
Ultrasound-Assisted Synthesis of a ZnO/BiVO4 S‑Scheme
Heterojunction Photocatalyst for Degradation of the Reactive Red
141 Dye and Oxytetracycline Antibiotic
Khemika Wannakan, Kamonpan Khansamrit, Teeradech Senasu, and Suwat Nanan*

Cite This: ACS Omega 2023, 8, 4835−4852 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: The preparation of novel sunlight active photocatalysts for complete removal of
pollutants from aqueous solutions is a vital research topic in environmental protection. The
present work reports the synthesis of a ZnO/BiVO4 S-scheme heterojunction photocatalyst for
degradation of the reactive red dye and oxytetracycline antibiotic in wastewater. ZnO and BiVO4
were first fabricated by a hydrothermal technique, and then, the ZnO/BiVO4 heterostructure was
synthesized using an ultrasonic route. An increase of the surface area, compared to that of ZnO,
was found in ZnO/BiVO4. The enhancement of charge separation efficiency at the interface was
obtained so that a remarkable enhancement of the photocatalytic performance was detected in the
prepared heterojunction photocatalyst. Complete detoxification of harmful pollutants was
achieved by using the economical solar energy. The removal of the pollutants follows the first-
order reaction with the highest rate constant of 0.107 min−1. The stability of the prepared
photocatalyst was detected after five cycles of use. The ZnO/BiVO4 S-scheme heterostructure
photocatalyst still provides high photoactivity even after five times of use. Hydroxyl radicals play
an important role in the removal of the pollutant. This work demonstrates a new route to create the step-scheme heterojunction with
high photoactivity for complete removal of the toxic dye and antibiotic in the environment.

1. INTRODUCTION
A large variety of harmful dyes have been found in toxic
wastewater effluents from various industries including textile
and pharmaceutical sectors.1−5 Reactive dyes are basically
classified by the presence of azo chromophores, which are
considered toxic and mutagenic to living organisms.6−9 A very
small amount of the reactive red azo dye in water is visible and
undesirable.10 Thus, it is a matter of high concern to find out a
cost-effective technology for the treatment of water containing
this toxic dye.10,11 The oxytetracycline (OTC) antibiotic is
extensively used in humans for the treatment of bacterial
infectious diseases.12−15 However, this drug causes a serious
problem to the environment. After OTC is metabolized in the
body, there is a chance that the toxic byproducts could enter
the natural water.16,17 This causes damage to the ecosystem
and human health. Therefore, complete removal of the toxic
organic contaminants from the aqueous phase is urgently
needed.18−22

Several techniques including adsorption were used to treat
the pollutants in wastewater. However, the incomplete removal
of the contaminants and the generation of secondary pollutants
are the main drawbacks of these conventional methods.23−25

Interestingly, a semiconducting photocatalytic route is a
promising technique for complete removal of the toxic organic
pollutants.5,16,17 Basically, the commercially available TiO2 is a
UV-active photocatalyst with low photoactivity under natural

sunlight.26−31 The ZnO photocatalyst has gained much
attention because it shows excellent transport property, is
inexpensive, and has a versatile morphology.32−34 In addition,
based on our previous studies, controlled synthesis can be
performed very easily for the creation of ZnO with high
performance and also with a low cost of production.1,3,5−7

Therefore, in comparison to TiO2, ZnO is much cheaper and
very easy to synthesize controllably. Nevertheless, low sunlight
performance and occurrence of the photocorrosion are the
main drawbacks influencing the practical application of ZnO.35

Alternatively, preparation of the visible-light-responsive photo-
catalysts is one of the most promising research topics in the
field of photocatalysis due to the advantage of complete
degradation of the toxic pollutants by the utilization of
abundant solar energy.36−39

Sunlight active photocatalysts including bismuth vanadate
(BiVO4) have gained much attention. Monoclinic BiVO4
comprising an Aurivillius structure shows the advantages of
non-toxicity, excellent structural stability, and good visible light

Received: October 31, 2022
Accepted: January 19, 2023
Published: January 26, 2023

Articlehttp://pubs.acs.org/journal/acsodf

© 2023 The Authors. Published by
American Chemical Society

4835
https://doi.org/10.1021/acsomega.2c07020

ACS Omega 2023, 8, 4835−4852

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Khemika+Wannakan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kamonpan+Khansamrit"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Teeradech+Senasu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Suwat+Nanan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c07020&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07020?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07020?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07020?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07020?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/5?ref=pdf
https://pubs.acs.org/toc/acsodf/8/5?ref=pdf
https://pubs.acs.org/toc/acsodf/8/5?ref=pdf
https://pubs.acs.org/toc/acsodf/8/5?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c07020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


response.40−45 However, this pristine photocatalyst faces the
problem of a high electron−hole recombination rate and
severe photocorrosion after photodegradation study.46−48 In
theory, doping of noble metals or fabrication of the
semiconducting heterojunctions are the two main strategies
for the improvement of the resultant photocatalytic perform-
ance.49−54 However, utilization of gold or silver metals is quite
expensive. Therefore, generation of a heterojunction is a
promising alternative method to create the new photocatalyst
with high performance. According to the literature, some
heterojunctions based on BiVO4 have been reported.55−57

After the coupling of ZnO and BiVO4, an improvement of
electron−hole separation efficiency is expected. This will end
up with an enhancement of the resultant photocatalytic
performance. On examining the ZnO/BiVO4 heterojunction,
it is noted that many techniques have been used for the
prepara t ion of the ZnO/BiVO 4 binary compo-
site.36−38,41,43,45−47 Among these various methods, ultra-
sonication is one of the most popular techniques for the
creation of the photocatalyst heterojunction. This is due to the
advantages of low cost, low energy consumption, and easy
control.58−64

To study a heterojunction semiconductor, fabrication of a
new heterostructure photocatalyst by coupling of two photo-
catalysts was introduced. It is well-known that both type II and
Z-scheme heterojunctions have previously been proposed.65,66

However, the electron transfer mechanism of a conventional Z-
scheme photocatalyst faces some drawbacks so that the new
model based on a step scheme or S-scheme photocatalyst with
excellent charge separation and high redox ability was
introduced. In principle, the advantages of extended photo-
absorption, excellent charge separation, and strong redox
potential are obtained.65−68

From the above discussion, the present work aims to create a
ZnO/BiVO4 S-scheme heterostructure photocatalyst for the
degradation of the dye and antibiotic by the utilization of
abundant solar energy. Bare ZnO and pristine BiVO4 were
prepared first by a facile hydrothermal method. Subsequently,
the ZnO/BiVO4 S-scheme photocatalyst was then synthesized
using an ultrasonic route. An improvement of the surface area,
compared to that of bare ZnO, and a dramatic lowering of the
electron−hole recombination rate at the interface are the two
key factors concerning the remarkable enhancement of the
photocatalytic performance detected in the prepared ZnO/
BiVO4 heterojunction photocatalyst. Complete removal of
toxic pollutants under sunlight was obtained. The excellent
stability of the photocatalyst, with high photoactivity, was
confirmed after five times of use. Hydroxyl radicals play a
major role in the pollutant removal, while photogenerated
holes and electrons play a minor role. Charge transfer at the
interface belongs to the S-scheme heterojunction. The novelty
of the work is based on the use of an ultrasonic route to create
the S-scheme ZnO/BiVO4 heterostructure photocatalyst for
the removal of the OTC antibiotic. This type of heterojunction
thermodynamically favors photocatalytic reactions due to the
huge driving force provided by its strong redox abilities. This
work offers a novel avenue to fabricate the heterostructure
photocatalyst with high photoactivity for complete detoxifica-
tion of the harmful dye and antibiotic in natural water.

2. EXPERIMENT
2.1. Chemicals and Reagents. All chemicals were used as

received. Ultrapure water [deionized (DI) water, 18.2 MΩ·
cm−1] was used.
2.2. Synthesis of BiVO4. The bismuth vanadate (BiVO4)

catalyst was prepared by a hydrothermal method.16 First,
solution A was prepared by the dispersion of 2.4238 g of
Bi(NO3)3·5H2O in 30 cm3 of 1.5 M HNO3. Second, solution B
was obtained by the addition of 0.5849 g of NH4VO3 and
1.2656 g of ethylenediaminetetraacetic acid (EDTA) in 30 cm3

of DI water. Third, solution B was added to solution A, and the
pH of the mixture was adjusted to reach about 7 by the
addition of NaOH solution. It was then transferred into a 100
cm3 Teflon-lined autoclave, which maintains the temperature
of 100 °C for 24 h. After that, the precipitate was collected,
washed with water and ethanol, and finally dried at 60 °C for
15 h.
2.3. Synthesis of ZnO. The zinc oxide (ZnO) photo-

catalyst was also fabricated via a hydrothermal route as well.5

The Zn2+ solution was prepared by dissolving 3.6100 g of
Zn(CH3COO)2·2H2O in 30 cm3 of DI water. Meanwhile, the
OH− solution was separately prepared by dissolving 3.2900 g
of NaOH in 30 cm3 of DI water. The OH− solution was then
added dropwise to the Zn2+ solution with continuous stirring
for 30 min. The reaction mixture was transferred into an
autoclave that maintains the temperature of 150 °C for 24 h.
The resultant precipitate was collected, washed with water and
ethanol, and finally dried at 80 °C for 15 h.
2.4. Synthesis of ZnO/BiVO4. ZnO/BiVO4 was fabricated

by an ultrasonic route. In a typical procedure, about 0.2 g of
ZnO was dispersed in 10 cm3 of DI water for 60 min in an
ultrasonic bath (dispersion A). Separately, ultrasonication of
BiVO4 (0.2 g of the sample in 10 cm3 of DI water) was also
performed for 60 min (dispersion B). Dispersion A was then
added into dispersion B, and the mixture was further
ultrasonicated for 120 min. Afterward, about 15 cm3 of
acetone was added to the mixture, which was then left for 24 h
with continuous stirring. After the centrifugation, the product
was collected, washed with water and ethanol, and finally dried
at 60 °C for 15 h.
2.5. Characterization. All sample were characterized using

the same method described previously.1,3,5−7 Basically, the
structure of the prepared catalyst was recorded by X-ray
diffraction (XRD) using a PANalytical EMPYREAN X-ray
diffractometer comprising monochromatic Cu Kα radiation.
The morphological structure and the element constitution of
the samples were examined by field emission scanning electron
microscopy (FESEM, FEI Helios NanoLab G3 CX). The
transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) images of the photocatalyst were obtained on
an FEI TECNAI G2 20. The Fourier transform infrared (FT-
IR) spectra were recorded on a PerkinElmer Spectrum One
FT-IR spectrophotometer. The sample preparation was
performed by a KBr pellet method. The Brunauer−Emmett−
Teller (BET) specific surface area and porosity were elucidated
by a Micromeritics ASAP 2460 surface area and porosity
analyzer. Optical properties were determined through ultra-
violet−visible (UV−vis) diffused reflectance spectroscopy
(Shimazu UV−VISNIR-3101PC scanning spectrophotometer)
and photoluminescence (PL) spectroscopy (Shimazu RF-
5301PC).
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2.6. Photocatalytic Degradation of the Pollutants.
The photocatalytic performance of all prepared photocatalysts
was determined by monitoring the degradation of the OTC
antibiotic and RR141 dye under UV light (a mercury lamp,
125 W) and natural sunlight. The details of the photocatalytic
study can be found elsewhere.5,16,17

Typically, the blank experiment was carried out by
irradiating the pollutant solution without the incorporation
of the photocatalyst.16,17 The photocatalytic study was
performed in an aqueous solution (200 cm3) of either the
OTC antibiotic or the RR141 dye (concentration = 10 ppm)
in the presence of the photocatalyst (50 mg). The solution of 5

Figure 1. XRD patterns (a) and FT-IR spectra (b) of ZnO, BiVO4, and ZnO/BiVO4 photocatalysts.

Figure 2. FESEM micrographs of ZnO (a−c), BiVO4 (d−f), and ZnO/BiVO4 photocatalysts (g−i).
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cm3 was sampled after light irradiation. The exact concen-
tration of either RR141 or OTC was determined at the λmax

values of 543 and 354 nm, respectively, by a spectrophoto-
metric method.

The photoactivity toward the degradation of the pollutant
was calculated as follows.

= ×C Cphotoactivity (%) (1 / ) 100%0 (1)

where C0 and C represent the initial concentration and the
concentration of the pollutant solution after different times of
photo illumination, respectively.

The performance of the prepared photocatalyst can also be
determined from the photocatalytic degradation rate as shown
below.

Figure 3. EDS spectrum and SEM image of the mapping area (a) and EDS elementary mapping of Zn O, Bi, and V obtained from the ZnO/BiVO4
photocatalyst (b).
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=C t k Cd /d 1 (2)

=C C k tln( / )0 1 (3)

where k1 is the rate constant of the first-order degradation
reaction.

To study the crucial species involved in the removal of the
pollutant, each scavenger (5 mM), namely, isopropyl alcohol
(IPA), NaN3, EDTA-2Na, or K2Cr2O7, was separately added
for the quenching of hydroxyl radicals, superoxide anion
radicals, holes, and electrons, respectively.3 In addition, KI was
also incorporated as a scavenger of surface hydroxyl radicals
and holes. Each scavenger was separately incorporated in the
presence of the prepared photocatalyst.5,16,17

To confirm the generation of the hydroxyl radicals, the
photocatalyst was dispersed in terephthalic acid (TA)
solution.17 The formation of the radicals was examined by
using a spectrofluorometer (excitation wavelength of 315 nm).

To investigate the reusability of the photocatalyst, the used
photocatalyst was filtered, washed with ethanol and water, and

then dried before use in the second run.3,5,17 The reuse of the
sample was carried out for five consecutive runs.

3. RESULTS AND DISCUSSION
3.1. Characterization of the Photocatalyst. The XRD

patterns of all prepared photocatalyst are shown in Figure 1a.
The monoclinic BiVO4 photocatalyst displayed diffraction at
2θ values of 18.67, 19.00, 28.90, 30.50, 34.50, 35.22 39.80,
42.50, 45.84, 46.74, 47.30, 50.30, and 53.20°, assigned to the
reflection planes of (110), (011), (121), (040), (200), (002),
(211), (051), (213), (240), (042), (202), and (161),
respectively. This agrees well the JCPDS no. 14-0688
file.16,17 The pattern from the XRD diffractogram of bare
ZnO belongs to the hexagonal wurtzite structure (JCPDS no.
36-1451).5 The diffraction located at 2θ values of 31.76, 34.41,
36.25, 47.53, 56.5962.85, 66.37, 67.94, and 69.08° corre-
sponded to the reflection from crystal planes of (100), (002),
(101), (102), (110), (103), (200), (112), and (201),
respectively. It can be seen that the ZnO/BiVO4 photocatalyst
showed the diffraction peaks contributing from both ZnO and

Figure 4. TEM image (a), HR-TEM image (b,c), and SAED pattern (d) obtained from the ZnO/BiVO4 photocatalyst.
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BiVO4. The result confirms the successful creation of the
heterojunction.

FT-IR spectra of all samples were recorded and are shown in
Figure 1b. BiVO4 showed bands at 705 and 829 cm−1,

Figure 5. N2 adsorption−desorption isotherms (a) and pore size distributions (b) of ZnO, BiVO4, and ZnO/BiVO4 photocatalysts.

Figure 6. Diffused reflectance spectra (a), Tauc plot for the determination of the band gap (b), and PL spectra of the samples using λexcitation values
of 320 (c) and 360 nm (d).
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respectively, indicating the ν3 asymmetric and ν1 symmetric
stretching of VO4

3. The presence of the peak at 470 cm−1 was
attributed to the stretching of the Bi−O bond.16,17 The
vibrational peaks at 427 and 575 cm−1 were due to stretching
vibration from the Zn−O bond.5 In the case of the ZnO/
BiVO4 photocatalyst, the vibrational bands of both the Bi−O
bond and Zn−O bond were clearly observed. This confirms
the co-existence of both ZnO and BiVO4. The result correlates
well with those obtained by XRD.

The morphological structures of ZnO, BiVO4, and ZnO/
BiVO4 were elucidated by the scanning electron microscopy
(SEM) method. The SEM images of pristine ZnO (Figure 2a−
c) showed a thin disk-like morphological structure of about
0.30 μm × 0.50 μm × 0.12 μm dimensions. Meanwhile, the
SEM images of the bare BiVO4 photocatalyst (Figure 2d−f)
showed an irregular polygon morphology of about 8.84 μm ×
8.50 μm dimensions. As seen in Figure 2g−i, the final
morphology of ZnO/BiVO4 showed the co-existence of both
ZnO and BiVO4 without altering the morphology of the
individual photocatalyst.

Energy-dispersive X-ray spectroscopy (EDS) was used to
determine the elemental compositions in the sample. Four
elements, including Zn, O, Bi, and V, were detected in the
synthesized photocatalyst (Figure 3a). The atomic percentages
of 43.1, 6.0, 45.3, and 5.6%, were detected for Zn, O, Bi, and V,
respectively. The result confirms the element composition in
the prepared photocatalyst. Furthermore, the dispersion of all
elements was elucidated by EDS elemental mapping (Figure
3b). The uniform distribution of Zn, O, Bi, and V elements
was confirmed.

The successful creation of ZnO/BiVO4 was also examined
by the TEM method. The TEM image of the heterojunction is
shown in Figure 4a. The HR-TEM micrographs in Figure 4b,c
showed the interplanar spacings of 0.30 and 0.28 nm, assigned
to the existence of the (112) crystal plane of BiVO4 and the
(100) plane of ZnO, respectively. The selected area electron
diffraction (SAED) pattern (Figure 4d) revealed the
monocrystalline nature of the prepared photocatalyst compris-
ing those of ZnO and BiVO4.

5 The results agree well with
those from XRD, FT-IR spectroscopy, and EDS−FESEM
presented previously. Thus, the co-existence of both ZnO and
BiVO4 was confirmed after the fabrication of the ZnO/BiVO4
photocatalyst via a facile ultrasonication method.

The textural properties of the samples were examined from a
nitrogen (N2) adsorption−desorption isotherm. According to
the IUPAC classification, the samples showed a type IV
isotherm, as seen in Figure 5a.5 The ZnO/BiVO4 catalyst
showed a specific surface area of 4.2 m2/g, which is greater
than that of bare ZnO. In addition, a Barett−Joyner−Halenda
pore volume of about 0.32 cm3/g and an average pore
diameter of about 310 nm were reported. The size distribution
is shown in Figure 5b.

Figure 6a shows the UV−vis diffuse reflectance spectra of
the samples. The band gap of each sample was determined by
the Kubelka−Munk formula, as seen in Figure 6b.5,16,17

Accordingly, the absorption edge values of 387 and 585 nm
were detected from pristine ZnO and bare BiVO4, respectively.
After the creation of the binary composites, two absorption
edge values at 397 and 585 nm were found. The former might
be due to the contribution from the generated heterojunction,
with a slight shift of the absorption edge, while the latter is
mainly due to the contribution from the BiVO4 photocatalyst.
The corresponding band gap values of bare ZnO and pristine

BiVO4 were 3.20 and 2.12 eV, respectively. It should be noted
that a slight shift of the band gap toward visible light was
obtained after the creation of the ZnO/BiVO4 heterojunction.
This will result in an increase in the resultant photoactivity
under natural sunlight.

To roughly compare the charge carrier separation efficiency
in the prepared photocatalysts, the PL spectroscopic method
was performed.65 According to the PL spectra in Figure 6c,d,
the ZnO/BiVO4 photocatalyst provided the lowest intensity in
the PL spectra, compared to pristine components, implying the
lowest charge carrier recombination rate found in this sample.
Therefore, the highest photocatalytic performance, compared
to that of ZnO and BiVO4, would be observed.

The electrochemical technique was performed to determine
the spatial transfer and separation of electron−hole pairs using
the linear sweep voltammetry (LSV) and electrochemical
impedance spectroscopy (EIS) methods.16,17 The highest
current density was obtained from ZnO/BiVO4, compared to
the bare photocatalysts (Figure 7a), suggesting that the highest
photoactivity could be found from this sample. The successful
generation of the heterojunction photocatalyst provides an
improvement of charge separation efficiency, causing an
increase in the resultant photoactivity.5,6,19 The result agrees
well with the trend of relative intensity found in the PL spectra.

The charge recombination rate was estimated by performing
EIS. In principle, the arc radius provides the information
concerning the charge transfer process at the electrode/
electrolyte interface. The lowest radius being obtained from
the ZnO/BiVO4 photocatalyst (Figure 7b) implies the lowest
charge-transfer resistance, indicating that the greatest photo-
catalytic performance is expected to be detected from the
ZnO/BiVO4 heterojunction, compared to that of bare ZnO
and pristine BiVO4. It can be concluded that the results from
the PL spectra, the LSV plots, and the EIS plots confirm the
enhanced photoactivity of the prepared heterojunction, in
comparison to those obtained from the individual photo-
catalysts.

To understand the mechanism regarding the enhanced
efficiency of the photocatalyst, the Mott−Schottky plots were
elucidated for the determination of the band structures of the
heterojunction (Figure 7c). The details have been shown
previously.5,17 The flat band (VFB) level of bare ZnO was
found to be −0.16 eV, while that of pristine BiVO4 was about
0.17 eV. The values are nearly the same as the conduction
band (VCB) levels of the photocatalysts5,6 such that the VCB
values of ZnO and BiVO4 were found to be −0.16 and 0.17 eV,
respectively (see Figure 7c). The prepared ZnO (Eg of 3.20
eV) showed the VVB level of 3.04 eV. BiVO4 (Eg of 2.12 eV)
displayed the VVB value of 2.29 eV. In summary, the values of
VCB and VVB levels obtained from both ZnO and BiVO4 are
depicted later in Figure 13. The charge transfer between ZnO
and BiVO4 was also proposed.
3.2. Photodegradation Study. The photocatalytic

degradation of the RR141 dye and OTC antibiotic was
investigated under both simulated UV light and natural solar
light.

3.2.1. Photodegradation of the Pollutants under UV
Light. Photodegradation of the OTC antibiotic and RR141 dye
after UV light irradiation (a mercury lamp, 125 W) was
studied. As seen in Figure 8a, lowering of OTC content with
time indicates the removal of this antibiotic. The photolysis of
OTC is negligible. Less than 5% removal of OTC via the
adsorption process was detected in the presence of ZnO/
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BiVO4. Interestingly, enhanced detoxification of OTC was
detected under light illumination. The photoactivity of about
88% was reported after 240 min (Figure 8c). The photoactivity
of the binary heterojunction is about 1.5 and 1.9 times higher
than those obtained from bare ZnO and pristine BiVO4,
respectively.

On examining the RR141 degradation, Figure 8b shows a
decrease of RR141 concentration with time. The photolysis of

the RR141 dye can be neglected. In addition, in the presence
of ZnO/BiVO4, lower than 13% of RR141 was removed via the
adsorption process. Interestingly, enhanced photocatalytic
degradation of RR141 under UV light was detected. The
photoactivity reaches about 97% after 240 min (Figure 8d).
For comparison, the physical mixture of ZnO and BiVO4 was
also used as a photocatalyst. However, this sample still shows
lower performance than the ZnO/BiVO4 photocatalyst. The
result strongly indicates that the most important role is of the
heterojunction photocatalyst for the improvement of the
resultant photoactivity. As seen from Figure 8d, the
heterojunction provides an enhanced performance, which is
about 1.04, 2.66, and 1.03 times greater than those reported
from bare ZnO, pristine BiVO4, and the physical mixture,
respectively, after 180 min.

The photodegradation reaction of both the OTC antibiotic
and RR141 dye follows the first-order reaction (Figure 8e,f).
The rate constants (k) of 0.0104 and 0.0157 min−1 were
observed after UV light irradiation. ZnO/BiVO4 shows the
highest rate constants among all prepared samples. This
correlates well with the greatest efficiency found in the
heterojunction presented previously. On examining OTC
removal (Figure 8e), ZnO/BiVO4 shows a rate constant that
is about 2.08 and 2.97 times greater than those of ZnO and
BiVO4, respectively. On examining RR141 degradation (Figure
8f), it is noted that the ZnO/BiVO4 heterojunction provides a
rate constant that is about 1.89, 4.76, and 1.43 times greater
than those obtained from bare ZnO, pristine BiVO4, and the
physical mixture, respectively. All in all, the greatest photo-
degradation efficiency together with the highest rate constant
found in the ZnO/BiVO4 heterojunction photocatalyst is
mainly due to the enhancement of the surface area, compared
to that of bare ZnO, and the suppression of the charge carrier
recombination rate after successful construction of the binary
heterostructure.

3.2.2. Photodegradation of the Pollutants under Natural
Sunlight. The photocatalytic degradation of OTC and RR141
was also studied under sunlight, as seen in Figure 9. By
determining OTC degradation, an efficiency of about 95% was
achieved after 80 min, in the presence of the ZnO/BiVO4
photocatalyst (Figure 9a). Accordingly, a rate constant of
about 0.0479 min−1 was obtained (Figure 9c). It can be clearly
seen that the ZnO/BiVO4 heterojunction shows the highest
efficiency and the greatest rate constant in comparison to those
of bare ZnO and pristine BVO4. In the case of RR141
degradation, the same trend was also observed. With the
addition of ZnO/BiVO4, the highest performance reached
100% after only 80 of solar light irradiation (Figure 9b). The
rate constant of 0.1071 min−1 was obtained. All in all, the
results from both UV light and solar light support the
enhanced photocatalytic performance of the binary hetero-
junction, compared to that of the individual photocatalysts.
This is mainly due to the improvement of the surface area,
compared to that of bare ZnO, and the remarkable
enhancement of charge separation at the interface.

3.2.3. Influence of the Experimental Parameters on
Photoactivity. The influence of some experimental parameters
on OTC degradation was investigated. It can be seen from
Figure 10a that increasing OTC concentration results in
lowering of degradation efficiency. The enhancement of OTC
concentration results in much more absorption of light by the
OTC molecules instead of the catalyst. Therefore, a decrease
of photon flux reaching the photocatalyst causes the lowering

Figure 7. LSV scans plots (a), EIS Nyquist plots (b), and Mott−
Schottky plots (c) of the samples using a frequency of 30 Hz in 0.1 M
Na2SO4.
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of the resultant photocatalytic performance. The addition of 20
ppm OTC showed the lowest photoactivity. It should be noted
that after 240 min, the efficiency reached about 90% with an
initial OTC concentration of 10 ppm. Thus, this concentration
was used for further study.

The effect of photocatalyst content on photocatalytic
performance was also elucidated. As seen in Figure 10b, the
addition of a catalyst content of up to 50 mg causes an increase
in photoactivity, resulting from the enhancement of OTC
adsorption on the photocatalyst surface together with the
increment of the photocatalyst density over one unit area of
photo irradiation.5,17 However, a drop of the performance was
found after 75 mg of the catalyst was added. Therefore, the
catalyst loading was fixed at 50 mg for further investigation.

The effect of the initial solution pH (3−11) on photo-
catalytic activity was also elucidated (Figure 10c). The OTC
aqueous solution showed the natural solution pH of 7. A
drastic decrease of the photocatalytic performance at an

extremely acidic condition (pH = 3) is mainly assigned to the
dissolution of the photocatalyst. On examining the extreme
basic condition of pH = 11, in principle, a negative charge on
the photocatalyst surface and a negative charge of OTC
molecules (pKa = 3.57, 7.79, and 9.88) co-existed.5,17 This
causes the repulsion between the photocatalyst and the OTC
antibiotic so that the lowering of the performance could be
expected. However, the pH of about 11 provides the highest
photoactivity compared to the natural pH of about 7. This can
be explained in terms of the much higher production of active
species such as hydroxyl radicals under the basic condition.16,17

The higher the number of active radicals, the greater the
resultant photoactivity.

Furthermore, the influence of some parameters on RR141
degradation was also elucidated (see Figure 11). First, the
lowest dye concentration of 5 ppm showed the greatest
performance (Figure 11a). A decrease of the efficiency with an
increment of dye concentration was observed. However, 10

Figure 8. Plots of OTC antibiotic concentration (a) and RR141 dye (b) vs time, the photodegradation efficiency of OTC (c) and RR141 (d)
degradation, and ln(C0/C) vs time obtained from the photodegradation of the OTC antibiotic (e) and RR141 (f).
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ppm of RR141 is the optimal concentration for further
investigation. Second, the effect of the catalyst content on the
efficiency is shown in Figure 11b. An increase in the catalyst
loading of up to 50 mg provided the maximum photoactivity
within 240 min. Third, the influence of pH on the
photocatalytic activity was studied over the pH range of 3−
11 (Figure 11c). The natural pH of the dye solution is about 7.

A dramatic drop of the performance at a pH of 3 was mainly
due to the dissolution of the prepared photocatalyst under the
acidic condition. The performance obtained from the natural
pH of 7 showed the efficiency to be as high as that obtained
from the basic condition (pH of 11). Therefore, the result
confirms no need to adjust the initial solution pH of the
RR141 dye.

3.2.4. Photodegradation Mechanism and Recycling
Ability. The photodegradation mechanism of the OTC

Figure 9. Lowering of OTC antibiotic (a) and RR141 dye (b)
concentrations with time under natural sunlight and the rate constants
of the photocatalysts toward the degradation of the OTC antibiotic
and RR141 dye (c).

Figure 10. Effect of initial concentration (a), catalyst content (b), and
initial solution pH (c) on photodegradation of the OTC antibiotic.
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antibiotic was examined by the trapping method.5,16,17 The
photoactivity, in the presence of various quenchers, was
elucidated. A dramatic decrease of photoactivity was observe
after the addition of IPA (Figure 12a,b), implying the most
important role of the hydroxyl radicals in the degradation of
the antibiotic. The rate constant also decreases with the
addition of IPA (Figure 12c). In addition, photogenerated
holes play a subordinate role in the removal of the pollutants.

Furthermore, monitoring of the hydroxyl radical (•OH)
after light irradiation was carried out via the TA probe
technique.17 The fluorescence product, 2-hydroxyterephthalic
acid (TA-OH), was detected. The increasing of PL peak
intensity at 425 nm with increasing irradiation time was clearly
observed, as seen in Figure 12d. Again, the result strongly
confirms the major role of the hydroxyl radicals in the
degradation of the toxic pollutant.

Upon light irradiation, the photogeneration of the electrons
and holes were occurred in the conduction band (CB) and the
valence band (VB), respectively. After that, the formation of
reactive species would be expected. In principle, the energy
level of the CB and VB edges of both BiVO4 and ZnO
photocatalysts can be determined by using the Mulliken
electronegativity theory as follows

= +E E E0.5VB C g (4)

=E E ECB VB g (5)

where EVB is the VB potential, ECB is the CB potential, EC is
the standard hydrogen electrode potential (≈4.5 eV), and χ is
the absolute value of the electronegativity of the semi-
conducting photocatalyst.3,6,16 The values of the electro-
negativity were 2.34 and 5.79 eV, respectively, for BiVO4
and ZnO.3,6,16 In theory, the VB and CB potentials of the
BiVO4 photocatalyst were found to be 2.71 and 0.37 eV,
respectively, while the corresponding values of the ZnO
photocatalyst were found to be 2.90 and −0.31 eV,
respectively. In practice, however, after the creation of the
heterojunction, the CB potential levels of ZnO and BiVO4 are
found to be −0.16 and 0.17 eV, respectively, as shown
previously from the Mott−Schottky plots in Figure 7c. The
band gap energy of ZnO and BiVO4 are 3.20 and 2.12 eV,
respectively. Therefore, the VB potential levels of 3.04 and
2.29 eV can be obtained for ZnO and BiVO4, respectively.

To determine the heterojunction photocatalyst, the creation
of a heterostructure based on the coupling of two photo-
catalysts has been demonstrated.39,47,69−71 The type II and Z-
scheme heterojunctions were previously proposed. However, it
is accepted that the electron transfer mechanism of the
traditional Z-scheme photocatalyst and all-solid-state Z-scheme
photocatalyst still exhibit some drawbacks. Alternatively, the

Figure 11. Effect of initial concentration (a), catalyst content (b), and initial solution pH (c) on photodegradation of the RR141 dye.
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Figure 12. Lowering of C/C0 due to photodegradation (a), bar chart showing photodegradation efficiency (b), rate constants of the photocatalysts
toward degradation of the OTC antibiotic after the addition of various scavengers (c), and hydroxyl radical trapping PL spectra of the solution after
photo-illumination of the ZnO/BiVO4 photocatalyst (d).

Figure 13. Photocatalytic mechanism schemes based on degradation of the pollutants after photoirradiation of the ZnO/BiVO4 photocatalyst.
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novel model based on a S-scheme photocatalyst was
proposed.65−68 In this case, the charge separation and high
redox ability are obtained. In theory, extended photo-
absorption, excellent charge separation, and a strong redox
potential are collectively gained. This heterojunction mecha-
nism can be applied nicely in the present research. Therefore,
the removal of toxic pollutants by the ZnO/BiVO4 S-scheme
heterojunction photocatalyst is proposed in Figure 13. The
photocatalytic degradation of the toxic contaminant can be
summarized as follows.

+ + + +hZnO/BiVO ZnO/BiVO e h4 4 (6)

+ •e O O2 2 (7)

+ + +• •O 2H O e 2 OH 2OH2 2 (8)

++ •h OH OH (9)

+•OH contaminant products (10)

++h contaminant products (11)

Reusability is a crucial factor influencing the practical use of
the synthesized photocatalyst.5,6,16,17 Thus, the cycling ability
of the photocatalyst after the removal of the RR141 dye and
OTC antibiotic was studied. The ZnO/BiVO4 photocatalyst
still provides high photocatalytic performance even after five
cycles of use (Figure 14). The chemical structural of the
photocatalyst after pollutant degradation was investigated. The

Figure 14. Reusability of the ZnO/BiVO4 photocatalyst for photodegradation of the OTC antibiotic (a) and RR141 dye (b) and the bar charts (c)
showing the cycling ability of the photocatalyst.
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stability of the structure was confirmed (Figure 15a). The
identical FT-IR spectra (Figure 15b) and PL spectra (Figure
15c,d) suggested the chemical stability of the photocatalyst as
well. Additionally, the morphology of the used photocatalyst
(Figure 15e) is more or less the same as that received from the
fresh photocatalyst (Figure 2), implying the stability of the
sample morphology.

It is important to noted that leaching of Zn2+ after
photodegradation was also one major concern. The measure-
ment of Zn2+ in the solution was performed. It can be shown
that bare ZnO showed 7 ppm Zn2+ in the pollutant solution,
while ZnO/BiVO4 exhibited only 0.7 ppm Zn2+. The result
strongly confirms the improvement of the photocatalyst

stability after the creation of the heterojunction. The
photoactivity of various catalysts toward degradation of the
RR141 dye and OTC antibiotic has been stud-
ied.1,6,7,13,16,17,20,21,72−84 In this work, the ZnO/BiVO4 photo-
catalyst is used for the degradation of the toxic pollutants
under UV light and natural sunlight. The performance of the
synthesized photocatalyst together with those reported in the
literature is shown in Table 1. By determining RR141
degradation, bare ZnO provided the photoactivity of 95−
98%.6,72,76 Capped ZnO, by using sodium dodecyl sulfate
(SDS) or polyvinylpyrrolidone (PVP), showed the perform-
ance of 60−100%.1,7,73 In the case of metal-doped ZnO,
copper-doped ZnO and lead-doped ZnO displayed the

Figure 15. XRD patterns (a), vibrational spectra (b), and PL spectra using λexcitation values of 320 (c) and 360 nm (d) of the fresh and used
photocatalyst and SEM images of the ZnO/BiVO4 photocatalyst after the removal of the RR141 dye and OTC antibiotic (e).
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performances of 89 and 96%, respectively.76,77 The ZnO/CdS
composite exhibited the photoactivity of 80%.6 In addition, the
pristine bismuth molybdate photocatalyst showed the
efficiency of 37−70%.74,75 Interestingly, in the present work,
the ZnO/BiVO4 heterojunction showed the performances of
97 and 100% under UV light and sunlight, respectively. In
terms of OTC removal, bare ZnO showed the efficiency of
50% after 150 min of visible light irradiation.78 In the case of
pristine BiVO4, the performance of 52−93% was de-
tected.13,16,17,79 The binary composites based on BiVO4
showed a high efficiency of about 68% .20,80 The ZnO−TiO2
photocatalyst provided the performance of 90%.81 Enhance-
ment of the efficiency to about 55−99.8% was reported in the
ternary composites based on either ZnO or BiVO4.

13,21,74,82−84

In the present work, the prepared ZnO/BiVO4 catalyst
exhibited high photocatalytic performances of 88 and 95%
under UV light and sunlight, respectively. To sum up, the
prepared heterojunction catalyst displayed enhanced perform-
ance toward the degradation of the RR141 dye and OTC
antibiotic under the economical natural sunlight. The synthesis
of the photocatalyst can be performed perfectly without the
doping of expensive noble metals such as gold or silver. The

present research shows the novel route for detoxification of the
harmful dye and antibiotic in aqueous solution by utilization of
the abundant solar energy.

4. CONCLUSIONS
The ZnO/BiVO4 S-scheme photocatalyst has been generated
very easily by a facile hydrothermal technique followed by an
ultrasonic route. The prepared ZnO/BiVO4 heterojunction
showed the improvement of the surface area, compared to that
of bare ZnO. The heterojunction also exhibited the lowest PL
intensity, compared to those of bare ZnO and BiVO4.
Accordingly, the heterostructure photocatalyst showed the
enhanced sunlight-active photocatalytic activities of 100 and
95% toward degradation of the RR141 dye and OTC
antibiotic, respectively. The photodegradation of the pollutant
follows the first-order kinetic model. Hydroxyl radicals play the
most important role in the removal of the toxic pollutants. The
synthesized ZnO/BiVO4 photocatalyst still maintains excellent
performance even after five cycles of use, indicating its
promising cycling ability. The present finding demonstrates a
promising avenue to fabricate a novel sunlight active S-scheme
heterostructure photocatalyst for environmental remediation.

Table 1. Comparison of the RR141 Azo Dye and OTC Antibiotic Degradation by Using Various Photocatalysts

catalyst concentration (mg L−1) catalyst loading (mg) light source lamp (W) time (min) photodegradation (%) refs

Photodegradation of RR141 Azo Dye
ZnO 10 50 UV 125 240 95 72
ZnO 10 50 UV 125 240 98 6
ZnO 30 30 UV 120 96 76
SDS-capped ZnO 10 50 UV 125 240 100 1
SDS-capped ZnO 10 50 UV 125 240 95 7
SDS-capped ZnO 10 50 visible 15 240 60 7
SDS-capped ZnO 10 50 solar light 240 88 7
PVP-capped ZnO 10 50 UV 125 120 100 73
Cu−ZnO 50 100 UV 120 89 77
3% Pb−ZnO 30 30 UV 120 96 76
ZnO/CdS 10 50 visible 15 120 80 6
Bi2MoO6 10 50 UV 125 240 37 74
Bi2MoO6 10 50 visible 15 240 45 74
Bi4MoO9 10 50 UV 125 240 68 75
Bi4MoO9 10 50 solar light 240 70 75
ZnO−BiVO4 10 50 UV 125 240 97 this work
ZnO−BiVO4 10 50 solar light 60 100 this work

Photodegradation of OTC Antibiotic
ZnO 10 100 visible 300 150 50 78
BiVO4 10 50 visible 15 240 55.5 17
BiVO4 10 50 natural sunlight 240 82.8 17
BiVO4 10 50 visible 15 240 62 16
BiVO4 10 50 solar light 240 93 16
BiVO4 10 50 visible 1000 120 61.1 13
BiVO4 10 20 visible 300 120 52.7 79
BiVO4/TiO2 10 visible 1000 120 68.4 20
Bi2S3/BiVO4 200 100 visible 500 960 67 80
ZnO−TiO2 60 5 solar light 8 90.3 81
Cu doped ZnO-MWCNT 50 5 visible 400 240 55 82
NiCo/ZnO/g-C3N4 10 20 visible 300 50 71.3 83
Ag/AgCl/BiVO4 20 50 UV 1000 120 97.6 13
Ag/Ag2S/BiVO4 20 20 visible 500 150 99.8 21
Ag/BiVO4/GO 20 100 visible 500 70 90 84
ZnO/ZnFe2O4/diatomite 10 100 visible 300 150 95 78
ZnO−BiVO4 10 50 UV 125 240 88 this work
ZnO−BiVO4 10 50 solar light 100 95 this work
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