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ction of ZnO/CuS
heterostructures-modified PVDF nanofiber
photocatalysts with enhanced photocatalytic
activity†

Chuanfeng Zang,a Hao Chen,a Xiangye Han,a Wei Zhang,*a Junfang Wu,a

Fanghua Liang,a Jiamu Dai,a Hongchao Liu,b Guangyu Zhang, *a Ke-Qin Zhang c

and Mingzheng Ge *abc

PVDF/ZnO/CuS photocatalysts with ZnO/CuS heterojunctions were synthesized via electrospinning,

hydrothermal, and ion-exchange techniques. As matrix materials, electrospun PVDF nanofibers are easy

to be recycled and reused. ZnO nanorods anchored on PVDF nanofiber with high specific surface area

provide abundant active reaction sites for photocatalysis. While the loaded CuS nanoparticles as

a photosensitizer compensate the low quantum efficiency of ZnO and improve the visible-light

photocatalytic efficiency. As a result, the PVDF/ZnO/CuS composited photocatalyst exhibits outstanding

photocatalytic performance in exposure to UV and visible light owing to the suppressed recombination

of electron–hole pairs and widened visible light absorption range. The kinetic constants of PVDF/ZnO/

CuS nanocomposites under UV irradiation (9.01 × 10−3 min−1) and visible light (6.53 × 10−3 min−1)

irradiation were 3.66 and 2.53 times higher than that of PVDF/ZnO (2.46 × 10−3 min−1 & 2.58 ×

10−3 min−1), respectively. Furthermore, PVDF/ZnO/CuS nanocomposites demonstrate excellent

robustness in terms of recycling and reuse, which is advantageous in practical applications.
1. Introduction

Human production activities such as industry, agriculture, and
transportation have made environmental pollution problems
increasingly prominent. A large number of emissions of waste
gas, heavy metal wastewater, and dyes have wholly exceeded the
carrying capacity and self-healing ability of the environment.1

According to previously published reports, more than 11%
(about 700 000 tons) of dyes are discharged into industrial
wastewater each year worldwide.2 The release of these complex
organic dyes into the environment has resulted in signicant
pollution and harm to human health. As a result, it is critical to
address the environmental pollution problem. Thus, semi-
conductor photocatalysts have received much attention to
overcome these issues. For example, photocatalysts, such as
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ZnO and TiO2, are frequently utilized for organic dye removal.3–5

TiO2 and ZnO are claimed to have comparable wide band gap
(∼3.3 eV), but the better photocatalytic degradation efficiency of
low-cost ZnO for a variety of organic dyes in acidic and alkaline
environments has piqued the interest of a large number of
researchers.6–9 However, the low quantum efficiency of ZnO as
a result of the quick photogenerated electron/hole recombina-
tion drastically lowers photocatalytic performance. Meanwhile,
the extremely limited range of its spectral response results in
a low visible-light photocatalytic activity.10–15

In order to improve the utilization efficiency of solar energy,
doping or compositing ZnO with metal, non-metal and other
semiconductors are the effective ways to improve the visible-
light photocatalytic activity.16–26 CuS is a typical narrow
bandgap (1.2–2.0 eV) p-type semiconductor material preferred
among visible light photocatalysts due to its low toxicity, simple
preparation, and excellent physical and chemical stability.27–38

However, the synthesis of pure CuS nanoparticles demands
high pressure and temperature, which to some extent restricts
their further use in commercial development. For example,
Huang et al. prepared TiO/CuS photocatalytic composites with
cauliower-like shapes using a one-step hydrothermal method,
which can effectively remove RhB pollutants by avoiding
complex high-temperature calcination and complicated post-
treatment.39 Besides, Basu et al. combined a low-temperature
RSC Adv., 2022, 12, 34107–34116 | 34107
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wet-chemical method to fabricate ZnO/CuS type-II semi-
conductor photocatalysts. The generated composite photo-
catalysts had a 2.5 times higher catalytic efficiency than pure
CuS under visible light irradiation.41 Similarly, Kaushik et al.
prepared Fe3O4@SiO@ZnO–CuS composited photocatalysts
withmagnetic core–shell structure, and the degradation rates of
methyl blue and toluidine blue were 93% and 87.5%, respec-
tively.36 The disadvantage of the aforementioned composite
photocatalysts is still that they are difficult to recover from the
photocatalytic reaction in aqueous solution since their nished
products are in the form of powder and particles. Previous
ndings claim that it is possible to load photocatalysts onto
inorganic materials with a high specic surface area.42–44

Accordingly, the p–n heterojunction prepared by coupling CuS
and ZnO nanomaterials can signicantly improve the catalytic
activity of ZnO under visible light irradiation.45–47 In addition, in
order to make the photocatalysts recyclable and reusable,
electrospun nanobers acting as a base material for mounting
nanocomposite photocatalysts are drawing numerous
interests.48–50 Despite the fact that nano-powder photocatalysts
demonstrate higher photocatalytic efficiency than membranes
due to their large specic surface area, there are still many
problems in practical applications.51–53 For example, nano-
powder photocatalysts are prone to agglomerate, which signif-
icantly lowers the light absorption efficiency and reduce the
surface area in contact with the pollutant, leading to
a decreased photocatalytic activity. Furthermore, aer water
purication, the subsequent separation process of the photo-
catalysts is complicated, energy-consuming, hard to recycle,
and easy to form potential secondary contamination. Thus, we
speculate that heterojunction ZnO/CuS photocatalytic compos-
ites anchored to electrostatically spun nanolms can enhance
photocatalytic activity when exposed to visible light and provide
more photocatalytic active sites as well as excellent morpho-
logical stability for contaminant degradation during continuous
water treatment. In order to prevent reactive oxygen species
from interfering with the photocatalytic process, the matrix
material utilized as an anchor for the photocatalyst must be
both physically and chemically stable. According to reports,
a variety of materials have been considered photocatalytic
carriers (polymers, ceramics, alumina, activated carbon,
etc.).54,55 The excellent electrochemical, mechanical, heat-
resistance, and chemical stability of polyvinylidene uoride.
However, a substance that is frequently employed in polymer
membranes, makes PVDF nanober membranes the perfect
photocatalytic carrier.56,57 ZnO nanorods were grown on PVDF
nanobers by electrostatic spinning using a mixture of PVDF
and zinc acetate, sequentially by heat treatment at temperatures
below 200 °C and by the simple hydrothermal method in the
growth solution. Compared with direct hydrothermal growth,
the simple hydrothermal method has superior ZnO binding
fastness, the materials are simple and the conditions are mild,
without further reaction at high temperature or high-pressure
situations.

In this work, a novel heterostructured composite photo-
catalyst was prepared by loading ZnO/CuS heterojunction on
electrospun PVDF nanober membranes by a combination of
34108 | RSC Adv., 2022, 12, 34107–34116
electrospinning, hydrothermal and ion exchange technique.
This method anchors ZnO nanorods on PVDF nanobers to
provide abundant reactive sites for photocatalysis. Meanwhile,
CuS, which forms a p–n heterojunction with ZnO nanorods, acts
as a photosensitizer to compensate for the low quantum effi-
ciency of ZnO and improves the photocatalytic efficiency under
visible light irradiation. The results show that the kinetic
constants of PVDF/ZnO/CuS nanocomposites under UV
(9.01 min−1) and visible light (6.53 × 10−3 min−1) irradiation
are 3.66 and 2.53 times higher than those of PVDF/ZnO (2.46 ×

10−3 min−1 and 2.58 × 10−3 min−1), respectively. In addition,
this excellent structural stability and recyclability allow the
composites to be used in water treatment with long-term
integrity and excellent photocatalytic activity.
2. Experimental section
2.1 Materials

Polyvinylidene uoride powder (PVDF, average molecular
weight = 700 000 g mol−1), N,N-dimethylformamide (DMF),
acetone, anhydrous zinc acetate (Zn(Ac)2), hexamethylenetetra-
mine (HMTA), zinc chloride (ZnCl2), ammonia (NH3$H2O),
copper(II) nitrate hydrate (Cu(NO3)2$3H2O), sodium sulde
nonahydrate (Na2S$9H2O), sodium hydroxide (NaOH), methy-
lene blue (MB), were purchased from Aladdin Co., Ltd. All
reagents are used as is, without further purication.
2.2 Synthesis method

Preparation of ZnO@PVDF nanober membrane.
ZnO@PVDF nanober membrane was prepared through
a simple electrospinning method and hydrothermal reaction.
Firstly, PVDF powder (2 g) was dissolved in a mixed solution of
DMF (12.6 g) and acetone (5.4 g), and stirred for 3 h at room
temperature. Secondly, 0.6 g anhydrous zinc acetate was adding
into the solution and stirred at 80 °C for 3 h to achieve
a homogeneous solution. Thirdly, the spinning solution was
then loaded into a syringe and set the DC supply voltage
between the collection plate and the needle tip to 15 kV. with
a feed rate of 0.015 mLmin−1. The spinning distance was 18 cm
(from the syringe needle to the collector). Electrostatic spinning
took a total of 12 h, followed by 12 h of drying using a vacuum
oven (temperature 140 °C).

The electrospun PVDF nanober membrane (0.1 g) was put
into the 0.1 M growth solution consisting of 1.39 g ZnCl2, 1.42 g
HMTA and 5 mL NH3$H2O and appropriate amount 100 g
deionized water, and the hydrothermal reaction was completed
by growth at 90 °C for 3 h. Finally, the nanobers were repeat-
edly washed with deionized water for 3 times and dried,
obtaining ZnO@PVDF nanober membrane.

Preparation of PVDF/ZnO/CuS nanocomposites. Hetero-
structured PVDF/ZnO/CuS photocatalysts were constructed by
an advanced ion-exchange technique. 0.1 g ZnO@PVDF nano-
ber membrane was placed in a 5 mM Na2S$9H2O solution for
30 s, and then placed in 5 mM Cu(NO3)2$3H2O solution for 30 s.
The above steps were repeated for 10 times. Aer repeated
washing with ultrapure water, the washing solution was nearly
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration for the synthesis of PVDF/ZnO/CuS composite nanofiber.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

1/
7/

20
25

 2
:1

4:
15

 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
neutral, and nally vacuum dried and set aside to obtain PVDF/
ZnO/CuS nanobers (Fig. 1). At the same time, for purposeful
comparison, PVDF/CuS was prepared by the identical
technology.
2.3 Characterizations

The morphology of nanocomposites was analyzed by scanning
electron microscope (SEM) images were taken using a FESEM,
ZEISS Gemini 300 eld emission scanning electron microscope.
Morphological, dimensional and compositional observation of
samples using JEOL JEM-2100HR transmission electron
microscope with energy spectrum EDS. Using a Rigaku Ultima
IV X-ray diffractometer, X-ray diffraction (XRD) maps of the
sample structure were taken, studied, and analyzed, and to
analyze the surface chemical composition of the substance,
measurements were made using a Thermo Scientic K-Alpha+

X-ray energy spectrometer (XPS). Utilizing BaSO4 as the refer-
ence material, the diffuse reectance spectra (DRS) of the
materials were measured using a Shimadzu UV-2600 spectro-
photometer. Lastly, the photoluminescence spectra (PL) of the
prepared sample lms were obtained using a Cary Eclipse
uorescence spectrometer at an excitation wavelength =

325 nm.
2.4 Photocatalytic measurements

Photocurrent measurements were carried out using a computer-
controlled electrochemical workstation (CS-320H). 4 cm × 4 cm
PVDF/ZnO/CuS nanobers were placed in a 50 mL MB solution
at a concentration of 20 mg L−1 for a period of time in the dark,
and their adsorption properties were tested every 30 min until
the adsorption equilibrium was reached. The nanobers were
placed under UV light (UV lamp, 6 W) and visible light (xenon
lamp with a 420 nmUV-light cut-off lter, 600W) simulating the
intensity of sunlight, and the supernatant was taken and diluted
at certain time intervals, and the residual MB content was
determined by using Pu-analysis TU-180 spectrophotometer. A
© 2022 The Author(s). Published by the Royal Society of Chemistry
30 mL solution of MB at a concentration of 10 mg L−1 was
selected for the cyclic experiments.
3. Results and discussion

The morphology of nanobers before and aer hydrothermal
treatment was analyzed by scanning electron microscopy (SEM)
(Fig. 2). The morphology of PVDF nanobers before hydro-
thermal treatment is relatively smooth, and the diameter of
each nanober is ∼300 nm (Fig. 2a), but the diameter distri-
bution is not very uniform. Aer the hydrothermal reaction, the
surface of PVDF nanobers has a large number of neatly
arranged ZnO nanowhiskers (Fig. 2b), which envelop the
nanobers entirely and increase their specic surface area
signicantly. Following that, in situ reductions evenly distribute
the CuS nanoparticles on the ZnO nanorods (Fig. 2c). Due to the
hydrophobic nature of PVDF, small amounts of CuS nano-
particles are also attached to the PVDF nanobers in the
absence of the intermediate ZnO nanorods, which oen form
particles with size ranging from a few nanometers to a few
micrometers (Fig. S1†). ZnO is n-type semiconductor material,
while CuS is a typical narrow bandgap (1.2–2.0 eV) p-type
semiconductor material among visible light photocatalysts.
Thus, the p–n heterojunction prepared by coupling CuS and
ZnO nanomaterials can signicantly improve the catalytic
activity of ZnO under visible light irradiation. As displayed in
TEM images, the crystal spacings of 0.282 nm and 0.305 nm are
corresponding to (100) crystal plane of ZnO (wurtzite-type) and
(102) crystal plane of CuS (Fig. 2d and e). And the interface
between ZnO and CuS marked with red line indicates the
successful construction of the p–n heterojunctions (Fig. 2f).
Furthermore, the EDS spectral analysis revealed that the Zn, O,
Cu, and S elements were homogeneously spread on the surface
of the self-grown ZnO nanorods, demonstrating the successful
synthesis of ZnO/CuS heterostructures on PVDF nanobers
(Fig. 2g).

Fig. 3a represents the XRD spectra of the nanocomposites
PVDF/ZnO and PVDF/ZnO/CuS. PVDF/ZnO nanocomposites
RSC Adv., 2022, 12, 34107–34116 | 34109
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Fig. 2 SEM images of (a) PVDF, (b) ZnO@PVDF, (c) PVDF/ZnO/CuS nanocomposites. (d–f) TEM images and (g) EDX mapping of PVDF/ZnO/CuS
nanocomposites, respectively.
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have typical peaks at 31.6°, 34.3°, 36.1°, 47.4°, 56.5°, 62.7°,
66.3°, 67.8°, 68.9°, 72.5°, and 76.8°, which are related the (100),
(002), (101), (102), (110), (103), (200), (112), (201), (004), and
(220) of ZnO (JCPDS 36-1451). On the other hand, following of
CuS deposition, the diffraction peak at 29.28° is in relatively
excellent agreement with the (102) crystal plane of cubic CuS
(JCPDS 06-0464), conrming that the PVDF/ZnO/CuS sample
consists mainly of CuS and ZnO. The obtained XRD spectra are
consistent with the results of TEM, indicating the successful
preparation of ZnO/CuS heterojunctions.

Fig. 3b illustrates the XPS spectra of PVDF/ZnO/CuS, exhib-
iting the presence of Zn, Cu, O and S elements as well as
indeterminate carbon. Fig. 3c presents the two characteristic
peaks of element Zn. The two peaks at 1021.5 eV and 1044.6 eV
correspond to the peaks of Zn 2p3/2 and Zn 2p1/2, respectively.
Fig. 3d shows the two peaks at 932.3 eV and 952.2 eV, repre-
senting Cu 2p3/2 and Cu 2p1/2, respectively, which correspond to
the peaks of Cu in CuS. In Fig. 3e, the O 1s can be divided into
two peaks, and the rst peak (530.3 eV) is attributed to oxygen in
the ZnO structure, which again proves that the prepared
nanomaterial is ZnO. The adsorbed water on the sample surface
is what is responsible for the second peak (531.7 eV). In Fig. 3f,
the major binding energy peaks are positioned at 161.5 eV and
162.4 eV, corresponding to S 2p3/2 and S 2p1/2, respectively. The
0.9 eV band gad between S 2p3/2 and 2p1/2 indicates that Cu
element exists in the form of CuS.58,59 These analytical results
34110 | RSC Adv., 2022, 12, 34107–34116
further demonstrate the presence of heterojunctions ZnO/CuS,
which is consistent with the XRD and TEM analyses described
above.

Fig. 4a shows the UV-Vis absorption spectra of the nano-
composites PVDF/CuS, PVDF/ZnO and PVDF/ZnO/CuS, respec-
tively. The PVDF/CuS shows quite low solar light utilization
efficiency, which is attributed to that the hydrophobic nature of
PVDF results in the attachment of a minority of CuS nano-
particles on PVDF nanobers. Owing to the wide band gap of
ZnO, PVDF/ZnO composites possess superior UV absorption but
poor absorption of visible light. Aer the introduction of CuS,
the PVDF/ZnO/CuS nanocomposites show a signicant increase
in absorption intensity in both UV and visible light regions
when compared with PVDF/ZnO, indicating that the strong
visible-light sensitive property of CuS. The enhanced 700–
800 nm range adsorption could be ascribed to the strong near-
infrared light absorption performance of by CuS nanoparticles
due to the localized surface plasmon resonance effect.40,60,61 The
band gap energy (Eg) of PVDF/CuS, PVDF/ZnO, PVDF/ZnO/CuS
can be calculated by the following eqn (1):62

(ahn)2 = A(hn − Eg) (1)

According to the description, a is the absorption coefficient,
h is the at plate constant, v is the optical frequency, A is the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) XRD spectrumof PVDF/ZnO, PVDF/ZnO/CuS. (b) XPS spectra of PVDF/ZnO/CuS. High-resolution XPS spectra of (c) Zn 2p, (d) Cu 2p, (e)
O 1s, (f) S 2p for PVDF/ZnO/Cus nanocomposites.
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constant, and nally, Eg is the band gap energy. The band gap of
PVDF/CuS, PVDF/ZnO, and PVDF/ZnO/CuS is calculated as 3.3,
3.26, and 2.98 eV, respectively. Due to the suppression of
electron/hole recombination and rapid charge carrier transfer
achieved by creating a p–n ZnO/CuS heterojunctions, PVDF/
ZnO/CuS has a lower band gap than PVDF/CuS and PVDF/ZnO
(Fig. 4b).

The recombination rate of electron–hole pairs can be
determined by the photoluminescence (PL) spectra. A lower PL
intensity suggests a lower rate of electron–hole pair recombi-
nation, which in turn indicates an increase in photocatalytic
activity.63 Fig. 4c shows the PL spectra of the PVDF/CuS, PVDF/
ZnO, and PVDF/ZnO/CuS nanocomposites. The higher intensity
of PVDF/ZnO shows more heterodyne peaks, near-UV emission
near 390 nm, corresponding to free exciton emission from the
© 2022 The Author(s). Published by the Royal Society of Chemistry
near-band edge of ZnO, and weak blue emission near 467.7 nm,
which is caused by the jump of multiple defect states.46,60 The
sample shows a broad emission peak near the wavelength of
560 nm in photoluminescence spectra. This broad emission
peak has been widely reported for ZnO nanostructures, which
can be attributed to OH groups on ZnO surface, electron tran-
sition from zinc interstitial or oxygen vacancy to the top of the
valence band.9,64 The lower luminescence intensity of PVDF/
ZnO/CuS implies a lower degree of recombination of electron–
hole pairs when compared to PVDF/ZnO. This phenomenon is
attributed to that CuS deposited on the surface of ZnO nanorods
traps the photogenerated electrons and inhibits the recombi-
nation of electron–hole pairs.

Fig. 4d shows the photocurrent response curves of the
nanocomposites PVDF/CuS, PVDF/ZnO, and PVDF/ZnO/CuS
RSC Adv., 2022, 12, 34107–34116 | 34111
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Fig. 4 (a) UV-Vis absorption spectra curves of PVDF/CuS, PVDF/ZnO, and PVDF/ZnO/CuS samples and (b) the corresponding band gap energy.
(c) Photoluminescence spectra of the prepared photocatalyst composites. (d) Photocurrent response of the prepared photocatalysts under UV
light illumination.
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under visible light and in the dark. It is obvious that the PVDF/
ZnO/CuS nanocomposites with heterostructures have higher
photocurrent density under both UV light (1.32 mA cm−2)
(Fig. 4d) and visible light (200.71 mA cm−2) (Fig. S3†) irradiation.
It is generally accepted that a bigger photocurrent corresponds
to a greater number of separated photogenerated carriers.
Consequently, the creation of ZnO/CuS heterojunction effec-
tively boosted the electron–hole pairs separation and transfer,
enhancing the photocatalytic activity under both UV and visible
light irradiation. Consequently, the creation of ZnO/CuS het-
erojunction effectively boosted the electron–hole pairs separa-
tion and transfer, enhancing the photocatalytic activity. Aer
200 s of UV and visible light irradiation, the PVDF/ZnO/CuS
nanocomposite with a heterogeneous architecture can repeat-
edly create a steady photocurrent without appreciable declining
photocurrent. Due to the small quantity and uneven allocation
of CuS nanoparticles on PVDF nanobers, the photocurrent
density of PVDF/CuS is substantially lower than that of PVDF/
ZnO.

To assess the photocatalytic efficiency of the prepared PVDF/
ZnO/CuS nanocomposites against organic pollutants, MB was
utilized as a model. Under the same conditions, the photo-
catalytic activities of PVDF/CuS and PVDF/ZnO are evaluated as
a control. Fig. 5a shows that all photocatalysts reached
adsorption–desorption equilibrium aer about 120 minutes in
34112 | RSC Adv., 2022, 12, 34107–34116
the dark, with the PVDF/CuS composites showing almost no
adsorption performance, whereas the adsorption capacity of
PVDF/ZnO and PVDF/ZnO/CuS samples reached 14.2% and
18%, respectively, because the one-dimensional ZnO nanorods
and CuS nanoparticles increased the specic surface area and
enhanced the hydrophilicity for MB adsorption. PVDF/CuS
samples has essentially no photocatalytic efficacy against MB
dye aer 420 minutes of UV irradiation, while PVDF/ZnO/CuS
had a degradation rate of 98.4%, which is much greater than
PVDF/ZnO (71.1%). It suggests that the heterojunction of ZnO/
CuS increases the photocatalytic degrading performance for
MB. In addition, the degrading properties of PVDF/CuS, PVDF/
ZnO, and PVDF/ZnO/CuS nanocomposites against MB are also
examined under visible light irradiation (Fig. 5b). When
exposed to visible light for 480 minutes, the deterioration rates
of the PVDF/CuS, PVDF/ZnO, and PVDF/ZnO/CuS nano-
composites were 3.7%, 69%, and 93.3%, respectively. As
a consequence, the creation of p–n heterostructures enhances
visible light absorption and improves the effective separation
and rapid transfer of charge carriers.

Fig. 5c and d depicts a kinetic plot of methyl blue photo-
degradation by PVDF/ZnO/CuS nanocomposite photocatalyst,
which is calculated by the following equation:
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) MB degradation rate and (c) kinetic study of MB degradation for the different samples under UV light irradiation. (b) MB degradation rate
and (d) kinetic study of MB degradation for the different prepared samples under visible light irradiation. Cyclic photocatalytic degradation
performance of PVDF/ZnO/CuS nanocomposites under (e) UV and (f) visible light irradiation.
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ln

�
C0

C

�
¼ Kt (2)

where C0 is the raw concentration of MB, C is the equilibrium
concentration of MB at a certain reaction time, K is the apparent
rate constant, t is the time.56 The kinetic constants of PVDF/
ZnO/CuS nanocomposite photocatalysts (9.01 × 10−3 min−1)
are approximately 75 times greater than those of PVDF/CuS
(0.12 × 10−3 min−1) and 3.66 times higher than those of
PVDF/ZnO (2.46 × 10−3 min−1) under UV light irradiation
(Fig. 5c and d), indicating that the introduction of CuS nano-
particles considerably enhanced the photocatalytic efficiency of
© 2022 The Author(s). Published by the Royal Society of Chemistry
PVDF/ZnO under UV light irradiation. Furthermore, the PVDF/
ZnO/CuS nanocomposites show the highest photodegradation
kinetic constants (6.53 × 10−3 min−1) when exposed to visible
light irradiation, which is 2.53 times more than that of PVDF/
ZnO (2.58 × 10−3 min−1). Therefore, the unique ZnO/CuS het-
erojunction provides additional photocatalytic active sites and
can facilitate the separation/transfer of photogenerated
carriers, thereby enhancing the photocatalytic performance.
Consequently, repeated cycle studies of photodegradation of
MB aqueous solution under UV and visible light irradiation are
conducted on PVDF/ZnO/CuS, respectively. According to Fig. 5e
and f, the photocatalysts are able to sustain a photodegradation
RSC Adv., 2022, 12, 34107–34116 | 34113
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Fig. 6 Schematic diagram of mechanism degradation for PVDF/ZnO/CuS nanocomposite fibers under (a) UV and (b) visible light irradiation.
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efficiency of greater than 90% aer four cycles aer exposure to
UV and visible light illumination. Meanwhile, the PVDF/ZnO/
CuS nanocomposite photocatalyst exhibits high photostability.
In addition, unlike the powder photocatalyst, the PVDF
membrane constructed via electrospinning as the matrix
material may be easily isolated from the aqueous solution and
reused.

The photodegradationMBmechanism of the PVDF/ZnO/CuS
nanocomposites is studied under UV and visible light irradia-
tion. As shown in Fig. 6a. Under UV light irradiation, both ZnO
and CuS can be excited to produce photogenerated electrons
(e−) and holes (h+). The combination of ZnO and CuS allows
electrons to ow from the CuS conduction band to the ZnO
conduction band, where they are trapped by oxygen to create
superoxide anions (cO2

−). While holes (h+) transport from the
valence band (VB) of ZnO to the valence band (VB) of CuS, which
combines with H2O to create reactive oxygen species (cOH). cOH
and cO2

− are the main important reactive chemicals for
degrading MB. Consequently, the p–n heterojunction signi-
cantly limits charge recombination and enhances the compos-
ites photocatalytic activity.41,46,58,65,66 Meanwhile, the visible
light-induced photodegradation of MB is also investigated.
According to Fig. 6b, under visible light irradiation, only CuS
can produce photoelectrons, while ZnO cannot produce
photoelectrons. The electrons will migrate to the conduction
band of ZnO, which eventually leads to the accumulation of
holes on CuS. The holes then react with H2O to produce reactive
oxygen species, at the same time, the interaction of electrons
and oxygen produces superoxide anions that are capable of
breaking down organic matter into carbon dioxide and water.
Consequently, the p–n heterojunctions greatly boosts photo-
generated charge separation/transfer and enhances the photo-
catalytic activity of PVDF/ZnO/CuS photocatalysts under both
UV and visible light irradiation.

4. Conclusions

In summary, we have developed a new strategy to anchor p–n
ZnO/CuS heterojunctions on electrospun PVDF nanober
34114 | RSC Adv., 2022, 12, 34107–34116
membranes via electrospinning, hydrothermal, and ion-
exchange techniques. Three-dimensional PVDF nanober
membranes with high specic surface area provide a large
number of loading sites for photocatalysts, and the generation
of solid ZnO nanorods on PVDF nanobers by heat treatment
and simple hydrothermal methods, as well as subsequent
loading of Cus nanoparticles on shape-regular ZnO nanorods by
ion exchange under mild conditions, result in the formation of
composites with higher specic surface area. The hierarchical
structure with high specic surface area provides more active
sites for the photodegradation of MB, while the ZnO/CuS het-
erojunction extended the visible-light photoresponse range and
enhanced the separation/transfer of photogenerated carriers,
which considerably improved the photocatalytic activity of ZnO.
As a result, the PVDF/ZnO/CuS composited photocatalysts
deliver superior photocatalytic performance in exposure to UV
and visible light owing to boosted charge carrier separation/
transportation and expanded visible light absorption range.
The kinetic constants of PVDF/ZnO/CuS nanocomposites under
UV irradiation (9.01 × 10−3 min−1) and visible light (6.53 ×

10−3 min−1) irradiation were 3.66 and 2.53 times higher than
that of PVDF/ZnO (2.46 × 10−3 min−1 & 2.58 × 10−3 min−1),
respectively. Moreover, PVDF/ZnO/CuS nanocomposites exhibit
high stability aer recycling and reusing, which provides a new
strategy for designing recyclable novel heterogeneous semi-
conductor catalysts load on nanober membrane in the eld of
photocatalytic degradation of pollutants, hydrogen production
by water splitting.
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6 B. Puértolas, M. Comesaña-Hermo, L. V. Besteiro,
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