
ORIGINAL PAPER

The iron oxyhydroxide role in the mediation of charge transfer
for water splitting using bismuth vanadate photoanodes

Moisés A. de Araújo1 & Dyovani Coelho1 & Lucia H. Mascaro1 & Ernesto C. Pereira1

Received: 10 July 2017 /Revised: 12 September 2017 /Accepted: 17 September 2017 /Published online: 27 September 2017
# Springer-Verlag GmbH Germany 2017

Abstract The water photo-oxidation to oxygen on iron
oxyhydroxide (FeOOH) deposited on a surface of semicon-
ductor materials play a crucial role in the enhancement of
different devices. In order to investigate how FeOOH works
to produce O2 from water splitting, we have investigated the
role of a deposited layer of FeOOH on the bismuth vanadate
(BiVO4) films. The simple-modified method based on poly-
ethylene glycol was applied to produce BiVO4 nanostructures
and a FeOOH photoelectrodeposition methodology was used
to cover the BiVO4 film surface. The photoelectrochemistry
study for FeOOH modified BiVO4 revealed a 3.4 times in-
crease in the photocurrent at 1.23 V vs. RHE. A possible
explanation to the FeOOH mechanism is that it is actually a
green rust containing a mixture of Fe (II) and Fe (III) that acts
as center of charge transfer mediation and not as a catalyst
itself. This hypothesis has been supported by a change ab-
sence in the onset potential, no photocurrent saturation, and
no change in the charge carrier density. Moreover, the FeOOH
also passivated the surface states of BiVO4 as the open circuit
potential shifted 70 mV vs. RHE to more positive potentials.

Keywords Bismuth vanadate . Iron oxyhydroxide .Water
splitting . Hydrogen . Energy . Photoelectrochemical cell

Introduction

Applying semiconductor materials in photocatalysis have
been one of the most promising ways to produce hydrogen
gas (H2) via water splitting. Since the initial studies used TiO2

[1] for such purposes, different materials have been proposed.
In this sense, bismuth vanadate (BiVO4), an n-type semicon-
ductor, is a highly promising candidate to produce oxygen gas
(O2). The holes produced can be used to oxidize water into O2

[2]. Considering BiVO4, it presents two stable phases, the
tetragonal and the monoclinic scheelite phase, and the latter
is the most photoactive crystalline phase, which presents a
narrow direct band gap ≈ 2.4 eV [3, 4] that covers a great
port ion of the visible electromagnetic spectrum.
Furthermore, BiVO4 also presents low toxicity and it is com-
posed by abundant elements [5].

Given the great importance of the BiVO4 crystalline struc-
ture, many methods have been reported to synthesize mono-
clinic BiVO4, such as electrodeposition [6], organic-metal de-
composition [7–9], hydrothermal synthesis [10, 11], spray py-
rolysis [12], solid state reaction [13], co-precipitation [14],
and chemical vapor deposition [15]. In general, the process
of BiVO4 synthesis requires a great deal of energy and/or
involves several steps. In our group, Mascaro et al. [16] de-
veloped a simple and one-way step to produce BiVO4 films
using polyethylene (PEG) 300 to dissolve the precursor re-
agents. Other authors have also applied PEG to obtain
BiVO4 [17–19]. The use of PEG as a solvent plays an impor-
tant role on the porosity of the material [19], as well as the
particles size [17]. The consequence of morphological modi-
fications such as porosity and particle size would dramatically
affect the photoelectrocatalysis performance of the semicon-
ductor material.

Although BiVO4 is a material with great potential to pro-
duce O2, the electron-hole recombination pairs, low electron
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conductivity, and reduced hole transfer kinetics to the water
oxidation [6] are still hurdles to fully fulfill the photocurrent or
photon to oxygen conversion efficiency of the pure material.
Modifying the surface of BiVO4 with an oxygen evolution
catalyst (OEC) [6] has demonstrated to be one of the most
convenient ways to overcome this problem. The OEC com-
bined with BiVO4 are mainly cobalt-phosphate (Co-Pi) [20,
21] and metal-based oxides such as RhO2 [22], and PdOx [23].
Other classes of OEC are the metal-based oxyhydroxide
(MOOH) as NiOOH [24] and FeOOH [24–28].

Photodeposition [24, 25] is one of the methods reported to
obtain an FeOOH layer on BiVO4; such methodology was
applied in this report with modifications. Photodeposition is
based on oxidizing Fe (II) to Fe (III) by the photogenerated
holes. Then, the Fe (III) ions precipitate as FeOOH on the
BiVO4 film. This approach brings as an advantage to place
OEC mostly where holes are likely available to the water
photo-oxidation on a semiconductor surface. According to
the literature, the presence of FeOOH on BiVO4 results in a
dramatic increase of the photocurrent, which is ascribed to the
collection of photogenerated holes from BiVO4 layer by
FeOOH. Besides, the onset potential is shifted in a negative
direction indicating that the kinetics of oxygen evolution is
enhanced and the recombination is suppressed [25]. FeOOH
has also prepared over different semiconductor surfaces, such
as hematite [29]. Kim et al. [29] attributed the enhancement of
water oxidation to O2 due to the passivation of the surface
states of the hematite, which consequently increased the
charge separation efficiency.

Despite of the significant improvement of photocatalysis
properties, FeOOH has been less explored than Co or Ni based
OEC [6]. Moreover, very little is known regarding FeOOH
mechanism action on the enhancement of O2 evolution kinet-
ics on the surface of BiVO4. That said, the aim of this report is
to contribute in the investigation of the role of FeOOH on
BiVO4 applied to water splitting, and furthermore, to investi-
gate the optoelectronic and structural properties of BiVO4 and
BiVO4/FeOOH nanostructured films.

Experimental

Synthesis of BiVO4 films

BiVO4 thin films were prepared by the modification of the
methodology previously reported in our group [16]. The pre-
cursors NH4VO3 (0.1182 g) and Bi(NO3)3.5H2O (0.4950 g)
were dissolved separately in 2.5 mL of a mixture 1:1 of poly-
ethylene glycol 300 and ethylene glycol, and were stirred for
30 min. The precursor solutions were then combined and
stirred for another 30 min. To obtain the films by spin coating,
50 μL of the suspension was dropped on a cleaned and
hydrophilized FTO and subsequently spun at 1000 rpm for

30 s. This procedure was repeated seven times; at the end
the films were annealed in air at 500 °C for 1 h.

Synthesis of BiVO4/FeOOH films

The surface modification of the photoanodewith the OECwas
obtained by the photoelectrodeposition of FeOOH on BiVO4

films in a FeSO4 solution, which was a modification of the
methodology reported elsewhere [24]. Initially the following
deposition parameters were investigated in order to obtain the
highest photocurrent: (i) applied potential (0.4, 0.6, 0.8, and
1.0 V vs. Ag/AgCl/KClSat.), (ii) deposition time (5, 30, and
60 min), (iii) FeSO4 concentration (0.001 mol L−1 pH 5.4 and
0.1 mol L−1 pH 4.0), and (iv) applying or not 1.2 V vs. Ag/
AgCl/KClSat. after photoelectrodeposition. The optimized
conditions consisted in photoelectrodeposition under back-
side illumination of the FTO/BiVO4 photoanode (on glass
face of FTO) into FeSO4 0.1 mol L−1 solution for 30 min
applying 0.4 V vs. Ag/AgCl/KClSat. in order to facilitate the
deposition of FeOOH. In this conditions was obtained a de-
p o s i t i o n c h a r g e o f 1 5 4 ± 2 6 mC cm − 2 . T h e
photoelectrodeposition was carried out in a three-electrode
cell containing BiVO4 as a working electrode, a Pt counter
electrode, and an Ag/AgCl (KCl saturated) reference elec-
trode. The light source was a 150 W xenon lamp with AM
1.0G filter and radiance of 100 mW cm−2.

Characterization of BiVO4 and BiVO4/FeOOH films

The X-ray diffraction (XRD) pattern of the BiVO4 and
BiVO4/FeOOH films were carried out on a Shimadzu XRD-
6000 X-ray diffractometer with Cu Kα radiation (λ = 1.54 Å),
in the 2θ range of 15° to 60° at a scanning rate of 1°s−1, and an
accelerating voltage of 30 kV. The morphologies of the films
were investigated by high-resolution field emission scanning
electron microscopy (FE-SEM, Zeiss Supra 35 at 5 kV), and
the chemical analysis of the films were performed on a FE-
SEM Inspect F50 with EDAX. In order to estimate the optical
band gap of the semiconductors, UV-vis spectra were obtained
using a Varian Cary 5G UV-vis-NIR spectrophotometer in the
diffuse reflectance mode.

Photoelectrochemical and electrochemical measurements

The photocurrent measurements were conducted in the same
electrochemical cell and with the same light source as de-
scribed previously for the FeOOH photoelectrodeposition.
The experiments were performed in Na2SO4 0.5 mol L−1 so-
lution at pH 5.60. The linear voltammetric profiles were re-
corded at 20 mV s−1 sweeping the potential to more positive
values. The area illuminated of the films was ≈ 1 cm2. All the
photoelectrochemical measurements were carried out with
Ag/AgCl (KCl saturated) reference electrode, and the results
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were presented against the reversible hydrogen electrode
(RHE) as that would allow an easy comparison of the data
with the others in the literature. The conversion of the poten-
tial scale was calculated applying the following equation.

E vs:RHEð Þ ¼ E vs:Ag=AgCl=KCl sat:ð Þ þ E Ag=AgCl=KCl sat:ð Þref þ 0:059� pHð Þ

E Ag=AgCl=KCl sat:ð Þref ¼ 0:197 V vs:RHE at 25oC

Tests in buffered solution at the same pH (5.6) demonstrat-
ed that the shift of polarization curves of the BiVO4/FeOOH
did not exceed 80 mV to the onset potential of photocurrent,
while the absolute values of photocurrent densities at 1.23 V
vs. RHE were similar, where into buffered solution the pho-
tocurrent was 4.8% higher than into non-buffered electrolyte.
Some papers about WO3 and BiVO4 photoanodes also report-
ed such changes when the parameters of solutions as concen-
tration, pH, or salt used as electrolyte are changed [30–33]. In
agreement with the literature, this occurs due to the differences
between anions adsorption on photoanode surface, which
could change the kinetics of charge transfer at the interface
photoanode/electrolyte.

To obtain the Mott-Schottky plots, the capacitance of
BiVO4 and BiVO4/FeOOH films were measured. The sinu-
soidal modulation applied was 10 mV with a frequency of
1 kHz.

In order to evaluate the charge transfer resistance at the
interface semiconductor/electrolyte, an electrochemical im-
pedance spectroscopy was performed in the frequency range
of 10 kHz to 0.2 Hzwith 10mVof amplitude. This experiment
was conducted under illumination and at the open circuit po-
tential (Eocp), which was 0.70 and 0.77 V vs. RHE for BiVO4

and BiVO4/FeOOH, respectively. All the electrochemical ex-
periments were performed using the Potentiostatic Autolab
PGSTAT302N.

Results and discussion

The phase with higher photoactivity of BiVO4 is the mono-
clinic scheelite; however, the semiconductor can present a
tetragonal phase too. Therefore, the photoanodes were char-
acterized by an X-ray diffraction to find out its crystalline
structure; the diffraction patterns are shown in Fig. 1. The
diffraction peaks are indexed with the monoclinic phase of
BiVO4 (JCPDS No 75–1867) with cell parameters
a = 5.195 Å, b = 5.093 Å, and c = 11.704 Å and space group
I2/b. There is no preferential orientation growth of BiVO4 on
FTO, as the relative intensities of the peaks are similar to those
of the standard diffractogram. The average crystallite size ob-
tained from the Scherrer equation applied to the diffraction
peak at 28.96° (two theta) is 35 nm. Besides that, the splitting
of peaks at 18.9°, 35°, and 47° observed is characteristic to the

monoclinic structure, which confirms that this phase is obtain-
ed in the pure form after heat treatment without a mixture of
the tetragonal scheelite structure [16, 34]; the characteristic
peak of tetragonal phase (JCPDS No 14–133) at 24° was not
observed. The peaks identified with asterisks are related to the
FTO substrate (PDF No 88-287) [35]. The analysis of the
diffraction pattern shows a small shifting of the peaks, about
0.2° to the pure BiVO4 film and 0.1° to the substrate (using the
software Crystallographica Search-Match, version 2, 1, 1, 1).
Probably this fact occurs because of strain effect [36] in the
thin film, with 750 ± 90 nm of thickness calculated from the
cross section image of SEM showed in Fig. 2.

Although the X-ray patterns did not show differences for the
films modified with the FeOOH photoelectrodeposited, the mi-
croscopic images indicated a change of morphology after the
deposition of the OEC. The images of SEM in Fig. 2 for the
semiconductor film before photoelectrodeposition of FeOOH
exhibit wormlike-shaped particles with an average size of
140 ± 46 nm. After the photoelectrodeposition of FeOOH on
BiVO4 the image displays the coalescence of small particles,
like spheres, on the wormlike-shaped particles. The same pat-
terns of images were obtained by Kim and Choi [37] when
evaluating the photoelectrochemical behavior of BiVO4 films
modified with ZnFe2O4. One of the steps during the deposition
of ZnFe2O4 was the photoelectrodeposition of FeOOH. It is
believed that these particles are amorphous FeOOH, and they
are deposited over the surface of BiVO4 exposed to the elec-
trolyte solution containing Fe (II). To compare, after FeOOH
deposition on FTO, the same pattern is observed, showing
small particles on FTO. The thickness of the BiVO4 film is
750 ± 90 nm, approximately, and there is not significant change
after photoelectrodeposition of FeOOH. The mechanism of the
photoelectrodeposition of FeOOH on BiVO4 is based on the
use of photogenerated holes to oxidize Fe (II) ions to Fe (III)
ions producing the FeOOH insoluble, which remains adsorbed
on the BiVO4 layer [27]. The pH of the medium is controlled to
keep Fe (II) ions dissolved, though it is not enough to dissolve
the amorphous particle of FeOOH. However, it is believed that
the photoelectrodeposition yields a kind of green rust sulfate
containing Fe (II) and Fe (III), which is discussed in more detail
to propose the charge transfer mediation during the
photoelectrochemical oxidation of water.

In order to confirm the presence of the iron compounds in
the particles, EDS analysis was performed and the EDS spec-
tra as the mapping are shown in Fig. 3. It is noted the presence
of the iron in the EDS spectra (Fig. 3a), however in low quan-
tity, which as expected because of the SEM images show a
thin layer of particles coating on BiVO4 surface. The elemen-
tary mapping in Fig. 3b exhibited a homogeneous distribution
of iron compounds throughout the surface of BiVO4 film.

The optical band gap was estimated using the diffuse re-
flectance spectroscopy (DRS) and the Kubelka-Munk func-
tion to determine the absorption coefficient of the
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semiconductor film [38]. It was concerning that both films,
BiVO4 and BiVO4/FeOOH, were semiconductors of direct
interband transitions. Figure 4 shows the reflectance diffuse
spectrum and the Tauc plot for FTO, FTO/BiVO4, and FTO/
BiVO4/FeOOH films. The band gap of semiconductor films

are in agreement with those reported in literature [3, 4] and
was not observed to have any significant difference after the
photoelectrodeposition of FeOOH on the BiVO4 film [16].
The films present optic band gaps of 3.74, 2.59, and 2.57 eV
to FTO, BiVO4, and BiVO4/FeOOH, respectively (insert of

Fig. 1 Diffraction patterns of
BiVO4 and BiVO4/FeOOH films

Fig. 2 SEM images of FTO and
BiVO4 films before and after
FeOOH photoelectrodeposition
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Fig. 4). Despite the fact that FeOOH does not contribute to the
decrease of the band gap, the photocurrent is greatly influ-
enced by that step.

Figure 5 shows the linear voltammograms of BiVO4 and
BiVO4/FeOOH under dark and illuminated conditions; all the

films were back-side illuminated through FTO, as it provides a
much higher density of photocurrent than front illumination.
The oxidation wave between 0.65 and 1.20 V is attributed to
vanadium oxidation [16]. Furthermore, in the same range of
potential it is observed a decrease in current density to BiVO4/
FeOOH under dark conditions, which is associated with the
coverage of the BiVO4 surface with particles of FeOOH. This
leads to the less exposure of the vanadium oxide. Therefore,
the voltammetric profile is in agreement with the microscopic
i m a g e s o f B i VO 4 / F e OOH s h o w n a f t e r t h e
photoelectrodeposition of FeOOH. Under illumination the
photocurrent density of the pure BiVO4 film is about
148 ± 27 μA cm−2 at 1.23 V, while the BiVO4/FeOOH film
presents a value of 507 ± 56 μA cm−2, an increase of approx-
imately 3.4 times in the photocurrent density. The gain in the
density of photocurrent cannot be ascribed to differences in
the band gap or to the thickness of films, as they are very
similar for both BiVO4 and BiVO4/FeOOH. Likewise, the
increase cannot be attributed to light absorption by FeOOH
as pure films of this material on FTO did not show any
photoactivity. Therefore, the main reason for the density of
photocurrent increases is due to the role of FeOOH in the
water-splitting mechanism. Although in Fig. 5a, it may appear

Fig. 3 a EDS spectra and b EDS
mapping of the BiVO4 and
BiVO4/FeOOH films

Fig. 4 Diffuse reflectance spectra and Tauc plots (insert) of BiVO4/
FeOOH, BiVO4, and FTO
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that the BiVO4/FeOOH exhibits a negative shift in the onset
potential of photocurrent, there is no significant shift (insert of
Fig. 5a), ≈ 10 mV. This is more evident in Fig. 5b, with linear
voltammograms under intermittent illumination, where it is
possible to observe that the onset photocurrent is the same
for both photoanodes, BiVO4 and BiVO4/FeOOH, on the con-
ditions of the measurement. The presence of FeOOH top layer
only increases the photocurrent.

In the literature, there are few papers that discuss the mech-
anism of water oxidation evolving the FeOOH, and all of them
impute this phenomenon to heterogeneous catalysis [24, 27,
39]. An explanation is proved by Seabold, Zhu, and Neale
[39], who proposed that the FeOOH suppressed the interfacial
states of the BiVO4 layer. In other reports, Kim and Choi [24]
suggest that the interface between the absorber layer and the
OEC act as a center of recombination, and this is the cause of
the photocurrent density not reaching a saturation point when
compared to the photoresponse into a solution containing a
scavenger such as sulfite. They attribute the increase of pho-
tocurrent density when BiVO4 film is modified with the
FeOOH layer to the higher charge transfer kinetic to water
oxidation and changes in the flat band for more negative po-
tentials with FeOOH deposition. The same explanation is sup-
ported byMcDonald and Choi [27]. In a recent study made by
Kim et al. [29], the authors obtained an over layer of FeOOH
on the Fe2O3 photoanode and pointed out that the FeOOH
works as a passive layer and increases the surface charge
separation.

Chemelewski et al. [40] demonstrated the properties of
FeOOH in its allotropic form, goethite, after its electrodepo-
sition on FTO. The FeOOH acts as catalyst and presents
overpotential for water oxidation much less than it does for
FTO substrates. Additionally, the authors used the FeOOH as
a protective layer onto light absorber material. In this case,
they used a triple junction of amorphous silicon solar cell as
light absorber material and FeOOH as catalyst and protective

layer. This is in agreement with the reports by Kim et al. [29],
who related that the FeOOH acted as a passive layer on the
absorber. Besides that, the green rust could also act as a
blocking layer, however as it was observed in the scanning
microscopic electronic images, the BiVO4 surface was not
totally covered with green rust. Then, this is not the mainly
effect for the increase of photocurrent. It is more plausible that
the green rust works as a charge transfer mediator decreasing
the hole accumulation at semiconductor/electrolyte interface.
As we showed here, the FeOOH does not work as light ab-
sorber, but it increases the charge transfer at film’s surface,
which contributes to its stability and higher photocurrent
(Fig. 6). The transient current displayed in Fig. 6 shows ex-
actly this behavior; the photoanode containing FeOOH pre-
sents the highest density of photocurrent under illumination
and a photocurrent density decays similar to BiVO4. After
1.5 h of incident irradiation, the photocurrent density observed
for BiVO4/FeOOH is about 88μA cm−2, 2.5 times higher than
pure BiVO4. Once that occurs, the photocurrent density keeps
stable for 1 h after the period of stabilization, and the FeOOH
photoelectrodeposited particles could stay on surface of
BiVO4 film, otherwise the current could drop until the values
observed to BiVO4 film. The transient decay of the photocur-
rent density can be assigned to the decrease of local pH in the
interface FeOOH/electrolyte that dissolves the FeOOH and
causes the decreasing in the photocurrent density. The same
behavior was observed by Seabold et al. [39], when they stud-
ied the BiVO4 doped with Mo.

Here, we suggest that the centers containing iron act like
mediators to electron transference on the surface decreasing
the charge transfer resistance. In this case, the particles of
FeOOH could not be stoichiometric, and they could have a
mix of Fe (III) and Fe (II) yielding a kind of green rust, as the
product of corrosion on metallic surfaces [41]. In agreement
with Refait et al. [42] and Génin et al. [41], the green rust
sulfate presents an oxidation number for Fe of + 2.33. Thus,

Fig. 5 a Linear voltammograms under dark and illumination. b Linear voltammograms under intermittent illumination. Measurements performed at
20 mV s−1 in Na2SO4 0.5 mol L−1 pH 5.6
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the centers containing the mix of Fe (II)-Fe (III) can be oxi-
dized by holes photogenerated in the space charge of BiVO4

that reached the surface of the film and the water could be
oxidized to O2 by centers containing iron regenerating the
green rusts. Consequently, the FeOOH layer mainly acts in
the mechanism of the charge transfer at semiconductor/
electrolyte interface. To investigate this phenomenon was de-
termined the flat band potential (Efb) and the charge carrier
density (ND) of the films using the Mott-Schottky plot pre-
sented in Fig. 7, which can be obtained from an analysis of the
Mott-Schottky plot’s linear region with the following
equation:

1

C 2
SC

¼ 2

ε ε0 q ND A2

� �
� E−Efb−

kB T
q

� �

where q is the elementary charge (1.602 × 10−19 C), ε is the
semiconductor dielectric constant (32 for BiVO4 and BiVO4/
FeOOH [43]), εo is the vacuum permittivity constant
(8.85 × 10−14 F cm−1), A is the electrode area (1.0 cm2), kB
is the Boltzmann constant (1.38 × 10−23 J K−1), T is the abso-
lute temperature (298.2 K), and E is the applied potential [44].
Therefore, aCSC

−2 vs. E plot can be used to determine the type
semiconductor, the Efb and the ND. The type semiconductor is
estimated from the slope (positive to n-type and negative to p-
type semiconductor) and the Efb from the intercept on the
potential axis when the CSC is zero. The value of ND can also
be determined from the slope, given the values of ε and A. The
values obtained are shown in Table 1.

Table 1 shows a shift of 40 mV of the Efb to negative
potential when BiVO4 is covered with FeOOH. As the band
gap determined by DRS is almost the same for both films,
BiVO4 and BiVO4/FeOOH, the shift of Efb means that the

potential of the valence band for the last one is more negative
than for the pure semiconductor film. The ND calculated to the
BiVO4 is higher than to the BiVO4/FeOOH; therefore, the
increase of photocurrent after the photoelectrodeposition of
FeOOH does not follow the change at charge carrier density.
This supports the hypothesis that the FeOOH acts as a charge
transfer mediator and not as a catalyst itself or blocking layer,
because a shift of the photocurrent onset potential was not
observed in the voltammetric measurements, which is associ-
ated with a decrease in the activation energy of the reaction of
water oxidation.

Actually, the Mott-Schottky model is not completely suitable
for the film studied here, as the FeOOH top layer is not recov-
ered throughout the BiVO4 surface as shown in the SEM im-
ages. However, it is worth noting that the parameters determined
to BiVO4 pure film are reliable and comparablewith the reported
results in the literature even though the Efb and ND related in the
literature can present a substantial dispersion depending on elec-
trolyte, pH, and film deposition methods [22, 45, 46]. Thus,
electrochemical impedance spectroscopy was performed at open
circuit potential (Eocp) to evaluate the charge transfer resistance
at photoanode surface during water oxidation.

According to the charge transfer resistances measurements
under dark and illumination conditions at Eocp, the increase in
the photocurrent shown after photoelectrodeposition of
FeOOH on BiVO4 is due to its mediation in charge transfer
of holes from BiVO4 to the electrolyte. The coverage of BiVO4

surface with FeOOH expressively decreases the charge transfer
resistance under illumination, as shown in the Fig. 8. In contrast
to BiVO4/FeOOH, the pure film shows an increase in the
charge transfer resistance under illumination, which means that
the photogenerated holes could accumulate on the surface of
the photoanode but they were not transferred to the water. An
extrapolation of the complex diagram of the films presents that

Fig. 6 Transient current density at 1.23 V under dark and sun light
simulator of BiVO4 and BiVO4/FeOOH films. Measurements
performed in Na2SO4 0.5 mol L−1 pH 5.6

Fig. 7 Mott-Schottky plots of BiVO4 and BiVO4/FeOOH films.
Measurements performed in Na2SO4 0.5 mol L−1 pH 5.6
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the charge transfer resistance of the BiVO4 is approximately
8.5 times higher than the BiVO4/FeOOH. Hence, the FeOOH
decreases of the charge transfer resistance from the BiVO4 to
the electrolyte because the holes are probably transferred to iron
first and then from the FeOOH to the H2O. This hypothesis is in
agreement with the mediation in the charge transfer that the
centers containing the Fe (II)-Fe (III) performed, as proposed
with the green rust formation during the photoelectrodeposition
of the FeOOH on the BiVO4 surface, and as represented in Fig.
8b. Ding et al. [47] observed a similar behavior when studying
the effect of cobalt borate deposition on the BiVO4. The au-
thors showed a decrease in the charge transfer resistance with a
cobalt borate top layer.

In fact, the same behavior has been exhibited by other
oxyhydroxides with different metals as Ni [24, 48], Co [49],
Mn [50, 51] and their borates [7, 47], phosphates [52], or a
mixture of these [24, 53] when they are deposited on a light
absorber layer. However, we think that if the FeOOH acts
strictly as a catalyst, then the onset photocurrent could be sig-
nificantly shifted to negative potentials and the voltammetric
profile could exhibit photocurrent saturation. Remember that
we did not observe a shift of the onset potential to the BiVO4/
FeOOH photocurrent when compared to pure BiVO4.
Therefore, it is more appropriate for the FeOOH to operate as
a charge transfer mediator. Probably, the FeOOH might have a
large density of non-stoichiometric defects, and this contributes
to increasing the charge transfer kinetics. The same explanation
has been suggested for other metallic oxyhydroxides and phos-
phates [24, 52, 54]. However, it is important to note that all of
these compounds have metallic centers that can present differ-
ent oxidation states.

Besides the role of the FeOOH as the center of charge
transfer mediation, this material could passive the surface
states of the BiVO4 as the Eocp shifted 70 mV to more positive
potentials. Kim et al. [29] also reported the phenomenon of the
passivation of the surface state of the Fe2O3 by the FeOOH.
Another possibility of green rust mechanism in the
photoelectrochemical water oxidation is the enhancement of
the charge separation, which occurs because the iron
oxyhydroxide layer could work as a blocking layer. Such be-
havior was studied by Gromboni et al. [55] applying Al2O3 as
a blocking layer on BiVO4. The authors demonstrated a po-
tential applied dependence with the mechanism of

photocurrent generation after Al2O3 thin layer deposition. In
a low bias potential, the photocurrent increases because the

Fig. 8 a Complex plane diagram under dark and sun light simulator at
open circuit potential of BiVO4 and BiVO4/FeOOH films. Measurements
performed in Na2SO4 0.5 mol L−1 pH 5.6. The solid lines represent the
extrapolation. b Schematic band diagram of the BiVO4/FeOOH
photoanode under illumination, CB, conduction band, VB, valence
band, e−, electron, and h+, hole photogenerated

Table 1 Parameters of Mott-
Schottky and band gap analyses
of BiVO4 and BiVO4/FeOOH
films

Parameters BiVO4 BiVO4/FeOOH

Efb (V vs. RHE) 0.86 0.82

ND (cm−3) 1.09 × 1020 5.38 × 1019

Semiconductor type n n

Eg (eV) 2.59 2.57

Conduction band potential, ECB (V vs. RHE) 0.86 0.82

Valence band potential, EVB (V vs. RHE) 3.45 3.39
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charge recombination of electrons with oxygen (produced by
water oxidation and diffused through the film) and of electron
with holes is suppressed. In a high bias potential, the charge
carrier mobility is increased due to the Al2O3, which declines
the surface states compared to the bare BiVO4. Finally, we
present here a simple method of BiVO4 deposition that after
the photoelectrodeposition of the FeOOH on the photoanode
increases the value of the photocurrent density 3.4 times.

Conclusions

BiVO4 films were produced with a thickness of around 700 nm
in a simple way employing a spin-coating deposition and a
mixture of solutions of Bi(NO3)3 0.4 mol L−1 and NH4VO3

0.4 mol L−1 dissolved into polyethylene glycol 300 and ethyl-
ene glycol 1:1 (v:v). After the photoelectrodeposition of the
FeOOH was observed an increase in the photocurrent density
of 3.4 times, whereas shifting in the onset photocurrent density
was not noted, this implies that the FeOOH works as a charge
transfer mediator. In addition, this material can passive the sur-
face state of the BiVO4 as the Eocp shifts toward positive po-
tentials. The BiVO4 presents the pure monoclinic phase, which
was evidenced by X-ray diffraction and the optical band gap
estimated was 2.59 eV. With the overlay of the FeOOH no
significant changes in the diffraction patterns, or band gap of
photoanode were observed. Furthermore, the FeOOH does not
present diffraction peaks evidencing a crystalline phase; how-
ever it is possible to recognize the small particles on the BiVO4

through SEM images. The electrochemical impedance spec-
troscopy showed that the FeOOH decreases the charge transfer
resistance. The Mott-Shottky plots revealed that the Efb shifted
toward more potential when modifying the BiVO4 surface with
the FeOOH, and the carrier densities did not change signifi-
cantly. The photoelectrochemical data presented here led us to
believe that the FeOOH acts strictly as a charge transfer medi-
ator and not as an oxygen evolution catalyst.
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