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e A BiVO,/FeVO,; heterostructure
was successfully synthesized by
electrospray technique.

e Charge transfer kinetics of BiVO,
was greatly promoted after modi-
fication by FeVO,.

e This work offers a facile strategy to
prepare nanocomposites for PEC
water oxidation.
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In this paper, a BiVO4/FeVO, heterostructure photoanode was synthesized by electrospray
technique, and its photoelectrochemical water oxidation performance was investigated.
The maximum photocurrent density of 0.4 mA cm ™2 at 1.23 Vgyr Was 6 times higher than
that of pristine BiVO, films (0.06 mA cm ). Through the analysis of the electrochemical
impedance spectroscopy (EIS) results, the improvement of photoelectrochemical perfor-
mance could be attributed to the formation of heterostructure at the two-phase interface,
which led to the effective separation of electron-hole pairs. This work offers a new effective
strategy to construct semiconductor nanocomposites for efficient photoelectrochemical
water oxidation.

© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

* Corresponding author.

E-mail address: shfeng@mail.jlu.edu.cn (S. Feng).

https://doi.org/10.1016/j.ijhydene.2019.07.063

0360-3199/© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.


mailto:shfeng@mail.jlu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2019.07.063&domain=pdf
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2019.07.063
https://doi.org/10.1016/j.ijhydene.2019.07.063
https://doi.org/10.1016/j.ijhydene.2019.07.063

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 44 (2019) 23046—23053

23047

Introduction

Photoelectrochemical (PEC) cell is the most advanced way to
store hydrogen energy by converting solar energy into
chemical energy [1—4]. Since the application of TiO, electrodes
for water-splitting, many semiconductors such as WOs, Fe,03
and ZnO have been found to show photoelectrochemical ac-
tivity. However, most of them have the disadvantages of
improper band gap and rapid recombination of photo-
generated charge carriers, which are considered to be impor-
tant factors to cause low solar-to-hydrogen conversion
efficiency [5—8]. Recently, BiVO, (Eg = 2.40 eV) has become
excellent candidate for water-splitting applications due to its
appropriate electronic band gap, excellent chemical and
thermal stabilities, and environmental friendliness. However,
the poor separation ability and the slow mobility of carriers
have limited photocatalytic efficiency in practical applications
[9—11].

In order to overcome the problem of rapid recombination
of carriers, a lot of efforts have been made, such as controlling
morphology [12], doping [13,14], and coupling with oxygen-
evolution cocatalysts (OECs) [15]. In addition, one of the
appealing strategies is fabricating heterostructure by coupling
narrow optical band gap semiconductors, such as Cu,O,
CuWO,, FeVO, with BiVO, [16—18]. Among them, FeVO, is
considered to be the most promising candidate because of its
wide visible light absorption and suitable band gap [19,20].
Theoretically, FeVO, and BiVO, have good band matching.
When two semiconductors are coupled, photogenerated
electrons can be injected into the BiVO, from the conduction
band of FeVO,, which provides a new idea to solve the
weakness of fast carrier recombination rate of BiVO, mate-
rials. Recently, Muhammad and his co-works were reported to
have successfully synthesized BiVO,/FeVO, nanocomposite
electrodes by hydrothermal method, and their photocatalytic
activity was investigated by decomposing crystal violet (CV)
organic dyes. The results showed that the 2:1 ratio of BiVO,/
FeVO, could completely degrade CV within 60 min [21].
Moreover, Maheswari used template-assisted method to
synthesize a BiVO,/FeVO, heterostructure photoanode. The
photoelectrode exhibited a photocurrent density of
2.5 mA cm 2 at 1.23 Vgye, which might be attributed to
excellent charge transfer/transport phenomena [18].

Semiconductor materials were widely synthesized in
several ways such as sol-gel method [22], hydro-thermal
method [23], PLD [24], CVD [25]. As recent examples, Sang
and his co-works synthesized TiO, nanoparticle films at room
temperature by PLD technology. The results showed that
when the film thickness was less than 400 nm, the highest
photocurrent density (0.2 mA cm~?) and the best carrier sep-
aration efficiency were displayed [26]. Jennifer prepared a-
Fe,03/Fes0, composite film by one-step chemical vapor
deposition and used it as an efficient photoanode material for
PEC setups. The maximum photocurrent density of
0.48 mA cm 2 at 1.23 Ve was found under 1 sun illumination
[27]. These traditional methods have their unique advantages,
but they also have some shortcomings, such as complex

preparation process and serious waste of raw materials.
Recently, the electrospray (ES) technique has aroused big in-
terest, due to its ability to deposit high-quality films through
the production of fine, highly wettable nano-droplets [28].
These highly charged droplets can be accelerated towards a
substrate in the process of electrospray, and a well targeting
property can result in low material consumption and high
deposition efficiency [29]. Moreover, electrospray technique is
simple, non-toxic, green and excellent control of stoichiom-
etry. The nanoparticles prepared by this method are uniform
in size, and the crystallinity and morphology of the films can
be well controlled by adjusting the conditions such as voltage,
substrate temperature, flow rate, and precursor concentration
[30].

In this paper, The BiVO,/FeVO, heterojunction films were
fabricated via electrospray technique for photo-
electrochemical water splitting. As a result, the photocurrent
density of the BiVO4/FeVO, heterojunction films was 6 times
higher than that of pristine BiVO, films under 1 sun illumi-
nation. In addition, the IPCE increased from 2.5% to 13% at
450 nm. The enhanced performance might be attributed to the
excellent charge transfer and separation phenomena, which
was confirmed by EIS results.

Experimental section

Synthesis of BiVO,4, FeVO,, and BiVO4/FeVO, heterojunction
films

All the samples were synthesized by using a self-made
equipment (Fig. S1). The precursor was pumped through the
nozzle to produce charged micro-droplets, these micro-
droplets were extremely small in size and had a well target-
ing property under the effects of a high voltage power. N, was
used as a carrier gas to assist in atomizing droplets. A pre-
cleaned FTO was used as the substrate and its temperature
could be controlled by the connected heater.

The precursor solutions of BiVO, and FeVO, films were
prepared by dissolving 0.1940 g bismuth nitrate pentahydrate,
0.1616 giron (III) nitrate nonahydrate and 0.0467 g ammonium
metavanadate in 20 mL ethylene glycol, respectively. BiVO,
and FeVO, films were prepared by depositing 400 uL precursor
solutions at 350 °C on the substrate. Subsequently, the BiVO,/
FeVO, heterojunction films with different film thickness ratios
(3:1, 2:1, 1:1, 1:2, 1:3) were prepared by controlling the ratio of
the amount of precursor solutions of FeVO, and BiVO, (The
total amount of precursor solutions is 400 pL). After each
deposition, the samples were annealed at 500 °C for 2.5 h to
ensure the crystallinity of the films.

Characterization

The crystal structure of the samples was identified by X-ray
diffraction (XRD) using a Rigaku D/Max 2500 V/PC instrument
operating at 50 kV and 200 mA. The microstructures of the
samples were observed using scanning electron microscopy
(SEM, Helios Nano-lab 600i from FEI Company) and
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transmission electron microscopy (TEM, FEI Tecnai G2 S-Twin
F20). The surface chemical state and composition of the
samples were examined by X-ray photoelectron spectroscopy
(XPS, Thermo ESCALAB 250 spectrometer). Raman spectra
measurements were recorded on a miniature (BWTek) Raman
spectrometer (BTR-111) using 532 nm irradiation. The UV—vis
diffuse reflectance spectra were measured on a Shimadzu UV-
3600 UV/vis/NIR spectrophotometer.

Photoelectrochemical experiments were performed in a
three-electrode system (CHI-660E, CH instruments Inc.,
Shanghai). The illumination area of the electrode was
0.502 cm?, and 0.2 M aqueous solution of Na,SO, (pH = 7) was
utilized as the electrolyte. A 500 W xenon lamp was used as
the light source, and the intensity was controlled at
100 mW cm ™2 In the experiment, The BiVO,/FeVO, hetero-
junction films (1:1) were proved to have the best photo-
electrochemical properties, and the characterization of
composite electrodes was based on this in the paper.

Results and discussion

The crystalline structures of samples were characterized by
XRD, and the results were shown in Fig. 1a. The high intensity

Intensity(a.u.)

30 40
20 (degree)

peaks at 26.5, 37.8, and 51.6 of all samples were due to FTO
substrate. In the XRD pattern of a bare BiVO, film, all diffrac-
tion peaks corresponded to monoclinic BiVO, (JCPDS 83-1700).
Compared to other crystal phases, only monoclinic phase
BiVO, had good photocatalytic activity [31]. Similarly, In the
XRD pattern of a bare FeVO, film, the peaks at 16.6, 17.5, 25.2,
27.1,27.8,31.3 and 42.1 corresponded to the (011), (—111), (012),
(—201), (—211), (—122) and (—310) of triclinic FeVO, (JCPDS 71-
1592), respectively. As for the XRD pattern of the BiVO,/FeVO,
heterojunction film, the main diffraction peaks were derived
from monoclinic BiVO, and triclinic FeVO, nanocrystals. This
indicated that BiVO, and FeVO, coexist in the composites,
which provided an opportunity to form a heterojunction at the
interface of the two phases. The conclusion was further
confirmed in the Raman spectroscopy (Fig. S2).

Fig. 1b—d depicted scanning electron microscopy (SEM)
images of all samples. BiVO, showed a particulate, porous and
worm-like morphology with the sizes of 200-300 nm and
thickness of 390 nm (Fig. 1b). Well-developed porosity was
advantageous for high photoactivity because of the smaller
transmission distance of photogenerated carriers [32]. Fig. 1c
displayed the FeVO, films prepared by the same method,
FeVO, showed smaller grain sizes than BiVO, (100-200 nm),
and the thickness of the films was approximately 400 nm.

BIVOs oy
/390 nm

FIO

Fig. 1 — (a) XRD patterns of BiVO,/FTO, FeVO,/FTO, and BiVO,/FeVO,/FTO heterojunction films. SEM images of (b) BiVOy, (c)

FeVO,, (d) BiVO4/FeVO, heterojunction films.


https://doi.org/10.1016/j.ijhydene.2019.07.063
https://doi.org/10.1016/j.ijhydene.2019.07.063

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 44 (2019) 23046—23053

23049

Fig. 1d showed the surface and cross-sectional images of
BiVO./FeVO, heterojunction films. It could be seen that FeVO,
nanoparticles were uniformly deposited on the BiVO, films
and the thickness of the films was approximately 398 nm. The
composition of the samples was further characterized by EDS
(Fig. S3), the results showed that the BiVO,/FeVO, hetero-
junction films were composed of Bi, Fe, V and O elements, the
appearance of the Si and Sn element peaks were due to the
FTO substrate, and the element/atom composition conformed
to the original feed ratio. In addition, FESEM-EDS mappings
indicated intuitively that Bi, Fe, O and V elements were evenly
spread in the composites (Fig. S4).

The chemical states of the samples were characterized by
X-ray photoelectron spectroscopy (XPS). The survey scan
(Fig. 2a) displayed that BiVO,/FeVO, heterojunction films
contained Bi, Fe, O, V, C elements. Subsequently, the high-
resolution XPS spectra of Bi 4f and Fe 2p were analyzed in
two single-phase and the composites, the results were shown
in Fig. 2b and 2c, respectively. The Bi 4f peaks were observed at
158.6 eV and 163.9 eV, indicating that the valence of Bi is +3
[33]. The Fe 2ps/, spectra appeared at 710.79 eV, indicating that
the valence of Fe is +3 [34]. Interestingly, compared with BiVO,
and FeVO,, the binding energy of Bi 4f and Fe 2p for the BiVO,/
FeVO, heterojunction films shifted to the higher binding en-
ergy, the transformation could be attributed to the

entanglement of FeVO, and BiVO, nanocrystals at the two-
phase interface and the diffusion of carriers in the two semi-
conductors. The O 1s peaks of all samples were analyzed in
Fig. 2d. The spectrum of O 1s was located at about 529.6 eV and
531.9 eV attributed to two different kinds of O species,
respectively [35]. The binding energy of the O 1s peak in the
BiVO4/FeVO, heterojunction film was shifted at 529.6 eV,
which was due to the effect of oxygen vacancies and surface
absorption of oxygen.

The microstructures of the BiVO,/FeVO, heterojunction
films were performed by the transmission electron micro-
scopy (TEM) and the high-resolution transmission electron
microscopy (HRTEM). The low-magnification TEM image was
showed in Fig. 3a, indicating that the BiVO,/FeVO, hetero-
junction films were composed of interconnected nano-
particles. Meanwhile, the high-resolution image showed the
simultaneous presence of FeVO, and BiVO, lattices in the
composites (Fig. 3b), suggesting that the heterostructure
might be formed at the two-phase interface. The measured
lattice spacing of 0.3731 nm could be indexed to the (—233)
reflections of monoclinic BiVO, nanoparticles, the measured
lattice spacing of 0.2047 nm could be indexed to the (1-13)
reflections of triclinic structured FeVO, nanoparticles.

The optical properties of the samples were investigated by
UV—Vis absorbance spectra, and the results were shown in
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Fig. 2 — XPS spectra of (a) the survey, (b) Bi 4f, (c)Fe 2p, and (d) O 1s.
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Fig. 3 — TEM images of (a) and HRTEM images of the BiVO,/FeVO, heterojunction films (b).

Fig. 4. The light absorption of bare BiVO, started at around
520 nm. For FeVO, films, the onset of light absorption was
around 600 nm. The BiVO,/FeVO, heterojunction films
exhibited a red shift toward a longer wavelength than BiVOy,
which indicated that the composite electrodes had excellent
band alignment and broad visible light absorption due to the
modification of FeVO, layers.

Based on BiVO,, the optimum temperature for samples
deposition was determined (Fig. S5a). The results showed
that the samples prepared at a substrate temperature of 350
°C had the largest photocurrent density. The phenomenon
reflected the compromise between the reduction in size and
the agglomeration of nanoparticles at higher temperatures
[36]. Meanwhile, the films with different thicknesses were
prepared (Fig. S5b). Generally, the photocatalytic activity was
related to the space charge layer, and when the thickness of
the films was equal to the width of the space charge layer, the

—BiVO4
FeVO4
——BiV0O4/FeVO4
8
=
[
=
=
2
=
<«
T T T T T T T 1
400 500 600 700 800
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Fig. 4 — UV—Vis spectra of bare BiVO,, FeVO,, and BiVO,/
FeVO, heterojunction films.

photoanode exhibited the best photocatalytic activity [37]. As
a result, the amount of the precursor solutions was
controlled to 400 uL in the experiments. Under the premise of
ensuring the optimum film thickness and deposition tem-
perature, the BiVO4/FeVO, heterojunction films with
different film thickness ratios (3:1, 2:1, 1:1, 1:2, 3:1) were
prepared, Fig. 5a displayed the photocurrent-potential (I-V)
curves of BiVO,/FeVO, heterojunction films with varying
BiVO, layer thicknesses. With the increasing of the thickness
of BiVO, layer, the photocurrent increased obviously. How-
ever, the photocurrent density had a dramatic decrease
when further increased. This performance reflected a
compromise between increased absorption and increased
transport limitations of thicker films. When the film thick-
ness ratio was 1:1, the photocurrent density reached the
highest value. Fig. 5b and 5c showed the photocurrent-
potential (I-V) curves of bare BiVO,, FeVO, and BiVO./
FeVO, heterojunction films. The photocurrent of BiVO,/
FeVO, heterojunction films improved to 0.4 mA cm 2 (at 1.23
V vs. RHE), which was more than 6 times higher than bare
BiVO, (0.06 mA cm?). IPCE was measured to identify the
light conversion efficiency of BiVO4/FeVO, heterojunction
electrodes, and compared to BiVO, and FeVO, (Fig. 5d).
Clearly, the IPCE of the BiVO,/FeVO, heterojunction elec-
trodes was much higher than that of the bare BiVO, elec-
trodes, confirming enhanced photoactivity. The IPCE of
BiVO, electrodes was nearly 2.5% at 450 nm. However, the
IPCE of BiVO./FeVO, heterojunction electrodes further
increased to 13% at 450 nm. This might be attributed to the
electron transfer from FeVO, to BiVO,, which suppressed the
rapid recombination of carriers.

To quantitatively evaluate the efficiency of PEC hydrogen
generation, the applied bias photon-to-current efficiency
(ABPE) was calculated, as shown in Fig. 6a. The BiVO4/FeVO,
heterojunction photoanode achieved the highest ABPE of
0.03% at a bias of 0.6 V versus RHE, which was equivalent to a
6-fold increase in the BiVO, electrode.
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Fig. 6 — (a) ABPE of (b) Electrochemical impedance spectra of BiVO, and BiVO,/FeVO, heterojunction electrodes.

To further investigate the charge transfer and separation at
the electrode-solution interface, EIS curves of bare BiVO, and
BiVO4/FeVO, heterojunction electrode were measured from
0.1 to 100000 Hz under simulated solar light illumination, and
the results were shown in Fig. 6b. The arc radius of bare BiVO,
electrode was obviously larger than that of BiVO,/FeVO, het-
erojunction electrode. This indicated that the interface charge
transfer and separation of the bare BiVO, electrode was
significantly improved by forming a heterojunction with
FeVO,.

In order to further clarify the enhancement mechanism of
the PEC water splitting activity of the composite electrode, the
potential energy diagram was constructed (Fig. 7.). When the
composite electrode was illuminated with simulated solar
light, the photogenerated electrons excited to the CB of FeVO,
were injected into the CB of BiVO,, whereas holes generated
on the VB of BiVO, would transfer to that of FeVO,. Therefore,
the electron-hole pairs of the BiVO,/FeVO, heterojunction
electrode were effectively separated, which naturally led to an
increase in photoactivity.
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e

FeVO4
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Fig. 7 — Schematics of the potential energy diagram for the
BiVO,/FeVO, heterojunction composite electrode.

Conclusions

In summary, a planar BiVO4/FeVO, heterostructure photo-
anode was prepared by electrospray technique for PEC water
splitting. When the film thickness ratio was 1:1, the composite
electrodes exhibited the best optical activity. The obtained
maximum photocurrent density of 0.4 mA cm? at 1.23 Vyug
was 6 times higher than that of pristine BiVO,, and the IPCE
increased from 2.5% to 13% at 450 nm. The remarkable
enhancement of PEC performance was attributed to the
improvement of interface charge transfer and separation ef-
ficiency. This work provides a facile way to prepare semi-
conductor composites and promising route for the synthesis
of spinel and perovskite materials for other applications such
as Li-ion batteries, gas sensing, photochemical water purifi-
cation and supercapacitors.
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