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e2O4; triple heterojunction for an
enhanced PEC performance for hydrogen
generation†
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Anupam Srivastav,a Vibha Rani Satsangi, b Rohit Shrivastava and Sahab Dass *a

n/n/n triple heterojunction photoanodes made up of Zr:W-BiVO4, Fe2O3, and ZnFe2O4 metal oxides are

fabricated through a simplistic spray pyrolysis method. Use of Zr and W as dopants in BiVO4 plays an

important role as Zr increases the carrier density and W reduces the charge recombination. Further,

Fe2O3 and ZnFe2O4 serve as a protective layer for Zr:W-BiVO4, which augmented the

photoelectrochemical performance and achieved a 1.90% conversion efficiency in the triple

heterojunction. XRD measurements display the crystalline nature and reduction in particle size due to

strain in the sample, UV-vis absorbance shows an extended absorption towards the visible region and

the FE-SEM imaging confirms the successful deposition of ZnFe2O4 over BiVO4/Fe2O3. By analyzing the

band edge position, it was observed that on formation, the triple heterojunction not only suppresses the

charge carrier recombination but also utilizes the band edge offset for the water splitting reaction using

solar energy.
1. Introduction

India, which is the most polluted and largest economic country
in the world, demands a speedy adaptation of energy from
carbon-based fossil fuels to renewable energy sources with zero
carbon emission to accomplish the target of 450 GW of
renewable energy by the year 2030. In this transformation
procedure, photoelectrochemical (PEC) water splitting utilizing
solar energy-absorbing semiconductors for the production of
green fuel hydrogen arises as a growing technique.1–4 Among
different semiconductors, metal oxide semiconductors have
gained attention due to their economical nature and stability as
compared with that of other non-oxide semiconductors.5 BiVO4

and Fe2O3 with low bandgaps (1.8–2.2 eV) show good stability in
the alkaline medium and are non-toxic and cost-effective
materials. These are considered as excellent candidates for
the oxidation reaction, but some limitations, such as the
recombination of the electron–hole, smaller diffusion length,
deprived electrical conductivity, etc., restrict their application as
photoanodes.5–12 Recently, closed packed AIIBIIIO4 type spinel
materials, viz. n-type zinc ferrite (ZnFe2O4), have gained inclu-
sive curiosity as promising candidates for photoelectrochemical
tional Institute, Dayalbagh, Agra 282005,

ience, Dayalbagh Educational Institute,

mation (ESI) available. See

563
accomplishments as well as photocatalytic activities due to their
distinctive properties, viz. a small bandgap (1.9 eV) for exploit-
ing maximum visible light, brilliant photoelectrochemical
stability in a basic medium, economical, nontoxic, environment
and eco-friendly.13–19 However, the speedy recombination of
charge carriers and low valence band potential are the major
limitations of ZnFe2O4 in the eld of photoelectrochemical
studies.5,15,16 Their photoelectrochemical properties mostly
depend upon morphology, chemical composition, and crystal
size, which can be upgraded by introducing several alteration
procedures, such as doping/co-doping, building a hetero-
junction system, use of co-catalyst, etc.10,20–22 Among these,
heterojunction formation is considered as an excellent way to
overcome the limitations of metal oxides due to its several
advantages, viz. enhanced separation, reduced recombination
of charge carriers, and extended absorption in the visible
region.11,15,23,24

In this report, we fabricated a novel type-II heterojunction Zr-
W:BiVO4/Fe2O3/ZnFe2O4 by a facile spray pyrolysis method. We
have previously reported the fabrication of co-doped (Zr, W)
bismuth vanadate lms, and amaximum photoresponse of 0.13
mA cm�2 at 1.23 V/RHE was obtained with 3.5% Zr and 4% W
dopant concentrations. In the present work, the deposition of
Fe2O3 and ZnFe2O4 over the best performing Zr,W co-doped
BiVO4 was expected to achieve the best PEC performance. The
as-prepared type-II n/n/n triple heterojunction exhibited the
superior PEC performance. The advantage of constructing this
heterojunction falls on the following points: (i) comparable
energy level of Fe2O3 over BiVO4; especially, the VB positions of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation showing the preparation of the Zr:W-BiVO4/Fe2O3/ZnFe2O4 heterojunction thin film.
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Fe2O3 are more suitable for constructing a type-II hetero-
junction for a hole transfer reaction (a high-performance BiVO4

photoanode co-catalyzed with an ultrathin Fe2O3 layer for PEC
application), (ii) similarly, the benet of ZnFe2O4 over Fe2O3 lies
in the straddling conduction band maxima position, as shown
in Fig. 9(a), because the CB of ZnFe2O4 is more negative than
that of Fe2O3.25,26 Hence, constructing Zr-W:BiVO4/Fe2O3/
ZnFe2O4 for the rst time could effectively utilize the band edge
offset for a water-splitting reaction using solar energy.
Table 1 Acronyms and description of the prepared thin films

Sample Acronym

(3.5% Zr + 4% W-BiVO4) B
Fe2O3 F
ZnFe2O4 Z
(3.5% Zr + 4% W-BiVO4) + Fe2O3 BF
(3.5% Zr + 4% W-BiVO4) + ZnFe2O4 BZ
Fe2O3 + ZnFe2O4 FZ
(3.5% Zr + 4% W-BiVO4) + Fe2O3 + ZnFe2O4 BFZ
2. Experimental section
2.1. Preparation of the triple heterojunction Zr-W:BiVO4/
Fe2O3/ZnFe2O4 photoanode

The preparation of Zr:W-BiVO4/Fe2O3/ZnFe2O4 heterojunction
thin lms was completed in three steps. In the rst step, Zr:W-
BiVO4 thin lms were prepared (the details of fabrication already
reported by the authors, see ref. 29). In the second step, Fe2O3

thin lms were prepared with a calculated amount of iron nitrate
nonahydrate, which dissolved in DM water and deposited over
Zr:W-BiVO4 at a ow rate of 500 mL min�1 at 250 �C temperature
maintained over a hot plate. Finally, the lms were annealed at
a temperature of 450 �C for 2 h (the resulting thin lms appear
brown) to forms a double heterojunction, Zr:W-BiVO4 (symbol-
ized as BF in the manuscript). In the last step, zinc ferrite thin
lms were prepared with a 1 : 2 ratio of zinc(II) nitrate
© 2022 The Author(s). Published by the Royal Society of Chemistry
hexahydrate and ferric nitrate nonahydrate mixed in DM water
and deposited over the Zr-W:BiVO4/Fe2O3 thin lms at
a temperature of 250 �C to obtain the Zr-W:BiVO4/Fe2O3/ZnFe2O4

thin lms (symbolized as BFZ) using a spray pyrolysismethod (as
shown in Fig. 1). Pristine ZnFe2O4 thin lms were also prepared
with the spray pyrolysis method at a 500 mL min�1

ow rate at
250 �C temperature.11,27–29 A detailed description of the prepared
thin lms is given in Table 1.
2.2. Characterizations

2.2.1. General characterizations. XRD patterns of the
prepared triple heterojunction thin lms were recorded with
a Bruker AXS D-8 Advance X-ray diffractometer with a Cu-Ka
source having a wavelength of 1.54 Å. XRD data were further
RSC Adv., 2022, 12, 12552–12563 | 12553
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used to calculate the particle size using the Debye–Scherrer's
equation.23,27 Field Emission Scanning Electron Microscopy (FE-
SEM) using a JEOL, JSM 7610 F Plus system in connection with
Oxford Energy Dispersive X-ray Spectroscopy (EDX) was
employed for the morphology and compositional analysis.
Further, the elemental composition was conrmed using X-ray
photoelectron spectroscopy (PHI 5000 versa Probe II, FEI Inc.)
equipped with a C60 sputter gun and Mg-Ka radiation with Ar
ion. The absorbance–wavelength spectrum was recorded using
a double beam UV-visible spectrophotometer (UV-2450, Shi-
madzu, Japan) in the 400–800 wavelength range and absorbance
data were utilized for bandgap calculation using the Tauc
plot.23,29,30

2.2.2. Photoelectrochemical and electrochemical charac-
terizations. Photoelectrochemical (PEC) and electrochemical
characterizations of the prepared heterojunction thin lms
were recorded using an electrochemical workstation (EWS,
Model: PP211, CIMPS-pcs, Zahner, Germany), through back-
side illumination. A typical PEC cell consists of a saturated
calomel electrode (SCE) as reference electrode, Pt electrode as
a counter electrode, and a triple heterojunction photoanode as
a working electrode dipped in 0.1 M NaOH solution at pH 13
was used for the PEC measurements. An area of 1 � 1 cm2 was
exposed using a 150 W xenon arc lamp with 100 mW cm�2

light intensity.
Fig. 2 (a) XRD patterns of all the prepared thin films; (b) enlarged image
image of highest intensity peaks of F and BFZ; (d) enlarged image of hig

12554 | RSC Adv., 2022, 12, 12552–12563
The photocurrent data obtained from the current–potential
analysis were used to calculate the applied bias photon to
current conversion efficiency (ABPE) using eqn (1).

ABPE (%) ¼ Jph (mA cm�2){1.23 � Vb (V)}/PTotal (mW cm�2)(1)

where Jph ¼ photocurrent density, P¼ illumination intensity, Vb
¼ Vmeas � Voc (Vmeas ¼ photovoltage at which the photocurrent
was measured, Voc ¼ open circuit potential). Mott–Schottky
experiments were performed to nd the at band potential and
charge carrier density (Nd). The intercept of the 1/C2 vs. the
applied bias graph gives the value of the at band potential (eqn
(2)) while Nd was calculated using eqn (3):11,12

1

C2
¼ 2

q33oNd

�
Vapp � VFB � KT

q

�
(2)

S ¼ 2/33oqNd (3)

where, q is the electronic charge, 3 and 3o are the permittivities
of the semiconductor and vacuum, respectively, S is the slope,
Nd is the donor density, Vapp is the applied potential and VFB is
the at band potential. The electrochemical surface area (ECSA)
was also calculated using cyclic voltammetry under dark
conditions and at different scan rates. The Nyquist analysis was
executed with electrochemical impedance spectroscopy (EIS) to
obtain the charge transfer kinetics at a 5 mV amplitude and in
of the highest intensity peaks of the B and BFZ samples; (c) enlarged
hest intensity peaks of Z and BFZ.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the frequency range of 100 MHz to 10 kHz. This analysis was
performed under dark conditions.
3. Results and discussion
3.1. Crystal structure analysis: XRD spectrum

The crystal structure analysis was obtained from the XRD
instrument. Fig. 2(a–d) displays the XRD patterns of Zr:W-
BiVO4/Fe2O3/ZnFe2O4 (BFZ), Zr:W-BiVO4/Fe2O3 (BF), Fe2O3/
ZnFe2O4 (FZ), Zr:W-BiVO4/ZnFe2O4 (BZ) along with Fe2O3 (F)
and ZnFe2O4 (Z) which exhibited the polycrystalline nature of
the prepared thin lms. The diffraction peaks at 28.9� (121),
37.8� (220), 39.4� ð114Þ, and 47.54� (042) corresponds to the
scheelite monoclinic phase of BiVO4 (JCPDS card no. 140688)
while peaks at 33.1� (104), 35.6� (110), 39.4� (006), 43.5� (202),
and 56.7� (211) conrm the presence of rhombohedral a-Fe2O3

(JCPDS card no. 1890599) over the Zr:W-BiVO4 which matches
with the literature reported values.29–31 In addition to this, the 2
theta peaks in the BFZ thin lm at 29.9� (220), 35.3� (311), 43.1�

(400), 46.8� (331), 62.6� (440), and 65.6� (531) conrms the
formation of cubic ZnFe2O4 (JCPDS card no. 821042) over the
Zr:W-BiVO4/Fe2O3 thin lms.32,33 These XRD patterns with the
existence of the highest intensity peaks of Zr:W-BiVO4 (B) at
28.9�, Fe2O3 (F) at 33.1�, and ZnFe2O4 (Z) at 35.3� approve the
formation of the BFZ heterojunction. A higher angle shi in the
highest intensity peak of BFZ in comparison with those of B, F,
and Z was observed, which proposes strain in the sample (as
shown in Fig. 2(b–d)).30
Table 2 Variation in particle size in different samples

Sample

Particle size (nm) Lattice strain

B F Z B F Z

BFZ 27.48 27.07 10.12 0.0053 0.0047 0.0118
BZ 31.4 — 14.03 0.0048 — 0.0085
FZ — 28.31 14.08 — 0.0045 0.0085
F — 39.73 — — 0.0032 —
Z — — 20.88 — — 0.0057

Fig. 3 (a) UV-visible absorption spectrum of all the prepared thin films (

© 2022 The Author(s). Published by the Royal Society of Chemistry
Further, the average crystallite size was also determined by
Debye–Scherrer's equation and it was observed that particle size
decreases in the heterojunction system in comparison with that
of the other sample, which conrms the presence of lattice
strain in the sample. Table 2 shows the variation in particle size
in different samples.
3.2. Optical analysis: UV-visible absorption spectrum

Absorbance–wavelength spectra of the prepared thin lms were
investigated through a UV-vis spectrophotometer. Fig. 3(a)
shows the absorption spectrum of all the thin lms in the
wavelength range of 300–800 nm. From Fig. 3(a), it is clear that
heterojunction (BFZ) shows a prominent absorption edge at
around 660 nm in comparison with those of the other samples
which indicates that the sample has a strong tendency to
engross a maximum number of photons and produce more
charge carriers. Further, the optical band gap of all the prepared
thin lms was calculated using the Tauc plot, as shown in
Fig. 3(b). The pristine Zr:W-BiVO4 (B) has a bandgap of 2.16 eV
as shown in Fig. S1 (ESI†) while the bandgaps for F, Z, and BFZ
are 2.16 eV, 2.15 eV, 2.07 eV, and 1.99 eV, respectively, conrms
that the heterojunction sample demonstrated a good photo-
activity in comparison with those of other samples.29,33 Table 3
shows the bandgap values of all the samples.
3.3. Elemental valency and chemical compositional analysis:
XPS spectra

XPS analysis was executed to examine the chemical composition
and valency of each element present in the sample. Fig. 4 shows
the XPS spectrum of the Zr:W-BiVO4/Fe2O3/ZnFe2O4 (BFZ) thin
lm. The full scan survey (Fig. 4(a)) conrms the presence of
Bi, V, Zr, W, Fe, Zn, and O as the major elements while the peak
at 285.2 eV is ascribed to the standard peak of a carbon atom.
The presence of Bi as Bi3+, V as V5+, W as W6+ and Zr as Zr4+ was
conrmed from previous work.29,34 The peak at 708.5 eV and
723.5 eV, as shown in Fig. 4(b), correspond to Fe 2p1/2 and 2p3/2,
while a small satellite peak at 714.5 eV conrms the presence of
Fe in the sample with a trivalent state.9,31,35 The Zn 2p XPS
spectrum (Fig. 4(c)) exhibits two peaks at 1018.7 eV and
b) Tauc plot of all the prepared thin films.

RSC Adv., 2022, 12, 12552–12563 | 12555
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Table 3 Calculated band gap values

Sample Band gap (eV)

B 2.16
F 2.10
Z 1.92
BF 2.01
BZ 2.04
FZ 2.03
BFZ 1.99

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
A

pr
il 

20
22

. D
ow

nl
oa

de
d 

on
 7

/1
6/

20
25

 7
:5

8:
42

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
1041.9 eV, which resemble those of Zn 2p3/2 and 2p1/2. The
presence of these two peaks conrms that Zn is present in the
divalent state.36–39 The O 1s spectrum has two peaks at 527.2 eV
and 528.8 eV, which correspond to the lattice oxygen and
hydroxyl group as shown in Fig. 4(d). A shi in the peaks from
the peak positions reported in the literature (i.e. in the case of
Zn, 1018 eV and 1041 eV instead of 1022.1 and 1045.2 eV; in the
case of O, 527 eV and 528 eV instead of 529.5 and 530.9 eV; and
in the case of Fe, 723 eV and 708 eV instead of 725.2 and 711.1
eV) conrms the chemical interaction between the elements of
BiVO4, ZnFe2O4, and Fe2O3, which reaffirms the formation of
Fe2O3/ZnFe2O4 over the BiVO4.31
Fig. 4 (a) Full scan survey of the Zr:W-BiVO4/Fe2O3/ZnFe2O4 thin film;
element; (d) XPS spectrum of the O 1s element.

12556 | RSC Adv., 2022, 12, 12552–12563
3.4. Morphological analysis

A morphological analysis of all the prepared thin lms was
executed with a JSM-7610F Field Emission Scanning Electron
Microscope and the corresponding SEM images are shown in
Fig. 5(a–f). A uniform and compactly grownmorphology was seen
in the case of BF, BZ, F, and BFZ. Spherical, round and elongated
shape particles with a porous network uniformly grown over the
substrate are observed in Fig. 5(d–f). The best performing triple
heterojunction system (Zr:W-BiVO4/Fe2O3/ZnFe2O4) shows a root
mean square (RMS) roughness of 1.51 nm, which is the highest in
comparison to those of all the other samples and therefore favors
a high photoelectrochemical activity (as shown in Table 4).

Further, EDX (Energy Dispersive X-ray Spectroscopy) analysis
was also performed to conrm the elements present in the triple
heterojunction thin-lm BFZ. The cross-SEM image (Fig. 6(a)) of
the thin lm was scanned for EDX analysis from the bottom to
the top direction (from B to Z) and their corresponding graphs
are shown in Fig. 6(a–c). From Fig. 6(a and b) it is clear that all
the elements, such as Zr, W, Bi, V, O, Fe and Zn are present in
the sample and conrm the formation of heterojunction
system. From Fig. 6(c) it is clear that the line scan carried out in
the bottom to top direction shows that initially the amount of Bi
and V increases and then decreases, which conrms that BiVO4

is present as the bottom layer and Fe is increasing towards the
(b) XPS spectrum of the Fe 2p element; (c) XPS spectrum of the Zn 2p

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a–f) FESEM images of all the prepared thin films taken at 100 nm.

Table 4 RMS value of all the prepared thin films

Sample RMS roughness (nm)

F 1.31
Z 1.16
BF 1.22
BZ 1.39
FZ 1.31
BFZ 1.51
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top layer, conrming its presence in the middle layer of Fe2O3

and top layer of ZnFe2O4. The amount of O was almost constant,
which conrms that O is present throughout the sample.

3.5. Photoelectrochemical analysis: current–voltage graph

The most valuable indicator for the PEC water splitting process
is the conversion efficiency and linear sweep voltammetry
© 2022 The Author(s). Published by the Royal Society of Chemistry
(LSV).40 These two factors were recorded to explain the current–
voltage characteristic and ABPE efficiency using three-electrode
cells in a suitable electrolyte under AM 1.5G illumination.
Fig. 7(a, b) and S2 (ESI†) show the current–voltage graphs
(attained through linear sweep voltammetry and transient
analysis) for all the prepared thin lms in the potential range of
�0.5 V to +1.0 V/SCE (0.5 to 2.0 V/RHE). The pristine sample
here is Zr:W-BiVO4 (B), which shows the photocurrent density
(PCD) of 0.13 mA cm�2 at 1.23 V/RHE (S. Saxena et al. 2021;29),
and this value increased to 1.85 mA cm�2 aer the deposition of
Fe2O3 (F) over the B thin lms. In addition to this, when
ZnFe2O4 (Z) was deposited over the BF thin lms, the PCD
enhanced to 2.47 mA cm�2 at 1.23 V/RHE which was nineteen
and two times higher than those of the B and BF samples,
respectively (shown in Fig. 7(a)). This augmentation in photo-
response is due to the amended crystallinity and a properly
staggered type of alignment of the B, F, and Z semiconductors.
As a result, ZnFe2O4 (Z) transfers the electrons (generated
RSC Adv., 2022, 12, 12552–12563 | 12557
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Fig. 6 (a) Cross SEM image of the triple heterojunction; (b and c) EDS analysis from Bottom (B) to Top (T) (from B to Z). Here: B: BiVO4; F: Fe2O3;
and Z: ZnFe2O4.
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through water splitting) to the core of Fe2O3 (F) and then to
Zr:W-BiVO4 (B) which efficiently diminishes the recombination
of photogenerated charge carriers and enhances the separation
of electron–hole pairs as well as PEC performance. A chopped
light study was performed in 0.1 M NaOH and the graphs are
shown in Fig. 7(b). From Fig. 7(b) it is visible that the BFZ
showed the minimum spikes and maximum PCD, which indi-
cates that the sample possesses a lesser charge recombina-
tion.11,21,25,29,31 Subsequently, photogenerated holes that reach
the interface participate in the water oxidation reaction. Fig. 7(c)
shows the ABPE plot of all the prepared thin lms. From
Fig. 7(c) it is clear that BFZ possesses a maximum ABPE of
1.90%, which indicates the least charge transfer resistance and
an enhanced separation of the charge carriers. Table 5 shows
the photoelectrochemical parameters of all the prepared thin
lms recorded in a 0.1 M NaOH electrolyte.

The stability of the best performing BFZ sample was
executed in 0.1 M NaOH for 1 h (Fig. 7(d)). From Fig. 7(d) it is
clear that the sample showed stability with an initial current of
7.99 mA, which decreased to 7.58 mA aer continuous illumi-
nation. A graduated inverted tube was used to measure the
evolution of gases (hydrogen and oxygen) using the water
displacement method. The ratio of evolved H2 to O2 gas turns
out to be 2 : 1, representing a faradaic efficiency of approxi-
mately unity (Fig. 7(e)).
3.6. Electrochemical analysis: Mott–Schottky and
impedance analysis

Electrochemical analysis was accomplished under dark condi-
tions using a three-electrode PEC setup to recognize the kinetics
of the charge carriers across the heterojunction interface.
12558 | RSC Adv., 2022, 12, 12552–12563
Fig. 8(a) and S3 (ESI†) present the Mott–Schottky plots of all the
prepared thin lms. A Mott–Schottky plot between 1/C2 and the
applied potential gives the value of the at band potential (VFB)
and the nature of the prepared thin lms. From Fig. 8(a), it is
clear that heterojunction BFZ possesses a more negative value
of the at band potential in comparison with those of the other
samples, which indicates a better separation of the photo-
generated charge carriers across the interface. In addition to
this, all the thin lms display a positive slope that designates
the n-type nature.11,15,29,41 The at band potential of the BFZ
system is 0.39 eV/SCE which in magnitude is 0.11 eV, 0.02 eV,
and 0.12 eV more negative than B, F, and Z, respectively.
Further, the donor density of all the thin lms was calculated
and it was observed that donor density value of heterojunction
BFZ is more in comparison to with those of the F and Z samples.
The electrochemical active surface area (ECSA), which is
involved in the water splitting reaction, was calculated from the
cyclic voltammetry graphs and shown in Fig. S4 (ESI) and Table
S1.† From Fig. S4(a–d) and Table S1,† it is clear that the surface
area for the BFZ sample was 4.4 times and 3 times higher than
those for the BZ and BF samples. This shows that BFZ exhibited
efficient charge transfer kinetics at the interface.39 Table 4
shows the at band potential and donor density value of all the
prepared thin lms.

To examine the transfer kinetics of charge carriers at the
interface, electrochemical impedance spectroscopic analysis
was performed in which the Randles–Ershler model was applied
as an equivalent circuit model on the obtained Nyquist plot,
which gives information about the different types of resistance,
as shown in Fig. 8(b) and S5 (ESI†). In the present study, an
equivalent circuit was applied on the BFZ sample as shown in
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a and b) Current–voltage graph obtained through LSV and transient analysis; (c) ABPE graph; (d) chronoamperometric curve; (e) evolved
hydrogen and oxygen measurement.

Fig. 8 (a) Mott–Schottky plot for all the prepared thin films (b) Nyquist plot for the F and BFZ thin films; (Inset) fitted equivalent circuit.

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 12552–12563 | 12559
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Table 5 Photoelectrochemical parameters of all the prepared thin films recorded in a 0.1 M NaOH electrolyte

Sample
PCD at 1.23 V/RHE
(mA cm�2) ABPE (%)

Flat band potential
(V/SCE) Donor density (cm�3)

B 0.13 0.05 0.28 4.0 � 1020

F 0.01 0.01 0.37 3.2 � 1018

Z 0.01 0.01 0.27 3.2 � 1018

BF 1.85 1.44 0.37 7.7 � 1018

BZ 1.85 1.42 0.31 4.2 � 1018

FZ 0.08 0.06 0.29 4.0 � 1018

BFZ 2.47 1.90 0.39 8.0 � 1018

Fig. 9 (a and b) Band edge positions of B, F, and Z calculated using the Kubelka–Munk method and Cyclic Voltammetry Analysis.
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Fig. 8(b) where two resistances, i.e., solution resistance (R1) and
charge transfer resistance (R2), and one capacitance (C1), were
observed across the interface. Generally, the arc radius in the
Nyquist plot is an indicator of an improved charge transfer
across the interface and it was observed that heterojunction BFZ
exhibited a smaller arc radius in the Nyquist plot in comparison
with those the other samples under investigation. This was due
to the proper staggered type-II band alignment, which promotes
the charge transfer and separation at the interface.42–44 The
tted values obtained from the equivalent circuit are shown in
Table S2 (ESI†).
3.7. Mechanism of enhancement in PEC performance

The mechanism behind the improved PEC performance can be
explained on the basis of the band edge positions of metal oxide
semiconductors, which allow the transportation of electron and
hole pairs. Two methods were adopted in order to calculate the
band edge positions and then compare them with literature
reported values. First is the Kubelka–Munk method in which
12560 | RSC Adv., 2022, 12, 12552–12563
the following equations were used to estimate the conduction
band and valence band positions.

ECB ¼ X � Ec � 0.5Eg

EVB ¼ ECB + Eg

Here, X is the electronegativity, ECB and EVB are the conduction
band and valence band potentials, respectively, Ec is equal to
4.5 eV (energy of a free electron at the H2 scale), and Eg is the
calculated band gap (from the Tauc plot). Based on these
equations, a type-II heterojunction was formed between B, F
and Z. The calculated conduction and valence band positions
were at 0.46, 0.33 and�0.4 eV/NHE and at 2.62, 2.43 and 1.5 eV/
NHE for B, F and Z, respectively before the contact
(Fig. 9(a)).11,30,33,45–47

Cyclic voltammetry analysis is the second method and was
also performed in order to calculate the HOMO and LUMO
band edges positions and the band gap. The details and graphs
are shown in Fig. 9(b) and S6 (ESI†). From the graphs it is clear
that pristine BiVO4 (B) shows an EHOMO at 3.2 eV and an ELUMO
© 2022 The Author(s). Published by the Royal Society of Chemistry
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at 5.4 eV, Fe2O3 (F) shows an EHOMO at 3.14 eV and an ELUMO at
5.2 eV and ZnFe2O4 (Z) shows an EHOMO at 3.0 eV and an ELUMO

at 5.09 eV. The estimated band gap values for B, F and Z turn out
to be 2.2 eV, 2.06 eV and 2.09 eV, respectively, which match well
with the literature reported values. This shows that the sample
exhibited a type-II heterojunction formation, which facilitates
the charge transfer kinetics at the interface. Thus, the photo-
generated electrons present in the conduction band of Z quickly
move to F, then to B and then via an external circuit reach the Pt
electrode, where reduction reaction takes place. Simulta-
neously, holes present in the valence band of B participate in
the oxidation reaction and get transferred to F and then to Z,
where oxidation takes place. Thus, band bending due to the
appropriate band alignment would smoothen the transport of
photogenerated charge carriers across the interface.48,49
4. Conclusion of the study

In the present work, we have successfully designed a n/n/n triple
heterojunction photoanode consisting of Zr:W-BiVO4, Fe2O3,
and ZnFe2O4 as a semiconductor metal oxide fabricated
through a spray pyrolysis method. The additions of Zr and W
dopants in BiVO4 increases the charge carrier density and
reduces their recombination, respectively. Further, Fe2O3 and
ZnFe2O4 act as a protective layer for Zr:W-BiVO4, which
augments the PEC performance with a 1.90% conversion effi-
ciency. The present study conrms that the so formed triple
heterojunction not only suppresses charge recombination but
also advances the water oxidation kinetics due to a better
separation of the photogenerated charge carriers at the inter-
face of the heterojunction. In addition to this, the triple heter-
ojunction has an extended visible light absorption and
maximum donor density.
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