oxides. FeOOH[83] and plasma etched-

NiOOH,[84] respectively, on the BiVO4 surface as an oxygen evolution catalyst significantly 

improved photocurrent and long-term photostability for solar water splitting. The dual-layer 

NiOOH/FeOOH for nanoporous BiVO4 photoanodes also maintain an excellent long-term 

stability of 48 h, as shown in Figure 5a and 5b. The resulting BiVO4/FeOOH/NiOOH 

photoanode achieves a photocurrent density of 2.73 mA cm-2 at a potential as low as 0.6 V vs. 

RHE. An electron-hole separation efficiency of 0.90 at 1.23 V vs. RHE can be achieved. It 

turned out that FeOOH had a good interaction with BiVO4, while NiOOH had better water 

oxidation kinetics, thus, their combination provided synergistic effects of both activity and 

stability.[85] 

Transition metal oxides or sulfides have been reported in BiVO4 photoanodes system. 

The Bi group reported that N- incorporation NiFeOx catalysts significantly enhanced the 

oxygen evolution activity and stability of BiVO4 photoanodes. The excellent PEC performance 

can be attributed to the relatively low electronegativity of N atoms incorporated into the 

NiFeOx catalysts to partial substitute O sites, which promotes electron enrichment at the Fe and 

Ni sites. Furthermore, the electron-enriched Ni sites would donate electrons to V sites of BiVO4 

for restraining V5+ dissolution and improving the PEC stability, while the Fe sites could 

effectively attract holes for promoting the oxygen-evolution activity.[86] The Huang group 

reported a vanadium oxide (VOx) OEC with enriched oxygen vacancies on BiVO4 photoanodes 

obtained by a simple photo-assisted electrodeposition process, which exhibits an excellent 

photocurrent density of 6.29 mA cm-2 at 1.23 V vs. RHE under AM 1.5 G illumination (Figure 

5c) and achieves a high charge surface separation efficiency of 96% at 1.23 V vs. RHE. 

Specifically, the photogenerated holes are transferred to the surfaces of the BiVO4 particles to 

oxidize V4+ ions in the VF4 aqueous solution for generating oxygen vacancies in VOx. The 

presence of oxygen vacancies in VOx that forms undercoordinated sites could strengthen the 

adsorption of water molecules onto the active sites and promote charge transfer during the 

oxygen evolution reaction.[87] The Zhou group reported that a cobalt/nickel- based sulfide 

(NiCo2S4) cocatalyst on BiVO4 photoanode increased photocurrent density and caused 

negative shift of onset potential, achieving a surface hole injection yield of nearly 99%. The 

kinetic data based on IMPS show that NiCo2S4 decreases surface charge recombination rate, 

which reveals that NiCo2S4 serves as a passivation layer to suppress recombination at surface 

states and consequently enhance surface water oxidation kinetics (Figure 5d).[88] However, it 



INTRODUCTION 

15 

 

is known that transition metal sulfides are thermodynamically unstable under OER conditions, 

which tend to be oxidized to their corresponding metal oxides/(oxy)hydroxides, especially in 

the strong alkaline environment, but still be activated in OER reaction.[89] Other surface state 

passivation species of BiVO4 includes NiOx,
[90] Al2O3,

[91] TiO2
[92] etc. 

 

Figure 5: (a) SEM images of nanoporous BiVO4, and (b) J-t curve for BiVO4/FeOOH/NiOOH 

photoanode measured at 0.6 V vs. counter electrode.[85] Reprinted with permission from (Science, 2014, 

343, 990-994). Copyright 2014, Science. (c) J-V curves of the BiVO4 and BiVO4/VOx photoanodes. 

[87] Reprinted with permission from (Angew. Chem., 2023, 135, e202217346). Copyright 2023, 

Wiley-VCH GmbH. (d) Possible surface water oxidation kinetics mechanism of BiVO4/NiCo2S4.[88] 

Reprinted with permission from (ACS Appl. Energy Mater., 2020, 3, 9089−9097). Copyright 2020, 

American Chemical Society. 

 

1.2.3. Bulk modification strategies 

As a n-type semiconductor, a good hole conductivity of BiVO4 is critical for the hole 

transfer during photoanodic water oxidation.[59,67,69,70] The extremely slow hole mobility (~2 

cm2 V−1 s−1) and extremely sluggish electron mobility (0.02–0.044 cm2 V−1 s−1) will lead to 

serious photogenerated carrier bulk recombination in the BiVO4, severely limiting the PEC 

performance.[23,56] Therefore, the bulk modification strategies, including morphology, doping, 

 b 

c d 
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defect engineering and heterojunction, are of great significance for enhanced PEC water 

splitting.[23,31] 

Morphology engineering plays a vital role in increasing the efficiency of PEC. 

Nanostructured BiVO4 films, such as nano shuttle,[93] nanotubes,[94] nanorods,[95] nanoflake,[96] 

and nanoworm,[97] assist the carrier diffusion length (shortening the distance for the carriers to 

travel to reach the surface of BiVO4) and have an optical effect (increased light absorption 

efficiency) and high active surface area, effectively boosting the PEC performance. The 

ground-breaking work by the Zhou group designed 3D inverse opal type architecture of 

Mo:BiVO4 onto FTO substrate (Figure 6a) via template-assisted filtration method, showing 

1.5-fold increment in the photocurrent density (Figure 6b). The superior enhancement of the 

PEC performance was attributed to the surface morphology engineering in the form of an 

inverse opal architecture that facilitates the interconnected and well-directed paths for charge 

transport through photoanode.[98] The Lee group demonstrated a 3D periodic, micropillar-

structured FTO (FTO-MP) deposited with BiVO4 in Figure 6c, and exhibited excellent 

photocurrent densities of 2.97 mA cm−2 at 1.23 V vs. RHE (Figure 6d), which are significantly 

enhanced than that of flat BiVO4. The main reason for this enhanced PEC performance is the 

increased light absorption efficiency by light scattering of the 3D periodic structure and 

enlarged surface area.[99] However, it can not always have positive effects on charge separation 

and transport by increasing surface area as it can result in the increase in surface states, defect 

sites and grain boundaries while decreasing crystallinity.[59] Therefore, the morphologies and 

surface areas of a photoelectrode should be finely optimized to the overall positive effect. 

Doping engineering is an effective strategy to increase the n-type conductivity and 

charge separation/transfer efficiencies of BiVO4 due to poor electron transfer.[23] The Selli 

group reported that Mo doping enhanced the bulk electron conductivity of BiVO4 and the 

passivation of its trap surface states.[100] The Andreu group reported that W-doped BiVO4 

shows the a higher donor density and a higher concentration of surface states that can act as 

reaction sites, thus leading to improvements of both conductivity and surface catalytic 

activity.[101] The Xv group reported that cobalt ion-doped BiVO4 photoanode exhibited an 

improved PEC performance due to a part of Co ions being incorporated into the BiVO₄ lattice, 

enhancing electronic conductivity, whereby excess Co ions formed a Co3O4 co-catalyst on the 

surface (Figure 7a).[102] The Lee group tried the doping of Mo, W, Ti, Cr, Fe, Zn, Nb, Ru, Pt, 

Sn, Ce, and Ta into the V sites of BiVO4, and observed a drastic improvement in the visible-

light-induced water oxidation activity only with W or Mo doping, while Mo doping showed a 
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more pronounced promoting effect than that of W doping (Figure 7b). Electrochemical 

impedance spectroscopy (EIS) and Mott–Schottky (MS) analysis indicated a reduced charge-

transfer resistance and a higher carrier concentration for W- or Mo-doped BiVO4 relative to 

undoped BiVO4. Electronic structure calculations revealed that both W and Mo act as shallow 

donors, with Mo forming a hybrid band with V, resulting in a density of states (DOS) twice as 

high as that of W (Figure 7c). The effective hybridization of Mo⁶⁺ ↔ V⁵⁺ reflects the higher 

donor capacity of Mo compared to W.[103] 

 

Figure 6: (a) SEM image of macroporous Mo:BiVO4 onto 3D inverse opal structure, and (b) J–V curves 

of different photoelectrodes in sodium sulfate electrolyte.[98] Reproduced with permission from (ACS 

Nano, 2014, 8,7088–7098). Copyright 2014, American Chemical Society. (c) SEM images of BVO-

MP1 (micropillar-patterned BiVO4: height of 1.9 μm, diameter of 500 nm, and period of 2.0 μm), and 

(d) J–V measurements BVO-F (flat BiVO4), BVO-MP1, and BVO-MP2 (micropillar-patterned BiVO4: 

height of 1.9 μm, diameter of 500 nm, and period of 4.0 μm) conducted in a 0.5 m phosphate buffer 

solution (pH 7.1) under AM 1.5G illumination (dashed line is under dark condition).[99] Reproduced 

with permission from (Small, 2021, 17, 2006558). Copyright 2021, Wiley-VCH GmbH. 

 

Multiple transition metal ions doping in BiVO4 is also an effective process to improve 

conductivity of BiVO4 and promote PEC performance. The Mullins group developed the Mo 

and W co-doped BiVO4 nanoflake array films to increase conductivity of BiVO4 or to slightly 

enhance water oxidation kinetics.[96] The Huang group fabricated Mo and Co co-doped BiVO4 

b 

c d 
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films (Mo:BiVO4/Co:BiVO4) by depositing Co:BiVO4 layer on the top of Mo:BiVO4 layer, 

and demonstrated the enhanced PEC performances. Co:BiVO4 layers were found to be 

important for the enhanced charge separation efficiencies, which can not only act as reactive 

sites for water oxidation to promote the interfacial charge separation (surface exposed Co2+ 

ions), but also be able to tune the built in electric fields due to shifting in Fermi energy levels 

via doping and optimize the charge transfer in Co:BiVO4 layers to improve the bulk charge 

separation (Co2+doping inside) in Mo:BiVO4/Co:BiVO4 photoanodes.[104] Specially, the Krol 

group introduced a gradient-doped W:BiVO4 film, creating a distributed n+–n homojunction 

for enhancing charge separation throughout the bulk of the material. By combining cobalt 

phosphate water-oxidation catalyst, the AM 1.5 photocurrent improves to ~3.6 mAcm-2 at 

1.23V vs. RHE, representing a ~60% improvement over the same electrode with a 

homogeneous W-dopant concentration.[105] 

In addition, non-metal elements doping has also been widely reported. The Abdi group 

incorporated sulfur in BiVO4 thin films, which decreases the bandgap of ∼0.3 eV by the 

upward shifting of the valence band maximum (VBM), increasing the theoretical maximum 

STH efficiency from 9 to 12%. Time-resolved microwave conductivity measurements reveal a 

∼3 times higher charge carrier mobility compared to unmodified BiVO4, resulting in a ∼70% 

increase in the carrier diffusion length (Figure 7d).[106] The Lee group investigated phosphate 

doping into BiVO4, replacing some of the VO4
3– oxoanions with PO4

3– oxoanions, and the best 

photocurrent density of 0.5% PO4-doped BiVO4 is about 30 times higher than that of pristine 

BiVO4, which revealed that PO4
3– oxoanion doping lowered the charge transfer resistance and 

increased charge carriers of BiVO4.
[107] 

Another powerful doping strategy into BiVO4 lattice is to create oxygen vacancies by 

electrochemical reduction,[108] hydrogen gas treatment,[109] photocharging,[110] and N2 

treatment.[111] The Wang group demonstrate that the cocatalyst-free BiVO4 photoanode 

exhibited a record photocurrent of 4.60 mA cm-2 at 1.23 V vs. RHE with an outstanding onset 

potential of 0.23 V vs. RHE. The increased oxygen vacancies and the passivated surface states 

at the BiVO4/electrolyte interface as a result of potentiostatic photopolarization are suggested 

to boost the charge transport and reduce the surface recombination, further inhibiting photo-

corrosion.[108] The Choi group show that annealing nanoporous BiVO4 under nitrogen flow can 

result in nitrogen doping and generation of oxygen vacancies, which not only effectively 

reduces the bandgap by ~0.2 eV but also increases the majority carrier density and mobility, 

enhancing electron–hole separation.[111] 
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Figure 7: (a) Schematic diagram of the mechanism for Co doping improving the PEC water oxidation 

of BiVO4.
[102] Reproduced with permission from (ACS Appl. Energy Mater. 2022, 5, 6313−6323). 

Copyright 2022, American Chemical Society. (b) J–V curves, and (c) DOS plots of pure BiVO4 and W- 

or Mo-doped BiVO4.[103] Reproduced with permission from (ChemSusChem, 2012, 5, 1926– 1934). 

Copyright 2012, Wiley-VCH GmbH. (d) Photoconductivity action spectroscopy (PCAS), i.e., charge 

carrier mobility (ϕΣμmax) vs. wavelength, of BiVO4 and S-treated BiVO4 films.[106] Reproduced with 

permission from (Chem. Mater., 2018, 30, 8630−8638). Copyright 2018, American Chemical Society. 

 

 

Constructing a heterostructure with two or more semiconductors via surface/interface 

engineering has been considered as an effective way for efficient charge separation/transfer 

efficiency to improve the PEC performance of a photoelectrode. There exist two kinds of 

heterojunctions: staggered junction and Z-scheme junction (Figure 8). In a typical staggered 

band alignment (Figure 8a), both CB and VB positions of semiconductor 2 (sem 2) are slightly 

higher than that of semiconductor 1 (sem 1). After band bending, a built-in field is formed that 

drives the photogenerated electrons from sem 2 to sem 1, and photogenerated holes from sem 

a b 

c 
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1 to sem 2, leading to a spatial separation of the electrons and holes on two sides of 

heterojunction. For Z-scheme heterojunction (Figure 8b), the CB position of sem 1 is close to 

the VB position of sem 2, resulting in the interfacial recombination between photogenerated 

electrons from sem 1 and holes from sem 2. Such recombination enables forward current flow 

and the photovoltage is the sum of the photovoltage of sem 1 and sem 2.[20] 

 

 

Figure 8: Band structure of two kinds of heterojunction. (a) Staggered junction. (b) Z-scheme 

junction.[20] Reproduced with permission from (Adv. Mater. 2018, 30, 1707502). Copyright 2018, 

Wiley-VCH GmbH. 

 

The Fu group prepared a ternary WO3/BiVO4/NiOOH photoanode with a 

photoresponse of 3.00 mA cm-2 at 1.23 V vs. RHE, which is 7 times higher than that of pure 

BiVO4. The photogenerated carriers ’  transport is efficiently driven by the well-matched 

WO3/BiVO4 staggered heterojunction, as shown in Figure 9a, where the holes can move from 

the valence band of WO3 (2.76 eV) to that of BiVO4 (2.52 eV), while electrons can move from 

the conduction band of BiVO4 (0.05 eV) to that of WO3 (0.16 eV). NiOOH, as a water oxidation 

cocatalyst, accelerates the water oxidation kinetics.[112] The Hwang group demonstrated that 

the PEC performance of BiVO4 can be improved by combining it with the more negative CB 

potential of n-Si. As shown in Figure 9b, it suggests that the photogenerated holes in Si and 

electrons in BiVO4 are recombined and holes in BiVO4 are used for oxygen evolution, while 

electrons in the Si layer are transferred to the counter electrode for hydrogen evolution (Z-

scheme heterojunction). The TiO2 layer protects Si from oxidation and aids in charge 

recombination between Si and BiVO4.
[113] 
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Figure 9: (a) Mechanism diagram of WO3 and NiOOH co-modification to enhance the PEC activity of 

BiVO4 photoanode.[112] Reproduced with permission from (ACS Appl. Energy Mater. 2022, 5, 

11402−11412). Copyright 2022, American Chemical Society. (b) J-V curves and diagram of charge 

flows with Si/TiO2/BiVO4 Photoanode.[113] Reproduced with permission from (ACS Appl. Mater. 

Interfaces 2015, 7, 5788−5796). Copyright 2015, American Chemical Society. 

 

 

1.2.4. Interface between BiVO4 and the substrate modification strategies 

In addition to surface modification and bulk promotion, the interface between BiVO4 

and the substrates (FTO glasses or other loaded support materials) is a challenge for 

photocarriers to be collected to the external circuit.[20] Inserting metal oxides between the 

substrate and BiVO4 is an effective way to reduce the lattice mismatch and passivate defect 

trapping states for improving the photoactivity of BiVO4. The Lee group investigated the 

epitaxial growth of BiVO4 utilizing a thin γ-WO3 template layer deposited on a SrTiO3 (001) 

substrate covered by a SrRuO3 (SRO) at the bottom. They found that the photocurrent density 

of template-assisted BiVO4 is approximately 10 times greater than that of pristine BiVO4. The 

template layer helps minimize the lattice mismatch between BiVO4 and SRO, facilitates the 

migration of photogenerated electrons from BiVO4 to the SRO bottom layer, and also acts as a 

hole-blocking layer (Figure 10a and 10b).[61] The Shin group demonstrated that a SnO2 buffer 

layer as hole blocking layer has been introduced at the interfaces between BiVO4 and FTO 

substrate (Figure 10c). The defect trapping states (DTS*) located at the FTO/BiVO4 interface 

are fully passivated. Furthermore, the SnO2 buffer layer induces a favorable band bending in 

the BiVO4 layer, which leads to efficient electron transport towards the FTO through the SnO2 

layer and effectively prohibits charge recombination.[114] 

a b 
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Figure 10: Schematic of the (a) structural model for BiVO4 deposited on the g-WO3 template layer, (b) 

energy-band diagram of the BiVO4/g-WO3 photoanode.[61] Reproduced with permission from (J. Mater. 

Chem. A, 2017, 5, 18831–18838). Copyright 2017, the Royal Society of Chemistry. (c) The schematic 

illustration of the SnO2 as a hole blocking layer under the BiVO4.[114] Reproduced with permission from 

(J. Mater. Chem. A, 2017, 5, 6905–6913). Copyright 2017, the Royal Society of Chemistry. 

 

1.3. Polyoxometalates (POMs)-based/derived composites for PEC water 

splitting 

1.3.1. Fundamentals of POMs 

POMs are a large class of polynuclear metal–oxo clusters that consist of early transition 

metals (e.g., Mo6+, W6+, V5+) with high oxidation states.[115] The starting metal salts (e.g., 

MoO4
2−, WO4

2−, VO3
−) could transform into the [MOy] polyhedral units with y = 4 – 7 during 

the reaction, where M represents an metal ion defined as addenda atom.[115,116] POMs are 

typically constructed by linking [MOy] polyhedral units through self-assembly process in 

aqueous or organic solutions, which could assembly through different linkage approaches, such 

as bridged by one oxo-group (corner-shared), two oxo groups (edge-shared) or three oxo 

groups (face-sharing, which is rarely observed) to construct tremendous nanoclusters with 

different structures and compositions.[26,116,117] The addenda atom can also be substituted by 

other metal elements to generate functionalized POM materials. Moreover, the negative charge 

of POMs will be balanced by various countercations, which control the cluster solubility.[118] 

A large number of structure types of POMs can be broadly classified into three 

categories (see Figure 11):[118–120] (i) Isopolyoxometalates are molecular metal oxide anions 

including single species of addenda atom and oxygen without any heteroatom, see Figure 11a 

and 11b, resulting in the general formula of [MxOy]
n−. Though isopolyoxometalates are less 

stable than their heteropolyoxometalate counterparts, they also have interesting physical 

a b c 



INTRODUCTION 

23 

 

properties, such as high charges and strongly basic oxygen surfaces, which make them as 

attractive building blocks for applications. (ii) Heteropolyoxometalates are metal oxide 

frameworks containing one or more heteroatoms, and two fundamental 

heteropolyoxometalates shown in Figure 11c and 11d (Keggin-type [XM12O40]
n−and Wells-

Dawson-type [X2M18O62]
n−), described by the formula [XzMxOy]

n− with z ≤ x for heteroatom 

X, such as transition metals V, Cr, Mn, Fe, Co, or nonmetals Si, P, S, As, I.[119] Heteroatoms X 

can act either as a template in the self-assembly process stabilizing the cluster (e.g. Keggin 

anion [SiW12O40]
4-) or as a linker between polyoxometalate units to form into supramolecular 

POM-based structures (e.g. [Co4(H2O)2(PW9O34)2]
10-).[121] In addition, a well-established 

procedure to incorporate heterometals into POMs is using lacunary clusters, see Figure 11e as 

one example. (iii) Mo-blues/Mo-browns are highly reduced polyoxometalate clusters based 

Mo, which often form high nuclearity ring- or ball-shaped cluster topologies, see Figure 11f. 

The {Mo132} spherical ball-like cluster and {Mo154} ring-shaped cluster have been structurally 

discovered and characterized by A. Müller.[122,123] 

 

Figure 11: Common polyoxometalate frameworks illustrated in polyhedral presentation. a) 

Isopolyoxometalate Lindqvist-type hexametalate [M6O19]n−. b) Isopolyoxometalate decametalate 

[M10O28]n−. c) Heteropolyoxometalate Keggin-type [XM12O40]n−. d) Heteropolyoxometalate Wells-

Dawson-type [X2M18O62]n−. e) Lacunary heteropolyoxometalate Keggin-type [XM10O36]n−. f) 

Supramolecular spherical Molybdenum {Mo132} cluster. Colour scheme: dark blue: polyhedral [MO6]; 

purple: tetrahedral [XO4]; red: O.[120] Reprinted with permission from (S. Repp. Self-assembly and 

Supramolecular Functionalization of Hybrid Organic-inorganic Molecular Vanadium Oxides. 2023, 

Universität Ulm). Copyright 2023, Universität Ulm. 
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1.3.2. POMs-based/derived photoelectrodes 

Owing to the variety of advantages, such as redox activity, solubility, unique electronic 

properties, compositional flexibility, thermal-/chemical stability can be adjusted by changing 

constituent elements, organic bridging components and structural dimensions (e.g. POM-based 

chains, layers and frameworks).[115,124] POMs have become potential materials for broad 

research fields, especially in catalysis.[125–127] Up to now, many POM-based compounds (see 

Figure 12) involving POM clusters,[128,129] POM molecule encapsulated into metal-organic 

frameworks (POM@MOFs),[118,130,131] POM-based metal organic frameworks (POMOFs)[124] 

and POM molecule deposited onto conductive substrates (POM@Substrates)[132,133] have been 

explored extensively in photo/electrocatalytic.[127] Benefiting from the fast (multi-)electron and 

proton transfer abilities, researchers often associate POMs with semiconductor materials such 

as TiO2,
[134] WO3,

[135] Fe2O3,
[136] Cu2O

[137] in terms of both photoanodes and photocathodes in 

photo-electrocatalytic system. 

 

 

Figure 12: POM-based compounds.[127] Reprinted with permission from (Angew. Chem. Int. Ed., 

2020, 59, 20779–20793). Copyright 2020, Wiley-VCH GmbH. 

 

 

POMs in Photocathodes: The Guo group reported that the POM ([PW10Mo2O40]
5-) anions 

were adsorbed on Cu2O crystal faces by electrostatic attractive interaction to achieve the 

POM/Cu2O photocathodes. The Cu2O/POM composite films exhibit significant photovoltaic 

enhancement because the POM could act as electron-acceptor to retard the electron–hole 

recombination and facilitate the photoexcited electron transfer.[137] The Li group reported a 

POM (Ag6[P2W18O62]) -modified CuBi2O4/Mg-CuBi2O4 homojunction photocathode to 

improve both the bulk and interfacial charge carrier transport, while the built-in electric field 

from CuBi2O4/Mg-CuBi2O4 homojunction promotes the migration of photo-excited carries and 

the reduced POM co-catalyst was used as a proton sponge to accelerate surface reaction 

kinetics and suppress carrier recombination (Figure 13a).[138] 
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POMs in Photoanodes: The Ryu group reported that an organic/inorganic hybrid 

WO3/PPy:Ru4POM (PPy: polypyrrole; Ru4POM: [Ru4O4(OH)2(H2O)4(γ-SiW10O36)2]
10−) 

photoanodes prepared by the electro-polymerization, where the deposition of the PPy:Ru4POM 

layer is contributed to a remarkably improved photoelectrochemical performance due to the 

formation of a WO3/PPy p−n heterojunction and the incorporation of Ru4POM WOCs, and 

enhanced photostability due to the suppression of the formation of hydrogen peroxide.[139] The 

Lian group constructed a TiO2−Co9POM {Na8K8[Co9(H2O)6(OH)3(HPO4)2(PW9O34)3]} 

photoanode by first anchoring the cationic 3-aminopropyltrimethoxysilane (APS) ligand on a 

metal oxide light absorber. Results indicate that surface-bound Co9POM retains its structural 

integrity throughout all photoelectrochemical water oxidation studies and Co9POM serves as 

an efficient WOC, extracting photogenerated holes from TiO2 on the picosecond time scale.[140] 

The Ryu group successfully build a photoanode by depositing a thin film of diverse cationic 

polyelectrolytes and anionic [Co4(H2O)2(PW9O34)2]
10- POM-WOCs on the surface of various 

photoelectrode materials (e.g. Fe2O3, BiVO4 and TiO2) using the layer-by-layer (LbL) 

assembly technique (Figure 13b). This proof of concept showed that the performance of these 

photoanodes was significantly improved in terms of stability as well as photocatalytic 

properties.[136] The Rau group reported that a cationic polymer linker polyethyleneimine (PEI) 

for immobilization of the anionic co-catalysis CoPOM onto the negatively charged surface of 

carbon nitrides (CNx) improved efficiency of the transfer of photogenerated holes to water 

molecules and to enhanced photo-electrocatalytic oxygen evolution, as shown in Figure 13c.[141] 

Although cationic polymer linkers for stabilization of anionic POMs have been reported, 

POMs are not always stable as a molecular catalyst, depending on specific experimental 

conditions (e.g., pH and composition of electrolyte, catalyst concentration, applied electrode 

potential). For example, cobalt-based polyoxometalates [Co4(H2O)2(PW9O34)2]
10- (CoPOM) 

has been reported to be an efficient homogeneous water oxidation catalyst,[128,129,142] but this 

CoPOM as a pre-catalyst can also undergo conversion to cobalt oxide,[143,144] cobalt 

hydroxide,[145] cobalt phosphate[146] etc. accounts for the major part of activity in water 

oxidation. The Ding group reported a Co8POM ([(A-α-SiW9O34)2Co8(OH)6(H2O)2(CO3)3]
16-) 

modified Fe2O3 photoanodes prepared by a simple photo-deposition method, where an ultrathin 

CoOx overlayer derived from Co8POM is confirmed as the true active species on the hematite 

nanorod to improve the photoresponse and reduces the water oxidation overpotential (Figure 

13d).[147] The Lin group reported that an ultrathin nanofilm FeOx cocatalyst decomposed from 

eleven iron-containing polyoxometalate Na27[Fe11(H2O)14(OH)2(W3O10)2(α-SbW9O33)6] 
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(Fe11POM) on the decisive (110) facet of BiVO4 significantly enhanced photocatalytic water 

oxidation performance compared to pure BiVO4, which could effectively capture the 

photogenerated holes and suppress the recombination of electron–hole pairs through fast 

interfacial hole transfer process.[148] In conclusion, the related post-catalyst derived from the 

degradation of POMs are still activated for the reaction activity in catalysis system. 

 

Figure 13: (a) Current–potential of CuBi2O4 photocathode with homojunction and AgP2W18 surface 

modification.[138] Reprinted with permission from (Acta Phys. -Chim. Sin. 2024, 40 (2), 2304006). 

Copyright 2024, Editorial office of Acta Physico-Chimica Sinica. (b) Experimental setup for the 

photoelectrochemical performance of LbL-modified photoanodes.[136] Reprinted with permission from 

(ACS Appl. Mater. Interfaces 2017, 9, 40151−40161). Copyright 2017, American Chemical Society. 

(c) The fabrication of the CNx/TiO2 hybrid photoanode with an anionic molecular CoPOM cocatalyst 

immobilized via electrostatic attraction on the negatively charged CNx surface using a positively 

charged cationic polyethyleneimine (PEI) linking agent.[141] Reprinted with permission from (Adv. 

Sustainable Syst., 2022, 6, 2100473). Copyright 2022, Wiley-VCH GmbH. (d) LSV of 

CoOx(POM)/Fe2O3, CoOx(salt)/ Fe2O3, and Fe2O3 photoanodes under AM 1.5G irradiation in 80 mM 

borate buffer (pH 9).[147] Reprinted with permission from (J. Mater. Chem. A, 2019, 7, 6294–6303). 

Copyright 2019, the Royal Society of Chemistry. (e) Schematic illustrations of photoanodes with Al2O3 

ALD protection.[149] Reprinted with permission from (ACS Appl. Mater. Interfaces 2017, 9, 

35048−35056). Copyright 2017, American Chemical Society. 

 

On the other hand, to avoid the degradation of POMs supported on photoelectrode 

surfaces under applied potential, the Hill group reported that a 4 nm thick Al2O3 layer applied 

by the atomic layer deposition (ALD) aids immobilization and greatly stabilizes 

[{RuIV
4(OH)2(H2O)4}(γ-SiW10O34)2]

10− (Ru4Si2) on hematite surfaces, as shown in Figure 13e. 
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Results indicate that Ru4Si2 remains intact with Al2O3 ALD protection, which provides optimal 

performance with nearly 100% faradaic efficiency for oxygen generation under visible-light 

illumination.[149] Furthermore, POMs also can be as a pre-catalyst by annealing to active the 

catalytic reaction. The Ryu group annealed soluble POM [Co4(H2O)2(PW9O34)2]
10- molecules 

at high temperatures in air led to the formation of insoluble amorphous CoWO4 nanoparticles 

on the surface of Fe2O3, which exhibited excellent catalytic activity. Its outstanding 

performance resulted from the generation of large amounts of oxygen vacancies upon 

annealing, leading to the optimum distance between the nearest Co ions for the Langmuir-

Hinshelwood (LH) mechanism.[150] 

1.3.3. POMs-based/derived BiVO4 photoanodes 

POMs are an outstanding class of electron acceptors/donators as WOCs, which can 

capture and transport photo-generated electrons or holes to reduce the fast carrier 

recombination.[127] The Xu group reported a Co-based POM (Ag10[Co4(H2O)2(PW9O34)2]) 

serving as a hole extraction layer on the surface of BiVO4 photoanode for boosting PEC activity 

by promoting hole extraction and transfer.[151] As shown in Figure 14a, the Ryu group exhibited 

a superior PEC performance for BiVO4 photoanodes with catalytic multilayers (CMs), where 

cationic polyelectrolytes and anionic Na10[Co4(H2O)2(VW9O34)2] WOCs were assembled in a 

desired amount. EIS analysis combined with various PEC characterization methods showed 

that the CMs improved water oxidation kinetics at the electrode/electrolyte interface via the 

deposition of efficient POM WOCs and the kinetics of photogenerated carrier 

separation/transport within bulk BiVO₄ by passivating surface recombination centers (Figure 

14b).[152] The Ding group reported a Ni3POM (K6Na[Ni3(H2O)3PW10O39H2O]·12H2O) as a 

novel molecular cocatalyst incorporated into a typical FeOOH/BiVO4 composite photoanode 

through a simple impregnation method for boosting PEC performance (Figure 14c). Notably, 

the introduction of Ni3POM accelerates the separation and transfer of carriers and surface 

reaction kinetics, simultaneously improving the PEC stability.[153] The Fan group investigated 

the Na10[Co4(H2O)2(PW9O34)2] (CoPOM) cocatalyst locating at N-doped carbon (N/C) to 

specially boost the charge transfer efficiency and achieve lower onset potential of BiVO4 

photoanodes for PEC water oxidation (Figure 14d), which showed a good stability and well 

maintained the original structure and morphology of BiVO4-N/C-CoPOM.[154] In addition, the 

Ryu group fabricated an efficient and stable bias-free PEC cell composed of dual 

photoelectrodes—deposition of the respective CMs on a Cu2O photocathode and a BiVO4 
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photoanode—for overall water splitting using LbL assembly (Figure 14e and 14f). Detailed 

PEC analysis revealed that the CMs not only facilitated catalytic activity and charge transport 

to the photoelectrode/electrolyte interface, but also suppressed the deactivation of 

photoelectrodes, especially for an unstable Cu2O photocathode, by the formation of a protective 

coating layer.[155] 

 

Figure 14: (a) J-V curves and (b) schematic illustration for the preparation of the BiVO4 photoanodes 

modified with molecular CMs.[152] Reproduced with permission from (ACS Appl. Mater. Interfaces 2019, 

11, 7990−7999). Copyright 2019, American Chemical Society. (c) Schematic diagram for 

Ni3POM/FeOOH/BiVO4 photoanode.[153] Reproduced with permission from (ACS Sustainable Chem. 

Eng., 2023, 11, 7367−7377). Copyright 2023, American Chemical Society. (d) LSV curves of BiVO4, 

BiVO4-N/C, BiVO4-CoPOM and BiVO4-N/C-CoPOM under AM 1.5G illumination.[154] Reproduced 

with permission from (Chem. Eng. J., 2020, 392,123744). Copyright 2020, Elsevier Ltd. (e) Schematic 

illustrations and (f) J-V curves a bias-free PEC cell composed of a Cu2O photocathode with HER CMs 

(cationic polyethyleneimine and NiPOM [Ni4(H2O)2(PW9O34)2]10−) and a BiVO4 photoanode with OER 

CMs (cationic polyethyleneimine and CoPOM [Co4(H2O)2(VW9O34)2]10−).[155] Reproduced with 

permission from (Green Chem., 2018, 20, 3732–3742). Copyright 2018, the Royal Society of Chemistry. 

 

As mentioned above, POMs are not always stable as a molecular catalyst. Although 

post-catalyst derived from the degradation of POMs accounts for the reaction activity in 

catalysis system, scientists are still exploring more methods to improve the stability of 

molecular POMs. One effective method is incorporating POMs into metal−organic frameworks 

(MOFs) containing active catalytic sites, which is attributed to MOFs feature organic ligands 

porous network, and electron-rich centers of POMs that can modulate the chemical bonds 
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between the metal ions and organic linkers of MOFs. The Wang group constructed a BiVO4 

photoanode by securely encapsulated the electron-rich K6Na[Ni3(H2O)3PW10O39H2O]·12H2O 

(NiPOM) into metal−organic framework MIL-101(Cr), which effectively preserves the 

catalytic activity of the NiPOM while providing adequate space for catalytic reactions. The 

improved catalytic performance can be attributed to NiPOM serving as the primary active 

species, accelerating surface catalytic reactions, providing electrons from its Ni sites to the V 

sites on the BiVO4 surface, effectively suppressing V5+ dissolution, and enhancing the 

oxidative stability of PEC water splitting.[156] Furthermore, the Liu group reported a modified-

BiVO4 photoanode through the coupling of H3O40PW12⋅xH2O (PWO) with CoOOH, 

demonstrating that the decoration of PWO serves as an intermediate layer to promote the 

transport of holes from BiVO4 to CoOOH, while the deposition of CoOOH acts as a protective 

layer as well as cocatalyst to reduce the photo-corrosion and improve the PEC activities of 

BiVO4.
[157] 

Notably, POMs could be a potential PEC co-catalyst candidate with excellent 

photoactivity directly applied in BiVO4 PEC systems. To the best of our knowledge, a 

photoelectrode fabricated by combining BiVO4 and POMs for OER is normally with linkers or 

binders or intermediate layers. However, in our case, we choose direct deposition of CoPOM 

(Na10[Co4(H2O)2(PW9O34)2]) as an example from the POMs family without any linkers or 

binders on the surface of Mo-doping mesoporous BiVO4. Meanwhile, the addition of the 

polyethyleneimine (PEI) as a cationic polymer linker was compared with the photoelectrode 

without PEI linker, which results had no beneficial effect on the performance of the 

photoanodes with PEI linker for our Mo-doped BiVO4 photoanodes. Furthermore, we proved 

the contributions of the Mo-doping and modification with CoPOM to the performance 

enhancement. In addition, we provide several unprecedented insights into the effects of both 

Mo-doping (e.g., Mo-induced limitation of photovoltage) and CoPOM modification (e.g., 

compositional changes under operating conditions and significant electrolyte effects). See 

corresponding details in the next chapter 3.1. 

POMs can be considered as molecular analogues of solid-state metal oxide 

semiconductors. They have similar chemical composition and electronic property.[158] It is 

recognized that the highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) in POMs are similar to the valence band (VB) and conduction band 

(CB) in semiconductors. When exposed to ultraviolet light, there is an electron transition in 

POMs from HOMO to LUMO (O→M charge transfer). Thus, electrons which are promoted to 
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empty metal d-orbitals can be described as photo-generated electrons, and the vacant oxygen 

2p-orbitals can be considered as photo-generated holes.[159,160] The quasi-semiconductor 

characteristics of POMs make them important for photocatalytic systems. For example, the Xu 

group doped Keggin-type POMs such as H3[PW12O40] (PW12) and K6[CoW12O40] (CoW12) into 

BiVO4 to improve photo-electrocatalytic water oxidation performance of BiVO4, as shown in 

Figure 15a, which attributes to energy band matching between BiVO4 and POMs to drive 

migrating of photogenic electrons from BiVO4 to POMs.[161] The Zheng group synthesized an 

amino-modified Ti5 clusters (NH2-TOCs) on BiVO4 that exhibited high performance on PEC 

water splitting by as-formed NH2-TOCs/BiVO4 heterojunction, which was ascribed to strong 

M-O-Ti (M=Bi, V) bonding at the interface.[162] The Lee group proposed incorporating POM 

([Co4(H2O)2(PW9O34)2]
10–) within a polypyrrole (PPy) network coated on BiVO4 to boost light 

absorption and charge separation through the heterojunction between BiVO4 and PPy, and 

found that the use of POM plays a crucial role in reducing the charge recombination at the 

interface, achieving high hole transfer efficiency (Figure 15b).[163] Xu group reported a dual 

modification of BiVO4 photoanodes utilising the POM H3PW12O40 (PW12), as electron acceptor 

to suppress electron-hole recombination, and nickel (II) phthalocyanine tetrasulfonic acid 

(NiTsPc), acting as hole extractor. Besides, the energy band matching is beneficial to driving 

charge carrier transfer, the photoelectron to transfer from BiVO4 to PW12 and the hole from 

BiVO4 to NiTsPc for the improved photoactivity of BiVO4 (Figure 15c).[164] 

To date, using POMs as a doping agent has been reported in various fields, including 

gas sensing application,[165] dye-sensitized[166] or perovskite solar cells,[167] biothiol 

detection[168] and photocatalytic[169,170]. Due to the abundancy of transition metals involved in 

typical POMs, they also hold potential as doping agents in PEC water splitting systems. 

However, as mentioned-above, the reported POMs-doped into BiVO4 are attributed to energy 

band matching between BiVO4 and POMs. Hence, it has great significance to explore POMs 

with abundant transition metal elements as a doping agent to add in the precursor solution for 

the synthesis of BiVO4 photoanodes in PEC system, manipulating the electronic structure of 

BiVO4 film photoanodes. In our case, we used a ‘Double-Use’ strategy for the development of 

high-performance BiVO4 photoanodes for solar water splitting, where CoPOM 

(Na10[Co4(H2O)2(PW9O34)2]) was simultaneously used both as a bulk doping agent as well as 

a surface-deposited water oxidation co-catalyst. Most importantly, the combination of both 

modification routes resulted in significantly increased photoresponse and faster O2 production 

compared with pristine BiVO4, and discussed in detail the mechanistic aspects of the improved 
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activity and stability related to the ratio of W/Co on the surface of photoanode, which are of 

great importance for the further design and development of efficient energy materials. See 

corresponding details in the next chapter 3.2. 

 

Figure 15: (a) Schematic illustration of charge transfer processes for BiVO4/CoW12 and BiVO4/PW12 

electrodes.[161] Reproduced with permission from (Appl. Cata. A: General, 2017, 536, 67–74). 

Copyright 2017, Elsevier Ltd. (b) LSV curves of BiVO4, BiVO4-POM, BiVO4/PPy and 

BiVO4/PPy:POM photoanodes.[163] Reproduced with permission from (Mater. Chem. Phys., 2023, 309, 

128430). Copyright 2023, Elsevier Ltd. (c) The schematic illustration of charge transfer processes for 

BiVO4/PW12/NiTsPc photoanode.[164] Reproduced with permission from (ChemElectroChem, 2018, 5, 

2534–2541). Copyright 2018, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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2. Objectives 

As mentioned above, POMs, as a vast class of green, cheap and stable early transition 

metal-oxygen clusters, offer multiple advantages, including redox activity, solubility, unique 

electronic properties, compositional flexibility, and the ability to mediate fast electron and 

proton transfer. These qualities make them an attractive class of molecular catalysts, pre-

catalysts, and redox mediators for photo- and electrocatalytic systems. Monoclinic BiVO4 has 

become one of the most promising photoanode materials in the field of photoelectrochemical 

water splitting for its multifold features such as earth-abundance, suitable bandgap, low valence 

band position and high stability in aqueous solution and low-cost. In this context, POMs serve 

not only as metal doping precursors for bulk modification but also as cocatalysts or pre-

catalysts for surface modification, leading to enhanced photo-electrocatalytic activity in 

nanoporous BiVO4 photoanodes. 

The main objective of this thesis is to develop effective and stable BiVO4 photoanodes 

for photoelectrochemical water splitting (driven by solar light). The effort to achieve this goal 

can be categorized into two parts. 

• Design and fabrication of nanoporous BiVO4 thin films through doping and 

cocatalyst modification, along with the evaluation of their photo-

electrocatalytic performance. 

• Mechanistic analysis to demonstrate the contributions of doping and cocatalyst 

modification. 

The first objective of this thesis is to synthesize a thin-film photoelectrode based on 

nanoporous BiVO4 that exhibits not only good light absorption but also efficient charge 

separation and transport. The introduction of F-108 as a structural agent during synthesis 

induces a three-dimensional nanoporous structure with worm-like nanoparticles ranging in size 

from tens of nanometers. The thickness of the thin film is adjusted by varying the number of 

spin-coating cycles of the precursor solution to achieve optimal light absorption. Concurrently, 

the doping concentration is fine-tuned by adding different amounts of the doping agent to the 

precursor solution, while CoPOM cocatalyst is incorporated into the photoanodes by 

immersion in a CoPOM aqueous solution to enhance charge separation and transport. The 

photo-electrocatalytic activities of the resulting photoanodes will be tested by potentiostat in 

borate buffer under AM 1.5G illumination (1 sun) from the backside (through the FTO glass), 
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using a standard three-electrode configuration. O2 production is directly recorded by the 

FireSting optical fiber O2 sensor for the evaluation of OER performance. 

The second objective of this research is to analyze the contributions of doping (Mo-

doping and CoPOM-doping) and CoPOM cocatalysts modifications throughout the catalytic 

process. This involves a comprehensive investigation of the open-circuit photopotential (OCP), 

applied bias photoconversion efficiency (ABPE), incident photon-to-current conversion 

efficiency (IPCE), charge separation efficiency (𝜂𝑠𝑒𝑝 ), the hole transfer efficiency (𝜂𝑡𝑟 ), 

electrochemical impedance spectroscopy (EIS), stability, and photo-electrocatalytic 

performance both before and after catalysis. Such analyses elucidate the roles of CoPOM-based 

water oxidation catalysts and the doping agent within the CoPOM-derived BiVO4 system, 

providing valuable guidance for the future synthesis of photoelectrodes. 
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3. Result and discussion 

Parts of this thesis have been published in peer-reviewed scientific journals. With 

permissions from corresponding journals, reprints of these publications are presented in chapter 

3.1-3.3 followed by corresponding supporting information in chapter 6.1-6.3, where the 

contributions of individual authors for each publication are given. 

In chapter 3.1, titled ‘‘High-Performance BiVO4 Photoanodes: Elucidating the 

Combined Effects of Mo-doping and Modification with Cobalt Polyoxometalate’’, bulk doping 

of BiVO4 with molybdenum combined with surface modification with a cobalt 

polyoxometalate water oxidation catalyst (CoPOM) was successfully synthesized on BiVO4 

photoanodes. The best-performing Mo-BiVO4/CoPOM photoanode exhibits a photocurrent 

density of 4.32 mA cm−2 at 1.23 V vs. RHE under AM 1.5G (1 sun) illumination and an ABPE 

of ~0.73%, which is an improvement by the factor of ~24 with respect to pristine BiVO4. 

Mechanistic analyses are used to prove the contributions of Mo-doping and CoPOM 

modification. Mo-doping is shown to result in enhanced electronic conductivity and 

passivation of surface states, whereby these beneficial effects are operative only at relatively 

high applied bias potentials (> 0.9 V vs. RHE), and at lower bias potentials (< 0.7 V vs. RHE) 

they are counterbalanced by strongly detrimental effects related to increased concentration of 

electron polaronic states induced by the Mo-doping. CoPOM deposition is related to the 

enhancement of water oxidation catalysis. The molecular CoPOM acts as a pre-catalyst and 

undergoes (partial) conversion to cobalt oxide under the PEC operating conditions. The study 

demonstrates CoPOM-derived catalysts as effective water oxidation catalysts at BiVO4 

photoanodes and suggests that further progress in BiVO4 photoanode development depends on 

alternative strategies for conductivity enhancement to avoid detrimental polaronic effects 

associated with the conventional bulk doping of BiVO4. 

In chapter 3.2, titled ‘‘"Double-Use" Strategy for Improving the Photoelectrochemical 

Performance of BiVO4 Photoanodes using a Cobalt-Functionalized Polyoxotungstate’’, a 

molecular cobalt-phosphotungstate (CoPOM = Na10[Co4(H2O)2(PW9O34)2]) is used both as a 

bulk doping agent as well as a surface-deposited water oxidation co-catalyst. The use of 

CoPOM for bulk doping of BiVO4 is shown to enhance the electrical conductivity and improve 

the charge separation efficiency, resulting in the enhancement of the maximum applied-bias 

photoconversion efficiency (ABPE) by a factor of ~18 to 0.54% at 0.87 V vs. RHE, as 

compared to pristine BiVO4 (0.03% at 1.04 V vs. RHE). The ratio of W/Co on the surface of 
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photoanode is related to the activity and stability. In addition, modification of CoPOM-doped 

BiVO4 with CoPOM as a surface co-catalyst enhances the hole extraction and improves the 

water oxidation kinetics, resulting in the overall enhancement of the ABPE to 0.79% (at 0.82 

V vs. RHE), i.e. by a factor of ~26 with respect to pristine BiVO4. This study establishes the 

‘Double-Use’ strategy involving CoPOMs as an effective, straightforward and easily scalable 

approach for the development of high-quality photoanodes for solar water splitting, and 

highlights the future potential of utilizing well-designed polyoxometalates as precursors for the 

synthesis of energy materials. 

In chapter 3.3, titled ‘‘Atomically Engineered Defect-Rich Palladium Metallene for 

High-Performance Alkaline Oxygen Reduction Electrocatalysis’’, it is reported how targeted 

introduction of defect sites in a 2D palladium metallene nanostructure results in a highly active 

catalyst for the alkaline oxygen reduction reaction (ORR). A defect-rich WOx and MoOx 

modified Pd metallene (denoted: D-Pd M) is synthesized by a facile and scalable approach. 

Detailed structural analyses reveal the presence of three distinct atomic-level defects, that are 

pores, concave surfaces, and surface-anchored individual WOx and MoOx sites. Mechanistic 

studies reveal that these defects result in excellent catalytic ORR activity, half-wave potential 

0.93 V vs. RHE, mass activity 1.3 A mg Pd−1 at 0.9 V vs. RHE. The practical usage of the 

compound is demonstrated by integration into a custom-built Zn-air battery. At low D-Pd M 

loading (26 μg Pd cm−2), the system achieves high specific capacity and shows excellent 

discharge potential stability. This study therefore provides a blueprint for the molecular design 

of defect sites in 2D metallene nanostructures for advanced energy technology applications. 
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3.1 (FF-1) High-Performance BiVO4 Photoanodes: Elucidating the Combined 

Effects of Mo-Doping and Modification with Cobalt Polyoxometalate 

Fan Feng, Dariusz Mitoraj, Ruihao Gong, Dandan Gao, Mohamed M. Elnagar, Rongji Liu, Radim 

Beranek*, Carsten Streb* 

* Corresponding authors 

Published in Material Advances, 2024. 

 

This publication reports on the synthesis and characterization of bulk doping of BiVO4 

with molybdenum combined with surface modification with a cobalt polyoxometalate water 

oxidation catalyst (CoPOM = Na10[Co4(H2O)2(PW9O34)2]). The optimized Mo-BiVO4/CoPOM 

photoanode exhibits a photocurrent density of 4.32 mA cm−2 at 1.23 V vs. RHE under AM 

1.5G (1 sun) illumination and an applied-bias photoconversion efficiency (ABPE) of ~0.73%. 

Mechanistic analyses demonstrate that Mo doping enhances electronic conductivity and 

passivates surface states at relatively high applied bias potentials, while molecular CoPOM 

serves as a pre-catalyst to improve water oxidation. 

 

Copyright: ‘High-Performance BiVO4 Photoanodes: Elucidating the Combined Effects of Mo-

Doping and Modification with Cobalt Polyoxometalate’, Fan Feng, Dariusz 

Mitoraj, Ruihao Gong, Dandan Gao, Mohamed M. Elnagar, Rongji Liu, Radim 

Beranek* and Carsten Streb*, Mater. Adv., 2024, 5, 4932-4944. DOI: 

10.1039/D4MA00089G. Reprinted with permission, © 2024 The Author(s). 

Published by the Royal Society of Chemistry. This is a gold open access article 

distributed under the terms of the Creative Commons CC BY 4.0 license, which 

https://doi.org/10.1039/2633-5409/2020
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permits unrestricted use, distribution, and reproduction in any medium, provided 

the original work is properly cited. 

 

Supporting Information can be found in chapter 6.1. 
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Dandan Gao: Supporting the synthesis and purification of CoPOM. 

Mohamed M. Elnagar: SEM and EDX investigations. 
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Radim Beranek: Conceiving the research and finalizing the article. 

Carsten Streb: Conceiving the research and finalizing the article. 
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3.2 (FF-2) "Double-Use" Strategy for Improving the Photoelectrochemical 

Performance of BiVO4 Photoanodes using a Cobalt-Functionalized 

Polyoxotungstate 

Fan Feng, Dariusz Mitoraj, Ekemena Oseghe,
 
Carsten Streb*, Radim Beranek* 

* Corresponding authors 

Published in ACS Applied Materials & Interfaces, 2025. 

 

This publication reports on the synthesis and characterization a molecular cobalt-

phosphotungstate (CoPOM = Na10[Co4(H2O)2(PW9O34)2]) is used both as a bulk doping agent 

as well as a surface-deposited water oxidation co-catalyst on BiVO4 photoanodes for high-

performance solar water splitting. The use of CoPOM for bulk doping of BiVO4 is shown to 

enhance the electrical conductivity and improve the charge separation efficiency, resulting in 

the enhancement of the maximum applied-bias photoconversion efficiency (ABPE). The ratio 

of W/Co on the surface of photoanode is related to the activity and stability. In addition, 

modification of CoPOM-doped BiVO4 with CoPOM as a surface co-catalyst enhances the hole 

extraction and improves the water oxidation kinetics, resulting in the overall enhancement of 

the ABPE. 

 

Copyright: ‘"Double-Use" Strategy for Improving Photoelectrochemical Performance of 

BiVO4 Photoanodes using a Cobalt-Functionalized Polyoxotungstate’, Fan Feng, 

Dariusz Mitoraj, Ekemena Oseghe, Carsten Streb* and Radim Beranek*, ACS 



RESULT AND DISCUSSION 

53 

 

Applied Materials & Interfaces, 2025, 17, 3665−3675. DOI: 

10.1021/acsami.4c21125. Reprinted with permission, © 2024 American Chemical 

Society. 

 

Supporting Information can be found in chapter 6.2. 

 

Author contributions: 
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Ekemena Oseghe: Analyzed data and provided discussions. 

Carsten Streb: Conceiving the research and finalizing the article. 

Radim Beranek: Conceiving the research and finalizing the article. 
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3.3 (FF-3) Atomically Engineered Defect-Rich Palladium Metallene for High-

Performance Alkaline Oxygen Reduction Electrocatalysis 

Yupeng Zhao, Zhengfan Chen, Nana Ma, Weiyi Cheng, Dong Zhang, Kecheng Cao, Fan Feng, Dandan 

Gao, Rongji Liu,* Shujun Li,* and Carsten Streb* 

 

* Corresponding authors 
 

Published in Adv. Sci., 2024. 

 

This publication reports a defect-rich WOx 

and MoOx modified Pd metallene (denoted: D-Pd M) 

synthesized by a facile wet-chemical approach. 

Detailed structural analyses reveal the presence of 

three distinct atomic-level defects, that are pores, 

concave surfaces, and surface-anchored individual 

WOx and MoOx sites, resulting in a highly active 

catalyst for the alkaline oxygen reduction reaction 

(ORR). When integrated into a custom-built Zn-air 

battery at low D-Pd M loading for the practical usage 

of the compound, the system achieves high specific 

capacity and excellent discharge potential stability. 

 

Copyright: ‘Atomically Engineered Defect-Rich Palladium Metallene for High-Performance 

Alkaline Oxygen Reduction Electrocatalysis’, Yupeng Zhao, Zhengfan Chen, 

Nana Ma, Weiyi Cheng, Dong Zhang, Kecheng Cao, Fan Feng, Dandan Gao, 

Rongji Liu,* Shujun Li,* and Carsten Streb*, Adv. Sci. 2024, 11, 2405187. DOI: 

10.1002/advs.202405187, Reproduced with permission, © 2024 The Author(s). 

Published by Wiley-VCH GmbH. This is an open access article under the terms of 

the Creative Commons CC BY 4.0 license, which permits use, distribution, and 

reproduction in any medium, provided the original work is properly cited. 

 

Supporting Information can be found in chapter 6.3. 
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4. Summary and outlook 

This thesis aims to achieve superior OER performance in photoelectrochemical water 

splitting using CoPOM-based BiVO4 photoanodes. The study includes thorough 

characterization of the materials' composition both before and after catalysis, as well as an 

analysis of the contributions from the doping agent and CoPOM cocatalysts modification. This 

leads to a detailed understanding of the role of CoPOM-based water oxidation catalysts and 

doping agents in the BiVO4 system, promoting enhanced photo-electrocatalytic activities. The 

specific objectives corresponding to Chapter 2 are outlined and summarized in the document. 

4.1 Mo-doping of BiVO4 photoanodes combined with cobalt polyoxometalate water oxidation 

catalyst for PEC water oxidation 

We use a facile two-in-one strategy to enhance the performance of BiVO4 photoanodes 

for water oxidation by combining the bulk doping of BiVO4 with molybdenum and its surface 

modification with a well-defined molecular cobalt polyoxometalate (CoPOM). The resulting 

modified photoanodes show significantly improved photocurrent densities compared to non-

modified reference. Mechanistic investigations elucidate the contributions of Mo-doping and 

modification with CoPOM to the performance enhancement for water oxidation. Mo-doping 

leads to enhanced electronic conductivity and passivation of surface states. The deposition of 

CoPOM enhances photocurrents across the whole potential range, which results in enhanced 

water oxidation catalysis. Experimental evidence shows that under the PEC operating 

conditions the molecular CoPOM is, at least partially, disintegrated and converted to cobalt 

oxide, and is therefore considered as a pre-catalyst. In summary, this work establishes CoPOM-

derived catalysts as effective water oxidation catalysts for BiVO4 photoanodes and provides 

new insights into the combined effects of Mo doping and modification with molecular cobalt 

polyoxometalates on the PEC performance of BiVO4. Furthermore, it suggests that further 

advancements in the development of BiVO4 photoanodes critically depend on devising 

alternative doping strategies to mitigate the negative polaronic effects associated with bulk 

doping of BiVO4, as these detrimental effects impose fundamental limits on the maximum 

achievable photovoltage and compromise overall photoconversion efficiency. 

4.2 CoPOM-doping BiVO4 with modification CoPOM on the surface for light-driven OER 

We have demonstrated a novel ‘Double-Use’ strategy for fabrication of high-

performance BiVO4 photoanodes for solar water splitting in which a single precursor, a 
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molecular cobalt polyoxometalate (CoPOM), is used both as a doping agent and as a co-catalyst 

for water oxidation. Doping BiVO4 by CoPOM significantly enhances the conductivity and 

improves the charge separation efficiency, resulting in the enhancement of the maximum 

applied-bias photoconversion efficiency (ABPE) by a factor of ~18 as compared to pristine 

BiVO4. Further surface modification of CoPOM-doped BiVO4 with CoPOM as a co-catalyst 

enhances the hole extraction and improves the water oxidation kinetics, yielding the overall 

enhancement of the ABPE as high as by a factor of ~26 with respect to pristine BiVO4. 

Interestingly, with respect to the doped BiVO4 photoanodes, we found systematic differences 

in the surface composition and PEC performance of samples doped with CoPOM as compared 

to samples with identical elemental composition but doped with metal salts. While these 

differences are not fully understood yet, they point to possible advantages of using molecularly 

well-defined precursors, such as CoPOM, in fabrication of high-performance photoelectrodes. 

Taken together, our results establish the ‘Double-Use’ strategy involving CoPOMs as a 

remarkably effective, straightforward and easily scalable approach for the development of 

high-quality photoanodes for solar water splitting and highlight the future potential of utilizing 

well-designed polyoxometalates as precursors for the synthesis of energy materials. 

4.3 Defect rich Pt metallene for ORR 

We demonstrate a defect-rich Pd metallene (D-Pd M) synthesized by a facile wet-

chemical approach. Detailed structural analyses reveal the presence of three distinct atomic-

level defects, including pores, concave surfaces, and atomic doping with tungsten and 

molybdenum oxides (WOx and MoOx). Density functional theory (DFT) calculations indicated 

that these defects resulted in a downward shift of the d-band center in Pd, which in turn led to 

a reduced binding energy with O2. As a result, D-Pd M shows a high ORR reactivity and 

stability under harsh conditions. Integration of the catalyst into as cathode in a Zn-air battery 

demonstrated impressive specific capacity and outstanding stability in discharge potential at 

very low Pd loading. This study offers valuable insights into the design of efficient ORR 

catalysts with reduced precious metal consumption, which can open new paths for larger-scale 

deployment of non-earth-abundant elements. 
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