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Electrosprayed BiVO4 adopts a nanopillar structure formed by diffusion-limited aggregation, which
maximizes the surface area of the nanopillars. However, increasing the interfacial area between an
electrode and the electrolyte through nanostructuring enhances the overall interfacial activity for solar
water splitting. For this purpose, the pH of the precursor solution used for electrospraying BiVO4 was
altered by adding ammonium hydroxide, thereby inducing a drastic change in the morphology of BiVO4.
The previously demonstrated nanopillar morphology of electrosprayed BiVO4 was transformed into a
nanofern structure that increased the photocurrent density of BiVO4 from 0.82 to 1.23 mA$cm2 at 1.2 V
vs. Ag/AgCl. The produced ﬁlms were characterized by scanning electron microscopy, X-ray photoelectron spectroscopy, Raman spectroscopy, and electrochemical impedance spectroscopy.
© 2018 Elsevier B.V. All rights reserved.

Keywords:
Electrostatic spray deposition
BiVO4
Nanopillar
Nanofern
Solar water splitting
Photocurrent density

1. Introduction
Fujishima and Honda pioneered photoelectrochemical (PEC)
water splitting as a method to generate renewable energy by converting sunlight into stored chemical energy in the form of
hydrogen [1]. Since then, research on the PEC water splitting process
has mushroomed [2]. In a typical PEC process, hydrogen is produced
at the photocathode, while oxygen is produced at the photoanode.
Thus, the electrochemical properties of photoelectrodes, such as
their bandgap, band alignment, photovoltage, electronehole separation, and charge carrier mobility, are important design factors to
consider, to achieve the most efﬁcient PEC electrodes [3].
Many different metal oxides have been studied for use as the
photoanode for water splitting, including TiO2, Fe2O3, WO3, and
BiVO4 [4e11]. To improve the PEC performance of these metal oxides, Hejazi et al. reported aminated TiO2 nanotubes of TiO2 [5], Liu
et al. controlled the morphology of a-Fe2O3 using additives [7], and
Wang et al. utilized the conducting polymer polyaniline for hole
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transport along with BiVO4 [11]. Among these oxides, BiVO4, with a
bandgap of 2.4e2.6 eV, is a good candidate as a photoanode material because it can absorb visible light. BiVO4 is relatively nontoxic and contains mainly earth-abundant elements, which supports its potential as a cost-effective and commercially viable anode
material. However, short carrier diffusion length and relatively fast
charge recombination due to low electron mobility in BiVO4 are its
main shortcomings, which prevent it from achieving its maximum
theoretical photocurrent density of 7.5 mA cm2.
Elemental doping is an effective way to minimize the recombination of photogenerated electronhole pairs. Multilayer heterostructures have been introduced as a means of increasing light
absorption [12e17]. Alternatively, varying the physical morphology
of monoclinic scheelite BiVO4 (m-BiVO4) has been attempted and
has been proven to effectively enhance the photocatalytic activity
of BiVO4 [18e20].
Sol-gel, microwave-assisted, co-precipitation, solution combustion, and hydrothermal approaches have been used for the deposition of m-BiVO4 on various substrates, where the morphology of
the oxide differs depending on the deposition method [21e23]. Lu
et al. fabricated m-BiVO4 with diverse morphologies by employing
various organic additives such as polyethylene glycol, sodium
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dodecyl benzene sulfonate, and urea [21]. Interesting nanostructures of BiVO4 in the form of spheres, peanuts, dumbbells,
ﬂowers, sheets, nanotubes, leaves, and octopods have also been
fabricated by varying the pH of the solvent during the hydrothermal
reaction [24,25]. Moreover, the effects of the pH on the morphology
and the preferential (040) orientation of BiVO4 were illustrated by
Chen et al. [26], who used a solvothermal process. In our earlier
study, we demonstrated the electrospray deposition (ESD) of BiVO4
with a pillar structure and improved PEC performance [10,27].
However, the effects of altering the pH of the electrospraying solution on the morphology of BiVO4, and consequently the photocurrent density of the PEC water splitting process, have never been
reported. Varying the pH of the ESD precursor solution enabled us
to change the pillar structures to more open fern-like structures
that can provide a better combination of incident light absorption
and charge-carrier transport to the electrodeeelectrolyte interface,
thereby improving the PEC performance.
Here, for the ﬁrst time, we demonstrate the effect of the pH of
the ESD precursor solution on the morphology of deposited BiVO4
ﬁlms and the photocurrent density achieved with these ﬁlms as
photoanodes. We previously demonstrated the fabrication of BiVO4
nanopillars using ESD [10]; however, the morphological changes
induced by adjusting the pH of the reaction medium have not been
studied. The features and advantages of the non-vacuum ESD
technique have been discussed in earlier reports [17,28e32]. In this
study, we explore the effect of varying the precursor solution pH on
the morphology of BiVO4, and identify optimal conditions that
maximize PCD. The pH of the BiVO4 precursor solution was
increased by adding ammonium hydroxide (AH). The ESD precursor
solution with higher pH produced ﬁlms with a nanofern, rather
than nanopillar, morphology, which affected the PEC performance
through changes in the surface area, light absorbance, and charge
carrier transport properties of the nanostructures.
2. Experimental procedures
2.1. Deposition of m-BiVO4 photoanodes
Fig. 1 shows the process used to prepare the precursor solution
to fabricate the pH-controlled BiVO4 ﬁlms. The precursor solution

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) in 10 mL of acetic acid
(CH3COOH, 99.7%, Samchun Chemicals) at room temperature
(25  C). Different amounts of an ACS-reagent-grade AH solution
(28.0e30.0% NH4OH, Sigma-Aldrich) were added to the BiVO4
precursor solution to control the morphology of the BiVO4 product.
The use of 0, 1, 1.5, and 2 mL of AH resulted in ﬁnal pH values of
approximately 0, 4, 6, and 8 respectively; in the absence of AH, the
pH of the solution was 0 as acetic acid was used as the solvent.
Based on the volume of AH added to the precursor, the resultant
BiVO4 ﬁlms are denoted as BVO-0, BVO-1, BVO-1.5, and BVO-2. The
added amount of AH was restricted to 2 mL because exceeding this
amount led to poor adhesion of deposited ﬁlms when they were
placed in the electrolyte for PEC testing.
Precursor solutions with different concentrations of NH4OH
were deposited on an indium tin oxide (ITO)-coated glass substrate
by the electrostatic spray technique over the course of 60 min at a
ﬂow rate of 30 mL h1. A high voltage (10.5 kV) was applied to the
nozzle to ensure a stable Taylor cone. The substrate temperature
was maintained at 80  C. Finally, the ﬁlms were annealed at 550  C
for 10 min. The schematic illustration in Fig. 1 depicts the solution
preparation (Fig. 1a) technique, variation in the pH upon adding AH
(Fig. 1b), and the ESD setup (Fig. 1c). Adding AH signiﬁcantly
transforms the morphology of BiVO4, as shown in Fig. 1d.
2.2. Characterization of pH-controlled BiVO4
X-ray diffraction (XRD, Rigaku, Japan, D/max-2500) was performed with Cu-Ka radiation over the 2q range of 20e60 to
analyze the structure of the BiVO4 ﬁlms. The Raman spectrum of
the ﬁlms was studied by using a Raman spectrometer (LabRam
ARAMIS IR2, Horiba Jobin Yvon). The morphology of the BiVO4 ﬁlms
was characterized using high-resolution scanning electron microscopy (HR-SEM, XL30 SFEG, Phillips Co., Holland) at 15 kV and highresolution transmission electron microscopy (HR-TEM, JEM 2100F,
JEOL Inc.). The PEC performance of the various BiVO4 ﬁlms was
measured by water splitting tests based on PCD measurements.
Each deposited BiVO4 ﬁlm was individually used as the working
electrode, while an Ag/AgCl electrode and a piece of platinum wire

Fig. 1. Schematic illustration of the deposition of the BiVO4 photoanode: (a) preparation of the precursor, (b) precursor solutions with different pH, (c) electrospray deposition and
(d) SEM images illustrating the morphological transformation corresponding to synthesis pH.
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were employed as the reference and counter electrodes, respectively. The PEC measurements were performed in 0.5 M Na2SO4 (pH
7) 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) in the applied voltage range from
0.4e1.2 V (vs. Ag/AgCl); the scan rate used for the measurements
was 10 mV s1. Further, electrochemical impedance spectroscopy
(EIS) measurements were performed using the potentiostat
described above and the same electrode conﬁguration. The Bode
phase plots were measured at 0.4 V (versus Ag/AgCl); a small sinusoidal perturbation (amplitude of 10 mV) was applied to the
potential [14] over a frequency range of 100 kHz to 100 mHz under
dark and illuminated conditions. The measured spectra were ﬁtted
using the ZSimpWin program (VersaStudio).
3. Results and discussion
3.1. Film characterization
The impact of adding various amounts of AH is evident from the
SEM images presented in Fig. 2. For better visualization, the SEM
images were acquired at an angle of about 70 . Fig. 2a shows the
pillar-shaped BiVO4 formed in the absence of AH (BVO-0), which is
consistent with our previous study [10]. These BiVO4 pillars (height
~3 mm) comprise particles of 200e250 nm in size arranged in a
pillar shape; the particles were uniformly deposited over the ITO
substrate. However, adding AH dramatically changed the
morphology, as indicated in Fig. 2bed. When 1 mL of AH was
added, the BiVO4 particles were ejected from the cone-jet and
deposited to a thickness of about 5 mm on the ITO substrate,
forming a branched fern morphology. The morphological change of
BiVO4 from pillar to branched is due to changing the properties of
the precursor solution, which causes faster nucleation and slower
crystal growth [33,34]. The precursor solution with higher pH results in a larger number of smaller crystal nuclei, simultaneously
consuming protons due to the lower crystal growth rate [35]. Thus,
the increased pH decreases the amount of free Bi3þ in the precursor
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solution, which signiﬁcantly affects the morphology of BiVO4 after
recrystallization during heat treatment in air at 500  C [36].
Moreover, electrostatic repulsion between these particles resulted
in a branched structure. Fig. 2c and d shows the SEM images of
BVO-1.5 and BVO-2.0, respectively. Fig. 2c shows that the particles
formed branched fern and nanofern-like shapes (Fig. 2d) because
the particles were better dispersed. Moreover, the thickness of the
BiVO4 layer on the ITO substrate increased with increasing concentrations of AH.
Thus, the SEM images conﬁrm that varying the pH by adding AH
signiﬁcantly inﬂuences the morphology of BiVO4. Increasing the AH
concentration escalates the thermodynamic driving force for BiVO4
precipitation [33], resulting in a faster nucleation rate. Furthermore, the BiVO4 particles self-assemble into a speciﬁc morphology
due to highly oriented colloidal aggregation of the nanoparticles at
the precursor solution droplet/air interface [37]. More BiVO4 particles deposit at the tips of the growing fern-like structures due to
the electrostatic attraction between the deposited and incoming
particles. These dynamics produce a less dense fern-like
morphology rather than the nanopillar morphology formed in the
absence of AH [38]. The effect of morphology on absorbance and
light scattering is evident from the UV visible extinction spectra
shown in Fig. S1. The extinction slightly decreased as the pH
increased from 0 to 8. This trend may be due to decreased ﬁlm
density, which decreases the effective refractive index of the ﬁlm, as
well as decreased scattering due to the decreasing particle size with
increasing pH. Thus, the lower apparent absorbance in these
extinction measurements may not actually correspond to less
absorbance by the ﬁlms; rather, it may simply be less scattering
[39].
Further, the impact of varying pH on the oxidation state of the
elements in the BiVO4 ﬁlms was studied. Fig. 3a shows the survey
spectra of BVO-0 and BVO-2. Both spectra show binding energy
peaks related to Bi4f, V2p, and O1s. The core element spectrum of
Bi4f (Fig. 3b) shows peaks at 163.5 and 158.3 eV, attributed to Bi4f5/
3þ
in the
2 and Bi4f7/2, respectively, indicating the presence of Bi
samples. These binding energies are typical of the Bi4f state in
BiVO4 [40e42]. The V2p core spectra in Fig. 3c display peaks

Fig. 2. SEM images illustrating the transformation of BiVO4 from a nanopillar to a nanofern morphology: (a) BVO-0, (b) BVO-1, (c) BVO-1.5, and (d) BVO-2.
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Fig. 3. XPS spectra: survey (a) and core spectra of (b) Bi4f, (c) V2p, and (d) O1s for BVO-2 (red dash) and BVO-0 (black solid). (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the Web version of this article.)

positioned at 523.6 and 515.9 eV, related to the V2p1/2 and V2p3/2
states, conﬁrming that vanadium is in the V5þ oxidation state [43].
Fig. 3b and c are consistent with the monoclinic scheelite phase of
BiVO4. The O1s peak in Fig. 3d, associated with metal oxides, appears at 529 eV. No shift was observed in the XPS signals from any
of the three components, indicating that varying the pH did not
alter the oxidation states of the elements in the deposited ﬁlm.
The XRD patterns of BVO-0, BVO-1, BVO-1.5, and BVO-2 are
presented in Fig. 4a. The XRD patterns of all samples show
diffraction peaks at 2q values of 28.6, 30.5, 34.5, 35.2, 39.5, 42.6,
46.0, 46.7, 47.3, 50.3, 53.3, 58.4, and 59.2 , corresponding to the
(121), (040), (200), (002), (211), (150), (231), (240), (024), (202),
(161), (321), and (123) planes, respectively. Thus, the diffraction
patterns of all samples could be indexed to m-BiVO4 (standard
JCPDS card No. 14-0688). The absence of other peaks indicates the
lack of crystalline impurities and demonstrates the presence of a
single phase of BiVO4. The intensity of the diffraction peaks of BVO2 was slightly higher than that of BVO-0, which might be due to the
higher crystallinity of the former. Thus, pH slightly alters the

crystallinity, but it does not inﬂuence the BiVO4 crystal type [21,24].
Further, the diffraction peaks of ITO at 2q of 30, 35, 50 and 59 ,
marked by diamonds, overlap with peaks of BiVO4 and therefore
could not be distinguished. Diffraction from BiVO4 is stronger due
to the high atomic number (high electron density) of Bi and because
the BiVO4 layer is substantially thicker than the ITO layer on the
coated glass (~130 nm).
The XRD and XPS data conﬁrm that the crystallinity and
oxidation state of the elements remain unaltered as the pH change
in the precursor drives changes in morphology of the deposited
ﬁlm. However, changes in chemical bonding were observed based
on the Raman spectra presented in Fig. 4b. The peaks at 214, 327,
368, 651, and 827 cm1 are typical vibrational modes of m-BiVO4.
The peak at 214 cm1 is due to the external vibrational mode
(rotation/translation) of BiVO4. The peak reﬂections at 327 and
368 cm1 are assigned to the asymmetric (Bg) and symmetric (Ag)
modes of the VO3
tetrahedron, respectively. The broad hump
4
located at 651 cm1 is assigned to the asymmetric VeO stretching
vibration mode (Bg symmetry). However, the peak near 827 cm1 is

Fig. 4. (a) XRD patterns and (b) Raman spectra of all samples, as labeled.
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due to the symmetric VeO stretching mode (Ag symmetry) and
appears to be dominant in all cases. With increasing AH, the peak
due to the VO4 stretching mode at 827 cm1 shifted to lower
wavenumbers. This shift is inversely proportional to the length of
the VeO bond according to the empirical formula given by Hardcastle et al. [44]. This implies that with increasing AH, the VeO
bond length increases, suggesting structural distortion induced by
modiﬁed electronic band structures [14,45]. Further, the full-width
at half maximum (FWHM) ﬁrst decreased and then increased with
increasing addition of AH [46]. The increase in the pH from 0 to 4
changes the precursor solution from a strong acid to a weak acid;
therefore, the FWHMs of BVO-1 (47 cm1) and BVO-1.5 (49 cm1)
decrease compared to that of BVO-0 (65 cm1), which may be
attributed to strong symmetric stretching due to agglomerated
BiVO4 particles. However, for BVO-2, when the pH is greater than 7,
BiVO4 nucleates more slowly, and hence, the large agglomeration of
irregular particles causes weaker stretching vibration, thus
increasing the FWHM (76 cm1) [47,48]. Zhang et al. [23] reported
that the Raman band positions are highly sensitive to structural
stability/distortion, whereas the FWHM is more sensitive to the
crystallinity and other factors such as the particle size and defects.
At higher synthesis pH > 7 of the precursor solution, the VO4
tetrahedra are slightly distorted due to the increased bond length.
However, the crystallinity is improved, and there are fewer defects
than in the samples prepared at lower pH (<7). Our results are
consistent with those reported by Zhang et al. [23].
The cross-sectional morphology and structural features of the
BVO-2 sample were characterized by TEM, as shown in Fig. 5a and
b. The high-resolution image in Fig. 5c shows the lattice fringes of
the area marked in Fig. 5a. The fringes with interplanar spacings (d)
of 0.312 and 0.292 nm correspond to the (121) and (040) planes of
the monoclinic scheelite structure of BiVO4 [49]. This agrees with
the XRD results, further conﬁrming that changing the pH of the
precursor solution does not alter the crystal structure of BiVO4,
even though the particle size and surface morphology were
signiﬁcantly altered by the pH change, as demonstrated in Fig. 2.
Elemental maps of the area enclosed in a white dashed square in
Fig. 5a are shown in Fig. 5d, e, and f for Bi, V, and O, respectively.
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Fig. 6. Currentevoltage (IeV) curves for the BiVO4 ﬁlms deposited from precursors
with varying amounts of AH (0, 1, 1.5 and 2 ml). D and L indicate measurements in the
dark and under illumination, respectively.

3.2. Photoelectrochemical properties
Fig. 6 shows PCD values of the single absorber photoanode
BiVO4 samples prepared from precursors of varying pH. The PCD of
the BVO-0 ﬁlm was 0.82 mA cm2 at 1.2 V vs. Ag/AgCl, compared to
PCD values of 0.95, 1.0, and 1.23 mA cm2 for BVO-1, BVO-1.5, and
BVO-2, respectively. Three major processes, i.e., photoexcitation,
surface/bulk recombination, and charge separation, are involved in
the photoreaction over the photocatalytic material under consideration. During the PEC process at the photoanode, photoexcited
electrons are transferred towards ITO, and the holes react at the
electrode/electrolyte interface. Modifying the morphology of the
BiVO4 pillars to the fern-like structure improves the photocurrent
and decreases bulk recombination, as is evident from the results
presented in Fig. 6. BVO-0 presented the lowest photocurrent,

Fig. 5. TEM images of the BVO-2 sample (nanoferns) at various magniﬁcations (aec), Elemental mapping of the BVO-2 sample by EDX for (d) Bi, (e) V, and (f) O.
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whereas the photoanodes deposited with increasing pH showed
increased photocurrent density, where the SEM images indicate
that the fern-like structure is made up of much ﬁner (thinner)
structures than the BVO-0 pillars. Thus, the fern-like structure exposes more BiVO4 particle surface area to the electrolyte, and
consequently, the PEC performance improves. Additionally, the
charge transfer impedance also decreased for BVO-2 due to the
better optical penetration depth. We also investigated the stability
of each photoanode at 0.6 V, as shown in Fig. S2.
Fig. 7 shows the Bode phase plots as determined from EIS
measurements performed under back illumination. The frequency
range for the analysis was 100 kHz to 100 mHz for all the samples.
Fig. 7a shows the Bode plot for BVO-0 and BVO-2 under illumination. BVO-0 and BVO-2 showed identical electrochemical responses
under dark conditions. However, under illumination, the samples
displayed signiﬁcantly different responses. Notably, the XRD patterns of both samples were similar, suggesting that the integrity of
BiVO4 was well preserved. Thus, the change in the PEC response for
BVO-2 could be attributed to the engineered morphology, which
resulted in spatial charge separation at the facets exposed to the
electrolyte, thereby improving the photocatalytic reactivity [50].
The shift in the characteristic frequency for BVO-2 case relative to
that of BVO-0 is presented in Fig. 7b with a magniﬁed view, along
with the Randle equivalent circuit and the corresponding circuit
parameters (Fig. 7c) obtained by ﬁtting the raw data.
Furthermore, Fig. 7b reveals that both cases show two peaks.
The medium-frequency peak in the Bode phase plot corresponds to
the depletion layer [51], whereas the low-frequency peak arises
from the impedance of the Helmholtz layer. The depletion layer
suggests electron transfer, whereas the Helmholtz layer corresponds to the capacitance developed at the semiconductor/electrolyte interface to counterbalance the disequilibrium occurring
due to the redox potential. The Bode plot in Fig. 7b for BVO-0 does
not show a signiﬁcant peak at a lower frequency, unlike the plot for
BVO-2, suggesting that the depletion layer may be thick, which
limits charge transfer. However, the clear peaks for BVO-2 could be
attributed to the fern-like morphology of BiVO4 (see SEM images in
Fig. 2).
The charge transport time factor (tn) for electron recombination
was determined from the characteristic frequency (fm), which corresponds to the peak phase angle in the Bode plot. The charge
transport time factor was calculated using the following equation
[52]:

tn ¼

1
2pfm

(1)

With the addition of AH to BiVO4, the characteristic frequency or
the frequency corresponding to the peak phase angle in the Bode
plot increased, as indicated by the blue and red vertical lines in
Fig. 7a. This shift in the characteristic frequency, as mentioned
earlier, is attributed to the change in the morphology of BiVO4 from
pillar to fern-like, consequently yielding a lower charge transfer
time factor. The charge transport time factor (Fig. 7c) for
electronehole recombination decreased from 3.53 to 1.93 ms when
the amount of AH added was increased from 0 to 2 mL. Although
the charge transport time factor decreased, which indicates faster
recombination, the PCD of BVO-2 was larger than that of BVO-0,
which may be due to the lower solution impedance, as well as
the lower charge transfer impedance of BVO-2. The lower impedance, in this case, is enough to maintain the larger electron ﬂow
from the semiconductor layer, and thus the photocatalytic kinetics
become much faster, as evidenced by the PCD presented in Fig. 6.
The impedance values for both cases are presented in Fig. 7c. Here,
Rs is the solution impedance, Rdl is the charge transfer impedance
associated with the bulk material (interior of the photoanode material), and RH is associated with charge transfer at the photoanode/
electrolyte interface. Furthermore, QH and Qdl are the capacitances
associated with the Helmholtz double layer and the depletion layer
in the semiconductor, respectively. The ﬁtted Nyquist data for
samples BVO-0 and BVO-2 are shown in Fig. S3. The values of Rs and
RH are lower for BVO-2 than those for BVO-0. These results suggest
that compared to BVO-0, BVO-2 has a larger exposed area for
electrolyte diffusion and shorter charge transfer pathways in the
bulk (interior) region of the electrode due to its fern-like
morphology. Furthermore, Qdl and Rdl for BVO-2 were observed to
be larger than those for BVO-0, which ensures that the
electronehole separation at the electrodeeelectrolyte interface is
consistent with the PCD demonstrated in Fig. 6.
A possible mechanism for photocatalytic splitting water is
illustrated in Fig. 8. The water splitting process is complex,
involving steps such as photon absorption that depend on the
material, its morphology, electronic structure, exciton separation,
catalytic efﬁciency, carrier diffusion, and transport. However, to
simplify the photocatalytic/electrocatalytic steps for water splitting
during illumination, we present here a schematic illustration of the

Fig. 7. (a) Bode phase plots of BVO-0 and BVO-2, (b) magniﬁed view of Bode plots, and (c) parameters deduced at characteristic frequencies for BVO-0 and BVO-2.
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Fig. 8. Schematic illustration demonstrating the PEC process for water splitting at the photoanode (a) BVO-0 and (b) BVO-2 under illumination.

mechanism. When the photons are incident on the photoanode, a
photophysical process generates an electronehole pair. This process is highly dependent on the morphology of the photoanode
material for higher photon absorption. The PEC mechanism
depicted in Fig. 8a occurs for BVO-0 when the morphology is pillarlike with slightly thick pillars that limit the available electrochemical reaction sites for reaction of holes with water. In contrast,
the fern-like morphology of BVO-2 (see Fig. 8b) provides more
reactive sites and shorter transport distances for holes while
maintaining a continuous transport pathway for electrons to reach
the external circuit thanks to its branched structure. Photoexcited
electrons diffuse toward ITO, while holes move toward the
electrodeeelectrolyte interface, and the resulting electronehole
separation forms a depletion layer and a Helmholtz layer at the
surface. However, along with separation, migration of the electrons
is also signiﬁcant. Here, the fern-like structure with lower RS and RH
enables a fast kinetic redox reaction. Lastly, the electrochemical
process at the surface of BiVO4 (where the holes/electrolyte are
involved in the redox reaction) results in O2 evolution. Thus, based
on the morphological analysis of BiVO4 deposited by electrospray
and PCD analysis, the present sample is highly efﬁcient for all three
processes involved in water splitting.
4. Conclusions
By adjusting the pH of the BiVO4 precursor solution used in ESD
by adding AH, the morphology of BiVO4 nanopillars was transformed from pillars into a nanofern structure with a higher overall
surface area. The thin, wide ferns facilitated faster water oxidation
owing to the increased interfacial area between the BiVO4 electrode
and electrolyte. Thus, the rate of surface reaction of holes with
water/electrolyte increased, and the PEC performance of the BiVO4
system improved, as conﬁrmed by comparing the photocurrent
density of the ﬁlms fabricated from precursors of varying pH. SEM
images illustrated the change in morphology and the increase in
surface area, while Bode phase plots from EIS were used to explain
the improvement in the ﬁlm performance with increasing pH.
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