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Piezoelectric semiconductors, such as wurtzite structure ZnO, GaN, and InN, have novel properties
of coupling of piezoelectric and semiconductor. The piezoelectric ﬁeld is created inside ZnO
nanowires by applying strain. The photo-generated electrons and holes will be separated under the
driving of piezoelectric ﬁeld. The photocatalytic activity of ZnO nanowires for degrading methylene
blue has been enhanced by the piezoelectric-driven separation of photo-generated carriers.
Coupling the piezoelectric and photocatalytic properties of ZnO nanowires, a new fundamental
mechanism for the degradation of organic dye has been demonstrated.
& 2015 Elsevier Ltd. All rights reserved.

Introduction
Environmental pollution and energy shortage are among the
most serious problems challenging the sustainable development of human civilization. As a major source of environmental
n
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pollution, water pollution caused by the waste discharged from
organic chemicals in industry, fertilizer in agriculture and
garbage of human living is an urgent issue to be addressed.
Among various water treatment solutions, semiconductor
photocatalysis using solar energy for purifying water sources is
likely to be the most promising technologies because it is a
green, energy-saving and facile way [1–6]. Recently, it has been
demonstrated that their photocatalytic activity can be
enhanced by the synthetic nanostructures [7–10]. For example,
zinc oxide (ZnO) nanostructures have been intensively
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investigated for water treatment due to their high photocatalytic efﬁciency, low cost and environmental friendliness [11–16].
Sunlight (UV) illumination on ZnO nanostructures induces a
transition of electrons from the valence band to the conduction
band, leaving an equal number of holes; then the photogenerated electrons and holes migrate to the surface accompanying reacting with absorbed electron donors and electron
acceptors to form superoxide radical anions, hydrogen peroxides and hydroxyl radicals; ﬁnally the hydroxyl radicals can
oxidize the organic compounds in aqueous solution, generating
non-toxic CO2 and H2O. However, in this process a large
proportion of photo-generated electron–hole pairs recombine
before the photocatalysis takes place, dissipating the input
solar energy and lowering down the photocatalytic efﬁciency.
To prevent the recombination of electron–hole pairs, much
effort has been made, such as developing novel nanostructures,
loading co-catalysts (Pt, Pd and RuO2), doping rare earth ions or
transition metals, and introducing external electric ﬁeld to
yield an electrochemically assisted photocatalysis [11,15–21].
Although these methods have shown their potentials, high cost,
complicate device structure and difﬁcult operation restrain
their practical applications at the industrial level.
Besides of semiconducting applications, ZnO nanowires for
fabricating piezo-nanogenerators (NGs) have attracted
world-wide attention due to their high piezoelectric output
under applied deformation. And ZnO-based NGs have shown
great performance in harvesting mechanical energy in the
natural environment, such as wind, tide, sonic wave and
atmospheric pressure [22–26]. When the c-axis of ZnO
nanowire is under applied deformation, a piezoelectric ﬁeld
can be created on the surface. This piezoelectric ﬁeld cannot
only drive the electrons in the external circuit ﬂowing
forward and back, but also make the carriers inside ZnO
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nanowires migrate and partially screen this piezoelectric
ﬁeld. In this case, electrons and holes in ZnO nanowires
migrate on the opposite directions as a separation of carriers.
If the piezoelectric properties and the photocatalytic characteristics of ZnO nanowires can be coupled into a single
internal physical–chemical process, then their photocatalytic
efﬁciency could probably be enhanced by the piezo-driven
separation of photo-generated electron–hole pairs.
In this paper, we establish a new fundamental piezophotocatalytic mechanism that can co-use the photonic and
mechanical energy for the degradation of organic dye by
coupling the piezoelectric and photocatalytic properties of
ZnO nanowires. The photocatalytic activity of ZnO nanowires
for degrading methylene blue (MB) has been enhanced by the
piezo-driven separation of photo-generated electron–hole
pairs. Under UV irradiation and applying deformation on
ZnO nanowires, the photo-generated electrons and holes
migrate to the surface under the driving of piezoelectric ﬁeld
on the opposite directions, in which the electron–hole
recombination can be suppressed. Compared with nonpiezo-assisted photocatalyitic process, the more surface
holes in the internal piezo-photocatalytic process can form
more hydroxyl radicals to oxidize more organic compounds,
resulting in higher photocatalytic efﬁciency. Such a new
water-pollution treatment will be an important development
of green technologies for the environment improvement.

Results and discussion
The experimental design proposed for our study is shown in
Figure 1. ZnO nanowires are vertically aligned on carbon
ﬁbers (CFs) by a simple seed-assisted hydrothermal method,

Figure 1 Experimental design proposed for our study. (a–c) Schematic images showing the fabrication process of the woven ZnO
nanowires/CFs. (d) The degradation of MB solution by the piezo-photocatalytic activity of ZnO nanowires/CFs under UV irradiation
and periodically applied force. The inset is the piezo-photocatalytic process in ZnO nanowires/CFs.
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as shown in Figure 1a and b. ZnO nanowires are vertically
aligned on the CF along the ZnO seed layer. It should be
noted that the ZnO seed layer coating on the CFs is of
polycrystalline structure and can serve as a buffer layer
with low electric conductance to avoid short circuit state of
ZnO nanowires. Several bundles of ZnO nanowires/CFs are
then woven together, as shown in Figure 1c. The ﬁnal device
was made of multi-ﬁbers. The degradation of MB by the
piezo-photocatalytic activity of ZnO nanowires/CFs is performed in an aqueous solution under UV irradiation and
periodically applied force, as shown in Figure 1d. When the
ZnO nanowires/CFs are under mechanically brushing/sliding
by the externally applied force (the inset of Figure 1d), ZnO
nanowires extrude outward radially and they are against
each other when the CFs are aligned. A mechanical pulling
of one of the CF results in the bending of ZnO nanowires
that produces a piezoelectric ﬁeld across their width. This
piezoelectric ﬁeld drives photo-generated electrons and
holes migrating to the surfaces on opposite directions,
which could reduce the recombination of holes and electrons, and enhance the photocatalytic efﬁciency of ZnO
nanowires.
The working mechanism for the piezo-photocatalytic activity of ZnO nanowires is shown in Figure 2. The woven ZnO
nanowires/CFs are immersed into the MB aqueous solution,
as schematically shown in Figure 2a. When ZnO nanowires are
under UV light irradiation, the electrons in the valence band
are excited to the conduction band, leaving an equal number
of holes in the valence band (Figure 2b). As a periodic force is
applied on ZnO nanowires/CFs, there is a relative sliding
between the neighboring ZnO nanowires, leading to the
bending of ZnO nanowires. As shown in Figure 2c, a piezoelectric ﬁeld can be created across its width with negative
piezo-potential on the compressive strain region (red) and
positive piezo-potential on the tensile strain region (yellow),
driving the photo-generated electrons migrating to the
positive piezo-potential surface and the holes to the negative
piezo-potential surface. Thus this piezo-driven carrier migration reduces the recombination rate of photo-generated
electrons and holes, and more carriers can migrate to the
surface. Then photo-generated holes at the negative surface
react with hydroxyl groups to produce free OH radicals,
and the photo-generated electrons at the positive surface
react with O2 to produce O2 groups (Figure 2d). The free
hydroxyl radicals can oxidize MB in aqueous solution, generating non-toxic CO2 and H2O [27–29]. The physical–chemical
reactions in this piezo-photocatalytic process are as follows:
piezoelectric field

ZnO nanowires þhv
⟹
e  ðpositive surfaceÞ
þ
þh ðnegative surfaceÞ

ð1Þ
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Compared with non-piezo-assisted photocatalyitic process, the more holes at the surface in this internal piezophotocatalytic process can form more hydroxyl radicals
to oxidize more organic compounds, resulting in higher
photocatalytic efﬁciency. It should be pointed that in liquid
environment, the piezo-potential created by ZnO nanowires

not only drives the internal charges, but also drives free ions
towards its surface to compensate the piezo-charge, [30]
and the effective potential for the piezo-photocatalytic
process is not as high as the output of the outside solid-state
nanogenerator. Such a new piezo-photocatalytic mechanism
can be applied by not only piezoelectric nanowires, but also
nano-ﬁlm and even bulk piezoelectric semiconductors.
Figure 3a and b shows typical SEM images of ZnO nanowires/CFs, showing that ZnO nanowire arrays are vertically
aligned on the surface of CFs. The average diameter and
length of ZnO nanowires are 500 nm and 6 μm, respectively.
Figure 3c is a high resolution TEM image of the tip region of
ZnO nanowire, showing that the lattice fringe spacing is
0.52 nm, corresponding to (0001) plane of ZnO crystal. The
growth direction of ZnO nanowire is along the c-axis. Figure 3d
is the X-ray diffraction (XRD) patterns of ZnO nanowires/CFs
and bare CFs. The broad peak centered around 251 arises from
the (002) plane of the carbon structures in CFs. The sharp
diffraction peaks in curve 1 can be perfectly indexed to the
hexagonal wurtzite structure of ZnO crystals (JCPDS 36-1451).
No other peaks for impurity can be observed, suggesting that
the composition of the samples is ZnO and carbon.
According to the method reported previously, [31] the
multi-ﬁber NGs have been fabricated and measured. One
single yarn woven from 40 ﬁbers is tested;  20 ﬁbers are
Au-coated ZnO nanowires/CFs and the other 20 ﬁbers are
non-Au-coated ZnO nanowires/CFs. The Au-coated ZnO nanowires/CFs are movable in the testing, and the non-Au-coated
ﬁbers are ﬁxed. The Au-coated and non-Au-coated ﬁbers are
electrically connected to the external measurement circuit as
the NG electrodes, respectively. When a pulling force is
applied on the Au-coated ﬁbers by a stepper motor, the Aucoated and non-Au-coated ﬁbers have a relative sliding movement and a brushing movement can be achieved between the
non-Au-coated nanowires and Au-coated nanowires. The
experimental vibration on the woven yarn ( 10 cm) is about
1 cm. Figure 4 demonstrates the piezoelectric effect of ZnO
nanowires/CFs upon applied deformation. The short-circuit
current is about 0.5 nA, and the open-circuit voltage is about
20 mV. Based on the mechanism of ﬁber nanogenerator in Ref.
[31], a piezoelectric ﬁeld in the non-Au-coated ZnO nanowire
can be created across its width due to the deformation with
negative piezo-potential on the compressive strain region and
positive piezo-potential on the tensile strain region. The Aucoated nanowires act as the electrode for collecting and
transporting the charges through Au/ZnO interface. The piezopotential of ZnO nanowires and Schottky barrier of Au/ZnO
lead to the DC piezoelectric output.
The piezo-photocatalytic activity of ZnO nanowires for
degrading MB solution is shown in Figure 5. Figure 5a and b
shows UV–vis absorption spectra of MB solution (C0 =5 mg/L,
C0 is initial concentration) upon photodegradation catalyzed
by ZnO nanowires/CFs (200 mg) at different UV irradiative
times with and without piezo-assistance, respectively. The
spectra range from 350 to 700 nm with a peak at the
wavelength of 660 nm. It can be seen that the intensity
of the absorption peak decreases with increasing degradation
time. And the piezo-assistance can signiﬁcantly enhance the
photocatalytic activity of ZnO nanowires. With piezoassistance (in Figure 5a, the periodically applied force is
1 Hz, and the woven CFs is under 1 cm of vibration), after
120 min of UV irradiation, the degradation of MB solution is
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Figure 2 The working mechanism for the piezo-photocatalytic activity of ZnO nanowires. (a) Schematic illustration of the woven
ZnO nanowires/CFs without applied force and UV irradiation. (b) When the UV light is on, UV illumination on ZnO nanowires induces
a transition of electrons from the valence band to the conduction band, leaving an equal number of holes. (c) When the periodic
force is applied on ZnO nanowires/CFs, there is a relative sliding between neighboring ZnO nanowires, resulting in the bending of
ZnO nanowires which produces positive and negative piezoelectric potentials across their width. And the piezoelectric ﬁeld drives
the electrons and holes migrating to the surface in opposite directions. The recombination of electrons and holes can be reduced.
(d) The electrons (e  ) react with dissolved oxygen molecules to yield superoxide radical anions (O2 ), and the holes (h + ) are
ultimately trapped by hydroxyl groups (or H2O) at the surface to yield OH radicals. The hydroxyl radicals can oxidize MB in aqueous
solution, generating non-toxic CO2 and H2O. The photocatalytic efﬁciency of ZnO nanowires is enhanced by the piezo-assistance due
to the reduced recombination of photo-generated carriers.

up to 96%. In contrast, the degradation of MB solution
without piezo-assistance (Figure 5b) is merely 64% after
120 min. The insets of Figure 5a and b display the decoloration of MB solution at different times with and without piezoassitance, respectively. The piezoelectric potential is created
when the ZnO nanowire is under applied external strain. As a
result, the photo-generated electron–hole pairs will be
separated by the piezoelectric potential. The piezo-potential prevents the recombination of electron–hole pairs inside
the ZnO nanowire and increases the electrons and holes at
different surfaces of ZnO nanowire. Therefore, the electron–
hole pair separation effect by the piezo-potential will
increase the photocatalytic efﬁciency of ZnO nanowires.
Photodegradation proﬁles of MB solution catalyzed by ZnO
nanowires/CFs are shown in Figure 5c, and the applied force is
under different frequencies: 1 Hz, 0.5 Hz and 0 (representing
non-piezo-assistance). It can be seen that the photocatalytic
activity of ZnO nanowires/CFs increases with increasing frequency of applied force simply due to higher input power.
Kinetic curves of MB degradation catalyzed by ZnO nanowires/
CFs are shown in Figure 5d. Without piezo-assistance (frequency=0), the linearity of the curve is similar to various
reports on the photocatalytic properties of ZnO nanostructures,
indicating that the kinetics for the photocatalytic

decomposition of MB solution without applied force follows a
pseudo ﬁrst order rate [27,32]. Interestingly, with piezoassistance, nonlinear curves can be observed, and the rate
increases with time. It should also be noted that future work
needs to be done to further improve the piezo-photocatalytic
performance, such as synthesizing new composite materials and
designing new device structures.
One of the important issues in photocatalyst is reproducibility, and the cycling performance of the piezophotocatalytic activity of ZnO nanowires for degrading
MB solution (the force frequency is 1 Hz) is shown in
Figure 5e. At the ﬁrst, second and third cycle, the degradation of MB solution after 120 min is about 98.8%, 99.4%
and 98.8%, respectively. This result exhibits high
reproducibility.
As shown in Figure 5f, the dye degradation under mechanical vibration only (without UV) has been tested. It can be
seen that the dye concentration keeps stable under this
condition. This result conﬁrms that the dye degradation
comes from the photocatalytic effect of the ZnO and the
piezoelectric effect of ZnO cannot generate extra carriers.
The piezoelectric effect of ZnO plays a supporting role in
the piezo-photocatalytic process of ZnO nanowires for
degrading MB solution.
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Figure 3 (a, b) SEM images of ZnO nanowires/CFs. (c) high resolution TEM image of the tip region of ZnO nanowire. (d) XRD
patterns of ZnO nanowires/CFs (curve 1) and bare CFs (curve 2).

Figure 4 The piezoelectric output of the NG based on ZnO nanowires/CFs and Au-coated ZnO nanowires/CFs under a periodic
pulling force, show the successful creation of piezoelectric potential in the nanowires.

As comparison experiments, piezo-photocatalytic degradation of MB solution is carried out by using ZnO nanoparticle/
CFs, vertically-aligned ZnO nanowires on ITO (Indium tin
oxide) glass and randomly-distributed ZnO nanowires on ITO
glass, respectively, as presented in Supporting information.
Figure S1 shows the photocatalytic degradation of MB solution by using ZnO nanoparticle/CFs with and without applying
force, respectively. It can be seen that there is no obvious
enhancement of photocatalytic activity of ZnO nanoparticles/CFs with applying force. The slopes of the kinetic curves
of MB degradation catalyzed by ZnO nanoparticle/CFs with
and without applying force are almost the same. The large
amounts of ZnO nanoparticles have no uniform c-axis direction, which is similar to the polycrystalline structure. And the
zero-dimensional structures of ZnO nanoparticles have very
limited deformation on c-axis upon sliding (they cannot be
bended), resulting in almost no piezoelectric output [33,34].
The recombination of electron–hole pairs cannot be

prevented. This result conﬁrms that the enhancement of
photocatalytic efﬁciency of ZnO nanowires/CFs arises from
the piezo-assistance. Figure S2 shows the photocatalytic
degradation of MB solution by using vertically-aligned ZnO
nanowires on ITO glass with and without applying compressive force, respectively. It can be seen that the photocatalytic activity of vertically-aligned ZnO nanowires on ITO glass
is enhanced by the compressive force. The vertically-aligned
ZnO nanowires have uniform c-axis direction, and under
applied compressive force, the deformation on the c-axis
can generate piezoelectric output. The recombination of
electron–hole pairs can be prevented. This result further
conﬁrms that the enhancement of photocatalytic efﬁciency
of ZnO nanowires arises from the piezo-assistance. Figure S3
shows the photocatalytic degradation of MB solution by
using randomly-distributed ZnO nanowires on ITO glass
with and without applying compressive force, respectively.
It can be seen that there is a very small enhancement of
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Figure 5 Piezo-photocatalytic activity of ZnO nanowires for degrading MB solution. (a, b) UV–vis absorption spectra of MB solution
upon photodegradation catalyzed by ZnO nanowires/CFs at different UV irradiative times with piezo-assistance (the periodically
applied force is 1 Hz, and the woven CFs is under 1 cm of vibration) and without piezo-assistance (no force is applied),
respectively. The insets are photographs of MB solutions upon degradation at different times. (c, d) Photodegradation proﬁles and
kinetic curves of MB solution catalyzed by ZnO nanowires/CFs, respectively. The applied force is at different frequencies, and
“Frequency =0” represents non-piezo-assisted photocatalytic process. (e) The cycling performance of the piezo-photocatalytic
activity of ZnO nanowires for degrading MB solution (the force frequency is 1 Hz). Each cycle is 120 min. (f) The dye degradation
under mechanical vibration only (without UV).

photocatalytic activity of randomly-distributed ZnO nanowires with applying compressive force. The randomlydistributed ZnO nanowires have no uniform c-axis direction,
and have limited deformation on c-axis under compressive
force (the force is vertical to the c-axis of most ZnO
nanowires), resulting in weak piezoelectric output. The
recombination of electron–hole pairs can hardly be prevented. This result further conﬁrms that the enhancement
of photocatalytic efﬁciency of ZnO nanowires arises from the
piezo-assistance.
The piezoelectric potential distribution along ZnO nanowires
is calculated by using ﬁnite element method (FEM), as shown in
Figure 6a. The length and diameter of ZnO nanowire are l=6 μm

and d=500 nm, respectively. According to previous theoretical
works, [35,36] the applied stress is chosen as 40 MPa. The
material constants used in the calculation are: elastic constants
c11=207 GPa, c12=117.7 GPa, c13=106.1 GPa, c13=106.1
GPa, c33=209.5 GPa, c44=44.8 GPa, and c55=44.6 GPa, piezoelectric constants e15= 0.45 C/m2, e31=  0.51 C/m2, and
e33=1.22 C/m2. The relative dielectric constants are κ r? ¼ 7:77
and κ r== ¼ 8:91. Figure 6a shows the distribution of piezopotential in the nanowire at its side cross-section parallel to
its c-axis. The maximum value of piezo-potential increases
linearly with the external stress, as shown in Figure 6b.
Under applied the piezoelectric ﬁeld, the charge carriers
will drift in a piezoelectric semiconductor. The positive
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piezoelectric charges attract the electrons and the negative
piezoelectric charges holes, resulting the photo-generated
electron and hole separations and transports. According to
semiconductor physics, the basic equations describing the
dynamic carrier transport behavior in semiconductors is
current–density equations and continuity equations [37].
The current–density equations are as follows:
8
J ¼ qμn nE þqDn ∇n
>
< n
Jp ¼ qμp pE qDp ∇p
ð5Þ
>
:J
cond ¼ Jn þJp
where Jn and Jp are the electron and hole current density,
μn and μp are electron and hole mobility, n and p are
concentrations of free electrons and free holes, Dn and Dp
are diffusion coefﬁcients for electrons and holes, respectively, q is the absolute value of unit electronic charge, E is
electric ﬁeld, and Jcond is the total current density. The
continuity equations are as follows:
8
1
< ∂n
∂t ¼ Gn  Un þ q ∇Jn
ð6Þ
1
: ∂p
∂t ¼ Gp  Up  q ∇Jp
where Gn and Gp are the electron and hole generation rates,
Un and Up are the recombination rates, respectively.
In a single nanowire under applied external strain, the deformation of ZnO nanowires increases gradually and the piezoelectric ﬁeld increases gradually. The carriers will redistribute
when the piezoelectric ﬁeld is generated in ZnO nanowire.
According to piezotronic theory, the current–density equations
and continuity equations can be solved by numerical simulation
for understanding the photo-generated electron–hole pair sepa-
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ration under piezoelectric potential [38]. For example, the
photo-generated electron and hole concentration are chosen as
n0 =2.5  1017 cm  3 and p0 =2.5  1017 cm  3 at thermal equilibrium. Figure 6c shows the distribution of electron concentrations under positive piezo-potential in the nanowire at its crosssectional diameter parallel to y-axis, apparently displaying the
effect of piezoelectric charges on the electron distribution. The
electron concentration increases under positive piezo-potential,
which shows a maximum value at left side of the ZnO nanowire,
where the local positive piezoelectric charges accumulate.
Alternatively, the negative piezoelectric charges attract the
holes, resulting in a maximum value at right side of the ZnO
nanowire, as shown in Figure 6d. Therefore, the photo-generated electron–hole pairs are separated by piezoelectric potential. With piezoelectric ﬁeld, the hole concentration at righthand side increases, resulting in the more holes which can react
with more hydroxyl groups to produce more OH free radicals.

Conclusion
In summary, a new fundamental piezo-photocatalytic mechanism that couples the piezoelectric and photocatalytic properties
of ZnO nanowires was demonstrated. The photocatalytic activity of ZnO nanowires for the degradation of MB solution was
enhanced by the piezo-driven separation of photo-generated
electron–hole pairs. Under UV illumination and applying deformation on ZnO nanowires, the photo-generated electrons and
holes migrated to the surfaces under the driving of piezoelectric ﬁeld on the opposite directions, in which the electron–
hole recombination could be supressed. Such a new piezophotcatalytic process could be extended to the co-utilization of

Figure 6 (a) The piezoelectric potential distribution of ZnO nanowire; (b) piezo-potential with applied stress; (c, d) electron and
hole concentration distribution with piezo-potential inside ZnO nanowire.
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solar and mechanical energy in the nature for water pollution
degradation in the future environmental remediation.

Experimental section
ZnO nanowire arrays were synthesized on CFs by a simple
seed-assisted hydrothermal method. First, CFs with the
length of 10 cm were washed with alcohol and deionized
water for several times to remove surface impurities. Zn
(CH3COO2)2  H2O solution (10 mM in ethanol) was dropped
onto the pre-cleaned CFs and blown dry with nitrogen gas
(this process was repeated for several times). The samples
were annealed at 350 1C for 20 min in argon ambience to
yield a thin layer of ZnO seeds on CFs. Then the seedmodiﬁed CFs (ultrasonically cleaned with acetone, deionized water and alcohol, respectively, and dried at 60 1C in
air) were immersed into 50 mL water containing 0.596 g Zn
(NO3)2  6H2O and 0.280 g hexamethylenetetramine (HMTA).
After the solution being kept at 90 1C for 4 h, the CFs coated
with ZnO nanowire arrays were taken out of the solution,
washed with deionized water and alcohol, and dried at 70 1C
in air. The products were then annealed at 400 1C for 4 h in
argon ambience so that ZnO nanowires were ﬁrmly covered
on CFs avoiding the nanowires scratching/stripping off
during mechanical pulling/releasing. Finally, several bundles of ZnO nanowires/CFs were woven together with multiﬁber structures for the piezo-photocatalytic measurements.
The weight ratio of ZnO nanowires: CFs is about 1:1 by
weighing CFs before and after coating with ZnO nanowires.
The crystal phases of the obtained ZnO nanowires/CFs
were characterized by X-ray diffraction (XRD, D/max
2550 V, CuKα Radiation). Their morphologies and microstructures were investigated by a scanning electron microscope (SEM, JEOL JSM-6700 F) and transmission electron
microscope (TEM, JEOL JEM-2010).
The degradation of MB by the piezo-photocatalytic activity
of ZnO nanowires/CFs was performed in an aqueous solution
under UV irradiation and periodically applied force. A highpressure mercury lamp (50 W) with main emission wavelength of 313 nm was used as UV source. 200 mg woven ZnO
nanowires/CFs was suspended in 100 mL aqueous solution of
MB with a concentration of C0 =5 mg/L. Prior to UV irradiation, the suspension was stirred for 20 min in the dark to
ensure the establishment of absorption/desorption equilibrium. During piezo-photocatalytic process, the suspension
was slightly stirred and any temperature rise was avoided by
ventilation with an electric fan. At the same time, a periodic
force was applied on the woven ZnO nanowires/CFs to
deform the ZnO nanowires by a stepper motor. 3 mL of
sample solution was taken out every 30 min and analyzed by
a UV–vis spectrometer (Hitachi U-3010). The dye concentration was measured at λ=  660 nm, which is the maximum
absorption peak of MB. The percentage of degradation is
designated as C/C0 (C is test concentration).
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