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We present electrospray-deposited nanotextured Mo-doped BiVO4 pillars with improved photoelectrochemical water splitting performance. The three-dimensional nanotextured Mo-BiVO4 pillars
exhibit large interstitial spaces, which result in a high photocurrent. The doping of Mo at the optimal
concentration (0.15%) results in a two-fold increase in the photocurrent density (PCD) (1.78 mA$cm2 at
1.2 V versus Ag/AgCl) over that of pristine BiVO4. We attribute this increase in the PCD to increases in
recombination time and in donor (electron) concentration owing to the doping with hexavalent Mo, as
conﬁrmed by Bode phase and Mott-Schottky analyses, respectively.
© 2017 Elsevier B.V. All rights reserved.

Keywords:
Bismuth vanadate
Nanotextured-pillar
Photoanode
Water splitting
Photocurrent density

1. Introduction
The depletion of fossil fuel reserves and the concomitant increase in environmental pollution have galvanized efforts to
develop environmentally friendly energy sources. One of the primary challenges in this regard is the conversion of solar energy into
electricity or stored chemical energy [1,2]. Photocatalytic semiconductor materials absorb sunlight and can convert solar energy
into chemical energy by splitting water into hydrogen and oxygen
using photogenerated charge carriers [3e5].
Semiconductor metal oxides that exhibit an appropriate band
gap energy are required for generating electron-hole pairs for
photocatalysis [1,2,6,7]. Among the various semiconductor metal
oxides being explored as photoanode materials for this purpose, ntype oxides show particular promise as materials suitable for oxygen evolution while p-type oxides are ideal for the hydrogen
evolution component of water splitting. Bismuth vanadate (BiVO4),
which is an n-type material that can be used as a photoanode, is
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chemically stable and shows high absorbance at visible light
wavelengths, with a band gap of 2.4e2.6 eV. BiVO4 has three
crystalline phases. It can adopt tetragonal scheelite, monoclinic
scheelite, and tetragonal zircon structures. The three-dimensional
structure of BiVO4 is formed by the coordination of an O atom
with two Bi centers, with one V atom in the center holding them
together. In the monoclinic scheelite structure, the local environments of the V and Bi ions are signiﬁcantly distorted as compared to
the tetragonal structure [8]. This distortion improves light absorption and electron-hole separation in monoclinic scheelite-like
BiVO4 [9].
Even though monoclinic scheelite-like BiVO4 has a low band gap
energy and shows a conduction band edge at 0 V (versus natural
hydrogen electrode) at pH 0 [10], the water splitting activity of
BiVO4 is smaller than expected based upon its theoretical photocurrent density of 6.5 mA$cm2 [11]. This limited photoelectrochemical (PEC) performance of BiVO4 is due to charge
recombination that is promoted by its relatively low electron
mobility and small hole diffusion length [12].
Various approaches have been reported for overcoming the
above-mentioned challenges of charge recombination and
increasing the lifetime of charge carriers, such as the formation of a
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heterostructure [13e15] or nanostructures [16,17] and doping
[18e20]. Of these, doping is a particularly well-suited method. It is
a straightforward process in which a small amount of an impurity is
added to an intrinsic semiconductor to tune its properties, especially its optical and electronic properties [7,21]. Metal doping can
enhance the photocatalytic performance of BiVO4 and limit electron/hole recombination by increasing carrier concentration and
mobility [22e24]. Dopants such as Na, Eu, Dy, Mo, Pd, and Si have
been reported to enhance electron mobility as well as the PEC
performance by increasing the electron density [19,25]. The doping
of Mo in BiVO4 occurs by substitution of V atoms with Mo, resulting
in enhanced charge separation. Further, it has been reported that
the amount of O2 evolved during the solar oxidation of water using
an electrospun Mo-doped BiVO4 photoanode is greater than that
produced using pristine BiVO4 photoanode [24,26].
Some of the methods reported for doping Mo in BiVO4 include
spin coating [27], doctor blade coating [28], drop coating [19], and
reactive sputtering [29]. However, there are no reports on the
doping of Mo into BiVO4 by electrostatic spray deposition (ESD),
which is a nonvacuum, room-temperature deposition technique. In
ESD, doping and band gap engineering can be realized by varying
the composition of the solution that is electrosprayed and the
conditions for the post-deposition annealing process. ESD uses
static electricity to transform a ﬂuid into a spray of ﬁne droplets,
which is projected onto the target substrate. Because of the nanoscale dimensions of the droplets, nanostructured ﬁlms that exhibit
excellent adhesion and uniformity can be obtained [30].
In this work, we report the tailoring of the electron concentration of n-type Mo-doped BiVO4 by ESD. Porous Mo-doped BiVO4
ﬁlms consisting of nanotextured pillars with large interstitial
spaces are formed using the ESD process. Using various characterization techniques, we conﬁrm the doping of Mo in BiVO4 as well as
its effect on the PEC performance. The results suggest that the
observed improvement in the PEC performance is attributable to
increases in the electron mobility and donor concentration.
2. Materials and methods
2.1. Fabrication of Mo-doped BiVO4 ﬁlms
The precursor solution for the Mo-doped BiVO4 ﬁlms was prepared by mixing 1.08 g of bismuth (III) nitrate pentahydrate
(BiN3O9$5H2O, 98%, Sigma-Aldrich) and 0.78 g of vanadium (III)
acetylacetonate (V(C5H7O2)3, Sigma-Aldrich) with acetic acid
(CH3COOH, 99.7%, 10 ml, Samchun Chemicals) at room temperature
of 25  C. Speciﬁc amounts of molybdenum(VI) oxide (MoO3, 99.5%,
Sigma-Aldrich) were added to this BiVO4 precursor solution, which
was then stirred for 30 min. Mo was doped using concentrations
corresponding to Mo/BiVO4 mole ratios of 0, 0.05, 0.1, 0.15, and
0.2%; the corresponding ﬁlms are labeled as Mo-0, Mo-1, Mo-2, Mo3, and Mo-4, respectively.
The Mo-BiVO4 precursor solution was deposited on an indium
tin oxide (ITO) glass substrate by electrostatic spraying for
60 min at a ﬂow rate of 80 ml/h. A high voltage (10.5 kV) was applied
to the nozzle, to ensure a stable Taylor cone. Fig. 1a shows a schematic of the ESD apparatus used. A cross-sectional scanning electron microscopy (SEM) image of an as-deposited BiVO4 is shown in
Fig. 1b, conﬁrming that the ﬁlm consists of nanotextured pillars.
2.2. Characterization of fabricated Mo-doped BiVO4 ﬁlms
An X-ray diffraction (XRD) system (D/max-2500, Rigaku, Japan)
with a Cu-Ka radiation source was used for analyzing the crystal
structures of the Mo-BiVO4 ﬁlms; the scans were performed for 2q
values of 20e65 . X-ray photoelectron spectroscopy (XPS, Theta

Probe Base System, Thermo Fisher Scientiﬁc Co.) was used to
determine the chemical compositions of the ﬁlms. The morphologies of the Mo-BiVO4 ﬁlms were determined using a highresolution SEM (HR-SEM) system (XL30 SFEG, Phillips Co.,
Holland) at 15 kV. The Raman scattering spectra of the Mo-BiVO4
ﬁlms were measured with a Raman spectrometer (LabRam ARAMIS
IR2, Horiba Jobin Yvon) with a 532 nm laser source. The absorbance
of the ﬁlms was determined using an ultraviolet (UV)evisible
spectrometer (Optizen POP Mecasys Co. Ltd, Korea).
2.3. Photoelectrochemical measurements
The PEC performances of the Mo-BiVO4 ﬁlms was determined
through measurement of PCD during water splitting. The Mo-BiVO4
ﬁlm being tested was used as the working electrode, while an Ag/
AgCl electrode was employed as the reference electrode and a piece
of platinum wire as the counter electrode. The PEC measurements
were performed in 0.5 M Na2SO4 as the electrolyte. A Xe arc lamp
(Newport, Oriel Instruments, USA) equipped with an AM 1.5 ﬁlter
was used to simulate sunlight. The PCD was measured using a
potentiostat (VersaSTAT-3, Princeton Applied Research, USA) for
applied voltages of 0.4 to 1.2 V (versus Ag/AgCl); the scan rate
during the measurements was 10 mV/s. Electrochemical impedance spectroscopy (EIS) measurements were performed using the
potentiostat mentioned above with the same electrode conﬁguration. A small sinusoidal perturbation (amplitude of 10 mV) was
added to the applied potential [31] within the frequency range of
100 kHz to 100 mHz under dark and illuminated conditions. The
measurements were performed under dark conditions to obtain the
Mott-Schottky plots.
3. Results and discussion
3.1. Film characterization
The cross-sectional morphologies of the different Mo-doped
BiVO4 ﬁlms were examined by SEM, as shown in Fig. 2. In all the
cases, the height of the pillars formed after deposition for 60 min
was approximately 9 mm. As reported previously [23,32], the
porous nature of these nanopillars increases the surface area of the
ﬁlms, making it greater than that of similar planar ﬁlms. Further, it
was observed that the nanopillars comprising the BiVO4 ﬁlms were
unperturbed by doping with Mo. Finally, these images show that
the pillars stand together and are plump in appearance, consisting
of large numbers of nanosized BiVO4 or Mo-BiVO4 particles. The
enhanced surface area should increase the number of reaction sites
and reduce the transport distance for photogenerated electrons and
holes to reach a reaction site, ultimately leading to the availability
of a greater number of electrons and holes for reaction.
Fig. 3 shows a comparison of the XRD patterns of the Mo-doped
BiVO4 ﬁlms deposited on ITO substrates using precursor solutions
of various concentrations. In the case of the Mo-0 ﬁlm (pure BiVO4),
BiVO4-related diffraction peaks are observed at 2q values of 28.9,
30.8, 34.6, 35.3, 39.9, 42.6, 45.4, 47.2, 47.6, 50.5, 53.4 56.5, 58.5, and
59.7 ; these correspond to the (121), (040), (200), (020), (211),
(051), -(231), (240), (042), (202), (161), (251), (321), and (123)
planes, respectively. The diffraction peaks conﬁrmed that BiVO4
exhibited the monoclinic scheelite-like structure (JCPDS No. 140688) [23,33,34]. ITO exhibits peaks at diffraction angles (2q of 30.8,
35.3, 50.5, and 59.7 ), similar to some of the BiVO4 peaks; thus, the
ITO-related peaks could not be distinguished easily. When Mo was
doped in BiVO4, no secondary peaks or peaks related to MoO3 were
observed, conﬁrming that all of the Mo had dissolved in the BiVO4.
Further, the similarity in the XRD patterns of the pristine and MoBiVO4 ﬁlms conﬁrmed that the monoclinic structure was
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Fig. 1. (a) Schematic of electrostatic spray deposition and (b) nanotextured pillars of as-deposited Mo-BiVO4 ﬁlm.

Fig. 2. Cross-sectional SEM images of Mo-doped BiVO4 ﬁlms with different Mo concentrations.

Fig. 3. XRD patterns of different Mo-doped BiVO4 ﬁlms.

maintained after the Mo doping. However, it appeared that the
peaks at 34.6/35.3, 47.2/47.6, and 58.5/59.7 had merged in the case
of the Mo-3 and Mo-4 ﬁlms because the doping of Mo in large
amounts led to the deformation of the scheelite-like structure.
Further, the characteristic peak of BiVO4 at 28.9 was shifted to a
slightly higher diffraction angle. The shift was attributed to
compressive strain induced by the incorporation of Moþ6 ions,
which have a radius 0.055 nm, in place of smaller Vþ5 ions (radius
of 0.05 nm). This observation is similar to that reported in previous
studies [19,20,35].
Fig. 4a shows the Raman spectra of the Mo-0 and Mo-3 ﬁlms.
Raman bands can be observed at ~205, 330, 366, 715, and 818 cm1
for both ﬁlms, corresponding to typical vibrations of monoclinic
BiVO4 [36,37]. The band at 205 cm1 can be assigned to the external
modes (translation/rotation) of BiVO4. Further, the peaks at
approximately 330 and 366 cm1, are attributable to the asym3
metric (das(VO3
4 )) and symmetric (da(VO4 )) deformation modes of
3VO4 , respectively. The dominant Raman band at 818 cm1 is
related to the stretching mode of the VeO bond. However, the peak
related to the VeO stretching mode is shifted to a lower
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Fig. 4. (a) Raman and (b) XPS survey spectra of Mo-0 and Mo-3.

wavenumber (808 cm1) for the Mo-3 ﬁlm compared to its position
in the Mo-0 ﬁlm. This shift is due to Mo6þ that substitutes V5þ in
the BiVO4 lattice. The diatomic approximation is used for bond
length calculations assume a that vibrations of metaleoxygen
bonds are independent of one another in the crystal lattice. The
bond length of V-O can be calculated from the empirical equation
given by Hardcastle et al. [38] based on Raman stretching frequencies. Here, the calculated VeO bond length increased from
1.659 to 1.678 Å for Mo-0 to Mo-3 respectively [20,39].
The valence states of all the constituent elements were investigated by XPS. Fig. 4b shows XPS survey spectra of the Mo-0 and
Mo-3 ﬁlms. Both spectra contain peaks related to the binding energies of Bi4f, V2p, and O1s. In addition, Mo-related peaks can be
seen clearly at approximately 231 and 234 eV in the spectrum of
Mo-3.
Fig. 5 shows the high-resolution scans for the individual core
elements of the Mo-0 and Mo-3 ﬁlms. Both ﬁlms exhibit similar
high-intensity Bi4f, V2p, and O1s peaks. However, there is a slight
shift in binding energy in the case of Mo-3 owing to Mo doping.
Fig. 5a shows that the Bi4f core level could be split into two peaks,
Bi4f 7/2 and Bi4f 5/2, with binding energies of 158.2, and 163.6 eV,
respectively. The V2p core level peaks, for V2p3/2 and V2p1/2, have
binding energies of 515.8 and 523.5 eV, respectively, as can be seen
from Fig. 5b. The Bi4f and V2p XPS peaks were in keeping with
monoclinic scheelite-like BiVO4 [10,22]. The O1s XPS spectra in
Fig. 5c contain a peak at 529 eV, conﬁrming the presence of metal
oxide bonds. The doping of Mo6þ in BiVO4 resulted in the Bi4f, V2p,
and O1s peaks shifting to higher binding energies compared to
their positions in BiVO4. These shifts are indicative of stronger interactions between the hexavalent dopant and Bi, V, and O owing to
the high electronegativity of Mo6þ. As expected, Mo was detected
only in case of Mo-3; the representative spin-orbit splitting of the
Mo3d spectrum are shown in Fig. 5d. The Mo3d3/2 and Mo3d5/2
peaks located at 234.7 and 231.7, respectively, conﬁrmed the
presence of hexavalent Mo (Mo6þ). No additional peaks attributable to metallic Mo or Mo oxide were observed near 288.0 and
229.5 eV, conﬁrming the successful doping of Mo in BiVO4 [10].
3.2. Optical and photoelectrochemical properties
The absorbance spectra of the Mo-0 and Mo-3 ﬁlms were
measured using a UVevisible spectrometer; the results are shown
in Fig. 6a. The absorption edges of BiVO4 (Mo-0) and Mo-doped
BiVO4 (Mo-3) lie at 450e560 nm. The intensity of the absorption

edge increased with Mo doping, and it was slightly red-shifted. The
optical band gap energies as determined from the linear part of the
(ahn)2 versus photon energy (hn) plots shown in Fig. 6b suggest a
slight lowering of the band gap from 2.32 to 2.2 eV upon doping.
Comparing the calculated band gaps with that reported for
monoclinic scheelite-like BiVO4 (2.3 eV), we conclude that Mo
doping decreased the band gap. The reduced bandgap of the Modoped BiVO4 samples could allow them to absorb more photons
and generate a greater number of electron-hole pairs as compared
to the pristine BiVO4 sample [9,40].
The PEC performances of the Mo-0 and Mo-3 ﬁlms were evaluated by measuring the PCD; the results are shown in Fig. 7. The
PCD values of the undoped and doped BiVO4 ﬁlms indicate that
they had n-type characteristics. During the measurements, we used
a “back illumination” geometry in which, light passes through the
ITO-coated glass substrate. Therefore, the higher-energy photons
are absorbed nearer to the ITO layer, whereas the lower-energy
ones are absorbed over a longer distance, that is, farther from the
ITO layer. In a porous structure, such as these ﬁlms, the transport
distance for holes is always short because holes only have to reach
the ﬁlm/electrolyte interface, where they are used for oxygen
evolution. The potentials shown are with reference to the reversible
hydrogen electrode (RHE), and an Ag/AgCl electrode, which are
related by ERHE ¼ EAg/AgCl þ 0.059 pH þ 0.1976, where ERHE is the
potential versus the RHE, EAg/AgCl is the potential versus the Ag/AgCl
electrode, and pH is the potential of hydrogen value for Na2SO4
electrolyte solution [23].
The pristine BiVO4 ﬁlm (Mo-0) exhibited a PCD value of
0.9 mA$cm2 and zero dark current. When the Mo concentration
was increased from 0 to 0.20%, the resulting Mo-BiVO4 ﬁlm
exhibited a markedly higher PCD than that of the pristine BiVO4
ﬁlm. The PCD value increased with increasing Mo concentration up
to sample Mo-3, with the maximum PCD value reaching
1.78 mA$cm2 at 1.2 V (versus Ag/AgCl). Thus, the PCD value of the
Mo-3 ﬁlm was twice that of the Mo-0 ﬁlm. However, when the Mo
concentration was increased further to 0.20% (Mo-4), the PCD value
decreased to 0.95 mA$cm2. The reduction in PCD is attributed to
formation of defects at higher Mo-doping, which acted as traps for
electrons and holes and thus functioned as recombination centers
[41]. The PCD values of the Mo-BiVO4 ﬁlms produced by ESD in this
study are compared with those of previously reported ﬁlms in
Table 1. This comparison reveals that the ﬁlms synthesized in this
study exhibited signiﬁcantly better PEC performance.
The transient photovoltage measured in open circuit (i.e. no
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Fig. 5. High-resolution XPS spectra for (a) Bi4f (b) V2p (c) O1s, and (d) Mo3d energy ranges of Mo-0 (black line) and Mo-3 (red dotted line). (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 6. (a) Absorption spectra and (b) band gap energies of Mo-0 and Mo-3.

applied bias) is shown in Fig. 8a. Under dark conditions, the electrode potential is determined by redox equilibrium. When the
electrode is illuminated, photoexcited electrons accumulate at the
electrode. The Fermi level is shifted toward lower voltage due to

this electron accumulation. Thus, a steady-state photovoltage is
generated under illumination. Upon switching from the dark to
illuminated state, or vice-versa, a transient in the photovoltage is
observed, reﬂecting the time required for electron accumulation,

6

M.-W. Kim et al. / Journal of Alloys and Compounds 726 (2017) 1e9

conﬁrms that Mo-BiVO4 nanopillars remain intact under light
illumination over a period of hours, and thus none of the photocurrent should be attributed to photocorrosion or other transient
processes.
Fig. 9a shows the Bode phase plots as determined from the EIS
measurements performed under back illumination. The frequency
range for the analysis was 100 kHz to 100 mHz for all the samples.
The charge transport time factor (tn) for electron recombination
was determined from the characteristic frequency (fm), which
corresponded to the peak phase angle in the Bode phase plot. The
charge transport time factor was calculated using the following
equation:

tn ¼

Fig. 7. Photocurrent density of different Mo-doped ﬁlms in 1 M Na2SO4 as the
electrolyte.

upon illumination, or electron relaxation back to the dark condition
when illumination is stopped.
The photo-stability of the Mo-3 sample was tested by chronoamperometry. The photocurrent (0.32 mA cm2) was measured
at a potential of 0.5 V (vs. Ag/AgCl) and the results demonstrate
high photostability even after 166 min under one-sun illumination
(100 mW$cm2) as shown in Fig. 8b. Thus stable photocurrent

1
2pfm

(1)

With increasing Mo doping in BiVO4, the characteristic frequency or the frequency corresponding to the peak phase angle in
the Bode phase plot decreased, as shown in Fig. 9a. This shift was
attributable to the fact that doping with Mo increased the donor
concentration. However, in sample Mo-4, the characteristic frequency was higher; this may be due to the higher recombination
rate associated with defects in this case. The charge transport time
factor tn (ms) values shown in Fig. 9b conﬁrm that the doping of Mo
had a signiﬁcant effect on the properties of BiVO4. The charge
transport time factor for electron recombination increased with an
increase of Mo-doping from 0% to 0.15%, changing from 2 to 63 ms,
as shown in Fig. 9b. However, for Mo-4, the charge transport time
factor decreased to 40 ms; this can be ascribed to the formation of a
greater number of defects in the BiVO4 crystals, which promotes
recombination. Further, that the charge transport time factor of

Table 1
Comparison of PEC performances of Mo-BiVO4 ﬁlms synthesized in present study with those reported in literature.
Method
Drop coating
Spin coating
Spin coating
Spin coating
Spray coating
Electrospinning
Electrostatic spray
a
b

Scan rate [mV/s]
25
30
10
25
15
e
10

Electrolyte
0.1 M Na2SO4
0.5 M Na2SO4
0.1 M phosphate
0.5 M Na2SO4
0.1 M Phosphate
0.1M K-Pi
0.5 M Na2SO4

PCD [mA cm2]
a

3.2
0.35b
1.2b
0.52a
1.2a
0.32b
1.78a

Reference
[19]
[43]
[27]
[44]
[45]
[24]
Present

PCD measured vs. Ag/AgCl.
PCD measured vs. RHE.

Fig. 8. (a) Photovoltage plot under dark and illuminated conditions, as indicated, (b) Photocurrent stability of Mo-3 ﬁlm at a potential of 0.5 V (vs. Ag/AgCl).
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Fig. 9. (a) Bode phase plots of different Mo-doped BiVO4 ﬁlms and (b) Charge transport time factor values as determined from Bode phase plots for various Mo concentrations.

Fig. 10. (a) Mott-Schottky plots of different Mo-doped BiVO4 ﬁlms measured in 0.1 M Na2SO4 and (b) donor concentrations as determined from Mott-Schottky plots.

BiVO4 was small can be attributed to the electron mobility in the
conduction band being low. This poor charge transport is associated
with the high activation energy required for the electrons to hop
between the VO4 tetrahedra. The doping of Mo results in crystal
deformation, that is, changes in the crystal structure that can lower
this activation energy. That leads to an increase in the electron

mobility and a decrease in the recombination rate [19]. Therefore,
with the doping of a greater amount of Mo, the charge transport
time factor increases. That explains the higher PCD values of the
Mo-BiVO4 ﬁlms (see Fig. 7).
The electron mobility and charge transport time factor corresponding to electron recombination are both signiﬁcantly affected

Fig. 11. Mechanism of charge separation in (a) BiVO4 and (b) Mo-BiVO4 photoanodes.
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by the donor (electron) concentration. Hence, it was essential to
study the changes in the donor concentration due to Mo doping in
BiVO4. To estimate the donor concentrations in the pristine and
Mo-doped BiVO4 ﬁlms, Mott-Schottky characterizations were performed on samples Mo-0 to Mo-4 using 0.5 M Na2SO4 as the
electrolyte and an Ag/AgCl electrode as the reference electrode. The
Mott-Schottky measurements were conducted using an amplitude
modulation of 10 mV under dark conditions; the applied potential
range was 0 to 0.6 V, and the frequency was kept constant at
1000 Hz. The Mott-Schottky plots were obtained by assuming ideal
semiconductor characteristics:

1
¼
2
Csc



2
eεε0 ND




E  Efb  kT
;
e

(2)

where E is the conduction band potential (V), Efb is the ﬂat band
potential (V), k is the Boltzmann constant, T is the temperature (K),
e is a charge of an electron (C), ε is the relative permittivity, ε0 is the
dielectric constant, ND is the donor concentration per unit volume
(cm3), and Csc is the surface charge capacitance (F$cm2).
The obtained Mott-Schottky plots are shown in Fig. 10a. These
show that with increasing Mo-doping, the voltage-surface charge
capacitance curve becomes more linear, indicating an increase in
the donor concentration. The slope of the Mott-Schottky curve was
used to determine the ﬂat band potential (Efb) of the corresponding
sample based on the intercept of the tangent at the x-axis [42]. The
ﬂat band potential varied from 0.41 to 0.49 V. Further, these values
of Efb were used in the above equation to calculate the donor concentrations, as shown in Fig. 10b. We observed that the pristine
BiVO4 (Mo-0) ﬁlm demonstrated a lower donor concentration as
compared to the Mo-doped BiVO4 samples. Thus, all the samples
(Mo-0 to Mo-4) exhibited high donor concentrations, which ranged
from 2.5  1021 cm3 to 5.5  1021 cm3. This further explains how
Mo doping results in an increase in the PCD.
The mechanism responsible for the enhanced PCD of the MoBiVO4 samples is described in Fig. 11. In the case of BiVO4, when the
light is irradiated from the back side, the electron-hole pairs
separate, resulting in the oxidation of water, which is represented
by the reaction. On the other hand, in the Mo-BiVO4 samples, the
electron concentration is higher, owing to the doping of hexavalent
Mo. At the same time, the slightly distorted VO4 tetrahedra allow
for fast electron hopping. Further, the Mo6þ-doped BiVO4 traps a
greater number of electrons and suppresses electron-hole recombination; this is owing to the dipole moment of the distorted
tetrahedra and the Schottky barrier formed between ITO and Mo
doped BiVO4. Thus, a greater number of electrons are available for
excitation under the visible light.
The mechanism presented in Fig. 11 shows that BiVO4 can
generate electron-hole pairs under illumination. However, doping
with Mo has two synergistic effects; it provides additional free
electrons and suppresses electron-hole pair recombination, thus
ensuring a high PCD.
4. Conclusions
We fabricated Mo-BiVO4 ﬁlms with a structure consisting of
three-dimensional porous nanopillars using the ESD method. The
successful doping of Mo in BiVO4 was conﬁrmed by XPS analysis.
Further, XRD analysis conﬁrmed that the doped Mo dissolved in
BiVO4 without the formation of any secondary phases. The optical
absorbance measurements showed that there was a slight shift in
the absorption edge after doping with Mo; however, the total
absorbance was enhanced by Mo doping. The doping of Mo in
concentrations of up to 0.15% (Mo-3) increased the hole diffusion
length, leading to a two-fold enhancement in the PCD under

simulated AM 1.5 sunlight as compared to that for pristine BiVO4.
This increase in the PCD is attributable to improved charge separation because of the doping of Mo in the optimized concentration.
Finally, Mott-Schottky measurements revealed a shift in the position of the ﬂat band in the case of the Mo-doped BiVO4 samples.
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