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The development of high-performance and robust photoelectrode with architecture design is a popular
research area. In this study, BiVO4 photo corrosion protection carries out with α- Cr2O3 core–shell under solar
light irradiation for photoelectrochemical hydrogen production. BiVO4 nanoparticles are coated with α-Cr2O3

core–shell by various hydrothermal deposition solutions at various pH values (4.0, 4.5, 5.0 and 5.5), indicating
coverage processes of α-Cr2O3 on BiVO4 depend on the pH of deposition bath. A p-type α- Cr2O3 core–shell
layer leads to the Vfb value of n-type BiVO4 shifting to a positive energy level, suggesting reducing BiVO4 ano-
dic photocorrosion under solar light. BiVO4

/Cr2O3 photo corrosion efficiency is investigated by Electrochemical
Impedance Spectroscopy, Cr2O3 core–shell layer photocorrosion protection efficiency (cef %) of BiVO4/Cr2O3

pH 4.0, BiVO4
/Cr2O3 pH 4.5 and BiVO4

/Cr2O3 pH 5.0 electrodes are calculated as 34.7 %, 54.3 % and 49.2
%, respectively. The photoelectrochemical hydrogen production performance demonstrates that BiVO4 photo
response enhanced in terms of surface passivation layers cause to improve the charge-separation and excited
electron pathway semiconductor–electrolyte boundary.
1. Introduction

Many countries and associations have declared research calls for
energy production with a decarbonization process [1,2]. One of the
most promising is green hydrogen production a key to open zero car-
bon emission energy demand of countries, enabling energy carriers
with high energy capacity (141.88 MJ/kg) [3]. Both wind and solar
energies are the main legs of renewable energy sources for green
hydrogen production. Although wind energy provides electricity to
hydrogen production in alkali media, solar can be provided not only
electricity for electrolyzer in alkali but also enable electron transition
among the valence band (VB) and conductive band (CB) energy levels
of semiconductor by photon energy.

Fukushima and Honda [4] previously studied an n-type semicon-
ductor used for photoelectrochemical hydrogen production. Over four
decades, numerous p-type and n-type semiconductors have been stud-
ied such as TiO2, ZnO [5–7], Cu2O [8,9], CuO [10,11], CdS [12,13]
and BiVO4 [14–18], etc. on photoelectrochemical cells (PECs). One
of the promising BiVO4 is awareness in terms of the nanostructure,
and solar light absorption properties, which provides it superior pho-
toresponse performance in various photocatalytic applications
[19–23]. Moreover, n-type BiVO4 can be effortlessly formed
heterostructure with different semiconductor structures, leading to
efficiently improving the photocatalytic performance of the PECs
[24–26].

Particularly, BiVO4 suffers from fast electron-hole recombination
photocorrosion imposing extending the duration of solar light irradia-
tion [27]. In the literature, the photocorrosion drawback of BiVO4 has
been hindered a few applications. One of the applications is that using
a catalytic layer enhances the rate of electron transportation to over-
whelm photocorrosion. As the electron transportation rate is signifi-
cantly faster compared to photo-induced corrosion, photocorrosion
can be kinetically hindered [28,29]. In another application a protec-
tion layer on the semiconductor surface. As the semiconductor is
sealed with a protective layer that only imposes with the electrolyte,
protective coverage provides shifting a VB energy level for Oxygen
Evolution Reaction (OER) [30,31].

Gao et al. [32] fabricated a robust BiVO4 with a MoO3 film, per-
forms enhanced PEC performance for photoelectrochemical natural
seawater decomposition application. It indicates that MoO3 protective
rganized
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layer on BiVO4 a robust photocorrosion resistance over 70 h under
solar irradiation. Le et al. [33] studied AgOx nanoparticles as a hole
collector to improve the photostability of BiVO4 owning to enhance
the rate of electron transportation for solar water splitting. Li and
co-workers [34] investigated cobalt-phosphate (Co-Pi) co-catalyst on
BiVO4/Cu2O heterojunction in terms of photocorrosion and photocat-
alytic performance of PEC and photocatalytic degradation activity of
organic pollutants photoanode semiconductor. It concluded that pho-
tostability of BiVO4/Cu2O with Co-Pi co-catalyst was obtained by
decreasing the photogenerated carrier separation electrolyte/semicon-
ductor interface. Chen et al. [35] demonstrated reduced corrosion of
BiVO4 with TiO2 material owing to in a catalytic layer and/or protec-
tive layer formed on BiVO4. They suggested that surface recombina-
tion centers in BiVO4 photoanodes are passivated by TiO2, which
inhibits electron trapping into the occupancy of oxygen vacancies.
Tian and co-workers [29] studied decreasing CdS photocorrosion
behaviour with α-Cr2O3 core–shell layer as photocatalyst in PECs. It
emphasizes that the α-Cr2O3 core–shell suppressed the photocorrosion
of CdS under visible light illumination. Gao et al. [36] investigated
long-term photostability of BiVO4 by NiOOH Oxygen Evolution Reac-
tion (OER) catalyst. Also, they added Fe2+ ion into the electrolyte to
roboust of heterojuction electrode, causing to an outstanding photosta-
bility over 200 h. At the another research, Gao and coworker [37] indi-
cated that catalytic water splitting activity of BiVO4 enhanced by
potentiostatic photopolarization method reduced the electron-hole
recombination and decreased the photocorrosion process.

This paper describes the successful preparation of BiVO4 with a
novel electrochemical Bi film deposition route and a new precursor
solution. Additionally, the optimum pH of the precursor solution is
investigated by the architect design of the α-Cr2O3 core–shell on the
BiVO4 surface for photocorrosion inhibition of BiVO4 by hydrothermal
deposition. Subsequently, photocorrosion and PECs performance of
the various BiVO4/Cr2O3 photoelectrodes are performed under simu-
lated solar light. Our recent research is expected to offer a novel
awareness of this facile method for the synthesis of photocatalyst
and photocorrosion inhibitor providing an architect design on the
photoelectrode.

2. Experimental

2.1. Materials

Bismuth(III) nitrate pentahydrate (Bi(NO3)3·5H2O), vanadyl acety-
lacetonate (VO(acac)2), citric acid (C6H8O7), chromium(III) nitrate Cr
(NO3)3·9H2O, sodium sulphate Na2SO4 nitric acid (HNO3) sodium sul-
phite (Na2SO3), phosphate buffer, sodium hydroxide (NaOH) and
dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich. Sub-
strate tin-doped indium oxide (ITO) conductive glasses (R < 10Ohms/
square) were purchased from Teknoma company. The ITO substrate
was cleaned by sonication in 1.0 M NaOH, acetone, ethanol and dis-
tilled water, respectively, for 3 min each, before semiconductor
deposition.

2.2. Preparation of BiVO4 photoelectrode

The electrodeposition of Bi film was performed in a conventional
three-electrode system combined with Pt sheet (2 cm2) as a counter
electrode, Ag/AgCl (3.0 M KCl) as reference electrode, and ITO
(1 cm2) were used as a working electrode. The deposition bath prepa-
ration: i) to convert Bi3þ to BiOH2þ in acidic media, 5.0 mM Bi(NO3)3
was dissolved in 0.25 M HNO3 solution (pH 1.60) and was stirred vig-
orously for 30 min (Eq. (1)),

Bi3þ þ H2O⇌BiOH2þ þ Hþlog
BiOH2þ� �
Bi3þ
� � ¼ �2:00þ pH ð1Þ
2

ii) 0.1 M citric acid was added to the solution as a chelating agent,
and iii) to Bi source convert to BiOþ compound, the pH and tempera-
ture of the deposition bath was arranged at pH 4.7 with 5 M NaOH and
30 °C (Eq. (2)).

BiOH2þ ⇌BiOþ þ Hþlog
½BiOþ�

½BiOH2þ� ¼ �3:37þ pH ð2Þ

The electrochemical Bi film deposition was carried out by potentio-
static deposition, −1.0 V potential was applied for 10 min. Lastly, the
electrodes were cleaned with distilled water and dried at 40 °C at a fur-
nace. To obtain Bi-V-O film, 100 µL 100 mM VO(acac)2 in DMSO was
dropped into Bi film electrode, and calcinated at 500 °C for 2 h.
Finally, forming V2O5 was removed by imposing a 5 M NaOH solution
for 2 h, cleaned with distilled water and dried at 40 °C at a furnace.

2.3. Preparation of BiVO4/Cr2O3 photoelectrode

α-Cr2O3 was grown on a BiVO4 photoelectrode substrate via
hydrothermal method. The deposition precursor contained 5 mM Cr
(NO3)3 and 10 mM Na2SO4 compounds, and precursor pH was pre-
pared in various combinations such as 4.0, 4.5, 5.0 and 5.5. The solu-
tion was poured to a teflon-lined stainless steel autoclave already
provided with BiVO4 photoelectrodes (1.0 cm2) located at conducting
surface fronting upward. Hydrothermal α-Cr2O3 deposition was car-
ried out for 24 h at 90 °C in a furnace. After deposition duration, the
autoclave was left to cool in the room. BiVO4/Cr2O3 photoelectrodes
were taken out, rinsed several times with distilled water and ethanol
and dried at 40 °C. Finally, photoelectrodes were calcinated at 500 °
C for 2 h at a furnace.

2.4. Photoelectrode characterization

The photoelectrodes crystal growth process were analysed using X-
ray diffraction. (Malvern PANalytical Empyrean-X-Ray Diffractome-
ters, XRD). The surface characterization of the samples was monitored
with a field emission scanning electron microscope (FEI Quanta 650
Field-Emission SEM) involved with energy-dispersive X-ray spec-
troscopy (EDS) to evaluate the elemental ratio of the electrode surface.
The solar light absorption was performed ranging from 350 to 800 nm
by spectrophotometer (Thermo Scientific-Genesys 10S UV–vis).
Raman spectra was obtained by Raman spectrophotometer (Ren-
ishaw-InVia-Qontor).

2.5. Photoelectrochemical and photocorossion test

Both photoelectrochemical and photocorossion tests of the photo-
electrodes were performed by CHI analyser (Model: CHI 660D electro-
chemical) and within a solar simulator (Sunlight TM Solar Simulators;
M−SLSS; 100 m Wcm−2) into 0.1 M Na2SO3- 0.1 M phosphate buffer
electrolyte. Linear sweep voltammetry (LSV) was performed between
0.2 V and 1.6 V vs. NHE reference electrode at 5 mV s−1 scan rate
under solar light irradiation. The electrochemical impedance spec-
troscopy (EIS) measurement was carried out range from 105 to 10-1

Hz at 1.23 V bias potential with amplitude of 5 mV. The j-t measure-
ments were performed at 1.23 V bias potential for a period of 300 s.
Mott–Schottky measurement was performed by applying a 5 mV AC
amplitude at 500 Hz frequency under the dark conditions. Before
Mott–Schottky measurement, photoelectrode was rested to set electro-
chemical equilibrium semiconductor/electrode interface for a half-
hour. The photoelectrode potential against Ag/AgCl reference elec-
trode was adapted to reference hydrogen electrode (RHE) using Nernst
Eq. (3) (water decomposition reaction).

ENHE ¼ EAg=AgCl þ 0:059pHþEo
Ag=AgCl ð3Þ
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In this equation, ENHE is water splitting potential versus NHE,
EAg=AgCl the experimental measured potential value of photoelectrode,
and Eo

Ag=AgCl is standard electrode potential of Ag/AgCl reference elec-
trode versus NHE. (In the photoelectrochemical and photocorossion
test, electrolyte pH value is approximately 7.).
3. Result and discussion

3.1. Electrochemical Bi film deposition

Cyclic voltammetry is performed ranging from 0 to −1.6 V at
50 mV s−1 scan rate to decide on cathodic deposition potential on
the potentiometric method and clarification of electrochemical conver-
sions at the electrode/electrolyte interfaces. Fig. 1 shows cathodic scan
voltammogram of ITO into 0.25 M HNO3-0.1 M C6H8O7-5.0 mM Bi
(NO3)3 (pH 4.7) precursor solution.

BiOþ converts to Bi film on the ITO surface at −0.434 V (Eq. (4))
applying the negative potential.
BiOþ þ 2Hþ þ 3e� ⇌Biþ 2H2O ð4Þ
Nernst equation is used to define Bi film deposition potential and is

given Eq. (5). E is photoelectrode potential, μBiOþ is standard chemical
potential of BiOþ, μHþ is standard chemical potential of Hþ, and �μH2O

is the standard chemical potential of H2O.
E ¼ μBiOþ þ μHþ � μH2O

3F
þ RTln αBiOþ½ � 2RTlnαHþ½ �

3F
ð5Þ

E is calculated−0.378 V according to Eq. (5). It suggests that over-
potential sources result in shifting deposition potential. However, as
applied to more negative potential, current density abruptly increases
after −0.8 V potential. It associates with further Bi film deposition on
the glass substrate, but excess negative potential causes the destruction
of Bi film on the ITO surface by determining experimental observation.
Moreover, the prior study indicated that the optimum electrochemical
deposition current density is approximately 2 mA cm−2 in terms of Bi
film accumulation on the substrate [38]. Consequently, considering lit-
erature and cyclic voltammogram, potentiostatic deposition potential
is selected −1.0 V to synthesise Bi film on a glass substrate [38].
Fig. 1. The cyclic voltammogram of ITO into 0.25 M HNO3, 0.1 M C6H8O7,
5.0 mM Bi(NO3)3 at a scan rate of 50 mV s−1.

3

3.2. Photoelectrode characterizations

XRD measurements were conducted to accomplish the crystal struc-
tures of BiVO4 and BiVO4/Cr2O3, is depicted in Fig. 2 BiVO4 diffraction
peaks at 2θ° of 18.82°, 28.85°, 30.45°, 34.83°, 39.88° and 42.33° com-
ply with hkl parameters (011), (112), (004), (020), (121), and
(015) respectively. In the literature, the main peaks monoclinic phase
of BiVO4 is ∼18.90° and ∼28.80° at the XRD pattern (JCPDS NO-98-
010-0601), which confirms the synthesis of BiVO4 on monoclinic
phase [39,40]. Moreover, BiVO4/Cr2O3 diffraction peaks at 2θ° of
24.5°, 33.6°, 36.4°, 39.8°, 41.6°, 50.2°, 54.9°, 63.6° and 65.2° corre-
spond to hkl parameters (012), (104), (110), (006), (113), (024),
(116), (214) and (300). The rhombohedral structure characteristic
peaks at 2θ° of 24.5°, 33.6° and 34.6° (JCPDS NO-98-020-2619).
Excluding BiVO4/Cr2O3 pH 5.5 electrode, various BiVO4/Cr2O3 photo-
electrodes peaks depict the characteristic α- Cr2O3. It indicates that α-
Cr2O3 hydrothermal deposition is not performed at pH 5.5 due to
excess OH– source quickly inducing agglomeration Cr(OH)3, and not
being able to grow on BiVO4 nanoparticles boundary. Additionally,
it can be suggested that minor intensity 2θ° main peaks demonstrate
a lower thickness core–shell on the BiVO4 surface.

FESEM morphologies were utilized for growing the process of α-
Cr2O3 core–shell on the BiVO4 surface, and the determination of pH
effect of precursor solution on α- Cr2O3 core–shell layers. Fig. 3 shows
FESEM images of BiVO4 and various BiVO4/Cr2O3 photoelectrodes.
Fig. 3(a,b) indicates that BiVO4 nanoparticles occur and cover with
homogeneity across the ITO surface. α- Cr2O3 core–shell is synthesized
above BiVO4 boundary at the different precursor pH by hydrothermal
method. α- Cr2O3 core–shell possible synthesis process is given as fol-
lows [41];

½Cr H2Oð Þ6�3þ ! ½CrðOHÞ3 H2Oð Þ3�3þ þ 3
2
H2O ð6Þ
½CrðOHÞ3 H2Oð Þ3�3þ90
�
C ! ½CrðOHÞ3�3þ þ 3H2O ð7Þ
2½CrðOHÞ3�3þ500
�
C ! αCr2O3 þ 3H2O ð8Þ

The first step relates Cr H2Oð Þ6 conversions to solvated
CrðOHÞ3 H2Oð Þ3 increasing with precursor pH. At the second step,

½CrðOHÞ3�3þ formation occur into the teflon autoclave for 24 h at
90 °C. Consequently, the amorphous CrðOHÞ3 layer transforms to
rhombohedral structure α- Cr2O3 by calcination at 500 °C for 2 h.
According to FESEM images of BiVO4/Cr2O3, it can be concluded that
precursor pH intensely impacts the growth process and surface mor-
phology. The minor amount α- Cr2O3 grows on BiVO4 layers at the pre-
cursor solution of pH 4.0. Alternatively, increasing precursor pH from
4.0 to 4.5, α- Cr2O3 core–shell covers to BiVO4 nanoparticles surface,
leading further α- Cr2O3 core–shell coverage, suggestingin protection
of BiVO4 photoelectrode solar light irradiation. However, Fig. 3(g, h)
demonstrates that the α- Cr2O3 crystal-grown process is conducted
with only individual seed agglomeration instead of α- Cr2O3 attaching
the BiVO4 layer at the precursor solution of pH 5. It can be related with
the first step (Eq. (6)) leading to further CrðOHÞ3, producing heteroge-
neous solution into the autoclave by hydrothermal deposition. More-
over, α- Cr2O3 is not grown on both individual and BiVO4 layers at
the precursor solution of pH 5.5. It can be concluded that excess pH
leads to dissimilar Cr(III) complexes due to increasing precursor solu-
tion pH cause to solution color alters bright green to dark green previ-
ous hydrothermal deposition. Therefore, it can be suggested that
photocorossion and photoelectrochemical performance measurements
are not needed to perform BiVO4/Cr2O3 pH 5.5 electrode.

UV–Visible measurements are performed to determine the solar
light absorption wavelength of the photoelectrodes. The absorption
spectrum of BiVO4 and various BiVO4/Cr2O3 photoelectrode is given
in Fig. 4(a). The previous studies have demonstrated an n-type semi-



Fig. 2. XRD pattern of BiVO4 and various BiVO4/Cr2O3 photoelectrodes.
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conductor BiVO4 absorption range from 500 to 540 nm wavelength
[42–44]. In this paper, BiVO4 photoelectrode absorbs solar light about
∼520 nm, indicating synthesis BiVO4 accomplished compatible with
the literature [45–49]. Moreover, as shown in Fig. 4(a), BiVO4 absorp-
tion behaviour into the visible region is improved by α- Cr2O3 core–-
shell deposition on BiVO4 layers.

The ultraviolet and visible absorptions of Cr2O3 nanoparticles vary
around ∼350, ∼460 and ∼620 nm, respectively [49]. Absorption
around 350 nm, is due to the electronic transition of Cr2O3 in the band-
gap [50]. Since the electrode with the utmost absorption in this region
belongs to BiVO4/Cr2O3 pH 4.5, it can be stated that further electron
transfer takes place between Cr2O3 valence and conduction bands. In
addition, the ∼460 nm and ∼620 nm absorption peaks correspond to
the characteristic electronic transition of Cr3+ and correspond to the
4A2g →

4T1g and 4A2g →
4T2g electronic transitions, respectively [50].

It can be suggested that ∼460 nm and ∼620 nm absorption enhances
in the BiVO4/Cr2O3 pH 5.0 electrode due to the individual seed
agglomeration instead of being grown on the BiVO4 layer.

Raman spectrometry is used to detect V-O and Cr-O vibration ener-
gies on the surface of BiVO4/ Cr2O3 electrodes. Raman spectra of
BiVO4 and various BiVO4/Cr2O3 is given in Fig. 4b Raman spectra of
BiVO4 indicates four severe characteristic peaks based at about 211,
327, 369 and 827 cm−1, and a weak peak at 711 cm−1. The severe
peak at 827 cm−1 corresponds to symmetric V-O stretching, and the
weak peak at 711 cm−1 assigns to anti-symmetric V-O stretching. Both
symmetric and anti-symmetric distortion peaks of VO3�

4 are 369 cm−1

and 327 cm−1, respectively. Moreover, rotation/translation peaks
appear 211 cm−1 existing at the external mode. These peaks demon-
strate synthesize BiVO4 at the monoclinic phase, and it is compatible
with previous papers [51–54]. As seen in Fig. 4b, Raman spectrum
of BiVO4/Cr2O3 is not diverse from the monoclinic phase of the BiVO4

spectrum. The vibrations of rhombohedral α- Cr2O3 two peaks A1g and
five peaks Eg symmetry appear 226 cm−1, 554 cm−1 and 249 cm−1,
350 cm−1, 528 cm−1, 619 cm−1, 695 cm−1, respectively [55]. In
4

the literature, the main peak of α- Cr2O3 appears at 528 cm−1 belong-
ing to A1g symmetry [56,57]. According to Raman spectrum, BiVO4/
Cr2O3 pH 5.0, BiVO4/Cr2O3 pH 4.5, and BiVO4/Cr2O3 pH 4.0 photo-
electrodes eppear a weak peak at 554 cm−1, indicating BiVO4

nanoparticles dominate the layer on ITO surface. It could be stated that
the α- Cr2O3 core–shell process is accomplished on BiVO4 layers.

3.3. Photocorrosion test

EIS measurement commonly has preferred to distinguish photo-
electrochemical reactions at the semiconductor/electrolyte boundary
[58,59]. The investigation of BiVO4 photocorossion robust enhance-
ment under the solar light conditions with coverage of α- Cr2O3 core–-
shell is performed by EIS measurement. Photoelectrode corrosion test
is conducted at 1.23 V bias potential with 5 mV amplitude under 100
mW cm−2 solar light. Nyquist (a) Bode (b) and phase angle-frequency
plots (c) of BiVO4 and various BiVO4/Cr2O3 photoelectrodes are shown
in Fig. 5. According to the Nyquist plot, under 1.23 V bias potential,
BiVO4 represents a depressed semi-circle at the low-frequency region
and various BiVO4/Cr2O3 electrode appear two depressed semi-circles
at a high and low-frequency region. The semi-circle diameter size on
the Nyquist plot indicates further resistance sources at the semicon-
ductor/electrolyte boundary under solar light irradiation. As seen in
Fig. 5(a), two depressed semi-circle diameters of the various BiVO4/
Cr2O3 are lower compared with a depressed semi-circle of BiVO4 elec-
trode, suggesting α- Cr2O3 core–shell decreases photocorossion resis-
tance under solar light at 1.23 V bias potential. Moreover, BiVO4/
Cr2O3 pH 4.5 is the most robust photoelectrode against photocorrosion
due to the lowest two depressed semi-circle diameters. It can be con-
cluded that the optimum α- Cr2O3 core–shell coverage on the BiVO4

layer performs at the precursor solution of pH 4.5. As seen in Bode
plot, all photoelectrode solution resistances are similar (uncompen-
sated resistance) at the frequency of 105 Hz, but [Z] value measures
in order from largest to smallest are BiVO4/Cr2O3 pH 4.0 ˃ BiVO4/



Fig. 3. FESEM image of BiVO4 (a-b), BiVO4/Cr2O3 pH 4.0 (c-d), BiVO4/Cr2O3 pH 4.5 (e-f), BiVO4/Cr2O3 pH 5.0 (g-h) and BiVO4/Cr2O3 pH 5.5 (i-j)
photoelectrodes.
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Cr2O3 pH 5.0 ˃ BiVO4/Cr2O3 pH 4.5 at the frequency of 10-1 Hz.
Hence, it can be suggested that BiVO4/Cr2O3 pH 4.5 electrode imposes
less photocorrosion under solar light. Consequently, on the phase
angle-frequency plot, BiVO4 consists of a constant phase element,
and BiVO4/Cr2O3 photoelectrodes include two constant phase ele-
ments. Besides, BiVO4 electrode charge transfer resistance (Rct)
belonging to constant phase element to constant phase element shifts
5

from low to high-frequency region, and the maximum phase angle val-
ues of BiVO4/Cr2O3 decreases owning to α- Cr2O3 core–shell coverage
on BiVO4 layer. Therefore, α- Cr2O3 core–shell coverage enables the
protection of the BiVO4 layer against photocorrosion.

The obtained EIS results are fitted by Zview software and the sug-
gested electrical equivalent circuit of BiVO4 and BiVO4/Cr2O3 photo-
electrodes is given in Fig. 6 Herein, Rs is solution resistance



Fig. 4. UV–Vis measurement (a) and Raman spectrum (b) of BiVO4 and various BiVO4/Cr2O3 photoelectrodes.

Fig. 5. Nyquist (a) Bode (b) and phase angle-frequency plot (c) of BiVO4 and various BiVO4/Cr2O3 photoelectrodes into 0.1 M Na2SO3-0.1 M phosphate buffer
under 100 mW cm-2 solar light.
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(uncompensated resistance), Rct is charge transfer resistance at the
high-frequency region, CPEct is capacitance depending on Rct, Rf is film
resistance and CPEf is capacitance depending on Rf. Rct relates to the
photoelectrochemical Faradaic process under applied bias potential
and photon intensity of solar at the semiconductor/electrolyte inter-
face. Rf associates with the α- Cr2O3 core–shell layer on the electrode
surface. Moreover, polarization resistance (Rp) attains by summing up
6

all resistance (Rp = Rct + Rf) on the photoanode for photoelectro-
chemical oxygen evolution reaction (OER). As seen in Table 1, the
photoelectrochemical Faradaic process (Rct) enhances with coating
α- Cr2O3 core–shell, suggesting decreased photo-induced corrosion
owing to the protection layer leading to effective electron pathway
transfer semiconductor/electrolyte interface. According to Rct and Rp

values, BiVO4/Cr2O3 pH 4.5 photoelectrode demonstrates the lowest



Fig. 6. The suggested electrical equivalent circuits of BiVO4 (a) and various
BiVO4/Cr2O3 (b) photoelectrodes.
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values, suggesting photoelectrochemical Faradaic process and photo-
corossion protection enhanced with the optimizing precursor solution
of pH 4.5.

The photocorrosion protection efficiency (η ef) of α- Cr2O3 core–-
shell is calculated from the EIS results is given as follow Eq. (9):

η ef% ¼ R0
p � Rp

R0
p

�% ð9Þ

Where, R0
p and Rp represents the Rp value of the BiVO4 and BiVO4/

Cr2O3, respectively. The η ef calculation is shown in Table 1. The calcu-
lated η efvalues of order increasing precursor pH are 34.7, 54.3 and 49.2
%, respectively. It indicates that protective α- Cr2O3 core–shell layer
attained with hydrothermal deposition precursor solution at pH 4.5.

Mott–Schottky (MS) measurements are conducted with capacitance
depending on applied bias potential, to determine the type of photo-
electrode, flat band potential of n-type and p-type semiconductor
and electron density (Nd) using following Eq. ((10)–(12)).

1
C2 ¼

2
q∈ s ∈ 0ND

V � Vfb � kBT
q

� �
ð10Þ

1
C2 ¼

2
q∈ 0 ∈ sNA

Vfb � V � kBT
q

� �
ð11Þ

ND ¼ 2
q∈ 0 ∈ sS

ð12Þ

Where C is the charge capacitance of the semiconductor, q is the charge
of an electron, ∈ 0 is the permittivity in the vacuum, ∈ s is the dielectric
constant of semiconductors, T is the experimental conditions, kB is the
Boltzmann constant, S is MS curve slope and V is the applied bias poten-
tial. In the theory, the type of semiconductor determines with curve MS
slopes, which negative and positive slopes indicate n-type and p-type
semiconductor behaviour, respectively. BiVO4 represents a characteris-
tic n-type behaviour while α- Cr2O3 shows a p-type semiconductor
behaviour. Fig. 7a shows photoelectrode typical capacitance regions
of photoelectrodes versus applied bias potential. It indicates that
applied bias potential leads to particular capacitance behaviour
depending on semiconductor interfaces. Due to the excessive positive
Table 1
The calculated photoelectrochemical parameters of photoelectrodes.

Photoelectrochemical parameters

Electrode Rct

(Ω cm2)
CCPEct

(Ω-1sncm−2)×
10-5

R
(

BiVO4 903.3 1.852
BiVO4/Cr2O3 pH 4.0 308.5 0.116 2
BiVO4/Cr2O3 pH 4.5 216.0 1.926 1
BiVO4/Cr2O3 pH 5.0 220.0 2.086 2
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charge adsorbed on the surface of BiVO4, free majority charge carriers
come towards the α- Cr2O3 surface to form junction structure, resulting
in decreasing capacitance. Moreover, the photoelectrode Vfb values are
calculated by extrapolating curves to the x-axis and are given in Table 2.
It can be concluded that the α- Cr2O3 core–shell layer leads to shifting
the Vfb of BiVO4 positive energy level, owning to p-type semiconductor
behaviour of α- Cr2O3. Enhancing the photocatalytic performance of an
n-type semiconductor performs with shifting Vfb to negative due to
increasing the mobility of charge at the photoelectrode/electrolyte
interface. However, in this study, we focused on photocorrosion robust
under solar light instead of enhancing photocatalytic activity on water
splitting. Therefore, we fabricated n-p junction to the photoinduced sta-
bility only BiVO4 electrode. Fig. 7 (c) represents the energy level of
photoelectrodes. Vfb value and absorption wavelength (E = hc/λ) are
used to calculate the band energy levels. Anodic photocorrosion occurs
when the valence band energy level of an n-type semiconductor is a
negative potential from the O2/H2O electrochemical potential [60].
According to the energy level diagram, the VB value of BiVO4 takes
place to positive against O2/H2O electrochemical potential, demon-
strating reduced BiVO4 anodic photocorossion with deposition α-
Cr2O3 core–shell.
3.4. Photoelectrochemical test

Photoelectrochemical performance of BiVO4 and various BiVO4/
Cr2O3 photoelectrodes are performed under simulated solar light by
linear sweep voltammetry (j-V) (Fig. 8a) and chronoamperometry (j-
t) measurements (Fig. 8b). j-V curve indicates that not only α- Cr2O3

core–shell layer improves the durability of BiVO4 range from 0.2 V
and 1.0 V (vs. NHE) but also increased current density with applied
more bias potential. It can be related to shifting VB energy level to pos-
itive compared to O2/H2O energy level and by the p-type α- Cr2O3

serving an additive amount of positive loading into the VB boundary.
It leads to anodic photocorrosion protection under solar light irradia-
tion. Furthermore, the photo-response of BiVO4/Cr2O3 electrodes
maintains similar photocatalytic performance and is slightly upper
than BiVO4 with applied bias potential. It can be concluded that BiVO4

photocatalytic performance is enhanced by α-Cr2O3 core–shell layer,
effectively causing electron transportation for photo-induced carriers.
Furthermore, the generated oxygen vacancies and a trace amount of
metal doped into the semiconductor/electrolyte interface can lead to
the charged transportation with the increased electrical conductivity
[61,62]. Consequently, the photogenerated electron-hole pairs into
the VB energy level of semiconductors effortlessly transfer to the water
for OER. As compared with BiVO4/Cr2O3 electrodes photo-response,
BiVO4/Cr2O3 pH 4.5 indicates the most photocatalytic activity on
OER, associated with promoting photo-induced electron to water oxi-
dation to the evolution of O2 for overall photoelectrochemical hydro-
gen production.

To confirm that photocatalytic activity and considerably overcome
the photocorossion protection of BiVO4/Cr2O3 photoelectrodes on the
OER process as compared to BiVO4, chronoamperometry measurement
was performed at 1.2 V (vs. NHE) bias potential under simulated solar
f

Ω cm2)
CCPEf

(Ω-1sncm−2)×
10-5

Rp (Ω cm2) ηef %

– – 903.3 –

82.0 6.160 590.3 34.7
97.1 7.558 413.1 54.3
65.8 9.463 485.8 49.2



Fig. 7. Typical capacitance regions of photoelectrodes versus applied bias potential (a) Mott-Schottky plot of BiVO4 and various BiVO4/Cr2O3 photoelectrode (b)
into 0.1 M Na2SO3 – 0.1 M phosphate buffer under dark conditions, and Energy level diagram of BiVO4 and various BiVO4/Cr2O3 for photoelectrochemical
deposition.

Table 2
The calculated semiconductor parameters by Mott-Schottky plot.

Electrode Vfb

(V vs. NHE)
Nd × 1020

(cm−3)
W
(nm)

VB
(V vs. NHE)

CB
(Vvs. NHE)

BiVO4 0.263 4.40 2.40 0.263 −2.217
BiVO4/Cr2O3 pH 4.0 1.595 4.81 0.50 1.595 −0.785
BiVO4/Cr2O3 pH 4.5 1.493 3.36 0.57 1.493 −0.877
BiVO4/Cr2O3 pH 5.0 1.524 3.46 0.57 1.524 −0.836
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light. In the case of the electron-hole recombination being more rapid,
the smaller number of excited electrons causes reduced photocatalytic
performance. As seen in Fig. 8b. the current density of all samples con-
siderably decreases at the beginning of the measurement, indicating an
accelerating electron-hole recombination process, which reaches
steady-state following durations. However, as compared BiVO4/
Cr2O3 with the photoexcited electrons and holes formation can achieve
an electronic equilibrium for water decomposition between the elec-
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trode layer and electrolyte interface. α- Cr2O3 core–shell layer attri-
butes protective coverage for photoinduced corrosion into VB energy
level for OER.
4. Conclusion

In summary, the α- Cr2O3 core–shell layer into BiVO4 has been suc-
cessfully architected and coated. The obtained BiVO4/Cr2O3 pH 4.5



Fig. 8. j-V (a) and j-t (b) curve of BiVO4 and various BiVO4/Cr2O3 photoelectrodes into 0.1 M Na2SO3 and 0.1 M phosphate buffer under 100 mW cm−2 solar light.
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photoelectrode demonstrated enhanced photocorossion protection and
photocatalytic performance compared with pristine BiVO4 photoelec-
trode. The EIS results indicated that α- Cr2O3 core–shell %54 of photo
corrosion protection efficiency of synthesized at pH 4.5 hydrothermal
deposition bath. According to Mott-Schottky results, the VB value of
BiVO4 takes place to positive against O2/H2O electrochemical poten-
tial, demonstrating reduced BiVO4 anodic photocorrosion. α- Cr2O3

core–shell layer. The inhibition in photocorossion is principally due
to α- Cr2O3 core–shell layer coverage as depicted by the SEM images.
The hydrothermal deposition procedure will be applied to impose pho-
tocorrosion material to the enhancement of photoelectrode photocat-
alytic activity in PECs applications.
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