
HAL Id: tel-02569399
https://theses.hal.science/tel-02569399v1

Submitted on 11 May 2020 (v1), last revised 19 May 2020 (v2)

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Visible light-driven catalysts for water oxidation :
towards solar fuel biorefineries

Kristine Tolod

To cite this version:
Kristine Tolod. Visible light-driven catalysts for water oxidation : towards solar fuel biorefineries.
Catalysis. Université de Lyon; Politecnico di Torino, 2019. English. �NNT : 2019LYSE1053�. �tel-
02569399v1�

https://theses.hal.science/tel-02569399v1
https://hal.archives-ouvertes.fr


i 

N°d’ordre NNT : 2019LYSE1053

THESE de DOCTORAT DE L’UNIVERSITE DE 
LYON 

opérée au sein de 
l’Université Claude Bernard Lyon 1

Ecole Doctorale N° 206  
(Ecole Doctorale de Chimie) 

Spécialité de doctorat : Chimie 
Discipline : Chimie Industrielle Durable 

Soutenue publiquement le 06/05/2019, par : 

Mme Kristine Rodulfo Tolod 

Photocatalyseurs actifs dans le 
visible pour l'oxydation de l'eau: 
vers les bioraffineries solaires 

Devant le jury composé de : 

ALBONETTI, Stefania  Rapporteur Università di Bologna 
ANDREU ARBELLA, Teresa Rapporteur Universitat Politècnica de Catalunya 
DANIELE, Stephane  Examinateur Université Lyon 1 
MINGUZZI, Alessandro Examinateur Università degli Studi di Milano 
PAGANINI, Maria Cristina Examinatrice Università degli Studi di Torino 
SACCO, Adriano  Invité  Istituto Italiano di Tecnologia 

HERNANDEZ, Simelys    Co-directrice de thèse Politecnico di Torino 
RUSSO, Nunzio     Directeur de thèse Politecnico di Torino 
QUADRELLI, Elsje Alessandra Directrice de thèse  CPE Lyon  



ii 

Visible light-driven catalysts for water 
oxidation: towards solar fuel 

biorefineries 

Kristine Rodulfo Tolod 

Supervisors 
Prof. Nunzio Russo (Politecnico di Torino) 

Asst. Prof. Simelys Hernández (Politecnico di Torino) 
Host institution’s supervisor: Dr. Alessandra Quadrelli (CNRS -CPE Lyon) 

A doctoral dissertation submitted for the degrees of 
Doctor of Philosophy in Chemical Engineering (Politecnico di Torino) 

Doctor of Philosophy in Chemistry (Université Claude Bernard Lyon 1) 

Torino, Italy 
March 21, 2019 



 

 
 
 
 
I hereby declare that, the contents and organization of this dissertation 

constitute my own original work and does not compromise in any way the rights of 
third parties, including those relating to the security of personal data. 

 
 
 
 
 
 

       ………………………… 
Kristine Rodulfo Tolod 
Turin, 21 March 2019 

  



iv 
 

 
 
 
 

 
  

Summary  

Photoelectrochemical (PEC) water splitting is a direct way of producing a solar 
fuel like hydrogen from water. The bottleneck of this process lies in the photoanode 
which is responsible for the water oxidation side of the reaction1,2. Semiconductor 
metal oxides are preferred catalysts for this reaction because of their stability under 
oxidizing conditions and being generally low-cost.  However, no single catalyst can 
fulfil all the requirements for an efficient water oxidation reaction. There are always 
trade-offs among the light-harvesting ability, the charge transport and charge 
transfer processes, and the catalyst’s influence in the kinetics of the reaction. 

 
In this work, the use of BiVO4 as a photoanode was extensively studied in order 

to improve its photoactivity.  BiVO4 has a conduction band edge position that 
almost coincides with the thermodynamic hydrogen evolution potential, thus, it can 
promote an earlier photocurrent onset, and can generate a higher photocurrent in 
the low bias region compared to the other photoanodes. These properties are vital 
in obtaining a high overall operating current and can eventually lead to a higher 
solar-to-hydrogen (STH) efficiency. In addition, BiVO4 has a relatively low band 
gap energy of 2.4-2.6 eV, which makes it readily absorb visible light3. Its theoretical 
maximum photocurrent density is 7.5 mA/cm2. However, the drawbacks of using 
BiVO4 photoanodes are poor electron mobility and poor water oxidation kinetics. 



 

Poor electron mobility brings about the loss of the photon efficiency to electron-
hole recombination4. Moreover, BiVO4 is not a good water oxidation catalyst.  

 
The optimization of BiVO4 photoanode synthesis via thin film 

electrodeposition on FTO was performed. The factors affecting the 
photoelectrochemical activity such as the electrodeposition time, ratio of the Bi-KI 
to benzoquinone-EtOH in the deposition bath, and the calcination temperature, have 
been investigated by using the Central Composite Design of Experiments. Figure 
S1 summarizes the effect of the studied factors (Figure S1A, S1B, and S1C) on the 
measured physico-chemical properties (thickness of electrodeposited film, ratio of 
[040]/[110] planes, band gap energy, crystallite size) and relates them to the 
resulting photocurrent density.  

Monoclinic BiVO4 photoanodes with an optimal photocurrent density of 0.45 
± 0.05mA/cm2 at 1.23 V vs RHE were obtained. It was shown that a high 
photocurrent density are generally dictated by the following physico-chemical 
properties: higher crystallite size, an optimal thickness, and a more compact, porous 
morphology. Furthermore, the following photoelectrochemical characteristics give 
rise to a higher photocurrent density: low onset potential, and a high donor density. 

Figure S1. Summary of physico-chemical properties at various (A) electrodeposition time, (B) calcination temperature, 
and (C) Bi-KI to benzoquinone-EtOH ratio, plotted with respect to the photocurrent density at 1.23 V vs RHE 
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 Surface states on the BiVO4 surface induce electron-hole recombination via 
the Shockley-Read-Hall mechanism5. In order to minimize the inefficiencies due to 
electron-hole recombination and passivate the surface states, ultrathin Al-based 
overlayer (Al2O3/aluminum hydroxyl surfaces), and Ti overlayer were deposited on 
the BiVO4 thin film electrodes by the alternating flow chemical vapor deposition 
technique, more commonly known as Atomic Layer Deposition (ALD). This has 
also been done to protect the BiVO4 surface from photocorrosion and increase its 
stability. A photocurrent density of 0.54 mA/cm2 at 1.23 V vs RHE was obtained 
for BiVO4 modified by 2 cycles of ALD (one cycle being composed of a first half-
cycle of trimethylaluminum and second half-cycle of water), as shown in Figure 
S2A, a 54% improvement from the bare BiVO4 which showed a photocurrent 
density of 0.35 mA/cm2 at 1.23 V vs RHE. A 15% increase in stability of the Al- 
modified BiVO4 electrode was also observed over 7.5 hours of continuous 
irradiation. Moreover, through surface capacitance measurements presented in 
Figure S2B, it was shown that the Al2O3 overlayer or even hydroxylated aluminum 
atoms, effectively passivated the surface states of the BiVO4 electrodes.  

 
The nature of the BiVO4 surface was studied by chemical titration of BiVO4 

powder with n-BuLi, a carbanionic reagent, typically used in surface 
organometallic chemistry for the titration of surface acid protons. The existence of 
surface reactive groups on BiVO4, whose chemical nature has not yet been defined, 
has been confirmed and quantified (maximum 1.5 reactive site/nm2). The 
quantification of the reaction of water with BiVO4 powder after functionalization 

Figure S2. (A) Linear sweep voltammograms of  bare BiVO4 and Al-modified BiVO4  
(electrolyte: 0.1M Na-Pi pH 7, scan rate: 10 mV/s) and (B) Surface capacitance measurements at various cycles 

 



 

with a pulse of AlMe3, and therefore having a surface advantage of aluminum-
methyl, showed that there were 1.2 CH4 molecules released by the reactive group 
of the initial surface. 
 

No improvement in photocurrent density was observed for Ti-modified BiVO4 
under the synthetic conditions used in this experiment. 

 
The addition of Ni-Mo to bare BiVO4 increases the photocurrent density by 3-

fold,  from 0.35 mA/cm2 to 1 mA/cm2 at 1.23 V vs RHE, as shown in Figure S3. 
This was mainly due to the much lower charge transfer resistance of this electrode 
with respect to bare BiVO4. Moreover, the addition of Ni-Mo to BiVO4 with a 2- 
cycle Al-based overlay produces a photocurrent density (0.39 mA/cm2 at 1.23 V vs 
RHE) that is lower than that of just BiVO4 with Ni-Mo, and slightly higher than that 
of the bare BiVO4 for potentials up to 1.3 V vs RHE. It is likely that the charges 
were able to transfer more efficiently from the BiVO4 surface to the  Ni-Mo, than 
from the Al overlayer to the Ni-Mo. This very important interface needs to be 
further examined and optimized.  

 

 
In conclusion, in this work, we were able to highlight the important factors in 

the synthesis of BiVO4 and their impact on the resulting photoactivity. We also 
succeeded in passivating the surface states of BiVO4 using an Al overlayer, which 
is not well-explored in literature.  In addition, we were able to probe and discuss 

Figure S3. Linear sweep voltammogram for bare BiVO4, BiVO4 with NiMo and 2 cycles Al-BiVO4 
with NiMo (electrolyte: 0.1 M Na-Pi pH 7, scan rate: 10 mV/s) 
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the nature of the BiVO4 surface. This is a very basic knowledge and the first report 
on it, to our knowledge. A good understanding of this important semiconductor 
surface and its interactions will facilitate the design of a more efficient BiVO4 
photoanode. 
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Chapter 1 

Introduction 

1.1 Solar fuels 

An economy which grows more complex by the day, and a growing population, 
demand the use of sustainable energy resources that are not damaging the 
environment.  Several decades have passed after the industrial revolution, but the 
world is still largely dependent on fossil fuels, and the problem of meeting the 
energy demands with a sustainable infrastructure remains. 

 
 The Intergovernmental Panel on Climate Change (IPCC) has reported in its 

Fifth Assessment Report that the anthropogenic greenhouse gas emissions are the 
main causes of the unprecedented levels of the atmospheric concentrations of CO2, 
CH4, and N2O in the last 800,000 years. They said that these have impacted the 
entire climate system, and that they are the primary cause of global warming since 
the 1950s6. Innovative scientific interventions are needed to fight the 
environmentally-degrading effects of a fossil fuel-reliant global energy mix.  

 
 Technologies that can harness the available renewable sources of energy are 

extremely necessary. For example, the sun provides an average incident solar 
energy of 120,000 TW on the Earth’s surface. Of this, there is an estimated power 
generating capacity of 20 TW, which is more  than what is necessary to support the 
world’s energy consumption7. This is one of the main reasons why solar-based 
energy solutions are extremely promising because of the huge amount of resource 
that is available. The problem lies solely on devising an efficient technology that 
can convert the available solar energy into energy forms that are readily deliverable 
and useful for human consumption. The share of solar energy in the electricity grid 
is projected to increase as solar technology matures and the costs of solar 
infrastructure decline.  
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One of the main drawbacks of using solar energy is its intermittency, thus, it 
cannot be used as a reliable base load source of power like coal and other fossil 
fuels. Energy storage solutions for this intermittent resource have to be devised. A 
very promising way of implementing this is via the conversion of solar energy into 
chemical energy, the resulting fuels being called solar fuels. A photon possesses an 
energy of 1-3 eV, which is sufficient to promote many chemical reactions7. Solar 
fuels, i.e. hydrogen, methane, and methanol, are advantageous over the traditional 
battery systems because they offer a higher energy storage density and facilitate 
easier transport logistics. Among these solar fuels, the production of hydrogen from 
water splitting is very promising, mainly because of the use of water, another 
abundant resource, as a raw material.    

 

1.2 Photoelectrochemical water splitting  

Water splitting can be accomplished using several systems. First, a photovoltaic 
(PV) – electrolyzer system can be used. The PV – electrolyzer system employs 
devices which are commercially available - a photovoltaic panel and an 
electrolyzer.  This is clearly a big advantage, because apart from being readily 
available,  both devices can be optimized separately. However, the PV part of this 
system is bound by the Shockley-Queisser limit, with a calculated maximum of 
33% solar conversion efficiency for a single-junction solar cell having a band gap 
of 1.4 eV. Moreover, the electrolyzers normally rely on noble metals as catalysts, 
thus, they are operated at higher current densities to be more economical8. Thus, 
there is the necessity of high overpotentials, typically at least 1.9 V, in order to 
operate the electrolyzer. On the other hand, photocatalytic systems have much 
simpler design, but the hydrogen and oxygen gases in these systems are produced 
together in the same compartment. This brings about safety issues and it is 
necessary to add gas separation processes. Alternatively, photoelectrochemical 
systems make use of a monolithic light-harvesting and water splitting device that 
produces the hydrogen and oxygen gases in separate electrodes. 

 
Photoelectrochemical (PEC) water splitting is a direct way of producing a solar 

fuel like hydrogen from water. This process often makes use of semiconductor 
photoelectrodes that facilitate the conversion of solar energy to chemical energy. 
Because of this,  the harvest and storage of solar energy become feasible, and the 
solar energy is converted to a form that can be easily stored. 

 
Fujishima and Honda9 started working with photoelectrochemical systems in 

1972. They utilized a TiO2 photoanode and a Pt black cathode to perform 
photoelectrochemical water splitting by irradiating the photoanode with ultraviolet 
(UV) light. This started the investigations in solar water splitting and the interest in 
the field has grown since then. Solar water splitting is a sustainable way of 
producing H2, which is a clean source of fuel. In this process, liquid water is split 
into H2 and O2 gases using photoactivated catalysts, which use the photons coming 
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from the sun to directly convert the solar energy into chemical energy. This process 
typically makes use of semiconductor photoelectrodes for the energy conversion7,10. 

 

 
A schematic diagram of a typical photoelectrochemical water splitting setup is 

shown in Figure 1. The system shown consists of a semiconductor photoanode and 
a cathode.  A semiconductor consists of a valence band and a conduction band, and 
the energy gap between these two bands is called the band gap energy. When light 
with sufficient energy strikes the semiconductor, the electrons in the valence band 
are promoted to the conduction band, leaving holes in the valence band.  The holes 
flow to the surface of the semiconductor and they participate in the water oxidation 
reaction that produces oxygen. Meanwhile, the electrons flow towards the 
conducting material and they get transported towards the cathode where they reduce 
H+ ions to hydrogen gas. 

 
For an efficient and sustainable process of splitting water into hydrogen and 

oxygen, several requirements have to be met simultaneously by the photoactive 
material11,12: (1) sufficient photovoltage and appropriate band alignment to split 
water, (2) substantial absorption of the solar spectrum, which is dominantly 
composed of visible light, (3) efficient and fast transport of charges between the 
semiconductor and the electrolyte solution, and (4) stability and cost-effectiveness. 
On-going researches on photocatalysis are in search of suitable materials that satisfy 
these requirements. 

 
The bottleneck in the photoelectrochemical water splitting process is the 

photoanode, which is responsible for the water oxidation side of the reaction1,2. As 
shown in the following chemical equations, it is a 4-electron oxidation process of 
two water molecules, which is happening alongside the removal of two protons to 
form a weak oxygen-oxygen bond. 

 

Figure 1. Schematic diagram of photoelectrochemical water splitting 
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Because it is a photochemical process, accumulated stepwise one-electron 

transfers are necessary under very specific photon-flux-density conditions. It is very 
challenging to keep an oxidized state in a desired microenvironment and to avoid 
quenching it while waiting for the arrival of the next photon13.  

 
Several molecular catalysts14 and inorganic catalysts15 may be used to catalyze 

the water oxidation reaction via photo-assisted methods. Preference is on the use of 
semiconductor metal oxides because of their stability under oxidizing conditions 
and being generally low-cost.  The use of earth-abundant and non-noble metallic 
elements in these oxides is given special attention for economic purposes and 
sustainability interests.  

 
No single catalyst can fulfil all the requirements for an efficient water oxidation 

reaction. As frequently seen in literature, there are always trade-offs among the 
light-harvesting ability, the charge transport and charge transfer processes, and the 
catalyst’s influence in the kinetics of the reaction. 

 

1.3 Visible light-responsive photocatalysts for solar 
water oxidation 

1.3.1 Hematite (α-Fe2O3) 

Hematite is a photocatalyst with a relatively good light-harvesting ability. It is 
stable in aqueous environment, abundant in nature, and is not harmful to the 
environment. Its band gap energy ranges from  1.9 to 2.2 eV, depending on the 
synthesis method16. This relatively low band gap is advantageous because a wider 
range of the visible light spectrum can be accessed as compared to other 
photoanodes used in solar water oxidation. It is also noteworthy that the maximum 
photocurrent density that can be generated from hematite with a band gap of 2.2 eV 
is relatively high. The photocurrent density can reach 12.6 mA cm-2 at 1.23 V vs 
RHE (reversible hydrogen electrode) at intensity of 1 sun, which corresponds to a 
maximum solar-to-hydrogen (STH) efficiency of 16.8%. 

 
However, hematite has a low intrinsic electrical conductivity.  The overall 

charge carrier decay for hematite is exceedingly fast, i.e. no measurable transient 
absorption occurs at ~100 ps, with 70 % of decay happening in only 8 ps17. 
Apparently, this was due to the intrinsic mid-bandgap states and trap states in the 
hematite, rather than the surface states. The transport of charges within the material 
is slow, which can aid in the recombination of photogenerated electrons and holes. 

2H2O
2H2

O2 4H+ 4e-

2H2O

+

O2+

+

4H+ 4e-+

2H2
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The hole diffusion length for hematite was reported to be very short at 2-20 

nm18,19. The absorption depth for incident photons is 46 nm to 120 nm for 
wavelengths ranging from 450 nm to 550 nm20. The absorption depth refers to the 
depth at which 63% of the photons are absorbed. For hematite, the absorption depth 
needs to be thicker because of its indirect (d --> d)  band gap transition17. This is a 
problem because it requires a relatively higher thickness to be able to absorb most 
of the incident photons, but at the same time, it has to be very thin to avoid fast 
electron-hole recombination brought about by the very short diffusion length. This 
value is shorter when compared to the hole diffusion coefficients of other water 
oxidation catalysts like TiO2, WO3, and BiVO4. 

 
Lastly, the position of the conduction band minimum of a hematite photoanode 

is too positive (0.3-0.6 V vs RHE)18,19,21, thus, photogenerated electrons are not 
capable of H+ reduction to H2 at the cathode. 

 

1.3.2 Tungsten oxide (WO3) 

Tungsten oxide (WO3) is one of the few oxides that are chemically stable under 
aqueous acidic media. It is also nontoxic, inexpensive, and exhibits high resistance 
to photocorrosion. WO3 can capture about 12 % of the solar spectrum and can 
absorb visible light up to 500 nm. The hole diffusion length of WO3 is about 150 
nm22, which is much longer than hematite. The onset potential of WO3 has been 
reported to be at ~ 0.5 V vs RHE23, which is lower than that of hematite (0.8-1.1 V 
vs RHE16,24,25) and higher than BiVO4 (0.25-0.44 V vs RHE) 26,27. 
 

WO3 crystals are formed by corner- and edge- sharing of WO6 octahedra, 
giving rise to various phases such as monoclinic, triclinic, orthorhombic, tetragonal, 
and cubic WO3. At room temperature, the most stable phase is the monoclinic WO3 
obtained between 17 oC and 330 oC. WO3 used as photoanodes normally utilize the 
monoclinic phase. Annealing at 330 oC to 740 oC produces the orthorhombic 
structure and the tetragonal structure is formed at temperatures above 740 oC28.  

 
Moreover, WO3 has an indirect band gap transition and its band gap energy is 

relatively high at 2.7 - 2.8 eV29,30. Also, its conduction band minimum is located at 
a relatively higher position of 0.24-0.73 V vs RHE21,31 versus other photoanodes, 
thus, it also cannot reduce H+ without an applied bias potential. It is also noteworthy 
that the formation and accumulation of peroxo species on WO3 surface was shown 
to compete with the water oxidation reaction producing O2, which causes a gradual 
loss of photoactivity32.  
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1.3.3 Bismuth vanadate (BiVO4) 

BiVO4 is commercially used as a yellow dye and it is known to be an 
inexpensive and nontoxic material. BiVO4 has 3 main crystal forms: monoclinic 
scheelite, tetragonal zircon-type and tetragonal scheelite structure33. An irreversible 
transition from the tetragonal zircon-type to the monoclinic scheelite structure 
occurs at 400 oC to 500 oC. In addition, a reversible transition between the 
monoclinic-scheelite to the tetragonal scheelite structures occurs at 255 oC. Among 
the three crystal structures of BiVO4, the monoclinic scheelite structure is the usual 
choice for photocatalysis because it demonstrated higher activity than the other 
structures34. 

 
The conduction band edge position of BiVO4 is at 0.02 V vs RHE33. This is 

more strategic because it is more negative than that of Fe2O3 and WO3, thus, it 
requires less bias potential than these photoanodes33. Because its conduction band 
edge position almost coincides with the thermodynamic hydrogen evolution 
potential, it promotes an earlier photocurrent onset, and can generate a higher 
photocurrent in the low bias region than the other photoanodes. These are vital in 
obtaining a high overall operating current and can eventually lead to a higher STH 
efficiency. In addition, BiVO4 has a relatively low band gap energy of 2.4-2.6 
eV3,35,36, which makes it readily absorb visible light3. Its theoretical maximum 
photocurrent density is 7.5 mA/cm2. Assuming all the photons with energies greater 
than 2.4 eV are absorbed, this translates to a 9% STH efficiency37. 

 
The drawbacks of using BiVO4 photoanodes are poor electron mobility and 

poor water oxidation kinetics. Poor electron mobility brings about the loss of the 
photon efficiency to electron-hole recombination4. This was attributed to the fact 
that the VO4 tetrahedra in BiVO4 are not connected to each other, thus, the flow of 
photogenerated electrons towards the conducting support become more difficult.   

 
BiVO4 is not a good water oxidation catalyst, thus, it is usually coupled with an 

oxygen evolution reaction (OER) co-catalyst to improve the reaction kinetics. In 
addition, in order to maximize the photogeneration of charges, the thickness of the 
material has to be optimized according to the optical penetration depth. However, 
BiVO4 has a short hole diffusion length that is estimated at 70-100 nm38,39, which 
compromises and restricts the needed light penetration depth. 

 

1.3.4 Comparison of various photoanodes 

The following table summarizes the critical properties of some of the more 
prominent visible light-responsive photocatalysts for solar water oxidation, as 
reported in literature and in the previous section. 
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Table 1. Comparison of various visible light-responsive photoanodes  

Photo-
anode 

Conduction 
band min 

(V vs RHE)  

Valence band 
max 

(V vs RHE) 

Band gap 
energy (eV) 

Hole 
diffusion 

length (nm) 

Onset 
potential  

(V vs RHE) 

α-Fe2O3 0.3-0.618,19,21 2.4-2.718,19,21 1.9-2.216,17  
(indirect) 2-2018,19 0.8-1.116,24,25 

WO3 0.24-0.7321,31 3.0-3.4521,31 2.7-2.829,30 
(indirect) 15022 ~0.523 

BiVO4 0.0233 
 

2.533 
 

2.4-2.63,35,36 
(direct/ 
indirect) 

70-10038,39  0.25-0.4426,27 

 
One of the main considerations in screening and choosing an appropriate 

semiconductor oxide as a photocatalyst is the proper alignment of the conduction 
and valence bands, relative to the potentials involved in the desired reactions. To 
effect a complete water splitting process, this necessitates that the conduction band 
minimum (CBM) should be more negative than the water reduction potential H+/H2 
(0.0 V vs RHE), and the valence band maximum (VBM) should be more positive 
than the water oxidation potential O2/H2O (1.23 V vs RHE). As shown in Table 1, 
all the semiconductors satisfy the VBM requirement. It should be noted, though, 
that compared to many metal oxides having a VBM close to 3 V vs RHE, the VBM 
of BiVO4 is less positive because of the incorporation of the Bi 6s orbital character 
to the typically dominant O 2p states in metal oxides40 like α-Fe2O3 and WO3. This 
is advantageous because it shifts the VB closer to the vacuum level, lowers the band 
gap, minimizes an overpotential that is otherwise wasted, and provides a relatively 
lighter effective mass for the holes, which can result to a better hole diffusion 
capability40.On the other hand, the CBM requirement was not achieved by any of 
the materials. The closest value is for BiVO4, which has a CBM that is almost 
coinciding with the water reduction potential. Therefore, none of these 
photocatalysts are solely capable of a complete photo-driven water splitting 
reaction, thereby, needing bias potentials to perform the whole process.  

 
From Table 1, it can also be seen that the band gap energy of α-Fe2O3 is the 

most favourable, however, it possesses the shortest hole diffusion length and the 
highest onset potential. It should be mentioned that the materials with an indirect 
band gap transition such as α-Fe2O3 and WO3, usually suffer from a larger light 
absorption depth. An optimal compromise between the light absorption depth and 
the hole diffusion length must be reached, because both parameters taken to the 
extreme will negatively affect the photoactivity of the photoanode.  Moreover, a 
lower onset potential is significant because it allows to achieve a more practical 
performance at lower bias.  

 
WO3 suffers from having the highest band gap energy among the three, which 

negatively impacts its light harvesting ability as compared to α-Fe2O3 and BiVO4. 
Having the longest hole diffusion length can be positive for its photoactivity, 
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however, as mentioned previously, the use of WO3 also gives rise to the production 
of peroxo species, which is a competing reaction to the water oxidation reaction.  

 
Considering these insights, this thesis focused on the use of BiVO4 photoanodes 

for photoelectrochemical water oxidation. The intention was to use non-noble and 
earth-abundant materials, combined with scalable techniques, in order to produce a 
more practical and sustainable solution.  
 

1.4 Thesis  agenda 

1.4.1 Objectives 

The work described in this thesis is about the use of BiVO4 as a photoanode for 
the water oxidation reaction. There were four main objectives: 

• Optimize the performance of pristine BiVO4 by identifying the important 
parameters and correlating them with the photocurrent density 

• Probe the surface of BiVO4 
• Improve the stability of BiVO4 by surface modification, i.e. deposition of a 

passivation layer 
• Improve the water oxidation kinetics through the use of a co-catalyst 

1.4.2 Overview 

This thesis progresses as follows. Chapter 2 offers an extensive study of the 
BiVO4 literature as a photoanode for water oxidation. It starts by summarizing the 
top-performing BiVO4-based photoanodes to date, and identifying the strategies 
that were performed, which were done mainly to improve the electron mobility as 
well as the kinetics of the reaction. It finishes by explaining the gap and what 
strategies could be performed to address them. 

 
Chapter 3 discusses the synthesis, characterization, and the photoactivity of 

bare BiVO4 photoanodes that were synthesized via electrodeposition. It reports the 
findings on the effect of the electrodeposition time, the calcination temperature, and 
the composition of the electrodeposition solution on the photoactivity. It provides 
a comprehensive discussion about how the different material properties are 
correlated to the photoactivity, and how the studied factors impact these parameters. 
Moreover, more insights are presented considering the various 
photoelectrochemical characterization techniques.   

 
Chapter 4 presents novel findings about the BiVO4 surface characteristics. An 

organometallic chemistry approach was used to study the surface as well as to 
introduce surface modifications that could help improve the photoactivity and 
stability of this material. These surface modifications include the addition of 
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overlayers as well as a water oxidation co-catalyst, the results of which are 
thoroughly discussed.  

 
Finally, Chapter 5 serves as the concluding chapter, which summarizes the 

major contributions of this work to the field. It also discusses the future directions 
moving forward. 
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Chapter 2 
 
BiVO4 as a photoanode 

BiVO4 was first synthesized by Roth and Waring in 1963 using solid state and 
melting reactions41. The interest in the study of BiVO4 was initially due to its 
ferroelastic property, and its ferroelastic-paraelastic transition at 528 K (255 °C)33, 
a property that depends on the crystal structure. As mentioned earlier, BiVO4 has 
three main crystal forms, which are monoclinic scheelite, tetragonal zircon-type and 
tetragonal scheelite. Apart from the temperature-induced transitions that were 
mentioned in Chapter 1, it has also been reported that mechanical grinding at room 
temperature could irreversibly transform the tetragonal structure into a monoclinic 
structure42. Of the three BiVO4 crystal structures, the monoclinic scheelite structure 
is the one that is most commonly used for photocatalysis because of its higher 
activity than the other structures34. 

Figure 2. BiVO4 monoclinic scheelite structure 
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The monoclinic scheelite structure of BiVO4 is illustrated in Figure 2. The Bi 

in monoclinic scheelite BiVO4 is coordinated to O in a distorted oxygen octahedron, 
while V is the centre of a distorted oxygen tetrahedron, thus implying oxidation 
states of Bi3+ (5d106s2), V5+ (3d0), and O2− (2p6), according to Walsh et al43.  
 

Moreover, the valence band mainly consists of O 2p, coupled to Bi 6s, while 
the conduction band is dominantly constituted by V 3d states, with contributions 
from the O 2p and Bi 6p states43,44. These couplings result in an upward dispersion 
of the valence band, and a lowering of the conduction band to a minimum, thereby 
causing relatively symmetric electron and hole masses, which facilitate an efficient 
charge carrier separation and extraction. As far as its calculated optical absorption 
spectrum is concerned, it has been reported that the fundamental band-edge 
transitions are dipole-allowed, beginning at 2.1 eV and with peaks at 2.4 eV, and 
thus, displays absorption in the visible light range. Cooper et al44 stated that the 
poor electron mobility of BiVO4 could be a consequence of the localization of the 
V 3d orbitals in the conduction band minimum, due to its poor overlapping with the 
Bi 6p orbitals. 

 
In 1998, Kudo et al3 first reported the photoactivity of a BiVO4 powder for the 

water splitting reaction and measured the production of O2 under visible light 
irradiation, in the presence of Ag+ as a hole scavenger. This opened up huge interest 
in the photocatalysis field in which the potential of BiVO4 has been explored as a 
photoanode. 

2.1 Advantages of BiVO4 as a Photoanode 

BiVO4 has a relatively low band gap energy of 2.4-2.6 eV, which makes it 
capable of readily absorbing visible light3,45.  Moreover, as mentioned in Chapter 
1, the conduction band edge position of BiVO4 is favourably located, because it 
almost coincides with the thermodynamic hydrogen evolution potential46,47. This 
promotes an earlier photocurrent onset and the generation of a higher photocurrent 
in the low bias region than other photoanodes48.  

 
Finally, BiVO4 is an inexpensive and nontoxic material that is composed of 

earth-abundant elements. In general, like most metal oxides, it is also known to be 
relatively stable against chemical corrosion49,50. 

2.2 Disadvantages of BiVO4 as a Photoanode 

The use of BiVO4 as a photoanode also involves some drawbacks. BiVO4 is 
known to suffer from poor electron mobility, and photon efficiency is therefore lost 
relatively easily to electron-hole recombination4,51. This phenomenon is reportedly 
due to the fact that the VO4 tetrahedra are not connected to each other52, thus making 
it hard for photogenerated electrons to flow towards the conducting support.  
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In addition, in order to maximize the photogeneration of charges, the thickness 

of the material has to be optimized according to the optical penetration depth11. 
However, BiVO4 has a short hole diffusion length, estimated at 70–100 nm38,39, 
which compromises and restricts the necessary light penetration depth.  

 
Moreover, BiVO4 has low intrinsic stability under extremely acidic (pH<3) or 

extremely basic conditions (pH>11), which are desirable for practical use in solar 
fuel generators53. 

 
Finally, BiVO4 is known to exhibit poor water oxidation kinetics, which is a 

bottleneck that still has to be overcome in the design of photoanodes. 

2.3 Top-Performing BiVO4-based Photoanodes 

The best-performing photoanodes that have been produced to date have been 
made via a combination of several techniques that address the issues associated with 
charge transport, charge transfer, and water oxidation kinetics.  

 
The following sections present a summary of the reported photoactivities of the 

top-performing pristine and modified BiVO4 photoanodes to date. All the 
photocurrent densities that are reported hereafter refer to standard conditions, under 
AM 1.5G illumination, illuminated under an intensity of 1 sun (100 mW/cm2), and 
measured at 1.23 V vs. RHE. 

2.3.1 Pristine BiVO4 

The best-performing pristine BiVO4 that have been synthesized to date have 
been summarized in Table 2. Notably, the highest performance for pristine BiVO4 
that was obtained was the [001]-oriented BiVO4 by Han et al54, which was 
synthesized via a laser ablation technique. They showed that an effective crystal 
orientation and control of the exposed facet can result to better intrinsic properties 
of the BiVO4. The (001) facet was reported to enhance electron transport by 
increasing the charge carrier density through the generation of oxygen vacancies 
under the oxygen-deficient conditions during synthesis54. This facet was also shown 
to exhibit a higher oxygen evolution reaction (OER) activity than other facets. 
Moreover, the chemical etching process that was performed in this photoanode 
enhanced the surface roughness, which enhanced the light absorption, as well as the 
specific surface area. 

Table 2. Top-performing pristine BiVO4 photoanodes 

Photoanode Photocurrent 
Density*(mA/cm2) 

Illuminated 
Area (cm2) Efficiency Synthesis 

Etched [001] – 
oriented BiVO454 4.9 0.24 

IPCE 40-70%, 
400-500 nm at 
1.23 V vs RHE 

Laser ablation 
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Nanoporous 
BiVO455 1.8 0.2  Not reported 

Electrodeposition 
of Bi  + drop-
casting of V 

Textured BiVO453 1.7 1.2 - 1.4  

Peak External 
Quantum 
Efficiency 

(EQE): 30% 

Spin-coating 

Porous BiVO456 1.1 0.1 - 0.2 Not reported 
Electrodeposition  

of Bi + drop-
casting of V 

*measured using AM 1.5G filter, intensity of 1 sun, at 1.23 V vs RHE 
 

On the other hand, it should be noted that the less-studied electrodeposition 
synthesis of BiVO4 also gave rise to a relatively high photocurrent density as 
compared to most of the work done in literature. Most of the reported pristine 
BiVO4 photoanode performances rarely reach a photocurrent density above 1 
mA/cm2 at 1.23 V vs RHE, due to some intrinsic material inefficiencies. Because 
of these, several strategies to modify the BiVO4 photoanode have been done in order 
to further improve its performance.  

2.3.2 Modified BiVO4 

The best-performing modified BiVO4-based photoanode reported are shown in 
Table 3. Among these BiVO4-based photoanodes, the highest performance obtained 
was with the WO3/BiVO4 core-shell nanorod structure with Co-Pi, which was 
synthesized by Pihosh et al57, and which yielded a photocurrent density of 
6.72 mA/cm2 at 1.23 V vs. RHE. The WO3 layer was synthesized via glancing angle 
deposition (GLAD), the BiVO4 via electrodeposition,  and the cobalt phosphate 
(Co-Pi) oxygen evolution catalyst (OEC) was added via a photo-assisted 
electrodeposition. More details on the performancesare given in the following 
sections. 

Table 3. Modified BiVO4-based photoanodes with current densities > 3.5 mA/cm2 

Photoanode 
Photocurrent 

Density* 

(mA/cm2) 

Illuminated 
Area (cm2) Efficiency Stability 

WO3/BiVO4 nanorods 
with Co-Pi57 6.72 

Unspecified. 
Electrode 

Area: 0.226 

IPCE 80%–90%, 
400–500 nm at 1V 

vs. RHE 
Not reported 

W:BiVO4/V2O5 with 
FeOOH/NiOOH58 6.6 0.5 

Charge separation 
efficiency of 98.9% 
at 1.23 V vs RHE; 
Light absorption 

efficiency of 94.0% 

About 6.6 mA/cm2 
at 1.23 V vs RHE 

after 2 h 

Etched [001] – 
oriented BiVO4 with 

Co-Pi54 
6.1 0.24 Not reported 

Photocurrent decay 
of 10% after 6 

hours 

SiOx/Pt/SnO2 
Mo:BiVO4nanocone 
with Fe(Ni)OOH59 

5.82 0.25 

IPCE >75%, <460 
nm, at 1.23 V vs. 

RHE; APBE ~ 2.05% 
at 0.62 V vs. RHE 

About 5.8 mA/cm2 
at 1.23 V vs. RHE 

for 5 h 
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WO3/(W,Mo):BiVO4 
helix nanostructures 

with 
FeOOH/NiOOH60 

5.35 
Unspecified. 

Electrode 
Area: 2.25 

IPCE 90%, 330–450 
nm at 1.23 V vs. 

RHE 

About 3 mA/cm2 at  
1.23 V vs. RHE for  

7 days (8.7% 
decay) 

EMI triflate ionic 
liquid 

BiVO4/FeOOH/NiOO
H/Co (bpy-P)261 

5.2 0.28 
IPCE 60-90%, 400-
450 nm at 1.23 V vs 

RHE 

3.8 mA/cm2 at 1.23 
V vs RHE after 4h 

N:BiVO4 with 
FeOOH/NiOOH48 5.0 0.1–0.2 

IPCE 50%–60%, 
400–470 nm at 0.6 V 

vs. RHE 

About 3.2 mA/cm2 
at  

0.6 V vs. RHE for 
30 h 

(H, 3% 
Mo):BiVO4with Co-

Ci62 
4.9 Unspecified IPCE ~80%, 420 nm 

at 1.23 V vs. RHE 

About 3.5 mA/cm2 
at 1.03 V vs. RHE 

for 12 h 
Nanoporous BiVO4 

with 
FeOOH/NiOOH55 

4.2 0.2 
APBE 2.2% at 0.58 

V  
vs. CE (Pt) 

2.73 mA/cm2 at 0.6 
V  

vs. RHE for 48 h 

SiOx/Pt/SnO2 
Mo:BiVO4nanocone59 4.18 0.25 

ABPE about 0.75% 
at  

0.87 V vs. RHE 
Not reported 

WO3/(W, Mo):BiVO4 
with 

FeOOH/NiOOH63 
4.0 

Unspecified. 
Electrode 
area: 2.25 

Not reported Not reported 

W(0%–1%) gradient-
doped BiVO4 with 

Co-Pi26 
3.6 Unspecified 

Carrier separation 
efficiency of up to 

80% 
Not reported 

Nanoporous BiVO4 
with FeOOH55 3.6 0.2 Not reported Not reported 

*measured using AM 1.5Gfilter, intensity of 1 sun, at 1.23 V vs RHE 
 
Looking at the reported stability of these modified BiVO4-based  photoanodes, 

it can be seen that obtaining a photo-stable material for practical applications still 
remains a challenge. The longest stability test that was performed on a BiVO4 
photoanode was done on  WO3/(W,Mo):BiVO4 helix nanostructures60 with 
FeOOH/NiOOH, which only lasted for 7 days, with a corresponding 8.7 % decay 
on its performance.  

 

2.4 Strategies to Enhance Reaction Kinetics 

Oxygen evolution catalysts (OECs) improve the photocurrent density by 
reducing the kinetic barrier of water oxidation and providing unique catalytically 
active sites with specific selectivity64. They promote the negative shift of the 
overpotential, which promotes the use of less bias potential to achieve 
photoelectrochemical water oxidation65.  

 
As seen in Table 3, OECs are used in top-performing BiVO4 photoanodes 

mainly to address the issue of poor water oxidation kinetics. A lot of efforts have 
been done to focus on the use of non-noble metals and earth-abundant materials as 
OECs.  
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The use of FeOOH as an OEC has shown an outstanding performance when 
used with BiVO4 in the low-bias region, as reported by Seabold and Choi32. A 
photocurrent density of 1 mA/cm2 was achieved with BiVO4/FeOOH electrodes 
using an average bias potential of 0.6 V vs. RHE,  while operating at a neutral pH 
condition in a phosphate buffer. In the presence of FeOOH, the photocurrent onset 
was negatively shifted by 0.5 V. In addition, a photocurrent density of 1.7 mA/cm2 
at 1.2 V vs. RHE was obtained and maintained for 6 h, with only 2 % of decay for 
BiVO4/FeOOH, versus the significant decrease in the photocurrent that was 
observed within a few minutes for the bare BiVO4. This suggests that the FeOOH 
layer induced the photostability of BiVO4/FeOOH. For these reasons, the use of 
FeOOH as an OEC has been replicated in other studies56,66.  

 
Kim and Choi have shown that the use of NiOOH as an OEC for BiVO4 exhibits 

an earlier photocurrent onset of 0.26 V vs. RHE, which is slightly lower than the 
0.31 V vs. RHE that was obtained for BiVO4/FeOOH. The authors also reported 
that the BiVO4/NiOOH has a more negative flat band potential than the 
BiVO4/FeOOH. However, a photocurrent density of 3.3 mA/cm2 at 1.23 V vs. RHE 
has been reported for BiVO4/NiOOH, a value which is lower than the 3.6 mA/cm2 
at 1.23 V vs. RHE for BiVO4/FeOOH, under neutral pH conditions in a phosphate 
buffer. In the same study, Kim and Choi reported that an optimum dual OEC 
structure with FeOOH and NiOOH that are used in series is responsible for the 
simultaneous optimization of the BiVO4/OEC and OEC/electrolyte junction48,55. A 
similar dual OEC structure was employed in several other studies to produce high-
performing BiVO4 photoanodes. 

 
The in situ production of Co-Pi as an OEC was first presented by Kanan and 

Nocera67. In this method, oxygen is generated at neutral pH using Co-Pi under 
atmospheric pressure and room temperature. Co-Pi OEC also exhibits a self-healing 
nature in the presence of phosphate, which should ensure the long-term stability of 
the catalyst system68. A 2-fold increase in the photocurrent density that was 
accompanied by a 0.15 V vs. RHE cathodic shift in the onset potential was reported 
by Abdi et al26. Up to a 7-fold increase in photocurrent density was also reported, 
following the use of Co-Pi  in several other studies as the use of Co-Pi became 
popular in the field32,69,70.  

 
In another work, Zhong et al71 introduced CoOx as an OEC. It was found to 

increase the photocurrent density of bare BiVO4 from 1 mA/cm2 to about 1.5 
mA/cm2 at 1.2 V vs. RHE, when tested at neutral pH in a phosphate electrolyte. The 
same authors then used the dual OECs NiOOH (deposited in situ)/CoOx with an 
ultrathin ALD-deposited NiO layer on top, and added them to a BiVO4/Ti layer. 
This process was reported to triple the photocurrent density, yielding up to 3.5 
mA/cm2 at 1.23 V vs. RHE, at neutral pH in a phosphate electrolyte. The NiO 
functioned as a passivating layer for the BiVO4 surface states, consequently 
enhancing charge separation.  
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Joya et al72 reported the use of a cobalt carbonate (Co-Ci) OEC formed in situ. 
It was generated from a CO2-saturated bicarbonate solution containing Co2+ ions. 
They reported that the Co-Ci OEC in a HCO3−/CO2 electrolyte showed a stable 
current density of about 2 mA/cm2 at 1.35 V vs. NHE (normal hydrogen electrode), 
and it remained active for 16 h. It was also reported that Co-based OECs, such as 
Co-Pi and Co-Ci, tend to lose stability in phosphate electrolyte during anodic water 
oxidation, despite exhibiting a sustained current density and higher stability in a 
HCO3−/CO2system. Using the same OEC system at neutral pH, Jin Hyun Kim et 
al73reported a shift in the onset potential from 0.5 V vs. RHE to 0.2 V vs. RHE after 
adding Co-Ci to a BiVO4/WO3 photoelectrode. The Co-Ci/BiVO4/WO3material 
generated a photocurrent density of 3.5 mA/cm2 at 1.23 V vs. RHE, which was 
higher than the 2.5 mA/cm2 that was generated at the same potential by the 
BiVO4/WO3 without any additional OEC. In another work, Jin Hyun Kim et 
al62used the same OEC in a tandem cell assembly, using a H and 3 % Mo co-doped 
BiVO4 photoanode, which generated a photocurrent density of 4.8 mA/cm2 at 1.23 
V vs. RHE.  It reached 5 mA/cm2 at 1.23 V vs. RHE when it was enhanced by Co-
Ci. This performance was similar to that of Co-Pi, but with higher stability. 

 
From among all of the OECs that were discussed above, it should be noted that 

most of the photoelectrochemical tests were conducted using neutral pH 
electrolytes. This is an important consideration for BiVO4-based photoanodes, 
because BiVO4 gradually dissolves at extreme pH conditions in long experiments. 
Furthermore, operating under neutral pH conditions lowers the corrosivity of 
materials and other components of the system, although maintaining a high activity 
under neutral pH environment has been proven difficult. Thus, it is also essential to 
understand the stability of these OECs in different pH environments.  

 
The electrocatalytic stability of OECs, such as CoOx, Co-Pi, CoFeOx, IrOx, 

NiOx, NiCeOx, NiCoOx, NiCuOx, NiFeOx, and NiLaOx has been tested in the 
OEC benchmarking work of McCrory et al74,75. The OECs were studied in both 
alkaline (1 M NaOH) and acidic (1 M H2SO4) environments, and held at a constant 
current density of 10 mA/cm2 for 2 h at a 1600 rpm rotation rate while measuring 
the operating potential as a time function. Most of the catalysts have exhibited 
stable performances under alkaline conditions, showing only < 0.03 V shifts in 
overpotential, except for CoFeOx and IrOx, which were affected by catalyst 
dissolution and loss of material, respectively. Meanwhile, only the IrOx exhibited 
a stable overpotential of 0.27–0.30 V for 2 h in acidic conditions. All the other 
OECs exhibited a dramatic increase in the overpotential after just a few minutes, 
which is indicative of instability. The activity of other OECs, such as PdO264, Pt60, 
Mn2O376, and CoO77 has also been demonstrated in various studies, although their 
long-term stability have not yet been established.  
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2.5 Strategies to Enhance the Electron Mobility 

In order to address the poor electron mobility of BiVO4 as a photoanode in a 
PEC water splitting system, several strategies have been performed to improve the 
intrinsic photocurrent density of this material. The BiVO4 photoanode has been 
altered using different strategies in order to improve its surface properties, enhance 
the electron transport mobility, and ultimately reduce the undesired electron-hole 
recombination. The most successful of these strategies are described in this section. 

2.5.1 Morphology Control 

Effect of Porosity and the Synthesis Procedure 

Bare porous BiVO456 and bare nanoporous BiVO435 films have been 
synthesized via an electrodeposition procedure of the Bi precursor followed by 
drop-casting of the vanadium precursor. They have yielded photocurrent densities 
of 1.1 mA/cm2 and 1.8 mA/cm2 at 1.23 V vs. RHE, respectively. It was reported 
that apart from contributing a higher surface area, the porosity of the material 
increases the volume of the depletion layer in the semiconductor and improves the 
electron-hole separation56. The improvements in photocurrent densities reaching1.7 
mA/cm2 and 4.2 mA/cm2 (at 1.23 V vs. RHE), respectively, have been reported for 
each of these materials after the addition of a FeOOH OEC to the bare porous 
BiVO4, and of an FeOOH/NiOOH OEC to the bare nanoporous BiVO4. 

 

Figure 3. Morphology enhancement techniques for BiVO4 synthesis. (a) Field emission 
scanning electron microscopy (FE-SEM) image of porous BiVO4 on FTO that the authors 

synthesized using the electrodeposition route suggested by Kim & Choi35. (b) SEM image and(c) 
schematic diagram of the synthesis of double-deck inverse opal WO3/BiVO4 synthesized by Ma et 

al., adapted with permission from 78, Copyright American Chemical Society, 2014. 
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Figure 3a shows the FE-SEM image of porous BiVO4 that was synthesized 

using the electrodeposition route of Kim and Choi35. An increased porosity was 
achieved through the cathodic electrodeposition of BiOI, which served as the 
bismuth precursor, on a F-doped Tin Oxide (FTO) conductive surface. The thin 2D 
structure of BiOI gave rise to a porous BiVO4 structure upon calcination, after heat 
treatment while in contact with the vanadium precursor. 

 
In another study by Hernández et al79, dense and porous BiVO4 photoanodes 

were synthesized using spin-coating. The photocurrent density that was achieved 
by the dense electrode reached up to 3 mA/cm2 at 1.23 V vs. RHE, when enhanced 
by a Co-Pi OEC. Electrochemical impedance spectroscopy (EIS) measurements 
showed that the charge transfer kinetics in the dense BiVO4 was 3-fold faster than 
that obtained from the porous film. On the other hand, the porous film was found 
to have a higher resistance to charge transfer across the electrode–electrolyte 
interface, thereby causing the electrons to accumulate in the conduction band, and 
eventually recombining with the holes in the valence band. However, the authors 
stated that the presence of defective states that were induced by the synthesis 
procedure may have caused the higher charge recombination in this particular 
porous photoanode. Indeed, as seen from a different study, the synthesis of porous 
BiVO4 via double magnetron sputtering generated a photocurrent density of 1.2 
mA/cm2 at 1.23 V vs. RHE80, which is 4-fold greater than the pristine BiVO4 that 
was produced via spin-coating. It is very important to understand from here that the 
nature of the synthesis procedure and the manner by which it is performed heavily 
affect the intrinsic properties of a material, and ultimately, determines its 
performance. 

 
There are different characteristics that are induced by the synthesis processes 

that have been identified as essential to achieve a high performance on pristine 
BiVO479. First, the crystallite size was found to have a direct correlation to the O2 
production activity of BiVO4 samples81, i.e., doubling the size of the BiVO4 
crystals, from 90 to 170 nm has increased the rate of O2 evolution 5-fold. Second, 
the preferential orientation towards the (040) facets as well as the (001) facets have 
both been reported to have a positive influence on the water oxidation photoactivity 
of scheelite monoclinic BiVO454,81. In addition, the higher the distortion of the 
VO43− tetrahedron and the lower the V–O distance, the higher is the mobility of the 
charge carriers in the material, and therefore the more the charge recombination is 
suppressed. Finally, a reduced concentration of defects at the grain boundaries of 
crystals sintered together, which can be achieved by controlling the crystallization, 
i.e., thermal treatment steps during the synthesis process, is able to diminish the 
superficial recombination79,82. 
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Effect of Ordered Structures/Inverse Opals 

Another method of altering the BiVO4 morphology involves the fabrication of 
compact, ordered structures called inverse opals, which provide an ordered 
transport path for the electrons in order to enhance the electron mobility. For the 
preparation of inverse opals, well-ordered polystyrene (PS) spheres that are 
arranged in crystal templates, are placed on the substrates and are infiltrated with 
the BiVO4 precursor solution. The PS templates are removed by annealing, and this 
yields inverse opal structured-catalysts. Zhou et al52 were able to produce pristine 
BiVO4 with a photocurrent density of 0.6 mA/cm2 at 1.23 V vs. RHE, using this 
technique. Doping with 2 atom % Mo increased the photocurrent density to 1.1 
mA/cm2 at 1.23 V vs. RHE. 

 
Ma et al78, produced a double-deck heterojunction structure of WO3 and BiVO4 

with an inverse opal nanostructure, which generated a high photocurrent density of 
3.3 mA/cm2 at 1.23 V vs. RHE, without the aid of a dopant or an OEC. Figure 3b 
shows the FE-SEM image of this photoanode which clearly shows the ordered 
pattern. It was achieved through the use of monodisperse PS scaffold films that had 
been swollen with a methanol solvent, and infiltrated with a WO3 precursor 
solution, as shown in Figure 3c. The authors were able to induce the growth of 
BiVO4 in a controlled manner, thus resulting to its even distribution over the WO3 
skeleton. 

 

2.5.2 Addition of n-Type Conductivity Dopants 

Doping BiVO4 with Mo and W has been performed extensively83–91. W and Mo 
are characterized to be shallow electron donors and their primary effect is 
increasing the charge carrier density, which then increases the electron mobility by 
increasing the n-type conductivity of the BiVO492. This phenomenon as well as the 
superior n-type conductivity that was induced by Mo doping than by W doping, has 
been demonstrated through first-principle density functional theory (DFT) 
calculations84 and experiments44,86. 

 
Moreover, Thalluri et al93 have identified the role of the amounts of W and Mo 

dopants for the water oxidation reaction. They determined that charge carrier 
separation is enhanced on the surface of BiVO4 for up to a certain amount of  
dopants: 0.9 at.% of W or 1.2 at.% of Mo, for which the electron-hole 
recombination is reduced and the BiVO4 photocatalytic activity is improved. 

 
In a study by Pattengale et al94, it was reported that the W dopant replaces the 

V site, causing the bulk structure to change to a mixture of monoclinic and 
tetragonal scheelite BiVO4 structures. The Bi center is less distorted than the 
undoped BiVO4. These structural changes are thought to eliminate hole traps, and 
therefore extend the electron lifetime. 
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Park et al66 reported that 3 at.% Mo doping on the V site almost doubled the 
absorbed photon-to-current efficiency (APCE), and it also enhanced the 
photocurrent density of BiVO4, from between 0.1 and 0.2 mA/cm2 at 1.23 V vs. 
RHE, to a final photocurrent density of about 1.0 mA/cm2 at 1.23 V vs. RHE. After 
addition of a FeOOH OEC, the photocurrent density increased further to 3 mA/cm2 
at 1.23 V vs. RHE.  

 
Abdi et al26 utilized a gradient-doping technique on BiVO4 using 0 %–1 % of 

W. This was reported to enhance the charge separation 1.6-fold. The improvement 
was due to the induced band bending, which generates a desirable built-in electric 
field. The photocurrent density of gradient-doped W reached 1.1 mA/cm2 at 1.23 V 
vs. RHE. Adding a Co-Pi OEC was found to further enhance the photocurrent 
density to reach 3.6 mA/cm2 at 1.23 V vs. RHE.  

 
Gong et al95 reported an increase of up to 2.6-fold in photocurrent density when 

they performed 10 at.% doping of Mo on bare 150 nm-thick BiVO4 that had been 
produced by magnetron co-sputtering, and reached a photocurrent density of 1.2 
mA/cm2 at 1.23 V vs. RHE. 

 
Doping with PO4 oxoanion was reported to increase the activity by 30-fold, and 

the improvement was attributed to the improved charge transfer in the 
semiconductor-electrolyte interface, as shown by EIS analyses86.  

 
Tae Woo Kim et al48 have performed N-doping on nanoporous BiVO4 and, 

using a FeOOH/NiOOH OEC in series, they were able to reach a remarkable 
photocurrent density value of 5 mA/cm2 at 1.23 V vs. RHE, versus the 4 mA/cm2 
at 1.23 V vs. RHE that was obtained without N-doping. IPCE values were 50 % 
and 60 % at 400 and 470 nm, respectively, at 0.6 V vs. RHE. Nitrogen was reported 
to enhance the light absorption and charge transport, due to a further lowering of 
the band gap energy, which gives access to a wider range of the solar spectrum. 
This was achieved by elevating the VBM, decreasing the static dielectric constant, 
and improving the electron mobility. 

 
Jin Hyun Kim et al96 produced a dual-doped BiVO4 photoanode, which was 

accomplished through a H-treatment and the use of 3 at.% Mo. This generated a 
photocurrent density of about 3 mA/cm2 at 1.23 V vs. RHE. The H2 treatment and 
Mo-doping was reported to increase the charge carrier density significantly, i.e. 2 
orders of magnitude, due to the formation of intrinsic and extrinsic defects. Doping 
was also found to extend the diffusion length of the holes. The addition of a Co-Ci 
OEC further increased the photocurrent density to 4.9 mA/cm2 at 1.23 V vs. RHE. 

 
Monfort et al97 used 10 at.% of Nb to enhance the photoelectrochemical 

performance of BiVO4. The photocurrent density was improved from about 0.5 
mA/cm2 at 1.23 V vs. RHE to about 2 mA/cm2 at 1.23 V vs. RHE in a NaHCO3 
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electrolyte. The enhanced activity was attributed to the formation of a hierarchical 
nanostructure, which favoured the charge separation. 

 

2.5.3 Heterojunction Formation 

The charge recombination in BiVO4 can be attributed to the short carrier 
diffusion length of approximately 70–100 nm38, and the charge recombination 
happening as a consequence. The use of a heterojunction98–100, formed by using an 
underlayer made up of a more conductive core material that will enhance the 
electron mobility, has been investigated to solve this problem. 

 
In a study by Ma et al78 (Figure 3b-c), WO3 inverse opals were used as the core 

structure and were reported to have better electron transporting properties than the 
BiVO4 shell, generating a photocurrent density of 3.3 mA/cm2 at 1.23 V vs. RHE. 
Similarly, a conducting inverse opal network, made from an Al-doped ZnO, was 
utilized by Zhang et al101 as an electron collector, and it resulted to a photocurrent 
density of 1.5 mA/cm2 at 1.23 V vs. RHE. 

 
Pilli et al102 fabricated a CuWO4/BiVO4 heterojunction through the 

electrodeposition of the CuWO4 on FTO, and the spray deposition of a highly 
porous BiVO4 film on the electrodeposited surface. The photocurrent density was 
improved 1.8-fold, which reached about 1.6 mA/cm2 and IPCE of 42 % at 420 nm 
measured at 1.23 V vs. RHE, was attributed to the enhanced charge collection 
efficiency. Furthermore, the heterojunction was reported to have caused a shift in 
the onset potential of up to 0.23 V, when a NaHCO3 electrolyte was used.  

 
A core-shell WO3/BiVO4 helix nanostructure  that was doped with Mo and 

naturally doped with W from the WO3 core was synthesized by Shi et al60. This 
produced a photocurrent density of 3.6 mA/cm2 at 1.23 V vs. RHE. The addition of 
an FeOOH/NiOOH co-catalyst yielded a remarkable photocurrent density of 5.35 
mA/cm2, and an IPCE of 90 % between 330 and 450 nm at 1.23 V vs. RHE. Shi et 
al stated that the nanohelix structure improved the light absorption, because of the 
resulting light scattering, and it also promoted charge separation by introducing a 
complex distribution of the electric field.  

 
In a separate work, Shi et al103synthesized a mesoporous WO3 bottom layer that 

was spin-coated with a Mo-doped BiVO4 on the top. Natural doping of the W on 
the WO3 layer occurred at the BiVO4 due to intimate contact during heat treatment. 
The photocurrent density generated was about 3 mA/cm2 at 1.23 V vs. RHE, while 
a further addition of the FeOOH/NiOOH OEC increased the photocurrent density 
to a value of 4 mA/cm2 at 1.23 V vs. RHE. 
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Figure 4. (a) WO3/BiVO4 core-shell nanowires (NWs) according to Rao et al104and (b) 

WO3/BiVO4 core-shell nanorods (NRs) by Pihosh et al57. Image (a) reprinted/adapted with 
permission from 104, Copyright American Chemical Society, 2014. Image (b) used under the 

Creative Commons CC-BY license attributed to57. Copyright Nature Publishing Group, 2015. 

 
Rao et al104 fabricated a WO3/BiVO4 core-shell nanowire photoanode, 

synthesized using combination of flame vapor deposition and drop-casting 
techniques, as illustrated in Figure 4a. A photocurrent density of 3.1 mA/cm2 at 
1.23 V vs. RHE was obtained. The W:BiVO4 shell that they synthesized was only 
60 nm thick, which is less than the 70–100 nm hole diffusion length reported in 
literature. Because of this, hole/electron charges separation was enhanced because 
the holes were readily able to reach the semiconductor/electrolyte interface. 
Furthermore, they reported that the axial electron conductivity of the WO3 nanowire 
core was higher than that of the BiVO4 film, thus, the preferential flow of the 
photogenerated electrons was radially inward to the WO3 cores. 

 
The highest photocurrent density recorded to date is for the CoPi-coated 

WO3/BiVO4 core-shell nanorods shown in  
Figure 4b. It was synthesized by Pihosh et al57, which yielded a photocurrent 

density of 6.72 mA/cm2 at 1.23 V vs. RHE. This corresponds to about 90% of the 
maximum theoretical photocurrent density of BiVO4. An IPCE of 80–90 % was 
achieved for wavelengths ranging from 400–500 nm at 1 V vs. RHE. The WO3 
nanorods were grown using GLAD, the BiVO4 was synthesized via 
electrodeposition, and the Co-Pi OEC was added via a photo-assisted 
electrodeposition technique. The key improvement in BiVO4 performance has been 
attributed to the use of an extremely thin absorber (ETA) heterojunction structure 
to address the problem concerning the short carrier diffusion length. This minimizes 
the electron-hole recombination. In addition, Pihosh et al reported that the ETA 
structure also enhanced the photon absorption, because of a more efficient light 
scattering. 
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2.5.4 Use of Passivation Layers 

Solid semiconductors such as BiVO4 have surface states that are associated 
with the abrupt termination and discontinuity of the solid crystal at the crystal 
boundary, with an electronic band structure that is quite different from the bulk, and 
characterized by dangling bonds5. These surface states having a modified band 
structure may give rise to defect levels, which are energy levels that do not lie near 
the band gap edges and may lie within the previously forbidden band gap region. 
These can mediate electron-hole recombination via the Shockley-Read-Hall 
mechanism wherein the electron from the conduction band can move towards the 
defect level, release the energy as photon or phonons, and eventually relax in the 
valence band, annihilating a hole in the process. 

 
Surface recombination can be reduced in two ways: (1) reducing the rate by 

which the surface states can capture electrons and holes by reducing the number of 
the said surface states or having lesser capture probabilities, and (2) reducing the 
number of one type of charge carrier that is available in the surface5,105. The former 
can be achieved via chemical passivation, where the dangling bonds are completed 
using a surface dielectric coating or chemical species such as Hydrogen. The former 
is accomplished either via field-effect passivation, in which an internal electric field 
is responsible for modifying the surface carrier concentration, or via introduction 
of dopants with high concentration of a certain carrier type in the surface. 

 
In photoelectrochemical systems, passivation layers have been used as an 

effective strategy to improve the charge separation and transfer processes across 
semiconductor–liquid interfaces. These thin layers can reduce the charge 
recombination at surface states, increase the water oxidation reaction kinetics, and 
protect the semiconductor from chemical corrosion. These layers are <100 nm thick 
but quite often, only 1–2 nm are used to allow the charge transfer by means of 
tunneling. Passivation layers can be fabricated by means of several relatively 
scalable techniques such as atomic layer deposition (ALD), spin-coating, 
electrochemical deposition, sputtering, electron beam evaporation, floating transfer 
and dip-casting 7,24,106. 

 

BiVO4 surface passivation with Al2O3 

 Al2O3 is a wide band gap material (5-9 eV) having different crystalline 
forms, exhibiting low leakage current, and a modest value of dielectric constant107. 
It finds its use as a gate dielectric in metal oxide semiconductor (MOS) transistors 
and is a suitable insulator for various electronic applications.  

 
In the solar photovoltaic field, the importance and crucial impact of surface 

recombination to the resulting photoactivity of conventional semiconductors has 
been very much highlighted. Al2O3 has been used as a passivation layer for both p- 
and n-type silicon solar cells. Al2O3as a passivation layer is unique because it 
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combines the effect of both chemical and field effect passivation by providing 
hydrogen to the Si interface during the post-deposition thermal treatments and also 
for having a very high density of negative charges located near the interface108.  

 
 However, literature is scarce for the use of Al2O3as a passivation layer for 

BiVO4 photoanodes. To date, only two papers reported the use of Al2O3 as a 
passivation layer for BiVO4109,110. It was shown that adding an Al2O3 layer with an 
optimal thickness enhances the photocurrent density, however, the nature of the 
specific surface interactions between Al2O3 and BiVO4 remains to be studied. 
 

BiVO4 surface passivation with TiO2 

TiO2 is the most studied semiconductor oxide since its photoactivity was 
reported in 1972. However, it possesses a band gap of 3.2 eV, thus, inefficient for 
sun-driven reactions, if used bare. TiO2 has also been used in the photovoltaic field 
as an antireflective passivating layer. Charge trapping of valence band electrons in 
defects near the valence band of TiO2 have been demonstrated and also found to 
increase the conductivity. It was hypothesized that illuminating TiO2 negatively 
charges it by exciting an electron into the conduction band, while simultaneously, 
the corresponding valence band hole is filled by reacting with silicon or the outside 
ambient111.   

 
In order to overcome the degradation of BiVO4 under extreme pH conditions, 

TiO2 has been used to passivate the material, mainly as a protection coating. A thin 
layer of amorphous TiO2 (80–120 nm thick deposited for 15–30 s)85, resulted to a 
5.5-fold increase in photocurrent density as well as a shift in the photocurrent onset 
potential by -0.5 V. The authors explained that the enhancement was in part due to 
the TiO2 layer passivating the FTO surface, which was not completely covered by 
the W-doped BiVO4. This reduced the back-reduction of the photo-oxidized 
intermediates on the conducting substrate and passivated the defect sites on the 
surface of the W-doped BiVO4 films. The authors also noted that a possible 
improvement in charge collection, may be due to band bending at the TiO2–BiVO4 
interface.  

 
Ultrathin dual layers of TiO2 and Ni have also been used to stabilize 

polycrystalline BiVO4 photoanodes against photocorrosion in an aqueous alkaline 
(pH = 13) electrolyte112. The dual-layer coating extended the lifetime of the BiVO4 
photoanodes during photoelectrochemical water oxidation from minutes, for the 
bare BiVO4, to hours, for the modified electrodes. ZnFe2O4 (10-15 nm thick) has 
also been used as a protection layer to stabilize BiVO4 in a 0.1 M KOH solution87, 
which generated a photocurrent density that was >2 mA/cm2 at 1.23 V versus RHE, 
with a significantly improved stability, compared to the pristine BiVO4 electrode. 
It was also suggested that the ZnFe2O4 protection layer could also contribute to 
photocurrent generation via an increased photon absorption and electron–hole 
separation. 
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It is worth noting that, although significant advantages are possible with a 

surface passivation layer, other problems may arise. The surface layer creates new 
interfaces that need to be considered. While a surface layer can improve one 
property, it may simultaneously make another property worse. However, the 
engineering of multiple component passivation layers can provide a solution for the 
many material problems encountered in PEC water splitting. 

 

2.5.5 Substrate Modification 

Since the performance of the BiVO4 photoanode is hindered to a great extent 
by the short hole diffusion length, which is a very evident phenomenon when 
dealing with flat substrates, efforts have been made to alter the conductive substrate 
surface by 3D nano-structuring to compensate for this limitation. A few studies 
have recently reported the 3D structuration of the conductive substrate of the BiVO4 
photoanode. However, it should be noted that expensive materials, such as Au and 
Pt, were used in these techniques to enhance the conductivity of the engineered 
substrates. 

 
Zhao et al113, for instance, deposited the BiVO4 onto textured 

polydimethylsiloxane (PDMS) substrates, which were fabricated via a water-
assisted transfer printing method. This was done to take advantage of the enhanced 
light absorption, via a dual light-trapping strategy, and of the enhanced surface 
reactions due to surface roughness. An Au film was deposited onto the SiO2/Si 
wafer, via electron beam deposition, to serve as an electron back collector and light 
reflector. Thin SnO2 and BiVO4 films were then spin-coated onto this surface. A 
pristine 80 nm thick BiVO4 photoanode was synthesized, and it exhibited a 
photocurrent density of 1.37 mA/cm2, which increased to approximately 2 mA/cm2 
at 1.23 V vs. RHE when enhanced by an FeOOH OEC.  

 
Another example is the work of Qiu et al59, who reported the synthesis of 

BiVO4 photoanode on an engineered nanocone substrate, which is shown in Figure 
5. Engineered substrate structures, such as the nanocone, have the advantage of 
depositing thicker materials that can bring about a more efficient charge separation. 
The cone nanostructure was prepared by means of reactive-ion etching of SiO2, 
while its conductivity was enhanced via magnetron sputtering of Pt. A SnO2 film 
was then applied as a blocking layer by ultrasonic spray pyrolysis to reduce back e− 
recombination. Finally, BiVO4 was formed via a sol-gel process, and the generated 
photocurrent density was 4.18 mA/cm2 at 1.23 V vs. RHE. 
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Substrate modification strategy is a key element in the design of photoanodes 
in a real PEC water splitting device. The development of transparent, conductive, 
porous, and robust substrates, for use as supports for photoelectroactive materials, 
remains a challenge.  

2.6 What are the gaps? 

2.6.1 Need to focus on scalable synthesis techniques 

The BiVO4 photoanodes can be prepared via a couple of techniques. One route 
is through the synthesis of BiVO4 powder via solid-state synthesis or solution-based 
techniques such as hydrothermal synthesis or sol-gel synthesis. An extensive 
amount of literature covers the powder synthesis techniques employed in producing 
BiVO4. Then, the synthesized powders are deposited on conductive electrodes via 
spin-coating, dip-coating or the very simple doctor-blade technique. These are 
simple techniques that can be easily implemented at cheaper cost. However, BiVO4 
powders synthesized by these methods usually suffer from very low surface 
area56,114, typically having values which are less than 10 m2/g. Uniformity in the 
photoanode films produced by this method is also an issue for scaling up these 
methods. Meanwhile, direct BiVO4 thin films have been prepared by employing 
different deposition techniques.   

 

Figure 5. Pt/SnO2/Mo:BiVO4 on an engineered nanocone substrate. (a) Schematic illustration 
of the fabrication process of the conductive nanocone substrate; (b) scanning electron microscope 

(SEM) image (60° tilting) of the final SiOx/Pt/SnO2 nanocone arrays; (c) cross-sectional SEM 
images of Mo:BiVO4 on the SiOx/Pt/SnO2 nanocone substrate. Some exposed nanocones were also 

marked in the figure (c). Scale bars, 500 nm. Images adapted and used under Creative Commons 
CC-BY-NC license, attributed to 59 . Reprinted with permission of from 59. Copyright American 

Association for the Advancement of Science, 2016. 
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There are physical vapor deposition processes like molecular beam epitaxy and 
magnetron sputtering80, which offer uniformity over large areas, a better control on 
stoichiometry, and ease of scalability115, but may require highly specialized and 
crystalline substrates as well as need high power and high vacuum (at least 10-6 Pa) 
requirements which might not be compatible with the more low-cost glass 
substrates normally used11. Chemical vapor deposition processes to deposit BiVO4 
offer highly crystalline and high quality thin films, with ample control on 
morphology via controlling the process conditions116, but it uses relatively high 
temperature in order to evaporate the precursors.  

 
Among the various thin film deposition techniques, the most promising in terms 

of scalability and ease of execution is electrodeposition. Although the technique is 
limited to the deposition of electrically-conductive materials, it is very much suited 
for producing polycrystalline films of BiVO4 with favorable porosity and well-
developed nanostructured materials.  Because it is essentially a solution-based 
technique, the control of morphology can be accomplished by just varying the 
different solution parameters while the thickness control can be accomplished via 
controlling the electrodeposition parameters, all done under ambient conditions, 
thus, relatively cheap and practical. However, the literature for electrodeposited 
BiVO4 is not exhaustive. Despite its promise, it is not very well-studied and thus, it 
is a very good field to explore. 

2.6.2 Need to probe BiVO4 surface chemistry/interactions 

The nature of the surface of the photocatalyst plays a major role in its 
performance. There have been varying opinions about the role of surface states or 
defects on the BiVO4 photoanodes in their  photoelectrochemical water splitting 
activity, with some studies claiming that they are beneficial by promoting charge 
transport and collection117 by directly impacting the electronic structure of the 
BiVO4, while some others are faulting them as providing harmful trap sites that 
cater to electron-hole recombination118. 

 
The dominant intrinsic defects in the monoclinic scheelite BiVO4 are the 

oxygen vacancies, which can be found both in the bulk and the surface, 
characteristically being more pronounced in the surface. Oxygen vacancies at oxide 
surfaces such as that of BiVO4 can alter the geometric and chemical structures and 
properties of the electrode119, and in turn, impact its activity to a large extent. A 
very good understanding of the fundamental contributions of these surface defects 
to the overall activity of the photoanode is crucial  in determining the extent of the 
functionality. This has not yet been clearly elucidated and much work needs to be 
done for the role of these oxygen vacancies in the use of BiVO4 photoanodes in 
PEC water splitting. 

 
In addition, while there are many studies dedicated to the improvement of 

BiVO4 photocatalytic performance by aiming for a higher current density, the 
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nature of the surface of pristine BiVO4 and its interactions have not been 
comprehensively studied.  This is of utmost significance in order to determine what 
kind of surface phenomenon will prevail, and will give insights about how the 
surface species are interacting with other elements, i.e., a passivation layer or an 
OEC overlayer. 

 

2.6.3 Need for stability improvement 

In order to be practical, PEC water splitting systems have to be stable for a long 
period of time, the typical benchmark being a lifetime of 10 years120. However, 
achieving such a lifetime still remains a challenge as scientists are still trying to 
overcome the effect of the strong reductive and oxidative properties of the 
photogenerated electron-hole pair on the stability of semiconductor electrodes. 

 
Toma et al121 performed a mechanistic study on the chemical and 

photochemical transformations of BiVO4 photoanodes in which insights are given 
about issues concerning the source of instability in BiVO4 photoanodes. In this 
study, it was shown that the degradation of the BiVO4 photoanodes takes place 
under all aqueous testing conditions and was seen to be accelerated by illumination, 
as well as by increase of the pH and of the applied anodic bias. This phenomenon 
was prevalently attributed to the following: (1) an inability to achieve self-
passivation, brought about by the inability to form a stable Bi-O surface phase, due 
to kinetic limitations on the room-temperature structural transformation of V-
deprived degradation product; and (2) an accumulation of holes on the surface of 
the lattice, which were observed to cause the BiVO4 destabilization. 
 

The longest stability test that was performed on a BiVO4-based photoanode was 
done on  WO3/(W,Mo):BiVO4 helix nanostructures60 with FeOOH/NiOOH, which 
only lasted for 7 days, accompanied by a corresponding 8.7% decay on its 
performance. Evidently, the 10-year stability target is still far from being achieved 
as current research trends are still focusing on solving the problem of inefficiency. 
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Chapter 3 
 
Bare BiVO4 electrodes: synthesis, 
characterization, and photoactivity 

This chapter discusses the synthesis, characterization, and the photoactivity of 
pristine BiVO4 photoanodes that were synthesized via the electrodeposition of the 
Bi precursor and subsequent drop-casting of the V precursor. It reports the findings 
on the effect of the electrodeposition time, the calcination temperature, and the 
composition of the electrodeposition solution on the photocurrent density and 
material properties. This chapter provides a comprehensive discussion about how 
the different material properties are correlated to the photoactivity, and how the 
studied factors impact these parameters. Moreover, more insights are presented 
considering the various photoelectrochemical characterization techniques.   

 

3.1 Materials and Methods 

3.1.1 Materials 

Bismuth (III) nitrate pentahydrate (Bi(NO3)3•5H2O, ≥98%), vanadyl 
acetylacetonate (VO(acac)2, ≥98%), potassium iodide (KI, ≥99%), p-benzoquinone 
(C6H4(=O)2, ≥98%), absolute ethanol (CH3CH2OH, ETOH,≥99.8%), dimethyl 
sulfoxide/DMSO (CH3)2SO, ≥99.9%), nitric acid (HNO3,70%) and sodium 
hydroxide (NaOH pellets, ≥97%), were utilized as-received from Sigma-Aldrich. 
Fluorine-doped tin oxide (FTO) conductive glasses with a sheet resistance of 7 
Ω/cm2 were obtained from Solaronix Inc. The FTO glasses were cleaned by 
sonicating in acetone, ethanol and water, respectively, for 10 minutes each, prior to 
their use. 
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3.1.2 Investigation and optimization of BiVO4 synthesis 

 The BiVO4 synthesis procedure was based on a method employed by Kim and 

Choi35, which involves the electrodeposition of BiOI on FTO as the first step. The 
whole procedure is outlined in Figure 6, which also shows the actual solutions and 
electrodes that were obtained. The electrodeposition solution was prepared by 

Figure 6. Synthesis of pristine BiVO4 
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mixing 0.04 M of Bi(NO3)3•5H2O dissolved in acidified 0.4 M KI aqueous solution 
(pH 1.7), with 0.23 M p-benzoquinone in absolute ethanol (Step 1). For this, 
potentiostatic cathodic deposition was performed by using a 3-electrode system. An 
FTO glass served as the working electrode, Ag/AgCl (3 M KCl) served as the 
reference electrode, and a Pt wire was used as the counter electrode to close the 
circuit. Different voltages (from -0.05 V to -2 V) and electrodeposition times (from 
0.5 min to 10 min) were investigated (Step 2). The geometric area was kept constant 
at 2 cm2. The film thickness was obtained using a profilometer by tracing the 
surface topography of the samples. 

 
After the deposition of BiOI, Vanadium was introduced on the BiOI film by a 

dropwise addition of 180 μL of a 0.2 M vanadyl acetylacetonate solution. Two 
different solvents were investigated for the dissolution of the V-precursor: dimethyl 
sulfoxide (DMSO) and dimethyl fluoride (DMF).  

 
In order to induce the formation of crystalline BiVO4, the samples were 

calcined by using different ramping rates, a slow rate (2 oC/min) and a fast one (20 
oC/min), and at various temperatures from 350 oC to 500 oC (Step 3).The calcined 
FTOs were then gently stirred in 1 M NaOH solution for 30 minutes to dissolve the 
excess V2O5 (Step 4). Finally, pristine BiVO4 electrodes were obtained after 
washing the electrodes with ultrapure H2O. 

Table 4. Important factors that were optimized using the experimental design 

Factor 

Levels Fixed factor 

Min Max 
Electro-

deposition 
time (min) 

Calcination 
temperature 

(oC) 

Bi-KI to 
benzoquinone-

EtOH ratio 
Electrodeposition 

time (min) 0.5 10 --- 425 1.9 

Calcination 
temperature (oC) 350 500  5.25 --- 1.9 

Bi-KI to 
benzoquinone-

EtOH ratio 
1.3 2.5  5.25 425 --- 

 
Preliminary factor screening tests (details shown in Appendix 1) were 

performed in order to identify the factors that have the most influence to the 
photoactivity. The effects of each identified factor (indicated in Table 4) and their 
different levels on the photoactivity have been thoroughly investigated.  
 

Furthermore, the identified factors (indicated in Table 4) were then optimized 
using the central composite design of experiments (CCDE) by utilizing the 
photocurrent density as the response variable. Each factor was varied across 5 levels 
in the experiment. The experimental runs have been performed in a randomized 
order, employing the design principles of replication, randomization and blocking. 
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A 6-point replication of the center points of the experimental design have been 
performed. 

3.1.3 BiVO4 thin film characterization 

A Merlin Zeiss Field Emission – Scanning Electron Microscope (FE-SEM) 
equipped with an Energy Dispersive X-ray Spectroscopy System (EDS) was used 
to study the morphology of the samples.  

 
XRD spectra were obtained by using a Panalytical X’Pert PRO diffractometer 

under Cu Kα radiation (λ =1.5418 Å) set at 40 kV and 40 mA, in order to determine 
the crystallinity of the BiVO4 films. Crystallite sizes were calculated by using the 
Scherrer formula λ β θ  where D is the average crystallite size (nm), λ 
is the wavelength of the X-ray radiation (0.15418 nm), k is the shape factor (0.90) 
and β is the full-width half maximum, which was corrected for instrumental 
broadening. Calculations were done in the Panalytical High Score software by 
referencing the profile width of the samples to the one of the LaB6 employed as 
standard, whose pattern was collected in the same optical and acquisition conditions 
of the samples. The calculation was done after fitting a Pseudo-Voigt profile 
function into the measured data. 

 
UV-vis absorption spectra were obtained by using a Varian Cary 5000 

spectrophotometer in the diffuse reflectance mode with an integrating sphere. 
Optical band gap energies were calculated by using the Tauc relation αhv = A(hv-
Eg)n, where α is the absorption coefficient, A is a constant that is related to the mass 
of electrons and holes, Eg is the band gap energy, and the value of n depends on the 
type of transition (n=1/2 for allowed direct transition and 2 for allowed indirect 
transition). The majority of the literature suggests that BiVO4 follows an allowed 
direct transition. In this work, the band gap of the BiVO4 films was calculated by 
using the equation αhv 2 = A(hv-Eg), through a plot of αhv2 vs hv, which has a linear 
region having a slope A and the extrapolation of αhv = 0 gives the direct Eg. The 
band gap calculations using indirect band gap transition were also performed and 
the results obtained were almost equivalent to the direct band gap transition 
calculations.  

 
X-ray photoelectron spectroscopy (XPS) measurements were performed by 

using a PHI 5000 Versa probe instrument equipped with a monochromatic X-ray 
source of 1486.6 eV (Al Kα) in order to determine the surface composition of the 
synthesized electrodes. High resolution (HR) analysis has been performed with a 
pass energy of 23 eV, with a double charge compensation made by Ar+ and electron 
beam sources. The deconvolution procedure has been completed by using Multipak 
9.0 dedicated software. C 1s core level has been used as referenced at 284.5 eV. 
Pseudo-Voigt function has been applied for curve fitting the experimental data, 
while Shirley function has been used to subtract the background signal.  
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3.1.4 Photoelectrochemical tests 

A 3-electrode system with a Pt coil counter electrode (CE), Ag/AgCl (3M KCl) 
reference electrode (RE), and the synthesized BiVO4 photoanode as the working 
electrode (WE), were set up in a single-compartment quartz cell containing a 0.1 M 
phosphate buffer solution at pH 7. To simulate sunlight irradiation, a Newport 450 
W Xe lamp with an AM 1.5G filter was employed, using an intensity of 100 
mW/cm2 for all the tests. The entire electrode geometric area of 2 cm2 was 
illuminated.  

 
PEC activity tests were performed by using a BioLogic VSP 300 potentiostat. 

In order to characterize the photocatalytic activity of the BiVO4 photoanodes, linear 
sweep voltammetry (LSV) in continuous and chopped light modes, and 
chronoamperometry (CA), were employed. The LSV curves show the behaviour of 
the photocurrent density as a function of the applied potential in the PEC system, 
while the CA curves show the behaviour of photocurrent density over time at a 
fixed voltage, which was 0.61 V vs Ag/AgCl (1.23 V vs RHE) in this case. Linear 
sweep voltammetry was performed at the potential range of -0.3 to 1 V vs. Ag/AgCl 
at a scan rate of 10 mV/s. Chronoamperometry was done at 0.61V vs. Ag/AgCl. For 
the conversion of the measured potentials versus the Ag/AgCl (3M KCl) reference 
electrode to RHE (NHE at pH=0), the following Nernst equation was used. 

 

 (1) 

 
In order to examine the carrier mobility and the photocatalytic potential of the 

BiVO4 films, staircase potentio electrochemical impedance spectroscopy (SPEIS) 
was performed for each sample, using the potential range of -0.8 to 1 V (vs. 
Ag/AgCl),and a frequency of 7.5 kHz with an amplitude of 25 mV. Thus, Mott-
Schottky plots were drawn to extrapolate the flat band potentials (Efb) and donor 
densities (ND) of the photoanodes, according to the equation: 

 

εε
  (2) 

 
where C is the interfacial capacitance, ε is the dielectric constant of the 
semiconductor, εo is the permittivity of free space, A is the area of the interfacial 
capacitance, ND is the donor density, E is the applied potential, Efb is the flat-band 
potential, kB is the Boltzmann’s constant, T is the temperature and e is the electronic 
charge. A plot of  versus the potential yields a linear region. From the value 
of this slope, the ND of a semiconductor can be calculated and the intercept of the 
extrapolation of this linear plot to  gives its flat band potential. A positive 
slope indicates that the material is an n-type semiconductor and electrons are the 
majority charge carriers. 
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Charge transport and transfer properties of the photoanodes were investigated 
using electrochemical impedance spectroscopy (EIS) measurements, in the 
frequencies ranging from 0.1 Hz to 0.5 MHz, at 0.61 V vs. Ag/AgCl, under 
simulated sunlight illumination (100 mW/cm2). 

 

3.2 Results and Discussion 

3.2.1 Effect of various factors on physico-chemical properties 

In this section, the effect of the various electrodeposition factors on the 
morphology, physico-chemical properties, and charge carrier mobility of the BiVO4 
electrodes is presented. The FESEM and XRD images of BiVO4 films prepared 
under different conditions as reported in Table 4 are shown in Figure 7 and Figure 
8, respectively.  

 
From the FE-SEM images in Figure 7, there were very pronounced changes in 

morphology that can be clearly observed resulting from the different synthesis 
conditions that were employed. Porous structures with varying grain sizes, 
agglomeration, and growth patterns can be seen. The specific effects of each factor 
variation are extensively discussed in the following factor-specific sections. 

Figure 7. FESEM images of the bare BiVO4 photoanodes synthesized at different: (A) 
electrodeposition times, (B) calcination temperatures, and (C) Bi-KI to Benzoquinone-EtOH ratio, 

as detailed in Table 4. 
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Figure 8. XRD spectra of the bare BiVO4 photoanodes synthesized at different: (a) 

electrodeposition times, (b) calcination temperatures, and (c) Bi-KI to Benzoquin  one-EtOH ratio, 
as specified in Table 4. 

 
From the XRD spectra shown in Figure 8, it can be seen that the monoclinic 

scheelite structure (JCPDS No. 14-0688, space group: I2/a, a=5.195, b=11.701, 
c=5.092, β=90.38o) was obtained for almost all the electrodes, which is evident 
from the peak splitting at the 18.5o and 35o of 2θ (see arrows in the figure). The 
only exception was the 0.5 min sample that is the thinnest electrode, which 
manifested a spectra that is practically similar to that of the FTO, because of the 
very low amount of BiVO4 that was deposited on it. The thickness of this electrode 
is 56 nm.  

 
The physico-chemical properties of the synthesized BiVO4 electrodes have 

been summarized in Figure 9 for every factor, in order to evaluate their effects on 
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the resulting photocurrent density. A more detailed analysis of this figure is given 
in the succeeding subsections while the following sentences describe the 
information contained therein, in general. The mean crystallite sizes (calculated 
from data on (011), (121) and (040) facets), and the ratio between the crystal facets 
(040) and (110) were calculated from the XRD data. The photocatalytic activity of 
BiVO4 powders have previously been reported to be directly proportional to the 
exposure of the (040) facet, which is assumed to provide a multi-atomic BiV4 center 
that makes the electron transfer more facile. Hence, the normalized XRD intensity 
peak parameter, (040)/(110) ratio, was used to compare the XRD intensities, using 
the (110) peak used as an internal standard. Moreover, optical band gap energies 
were calculated from the UV-vis diffuse reflectance spectra  by using the Kubelka-
Munk function and the Tauc relation for a direct band gap semiconductor, as it was 
done in previous literature reports, and in agreement with the behavior of all of the 
BiVO4 thin films that were synthesized in this study. Please refer to Appendix 2 for 
these plots. From these data, it can be seen that the band gap energy calculations 
yielded values ranging from 2.51 to 2.63 eV, signifying absorption in the visible 
light range. The corresponding thicknesses of the films that were obtained using a 
profilometer are also presented in Figure 9.  

 
The high resolution XPS spectra for Bi 4f, V 2p, and O 1s binding energy 

regions that were obtained for all the samples at various synthesis conditions are 
shown in Figure 10. All of the samples manifest the spin-orbit splitting for both the 
Bi 4f7/2 and Bi 4f5/2, and the V 2p3/2 and V 2p1/2, that are in good agreement with 
those reported in literature for BiVO4122. It is noteworthy that the Bi 4f7/2 and Bi 
4f5/2 peaks appear in the binding energy region (158.5 eV and 163.8 eV, 
respectively) that is much higher than that of metallic Bi, i.e. 156.8 eV and 162.2 
eV122, respectively. These Bi 4f peaks indicate the presence of Bi occurring mainly 
as Bi3+species in the surface of the electrodes. Meanwhile, the V 2p3/2 and V 2p1/2 
peaks at 516.1 eV and 523.7eV, respectively, are characteristic of V occurring as 
V4+ species on the surface of the photoanode. This is different from the bulk V 
species, which have V5+ oxidation state. Quite interestingly, this is a demonstration 
of the surface reduction of V from V5+ to V4+ as reported by Rossell et al123, which 
was attributed to the presence of intrinsic surface defects in the form of oxygen 
vacancies that directly impact the electronic structure of monoclinic scheelite 
BiVO4. Meanwhile, a deconvolution procedure applied to the O 1s spectrum reveals 
that the O species are divided into oxygen due to the lattice structure, the non-lattice 
oxygen, and oxygen due to adsorbed molecules122,124. The deconvoluted O 1s peak 
at 529.2 eV is assigned to oxygen in a BiVO4 lattice environment, while the peaks 
at 530.3 eV and 532.0 eV are assigned to non-lattice and adsorbed oxygen 
species125, respectively. Non-lattice oxygen refers to oxygen-deficient regions, 
which might be populated with OH groups in order to correct the charge balance. 
Finally, the O 1s peak at 532.0 eV refer to chemisorbed or dissociated oxygen from 
the water molecules. 
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A proper amount of oxygen vacancies can aid in both bulk and surface charge 

separation126. The creation of oxygen vacancies bring about free electrons, which 
are shallow electron donors that enhance the conductivity of the semiconductor. 
They also enhance the interfacial charge transfer by increasing the active sites, i.e. 
turning the V site into an active site, and by lowering the adsorption energies of 
some intermediates like H2Oads, OHads, and Oads, thereby promoting an easier charge 
transfer to the electrolyte and improving surface catalysis126. Meanwhile, an 
excessive amount of oxygen vacancies is detrimental to the photoactivity because 
the V4+ is characterized by a larger ionic radius than the V5+, and what happens is 
that when it is excessive, this can result to lattice distortion that can subsequently 
reduce the hole diffusion length127. 

 
Surface Bi/V atomic ratios as measured using XPS and bulk Bi/V atomic 

ratios as measured using EDS are reported in Figure 11. As shown in Figure 11, the 
bulk Bi/V ratio is consistently about 1, confirming the 1:1 ratio of Bi:V atoms of 
BiVO4. However, looking at the surface species of Bi/V tells a different story, 
wherein the Bi concentration tends to be higher than that of the V atoms for all the 
synthesized electrodes. We have found that the Bi/V ratio for an untested electrode 
deposited at 5.25 minutes, 425°C and 1.9 Bi-KI to benzoquinone-EtOH ratio, 
results to a surface Bi/V of 2.3. This Bi-rich surface, consistent with the findings of 
Sayama et al128 could have been due to the segregation phenomenon that has been 
observed for different Bi-containing oxides. The depletion of O in the subsurface 
happens because of the segregation of O to the surface, which leads to Bi-O surface 
terminations as reported by Passerone et al129. This Bi-rich surface can either 
enhance the photoactivity by serving as a protective layer or be detrimental to it by 
worsening the catalytic activity of BiVO4 as a water oxidation catalyst123. This Bi/V 
ratio increases to 2.96 after the photoelectrochemical tests, while that for the bulk 
Bi/V remains unchanged at about 1.Thus, there was also a dissolution of surface V 
atoms from the BiVO4 surface during the photoelectrochemical tests. 

 

 

Figure 11. Surface and bulk Bi/V ratio 
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Effect of electrodeposition time 

As expected, increasing film thicknesses were obtained by using different 
electrodeposition times of 0.5 minute, 5.25 minutes, and 10 minutes, at a calcination 
temperature of 425 oC and a Bi-KI to benzoquinone-EtOH ratio of 1.9. The obtained 
film thicknesses, measured by using a profilometer, were 56 nm, 478 nm and 517 
nm, respectively. As seen in the FE-SEM images in Figure 7A, the BiVO4 in the 
0.5 min sample did not completely cover the FTO surface, whose crystals are 
evident. However, after 5.25 min of electrodeposition, the FTO substrate was fully 
covered and a nanoporous BiVO4 structure was produced, which tends to maintain 
the nanoflake structure of the electrodeposited BiOI material (refer to Appendix 4 
for the FESEM images of electrodeposited BiOI), as the electrodeposition time 
increases and as the film thickness grows. 

 
Based on the XRD patterns shown on Figure 8A, the samples with the 5.25 

minutes and 10 minutes electrodeposition time, yielded the monoclinic scheelite 
structure. Meanwhile, the 0.5 minute sample yielded an XRD spectrum that 
coincides with that of the FTO, which suggests that a very thin layer of BiVO4 was 
deposited on the FTO surface. This film was the thinnest electrode, and some 
portions of the FTO are still visible in the FE-SEM image. In agreement with the 
thickness measurements, the XRD peak intensities generated for the thickest film, 
i.e. 10 minutes of electrodeposition time, are generally higher compared to the other 
samples, which confirms that more material has been deposited on this FTO 
surface. This is seen most distinctively in the 2θ peak of 29o. The mean crystallite 
size was the highest for the 5.25 min  sample (112 nm) and the lowest for the 0.5 
min sample (53 nm). In addition, the 0.5 min sample has a negligible (040) peak 
and, therefore, almost zero value of the (040)/(110) ratio. A preferential growth of 
the BiVO4 crystals along the (040) direction was observed by increasing the 
electrodeposition time. 
 

All the samples have manifested an absorption in the visible light region (see 
Appendix 2). As reported in Figure 9A, the band gap energy of the sample 
electrodeposited for 0.5 min (2.63 eV) is higher than those of the samples prepared 
during 5.25 min and 10 min of electrodeposition time, which have almost equal 
band gap energies, i.e. 2.55 eV and 2.56 eV, respectively. These band gap energy 
values are characteristic of monoclinic scheelite BiVO455. Being the thinnest 
electrode, some part of the FTO surface have been exposed in the 0.5 min sample, 
which resulted to a higher band gap energy due to the FTO that has a band gap 
energy of about 3.3 eV130. 
 

Upon examination of the XPS spectra in Figure 10A, a slight shift of the 
binding energy for the O 1s peak of the thinnest sample (0.5 min) relative to the 
5.25 and 10 min samples was observed, which could be attributed to the exposure 
of the FTO. Meanwhile, the deconvolution of the O 1s spectra of the 5.25 min 
sample showed that there were more oxygen vacancies for this sample than that of 
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the 10 min sample. Moreover, from the surface composition analysis as shown in 
Figure 11A, it was seen that the highest surface Bi/V ratio (4.79) after testing was 
recorded for the 0.5 min sample, while the lowest surface Bi/V ratio (2.96) was 
recorded for the 5.25 min sample.  
 

By merely looking at the contribution of the physico-chemical properties of 
these electrodes synthesized at different electrodeposition time, it can be inferred 
that the increase in photocurrent density (shown in Figure 9A) was mainly brought 
about by a higher crystallite size (112 nm), an optimal electrode thickness (478 nm), 
and the lowest surface Bi/V ratio.  

 
A higher crystallite size appears to be favourable in enhancing the 

photoactivity. By observing the morphology of this sample, it can be seen that there 
is the highest interconnection among the crystals of the 5.25 min sample and a more 
closed porosity, which both could have played a role in better enhancing the carrier 
mobility in this electrode compared to the others.  

 
There is an optimum thickness of BiVO4 electrodeposited in the electrode after 

5.25 min, which is higher in the present case (about 478 nm) than the optimum 
value of 200 nm that was previously reported for BiVO4 electrodes prepared by 
other techniques such as dip-coating.40 In this study, a further increase in the 
electrode thickness of 36 nm by electrodeposition for 10 min has caused a reduction 
of 13% in the photocurrent density.  It is possible that the accompanying increase 
in thickness has contributed to more defect levels that could have acted as charge 
recombination sites. 

 
The lowest surface Bi/V ratio is favourable because a high surface Bi/V ratio 

brings about a higher presence of Bi-O surface terminations, which might have 
contributed to the lower catalytic activity of BiVO4 as an oxygen evolution catalyst.  

Effect of calcination temperature  

The effect of the calcination temperature was investigated at 350 oC, 425 oC, 
and 500 oC, at an electrodeposition time of 5.25 minutes and a Bi-KI to 
benzoquinone-EtOH ratio of 1.9. 

 
There were very pronounced differences in the morphology of the samples 

calcined at different temperatures, as can be seen in Figure 7B. All the BiVO4 films 
possess a nanoporous structure, but the pores decreased in size as the crystals grew. 
The 350 oC sample showed the formation of small crystals that are agglomerated in 
a network that follows the shape of the pristine BiOI nanoflakes (see Appendix 4), 
which seem to stick to one another. As the temperature increased, the small crystals 
sintered together into larger crystals, achieving up to about 200 nm of length and 
formed the interconnected globules, which are visible in the FESEM images of the 
samples calcined at 500 oC in Figure 7B.  
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XRD data in Figure 8B shows that the three BiVO4 samples calcined at 350oC, 
425 oC, and 500 oC clearly exhibited the monoclinic scheelite structure, 
characterized by the subtle emergence of the 18.5 o and 29 o in 2θ peaks. The 
presence of tetragonal zircon-type phase that could be present in the samples 
calcined at 350 oC can be excluded due to the absence of the main peaks at 24.3o 
and 32.7o that are associated with this crystalline structure. The peak splitting of the 
characteristic peaks observed at 18.5o and 35o of 2θ was more pronounced as the 
calcination temperature increased, which is most likely due to an increase in the 
crystallinity of the monoclinic scheelite phase in the BiVO4 samples. Indeed, in 
agreement with the FESEM images, the mean crystallite sizes calculated from the 
XRD data also increased by increasing the calcination temperature. However, the 
peak related to the (040) facet was absent in the sample calcined at 350 oC, most 
probably due to the small size of the crystals (i.e. 22 nm and 13 nm for the (011) 
and (121) facets, respectively). Meanwhile, by increasing the temperature, the 
samples grew along all directions. It is noteworthy that the samples calcined at 425 
oC and 500 oC have an almost similar mean crystal size of 112 and 115 nm, 
respectively, while having almost the same ratios of the (040)/(110) facets, that are 
0.52 and 0.49, respectively, as shown in Figure 9B.  
 

All the samples exhibited absorption in the visible light region. The 
corresponding plots are shown in Appendix 2. The band gap energy obtained for 
the samples calcined at different temperatures did not vary significantly and ranged 
from 2.51 to 2.55 eV, which are slightly higher than the generally reported values 
of 2.4 eV for BiVO455. It can be stated that the photon absorption capacities of the 
samples did not vary too much, with a very slight advantage towards the lowest 
temperature of 350 oC, because of its slightly lower band gap energy value. 

 
Based on the XPS spectra for all the samples shown in Figure 10B, the Bi 

species are mainly Bi3+ and the V species are occurring mainly as V4+. From the O 
1s region, it can be seen that the sample 425 oC has the highest amount of oxygen 
vacancies among all the samples. Moreover, as reported in Figure 11B, the surface 
Bi/V ratios were almost equal for the 350 (2.92) and 425 oC (2.96) samples, while 
it was significantly higher for the 500oC sample (3.65).  
 

The thickness of the electrodes that were calcined at 350 oC, 425 oC, and 500 
oC were 365 nm, 478 nm, and 300 nm, respectively. There is no clear trend as to 
how the thickness of the electrode varies with the calcination temperature, but an 
optimal thickness value of 478 nm can be clearly correlated to the resulting 
photocurrent density.   

 
When the crystallite sizes, band gap energy and the (040)/(110) ratio are almost 

the same, such as in the case of the 425°C and 500°C samples, the main parameters 
that distinguish whether which electrode is going to be more photoactive than the 
other are the thickness and the morphology. The electrode needs to be thick enough 
to enhance the absorption of the photons but at the same time, it needs to be thin 
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enough to avoid the formation of excessive defect levels that can act as charge 
recombination sites. A perfect compromise between these two properties is the ideal 
condition. Lastly, as observed from the FESEM images, the further growth of 
BiVO4 crystals could cause less interconnected surface of the BiVO4 crystals, and 
the exposure of free FTO substrate, which could possibly induce a lower rate of 
electron flow and collection, and a higher rate of charge (e-/h+) recombination. 

Effect of Bi-KI to Benzoquinone-Ethanol Ratio 

The effect of varying the Bi-KI to benzoquinone-ethanol ratio was also 
investigated by using the ratios of 1.3, 1.9, and 2.5, at a calcination temperature of 
425 oC and an electrodeposition time of 5.25 minutes. As seen in Figure 7C, this 
parameter significantly affected the morphology of the synthesized BiVO4 thin 
films. Although all the samples that were synthesized at these conditions yielded 
nanoporous structures, it can be seen that there were defined globules formed at the 
ratio of 1.3, which exhibited a high agglomeration and closure of most of the 
porosity. The samples 1.9 and 2.5 ratios have morphologies that are quite similar, 
both showing a higher degree of porosity than the one prepared with a ratio of 1.3. 

 
Based on the XRD patterns shown in Figure 8C, all the samples that were 

prepared with different Bi-KI to benzoquinone-EtOH ratio possessed the 
monoclinic scheelite structure. The highest crystallite size was obtained for the 1.9 
ratio sample (112 nm) while the lowest one was obtained for the 1.3 ratio sample. 
Comparing the (040)/(110) facet ratio, it can be seen that the 1.9 sample exhibited 
the highest ratio, while the 2.5 sample has the least.   

 
In addition, all the samples exhibited absorption in the visible light region. The 

band gap energy values that were obtained for the samples did not vary significantly 
and ranged between 2.53 to 2.56 eV, suggesting that there were no significant 
differences in the photon absorption capacity of the synthesized samples. 

 
Based on the XPS spectra for all the samples shown in Figure 10C, all the Bi 

species are mainly Bi3+, and the V species are occurring mainly as V4+. The  O 1s 
deconvolution spectra showed that the amount of oxygen vacancies were quite 
comparable for all the three samples. Meanwhile, the surface Bi/V ratios as reported 
in Figure 11C was the lowest for the 1.9 sample (2.96),  and the highest for the 2.5 
sample (3.68). 

 
The electrode thickness measurements for the 1.3, 1.9, and 2.5 ratio samples 

are 269 nm, 478 nm, and 457 nm, respectively. The thickness of the 1.9 and 2.5 
ratio samples just differ by 21 nm, but they are much higher than that of the 1.3 
ratio.  

 
As shown in Figure 9C, the photocurrent density for the 1.9 and 2.5 ratio 

samples were practically the same at 0.45 mA/cm2 and 0.43 mA/cm2 at 1.23 V vs 
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RHE, respectively. Both electrodes possess almost similar morphologies, 
thicknesses, and band gap energies.

3.2.2 Effect of various factors on photoelectrochemical characteristics 

This section summarizes the effect of varying the electrodeposition time, 
calcination temperature and the Bi-KI to benzoquinone-EtOH ratio, to the resulting 
photoelectrochemical characteristics of the electrodes. Linear sweep voltammetry 
(LSV), chronoamperometry (CA), and electrochemical impedance spectroscopy 
(EIS) data are reported in the following subsections.  

Effect of electrodeposition time 

The highest photocurrent density was obtained for the sample that was 
electrodeposited for 5.25 minutes, calcined at 425 oC, and synthesized at a Bi-KI to 
benzoquinone-EtOH ratio of 1.9.  It resulted to a photocurrent density of 0.45 
mA/cm2 at 1.23 V vs. RHE (blue line), as reported in the LSV plot in Figure 12A. 

The least photocurrent density was for the 0.5 minute sample (red line) having a 
photocurrent density of 0.06 mA/cm2 at 1.23 V vs. RHE, while the 10 minute 

Figure 12. Photoelectrochemical characterization of samples at various electrodeposition time, at calcination 
temperature of 425oC and Bi-KI to benzoquinone-EtOH ratio of 1.9. (RED: 0.5 min, BLUE: 5.25 min, GREEN: 10 min). 

(A) linear sweep voltammograms (electrolyte: 0.1 M Na-Pi pH 7, scan rate: 10 mV/s), and chronoamperometry plots 
(electrolyte: 0.1 M Na-Pi pH 7, potential: 1.23 V vs RHE), (B) Nyquist plots under dark and illuminated conditions.  
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sample generated a photocurrent density of 0.39 mA/cm2 at 1.23 V vs. RHE (green 
line).  

 
All the LSV curves were acquired by using chopped light measurements and 

they showed evidences of fast recombination of the photogenerated electron-hole 
pairs, characterized by the instantaneous dampening of the photocurrent density 
signal right after the light is turned on. The same is also evident in the CA plots 
displayed in Figure 12A. From the same plots, relatively stable mean photocurrent 
density values were obtained over the course of the measurement time of 12 
minutes. 
 

Electrochemical impedance spectroscopy (EIS) is a powerful technique that 
was used to gain insights about the charge transfer resistance. The charge transfer 
resistance (Rct) is generally associated with the interfacial charge transfer rate of the 
photoelectrochemical reaction131. The EIS results in this study are reported using 
Nyquist plots, herein characterized by a single arc. The diameter of the arc in the 
Nyquist plot is proportional to the charge transfer resistance between the electrode-
electrolyte interface.  

 
The symmetric Nyquist plots in both the dark and illuminated conditions are 

shown in Figure 12B. From this, it can be clearly seen by looking at the diameter 
of the Nyquist plot that the worst-performing photoanode (0.5 min sample) has the 
highest charge transfer resistance, while the corresponding charge transfer 
resistances for the 5.25 min and 10 min samples are much smaller and equal. This 
explains the lowest photocurrent density of the 0.5 min sample, however, the charge 
transfer resistances of the 5.25 min sample and the 10 min sample are equal.  

 
The specific Mott-Schottky plots are presented in Appendix 3. These 

information indicate the mobility of the majority carriers in the BiVO4 samples and 
demonstrate their n-type behavior as indicated by the positive slope of the linear 
data. The donor density increased from the 0.5 min (ND = 2.35 x 1019 cm-3) to the 
5.25 min (ND = 4.66 x 1019 cm-3)  but then decreased at 10 min (ND = 3.00 x 1019 
cm-3) of electrodeposition time. The higher ND could have played a role in 
improving the photoelectrochemical response due to two main reasons.47 First, it 
raises the Fermi level, creating more band bending in the space-charge region 
because of the bigger difference between the Fermi level and the redox potential of 
the electrolyte. Because of band bending, the electric field in the space charge layer 
is enhanced and this lowers the electron-hole recombination. Second, it enhances 
the electrical conductivity of the photoanode, thus, improving the charge transport 
properties within the material. 
 

In addition, the onset potential of each electrode was determined to be 0.37, 
0.36, and 0.40 V vs RHE for 0.5 min, 5.25 min, and 10 min samples, respectively. 
The 5.25 min sample has the least onset potential, closely followed by the 0.5 min 
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sample. A lower onset potential is important because it gives way to a practical 
implementation of the device to be achieved at a lower bias.  

 
In conclusion, the highest photocurrent density of the 5.25 min sample can be 

attributed to the following photoelectrochemical characteristics: lowest charge 
transfer resistance, highest donor density, and lowest onset potential. Moreover, 
despite having equal charge transfer resistances and almost equal onset potentials, 
what  differentiated the photoactivity of the 5.25 min sample from the 10 min 
sample was its higher donor density and the influence of the physico-chemical 
properties like higher crystallite size, optimal electrode thickness, and a lower 
surface Bi/V ratio, as earlier reported in the preceding section.  

Effect of calcination temperature

  Among the samples calcined at different temperatures, using 5.25 minutes of 
electrodeposition time and 1.9 Bi-KI to benzoquinone-EtOH ratio, the least 
photocurrent density  was obtained for the 350oC sample (red line), which generated 
a very low photocurrent of 0.08 mA/cm2 at 1.23 V vs. RHE, as shown in the LSV 

plot in Figure 13A. Meanwhile, the 500 oC sample (green line) demonstrated a 

Figure 13. Photoelectrochemical characterization of samples at various calcination temperatures, at electrodeposition 
time of 5.25 min and Bi-KI to benzoquinone-EtOH ratio of 1.9. (RED: 350oC, BLUE: 425 oC, GREEN: 500 oC). (A) linear 
sweep voltammograms (electrolyte: 0.1 M Na-Pi pH 7, scan rate: 10 mV/s), and chronoamperometry plots (electrolyte: 0.1 

M Na-Pi pH 7, potential: 1.23 V vs RHE), (B) Nyquist plots under dark and illuminated conditions. 
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photocurrent density of 0.19 mA/cm2 at 1.23 V vs. RHE, which was 58 % higher 
than that of the 350 oC sample, but only 42 % of the maximum value achieved by 
the sample calcined at 425 oC (blue line). 
 

The symmetric dark and illuminated Nyquist plots are shown in Figure 13B. 
The photoanode with the highest photocurrent density (425 oC sample) is clearly 
shown to have the lowest Rct, indicated by the blue line in the illuminated Nyquist 
plot in Figure 13B. Meanwhile, the Rct of the 350 oC sample (red line) is less than 
that of the 500 oC sample (green line).  

 
From the Mott-Schottky plots shown in Appendix 3, the donor density values 

were obtained and were found to increase from 3.39 x 1019 cm-3 to 4.66 x 1019 cm-

3 when the calcination temperature was increased from 350oC to 425oC. However, 
the calcination at 500oC decreased the ND value to 3.82 x 1019 cm-3.  

 
The onset potential for the 350 oC, 425 oC, and 500 oC samples are 0.44, 0.36, 

and 0.38 V vs RHE, respectively. The lowest onset potential obtained was for the 
425 oC sample. 

 
In conclusion, the highest photocurrent density of the 425 oC sample is  

attributed to the following photoelectrochemical characteristics: least charge 
transfer resistance, highest donor density, and lowest onset potential. Meanwhile, 
despite having a slightly higher charge transfer resistance and a lower thickness, the 
500 oC sample exhibited a higher photocurrent density than the 350 oC sample, 
mainly due to the effect of the lower onset potential, higher donor density, and the 
presence of the (040) facet, as indicated in the preceding section.  

Effect of Bi-KI to benzoquinone-EtOH ratio 

Among the calcined samples made with different Bi-KI to benzoquinone-EtOH 
ratio using 425 oC calcination temperature and 5.25 minutes of electrodeposition 
time, the least photocurrent density was observed for the 1.3 ratio sample (0.29 
mA/cm2 at 1.23 V vs. RHE). The 2.5 ratio sample yielded a photocurrent density of 
0.43 mA/cm2 at 1.23 V vs. RHE, as reported in Figure 14A. The 1.3 ratio electrode 
performed 36 % lower than the best electrode while the 2.5 ratio electrode has a 
performance that is almost equal to that of the 1.9 ratio.  
 

The symmetric dark and illuminated Nyquist plots are shown in Figure 14B. 
The worst-performing electrode which is that having 1.3 ratio (red line) showed the 
highest charge transfer resistance (Rct) while the 2.5 ratio sample (green line)  and 
the 1.9 ratio sample (blue line) showed almost similar values, with a slightly lower 
charge transfer resistance for the 2.5 ratio sample.  
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The donor density values in Appendix 3 revealed that this value was the highest 
for the 1.9 ratio (4.66 x 1019 cm-3), immediately followed by the 2.5 ratio (4.1 x 1019 
cm-3), while the 1.3 ratio has the least donor density (3.46 x 1019 cm-3).  

Meanwhile,  the onset potential was equal for both the 1.9 ratio and 2.5 ratio 
(0.36 V vs RHE), while it was higher for the 1.3 ratio (0.4 V vs RHE). 

 
Overall, the almost similar photocurrent density obtained for the 1.9 ratio 

sample and the 2.5 ratio sample was mainly due to the following 
photoelectrochemical characteristics: equal onset potentials and almost equal 
charge transfer resistances. Moreover, the physico-chemical properties of these 
samples such as morphology, thickness and band gap energies are also similar.   

3.2.3 Optimization results 

The Central Composite Design (CCD) embedded in the software Design Expert 
was used in the optimization studies. Three-dimensional response surface plots 
were generated as shown in Figure 15, to identify the ideal region of operability for 
this process. 

 

Figure 14. Photoelectrochemical characterization of samples at various Bi-Ki to benzoquinone-EtOH 
ratios, at electrodeposition time of 5.25 min and calcination temperature of 425oC. (RED: 1.3, BLUE: 1.9, 
GREEN: 2.5). (A) linear sweep voltammograms (electrolyte: 0.1 M Na-Pi pH 7, scan rate: 10 mV/s), and 
chronoamperometry plots (electrolyte: 0.1 M Na-Pi pH 7, potential: 1.23 V vs RHE), (B) Nyquist plots 

under dark and illuminated conditions. 
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An initial factor screening scheme (see Appendix 1) was implemented to 
identify the critical factors that affect the response variable (the photocurrent 
density). Response surface methodology (RSM) then produced an empirical 
polynomial model based on the Taylor series to yield an approximation of the 
response surface over a region of factors, while also considering the interaction of 
these factors. What has been described in the previous sections were the resulting 
behavior of the photocurrent density that was achieved by changing the values of 

Figure 15. Response surface plots of optimization studies 
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one factor at a time, while keeping the two remaining factors constant at one 
level/value. However, the response could change when the experiment is performed 
at a different value of the factors that were held constant, as a result of factor 
interactions, and this is what is being captured by studying the whole response 
surface. 
 

Considering the 6-point replication that was performed, it can be reported that 
this process yielded an experimental value for the photocurrent density of 0.45 ± 
0.05 mA/cm2 at 1.23 V vs RHE for an electrodeposition time of 5.25 minutes, 
calcination temperature of 425 oC, and a Bi-KI to benzoquinone-EtOH ratio of 1.9. 
The optimization response surface plots in Figure 15 indicate that an optimal 
photocurrent density of 0.53 mA/cm2 at 1.23 V vs RHE can be obtained by changing 
the Bi-KI to benzoquinone-EtOH ratio to 2.2. It was earlier shown experimentally 
that the resulting photocurrent density for the Bi-KI to benzoquinone-ratios 1.9 and 
2.5 yielded similar photocurrent responses. Thus, it can already be stated that the 
photocurrent density that were experimentally obtained  at an electrodeposition 
time of 5.25 minutes, a calcination temperature of 425 oC, and a Bi-KI to 
benzoquinone-EtOH ratio of 1.9 already lies within the optimal region of the 
response surface, and is already indicative of the desired window of operability for 
the water oxidation reaction using BiVO4 photoanodes.. 

 

3.3 Conclusion 

The optimization of BiVO4 photoanode synthesis via thin film 
electrodeposition on FTO was performed. The factors affecting the 
photoelectrochemical activity such as the electrodeposition time, ratio of the Bi-KI 
to benzoquinone-EtOH in the deposition bath, and the calcination temperature, have 
been investigated by using the Central Composite Design of Experiments. The 
effect of the factors on the measured physico-chemical properties (thickness of 
electrodeposited film, ratio of [040]/[110] planes, band gap energy, crystallite size) 
and their relation to the resulting photocurrent density were studied.  

 
Monoclinic BiVO4 photoanodes with an optimal photocurrent density of 0.45 

± 0.05mA/cm2 at 1.23 V vs RHE were obtained. It was shown that a high 
photocurrent density are generally dictated by the following physico-chemical 
properties: higher crystallite size, an optimal thickness, and a more compact, porous 
morphology. Furthermore, the following photoelectrochemical characteristics give 
rise to a higher photocurrent density: low onset potential, and a high donor density. 

 



51 
 

 
 
 
 
Chapter 4 
 
BiVO4 surface chemistry and 
modification 

This chapter presents novel findings about the BiVO4 surface characteristics. 
An organometallic chemistry approach was used to study this very important 
surface as well as to introduce surface modifications that could help improve the 
photoactivity and stability of this material. These surface modifications include the 
addition of passivating overlayers as well as a water oxidation co-catalyst, the 
results of which are thoroughly discussed in the sections which follow. 

 
BiVO4 is a suitable photo-anode for the photo-electrochemical splitting of 

water, however, surface states on the BiVO4 surface give rise to defect levels, which 
can mediate electron-hole recombination via the Shockley-Read-Hall mechanism5. 
In order to minimize the inefficiencies arising from electron-hole recombination 
and passivate the surface states, ultrathin overlayers of Al- and Ti-based overlayers 
were deposited to the BiVO4 thin films that were synthesized via an 
electrodeposition method, in an ALD-like manner. This was also performed in an 
attempt to protect the BiVO4 surface and increase its stability.  

 
Moreover,  this chapter presents useful information about the surface chemistry 

of BiVO4 based on experimental methods, and gives unique insights on the 
characterization of the BiVO4 surface. 
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4.1 BiVO4 surface chemistry 

4.1.1 Materials and Methods 

Materials 

Bismuth (III) nitrate pentahydrate (Bi(NO3)3.5H2O,98%) was utilized as 
received from Strem Chemicals. Ammonium metavanadate (NH4VO3, 99%), 
ammonium carbonate ((NH4)2CO3, ACS reagent), absolute ethanol (CH3CH2OH, 
≥99.8%), and nitric acid (HNO3,70%) were utilized as-received from Sigma-
Aldrich. Trimethylaluminum (AlMe3, 2M in toluene), titanium isopropoxide 
(Ti[OCH(CH3)2]4, 99.999% trace metals basis), n-butyllithium (2.5 M in hexane) 
were obtained from Sigma-Aldrich and degassed prior to use. Degassed 
demineralized water (~15 MΩ cm), were used for all the grafting and ALD-like 
processes in the experiments while ultrapure water (~18 MΩ cm) were used for all 
other water requirements.  

Synthesis of BiVO4 powder 

The BiVO4 powder was synthesized via a hydrothermal method. 
Bi(NO3)3•5H2O (1.81g) was dissolved in 75 mL of 1 M HNO3. Then, 1.16 g of 
(NH4)2CO3 was slowly added to the Bi solution, after which 0.439g of NH4VO3 was 
dissolved into the solution. The resulting solution was then loaded to the autoclave, 
where it was heated at 180oC for 12 hours at a ramp rate of 5oC/min. The procedure, 
actual solution, and the actual product obtained are shown in Figure 16. 

The precipitates were alternately washed with water and ethanol thrice, and 
then dried in the oven. Calcination of the dried precipitates was done for 2 hours at 
400oC and a ramp rate of 5oC/min.  

Chemical titration with n-BuLi 

The hydrothermally-synthesized BiVO4 powder was treated under ultra-high 
vacuum (UHV, ~ 10-5 mbar) at 400oC for 12 hours. A 1.001 mg sample was placed 

Figure 16. Hydrothermal synthesis of BiVO4 powder 
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in one compartment of a  double Schlenk tube while the n-BuLi was placed on the 
other compartment.  Degassed pentane was used as a solvent for the BiVO4 powder.  
The chemical titration process was performed by adding an excess of the n-BuLi to 
the degassed pentane containing the BiVO4 powder.  

Material Characterization 

A Merlin Zeiss Field Emission – Scanning Electron Microscope (FE-SEM) 
equipped with an Energy Dispersive X-ray Spectroscopy System (EDS) was used 
to study the morphology of the samples. The XRD spectra were obtained by using 
an X’Pert Phillips diffractometer under Cu K  radiation (  =1.5418 Å) set at 40 kV 
and 40 mA. N2 adsorption and desorption isotherms were obtained at 77K on a 
degassed sample using Belsorp-Max from BEL-JAPAN. DRIFTS spectra were 
obtained using a Nicolet 6700-FT spectrometer. Gas chromatography (GC) 
measurements were determined using a HP 5890 gas chromatograph equipped with 
a flame ionization detector (FID) and a KCl/Al2O3 on fused silica column (50 m x 
0.32 mm).  

4.1.2 Results and Discussion 

Morphology 

From Figure 17, it is quite evident that there were very distinct differences 
between the resulting morphologies of the BiVO4 powder that was synthesized 
hydrothermally, and the thin-film electrode that was synthesized as described in 
Chapter 3. The XRD spectra showed that both samples manifested the monoclinic 
scheelite structure (JCPDS No. 14-0688, space group: I2/a, a=5.195, b=11.701, 
c=5.092, β=90.38o), which is evident from the peak splitting at the 18.5o and 35o of 
2θ.  

 
By looking at the morphology, it can be seen that the BiVO4 powder was visibly 

more agglomerated and packed together, exhibiting bigger grain sizes, while the 
thin film electrode showed a more porous structure that is not agglomerated, and 
with smaller grains. In agreement with this, the crystallite sizes for the powder and 
thin film are found to be 320 and 112 nm, respectively. More intense peaks were 
observed from the powder samples because of the higher amount of material present 
than in the thin-film electrode. From FESEM-EDS, the ratio of Bi/V for each of the 
samples was both found to be 1.07, which means that the 1:1 ratio of Bi:V is well-
maintained in the bulk. Nitrogen adsorption-desorption isotherms were used for the 
BET surface area measurements for the BiVO4 powder, which revealed a very low 
surface area of 2-4 m2/g.  
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Nature of BiVO4 powder surface 

The nature of the BiVO4 surface was studied by chemical titration of BiVO4 
powder with n-BuLi, a carbanionic reagent, typically used in surface 
organometallic chemistry for the titration of surface acid protons. The n-BuLi is 
known to react with the surface hydroxyls and chemisorbed water of  inorganic 
oxides132 to yield butane (C4H10) that can be quantified using  a gas chromatograph 
(GC).  

 
From the n-BuLi reaction, 8.752 μmol of butane gas (C4H10) was evolved when 

contacted with the thermally-treated BiVO4. BiVO4 has been postulated to contain 
surface hydroxyls, but there is no clear evidence that shows this. If one extrapolated 
such chemical reaction to exclusive reaction with surface hydroxyls, the result  
translates to  1.5 OH/nm2 on the BiVO4 surface. The reader is referred to Appendix 
5 for the gas chromatography calculations.  
 

The IR spectra of the pristine BiVO4 powder (black line) and the titrated BiVO4 
powder (red line) in the 500 to 2000 cm-1 region is shown in Figure 18. The BiVO4 
powder titrated with n-BuLi showed two distinct IR bands in the 1098.5 cm-1 and 
1259 cm-1 regions. The first peak at 1098.5 cm-1is attributed to the ionic structure 
of Li+O2-, with the molecule consisting of electrostatically bound Li and O133,134. 
The second peak at 1259 cm-1 is possibly a C-O stretching. The interpretation of 
this particular peak and the accompanying chemical processes which led to it should 
be studied more deeply. This preliminary data necessitate further studies to fully 
characterize the surface chemical species and to ensure that no other chemical 
reactivity has occurred other than  the hydroxyl to O-Li+ titration with concomitant 
alkane stoichiometric  release . As of now,  the 1.5 OH/nm² can be considered as 

Figure 17. XRD and FESEM images of BiVO4 powder and thin-film electrode 
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an upper  boundary estimate of the hydroxyl population on the BiVO4 surface. To 
the best of our knowledge, this quantification of the OH groups in BiVO4 surface 
has not been reported in literature.  

 

4.2 BiVO4 surface modification 

4.2.1 Materials and Methods 

Materials 

For the synthesis of the BiVO4 powder, bismuth (III) nitrate pentahydrate 
(Bi(NO3)3.5H2O,98%) was utilized as received from Strem Chemicals. Ammonium 
metavanadate (NH4VO3,99%), ammonium carbonate ((NH4)2CO3, ACS reagent), 
absolute ethanol (CH3CH2OH, ≥99.8%), and nitric acid (HNO3,70%) were utilized 
as-received from Sigma-Aldrich. 

 
For the synthesis of the BiVO4 thin film electrodes, bismuth (III) nitrate 

pentahydrate (Bi(NO3)3.5H2O, ≥98%), vanadyl acetylacetonate (VO(acac)2, 
≥98%), potassium iodide (KI, ≥99%), p-benzoquinone (C6H4(=O)2, ≥98%), 
absolute ethanol (CH3CH2OH, ETOH,≥99.8%), dimethyl sulfoxide/DMSO 
(CH3)2SO, ≥99.9%), nitric acid (HNO3,70%) and sodium hydroxide (NaOH pellets, 
≥97%), were utilized as-received from Sigma-Aldrich. Fluorine-doped tin oxide 
(FTO) conductive glasses with a sheet resistance of 7 Ω/cm2 were obtained from 
Solaronix Inc. The FTO glasses were cleaned by sonicating in acetone, ethanol and 
water, respectively, for 10 minutes each, prior their use.  

Figure 18. FTIR spectra of bare BiVO4 and BiVO4 titrated with n-BuLi 
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Trimethylaluminum (AlMe3, 2M in toluene) and titanium isopropoxide 

(Ti[OCH(CH3)2]4, 99.999% trace metals basis) were obtained from Sigma-Aldrich 
and degassed prior to use. Degassed demineralized water (~15 MΩ cm), were used 
for all the grafting and ALD-like processes in the experiments while ultrapure water 
(~18 MΩ cm) were used for all other water requirements. Colloidal Ni60-Mo40 
(37.7 mg/L) nanoparticles were obtained from Aalto University. 

Material Characterization 

A Merlin Zeiss Field Emission – Scanning Electron Microscope (FE-SEM) 
equipped with an Energy Dispersive X-ray Spectroscopy System (EDS) was used 
to study the morphology of the samples. The XRD spectra were obtained by using 
an X’Pert Phillips diffractometer under Cu K  radiation (  =1.5418 Å) set at 40 kV 
and 40 mA. DRIFTS spectra were obtained using a Nicolet 6700-FT spectrometer. 
Gas chromatography (GC) measurements were determined using a HP 5890 gas 
chromatograph equipped with a flame ionization detector (FID) and a KCl/Al2O3 
on fused silica column (50 m x 0.32 mm). EPR measurements were performed by 
Mr. Lhoussain Khrouz at ENS de Lyon on a Bruker EXELSYS E500 spectrometer 
at 120K.  

Figure 19. Surface modification of BiVO4 powder with Al 
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Addition of Al overlayer on BiVO4 powder 

The hydrothermally-synthesized BiVO4 powder was dehydroxylated under an 
ultra-high vacuum (UHV, ~ 10-5 mbar) at 400oC for 12 hours. A 5.885 mol of 
dehydroxylated sample was placed in one compartment of a double Schlenk tube 
while 1.2 mmol of AlMe3 (2.0 M in toluene) was placed on the other compartment.  
Degassed pentane was used as a solvent for the BiVO4 powder. The system was 
connected to an ultra-high vacuum line which is used to manipulate the transfer of 
liquids with the aid of liquid nitrogen, via pressure gradients.  The first pulse was 
performed by adding the AlMe3 to the degassed pentane containing the BiVO4 
powder. The reaction time used was 1 hour. The evolved gas was then collected in 
a 10 L gas balloon for analysis. The procedure is illustrated in Figure 19.  
 

After the  reaction for the 1st pulse, all the unreacted AlMe3 was removed using 
the UHV. The AlMe3-BiVO4 sample was then placed in a 200 mL glass reactor for 
the 2nd pulse. Degassed water was introduced into the reactor and all unreacted H2O 
was then removed from the system. 

Addition of Al- and Ti-based  overlayers on the BiVO4 electrode 

The modification of the BiVO4 electrodes with Al- and Ti-based overlayers 
were done using a glass reactor with 2 ball compartments separating the precursors, 
as shown in Figure 20. The whole system was connected to an UHV line which was 
used to manipulate the transfer of liquids with the aid of liquid nitrogen, using 
pressure gradients.  

 
For the Al overlayer, the first pulse was the AlMe3. A reaction time of 30 

minutes at a temperature of 60oC was used.  All the unreacted AlMe3 was removed. 
Then, the 2nd pulse (degassed H2O) was introduced. The reaction time was kept 
constant at 30 minutes using a temperature of 60oC. All the unreacted H2O was then 
removed after the reaction. The samples were calcined under air at 380oC for 30 

Figure 20. Surface modification of BiVO4 electrode 
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minutes at 2oC/min ramp rate. One cycle consists of 1 pulse of each precursor. 
Various cycles were investigated. 

 
For the Ti overlayer, the first pulse was the titanium isopropoxide (TTIP). A 

reaction time of 30 minutes at a temperature of 150oC was used.  All the unreacted 
TTIP was removed. Then, the 2nd pulse (degassed H2O) was introduced. The 
reaction time was kept constant at 30 minutes and a temperature of 150oC. All the 
unreacted H2O was then removed after the reaction. Some samples were calcined 
under air at 550oC for 60 minutes at 2oC/min ramp rate while one sample was kept 
amorphous. One cycle consists of 1 pulse of each precursor. Various cycles were 
investigated. 

Addition of OEC overlayer on BiVO4 electrode 

A 100 μL colloidal solution of Ni60-Mo40 nanoparticles in acetone was added 
dropwise to the BiVO4 electrode and then air-dried overnight. 

Photoelectrochemical Characterization 

The photoelectrochemical tests were performed in the same manner as 
described in Chapter 3. In addition, rapid scan voltammetry was performed by Dr. 
Fatwa Abdi of Helmholtz-Zentrum Berlin. A constant potential of 1.5 V vs 
Ag/AgCl (2.1 V vs RHE) for 2 minutes as a conditioning step, followed by a quick 
potential sweep to -0.2 V vs Ag/AgCl (0.4 V vs RHE) with a scan rate of 1 V/s. 
Comparison of the curves with and without conditioning yields the surface 
capacitance (C) through the equation C=(Jwith cond – Jw/out cond)/scan rate.  

4.2.2 Al overlayer on BiVO4 powder 

The addition of an Al overlayer on BiVO4 powder was performed in order to 
understand how the BiVO4 - Al interface is formed, and to be able to closely follow 
these processes using several powder characterization techniques. From literature, 
it is well-understood that Al2O3 can be grown on high surface area substrates like 
silica, that are populated with surface OH groups. The expected mechanism is 
shown below, with * denoting the surface species135. 
 

 
When the reaction is performed in a sequential manner, i.e. A-B-A-B-A-B…, 

a controlled layer-by-layer growth of Al2O3 is achieved. However, to the best of 
our knowledge, the mechanism of the growth of an Al overlayer on BiVO4 has not 
been investigated to date. We have earlier established and quantified the presence 
of reactive sites on the BiVO4 surface in the beginning of this chapter, and we  
hypothesize that some OH groups can serve as initial binding sites for the Al atoms 

H2O
Al-OH*(A)

(B)
Al(CH3)3 CH4+

+

+Al-O-Al(CH3)3*
Al-CH3* Al-OH* CH4+
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as indicated in sequence A. Consequently, the growth of the Al2O3 in an A-B-A-B-
A-B sequential manner can also be achieved on BiVO4.  

 

Figure 21. FTIR Spectra of dehydroxylated bare BiVO4 powder, BiVO4 powder with 1 pulse of AlMe3 
and 1 cycle AlMe3-H2O at (A) 2000-500 cm-1 wavenumbers, (B) 3000-2000 cm-1 wavenumber, (C) 4000-

3000 cm-1 wavenumber 
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Figure 21 shows the IR spectra of the dehydroxylated pristine BiVO4, BiVO4 
powder with 1 pulse of AlMe3, and finally, after reaction with H2O. Dehydroxylated 
bare BiVO4, which is the starting surface for the 1st pulse of AlMe3, is characterized 
by peaks at 720 cm-1, 826 cm-1, and 977 cm-1 which correspond to V-O waging, 
symmetric, and asymmetric vibrations, respectively136. The peaks associated with 
O-H stretching vibrations are seen in 3374 cm-1 and 3700 cm-1 wavenumbers, 
although for the case of BiVO4 it is not readily seen in the IR spectra. 
 

Upon addition of the first pulse of AlMe3, the presence of the AlCH3* surface 
species were observed via the very prominent C-H stretching vibrations seen at 
2822-2962 cm-1 corresponding to sp3 C-H stretching, 3015 cm-1 corresponding to 
sp2 C-H stretching, and the symmetric Al-CH3 deformation mode at 1207 cm-1 136. 
The subsequent H2O pulse resulted to a broadened O-H band at 3400 cm-1 brought 
about by adsorbed water molecules and with contributions from AlO-H stretching 
vibrations from AlOH* surface species in the 3600 cm-1 region136.   

The quantification of the reaction of water with BiVO4 powder after 
functionalization with a pulse of AlMe3, and therefore having a surface advantage 
of aluminum-methyl, showed that there were 1.2 CH4 molecules released by the 
reactive group of the initial surface. 
 

 
Figure 22. EPR spectra of bare BiVO4 and BiVO4 with 1 pulse of AlMe3   

 
Electron paramagnetic resonance (EPR) is a technique used to study the 

energy differences arising from the interaction of a magnetic field with unpaired 
electrons in the sample. Because of the unpaired electron spins, the molecule 
exhibits paramagnetism, and transitions can be induced by applying a magnetic 
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field. This spectroscopic technique is analogous to nuclear magnetic resonance 
(NMR) spectroscopy, however, in EPR it is the electron spins that are excited 
instead of the nuclei spins.  
 

In BiVO4, the EPR signal may be induced by the reduced V ions (V4+) arising 
from surface states/defect structures. In a perfectly crystalline BiVO4 that is defect-
free, V ions manifest as V5+ which is diamagnetic, which is not detected by EPR137. 
Thus, the peak with the g-factor of 4.2 indicated in Figure 22 is assigned to V4+ 138. 
It is not an isolated V4+, but rather one that is possibly in dipole interaction with 
another V4+, or with a radical O. It is worth noting that this particular peak is absent 
in the BiVO4 with 1 pulse of AlMe3.  

4.2.3 Al overlayer on BiVO4 electrode 

The effect of varying the number of cycles in the ALD-like deposition method 
on the photoactivity of the BiVO4 thin film electrodes was investigated. Figure 23A 
shows the linear sweep voltammetry (LSV) curves  under chopped light conditions 
for all the samples modified with Al, as compared with that of the bare BiVO4 thin 

Figure 23. (A) LSV plot (electrolyte: 0.1M Na-Pi pH 7, scan rate: 10 mV/s) and 
(B) Raman spectra for bare BiVO4 and Al-modified BiVO4 
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film electrode. Indeed, for very few pulses of AlMe3-H2O cycles, the  formation of 
Al2O3 cannot be inferred. All curves manifested the initial current spikes appearing 
readily when the light source was turned on, which eventually dampened, 
suggesting the occurrence of fast electron-hole recombination. For the bare BiVO4 
sample, a photocurrent density of 0.35 mA/cm2 at 1.23 V vs RHE was achieved. It 
can be clearly seen from the same figure that an improvement in photocurrent 
density values was achieved with 2 cycles and 5 cycles of Al deposition, yielding 
0.54 mA/cm2 at 1.23 V vs RHE and 0.49 mA/cm2 at 1.23 V vs RHE, respectively. 
However, the least photocurrent density was observed when the number of cycles 
was increased to 8. It is noteworthy that the reaction temperature used in the ALD-
like deposition of Al on the BiVO4 surface which yielded the better performance is 
low enough at 60oC, which is not commonly demonstrated in typical ALD 
processes involving Al2O3, commonly performed at 125-500oC135. The Raman 
spectra of bare and Al-modified BiVO4 thin film electrodes are shown in Figure 
23B. The most intense band at 822 cm-1 is assigned to the V-O stretching mode. 
The weak shoulder at 709 cm-1 is assigned to antisymmetric V-O stretching, and 
the bands at 375 cm-1 and 335 cm-1 correspond to the symmetric and antisymmetric 
bending of VO4 tetrahedra. All plots are similar for the bare BiVO4 and Al-modified 
samples, which means that the Al overlayer did not induce structure modifications 
on the BiVO4. 

 
In order to verify if the Al overlayer is indeed passivating the surface states in 

the BiVO4 electrode surface, rapid scan voltammetry was performed to determine 
the surface capacitance of the electrodes. As shown in Figure 24A, the surface 
capacitance decreases by orders of magnitude with increasing number of cycles, in 
agreement with passivating surface states that serve as charge recombination sites. 
This is very significant, because the  photocurrent of BiVO4 is limited more by 
surface recombination than the charge transfer139. 

 
Meanwhile, the Nyquist impedance plot is shown in Figure 24B. The charge 

transfer resistance, which was indicated by the diameter of the arc, is seen to be 
highest for the 8 cycles Al electrode (green arc), and greater than that of bare BiVO4 
(black arc). This is consistent with the trend observed for the photocurrent density, 
where it was seen that the bare BiVO4 performed better than 8 cycles Al. Therefore, 
the thickest overlayer contributed in slowing down the transfer of holes on the 
BiVO4-electrolyte interface. Also, it can be seen from Figure 24B, that the 2 cycles 
Al (red arc) and the 5 cycles Al (blue arc) have lower charge transfer resistances 
than the bare BiVO4, thus, both having higher photocurrent density relative to the 
bare BiVO4.  However, between these 2 electrodes, it turned out that the 5 cycles 
Al has a lower charge transfer resistance than the 2 cycles Al, which was the 
opposite behaviour of the observed photocurrent density. It appears that the higher 
photocurrent density of the 2 cycles Al electrode is explained by the donor densities 
as derived from the Mott-Schottky plots, wherein the 2 cycles Al electrode 
manifested a donor density of 1.49 x 1020 cm-3, while the 5 cycles Al electrode  has 
a lower donor density of 1.16 x 1020 cm-3. As discussed in Chapter 3, the higher 
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donor density can  improve the photoelectrochemical response by raising the Fermi 
level, which creates more band bending that enhances electric field in the space 
charge layer, thus,  lowering the electron-hole recombination. Second, it enhances 
the electrical conductivity of the photoanode, thus, improving the charge transport 
properties within the material. 

 
The onset potentials of these electrodes were almost equal at 0.39 V, 0.37 V, 

0.38 V, and 0.37 V vs RHE, for bare BiVO4, 2 cycles Al, 5 cycles, and 8 cycles Al 

overlayer, respectively.  
 

In addition, the 2 cycles Al electrode, which exhibited the best photocurrent 
density, was subjected to a stability test along with the bare BiVO4 electrode. The 
result of the stability test is shown in Figure 25.  

Figure 24. (A) Surface capacitance and (B) Nyquist impedance plots for bare and 
Al-modified BiVO4 
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The bare BiVO4 (black line) showed an 85% decay in photocurrent density after 

7.5 hours while the 2 cycles Al (blue line) sample showed 59.6% decay. Although 
the stability of the BiVO4 photoanode clearly remains an issue, it was demonstrated 
here that the presence of  an Al overlayer on the BiVO4 surface arrested some of the 
photocorrosion, and reduced the photocurrent decay by 15%.  

4.2.4 Ti overlayer on BiVO4 electrode

The use of a Ti overlayer on the BiVO4 thin film electrodes did not result to an 
improvement in the photocurrent density as shown in the LSV plots in Figure 26A. 
Also, among the Ti-modified samples, the highest photocurrent density up until 
1.23 V vs RHE was observed for the 3 cycles Ti electrode (green line) that was 
amorphous.  

 
In agreement with this, the Nyquist impedance plot shown in  Figure 26B reveal 

that among the Ti-modified samples, the 3 cycles Ti (green arc) has the least charge 
transfer resistance. However, while this was also true in comparison with the bare 
BiVO4, the photocurrent density for the 3 cycles Ti was lower than that of bare 
BiVO4, possibly due to  charge recombination phenomena in the bulk. It should be 
noted that the synthesis conditions that were used for the deposition of the Ti 
overlayer on the surface of BiVO4 have to be further examined and optimized. 

 

Figure 25. Stability test (chronoamperometry) plot for 2 cycles Al and bare BiVO4 

(electrolyte: 0.1 M Na-Pi pH 7, potential: 1.23 V vs RHE) 
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4.2.5 Oxygen evolution catalyst overlayer on BiVO4 electrode 

As extensively discussed in Chapter 2, the problem of a sluggish water 
oxidation kinetics with BiVO4 can be addressed by adding an oxygen evolution 
catalyst (OEC). This section explored the effect of the addition of an OEC on the 
bare and Al -modified BiVO4 surfaces.  

 
  The OEC used in this study was a colloidal solution of Ni-Mo nanoparticles 

(60% Ni, 40% Mo) obtained from Aalto University. Ni-Mo is more commonly used 
as a hydrogen evolution reaction (HER) catalyst. Ni-Mo composites have been 
extensively studied because they offer the highest activity and stability among non-

Figure 26. (A) LSV  (electrolyte: 0.1 M Na-Pi pH 7, scan rate: 10 mV/s) and (B) Nyquist 
impedance plots for bare and Ti-modified BiVO4 
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noble metals and is quite comparable to the activity of Pt140,141. Quite recently, the 
use of colloidal Ni-Mo nanoparticles have been explored and found to be good 
catalysts for the oxygen evolution reaction as well142. In this section, we have 
evaluated the use of Ni-Mo nanoparticles as an OEC for water oxidation. It was 
deposited as an additional overlayer for bare BiVO4 photoanode and the 2 cycles 
Al-BiVO4 photoanode to assess its effect on the photoactivity.  

 
As seen on Figure 27A, addition of Ni-Mo to bare BiVO4 (red line) increases 

the photocurrent density by 3-fold,  from 0.35 mA/cm2 to 1 mA/cm2 at 1.23 V vs 
RHE. This was mainly due to the much lower charge transfer resistance with respect 
to bare BiVO4, as seen on the Nyquist impedance plot on Figure 27B.  

 
Moreover, it can also be seen from the same plot that the addition of Ni-Mo to 

BiVO4 with an overlayer of 2 cycles of Al (blue line) produces a photocurrent 
density (0.39 mA/cm2 at 1.23 V vs RHE) that is slightly higher than that of the bare 

Figure 27. (A) LSV (electrolyte: 0.1 M Na-Pi pH 7, scan rate: 10 mV/s) and (B) Nyquist 
plots for bare BiVO4, BiVO4 with NiMo and 2 cycles Al-BiVO4 with NiMo 
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BiVO4 for potentials up to 1.3 V vs RHE. From this, it can be inferred that the 
presence of Al overlayer on this BiVO4 surface did not produce synergistic effects 
in enhancing the photocurrent density along with the Ni-Mo. It is apparent that the  
charges were able to transfer more efficiently from the BiVO4 surface to the  Ni-
Mo, than from the Al overlayer to the Ni-Mo. This very important interface needs 
to be further examined and optimized.   

 
Based on the Nyquist plot in Figure 27, the charge transfer resistance is just 

slightly lower for the 2 cycles Al-BiVO4 with Ni-Mo (blue line)  than the BiVO4 
with Ni-Mo (red line). However, the photocurrent density of the latter is almost 3 
times that of the former. This behaviour can be explained by examining the other 
photoelectrochemical characteristics. 
 

The onset potentials for bare BiVO4, BiVO4 with Ni-Mo, and 2 cycles Al-
BiVO4 with Ni-Mo are 0.37 V, 0.37 V, and 0.41 V vs RHE, respectively. The lower 
onset potential of the 2 cycles Al-BiVO4 with Ni-Mo compared to the BiVO4 with 
Ni-Mo contributed to the lower photocurrent density of the former. In addition, the 
donor density derived from Mott-Schottky plots revealed that the BiVO4 with Ni-
Mo electrode has a much higher donor density (2.65 x 1020 cm-3) than the 2 cycles 
Al – BiVO4 with Ni-Mo (0.72 x 1020 cm-3).  
 

4.3 Conclusion 

The nature of the BiVO4 surface was studied by chemical titration of BiVO4 
powder with n-BuLi, a carbanionic reagent, typically used in surface 
organometallic chemistry for the titration of surface acid protons. The existence of 
surface reactive groups on BiVO4, whose chemical nature has not yet been defined, 
has been confirmed and quantified (maximum 1.5 reactive site/nm2). The 
quantification of the reaction of water with BiVO4 powder after functionalization 
with a pulse of AlMe3, and therefore having a surface advantage of aluminum-
methyl, showed that there were 1.2 CH4 molecules released by the reactive group 
of the initial surface. 

 
No improvement in photocurrent density was observed for Ti-modified BiVO4 

under the synthetic conditions used in this experiment. 
 
The addition of Ni-Mo to bare BiVO4 increases the photocurrent density by 3-

fold,  from 0.35 mA/cm2 to 1 mA/cm2 at 1.23 V vs RHE. This was mainly due to 
the much lower charge transfer resistance of this electrode with respect to bare 
BiVO4. Moreover, the addition of Ni-Mo to BiVO4 with a 2-cycle Al overlay 
produces a photocurrent density (0.39 mA/cm2 at 1.23 V vs RHE) that is lower than 
that of just BiVO4 with Ni-Mo, and slightly higher than that of the bare BiVO4 for 
potentials up to 1.3 V vs RHE. It is likely that the charges were able to transfer more 
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efficiently from the BiVO4 surface to the  Ni-Mo, than from the Al overlayer to the 
Ni-Mo. This very important interface needs to be further examined and optimized.  
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Chapter 5 
 
Conclusion and future directions 

The use of BiVO4 as a photoanode was extensively studied in order to improve 
its photoactivity. BiVO4 has a conduction band edge position that almost coincides 
with the thermodynamic hydrogen evolution potential, thus, it can promote an 
earlier photocurrent onset, and can generate a higher photocurrent in the low bias 
region compared to the other photoanodes. These properties are vital in obtaining a 
high overall operating current and can eventually lead to a higher solar-to-hydrogen 
(STH) efficiency. In addition, BiVO4 has a relatively low band gap energy of 2.4-
2.6 eV, which makes it readily absorb visible light3. However, the drawbacks of 
using BiVO4 photoanodes are poor electron mobility and poor water oxidation 
kinetics. Poor electron mobility brings about the loss of the photon efficiency to 
electron-hole recombination4. Moreover, BiVO4 is not a good water oxidation 
catalyst.  

Highlights  

The optimization of BiVO4 photoanode synthesis via thin film 
electrodeposition on FTO was performed. The factors affecting the 
photoelectrochemical activity such as the electrodeposition time, ratio of the Bi-KI 
to benzoquinone-EtOH in the deposition bath, and the calcination temperature, have 
been investigated by using the Central Composite Design of Experiments. The 
effect of the factors on the measured physico-chemical properties (thickness of 
electrodeposited film, ratio of [040]/[110] planes, band gap energy, crystallite size) 
and their relation to the resulting photocurrent density were studied.  

 
Monoclinic BiVO4 photoanodes with an optimal photocurrent density of 0.45 

± 0.05mA/cm2 at 1.23 V vs RHE were obtained. It was shown that a high 
photocurrent density are generally dictated by the following physico-chemical 
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properties: higher crystallite size, an optimal thickness, and a more compact, porous 
morphology. Furthermore, the following photoelectrochemical characteristics give 
rise to a higher photocurrent density: low onset potential, and a high donor density. 

 
 Surface states on the BiVO4 surface induce electron-hole recombination via 

the Shockley-Read-Hall mechanism5. In order to minimize the inefficiencies due to 
electron-hole recombination and passivate the surface states, ultrathin Al-based 
overlayers (Al2O3/Aluminum hydroxyl surfaces), and Ti overlayer were deposited 
on the BiVO4 thin film electrodes by the alternating flow chemical vapor deposition 
technique, more commonly known as Atomic Layer Deposition (ALD). This has 
also been done to protect the BiVO4 surface from photocorrosion and increase its 
stability. A photocurrent density of 0.54 mA/cm2 at 1.23 V vs RHE was obtained 
for BiVO4 modified by 2 cycles of ALD (one cycle being composed of a first half-
cycle of trimethylaluminum and second half-cycle of water), a 54% improvement 
from the bare BiVO4 which showed a photocurrent density of 0.35 mA/cm2 at 1.23 
V vs RHE. A 15% increase in stability of the Al- modified BiVO4 electrode was 
also observed over 7.5 hours of continuous irradiation. Moreover, through surface 
capacitance measurements, it was shown that the Al2O3 overlayer or even 
hydroxylated aluminum atoms, effectively passivated the surface states of the 
BiVO4 electrodes.  

 
The nature of the BiVO4 surface was studied by chemical titration of BiVO4 

powder with n-BuLi, a carbanionic reagent, typically used in surface 
organometallic chemistry for the titration of surface acid protons. The existence of 
surface reactive groups on BiVO4, whose chemical nature has not yet been defined, 
has been confirmed and quantified (maximum 1.5 reactive site/nm2). The 
quantification of the reaction of water with BiVO4 powder after functionalization 
with a pulse of AlMe3, and therefore having a surface advantage of aluminum-
methyl, showed that there were 1.2 CH4 molecules released by the reactive group 
of the initial surface. 
 

No improvement in photocurrent density was observed for Ti-modified BiVO4 
under the synthetic conditions used in this experiment. 

 
The addition of Ni-Mo to bare BiVO4 increases the photocurrent density by 3-

fold,  from 0.35 mA/cm2 to 1 mA/cm2 at 1.23 V vs RHE. This was mainly due to 
the much lower charge transfer resistance of this electrode with respect to bare 
BiVO4. Moreover, the addition of Ni-Mo to BiVO4 with a 2- cycle Al-based overlay 
produces a photocurrent density (0.39 mA/cm2 at 1.23 V vs RHE) that is lower than 
that of just BiVO4 with Ni-Mo, and slightly higher than that of the bare BiVO4 for 
potentials up to 1.3 V vs RHE. It is likely that the charges were able to transfer more 
efficiently from the BiVO4 surface to the  Ni-Mo, than from the Al overlayer to the 
Ni-Mo. This very important interface needs to be further examined and optimized.  
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In conclusion, in this work, we were able to highlight the important factors in 
the synthesis of BiVO4 and their impact on the resulting photoactivity. We also 
succeeded in passivating the surface states of BiVO4 using an Al overlayer, which 
is not well-explored in literature.  In addition, we were able to probe and discuss 
the nature of the BiVO4 surface. This is a very basic knowledge and the first report 
on it, to our knowledge. A good understanding of this important semiconductor 
surface and its interactions will facilitate the design of a more efficient BiVO4 
photoanode. 
 

Future Directions 

Electrodeposited BiVO4 photoanodes provide a promising synthesis route for 
large-scale applications, but the photoanodes that were synthesized here were not 
transparent. In order to be useful as light absorbers in tandem cell devices, the 
BiVO4 photoanode has to be transparent, thus, the control of the thickness and 
growth of the material is very important.   

 
The effect of the operating temperature on the performance of the photoanodes 

should be investigated. Our preliminary tests indicate that this plays a huge role in 
the resulting performance.  

 
Although the addition of passivation layers improved the stability of the thin 

film electrodes that were reported in this study, this is still far from being sufficient 
to support practical applications. In order to be practical, PEC water splitting 
systems have to be stable for a long period of time, the typical benchmark being a 
lifetime of 10 years120.  
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Appendix 1 

Preliminary experiments for factor screening 

 
Initially, 6 factors have been identified and preliminarily screened in order to 

identify the significant factors to be subjected to design of experiments. The factors 
that were investigatedwere: potential, electrodeposition time, Bi-KI to 
benzoquinone-ethanol ratio, V precursor solvent, calcination temperature and ramp 
rate. 
 

A1.1 Effect of Potential 

With all other factors held constant, the effect of potential (-0.05V to -2Vvs 
Ag/AgCl (3M KCl)) was investigated. Electrodeposition time was set at 3 min and 
Bi-KI to benzoquinone-ethanol ratio of 2.5. 

 
 

As seen in Figure A1, deposition was accomplished with a uniform coverage 
of the electrode at a potential of -0.1Vvs Ag/AgCl (3M KCl). Depositing at higher 
potentials did not yield a film that adhered to the FTO surface while using a lower 
potential did not entirely cover the set electrodeposition area. For this reason, the 
applied potential was fixed at -0.1Vvs Ag/AgCl (3M KCl) for the experimental 
runs. 
 

A1.2 Effect of electrodeposition time 

 
Varying the electrodeposition time varies the thickness of electrodeposited 

films, as shown in Figure A2. 

Figure A1. Electrodeposition with varying potentials 
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For the design of experiments, a wider range of electrodeposition time, from 

0.5 min to 10 min, has been considered. 
 

A1.3 Effect of the Bi-KI to Benzoquinone-ETOH ratio 

 
The electrodeposition of BiOI onto the FTO glass is made possible by the 

reduction of p-benzoquinone to hydroquinone. The p-benzoquinone consumes H+ 
in the solution during the process, which results in a local pH increase enabling the 
precipitation of BiOI on the FTO glass working electrode.55 

 

 

Figure A2. Electrodeposited BiOI (TOP) and synthesized BiVO4 (BOTTOM) at different electrodeposition 
times, (Bi-KI to benzoquinone-ethanol ratio at 2.5 and the calcination temperature of 450oC) 

Figure A3. Water oxidation activity results by varying the Bi-KI to benzoquinone-EtOH ratio.  (A) 
Chronoamperometry plots of the photocurrent density and the (B) corresponding FE-SEM images,  

(electrodeposition time of 3 minutes and calcination temperature of 450 oC) 
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The ratios investigated for the Bi-KI to benzoquinone-ethanol are 1.3 to 2.5 
because differences in morphology were observed among the samples synthesized 
at different ratios in the preliminary tests. At a ratio of 1, no deposition was 
observed. 

 

A1.4 Effect of the Vanadium precursor solvent 

 
Two V precursor solvents were intially used. The photocurrent densities 

obtained using DMSO (dimethyl sulfoxide) were slightly higher than those using 
DMF (dimethylfuran). For this reason and due to the safety considerations, the V 
precursor solvent chosen was DMSO. 

 
 

 

A1.5 Effect of the calcination temperature 

 
Significant morphology changes as well as different grain sizes were observed 

upon calcination at the temperature range of 350oC to 500oC. This was the same 
range that was employed in the design of experiments. 

 
 

Figure A4. Chronoamperometry plot showing the effect of the Vanadium precursor solvent on the photocurrent 
density (electrodeposition time of 3 minutes and calcination temperature of 450oC) 
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A1.6 Effect of the calcination heating rate 

A fast (20oC) and slow (2oC) ramp rate were preliminarily tested to identify the 
effect of heating rate during calcination on the morphology and photocurrent 
density of the material. Based on preliminary tests, a slower ramp rate is preferred, 
thus, the heating rate was fixed to 2oC/min.

Figure A5. Chronoamperometry plot showing the effect of calcination temperature on the photocurrent density and 
the resulting morphologies, as shown by the FE-SEM images (electrodeposition time of 3 minutes and Bi-KI to 

benzoquinone-EtOH ratio of 2.5) 

Figure A6. Water oxidation activity results by varying calcination heating/ramp rate. (A) Chronoamperometry plot 
showing the photocurrent density and the (B) corresponding FE-SEM images, (electrodeposition time of 3 minutes 

and calcination temperature of 450 oC) 
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Appendix 2 

UV-vis diffuse reflectance spectra  

Figure A7.Kubelka-Munk function versus photon energy at various (A) electrodeposition time, 
(B) calcination temperature, and (C) Bi-KI to benzoquinone-EtOH ratio
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Appendix 3 

Mott-Schottky plots 

Figure A8. Mott-Schottky plots at various (A) electrodeposition time, (B) calcination temperature, 
and (C) Bi-KI to benzoquinone-EtOH ratio, measured at 7.6 kHz 
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Appendix 4 

FE-SEM Images of BiOI 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
  

Figure A9. FE-SEM Images of electrodeposited BiOI at different electrodeposition time  
(1 min, 3min, and 5 min) 
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Appendix 5 

GC calculations for n-BuLi titration 

 
Given quantities: 
 
Volume of gas balloon (Vballoon): 6000 mL 
Volume of gas sample injected (Vgas): 0.5 mL 
GC peak area: 2098.9 
Surface area of BiVO4: 3.4792 m2/g 
GC constant: 1.39 x 10-12 
Amount of BiVO4 powder sample: 1.001 g  
 
 
 
Calculation of amount of C4H10: 
 

 

 

 

 
 

 
 
 
Calculation of amount of reactive sites (maximum OH): 
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Appendix 6 

 

Possible BiVO4 surface termination 

 
 

 
 
 
 
 
 
 
 

 
 
 
  

Figure A10. BiVO4 surface termination considering (010), (110), and (040) surfaces 
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Appendix 7 

Pyridine desorption IR spectra 

 
  

Figure A11. In-situ FTIR of pyridine adsorption-desorption from 20oC to 500oC at 
5oC/min ramp rate 
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Appendix 8 

GC calculations for Al-modified BiVO4 powder 

 

1. 1st pulse: AlMe3 

 
Given quantities: 
 
Volume of gas balloon (Vballoon): 10000 mL 
Volume of gas sample injected (Vgas): 0.5 mL 
GC peak area: 3625 
Surface area of BiVO4: 3.4792 m2/g 
GC constant: 1.39 x 10-12 
Amount of BiVO4 powder sample: 1.9063 g  
 

 
Calculation of amount of CH4: 
 

 

 

 

 
 

 
 
 
Calculation of molecules of CH4: 
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2. 2nd pulse: degassed H2O 

 

Given quantities: 
 
Volume of reactor (Vreactor): 200 mL 
Volume of gas sample injected (Vgas): 0.5 mL 
GC peak area: 16769 
Surface area of BiVO4: 3.4792 m2/g 
GC constant: 1.39 x 10-12 
Amount of AlMe3-BiVO4 powder sample: 0.9063 g  
 

 
Calculation of amount of CH4: 
 

 

 

 

 
 

 
 
 
Calculation of molecules of CH4: 
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