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a b s t r a c t

Constructing heterojunction is a promising approach to enhance the piezo-photocatalytic performance of
ZnO nanostructures. In this study, ZnO/ZnS heterojunction nanoarrays have been synthesized by facile
vulcanizing surface of wurtzite ZnO nanorods into blende ZnS nanoparticles through hydrothermal
method. Both the synthesized wurtzite ZnO nanorods and blende ZnS nanoparticles are piezoelectric
semiconductors with wide band gaps. For degrading methyl blue solution under UV irradiation and ultra-
sonic sonication, it is found that both the piezocatalytic, photocatalytic and piezo-photocatalytic perfor-
mances of ZnO/ZnS nanoarrays are much higher than those of pure ZnO. In addition, the piezo-
photocatalytic degradation rate of ZnO/ZnS nanoarrays can be further increased by improving the ultra-
sonic power. The mechanism can be attributed to the synergetic effect of piezoelectric effect and hetero-
junction photocatalysis.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

The growing awareness of water protection has attracted
worldwide attentions for developing novel pollution treatment
methods. Among the green techniques for wastewater treatment,
photocatalysis based on semiconductor nanomaterials has been
considered as the most promising candidate by utilizing solar
energy to degrade organic pollutants into non-toxic inorganics
[1–3]. Generally, the recombination of photogenerated charge car-
riers essentially restrains the photocatalytic degradation perfor-
mance of nanostructured photocatalysts, which can be improved
by applying external electric field, constructing heterojunction,
decorating noble metal, etc [4–6]. For example, the complex iron
oxides with excellent electronic properties have been synthesized
for improving photocatalytic performances [7,8]. However, the
expensive costs and harsh conditions restrict the applications of
these photocatalytic techniques.

In recent years, the concept of piezoelectric photocatalysis with
high performance has been realized by bending ZnO nanowires to
generate piezoelectric field to drive more electrons migrating to
nanowire/solution interface and triggering redox reactions [9–
11]. Various stress-sensitive nanomaterials available for piezo-
photocatalysis have been developed, such as ZnO, CdS and BaTiO3,
whereas the separation efficiency of photogenerated charge carri-
ers is inhibited by the nature of individual nanomaterials [12–
14]. With further investigation of piezo-photocatalysis, the archi-
tecture of composite piezo-photocatalysts may be an effective
approach to enhance the charge separation since the combination
of different compounds which have excellent electronic properties
can significantly improve the electronic properties [15,16]. More-
over, developing a facile approach for constructing heterojunction
using two kinds of nanomaterials with appropriate band structure
is also necessary [17,18].

In this study, ZnO/ZnS heterojunction nanoarrays have been
synthesized to enhance piezo-photocatalytic performance by facile
sulfidation of ZnO nanorods through hydrothermal method. Both
the wurtzite ZnO nanorods and blende ZnS nanoparticles are
piezoelectric n-type semiconductors for UV absorption. The impact
of piezoelectric on the photocatalysis of ZnO/ZnS nanoarrays has
been investigated by sonication assistant photocatalytic degrada-
tion of organic pollutant, suggesting that piezoelectric can enhance
the heterojunction photocatalysis of ZnO/ZnS nanoarrays.
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2. Experimental

ZnO/ZnS nanoarrays were synthesized on Ni foam substrate
through hydrothermal method. Typically, a piece of commercial
Ni foam was ultrasonically cleaned in water/alcohol for 20 min
and dried at 60 �C. Then, 2.5 mL ammonium hydroxide was added
into 47.5 mL ZnNO3 aqueous solution (0.05 M) drop by drop. After
stirring for 10 min, the cleaned Ni foam was immersed into the
above solution, sealed and heated at 80 �C for 10 h to grow ZnO
nanorod arrays on Ni foam. To obtain ZnO/ZnS heterojunction,
the ZnO-coated Ni foam was sulfureted by immersing into 50 mL
thioacetamide aqueous solution (0.02 M) at 200 �C for 24 h.

The morphology, component element, optical property and
microstructure were conducted by scanning electron microscopy
(SEM), energy dispersive spectroscopy (EDS), X-ray diffractometer
(XRD), UV–Vis diffuse reflection spectrum (DRS) and transmission
electron microscopy (TEM).

The piezo-photocatalytic performance of ZnO/ZnS heterojunc-
tion was analyzed qualitatively by degrading methylene blue
(MB, 5 mg/L) under ultrasonic sonication (US) and UV irradiation.
Before degradation, the as-grown Ni foam was immersed into
50 mL MB solution in dark for 30 min to achieve adsorption–des-
orption equilibrium. 2 mL MB solution was taken out every
10 min to measure MB concentration by spectrophotometer. The
degradation rate is calculated by subtracting a ratio from a hun-
dred percent, where the ratio is recorded from the peak intensity
located at 665 nm between the initial (C0) and treated (C) solution.
3. Results and discussion

ZnO nanoarrays are grown on porous Ni foam to generate large
piezoelectricity and reduce the mass loss during re-use process.
Fig. 1a is the SEM image of ZnO/ZnS nanoarrays, indicating that
ZnO nanorods are vertically grown on Ni foam along the same ori-
entation and evenly wrapped with ZnS nanoparticles. Fig. 1b is the
Fig. 1. (a) SEM image of ZnO/ZnS nanoarrays. (b) E
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EDS spectrum, indicating the existence of O, Zn, S and Ni element.
Ni element is derived from the Ni foam substrate and S element
corroborates the sulfidation process for the formation of ZnS.
Fig. 1c shows the XRD pattern of ZnO/ZnS nanorod arrays. The
peaks marked by pound sign and asterisk are dependent to blende
ZnS (PDF card No. 05-0566) and hexagonal wurtzite ZnO (PDF card
No. 36-1451), respectively [19]. Fig. 1d is the DRS spectra of pure
ZnO and ZnO/ZnS nanorod arrays, displaying the absorption
threshold lower than 400 nm. For ZnO/ZnS, there are two strong
UV absorption peaks located at ~371 and 324 nm, which can be
attributed to the electronic transition of ZnO and ZnS, respectively
[20].

Fig. 2a is the TEM image of single ZnO/ZnS nanorod. The hetero-
junction remains one-dimensional morphology with diameter of
~400 nm and length of ~3 lm after sulfidation process. Fig. 2b is
the magnified TEM image, further showing that ZnO nanorod is
tightly covered with ZnS nanoparticles. Fig. 2c is the high-
resolution TEM image, describing the interface of ZnO/ZnS hetero-
junction with high crystallinity. The distances of marked lattice
fringes are 0.26 and 0.31 nm, corresponding to the (002) lattice
plane of hexagonal wurtzite ZnO and the (111) lattice plane of
blende ZnS, respectively. Fig. 2d is the selected area electron
diffraction (SAED) pattern of ZnO/ZnS heterojunction. Three dis-
crete diffraction rings can be observed according to (111), (220)
and (311) lattice planes of blende ZnS. It is noting that no obvious
ZnO diffraction lattices can be observed, further confirming the ZnS
nanoparticle shell tightly covering on ZnO nanorods.

Fig. 3 shows the degradation rates of MB catalyzed by pure ZnO
and ZnO/ZnS nanoarrays under different conditions. Under 300 W
UV irradiation, 180W sonication and both, the degradation rates of
pure ZnO are 11.6%, 26.4% and 39.9% (Fig. 3a), while those of ZnO/
ZnS increase to 19.1%, 32.2% and 53.8%, respectively (Fig. 3b). These
results reveal that both the piezocatalytic, photocatalytic and
piezo-photocatalytic properties of ZnO/ZnS are higher than that
of pure ZnO, which can be attributed to the formation of ZnO/
ZnS heterojunction. With the ultrasonic power increases from
DS spectrum. (c) XRD pattern. (d) DRS spectra.



Fig. 2. (a) TEM image. (b) Magnified image. (c) High-resolution TEM. (d) SAED pattern.

Fig. 3. (a–c) The degradation rates under different conditions of (a) pure ZnO, (b) ZnO/ZnS heterojunction and (c) increasing ultrasonic power. (d) Mechanism diagram.
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120 to 360 W, the piezo-photocatalytic degradation rate of ZnO/
ZnS increases from 43.3% to 60.7%, owing to the synergetic effect
of piezo-photocatalysis and heterojunction (Fig. 3c).

The mechanism of piezoelectric promoted photocatalytic degra-
dation can be diagramed in Fig. 3d. Previous literatures have
reported that the addition of a second phase can significantly
improve the electronic properties of the resulting composite mate-
rial by coupling the excellent electronic properties of two compo-
nents [15,16]. In this case, ZnO and ZnS can form heterojunction
and the band offset occurs to re-balance Fermi energy level [21].
3

Upon exposure to UV irradiation, the electrons in valence band
can be excited to conduction band for forming free electrons and
leaving holes in valence band, accompanied with recombination
of electron-hole pairs simultaneously. Then, the free electrons
migrate from conductor band of ZnS to ZnO, while the holes will
migrate along opposite direction and accumulate at valence band
of ZnS, which can spatially separate and inhibit the recombination
of electron-hole pairs (blue solid lines). The separated electrons
and holes can migrate to semiconductor/solution interface, react
with hydroxyl and superoxide ions, generate reactive oxygen
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species and finally degrade MB molecules, realizing heterojunction
photocatalysis. Under ultrasonic sonication, the piezoelectric field
with opposite direction can be established in ZnO and ZnS to
decrease the energy barriers. Thus, more free electrons and holes
can pass through the interface, resulting in higher spatial separa-
tion to further hinder the recombination of electron-hole pairs
(red dash line). Thus, the photocatalytic degradation rate is
enhanced.

4. Conclusions

In summary, ZnO/ZnS nanorod arrays have been synthesized
through facile hydrothermal method to enhance the piezo-
photocatalytic degradation performance. Both the piezocatalytic,
photocatalytic and piezo-photocatalytic performances of ZnO/ZnS
nanoarrays are much higher than pure ZnO nanoarrays. In addition,
the piezo-photocatalysis of ZnO/ZnS nanoarrays increase with
increasing piezoelectricity induced by ultrasonic sonication. The
enhancement of piezo-photocatalysis can be attributed to the
inhibited combination and increased spatial separation of photo-
generated electron-hole pairs by synergetic effect of piezoelectric-
ity and heterojunction photocatalysis. This work expands the sight
of piezotronics and provides a promising approach for enhancing
the photocatalytic performance.
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