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A novel nanocomposite with ZnO nanorod arrays vertically growing on the three-dimensional (3D) Ni
foam has been synthesized under hydrothermal conditions, which displays both the piezoelectric and
photocatalytic functions. When the solution is stirred by magnetic rotation, fluid eddies are produced
within the unique macroporous structure in 3D network, causing deformation of ZnO nanorod to
generate piezoelectric field. Meanwhile, UV light irradiation on ZnO semiconductor generates
photoelectrons and holes, followed by starting photocatalytic degradation of organic dye pollutants
in wastewater. The piezo-induced bias voltage promotes the separation of photoelectrons and holes
and thus can inhibit their recombination, leading to the enhanced quantum efficiency (more than 5
times). The photocatalytic activity increased by increasing the stirring rate owing to the enhanced
piezoelectric field.
Introduction
Environment and energy are two important issues related to the
living and daily production of human being. Photocatalysis is a
kind of green technology that uses solar energy to generate pho-
toelectrons and holes which further react to produce H2 and O2

via water splitting, to induce CO2 conversion, to reduce heavy
metallic ions, and to degrade organic pollutants [1–6]. Accord-
ingly, photocatalysis using sustainable solar energy has great
potential in the fields of energy and environment. So far, the
most important factor affecting the photocatalytic performance
is the photoelectron–hole recombination [3–4,6]. To date, great
efforts have been made in order to prevent the recombination.
Previous studies have shown that metal or nonmetal ion doping,
noble metal modification, heterojunction structure formation,
and unique nanostructure fabrication can promote the photo-
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generated electron and hole separation [5,7–19]. Meanwhile,
photoelectrocatalysis is also an effective technique to suppress
photoelectron–hole recombination by the bias electric field
[20–22]. However, the application of this process is quite limited
since it requires the external bias voltage, the electrode coated
with photocatalyst, and the electrolytes in liquid phase reaction.
Moreover, the photocatalyst coated on the electrode may greatly
reduce the effective surface area, corresponding to the decreased
light absorption and active site number.

Recently, ZnO has received considerable attention because of
its excellent photocatalytic and piezoelectric properties [23–27].
When the c-axis of ZnOmicrorod or nanorod is applied deforma-
tion, a piezoelectric field can be created on the surface [28–30].
This built-in electric fields from piezoelectric materials can be
applied to separate photoelectron and holes, leading to the
decreased recombination rate and thus the enhanced photocat-
alytic activity [31–41].

Up to now, the production of build-in electric field of ZnO has
been realized by several methods. The strong external force is
applied to form the piezoelectric field in ZnO nanostructures.
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Ultrasonic wave or friction is also employed to produce the high
piezoelectric effect by the applied deformation of ZnO nanoma-
terials [34,38,40–41]. However, there are still various forms of
mechanical energy in the natural environment, such as water
flow, wind, and tide, which cannot be easily utilized in the
piezo-enhanced photocatalytic process. Taking into account
the potential applications of photocatalysis in cleaning water
and air, the flow or wind driven piezo-promoted photocatalysis
will offer more opportunities for the practical applications.

Herein, we report for the first time the piezo-promoted photo-
catalysis with enhanced activity in degradation of organic pollu-
tants in wastewater by using ZnO nanorod arrays vertically
grown on the three-dimensional (3D) structure Ni foam sub-
strate. The water flow induced by stirring generate piezoelectric
field of the ZnO arrays and the intensity increased with the
increase in stirring rate. Meanwhile, the 3D porous structure
can enhance the piezoelectric field owing to some small water
turbulences on the inner surface of the Ni foam. More impor-
tantly, such 3D structure is more effective in reactant-diffusion
and photocharge-migration, leading to the enhanced photocat-
alytic activity.
Results and discussion
As shown in Fig. 1a, the Ni substrate shows a typical macrop-
orous foam-like structure with three dimensional network (3D)
with a large range of pore-size distribution. The high-resolution
SEM image (Fig. 1b) displays smooth surface of Ni foam skeleton
(a) (

(c) (

FIGURE 1

Scanning electron microscopy (SEM) image (a) and high-resolution SEM image
nanorod arrays/Ni foam. The inset is the side-view SEM image.
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owing to the close package of nickel particles. Fig. 1c shows that
ZnO nanorod arrays are uniformly deposited on the surface of Ni
foam. The high-resolution SEM image (Fig. 1d) indicates that the
ZnO nanorod arrays are vertically grown on the surface of the Ni
foam. According to the attached side-view SEM image, the length
and the diameter of ZnO nanorods are determined around 1 lm
and 50 nm, respectively.

The XRD patterns in Fig. 2 display strong diffraction peaks
characteristic of metallic Ni in both the pure Ni foam and the
ZnO nanorod arrays/Ni foam. Very weak diffraction peaks indica-
tive of ZnO could be found in the ZnO nanorod arrays/Ni foam,
corresponding to the hexagonal wurtzite structure of ZnO crys-
tals (JCPDS 36-1451) [34–35,38,40]. No other impurity peaks
are observed, suggesting the formation of well-defined nanocom-
posite in the form of ZnO nanorod arrays/Ni foam.

The separation efficiency of photogenerated charges is one of
the most important factors determining photocatalytic activity,
which could be examined by the transient photocurrent density.
As shown in Fig. 3, the photocurrent of the ZnO nanorod arrays/
Ni foam generated at 500 rpm stirring rate is about 10 lA/cm2,
which is much higher than that obtained at static condition
(0 rpm). This means that the migration of photogenerated
charges in ZnO nanorod arrays is much easier due to the pres-
ence of piezoelectric field resulting from water-stirring. With
the increase in stirring rate to 1000 rpm, the photocurrent den-
sity also increases. One possible reason is that the swirl of water
flow produces a mechanical force to the top of ZnO nanorod
arrays during the stirring process, resulting in the ZnO nanorod
b)

d)

(b) of Ni foam. SEM image (c) and high-resolution SEM image (d) of ZnO
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FIGURE 4

Schematic illustration of the formation of piezoelectric field due to ZnO nanoro
the piezo-promoted separation of photoelectrons from holes in ZnO nanorod a
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FIGURE 3

UV light (365 nm) induced photocurrent pulse-curves of ZnO nanorod arrays/N
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FIGURE 2

X-ray diffraction (XRD) patterns of Ni foam and ZnO nanorod arrays/Ni foam.
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deformation to generate a piezoelectric field (Fig. 4) [29,30]. With
the increase in stirring rate, the water flow velocity also increases,
corresponding to the enhanced interaction force between the Ni
foam and water flow. Meanwhile, the ZnO nanorod on the sur-
face of Ni foam also experiences an enhanced mechanical force,
which may induce the enhanced deformation degree. The
increased piezo can promote the photo-charges separation (as
can be seen in Fig. 4), which can inhibit photoelectron–hole
recombination. Therefore, the ZnO nanorod arrays/Ni foam dis-
plays increasing photocurrent with the increase in stirring rate.

Fig. 5 shows the activity of ZnO nanorod arrays/Ni foam dur-
ing UV light driven photocatalytic degradation of rhodamine B
(RhB) at different stirring rate. The RhB degradation efficiency
reaches 35% after 90 min without stirring (stirring rate = 0 rpm),
corresponding to the reaction rate of 0.005 min�1. The degrada-
tion efficiency gradually increases to 92% with the stirring rate
increasing to 1000 rpm, corresponding to the increase in reaction
rate up to 0.026 min�1, which is about 5 times as that obtained
without stirring. The reaction rate increases almost linearly with
the stirring rate (Supplementary Fig. S1), showing the promoting
Ni foam

d deformation caused by the water flow and turbulence during stirring and
rrays/Ni foam.
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FIGURE 5

Photocatalytic degradation of RhB on ZnO nanorod arrays/Ni foam at different stirring rate under UV light irradiation. (a) Degradation yield and (b) kinetic
linear fitting curve with the reaction time. Reaction conditions: 20 mL RhB (5.0 mg/L), Xe lamp (365 nm, 100 W), reaction temperature = 298 K.
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effect of the piezo on photocatalysis since it can facilitate the sep-
aration of photoelectrons from holes to inhibit their recombina-
tion. With the increase in stirring rate, the piezoelectric field
becomes stronger, which can further promote the separation of
photoelectrons from holes, leading to the enhanced photocat-
alytic activity. More importantly, the ZnO nanorod arrays/Ni
foam can be easily recycled and used repetitively for more than
5 times without significant deactivation, indicating the excellent
durability (Supplementary Fig. S2).

To further confirm the promoting effect of piezoelectric field
on photocatalysis, we prepare a reference nanocomposite with
ZnO nanoparticles instead of ZnO nanorod arrays growing on
the Ni foam substrate. The SEM images (Fig. S3) display uniform
dispersion pf ZnO nanoparticles on the surface of Ni foam with
diameter around 100 nm. Similar to that in the ZnO nanorod
arrays/Ni foam, the ZnO in the ZnO nanoparticles/Ni foam is
also present in the hexagonal wurtzite structure (see the XRD
pattern in Supplementary S4). As shown in Fig. 6, the ZnO
nanoparticles/Ni foam exhibits 21% RhB degradation yield after
90 min photocatalytic reaction under UV light irradiation at stir-
ring rate of 0 rpm, which is slightly lower than the ZnO nanorod
arrays/Ni foam. Since the ZnO nanorod arrays display lower sur-
face area than the ZnO nanoparticles, we conclude that the
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FIGURE 6

Photocatalytic degradation of RhB on ZnO nanoparticles/Ni foam at
different stirring rate under UV light irradiation. Reaction conditions are
given in Fig. 5.
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enhanced light absorbance resulting from the multiple light
reflections within well-arranged ZnO nanorod arrays can account
for the higher photocatalytic activity of the ZnO nanorod arrays/
Ni foam.6, 16 In contrast to the ZnO nanorod arrays/Ni foam, the
ZnO nanoparticles/Ni foam does not show significant influence
of stirring rate on the photocatalytic activity. Obviously, the
deformation of ZnO nanoparticles under the external mechani-
cal force is much more difficult than the ZnO nanorod arrays
due to the strong interaction between ZnO nanoparticles and
Ni foam substrate. Therefore, the piezoelectric field generated
in the ZnO nanoparticles/Ni foam is not enough to drive the sep-
aration of photoelectrons from holes, which could sufficiently
account for the little or even no promoting effect on the photo-
catalytic activity for degrading RhB by applying stirring in the
wastewater.

The photocatalytic performances of ZnO nanorod arrays/ITO
and ZnO nanorod arrays/glass are also examined to show the role
played by 3D Ni foam substrate in the ZnO nanorod arrays/Ni
foam In those two nanocomposites, the ZnO nanorods also ver-
tically and uniformly grow on the surface of ITO and glass sub-
strates with length around 1 lm and 0.6 lm, respectively (see
Supplementary Figs. S5 and S6). As shown in Fig. 7, the ZnO
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FIGURE 7

Photocatalytic degradation of RhB on ZnO nanorod arrays/ITO and ZnO
nanorod arrays/glass at different stirring rate under UV light irradiation.
Reaction conditions are given in Fig. 5.



FIGURE 8

Synergetic effects between piezoelectric field and photocatalysis of ZnO nanorod arrays/Ni foam.
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nanorod arrays/ITO exhibits almost the same photocatalytic
activity and the same effect of stirring rate as the ZnO nanorod
arrays/glass. Taking into account that the ITO is a good electric
conductor while the common glass is an electric insulator, we
therefore conclude that electric conductivity of the substrate
has very little or no influence on either the photocatalytic or
the piezoelectric performances of ZnO nanorod arrays. Compar-
ing Fig. 7 with Fig. 5, we found that, under the same reaction
conditions, the RhB degradation yield on either the ZnO
nanorod arrays/ITO or the ZnO nanorod arrays/glass is signifi-
cantly lower than that on the ZnO nanorod arrays/Ni foam. This
could be mainly attributed to the unique 3D structure which
could increase the dispersion degree of ZnO nanorod arrays
and also facilitate the reactant-diffusion. Interestingly, when
the stirring rate increases from 0 rpm to 1000 rpm, both the
RhB degradation yield and photocatalytic reaction rate increase
by about 3 times on the ZnO nanorod arrays/ITO (see Fig. 7
and Supplementary Fig. S7). However, those observed on the
ZnO nanorod arrays/Ni foam increase by about 5 times (see
Fig. 5). This could be accounted by considering the unique 3D
structure of the Ni foam substrate, in which more flow turbu-
lence or eddies can be generated during stirring, leading to the
enhanced piezoelectric effect and thus the enhanced photocat-
alytic activity.

Fig. 8 schematically illustrates the synergetic effects between
piezoelectric field and photocatalysis of the ZnO/Ni nanocom-
posite. Firstly, ZnO nanorod arrays are vertically grown on the
Ni foam via a simple hydrothermal treatment. The ZnO serves
as both the piezoelectric and the photocatalytic material. On
one hand, the macroporous structure with 3D network of the
ZnO nanorod arrays/Ni foam allows good liquid flow to produce
turbulence or eddy by stirring solution, which induces piezoelec-
tric field owing to the deformation ZnO nanorod arrays. On the
other hand, the UV light irradiation onto ZnO semiconductor
induces photoelectrons and holes on valence and conduction
bands, followed by starting the photocatalytic degradation of
organic dye pollutants like RhB in wastewater directly or via
forming other active radicals like superoxide radicals and hydro-
xyl radicals . Inhibition of photoelectron–hole recombination
plays a key role in determining the quantum efficiency. By stir-
ring the solution, a large number of turbulences and eddies are
produced within the ZnO/Ni interface owing to the unique
macroporous structure with 3D network, which causes deforma-
tion of ZnO nanorod to generate piezoelectric field. The piezo-
induced bias voltage promotes the photoelectron transfer
through Ni conductor, which favors the separation of photoelec-
trons from holes to inhibit their recombination, leading to the
enhanced photocatalytic activity. The photocatalytic activity
increased with the increase in stirring rate owing to the enhanced
piezoelectric field.
Conclusions
This work develops a novel piezo-promoted photocatalysis for
degradation of organic pollutants like RhB in wastewater by
using a nanocomposite with ZnO nanorod arrays vertically grow-
ing onto the 3D Ni foam. Piezoelectric field is generated owing to
the deformation of ZnO nanorod caused by flow turbulence and
eddy within macroporous structure of 3D network generated by
stirring the solution. Meanwhile, the ZnO generates photoelec-
trons and holes under UV light irradiation, followed by starting
photocatalysis. The piezo-induced bias voltage promotes the sep-
aration of photoelectrons from holes, leading to the low photo-
electron–hole recombination rate and high photocatalytic
activity. The 3D network of Ni foam substrate plays a key role
in promoting photocatalysis owing to the enhanced piezoelectric
field and diminished diffusion limit. The photocatalytic activity
increases with the increase in stirring rate owing to the enhanced
piezoelectric field. This work supplies a new way to design effi-
cient photocatalysts which may offer more opportunities for
practical applications in wastewater cleaning.
Experimental section
Reagents
Zinc nitrate hexahydrate (99%, metals basis), hexamethylenete-
tramine (99 + %), rhodamine B (RhB) are purchased from Alfa
Aesar. Ni foam (thickness = 1.5 mm, surface density = 320,
size = 35 mm � 25 mm) is purchased from Changde Liyuan
Co., Ltd. ITO glass is purchased from Suzhou Jinggui Technology
Co., Ltd. Common glass is got from the microscope slides (SAIL
Brand). All the reagents are used without further purification.
Solutions are prepared with deionized water.
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Sample preparation
In a typical process, the ZnO nanorod arrays/Ni foam is synthe-
sized by seed-assisted hydrothermal method [42]. The Ni foam is
firstly cleaned by ultrasonication for 15 min in ethanol and
deionized water, followed by drying at 60 �C overnight. The
ZnO seed layer (Ar, 100W, 15 min) is then deposited on the Ni
foam substrate by radio frequency (RF) magnetron sputtering at
room temperature (Denton Vacuum/Discovery 635), followed
by immersing into 80 mL aqueous solution containing
0.015 mol/L Zinc nitrate hexahydrate and 0.02 mol/L hexam-
ethylenetetramine at 90 �C for 6 h. Finally, the solid product is
washed thoroughly with alcohol and deionized water, and dried
at 70 �C. For comparison, the ZnO nanorod arrays/ITO and the
ZnO nanorod arrays/glass are also synthesized in the same way
by using ZnO nanorod arrays/ITO and the ZnO nanorod arrays/-
glass. The reference sample (ZnO nanoparticles/Ni foam) was
prepared by sputtering deposition for 2 h.

Characterizations
The as-received samples were characterized using X-ray diffrac-
tion (XRD, PANalytical X’Pert3 Powder, CuKa source), scanning
electron microscopy (SEM, HITACHI SU8020). The photocurrent
characteristics of the device were recorded by an electrochemical
workstation (CHI660E).

Activity test
The photocatalytic degradation of RhB in an aqueous solution
(5.0 mg/L) is started by irradiating with 365 nm UV light
(100 W) after being stirred in dark for 30 min to reach absorp-
tion–desorption equilibrium. During the reactions, the stirring
rate is adjusted at 0, 250, 500, 750 or 1000 rpm to achieve differ-
ent piezo-induced bias voltage. The RhB concentration is ana-
lyzed by a UV spectrophotometer (UV3600) at their
characteristic wavelength (554 nm) to determine the degradation
yield.

Photoelectrochemical (PEC) measurement
Photoelectrochemical measurement is performed by using an
electrochemical station (CHI 660E). The nanocomposite of
ZnO nanorod arrays/Ni foam serves as a working electrode. The
counter electrode and reference electrode are consisted of a Pt
sheet (99.99%, 0.1 mm, 2 cm * 2 cm) and saturated calomel elec-
trode (SCE), respectively. A 100 W Xe lamp with 365 nm wave-
length is positioned at 8 cm away from the
photoelectrochemical cell. The photocurrent is measured in a
0.5 mol/L Na2SO4 solution using a 10 s on–off cycle at a bias volt-
age of 0.5 V.
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