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Abstract:
Improved photoelectrochemical activity for tetragonal BiV0.8Mo0.2O4 fabricated by
hydrothermal synthesis is reported in the present study. The enhanced water oxidation
efficiency is attributed to the formation of cation vacancies (Bi 5+)/oxygen interstitials due to
high amount of Mo doping. Efficient charge transport and electron hole separation for
water oxidation using BiV0.8Mo0.2O4 photoanode was supported by electrochemical
impedance investigations and open circuit photovoltage measurements. The present study
gives a significant insight into the role of nonstoichiometry related efficient water oxidation
using tetragonal BiVO4.
Keyword: photoelectrochemical water splitting, solar water oxidation, bismuth vanadate, phase
transition, tetragonal scheelite

1. Introduction
Direct conversion of solar to chemical energy can be achieved by using
Photoelectrochemical (PEC) cells and is important for the challenge to generate renewable
fuels. For this technology to come to fruition it is necessary to develop efficient inorganic
semiconductors [1], [2], [3], [4] and [5] which satisfies the requirement for efficient water
splitting. BiVO4 is one such material, which has a suitable band gap in the visible range and
shows resistance against photo corrosion [6]. Among different crystal structures, the
monoclinic scheelite phase is reported to possess superior photocatalytic activity [6] and [7]
and has better hole conductivity [8]. The conduction band of BiVO4 is near 0.0V vs
Reversible Hydrogen Electrode (RHE), making it suitable for water oxidation. Moreover
the theoretical photocurrent that can be generated is excellent being 7.5 mA/cm 2, assuming
complete absorption of photons of energies higher than 2.4 eV [9]. But the photons to
current conversion efficiencies were found to be low due to its poor charge transport
properties [10] and [11]. Among different methods existing [9], [12], [13], [14], [15], [16],
[17] and [18], metallic doping [12], [19] and [20] was found to be an efficient way of
minimizing the above mentioned problems. Mo/ W doping was reported to enhance the
electrical conductivity and PEC performance of BiVO4, with theoretical calculations
showing that Mo6+ and W6+ substitutional doping at the V5+ site enhances its n-type
conductivity[9], [10], [11] [21] and [22]. Also, as the dopant concentration increases, a
structural distortion for the monoclinic crystal structure eventually leads to a phase
transformation to the tetragonal scheelite polymorph [23], [24], [25], [26] and [27]. It was

proposed and theoretically shown that the lattice distortion of monoclinic scheelite structure
creates an internal electric field which is responsible for the enhance charge separation [8].
But reports on efficient PEC performance of tetragonal BiVO4 are currently limited, and its
performance was normally investigated by varying the doping concentration from 0 to 8
wt% of Mo/W [9], [23], [24] and [25]. However, a decrease in the PEC performance was
observed beyond 6 % Mo of doping and was attributed to the appearance of tetragonal
phase in BiVO4.
In this paper we have studied the effect of Mo doping (ranging from 0 to 20 mol %) on
the crystal structure of hydrothermally grown BiVO4 photoanodes and the related effect on
PEC performance. An enhancement in the PEC performance for the tetragonal
BiV0.8Mo0.2O4 photoanode formed by high levels of Mo doping (20 mol%) were observed
for the first time and the physical processes involved were elucidated by Mott Schottky
analysis, electrochemical impedance spectroscopy, open circuit photovoltage measurements
and X-ray photoelectron spectroscopic analysis. The study gives insights into the doping
induced phase transformation of hydrothermally grown BiVO4 photoanodes and the
associated PEC performance.

2. Results and Discussions:
BiV1-xMoxO4 photoanodes were fabricated by a hydrothermal route in which the value
of ‘x’ was varied in the range 0 to 0.2. The schematic of the photoanode preparation
procedure by hydrothermal route is shown in Figure S1. The crystallinity of the pristine and
doped BiVO4 were verified by XRD and from the reflection positions in the XRD patterns
(Fig. 1), it is evident that the pristine BiVO4 possessed a monoclinic scheelite crystal

structure [26]. Using a Pawley fitting method the lattice parameters of the monoclinic
BiVO4 were extracted as a = 5.201(7) Å, b = 5.091(3) Å, c = 11.690(2) Å, γ = 89.6(2)°
(space group I112/b). As the Mo doping concentration increased, the crystal structure
changed from monoclinic to tetragonal, indicating tetragonal phase stabilization. This was
most clearly observed by monitoring the evolution of the tetragonal (200) reflection
positioned at approximately 24.5° 2θ, as indicated in Fig. 1. Also, as the intensity of the
reflections of the tetragonal polymorph increased with increasing values of x, there was a
corresponding reduction in intensity of the reflections associated with the monoclinic
polymorph. Using the Pawley fitting technique the lattice parameters of the tetragonal
polymorph were estimated as a = 7.290(6) Å, c = 6.478(7) Å (space group I41/amdz). The
monoclinic scheelite to tetragonal scheelite phase transition can be attributed to the
substitution of the larger hexavalent Mo (ionic radius = 0.41 Å) in place of pentavalent V
(IR = 0.36 Å). However, from charge balancing considerations this must be accompanied
with the formation of oxygen interstitials and/or cation vacancies, or the insertion of
protons (see XPS section). Indeed, the isostructural material CeNbO 4+δ has been shown to
readily accept interstitial oxygen into the crystal lattice, which is accompanied by a partial
oxidation of the Ce3+ to Ce4+ [28]. The variation in valence state of the respective elements,
particularly those of the bismuth and oxygen sites is discussed in further detail in the X-ray
photoelectron section described later. Similar results were revealed by Zhou et al where the
solid solution dissolution of Bi3+ vacancies were observed up to doping concentration of x
=0.24 [26]. In the present study, we did not observe any reflections in XRD patterns, which
indicated no formation of bismuth molybdate up to x = 0.20 of Mo doping. The High
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BiV0.8Mo0.2O4 revealed that it formed tetragonal crystal structure with (200) plane having a
d spacing of 0.352 nm, as shown in Fig. S2. This result is consistent with the XRD pattern
of BiV0.8Mo0.2O4.
The influence of Mo doping in the crystal structure was also reflected in the micro
Raman spectra. The intense peak in the micro Raman spectra (Fig. 2) positioned at ~ 827
cm-1 is assigned to the symmetric stretching vibrational mode (Ag) of V-O bond [29]. A
weak shoulder at ~ 711 cm-1 corresponds to the asymmetric stretching vibrational mode of
V-O bond. As the fraction of the Mo increased, the band at ~ 827 cm -1 shifted to 850 cm-1,
which can be ascribed to the symmetric stretching mode (Ag) of V-O bond of tetragonal
BiVO4 as evident from the micro Raman spectra of BiV0.92O4Mo0.08. Similarly, a small
peak at ~ 755 cm-1 became evident during the phase transformation from monoclinic to
tetragonal and assigned to the asymmetric stretching mode of V-O vibration (Bg symmetry)
in the tetragonal crystal structure. The peak positioned at 208 cm -1 corresponds to the
external modes (rotation and translation) of BiVO4. The peaks at ~ 324 and ~ 364.7 cm-1
originated from the symmetric Ag bending and asymmetric Bg bending modes of vanadate
anions merged to a single peak at ~362.7 cm-1 as the doping concentration increased
indicating phase transition from monoclinic to tetragonal. In addition, the peak at ~245 cm -1
in samples having higher Mo content corresponds to the stretching mode of Bi-O bond in
tetragonal BiVO4 and the results are in agreement with the phase transition related micro
Raman investigation of BiVO4 previously reported in the literature [25] and [26].
It is widely reported and accepted that the monoclinic phase of BiVO4 absorbs in the
visible region (band gap = 2.4 eV) and the tetragonal phase absorbs (band gap 2.7 eV) at
the border between visible and UV region [6] and [29]. Light absorption observed in the

monoclinic scheelite structure is in the longer wavelength region compared to that of the
tetragonal system [8]. It was evident from the absorption spectra (Fig. S3), that there is a
decrease in the visible light absorption as the doping concentration increased, and UV light
absorption dominated in the heavily doped samples. The band gaps of different samples
were calculated from the Tauc plot and were found to vary from 2.3 eV to 2.7 eV with
increasing Mo concentrations indicating progressive phase transition from monoclinic
scheelite to tetragonal scheelite. The values corresponding to each doped samples are listed
in Table S1 of supporting information.
FESEM micrographs of the pristine and doped BiVO4 shown in Fig. 3a-h revealed that
as the doping concentration increased, the microstructure of the samples gradually changed
from the dodecahedral prism-like to rod-like structure. The pristine BiVO4 showed a typical
prism-like polyhedral shape for the monoclinic crystal structure (Fig. 3a) [7], [31] and [32].
As the doping concentration increased, there appeared rod-like structures along with the
prism-like structures. When the doping concentration reached x= 0.2, complete wheat
grain-like structures were formed and were arranged in a compact way (Fig. 3h). It was
assumed that the morphological change was due to the phase transition induced by heavy
Mo doping. A similar case was observed for the tetragonal BiVO 4 particles formed by 10
atom % yttrium doping reported by Usai et al [25]. The higher surface area value
(5.69m2/g, Table S1) for the BiV0.8Mo0.2O4 was attributed to the formation of the rod-like
structure due to the phase transition. The BET surface area values obtained for the pristine
and Mo doped BiVO4 samples were considerably lower, and was in accordance with the
reported values (Table S1) [24] and [26]. It was also noted that the surface area for

BiV0.8Mo0.2O4 was almost twice to that of the pristine which can play a favorable role in the
water oxidation performance.
Further the photoelectrochemical water oxidation activity of the Mo:BiVO 4
photoanodes was investigated. The amount of Mo doping was limited up to 20 atomic %
for PEC investigation in the present study to rule out the effect of Bismuth molybdate
formed at a concentration beyond 20 % [26]. The variation of photocurrent densities of the
different Mo doped BiVO4 photoanodes at 1.23V vs RHE in 0.5 M sodium sulfate
(pH=6.9) is shown in Fig. 4a. It is evident that the photocurrent densities initially increased
up to a doping concentration of x = 0.03 and then start decreasing until x=0.05. This
observation was in accordance with previously reported results [33]. When the amount of
Mo is above x=0.1 to 0.2, the photocurrent slowly started to increase and reached
maximum at a dopant concentration of x = 0.2. Fig. 4b shows the linear sweep
voltamogram for the pristine and BiV0.8O4Mo0.2 under dark and illuminated conditions.
Under illuminated conditions, the photocurrent densities were 0.02 and 0.12 mA/cm 2 for
the pristine and BiV0.8O4Mo0.2 photoanodes respectively, indicating a higher PEC
performance for the tetragonal BiV0.8O4MoO4 photoanode. When sodium sulfite was added
as an oxygen scavenger in the electrolyte, the photocurrent was enhanced to 0.89 mA/cm 2
for BiV0.8Mo0.2O4 photoanode, which was five times higher than that of pristine photoanode
(Fig. 4c). In addition, we observed a reduction in the water oxidation onset potential by
300mV. Good photocurrent stabilities were observed for the pristine and doped samples
(Fig. 5a and 5b), which was verified by current Vs time plot under illumination conditions
at a potential of 1.23 V vs RHE in Na2SO4 in presence and absence of hole scavenger
(0.5M Na2SO3). The amount of oxygen evolved during stability test corroborated with the

improved water oxidation capability of BiV0.8Mo0.2O4 compared to BiVO4. IPCE spectra of
pristine and BiV0.8O4Mo0.2 photoanodes at 1.23 V versus RHE in 0.5 M Na 2SO4 electrolyte
(Fig. S5a) was also consistent with the PEC results. In comparison to pristine BiVO 4,
BiV0.8Mo0.2O4 exhibited higher photo activity over the entire UV−vis region. The IPCE
dropped to zero at 530 nm revealing the band gaps of pristine and doped BiVO4 close to 2.4
eV and the results agreed with UV Visible absorption spectra and the corresponding band
gap values (Fig. S3 and Table S1). Absorbed photon to current conversion (APCE)
efficiencies were calculated and showed higher efficiency for BiV 0.8Mo0.2O4, demonstrating
better collection and charge separation ability as shown in Fig. S5b. The improvement in
the bulk charge transport as well as the catalytic efficiency at the interface is further proved
by the improved separation efficiency (Fig. S6a) and catalytic efficiency (Fig. S6b)
obtained for BiV0.8Mo0.2O4.
To understand the influence of the elemental composition on PEC performance, XPS
investigations were carried out on the BiVO4, BiV0.95Mo0.05O4 and BiV0.8Mo0.2O4
photoanodes and the high resolution XPS spectra of Bi, V, O and Mo are shown in Fig. 6ad. In the case of pristine BiVO4, as shown in Figure 4a and b, Bi 4f7/2 and V 2p3/2 fitted well
to main contributions from binding energies at ~159.08 eV and ~516.80 eV, respectively.
The Bi 4f7/2 peak at 159.08 eV is characteristic of Bi3+ oxidation state [22], while the V
2p3/2 core-level spectrum represents a V5+ oxidation state. A similar fit was obtained for the
BiV0.95Mo0.05O4 sample. When the dopant concentration of Mo was at a value of x = 0.2, a
distinctive shoulder could be observed for the Bi 4f spectra. The shoulder of the Bi 4f 7/2
spectra for BiV0.8Mo0.2O4 can be attributed to the presence of Bi5+ oxidation state. The peak
at a binding energy of ~160.3 eV agrees with the values reported Bi +5 oxidation state [34]

and [35]. The O 1s spectrum (Fig. 6d) has contribution from Sn-O in FTO. The main peak
corresponding to BiVO4 can be fitted at ~529.95 eV which is close to the surface lattice
oxygen peak [22], [36] and [37]. The peak present at ~531 eV is ascribed to the
nonstoichiometric oxygen (defective oxygen) [20] and [38]. This is due to the presence of
Bi5+ state which can create a surface nonstoichiometry. In addition to lattice oxygen,
presence of surface hydroxyl is shown from the fitted O1s peak at a binding energy of
~532.1 eV, that is typical for hydroxyl related species. Presence of Bi5+ state can induce the
formation of surface hydroxyl groups on the surface of BiVO 4. The presence of surface
hydroxyl groups can improve the surface wetting characteristics and reported in the
literature [39] and [40]. This was further supported by the decrease in the contact angle
(CA) values for BiV0.8Mo0.2O4 (CA=17.94± 1.29) compared to BiVO4 (CA=29.32± 2.25)
and is shown as Fig S7. The successful incorporation of Mo was observed from the Mo 3d
peak observed for both BiV0.95Mo0.05O4 and BiV0.8Mo0.2O4 samples. The higher
concentration of Mo in the BiV0.8Mo0.2O4 can also be clearly seen from Fig. 6c, revealing
increase in Mo incorporation. The binding energy of Mo 3d 5/2 at 232.3eV shows that Mo is
present in a 6+ oxidation state [37], [41] and [42].
The charge transport dynamics for water oxidation for the tetragonal BiV 0.8Mo0.2O4 and
pristine Monoclinic BiVO4 was further investigated by the electrochemical impedance
measurements conducted under both dark and illuminated conditions at 1.23 V vs RHE as
shown in Fig. 7a. The comparison was also made with the BiV0.95Mo0.05O4 photoanode,
which showed a reduction in the photocurrent compared to BiV 0.8Mo0.2O4 photoanode.
Impedance spectra shows that the BiV0.8Mo0.2O4 photoanode offered the least charge
transfer resistance (1.98 X 104  obtained by fitting the impedance spectra using R(RC)

circuit) under illuminated conditions. BiV0.95Mo0.05O4 photoanode showed higher resistance
under illuminated conditions compared to pristine and BiV0.8Mo0.2O4 samples, indicating
the inefficiency in utilizing holes for efficient water oxidation compared to the
BiV0.8Mo0.2O4 photoanode. The open circuit potential measurements in dark and
illumination conditions were further carried out to estimate the change in Fermi level of the
pristine and doped samples under illumination [43]. Fig. 7b shows the plot of open circuit
potential vs time for pristine BiVO4, BiV0.95Mo0.05O4 and BiV0.8Mo0.2O4. Approximately 60
mV increase in the open circuit potential was observed for BiV 0.8Mo0.2O4 compared to
pristine BiVO4, and the difference in open circuit potential between dark and illuminated
conditions were 0.12 V, 0.17 V and 0.28 V for pristine BiVO4, BiV0.95Mo0.05O4 and
BiV0.8Mo0.2O4 photoanodes respectively. This indicates the shift of Fermi level to a more
cathodic region and hence enhanced charge separation under illuminated conditions. The
observation thereby shows that, even though the BiV0.8Mo0.2O4 was in the tetragonal crystal
structure, the system was able to generate enhanced charge separation and thereby
providing holes for water oxidation.
Mott Schottky analysis was conducted for monoclinic BiVO 4 and tetragonal
BiV0.8Mo0.2O4 in sodium sulfate electrolytes under dark conditions as shown in Fig. S8.
The slope of BiV0.8Mo0.2O4 (8.1 × 1019 cm-3) is slightly lower than the monoclinic BiVO4
5.6 ×1019 cm-3) indicating a higher carrier concentration. Although a slight positive shift in
the flat band potential (Vfb) was observed for the BiV0.8Mo0.2O4, the effect of an increase in
the carrier density was essentially cancelled out. The Vfb of the monoclinic BiVO4 and
tetragonal BiV0.8Mo0.2O4 was calculated to be -0.602 and -0.535 V vs Ag/AgCl.

Heterogeneous catalytic activity of scheelite tetragonal Mo doped BiVO 4 system
increased as the atom fraction of Mo increased and obtained the highest activity in the
range of x=0.19 to 0.25 [44] and [45]. Tetragonal Bi1-x/3V1-xMoxO4 system is known for
better catalytic activity in oxidizing olefins due to increase in oxygen mobility and cation
vacancies [44] and [46]. The solid solubility of Bi3+ vacancies can be tolerated up to 23%
(x=0.7) with the tetragonal crystal structure of BiVO4 [26]. The cation vacancies and shared
oxygen bonds associated with the presence of higher concentration Mo in the crystal lattice,
favored electron hole separation. In the present study, based on the XPS, EIS and OCPV
measurements, we propose the following mechanism. Presence of Bi5+ states in the BiVO4
lattice can act as catalytic site for water oxidation reaction. The standard redox potential of
BiV/BiIII (Eo= +1.59 V at pH 0) [47] is more positive than O2/H2O (Eo= +1.23 V at pH 0)
[30]. Hence, the existence of Bi5+ state in the present case helped to adjust the redox level
positioning with respect to water oxidation potential, thereby increasing the rate of
oxidation. The schematic of water oxidation mechanism in the presence of Bi V/BiIII redox
system in tetragonal BiV0.8Mo0.2O4 is shown in Fig. 7c. In addition, at higher dopant
concentrations, the formation of rod-like morphology with reduction in size can provide
more catalytically active sites for water oxidation and a better adhesion to the FTO glass.
Even though the tetragonal BiV0.8Mo0.2O4 displayed a higher band gap than the monoclinic
polymorph, the presence of cationic vacancies, surface hydroxyl groups and a greater
number of catalytic sites, improved charge separation, and hence gave a better PEC
performance. The results suggested that introduction of cation vacancy due to higher
concentration of Mo doping outweighed the adverse effect of formation of less catalytically
active tetragonal phase formation by Mo doping.

3. Conclusions
Mo:BiVO4 was fabricated by hydrothermal synthesis. An enhancement in the
photoelectrochemical performance was observed for the tetragonal BiV 0.8Mo0.2O4
photoanode, induced by higher amounts of Mo doping. This is attributed to the formation of
cationic vacancies (Bi5+ states), and oxygen interstitials which was revealed from XPS
analysis. Efficient charge transport and electron hole separation for water oxidation of
BiV0.8Mo0.2O4 photoanode was supported by electrochemical impedance investigations and
open circuit photovoltage measurements. Our study thus throws light on to the role of
cation vacancies in water oxidation reactions and hopefully provides an impetus for
exploring the possibilities of increasing the photocatalytic and photoelectrochemical
activities in other polymorphs of BiVO4.
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List of Figure Captions:
Fig. 1. X-ray diffraction pattern for pristine and Mo doped BiVO4 samples showing change in
crystal structure with increase in doping concentration (mol % of Mo = 0 to 20)
Fig. 2: Micro Raman spectra of pristine and Mo doped BiVO4 photoanodes.
Fig.3. FESEM micro graphs of (a) pristine, (b) BiV0.99Mo0.01O4 (c) BiV0.98Mo0.02O4 (d)
BiV0.97Mo0.03O4 (e) BiV0.95Mo0.05O4 (f) BiV0.92Mo0.08O4 (g) BiV0.9Mo0.1O4 (h) BiV0.8Mo0.2O4
Fig. 4. (a) Variation of photocurrent at 1.23 V vs RHE in 0.5 M Na2SO4 + 0.5 M Na2SO3 (hole
scavenger) with change in Mo doping concentration in BiVO4 from x=0 to 0.2 mol %(b) Linear
sweep voltamograms for pristine BiVO4 and BiV0.80Mo0.2O4 under dark and illuminated conditions
(a) in 0.5 M Na2SO4 electrolyte, (b) in 0.5 M Na2SO4 + 0.5 M Na2SO3 (hole scavenger)

Fig. 5. Current vs time plot (a) in 0.5 M Na2SO4 at 1.23 V vs RHE (b) in 0.5 M Na2SO4 + 0.5 M
Na2SO3 (hole scavenger), at 1.23 V vs RHE
Fig. 6. High resolution X-ray photoelectron spectra of (a) Bi 4f, (b) V 2p, (c) Mo 3d and (d) O1s.
The peak at ~531 eV correspond to the defective oxygen due to the presence of cationic vacancy.
Fig. 7. (a) Electrochemical impedance spectra recorded at 1.23 V vs RHE in 0.5 M Na2SO4
electrolyte for pristine BiVO4 and BiV0.80Mo0.2O4 , (b) The open circuit photovoltage vs Time plot
for pristine BiVO4, BiV0.95Mo0.05O4 and BiV0.80Mo0.2O4 in 0.5 M Na2SO4 electrolyte and (c)
Schematic representation of photoelectrochemical water oxidation using tetragonal BiV0.8Mo0.2O4
photoanode
Graphical Abstract: Schematic representation of photoelectrochemical water oxidation using
tetragonal BiV0.8Mo0.2O4 photoanode and Linear sweep voltamograms for pristine BiVO4 and
BiV0.80Mo0.2O4 under dark and illuminated conditions in 0.5 M Na2SO4 + 0.5 M Na2SO3 (hole
scavenger) revealing the improvement in water oxidation current for tetragonal BiV0.80Mo0.2O4
due to the catalytic effect of Bi3+/Bi5+.
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