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VO4)2/BiVO4 heterojunction
composite for the photocatalytic degradation of
methylene blue organic dye and electrochemical
detection of H2O2†

Muhammad Munir Sajid, ab Sadaf Bashir Khan, b Naveed Akthar Shadac

and Nasir Amin*a

In this study, a Zn3(VO4)2/BiVO4 heterojunction nanocomposite photocatalyst was prepared using

a hydrothermal route with different molar concentration ratios. The as-synthesized nanophotocatalyst

was characterized using XRD, SEM, EDS, XPS, FT-IR, Raman, BET, UV-vis DRS, EPR and PL. The effect of

molar ratio on composition and morphology was studied. The as-prepared nanocomposite exhibited

excellent photocatalytic response by completely degrading the model pollutant methylene blue (MB) dye

in 60 min at molar concentration ratio of 2 : 1. In basic medium at pH 12, the Zn3(VO4)2/BiVO4

nanocomposite degrades MB completely within 45 min. The nanocomposite was also successfully used

for the electrochemical detection of an important analyte hydrogen peroxide (H2O2). This study opens

up a new horizon for the potential applications of Zn3(VO4)2/BiVO4 nanocomposite in environmental

wastewater remediation as well as biosensing sciences.
Introduction

In recent years, heterojunction semiconductor photocatalysts
have been widely used in many areas, particularly the elimina-
tion of toxic chemicals from wastewater1–3 and electroanalytical
applications. Large disposal of dyes from different sectors into
water sources creates a threat to the environment. These dyes
are major causes of water pollution. Approximately 1 to 20% of
the globally produced dye is lost during the dyeing process and
expelled in wastewater.4–6 It is essential to mineralize this
contaminated water so that it has no harmful effects on living
organisms. Numerous studies have been conducted by
researchers, including the use of ltration, electrochemical and
precipitation methods, coagulation and adsorption, which are
common methods for water remediation. Among these
methods, heterogeneous photocatalysis is an advanced oxida-
tion process (AOP) and is widely used to mineralize pollutant
water without generating secondary harmful pollutants under
light irradiation in the presence of a catalyst.7,8
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In heterojunctions, the recombination rate reduces and the
separation rate of the photogenerated electron–holes speeds up.
Hence, heterojunction composites are photocatalytically more
active than the individual components. Numerous composites
have been reported, such as NaBiO3/BiOCl,9 Bi2WO6/TiO2,10

TiO2/SnO2,11 Bi/Bi2O3,12 and BiVO4/Bi2O3.13 It has been agreed
from the results of extensive investigations that coupling of two
semiconductor photocatalysts would result in better photo-
catalytic activities.13–15

Fabricating heterojunction photocatalysts with different
semiconducting materials comprises a frugal action to facilitate
the separation of photoexcited electron–hole pairs and achieve
better photocatalytic attributes. Several heterojunction photo-
catalysts have been fabricated by many processes such as sol–
gel, co-precipitation,16 ball milling,17 and hydrothermal
methods.1,18 From the literature study, we noted that the het-
erojunction photocatalysts such as InVO4/BiVO4, CuO/BiVO4,
C3N4/BiVO4, BiVO4/Bi2S3, BiVO4/FeVO4 and CaFe2O4/Ag3VO4

display higher photocatalytic efficiency when compared with
that of single semiconductors.19–23 When a wide bandgap
semiconductor is mixed with a short bandgap semiconductor,
charge separation is extended and excellent photocatalytic
activity is attained.1,24

The energy band gaps of BiVO4 and Zn3(VO4)2 are generally
2.4 eV and 3.3 eV, respectively.25,26 In BiVO4, the conduction
band edge is made of Bi 6p orbital and a denite part of V 3d
orbital, while the valence band edge is composed of O 2p and V
3d orbital.27 In the case of Zn3(VO4)2, the conduction band edge
RSC Adv., 2018, 8, 35403–35412 | 35403
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is made of Zn 3d orbital and V 3d orbital. The valence band edge
is composed of O 2p, Zn 3d and V 3d orbitals. Because the
energy band gap of BiVO4 < Zn3(VO4)2, the electrons can easily
transfer from BiVO4 to Zn3(VO4)2 and decrease the electron
density of the valence band in BiVO4. Similarly, the introduction
of BiVO4 decreases the electron density in the conduction band
of Zn3(VO4)2, which causes conduction band electron transfer to
the Zn3(VO4)2 surface and reduces recombination of charge
pairs.

Thus, from the above literature survey, it is apparent that
combination of BiVO4 and Zn3(VO4)2 would benecially
increase separation efficiency of electron–hole charges and
improve the photocatalytic response of Zn3(VO4)2/BiVO4 heter-
ojunction nanophotocatalyst. To the best of our knowledge,
although many studies have been conducted on the BiVO4-
based composite for photocatalytic use, we are reporting the
rst time the use of Zn3(VO4)2/BiVO4 heterojunction composite
for the photocatalytic degradation of methylene blue dye as well
as the electrochemical detection of hydrogen peroxide mole-
cules. In this study, Zn3(VO4)2/BiVO4 heterojunction composite
was prepared through a hydrothermal route. Physical and
chemical properties of the as-prepared Zn3(VO4)2/BiVO4 pho-
tocatalyst were measured by XRD, XPS, SEM, EDS, FT-IR,
Raman, BET, UV-vis DRS, EPR and uorescence spectrum
techniques. The photocatalytic activity of the Zn3(VO4)2/BiVO4

composite photocatalyst was investigated by performing the
degradation of methylene blue (MB) dye under visible light.
Electrochemical properties (via EIS and CV) of the Zn3(VO4)2/
BiVO4 composite were also investigated for detecting hydrogen
peroxide. This study uncovers the potential of Zn3(VO4)2/BiVO4

nanocomposite for applications in environmental science as
well as in biosensor disciplines.

Experimental methods

All the materials were of analytical grade and used without any
further purication. The heterojunction composite Zn3(VO4)2/
BiVO4 was synthesized by hydrothermal method. Initially,
1 mmol each of Bi(NO3)3$5H2O and Zn(O2CCH3)2 were dis-
solved in 100 mL of distilled water. A yellowish coloured solu-
tion was obtained on addition of 2 mM NH4VO3, following
which the solution was stirred for an hour. pH was adjusted to
10 using 1 M NaOH solution. The solution was transferred to
a 100 mL Teon-lined stainless-steel autoclave and subjected to
hydrothermal treatment at 200 �C for 48 h. Aer completing the
reaction, the autoclave was cooled naturally and the precipitate
was collected and washed numerous times with ethanol and
distilled water to remove the surface-bound impurities. Then,
the product was dried at 80 �C overnight. To check the effect of
different concentrations on the crystallinity, morphology, and
photocatalytic and electrochemical sensing properties,
Zn3(VO4)2/BiVO4 heterojunction was also prepared at different
mole ratios without changing other parameters.

Characterization of Zn3(VO4)2/BiVO4

X-ray diffraction (XRD) was executed on a Bruker D8 Advance
diffractometer using monochromatic Cu Ka (l 1/4 0.15418 nm)
35404 | RSC Adv., 2018, 8, 35403–35412
radiation with a scanning speed of 2q min�1. The structure,
morphology and size of the particles were examined using
a eld emission scanning electronmicroscope (FESEM, Hitachi-
S5500) equipped with an energy dispersive X-ray spectroscope
(EDS). FT-IR spectra were recorded by an FT-IR spectrometer
(Nicolet iS50) from 400 to 4000 cm�1. Raman analysis was
preformed through LabRAM HR Evolution (HORIBA Scientic)
using 532 nm laser as the excitation source at room tempera-
ture. Brunauer–Emmett–Teller (BET) surface area of the prod-
ucts was analyzed by recording an N2 adsorption–desorption
isotherm curve at 77.55 K using a Micromeritics ASAP 2010
system. Before N2 adsorption measurements, the samples were
degassed at 180 �C. A multipoint BET method was used to
calculate the surface area. For photoluminescence (PL), the
325 nm line of a He-Cd laser was utilized as the excitation
source at room temperature using a Hitachi luminescence
spectrometer (F-4500). Electronic paramagnetic resonance
(EPR) analysis was performed on an ESR-JES-FA 2010 spec-
trometer. UV-vis-NIR diffuse reectance (DRS) measurements
were executed on a UV/vis/NIR spectrometer (Perkin Elmer,
Lambda-35).

Photocatalytic activity

To test the photocatalytic responses of powdered Zn3(VO4)2/
BiVO4, the samples were illuminated under a xenon lamp of
accumulative intensity of 300 W to degrade MB under visible-
light irradiation; the distance between the reactor and the
lamp was 30 cm. For the kinetics study, the dye solutions with
xed concentrations (150 mL) were prepared and 100 mg of the
as-synthesized Zn3(VO4)2/BiVO4 was mixed in each dye solution.
The obtained solutions were stirred vigorously for 15 min in the
dark and illuminated under visible light. Before starting the
experiment, solutions were maintained at pH of about 8. The
nal solutions were centrifuged (10 000 rpm for 5 min) and the
nitrogen cooling system HX-DC1006 was employed throughout
the experiment to avoid any thermal degradation and to
maintain the temperature at 0 �C. Degradation of the dye
solutions was analyzed using Perkin Elmer lambda 35 UV/vis
spectrometer in the spectral range of 400–800 nm.

Sensor measurement

The electrochemical study was performed on a Chi-760D elec-
trochemical workstation using a three-electrode scheme with
a glassy carbon electrode (GCE) applied in this study for electrode
modication. Initially, 0.5 mg of Zn3(VO4)2/BiVO4 was dispersed
in 1 mL deionized water. Then, 10 mL of this dispersed nano-
material was drop casted on GCE and dried in the oven at 60 �C
for 2–3 min. Then, 2–3 mL of 5% Naon was added on the coated
GCE and dried. All the solutions for sensing element measure-
ments were prepared in deionized water and the involved
concentrations were attained by suitable dilution of separate
stock solutions. Zn3(VO4)2/BiVO4-modied glassy electrode was
employed as the working electrode, a glassy carbon rod was used
as the counter electrode and Ag/AgCl electrode was used as the
reference electrode. Prior to each electrochemical measurement,
the electrolyte solution was degassed with nitrogen gas for 3 min.
This journal is © The Royal Society of Chemistry 2018
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Electrochemical impedance spectroscopy (EIS) was performed at
an amplitude of 0.01 V in the frequency range of 0.1 Hz to
4000 Hz. Cyclic voltammetry (CV) curves were measured in the
potential range of �1.0 V to +1.0 V at a potential scan rate of
0.05 V s�1 (except for the effect of scan rate) in amixed solution of
0.1 M electrolyte and H2O2 at different concentrations. All
measurements were performed at ambient temperature.
Fig. 1 XRD spectra of Zn3(VO4)2/BiVO4 heterojunction composites at
different mole ratios: (a) 5 : 1, (b) 2 : 1, (c) 1 : 1, (d) 1 : 5, and (e) 1 : 10.

Fig. 2 SEM images of Zn3(VO4)2/BiVO4 composite heterojunction photoc
1 : 10 and (f) EDS analysis of Zn3(VO4)2/BiVO4 composite at mole ratio 1

This journal is © The Royal Society of Chemistry 2018
Result and discussion

Fig. 1 shows the XRD diffraction patterns for the phase struc-
tures of the as-synthesized Zn3(VO4)2/BiVO4 at various concen-
tration ratios. All the XRD diffraction peaks of Zn3(VO4)2/BiVO4

belong to pure Zn3(VO4)2 (JCPD card 19-1468) and BiVO4 (JCPD
card 75-1867). Hence, the pattern of Zn3(VO4)2/BiVO4 hetero-
junction photocatalyst compound exhibited characteristic
diffraction peaks from both BiVO4 and Zn3(VO4)2 crystalline
phases, verifying that Zn3(VO4)2/BiVO4 composite was synthe-
sized with success by a facile hydrothermal route at varied mole
ratios. It can be seen that as the BiVO4 ratio increases, the
Zn3(VO4)2 peaks diminish due to broadening of the BiVO4

peaks.
The morphology of the as-synthesized Zn3(VO4)2/BiVO4 het-

erojunction was characterized by FESEM. Zn3(VO4)2/BiVO4

nanoparticles and nanorods with high yield are observed, as
shown in Fig. 2(a–e). It was noticed that as the ratio of BiVO4

increased, particle size also increased, which may be due to
aggregation/agglomeration of the particles, as can be seen in
Fig. 2(e). For determining the chemical composition, energy
dispersive spectroscopy analysis was performed. It can be seen
that the main elements within the samples are vanadium, zinc,
bismuth, and oxygen at different mole ratios, while the carbon
and platinum peaks evolve due to carbon tape and Pt coating.

For obtaining further information on the chemical compo-
sition, surface and elemental analysis, X-ray photon spectros-
copy (XPS) was used. XPS is a versatile elemental analysis
technique for assaying the composition and chemical states of
elements.28 Fig. 3(a) depicts the typical X-ray photoelectron
atalyst at different mole ratios: (a) 5 : 1, (b) 2 : 1, (c) 1 : 1, (d) 1 : 5, and (e)
: 1.

RSC Adv., 2018, 8, 35403–35412 | 35405
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Fig. 3 XPS spectra of as-prepared Zn3(VO4)2/BiVO4 samples at mole
ratio 2 : 1. (a) Total survey, (b) O 1s, (c) V 2p, (d) Bi 4f, and (e) Zn 2p.

Fig. 4 (a) FT-IR spectrum of Zn3(VO4)2/BiVO4, (inset) high-resolution
spectrum from 400 to 1000 cm�1; (b) Raman spectrum of as-prepared
Zn3(VO4)2/BiVO4 at mole ratio 2 : 1.
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spectrum of Zn3(VO4)2/BiVO4, which is composed of O, V, Bi,
and Zn. XPS analysis of the Zn3(VO4)2/BiVO4 nanocomposite
shows two O 1s peaks located at 531.4 and 535.5 eV (Fig. 3(b)),
indicating two different forms of O in the sample, which can be
assigned to oxygen vacancies related to –OH group and molec-
ular water adsorbed on the surface, respectively. The doublet
peaks of V 2p3/2 and V 2p1/2 were detected at 517.13 and
524.64 eV, respectively (Fig. 3(c)). Fig. 3(d) shows the XPS peaks
at 159.18 and 164.18 eV, belonging to Bi 4f7/2 and Bi 4f5/2. In
Fig. 3(e), the Zn 2p spectrum presents two main peaks for 2p1/2
and 2p3/2 at 1021.4 and 1044.60 eV, respectively. The XPS
analyses of the composites with ratios of 5 : 1 and 1 : 10 are
given in Fig. S1 (ESI).† The XPS results revealed the suggested
formation of Zn3(VO4)2/BiVO4, which conrms the previous
XRD results.

Fourier-transform infrared (FT-IR) spectrum of the
Zn3(VO4)2/BiVO4 composite at mole ratio of 2 : 1 shows a strong
absorption in the range of 400–950 cm�1. The absorption bands
at 473, 728 and 741 cm�1 belong to BiVO4. The bands at 446,
901, and 931 cm�1 correspond to Zn3(VO4)2. A weak absorption
band at 473 cm�1 was assigned to symmetric bending of VO4

3�,
while a broad and strong absorption band at 741 cm�1 was
assigned to the asymmetric stretching of VO4

3�. The peak at
446 cm�1 indicates stretching vibrationmode of the Zn–O band.
The vibration bands at 901 and 931 cm�1 are attributed to VO4

vibration mode in the network. The absorption band at
728 cm�1 indicates the stretching vibration of the Bi–V
band.29–32 Fig. 4(b) shows the Raman spectrum of Zn3(VO4)2/
BiVO4 at 2 : 1 ratio. The Raman spectrum reects bands at
around 116, 199, 210, 334, 692, and 815 cm�1 for all samples.
The peaks at 116 and 199.6 cm�1 arise from Zn–O vibration, the
peaks at 210, 334, and 692 cm�1 arise from Bi–V vibration, and
the peak at 815 cm�1 is attributed to V–O vibration.31,33,34 Raman
spectrum of the product is in good agreement with the crystal
structure of Zn3(VO4)2/BiVO4.
35406 | RSC Adv., 2018, 8, 35403–35412
Fig. 5(a) shows the N2 adsorption–desorption isotherm of
Zn3(VO4)2/BiVO4 at 2 : 1 mole ratio. The Brunauer–Emmett–
Teller (BET) surface area of 40.46 cm2 g�1, pore volume of 0.122
cm3 g�1 and pore diameter of 1.685 nm were calculated from
experimental data. The large surface area and volume corre-
spond to highly reactive sites, resulting in enhanced photo-
catalytic activity of the material.35 N2 adsorption isotherms at
different ratios of Zn3(VO4)2/BiVO4 were obtained and analyzed,
corresponding to the H3 hysteresis loop, which indicated
aggregation of the sample particles to form self-assembled
nanoparticles, as shown in Fig. S2 (ESI).† The shapes of all
the Zn3(VO4)2/BiVO4 sample isotherms resembled type H3

loops, indicating aggregation of sample particles to form self-
assembled plate-like and rod-like particles.

Energy band gap is an important parameter of semi-
conductor materials. The UV-visible spectrum of the Zn3(VO4)2/
BiVO4 nanophotocatalyst was recorded and the band gap, as
depicted in Fig. 5(b), was calculated by the Tauc relation (1):

(ahn) ¼ A(hn � Eg)
n (1)

where a ¼ absorption coefficient, A ¼ constant, and n¼ 1/2 was
used for direct band gap material. Eg value was calculated to be
2.89 eV for Zn3(VO4)2/BiVO4.
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (a) N2 adsorption–desorption isotherm distribution curves for Zn3(VO4)2/BiVO4 at 2 : 1 mole ratio, insets (i) differential pore size distri-
bution curve fromBarrett–Joyner–Halenda (BJH)method and (ii) high resolution N2 adsorption–desorption isotherm at 2 : 1 mole ratio; (b) Tauc
plot for Zn3(VO4)2/BiVO4 composite at 2 : 1 mole ratio.
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Fig. S3 (ESI†) shows the changes in the visible (UV-vis)
spectra during the photodegradation process of MB dye in
aqueous Zn3(VO4)2/BiVO4 solution under visible light irradia-
tion. The chemical structure of MB is shown in Fig. S4 (ESI†)
and details about concentration are given in ESI.† It was noted
that at the ratio of 2 : 1 of Zn3(VO4)2/BiVO4 heterogeneous
photocatalyst, nearly the entire dye degraded in 90 min.

Concentration changes versus irradiation time and the
degradation efficiency graph are shown in Fig. 6. When visible
light illuminates the solution, the active species, namely,
hydroxyl radicals, holes, �O2 and $O2 are generated during the
photocatalytic degradation reaction. The formation of OHc

radicals is much lower than O2c formation. However, the
hydroxyl radical is a highly active and non-selective oxidant
Fig. 6 (a) Concentration changes (C/Co) of MB dye as function of irradi
mole ratios; (b) bar graph of efficiency at different mole ratios.

This journal is © The Royal Society of Chemistry 2018
agent species for degradation, which leads to mineralization of
organic chemicals.36–41

Degradation efficiency was determined by the following
equation:

Degradation efficiency (%) ¼ (Co � Ct)/Co (2)

where Co is the initial concentration at time to and Ct is the
concentration at any time t. Fig. 6(a and b) indicate the degra-
dation efficiency at the same dose as the catalyst.

The mechanism of photocatalytic MB dye solution degra-
dation by the Zn3(VO4)2/BiVO4 nanophotocatalyst in visible
light can be presented through the following equations:

Zn3(VO4)2/BiVO4 + hn / e� + h+ + Zn3(VO4)2/BiVO4 (3)
ation time in presence of photocatalyst at same quantity but different

RSC Adv., 2018, 8, 35403–35412 | 35407
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Fig. 7 (a) Concentration changes (C/Co) of MB dye as function of irradiation time in presence of photocatalyst at different pH; (b) bar graph of
efficiency of Zn3(VO4)2/BiVO4 nanophotocatalyst at different pH values.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
O

ct
ob

er
 2

01
8.

 D
ow

nl
oa

de
d 

on
 3

/2
0/

20
26

 8
:2

8:
12

 P
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
Oxidation occurs at BiVO4 surfaces:

h+ + H2O / $OH + H+ (4)

2h+ + 2H2O / 2H+ + H2O2 (5)

Reduction reaction occurs at Zn3(VO4)2:

e� + O2 / $O2
� (6)

When visible light interacts with the methylene blue dye and
Zn3(VO4)2/BiVO4 photocatalyst solution, the electron moves
from BiVO4 to Zn3(VO4)2, while the hole of Zn3(VO4)2 moves to
the valence band (VB) of BiVO4. Then, oxidation reaction occurs
at VB of Zn3(VO4)2/BiVO4, where positive holes react with water
and form the hydroxyl radical ($OH) radical. Reduction occurs
at conduction band (CB) of BiVO4, where negative electron (e�)
Table 1 Effect of pH on MB dye solution of Zn3(VO4)2/BiVO4 in 45 min

pH Degradation efficiency%

2 73
5 58
7 82
10 84
12 99.6

Table 2 Degradation comparison of methylene blue dye using Zn3(VO4

Catalyst Efficiency% L

ZnS 88 V
V2O3/CNT/TiO2 70 V
BiVO4/TiO2 86 V
CuO–BiVO4 92 V
P-25, Degussa 89 V
Zn3(VO4)2/BiVO4 98.91 V
Zn3(VO4)2/BiVO4 at pH 12 99.6 V

35408 | RSC Adv., 2018, 8, 35403–35412
produces superoxide radical ($O2) by reacting with dissolved
oxygen. Pseudo-rst order equation specied below was applied
to extract the reaction kinetics of the organic dye:

ln(C/Co) ¼ �kt (7)

where C is the concentration of the dye at time “t”, Co is
concentration at time “to” and k is the pseudo-rst order rate
constant. The degradation rate constant k for MB over
Zn3(VO4)2/BiVO4 under visible light irradiation applying pseudo
rst order was calculated to be 0.01522, 0.01922, 0.01296,
0.01325 and 0.01076 min�1 at ratios 5 : 1, 2 : 1, 1 : 1, 1 : 5, and
1 : 10, respectively. It was observed that dye solution with 2 : 1
ratio of Zn3(VO4)2/BiVO4 exhibited the highest photo-
degradation efficiency, as shown in Fig. 6.

Effect of pH was also examined at different values (2, 5, 7, 10
and 12), as illustrated in Fig. S5 (ESI).† We observed that at pH
12, the MB aqueous solution was totally degraded in 45 min due
to the excess amount of OHc radicals. Hydroxyl radical is
a strong oxidant agent. Thus, degradation via O2c along with
OHc resulted in nearly total (99.6%) degradation MB within
45 min. During the photocatalytic degradation process, a new
absorption band and peak shi were observed, which could be
due to decomposition of the benzene ring in the dye. Concen-
tration changes versus irradiation time and degradation effi-
ciency at various pH values are shown in Fig. 7 (Tables 1 and 2).
)2/BiVO4 composite with other nanomaterial photocatalysts

ight source Time (min) Reference

isible light 90 46
isible light 120 47
isible light 120 48
isible light 300 49
isible light 120 50
isible light 90 Present work
isible light 45 Present work
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Fig. 8 Reaction mechanism of methylene blue photodegradation over Zn3(VO4)2/BiVO4 nanocomposite under visible light.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
O

ct
ob

er
 2

01
8.

 D
ow

nl
oa

de
d 

on
 3

/2
0/

20
26

 8
:2

8:
12

 P
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
The superoxide radical and hydroxide radical oxidize the
toxic C16H18ClN3S dye molecule and decompose it into harm-
less or non-toxic molecules, namely, CO2, H2O, NO2 and
benzene byproducts, as indicated below (Fig. 8).

C16H18ClN3S + (OHc, $O2
�) / H2O + CO2

+ NO2 + SO2 + C6H6 (8)
Fig. 9 (a) PL spectra of Zn3(VO4)2/BiVO4 composite at different concent
dye under visible light.

This journal is © The Royal Society of Chemistry 2018
The photoluminescence (PL) spectrum exposes the recombi-
nation rate and charge (electron, hole) separation within the
semiconductor nanophotocatalyst. Higher PL intensity indicates
that there is a higher rate of recombination, which causes lower
degradation efficiency.42,43 In the PL spectra, the lower intensity
indicates the reduced and controlled recombination, which results
in the effective electron–hole transfer over the photocatalyst
surface and allows superior degradation of contaminants, thus
rations; (b) stability of Zn3(VO4)2/BiVO4 for degradation of methyl blue

RSC Adv., 2018, 8, 35403–35412 | 35409
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Fig. 11 Electrochemical impedance spectroscopy of bare and modi-
fied Zn3(VO4)2/BiVO4 nanocomposite GCE in different electrolytes: (a)
0.1 M Li2SO4, (b) 0.1 M MgSO4, (c) 0.1 M KOH and (d) 0.1 M NaOH.
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increasing photocatalyst efficiency.44,45 Moreover, the reusability of
Zn3(VO4)2/BiVO4 nanophotocatalyst at the ratio of 2 : 1 was
checked, as shown in Fig. 9(b). The photolytic activity test was
repeated three times and the sample showed good stability.

On the basis of the earlier mentioned literature study, when
the electron entered the conduction band of Zn3(VO4)2, it
generates oxygen from the compound, which made bases for
decomposition of MB dye. Hydroxyl radicals were also produced
by the reaction of $O2 radicals with H+ ions and h+ holes with
H2O. It was noticed that no electron paramagnetic resonance
(EPR) signal was found when the reaction was performed in the
dark, whereas the signals with intensities corresponding to the
characteristic peaks of DMPO–OHc adducts were observed
during the reaction process in the EPR experiment. However, no
peaks of DMPO–$O2 were observed. As shown in Fig. 10, the four
characteristic peaks of DMPO–OHc radical (1 : 2 : 2 : 1 quartet
pattern) were observed by irradiation of the Zn3(VO4)2/BiVO4

heterojunction nanocomposite solution under visible light.
Decay of MB dye by the generated oxidant species can be
described by the following equation.
Fig. 10 DMPO spin trapping EPR spectra for DMPO–$O2
� and DMPO–

$OH� under visible light irradiation with Zn3(VO4)2/BiVO4 photocatalyst.

35410 | RSC Adv., 2018, 8, 35403–35412
MB + OHc / decomposed compounds (9)

Electrochemical impedance spectroscopy (EIS) Nyquist plot
analysis represents a exible tool for conductivity analysis,
surface psychoanalysis, and electron transfer analysis.51 As
shown in Fig. 11, it is clear that the impedance spectrum is
either semicircular or nearly circular at higher ac frequency and
a line at low modulation ac frequency. The Nyquist circle
diameter of Zn3(VO4)2/BiVO4 is much lower than that of bare
glassy carbon electrode, indicating that electron transfer in the
Zn3(VO4)2/BiVO4 composite is much sharper than that in the
bare GCE and resulting in decreasing resistance.

Hydrogen peroxide (H2O2) is a pale-blue liquid and is among
the most important analytes. H2O2 is used in several areas for
food processes, environmental analysis, fabric manufacture,
pharmaceuticals, medical diagnostics, clinical laboratories,
antiseptic and disinfecting agents, powerful oxidizing agents
and is also involved in several biological events as a by-product
of oxidases. Higher concentrations of H2O2 (>50 mM) can cause
stomach irritation and tissue burns. However, low levels of
H2O2 affect the physiology of human broblasts. Hence, the
development of an accurate, sensitive, highly reliable as well as
low cost sensitizer for hydrogen peroxide (H2O2) is desirable. In
this scenario, electrochemical sensors with fast response,
superior selectivity, high sensitivity, ease of operation and low
cost are the optimal option for actualizing the accurate detec-
tion of hydrogen peroxide.52–54 Cyclic voltammetry was
employed for the measurement and detection of hydrogen
peroxide analyte for Zn3(VO4)2/BiVO4 nanocomposite material.
Cyclic voltammetry showed the response of bare electrode and
glassy carbon modied electrode in both presence and absence
of 0.5 mM hydrogen peroxide at a scan rate of �1 to 1 V s�1, as
shown in Fig. 12(a).

In Li2SO4 solution (Fig. 12(a)), bare GCE gives one oxidation
and one reduction peak located at 0.18 V and �0.43 V, respec-
tively, while the modied Zn3(VO4)2/BiVO4 glassy carbon
This journal is © The Royal Society of Chemistry 2018
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Fig. 12 CVs of Zn3(VO4)2/BiVO4 modified GCE in (a) 0.1 M Li2SO4, (b)
0.1 M MgSO4, (c) 0.1 M KOH and (d) 0.1 M NaOH solution in absence
and presence of 0.5 mM H2O2 at scan rate 50 mV s�1.

Fig. 13 CVs of Zn3(VO4)2/BiVO4 modified GCE in mixed (a) 0.1 M
Li2SO4, (b) 0.1 M MgSO4, (c) 0.1 M KOH, (d) 0.1 M NaOH and hydrogen
peroxide (0.5 mM) solution at scan rate 50 mV s�1, cycling for 1st and
20th time.
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electrode exhibits enhanced current and a CV voltammogram
with one oxidation and one reduction peak located at 0.07 V and
�0.37 V, respectively. In MgSO4, the bare electrode and modi-
ed glassy carbon electrode solution did not show any oxidation
peak in either absence or presence of H2O2. However, enhanced
current was observed, which shows that semiconductor mate-
rial has the potential to change the current intensity (Fig. 12(b)).
In KOH solution (Fig. 12(c)), again no oxidation or reduction
peak was observed for either bare GCE or modied Zn3(VO4)2/
BiVO4 nanocomposite GCE. However, there was enhanced
current intensity in the case of the modied nanocomposite
GCE, indicating the potential for changing the current. In
NaOH solution (Fig. 12(d)), the bare electrode shows one
oxidation and reduction peak at 0.15 and �0.5 V, respectively,
while the modied Zn3(VO4)2/BiVO4 nanocomposite GCE shows
This journal is © The Royal Society of Chemistry 2018
enhanced current intensity as well as one oxidation and
reduction peak at 0.049 and �0.34 V, respectively. From the
above-detailed CV spectra, the possibility of using Zn3(VO4)2/
BiVO4 as sensor was evidenced.

For long-term stability conrmation, we stored the modied
Zn3(VO4)2/BiVO4 composite GCE for three weeks at ambient
temperature and then used it for sensing H2O2. We found that
the modied Zn3(VO4)2/BiVO4 could detect H2O2 although there
was a decrease in current from the rst-day values, but its
retention of reproducibility aer twenty measurements shows
a minor relative standard deviation from the original value, as
shown in Fig. 13. Hence, the modied Zn3(VO4)2/BiVO4

composite GCE shows stability and reproducibility for H2O2

electrochemical determination.

Conclusions

A Zn3(VO4)2/BiVO4 heterogeneous nano-photocatalyst was
prepared through an autoclave hydrothermal method using
bismuth nitrate pentahydrate (Bi(NO3)3$5H2O) and zinc acetate
(Zn(O2CCH3)2) as bismuth and zinc ion sources, respectively, and
ammonia metavanadate (NH4VO3) as the vanadium ion source.
The as-prepared nanocomposite was characterized by X-ray
diffraction (XRD), scanning electron microscopy (SEM), energy
dispersive X-ray spectroscopy (EDX), X-ray photoelectron spec-
troscopy (XPS), FT-IR, Raman, Brunauer–Emmett–Teller (BET),
photoluminescence (PL), and EPR. For determining electro-
chemical response, cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) were performed. Zn3(VO4)2/BiVO4

nanocomposites were investigated for determining the activity of
the nanophotocatalyst by photocatalytic degradation of methylene
blue (MB) toxic dye under visible light irradiation. The catalyst
showed excellent results and decomposed the toxic dye into
mineral products (CO2, H2O and other intermediate product that
are not/less harmful) in 45 min at pH 12. The material was also
studied for electrochemical detection of an important analyte
hydrogen peroxide (H2O2) and showed good results. This study
indicates the potential of Zn3(VO4)2/BiVO4 nanocomposites for
application in environmental remediation and biosensor sciences.
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