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In this paper the deposition of BiVO4 onto fluorine doped tin oxide (FTO) substrates by electrophoretic deposition (EPD) is 
presented. The BiVO4 powder was fabricated by a mixed oxide route and added by a solvent and dispersant to achieve the 
suspension for EPD. The particle size, sintering parameters, and crystal structure of the powder were characterized by laser 
light diffraction, dilatometer, and X-ray diffraction, respectively. EPD was performed at deposition voltages between 12.5 V 
and 100 V resulting in layer thicknesses in the range of 0.5 µm and 2.8 µm after sintering. The current density of the layers 
was determined for frontside and backside illumination of the FTO substrates at different wavelengths in the range between 
400 nm and 600 nm. The band gap was determined at 515 nm, which corresponds to 2.5 eV. The maximum external quantum 
efficiency (EQE) was measured at 440 nm and backside illumination.

INTRODUCTION

 The energy consumption of the global population 
is rising from day to day and thereby the total amount 
of primary energy sources is steadily decreasing [1]. 
A possible alternative solution for the future may be 
renewable energy sources. Beside solar [2], wind [3], and 
water [4] as renewable energy, photo electro-chemical 
(PEC) cells are receiving more and more interest.
 PECs consist of a photo sensitive semiconductor 
anode and a metallic cathode within a liquid electrolyte 
[5, 6]. Irradiation of the anode by electromagnetic 
radiation results in an electrolysis of water (H2O) to 
oxygen (O2) and hydrogen (H2) at the anode and cathode, 
respectively [7]. One approach of PECs is the storage 
of H2, due to the geometrical separation of H2 and O2. 
The storage can be realized, for instance, within a 
metal hydride [8], which enables the functionality as a 
secondary battery for mobile applications [9, 10]. The 
advantage of H2 as storage medium is the high energy 
density compared to other storage technologies such as 
electric capacitors or pressurerized fluids [11].
 In the year 1972 the first PEC was presented by 
Honda et al. [12]. The anode consisted of a n-doped 
TiO2, the cathode of platinum, and as electrolyte 1 M KOH 
was used. The electrolysis of H2O was realized under 

illumination in combination with an external bias 
voltage. Subsequently other semiconductors like SrTiO3 
[13] or Fe2O3 [14] were investigated as anode materials. 
As material for the cathode, nickel (Ni) or platinum (Pt) 
was used. Due to the large band gap of TiO2 (3.0 eV), 
SrTiO3 (3.2 eV), and Fe2O3 (3.0 eV), these PECs can 
only be used at wavelengths below 400 nm without an 
external bias potential. Materials that can be used below 
this threshold are BiVO4 and InVO4 with a band gap 
of 2.4 eV (530 nm) and 1.9 eV (650 nm), respectively 
[15, 16]. The deposition of BiVO4 is mostly performed by 
two different approaches. (1) The first is based on nano-
scaled BiVO4 powders, which are dispersed in an elec- 
trolyte. (2) The second approach is the deposition of a thin 
layer onto the cathode, which enables the separation of 
the gases directly. The materials can be deposited for 
instance by sputtering [17], sol-gel method [18], or elec-
trophoretic deposition (EPD) [19, 20].
 In this investigation, BiVO4 layers are realized 
by EPD method onto fluorine doped tin oxide (FTO) 
substrates. By using this deposition method, layers with 
a high surface area could be achieved directly on the 
cathode, which combines the above mentioned advan-
tages. In previous work the deposition of SrTiO3 by EPD 
on nickel substrates was already shown [21]. Depen-
ding on the fabrication process of the layers, external 
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quantum efficiencies (EQE) more than 60 % were reali-
zed. Beside the already mentioned advantages, EPD is 
a fast, inexpensive and easy method, which offers the 
possibility to deposit layers with a wide variation of 
thickness. Due to the usage of nanopowders, a large 
interface area could be realized between the BiVO4 and 
the electrolyte. FTO substrates are electrical conductive 
and transparent for visible light and, thus, enable an 
irradiation of the photo active layer from the frontside 
as well as the backside.
 In this paper the operation principle of EPD and 
PEC, the fabrication of the powder and BiVO4 layers, 
as well as the characterization are presented. The 
results are discussed with respect to the illumination 
orientation, the chemical behavior of the reactions, the 
thickness of the layers, and the illumination wavelength 
to increase the EQE.

EXPERIMENTAL

Operation principle
Electrophoretic Deposition

 The electrophoretic deposition enables the migra-
tion of charged colloidal particles under the influence 
of an electric field and their deposition onto an electro-
de. For EPD a homogeneous liquid suspension is ne-
cessary, which consists in general of a dispersion 
medium, a dispersant, and the particles. The particles 
must be charged on the surface and can be made of 
polymers, pigments, dyes, ceramics, as well as metals. 
Two electrodes are dipped into the suspension and an 
electrical field is applied. This initializes the migration 
and deposition of the charged particles onto the corres-

ponding electrode. The deposited mass can be calculated 
by the Hamaker Equation 1 [22], which is given in 1. 
This equation describes the deposited mass depending 
on the applied time and voltage.

(1)

 The parameter A indicates the working area, c the 
solid concentration, ζ the Zeta potential, ε the dielectric 
constant, d the distance between the electrodes, and 
η the viscosity of the suspension. A schematic of an 
electrophoretic deposition setup is shown in Figure 1.

Photo Electro-Chemical Cell
 Figure 2 shows a schematic side view of our PEC. 
It consists of a BiVO4 layer on a FTO substrate as 
anode. The FTO substrate is covered by a silicone mask 
on both sides. The hole stack is dipped into KOH as 
electrolyte. A platinum coated nickel foam is used as 
counter electrode. By illumination of the BiVO4 layer 
with LED light with suitable wavelength, H2O is splitted 
into oxygen (O2) and hydrogen (H2). At the same time, 
free electrons are generated. The resulting current is 
measured by an amperemeter, which is an indicator for 
the generated charge carriers.  

RESULTS AND DISCUSSION

Fabrication of BiVO4 layer
Powder Preparation

 In this investigation, BiVO4 powder was produced 
by a solid state mixed oxide reaction. The chemical 
reaction is shown in Equation 2. The two educt powders 
Bi2O3 (Alfa Aesar, 99.5 %) and V2O5 (Alfa Aesar, 99.6 %) 
were mixed with the correct molar proportions before 
reaction. Subsequently the mixture was homogenized by 
wet milling in 2-propanol and calcinated in a furnace in 

m(t, U) =                  · t · U
A · c · ζ · ε
d 2 · η
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Figure 1.  Schematic side view of a electrophoretic deposition 
(EPD) setup.
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Figure 2.  Schematic side view of a photo electro-chemical 
(PEC) cell setup.
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ambient air for 48 h at 800 °C. The heating and cooling 
rate was 5 K∙min-1. The resulting coarse BiVO4 granulate 
was crushed by wet milling in a planetary mill (Retsch 
PM400) for 4 h, followed by a drying step.

Bi2O3 + V2O5 → 2 BiVO4                        (2) 

Suspension preparation
 Before EPD deposition process, the BiVO4 powder 
has to be dispersed. The corresponding suspension 
contains BiVO4 powder, 2-propanol, and an organic 
dispersant. At first the dispersant (trioxadecanoic acid) 
plus 2-propanol were mixed and stirred magnetically for 
5 min. Then the BiVO4 powder was continuously added 
into the solution and stirred for further 10 min. To crush 
agglomerated particles and to achieve a homogeneous 
suspension, the mixture was ultrasonified (Sonifier 
W450, Branson) for 3 min. 

Electrophoretic deposition and sintering
 The suspension was deposited onto FTO substrates 
with dimensions of 10 × 17 mm2, which were diced and 
cleaned with acetone and 2-propanol in an ultrasonic 
bath. In a last step the working area of 10 × 10 mm2 
was defined by masking. The substrates were positioned 
parallel to a platinum counter electrode and dipped into 
the suspension by a stepping motor. For the deposition, 
voltages of 12.5, 25, 50, and 100 V were applied for 6 s. 
After deposition, the substrate was removed vertically 
out of the suspension with a velocity of 1 mm∙s-1 and 
dried at ambient conditions.
 The resulting layers were sintered in a furnace 
(CWF 1300, Carbolite) for 1 hour at 650 °C with a hea-
ting and cooling rate of 5 K∙min-1.

Characterization of BiVO4 layer

 The particle size distribution (PSD) of the BiVO4 
powder was determined by laser light diffraction 
(Beckman Coulter LS 230). In Figure 3 the time depen- 

dent particle size of the powder during the milling 
process is shown. After 4 h of milling, the d50 is 200 nm 
and the d90 is 750 nm. These particle sizes enable the 
deposition of samples with thicknesses of a few micro-
meters. Furthermore, the nanosized particles favour 
a high surface area of the anode, which increases the 
reactivity and decreases the sintering temperature.
 Dilatometer measurements (Netsch 420C) of the 
BiVO4 were carried out to find the sintering parameters. 
Pellets with a diameter of 6 mm and a length of 10 mm 
were pressed and sintered at temperatures up to 700 °C 
with a heating and cooling rate of 5 K∙min-1 in ambient 
air. In Figure 4 the results are shown. The sintering 
process took place in a temperature range between 
500 °C and 600 °C. To get a sufficient adhesion to the 
FTO substrate, the sintering temperature was set to 
650 °C.
 The crystal structure was determined by XRD 
(Bruker D5000). Figure 5 shows the a XRD measure-
ment of the powder and the deposited layer. The peaks, 
which match to the monoclinic BiVO4 are marked 
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Figure 3.  Time dependent particle sizes (d50 and d90) during 
milling.

Figure 4.  Dilatometer measurement of BiVO4 powder.

Figure 5.  XRD measurement of BiVO4 powder and deposited 
layer as well as the reference structure of the monoclinic phase 
(marked in hatched line).
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in hatched line. The peaks of the deposited layer are 
narrower compared to the powder sample, due to the 
sintering process and the corresponding grain growth.
 SEM images (Zeiss DSM 962) are made to ana-
lyze the morphology and the thickness of the layers. 
For measuring the thickness, the samples have been 
embedded into a polymer structure to investigate the 
side view. Figure 6 shows a top view and a side view 
SEM image of a sintered BiVO4 layer.
 The average grain size is about 1 µm and the surface 
structure indicates a high porosity, which applies to all 
deposited layers with different thicknesses. The high 
porosity involves a large surface area and in addition a 
large interface between the BiVO4 and the electrolyte. 
In Figure 6b a cross section of the deposited BiVO4 on a 
FTO substrate is shown. To measure the thickness of the 
layers, depending on the deposition voltage, the samples 
cross sections were taken into account. Figure 7 shows 
the layer thicknesses for different deposition voltages 
and a deposition time of 6 s each. The results follow the 
experimental prediction of Hamaker.

Photo electro-chemical cell
 The photo current densities were measured in a 
two electrode setup by illuminating the BiVO4 on the 
FTO substrates from the frontside and the backside. 
As optical source a LED with a wavelength of 440 nm 
was applied. As electrolyte, potassium hydroxide with 
a concentration of 1 mol∙l-1 was used. In Figure 8 the 
current density with frontside and backside illumination 
is shown. In both cases, the light was switched on for 60 s 
and the current density was recorded simultaneously.
 The higher current density with backside illumi-
nation is given by the band model of a semiconductor. The 
electron-hole pairs are generated within the penetration 
depth of light, which is about 100 nm. Starting from 
this point the electrons or holes have to travel different 
path length depending on the illumination side. Due to 
the higher mobility of the holes, the current density is 
higher with the backside illumination [19]. The reason 
for the different mobilities are given by the electronic 
and crystal structure of the BiVO4. The conducting 
band of BiVO4 mainly consists of V-3d orbitals and the 

Figure 6.  SEM images of sintered BiVO4 layers.
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Figure 7.  Measured thickness of BiVO4 layers depending on 
the applied depostion voltage for a deposition time of 6 s.

Figure 8.  Photo current density of a 1 µm thick BiVO4 layer on 
FTO substrates by front or backside illumination at 440 nm for 
60 s in KOH as electrolyte.
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VO4-tetrahedra are not connected to each other within 
the crystal structure [23, 24]. This results in a poor 
electron mobility.
 Furthermore the current density drops immediately 
after illumination, following an almost constant value. 
This behavior is due to the oxygen evolution reaction 
(OER) at the anode (Equation 3).

4 OH− + 4 h+ → O2 + 2 H2O               (3)

 This reaction needs four holes and consists of four 
subreactions, which are

OH* + OH− + h+ → [HO*OH]                 (4)

[HO*OH] → HO*OH                       (5)

HO*OH + OH− + h+ → O*OH + H2O          (6)

2 O*OH → 2 OH* + O2                (7)

whereby the asterisk represents a binding site at the 
anode surface [25].
 In the first step (Equation 4) an unstable surface 
bonded hydrogen peroxide species is created, which 
in the second step (Equation 5) is converted into more 
stable species. This is a very critical step since the 
lifetime of the unstable hydrogen peroxide species is 
very short and could hinder significantly the complete 
OER. To identify if the second step is the limiting 
reaction, H2O2 was added excessively to the electrolyte 
to bypass Equation 4 and Equation 5. Figure 9 shows the 
photo current density at backside illumination with and 
without additional H2O2. By adding H2O2 the drop of the 
current density after starting the illumination is almost 
eliminated and the resulting value is consequently 
higher. From this result the limitation of the OER is 
found to be Equation 5.
 Another parameter that influences the current 
density is the thickness of the BiVO4 layers. Figure 10 
shows the current density depending on the layer thick-
nesses. The current density was measured in 1 M KOH. 

To overcome the fast dropping of the current, the measu-
rement was made after 60 s. The current density for 
thinner layers is higher, due to the shorter path length 
of the charge carriers, which is about 70 nm [26]. The 
maximum current density of more than 280 µA∙cm-2 was 
measured for a thickness of 1 µm.

(8)

 In order to get comparable results from different 
LEDs with different power, the external quantum nphot 
to the generated charge carriers nelec. I indicates the 
measured current density, h the Plank’s constant, c 
the speed of light, P the measured light power, λ the 
wavelength of the light, and q the elementary charge.
 The deposited BiVO4 layers were illuminated with 
different wavelengths to identify the absorption edge. 
In Figure 11 the external quantum efficiencies with 
different wavelengths are shown. Below a wavelength 
of 515 nm the EQE raises, showing a maximum at about 
440 nm. This value corresponds to a band gap of 2.5 eV, 
which is very similar to 2.4 eV that is found in literature 
[17, 23, 27].
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Figure 9.  Photo current density of a 1 µm thick BiVO4 layer 
on FTO substrates by backside illumination at 440 nm for 60 s 
with and without adding H2O2 to the electrolyte.

Figure 11.  External quantum efficiencies (EQE) for different 
wavelengths by back side illumination. 

Figure 10.  Photo current density for different thicknesses of 
BiVO4 layers on FTO substrates by backside illumination at 
440 nm.

EQE(λ) =          =
nelec
nphot

I · H · c
P · λ · q
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 In comparison to the previous work [28] of our 
group concerning the EQE of SrTiO3, the maximum 
of the EQE for BiVO4 is at 425 nm and hence shifted 
to a wavelength within the visible light. The EQE is 
2.2 % compared to 64.2 % of SrTiO3. In the literature 
an EQE of 9.0 % can be achieved with pure BiVO4 for 
a wavelength of 350 nm [29]. By addition of FeOOH as 
catalyst the OER increased to 56.0 % at a wavelength of 
410 nm.

CONCLUSION

 This paper presents a PEC consisting of a BiVO4 
layer on a FTO substrate as anode and platinum as 
cathode within KOH as electrolyte. The FTO is covered 
by a silicone mask on both sides to define certain areas 
that are illuminated by LEDs either on the frontside or 
the backside. In case of illumination from the backside 
the measured current density is higher compared to 
the front side, due to the reduced path length and the 
higher mobility of the holes compared to the electrons. 
The drop of the current density after a few seconds of 
illumination is explained by an absence of H2O2, which 
hampers one of the subreactions of the oxygen evolution 
reaction. By adding H2O2 to the electrolyte the drop was 
reduced significantly and the current density showed 
an almost constant value of 280 µA∙cm-2. The thickness 
of the BiVO4 layers also influenced the current density. 
Thinner layers showed a higher photo current density, 
which is due to the shorter path length of the charge 
carrier. The external quantum efficiency was 2.2 % 
with a wavelength of 440 nm and the absorption gap 
was measured to be 515 nm, which corresponds to 
a band gap of 2.5 eV. The optimal layer thickness is 
1 µm for a wavelength of 440 nm at back illumination 
with a resulting current density of 280 µA∙cm-2 and 
an external quantum efficiency of 2.2 %.
 To improve the performance of the BiVO4 layers 
the limited electron mobility must be overcome by 
either decreasing of the active layer thickness or the 
addition of a dopant like tungsten which increases the 
electron mobility. Furthermore catalyst materials must 
be applied to prevent the limiting subreaction of the 
OER.
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