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Piezotronic-effect-enhanced Ag,S/ZnO
photocatalyst for organic dye degradationt

Yang Zhang, @ 2 Caihong Liu,}* Gaolong Zhu,” Xin Huang,? Wei Liu,* Weiguo Hu,?
Ming Song,® Weidong He, ©° Juan Liu*¢ and Junyi Zhai {® *?

Taking advantage of the piezotronic effect, enhanced photocatalytic performance of a Ag,S@ZnO hybrid
photocatalyst was achieved under sonication. Decorating Ag,S (~1.4 eV bandgap) nanoparticles on ZnO
(~3.3 eV bandgap) nanowire surfaces successfully extended the light response to the visible light range.
The formation of type Il band alignment at the Ag,S/ZnO heterointerface facilitated the separation of
photoexcited electrons and holes, promoting utilization of photoexcited charge carriers in the
photocatalytic process. Furthermore, the strain-generated positive piezocharges effectively lowered the
barrier height, considerably motivating charge transport across the Ag,S/ZnO heterointerface, which
further boosted the hybrid photocatalyst performance. The high reproducibility of the photocatalytic
activities indicated that the modification of ZnO nanowires with Ag,S nanoparticles effectively stabilized
the photocatalyst in reactions. The degradation rate of Ag,S@ZnO nanowires remained at C/Co = 18.6%
after eight cycles, while bare ZnO nanowires exhibited poorer performance (C/Cq = 48.1%). This study
showed the effectiveness of using the piezotronic effect in water purification and recovery by combined
use of solar and mechanical energy.

Introduction

Recycling and reusing wastewater is a recognized strategic
approach to addressing the increasing demand for, and
shortage of, clean water sources.”™ Consequently, considerable
effort has been devoted to developing techniques to eliminate
toxic chemicals, such as organic dyes, from wastewater. Solar
photocatalytic methods have been extensively studied as low-
cost, environmentally friendly, and sustainable technologies
for wastewater treatment.>” In photocatalytic reactions, semi-
conductors can utilize clean and renewable solar energy to
catalyze reactions on photocatalyst surfaces via photoexcited
holes and electrons when the incident photon energy is greater
than the band gap of the semiconductor material.*® Previous
studies have demonstrated that nanostructured semiconductor-
based photocatalysts can be widely employed to eliminate
various organic pollutants in an environmentally sustainable
manner.'*** However, the rapid recombination of photoexcited
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electron-hole pairs is the principal obstacle to the development
of highly efficient photocatalysts."* Therefore, tremendous
effort has been focused on reducing the recombination proba-
bility of photoexcited electron-hole pairs by constructing hybrid
photocatalytic systems.**>'¢

Different kinds of hybrid photocatalysts can inhibit the fast
recombination of photoexcited electron-hole pairs through
different mechanisms. For semiconductor/metal composite
photocatalysts, photoexcited electrons can be transferred rela-
tively easily from semiconductors to metal nanoparticles via
Schottky contact due to the Fermi energy of the selected metals
usually being lower than that of the semiconductors.’” However,
the metals utilized in this kind of hybrid photocatalyst have
largely been limited to noble metals, such as Ag, Au, Pt, and
Pd.*®*?! Transition metals, such as Cu, Co, and Ni, have been
investigated in an attempt to replace noble metals.”>>* In
semiconductor/semiconductor hybrid photocatalysts, metal
oxides and sulfides have been extensively applied to construct
heterojunctions/interfaces that can effectively facilitate the
spatial separation of photoexcited electron-hole pairs using
suitable band alignment. In particular, for type II
heterojunctions/interfaces, photoexcited electrons tend to
transfer from the semiconductor with a narrower band gap to
that with a wider band gap, while photoexcited holes often
transfer in the opposite direction due to the relative positions of
the valence band (VB) and conduction band (CB). Furthermore,
using semiconductors with a narrow band gap in the compos-
ites can extend the light response range of the photocatalysts

This journal is © The Royal Society of Chemistry 2017
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into the visible light region, which is an important character-
istic for promoting the efficiency of the hybrid photocatalysts in
practical applications.>

Among all metal oxide/sulfide semiconductors, wurtzite-
structured ZnO has received much attention as a multifunc-
tional and high-performance material for optoelectronic
devices, photodetectors, dye-sensitized solar cells, energy har-
vesting devices, and photocatalysts.>*** Many previous studies
have been conducted to enhance the photocatalytic activity of
ZnO using different morphologies, including nanoparticles,
nanotubes, and hollow spheres.**** The basic strategies for
improving the photocatalytic activity of ZnO are extending the
light response range and inhibiting the photoexcited charge
carrier recombination. Although metal sulfides (M,S) have been
extensively used as photocatalysts, until recently they have not
been employed in photocatalytic composites.*>*' M,S/ZnO
composites show great potential for enhanced photocatalytic
performance under mechanical strain conditions because the
piezopotential intentionally introduced in the M,S/ZnO
composite can theoretically facilitate the separation of photo-
excited electron-hole pairs.

In this work, we report a convenient and effective approach
to prepare Ag,S@ZnO nanowires (NWs), and investigate their
photocatalytic activity in the degradation of methylene blue
(MB) assisted by sonication and under light irradiation. The
photocatalytic activity of Ag,S@ZnO NWs was boosted by
enhancing the separation of photoexcited electrons and holes
using strain-generated piezopotentials/piezocharges. Moreover,
the high reproducibility of the photocatalytic activities implied
that decorating ZnO NWs with Ag,S nanoparticles (NPs) effec-
tively stabilized the photocatalyst in reactions. Recycling
experiments showed that the Ag,S@ZnO composite was an
effective and reusable photocatalyst for organic dyes degrada-
tion. This study opens up new possibilities for designing highly
efficient hybrid photocatalysts with both piezoelectric and
photocatalytic characteristics that show enhanced performance
in the degradation of organic contaminants. Furthermore, the
proposed strategy provides valuable knowledge not only for
ZnO, but also for other piezoelectric materials with smaller
band gaps.

Experimental section
Synthesis of materials

ZnO NWs were synthesized using a modified hydrothermal
method. In the first step, a 100 nm-thick ZnO seed layer was
sequentially grown on the surface of a carbon fiber using RF
magnetron sputtering at room temperature. In the second step,
zine nitrate hexahydrate (25 mM) and ammonium hydroxide
(25 wt%, 10 mL) were combined to prepare a nutrient solution.
After immersing the ZnO-coated CFs in the nutrient solution,
the bottle was sealed, heated to 95 °C in an oven, and held at
that temperature for 12 h. In the second step, the obtained ZnO
NWs were thoroughly rinsed with deionized water and dried in
air at 40 °C for 12 h. In the final step, Ag,S NPs were deposited
on the surface of the ZnO NWs using a successive ionic layer
adsorption and reaction (SILAR) method. In this step, 10 mM
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Na,S aqueous solution and 10 mM AgNO; aqueous solution
were used as precursor solutions for >~ and Ag”, respectively.
Ten cycles of the SILAR reaction afforded Ag,S@ZnO NWs.
Ag,S@ZnO NWs were washed with the amount of deionized
water necessary to remove residual chemicals and then dried in
a vacuum oven at 40 °C for 12 h. The weight ratio of Ag,S@ZnO
composite to CFs was determined as about 1 : 1.5 by weighing
samples before and after loading with Ag,S@ZnO composites.

Materials characterization

Morphology and structural characterizations were investigated
by a field-emission scanning electron microscopy (FE-SEM;
SU8020), high resolution transmission electron microscopy
(HRTEM; F20) and X-ray diffraction (XRD; Panalytical X'Pert Pro
MPD with Cu Ka (2 = 0.15406 nm) radiation). An individual
Ag,S@ZnO NW was mechanically peeled from the carbon fiber
for HRTEM characterization. UV-visible (UV-Vis) absorption
spectra were recorded using a Shimadzu UV-3600 spectrometer.
X-ray photoelectron spectroscopy (XPS) characterization was
conducted using a Thermo Scientific ESCALAB 250Xi
instrument.

Finite element method (FEM) calculations

To schematically illustrate the piezopotential, an applied strain
of 50 MPa was chosen. Based on our SEM characterization, the
average length and diameter of the ZnO NWs were estimated to
be 8 um and 300 nm, respectively. Elastic constants, piezo-
electric constants, and relative dielectric constants were
employed as described in a previous publication.**

Photocatalytic degradation of MB

The catalytic performance was evaluated by the degradation of
an aqueous solution of MB (C, = 1 mg L™ ") at 20 °C under light
irradiation and sonication conditions. In a typical experiment,
the as-prepared photocatalysts were immersed in MB aqueous
solution (100 mL) and the solution was gently stirred under
ambient conditions for 30 min in the dark to reach an
adsorption/desorption equilibrium. The solution was then
exposed to light irradiation from simulated solar light
(PerfectLight FX300, 320-800 nm) and sonication (KQ-100VDE).
The light irradiation intensity and sonication frequency were
determined to be 80 mW c¢cm™” and 45 KHz, respectively. At
certain time intervals, aliquots (0.3 mL) of the MB aqueous
solution were extracted for UV-Vis characterization. The degra-
dation rate was characterized by measuring the absorption
spectra of the MB aqueous solution and calculating the signal
intensity at 665 nm.

Results and discussion

The Ag,S@ZnO NWs hybrid photocatalyst was fabricated using
the process shown in Fig. 1. Firstly, 100 nm-thick ZnO seed-
layer-coated carbon fibers (CFs) 1 x 1 mm? in size were
prepared using a radio-frequency (RF) magnetron sputtering
technique, as shown in Fig. 1a. Secondly, ZnO NWs were grown
on CFs using a modified hydrothermal method. Notably, the

RSC Adv., 2017, 7, 48176-48183 | 48177


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra10206b

Open Access Article. Published on 13 October 2017. Downloaded on 11/22/2025 5:06:40 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

(a) (b1)

(c3)

Fig.1 Schematic diagram illustrating the synthesis of Ag,S@ZnO NWs.
(a) Bare CFs, (b1, b2) ZnO NWs synthesized by a modified hydrothermal
method, and (cl1-c3) Ag,S@ZnO NWSs prepared using the SILAR
method. Pink, green, and red colored sections represent CFs, ZnO
NWs, and Ag,S NPs, respectively.

ZnO NWs were vertically aligned on the CF backbones (Fig. 1b).
Finally, Ag,S NPs were deposited on the ZnO NW surfaces using
a SILAR method (Fig. 1c). Detailed descriptions of the syntheses
of ZnO and Ag,S@ZnO NWs are provided in the Experimental
section. The as-prepared ZnO or Ag,S@ZnO NW samples were
immersed in MB aqueous solution to decompose the MB
organic dye using light irradiation and continuous sonication.

The morphology and structure of ZnO NW and Ag,S@ZnO
NW photocatalysts were characterized using SEM, XPS, energy-
dispersive X-ray spectroscopy (EDX), XRD, and HRTEM. Fig. 2a
shows a SEM image of as-synthesized ZnO NWs. The ZnO NWs
with a smooth surface were vertically aligned uniformly on the
backbones of CFs. After Ag,S deposition using the SILAR
method, Ag,S NPs were found to be well distributed on the ZnO
NW surfaces, leading to a rough surface, with some aggregation
of the NPs at the top of ZnO NWs (Fig. 2b).** Fig. 2c and d show
the XPS and EDX spectra of Ag,S@ZnO NWs on CFs, which
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exhibited unambiguous signals from Zn, O, Ag, and S in the
as-synthesized sample. The carbon signal originated from the
CFs and the Al signal from sample holder. To investigate the
chemical states of Ag,S@ZnO, the C 1s signal (284.8 eV) was
used for calibration. In addition to Zn 2p3/,, Zn 2p,,,, and O 1s
signals of ZnO NWs, characteristic peaks for Ag 3ds,, Ag 3d3/2, S
2pas2, and S 2p,,, were observed and assigned to the deposition
of Ag,S NPs, in good agreement with previous studies. XPS
results showed that only characteristic Ag 3ds,, (368.3 eV) and
Ag 3dy), (374.4 eV) peaks of Ag" were detected in the sample,
with no Ag® peak found.** The atomic percentages given by the
EDX spectrum for Ag and S elements present in Ag,S@ZnO were
35.9% and 18.0%, which were close to 2 : 1. ZnO and Ag,S@ZnO
NWs were also characterized by XRD (Fig. le). Sharp peaks
denoted with % and B were indexed to wurtzite-structured ZnO
and monoclinic-structured Ag,S, respectively.**** HRTEM
characterization of the Ag,S@ZnO NWs provided convincing
evidence of a heterointerface formed by Ag,S NPs and ZnO NW.
As shown in Fig. 2f, two sets of lattice fringes were identified
and correlated to ZnO and Ag,S. The spacing of 0.52 nm
between lattice planes corresponded to the distance of the ZnO
(0002) plane, which indicated the growth direction of individual
ZnO NWs, while the adjacent spacing of 0.22 nm corresponded
to the Ag,S (031) plane.*”

The photocatalytic performance of semiconductors or
semiconductor composites essentially depends on their light
absorption behavior. Therefore, light harvesting ability is
a crucial parameter for investigating the photocatalytic effi-
ciency of ZnO and Ag,S@ZnO NWs. According to previous work,
UV-Vis absorption spectroscopy analysis provided information
on the light absorption ability of the catalyst.** " However, in
this work, the decorated catalysts being attached to CFs has
a significant impact on the UV-Vis absorption process.
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Fig.2 SEM images of (a) ZnO NWs and (b) Ag,S@ZnO NWs on CFs; (c) XPS spectra of Ag,S@ZnO NWs; (d) EDX spectrum of Ag,S@ZnO NWs; (e)
XRD spectra of bare CFs, ZnO, and Ag,S@ZnO NWs on CFs; (f) HRTEM image of a single Ag>,S@ZnO NW.
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Therefore, we first synthesized ZnO NWs on transparent
indium-tin oxide (ITO) substrate using the same hydrothermal
conditions and performed subsequent deposition of Ag,S NPs
using the SILAR method for UV-Vis absorption spectroscopy
analysis. As shown in Fig. S1 (ESI}), the absorption edge shifted
from 380 nm for ZnO to 600 nm for Ag,S@ZnO, and the
absorption intensity increased after loading with Ag,S NPs. The
broader and stronger absorption characteristics of Ag,S@ZnO
NWs compared with bare ZnO NWs were explained by the
formation of heterojunctions/interfaces that modified the
optical absorption properties. Due to their more efficient utili-
zation of visible light as a large part of the solar spectrum,
heterostructured and multicomponent materials are interesting
as potential highly efficient photocatalysts for decomposing
organic pollutions. Nevertheless, the piezoelectric characteris-
tics of 1D ZnO-based piezoelectric composite have rarely been
considered and exploited in photocatalytic reactions.****

The working mechanism of the piezopotential/
piezocharge-enhanced photocatalytic performance of ZnO
and Ag,S@ZnO NWs is discussed below. MB was employed as
a representative organic pollutant to investigate the photo-
catalytic performance of as-prepared samples under light
illumination and sonication conditions. By illuminating the
as-prepared ZnO NWs with UV light, the electrons in the VB
are excited to the CB, while an equal number of holes are left
in the VB, as shown in Fig. 3a. For ZnO NWs without Ag,S NPs,
the photoexcited holes can react with hydroxyl groups to
produce free hydroxyl radicals ("OH). The photoexcited elec-
trons can react with O, to produce ‘O, , "HO,, H,0,, and ‘OH
radicals. These radicals then decompose MB to CO,, H,0, and
nontoxic substances in aqueous solution.
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Under sonic wave excitation in liquid with the generation of
bubbles, the complex turbulence in the solution around the
fibers can cause the ZnO NWs to bend, which generates
a piezoelectric potential across the width of the nanowires. The
piezopotential distribution in ZnO NWs was calculated using
FEM. Details of these FEM calculations are provided in the
Experimental section. As shown in the cross-section view of
a single ZnO NW in Fig. S2 (ESIt), the strain-generated piezo-
potential was parallel to the growth direction of the ZnO NW.
Under light illumination and sonication conditions, this strain-
generated piezopotential can regulate charge carrier separation,
which is discussed below. As shown in Fig. 3b, positive and
negative piezocharges were generated on the tensile and
compressive strained sides of the ZnO NWs, respectively. This
strain-generated piezoelectric field can facilitate the migration
of photoexcited electrons and holes toward the positive and
negative surfaces induced by the piezopotential, respectively,
resulting in a lower recombination rate. The proposed physical
and chemical reactions for the photodegradation of MB
aqueous solution are shown below:

ZnO + hy — ZnO(ecg™ + hvg")
ZnO + sonication— ZnO(Cpositive surface  + Nnegative surface )
ZnO(hys*) + OH™ — "OH + ZnO
ZnO(ecp™ /epositive surface ) T O2 = "0~ + ZnO

2'027 + 2H20 d Z‘HOZ + H202
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Fig.3 Working mechanism for ZnO and Ag,S@ZnO photocatalysts. ZnO and Ag,S@ZnO NWs were used as photocatalysts under light irradiation
(a, c) without and (b, d) with sonication, respectively. Schematic band structures of Ag,S/ZnO NW under (e) only light illumination and (f) light
illumination and sonication. To illustrate the charge separation process under sonication conditions, the background color indicates the

presence of a piezopotential.
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‘OH + MB — C02 + Hzo

In particular, for Ag,S NPs on ZnO NW surfaces, electron-
hole pairs can also be instantaneously photoexcited under
simulated solar light illumination, as shown in Fig. 3c and e.
The spatial separation of electron-hole pairs can be attributed
to the type II band alignment at the Ag,S/ZnO heterointerface.
Because the CB and VB of ZnO stay below the energy band of
Ag,S, the photoexcited electrons on the Ag,S NPs can be
transported to the ZnO NWs through the heterointerface.
Correspondingly, photoexcited holes can be induced to the
heterointerface region. Notably, the effective separation of
photoexcited electrons and holes in the Ag,S@ZnO composite is
driven by the strain-generated piezopotential, as shown in
Fig. 3d and f. On one hand, photoexcited electrons from Ag,S
NPs were transferred to the ZnO NWs, which can promote the
reaction to produce free hydroxyl radicals ("OH), while on the
other hand, photoexcited holes from Ag,S NPs preferred to shift
to the Ag,S/ZnO heterointerface and Ag,S NP surface, which
played an important role in photodegradation. Under sonica-
tion and light illumination conditions, MB in aqueous solution
was decomposed due to the effective separation of photoexcited
electron-hole pairs aided by the strain-generated piezopoten-
tial. The additional reactions involved in MB photodegradation
by Ag,S@ZnO NWs are shown below:

ALS + hy — AgS(ecg™ + hyg")
AgS(ecg™) + ZnO — Ag,S + ZnO(ecg™)
Agzs + Zl’lo(h\/B+) - Ang(hVB+) + ZnO

AgZS(hVB+) + MB — AgZS + COZ + Hzo

Fig. 3e shows the relative valence and conduction band
positions of Ag,S@ZnO composite under strain-free condition.
At the Ag,S/ZnO heterointerface, a CB offset (AE.) of 0.14 eV and
a VB offset (AE,) of 2.05 eV were present. The staggered band
alignment has been reported to facilitate photoexcited charge
carriers passing through the heterointerface.® Therefore,
spatially separated electrons and holes can be efficiently
utilized in the photocatalytic activity. Notably, the separation of
photoexcited charge carriers was further promoted by the
strain-generated piezopotential, which effectively suppresses
the recombination of electron-hole pairs. This piezopotential,
induced by the positive and negative piezocharges, can
encourage photoexcited electrons and holes to migrate to
positive and negative piezopotential surfaces, respectively, of
bent ZnO NWs. Moreover, positive piezocharges are accumu-
lated at the heterointerface region, which can slightly reduce
the barrier height to help electrons transfer from Ag,S NPs to
ZnO NWs. Therefore, a large number of photoexcited charge
carriers could be utilized in the photocatalytic process before
unfavorable recombination, which was a prominent character-
istic of the piezopotential-enhanced hybrid photocatalyst.

48180 | RSC Adv., 2017, 7, 48176-48183
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The performances of ZnO and Ag,S@ZnO NWs photo-
catalysts in the degradation of MB aqueous solution were
investigated under light irradiation and/or sonication condi-
tions. The adsorption-desorption equilibrium between MB and
the as-prepared photocatalyst was achieved by immersing the
ZnO NWs (or Ag,S@ZnO NWs) in MB aqueous solution for 1 h.
During this period, the MB aqueous solution was magnetically
stirred under ambient conditions before each catalytic experi-
ment. The initial concentration of MB aqueous solution
(denoted as C,, Co, = 1.0 mg mL™ ") and final concentration
(residual concentration of MB; denoted as C) were characterized
by UV-Vis spectroscopy. The degradation rate (denoted as C/C)
was calculated for different photocatalysts and experimental
conditions. Absorption spectra of MB aqueous solution after
applying light irradiation or sonication were recorded at time
intervals of 1 h, as shown in Fig. 4. Slight differences in the
performance of ZnO NWs catalysts tested under different
conditions were observed after reacting for 2 h (C/Cy = 46.1%
for sonication and 49.0% for light illumination), which showed
that slow degradation of the organic dye can be achieved using
a photocatalytic process or a piezopotential/piezocharge-
triggered catalytic process in the dark. To confirm that these
two strategies are compatible for enhancing photocatalytic
performance, further experiments were conducted by simulta-
neously applying light illumination and sonication to the MB
aqueous solution. MB decomposition in aqueous solution
reached 88.2% after 2 h and was complete after 4 h. Our results
indicated the increased amount of effective charge carriers
produced by sonication was involved in the photocatalytic
process, which demonstrates that the piezotronic effect can
enhance the photocatalytic reaction. We then investigated the
Ag,S@ZnO NW samples to further promote photocatalytic
performance by introducing piezopotentials/piezocharges into
the heterojunctions/interfaces formed by Ag,S and ZnO.
Compared to the ZnO NWs sample, Ag,S@ZnO NWs exhibited
much improved catalytic efficiency when applying individual
sonication or light illumination (C/C, = 17.6% for light illu-
mination and 8.8% for sonication after 2 h). Complete MB
decomposition was achieved within 2 h by applying simulta-
neous light illumination and sonication, which represented
enhanced photocatalytic performance compared with bare ZnO

100} —&— sonication
~@— illumination
sol —@-— sonication
+illumination
xX
~ 60
=4
Q Lol
o
20
o

0 1 2 3 1 2 3 4

4 0
Time /h

Fig. 4 MB degradation rate as a function of reaction time with ZnO
(left) and Ag,S@ZNnO (right) NWs measured under simulated solar light
illumination (320-800 nm) and/or sonication (~80 mW cm ™).
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NWs. The absorption spectra of MB aqueous solutions using
ZnO and Ag,S@ZnO NWs catalysts under different experi-
mental conditions were compared, as shown in Fig. S3 (ESIT).
Based on our experimental data and theoretical analysis, it was
concluded that the strain-generated piezopotentials/
piezocharges regulated the charge carrier generation and
separation process. A comparison of dye degradation behavior
between using only light irradiation and simultaneously
applying light irradiation and sonication undoubtedly showed
that the strain-generated piezopotentials/piezocharges
improved the photocatalytic performances of ZnO and Ag,-
S@ZnO NWs. This combined effect of photoexcited charge
carriers and piezocharges indicated the contribution of the
piezotronic effect to the photocatalytic activity. The combined
effect became insignificant for Ag,S@ZnO NWs due to the
comparable dye degradation rates within 1 h for Ag,S@ZnO NW
when individually applying light irradiation and simultaneously
applying light irradiation and sonication. After reacting for 2 h
(Fig. 4), AZ,S@ZnO had clearly achieved maximum MB degra-
dation with the assistance of photoexcited charge carriers and
piezocharges, because photoexcited charge carriers from Ag,S
NPs can be effectively employed for photocatalysis based on the
piezotronic effect. Detailed studies on different concentrations
of organic dye using Ag,S@ZnO will be presented in future and
help to achieve a quantitative understanding of this combined
effect and further optimize the photocatalytic performance
using other piezoelectric semiconductors.

Compared to ZnO NWs, Ag,S@ZnO NWs demonstrated
better reproducibility in the photocatalytic degradation. The
cycling performance of Ag,S@ZnO NWs is shown in Fig. 5. In
the first six cycles, a large difference in the MB degradation rates
of ZnO NWs (C/C,, = 28.4%) and Ag,S@ZnO NWs (C/Cy = 6.9%)
was found. After eight cycles, more than 80% of MB in solution
was decomposed by Ag,S@ZnO NWs within 4 h. However, for
ZnO NWs without Ag,S NPs, 48.1% of MB remained in solution
after eight cycles. According to previous studies, photocorrosion
is responsible for the decrease in degradation rate. As the ZnO
NW surfaces were slightly protected by Ag,S NPs, the repro-
ducibility and stability of Ag,S@ZnO NWs was strongly
enhanced. Moreover, we performed SEM and XRD character-
ization of the ZnO and Ag,S@ZnO NWs after the photocatalytic
reaction. Both ZnO and Ag,S@ZnO NWs had maintained their
1D morphologies, as shown in Fig. S4 (ESI}). However, the
surface of bare ZnO NWs had become rough due to photo-
corrosion, while no significant morphology change was
observed in Ag,S@ZnO NWs. Furthermore, SEM data showed
that ZnO and Ag,S@ZnO nanowires survived under sonication
condition for several cycles (see Fig. S5 in ESIT). XRD spectra of
ZnO and Ag,S@ZnO NWs were recorded after eight photo-
catalytic cycles, and showed characteristic signals for their ZnO
and Ag,S components, as shown in Fig. S6 (ESIt). In contrast to
photocatalysts with nanoparticle morphology previously re-
ported, Ag,S@ZnO NWs were synthesized and fixed on a flexible
carbon fiber that could be easily recovered in a labor-saving
process to avoid photocatalyst loss.*>** Our results indicated
that efficient photocatalysts can be synthesized from inexpen-
sive and environmentally friendly inorganic composites with
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Fig.5 Cyclic MB degradation curves as a function of reaction time for
(a) ZnO and (b) Ag,S@ZNnNO NWSs, measured under simulated solar light
and sonication condition.
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contribution from piezoelectric semiconductors. We have
summarized relevant reports on ZnO-based photocatalysts,
including doped ZnO and nanocomposites in Table S1 (ESIT). A
comparison of their photocatalytic performances demonstrated
that both chemical doping and surface modification effectively
improved the photocatalytic activity. Moreover, Ag,S@ZnO NWs
demonstrated enhanced photocatalytic performance due to the
additional contribution of the piezotronic effect.

Conclusions

In summary, we have demonstrated a promising strategy for
enhancing the photocatalytic performance of Ag,S@ZnO
composites on common carbon fiber cloth using strain-induced
piezopotentials/piezocharges. The environmentally friendly,
low-cost, and scalable synthesis of Ag,S@ZnO NWs was per-
formed using a combination of hydrothermal and SILAR
methods. The non-piezoelectric Ag,S and piezoelectric ZnO
components exhibited respective contributions to improving
visible light absorption and promoting photoexcited charge
carrier separation. Our results demonstrated a large improve-
ment in photocatalytic and recycling performance for MB
degradation in aqueous solution under simultaneous light
illumination and sonication conditions owing to the piezo-
tronic effect. The enhanced photocatalytic performance of
Ag,S@ZnO NWs compared with ZnO NWs was attributed to
strain-generated piezopotentials/piezocharges from the bent
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ZnO NWs, which facilitated electron and holes transport across
the Ag,S/ZnO heterointerface with a staggered type II band
alignment. For practical application to water purification, our
results provide useful information regarding not only ZnO-
based nanomaterials, but also other piezoelectric semi-
conductors with smaller band gaps.
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