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ABSTRACT: We report a simple approach to fabricate zinc oxide
(ZnO) nanowire based electricity generators on three-dimensional
(3D) graphene networks by utilizing a commercial polyurethane
(PU) sponge as a structural template. Here, a 3D network of
graphene oxide is deposited from solution on the template and
then is chemically reduced. Following steps of ZnO nanowire
growth, polydimethylsiloxane (PDMS) backfilling and electrode
lamination completes the fabrication processes. When compared to
conventional generators with 2D planar geometry, the sponge
template provides a 3D structure that has a potential to increase
power density per unit area. The modified one-pot ZnO synthesis
method allows the whole process to be inexpensive and
environmentally benign. The nanogenerator yields an open circuit
voltage of ∼0.5 V and short circuit current density of ∼2 μA/cm2,
while the output was found to be consistent after ∼3000 cycles. Finite element analysis of stress distribution showed that external
stress is concentrated to deform ZnO nanowires by orders of magnitude compared to surrounding PU and PDMS, in agreement
with our experiment. It is shown that the backfilled PDMS plays a crucial role for the stress concentration, which leads to an
efficient electricity generation.

KEYWORDS: piezoelectric nanogenerator, sponge-templated macroporous network, zinc oxide nanowire, hydrothermal synthesis,
reduced graphene oxide

1. INTRODUCTION

Emerging technology of “Internet of Things (IoT)”, a proposed
network evolution that all living and nonliving objects have
network connectivity to send and receive data, demands power
sources to be included in all existing objects.1 Batteries and
solar cells are among possible solutions; however, presumably,
consumers do not wish to see an increase in price for
inexpensive commodity items. Printed radio frequency
identification (RFID) may provide wireless power transmission
at the cost of cents per product.2 When wireless transmission is
unavailable to match the power consumption, an additional
power device is required, preferably at the lowest production
cost possible. Energy harvesting by utilizing piezoelectric
materials that can convert mechanical motion to electrical
energy is suitable for wearable products, where devices can be
charged during daily activities.3,4

Originated from seminal contributions by Wang and co-
workers,5−7 arrays of zinc oxide (ZnO) nanowires have been
utilized as promising electricity generators by the piezoelectric
effect. The piezoelectricity stems from the crystalline structures
of the nanowires and their self-rectifying nature at the electrical
contact to substrate materials.8−10 Recent studies suggest that
ZnO arrays on graphene provide an attractive option for
nanogenerators due to desirable Schottky barrier proper-

ties.11−14 For IoT applications, remaining challenges include a
simple and inexpensive synthesis of the nanomaterials and the
maximization of the ZnO/graphene area for high-density power
generation. The former can be achieved by hydrothermal
synthesis of ZnO nanowires, which allows a high density array
of ZnO at the maximum processing temperature of ∼90
°C.15,16 The latter requires a three-dimenstional (3D) porous
network of graphene with a low-cost fabrication method.17−19

Recently, an increasing number of studies have demonstrated
the adoption of commodity products as structured substrates
for growing functional nanomaterials. Use of commodity items
allows an inexpensive pathway to produce well-defined
hierarchical structures. Established mechanical properties of
the substrate material is also an advantage. For example,
commercially available foams, sponges, and textiles have been
transformed to electrochemical capacitors,20,21 pressure sen-
sors,22 antivibration materials,23 heat insulators,24 oil absorb-
ents,25−27 superhydrophobic surfaces,28 and separating mem-
branes.29
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Here we present a simple and inexpensive processing
pathway to produce a 3D-structured nanogenerator with
mechanical integrity. A commercially available polyurethane
(PU) sponge was used as a substrate to provide a 3D
macroporous network structure and ideal mechanical properties
(structural integrity, modulus, and resilience) for the nano-
generator. A graphene coating on the PU sponge was formed
by reducing aqueous graphene oxide into a conductive 3D
network. We developed a one-step hydrothermal method that
grows ZnO nanowires on the graphene network. The whole
process was performed in aqueous solution under 95 °C with
chemicals that are environmentally benign. The pores were
then backfilled with another elastomeric soft material, poly-
(dimethylsiloxane) (PDMS). The backfilling provided a
protection for the nanowires from shedding off during
operation. More importantly, the backfilling caused stress
localization to the ZnO arrays under operational conditions, as
supported by finite element analysis of stress distribution, thus
it allowed an effective electricity generation.

2. EXPERIMENTAL SECTION
2.1. Nanogenerator Fabrication. Graphene Oxide Dip-Coating.

An as-received commercial polyurethane sponge (87035K41,
McMaster-Carr, US) with dimension 3 × 3 × ∼ 0.2 cm3 was
immersed into graphene oxide (GO) solution (4 mg GO/ml,
Graphenea, Spain). Typically, each sample could take up 1.5 mL of
GO solution. Then the sponge was dried in a convection oven for 6 h
at 80 °C. The mass of sponge after drying process was increased from

59.0 ± 3.4 to 64.3 ± 4.7 mg. The increased mass can be attributed to
coated GO.

Graphene Oxide Reduction.We adopted an established protocol of
vitamin-C based reduction method.30,31 The GO coated sponges were
reduced using L-ascorbic acid aqueous solution (L-AA, 8 mg/mL,
Sigma-Aldrich) solution in oil bath with distillation apparatus at 95 °C.
After reaction for 4 h, the sponges were dialyzed in deionized water to
remove remaining L-AA. Then the sponges were dried in a convection
oven for 6 h at 80 °C. After that, the sponges were attached to copper/
Kaptone sheet (DuPont) using silver paste and cured in a convection
oven for 6 h at 80 °C. The reduced GO on PU is denoted as RGO@
PU.

ZnO Nanorod Synthesis. A ZnO precursor solution was first
prepared by dissolving zinc nitrate hexahydrate (80 mM Sigma-
Aldrich), hexamethyleneteteramine (HMTA; 25 mM; Sigma-Aldrich),
polyethylenimine (PEI; 5 mM; Sigma-Aldrich), and ammonia solution
(30%, ACS reagent grade; 5 mL; Sigma-Aldrich) in 100 mL of
deionized (DI) water. The solution was stirred at room temperature
for 1 h until it became a clear solution.32 The one-pot synthesis of
ZnO nanowire was conducted in 95 °C solution. The RGO@PU was
placed on the liquid surface, and the container was closed for 10 min
to allow the solution to permeate the entire sponge sample. Then, the
cover was open to facilitate precipitation of ZnO seeds due to a sudden
vapor pressure drop. A slow agitation of RGO@PU allowed a uniform
coating of the ZnO seed on the surface of the porous material.
Subsequently, the sample was submerged in the solution and the cover
was closed again for ZnO nanowire growth.33 The as-grown sample
was rinsed with DI water and ethanol and then dried for further use.
The mass of the sponge after the drying process increased from 64.3 ±
4.7 to 117.2 ± 16.1 mg. The increased mass can be attributed to ZnO
nanowires.

Figure 1. (a) Process of nanogenerator fabrication. (i) Pristine PU sponge. (ii) GO coated on the internal and external surfaces of the PU sponge.
(iii) GO reduced by L-AA (RGO); bottom electrode attached. (iv) ZnO nanowires grown on the RGO. (v) Thin layer of sputtered Au on the top of
the sample; top electrode attached. (vi) PDMS infused into the pores of the nanogenerator. The insets in the figure illustrate the microstructure of
each step. (b) Photo of a fully assembled nanogenerator.

Figure 2. (a−c) SEM images of RGO@PU with different magnification. (d−f) SEM images of ZnO@RGO@PU with different magnification. White
arrows indicate the locations for the zoom-in.
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Nanogenerator Integration. A 20 nm thick Au layer was coated on
ZnO@RGO@PU by gold sputter unit (Denton) for 180 s, followed by
attaching another copper/Kaptone sheet. Two copper alligators were
clamped to both electrodes to connect the circuit. Finally, a
commercial polydimethylsiloxane (PDMS) material, Sylgard 184
(Corning) was infused into the sponge in a vacuum chamber at 9
Torr and 60 °C for 4 h. The final nanogenerator is shown Figure 1a.
Physical appearances after each process step are shown in Supporting
Information Figure S1.
2.2. Nanogenerator Characterizations. The surface morphol-

ogy of samples were investigated by field emission scanning electron
microscopy (FE-SEM, Zeiss Sigma). X-ray diffraction (XRD) patterns
were recorded on a Rigaku RU-200B X-ray diffractometer with a
rotating anode X-ray generator using Cu Kα radiation (40 kV, 110
mA). The chemical bonding characteristics among samples were
compared via Fourier transform infrared (FTIR, Thermo Nicolet
8700); main bench with an attached Continuum FTIR microscope was
used in attenuated total reflection (ATR) mode with a Germanium
Slide-On ATR microscope objective. X-ray photoelectron spectrosco-
py (XPS) was carried out on a Kratos Axis spectrometer with
monochromatized Al Kα. C 1s peak at 284.6 eV was used to calibrate
all XPS spectra. A Renishaw In Via microscope system was used to
collect Raman spectra from samples. A 785 nm high performance
diode laser (air cooled) was used as an excitation source. All Raman
spectra were measured with a 20× objective with 60 s integration time.
The laser power at the sample was 16 ± 0.5 mW. Ultraviolet
photoelectron spectroscopy (UPS) spectra were obtained using a
helium discharge source at 21.2 eV (He I) on the Kratos Axis Ultra
apparatus with a total instrumental broadening of 0.1 eV. Spectra were
referenced to the Fermi level of a sputter-cleaned Au sample in contact
with the sample, and set as 0 eV. The UV−vis absorption spectra of
the ZnO nanowire suspension (0.1 g ZnO in 10 mL DI water) were
obtained on a PerkinElmer NIR-UV spectrophotometer.
2.3. Piezoelectricity Measurements. Piezoelectricity (open

circuit voltage and short circuit current density) was recorded under
periodic flexural stress (0.2 Hz) using a digital source meter (Keithley-
2400; background noise controlled at ±0.5 nA) under ambient
conditions. The radius of curvature was about 1 cm during bending.
Sample durability was tested by a bicycle revolving at 30 rpm. Here, 20

spokes in the rear wheel bend the nanogenerator with a frequency of
10 Hz at a constant force; the output voltages were recorded.

3. RESULTS AND DISCUSSIONS

3.1. Surface Characterizations. The cross sections of
RGO@PU and ZnO@RGO@PU are given in Figure 2. The
PU sponge has an open cell structure with ∼500 μm pore size.
The diameter of PU fiber is ∼150 μm. In Figure 2b, RGO@PU
has a rougher surface compared by pristine PU (Figure S2 in
the Supporting Information) which indicates the presence of
RGO. Upon immersion of RGO coated sponge into L-AA
solution at 95 °C, the color of sponge was changed from brown
to black immediately. A decrease in the polar functionality on
GO has been previously shown to increase the hydrophobicity
of RGO.34 In the water based solution, the altered wettability
results in a high affinity of RGO to the hydrophobic PU
template. The magnified images (Figure 2c) show a wrinkled
surface morphology of the RGO coating on PU. Figure 2d and
e shows dense ZnO nanowires which were grown on the
surface of RGO. The areal density of ZnO nanowires on
RGO@PU surface is estimated to be (7.1 ± 0.8) × 107/cm2

with 10.2 ± 1.4 μm length and 855 ± 192 nm in diameter,
according to image analysis results (details in Supporting
Information Figure S3).
XRD patterns of PU, GO@PU, RGO@PU, and ZnO@

RGO@PU are displayed in Figure 3a. GO@PU (2) exhibits a
reflection with peak at 2θ = 11.6°, which was not observed in
PU (1) and RGO@PU (3) patterns. This 11.6° peak is
consistent with an interlayer spacing of 0.68 nm of GO sheets,
implying that GO was reduced. Typical results from graphite, a
peak at 2θ = 25° (correlated to an interlayer spacing of 0.34 nm
of graphite),35 was not observed. XRD pattern of ZnO@
RGO@PU (4) confirmed that the as-grown ZnO nanowires
were crystalline and all the diffraction peaks can be indexed to
ZnO with the hexagonal wurtzite structure (JCPDS No. 75-
0576). No typical XRD peaks for graphene were observed,

Figure 3. (a) XRD patterns (inset: close look at the low 2θ signals). (b) Raman spectra. (c) FTIR spectra of pristine PU (1), GO@PU (2), RGO@
PU (3), and ZnO@RGO@PU (4). (d) XPS spectra of GO and RGO.
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which is due to the relatively low volumetric content of
graphene compared to ZnO nanowires.
Raman spectroscopy was used to determine the structure of

GO@PU and RGO@PU. There are two distinguishable bands
in Figure 3b. The D-mode (disordered band) is located
between 1330 and 1360 cm−1. The G-mode (tangential mode)
which corresponds to the stretching mode in the graphite plane
is located at 1580 cm−1.36,37 The relative intensity of D-mode
and G-mode depends strongly on the amount of disorder in the
graphitic material.38−40 The intensity ratio of D and G changed
from 1.67 in GO to 1.91 in RGO@PU, which indicates a
decrease in the average size of the sp2 domains upon GO
reduction.34 This phenomenon was previously reported in GO
reduction using reducing agent.31,30,34 It is notable that the
peaks from PU did not appear in GO or RGO contained
samples because of the screening effect of graphitic materials.41

FTIR results (Figure 3c) are also in agreement with the
conclusion that the GO was successfully reduced. The
observation is supported from the following peaks: the broad
IR adsorption from 3050 to 3800 cm−1 (hydroxyl groups with
C−OH vibrations from carboxyl acid), about 1720 cm−1 (C
O stretching vibrations from carbonyl and carboxyl groups),
1400 cm−1 (O−H bending vibrations from hydroxyl groups),
and between 1300 and 1350 cm−1 (C−OH stretching
vibrations).31,42 The absorption of the bands associated with
oxygen functional groups is strongly decreased in RGO@PU
spectrum.
Reduction of GO was further confirmed by XPS. Figure 3d

shows the C 1s XPS spectra of GO and RGO. Before reduction,
three peaks centered at 284.4, 286.7, and 288.1 eV were
detected, whereas each peak corresponds to CC/C−C (in
aromatic rings), C−O, and CO, respectively.43 After the
reduction, the intensities of C−O and CO decreased
dramatically. The areal ratio of the C 1s peak the O 1s peak

with a correction by atomic sensitivity factors (0.25 for C 1s
and 0.66 for O 1s), allows an estimation of the atomic ratio in
the material. In our experiment, the ratio of carbon to oxygen
was 1.7 for GO and 6.2 for RGO (4 h reduction), which can be
described as an evidence for highly reduced graphene oxide.44

The resistances of GO@PU and RGO@PU were also
measured. Samples with dimension 3 × 3 × ∼ 0.2 cm3 were
sandwiched between two copper electrodes. The resistance of
GO@PU and RGO@PU was 674 ± 69 kΩ and 26.7 ± 3.9 Ω,
respectively. The 4 orders of magnitude improvement in
conductivity indicates GO was reduced to RGO.

3.2. Piezoelectricity Measurements. Figure 4a shows the
current−voltage (I−V) behavior of the nanogenerator at zero
strain. The asymmetric I−V curve implies the rectifying
behavior, which stems from the differences in electrical contact
at the ZnO/RGO and the ZnO/Au interfaces. The UPS spectra
in Figure 4b reveals valence energy levels of GO, RGO and
ZnO nanowires with respect to the source emission line (He
1α; 21.2 eV). The valence band maximum and work function of
ZnO nanowires were 7.1 and 4.8 eV, respectively. The optical
band gap of ZnO nanowires was determined by UV−vis
spectrum in Figure 4c, which was 3.2 eV. Then, the conduction
band minimum of ZnO was calculated using valence band
maximum subtracted by band gap, which equals to 3.9 eV. The
obtained values of ZnO nanowires are similar to those reported
in literature.45,46 The work function of RGO is 4.5 eV probed
by UPS, which is larger than the reported work function of
graphene prepared by chemical vapor deposition method.47

Kumar et al. reported that the oxygen-containing functionalities
have a decisive influence on RGO work function.48

Incorporation of electron withdrawing groups such as hydroxyl,
carboxyl and epoxy in graphene increases the work function
and the increment is proportional to the final oxygen
concentration in RGO. In our case, experimental results show

Figure 4. (a) I−V characteristics of nanogenerator. (b) UPS of GO, RGO, and ZnO nanowires. The onset point of UPS spectra were extracted using
the linear extrapolation method shown in the figure, which are 15.3, 16.7, and 16.4 eV for GO, RGO, and ZnO nanowires, respectively. Spectra were
referenced to the Fermi level of a sputter-cleaned Au sample in contact with the samples, and set as 0 eV. The data indicated that the work functions
of GO, RGO and ZnO nanowires are 5.9, 4.5, and 4.8 eV, respectively. The valence band edge energy of ZnO nanowires is 2.3 eV and the valence
band maximum can be calculated to be 7.1 eV.46 (c) UV−vis spectra of ZnO nanowires. The optical band gap is determined by the inset of the Tauc
plot, which is 3.2 eV. Band diagrams of Au/ZnO/RGO junction (d) before and (e) after contact formation. The direction of forward bias is defined
as from Au to ZnO nanowires. (f) Band diagram of Au/ZnO/RGO junction with stress. The ionic charges in ZnO are due to piezoelectric
polarization and the charges in RGO and Au are due to Coulombic interaction.
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the oxygen concentration of GO dropped from 37% to 14%,
and work function decreases from 5.9 to 4.5 eV. An energy
band diagram of nanogenerator is illustrated in Figure 4d. The
mismatch between the work functions of ZnO and Au causes a
band bending, which results in an energy barrier for electrons
from Au to ZnO of 1.2 eV (Figure 4e). On the other side of the
contact, ZnO nanowires has an ohmic contact with RGO.
When the forward bias is applied, the Fermi level of Au is lower
than that of ZnO. The energy barrier is decreased for electrons
to transport from ZnO nanowires to Au, leading to a forward
bias current in the nanogenerator. When the reverse bias is
applied, the Fermi level of Au is raised above that of ZnO
nanowires. The Schottky barrier blocks the flow of electrons
from Au to ZnO causing the observed rectifying behavior.

Figure 5a and c shows the open circuit voltage and short
circuit current density measured from the nanogenerator. Upon
bending with the frequency of 0.2 Hz (i.e., bending every 5 s;
see the video in the Supporting Information), the nano-
generator yielded an open circuit voltage ranging between 0.25
and 0.41 V and a short circuit current density ranging between
1.18 and 1.70 μA/cm2. The nanogenerator showed negative

and positive peaks when bent and released because of charging
and discharging, respectively. The asymmetricity between
bending and releasing in voltage and current outputs are
because releasing happens quicker than bending in our
experiment.49 A switching polarity test (Figure 5b and d) of
the nanogenerator was conducted for forward and reverse
connections to confirm that the measured signals originated
from the piezoelectric effect, not an artifact from the
measurement system. The nanogenerator yielded open circuit
voltage ranging between −0.23 and −0.45 V and short circuit
current density ranging between −1.20 and −2.05 μA/cm2.
When the nanogenerator was bent, immobile ionic charges
were created in ZnO nanowires (Figure 4f). The piezoelectric
potential will attract and accumulate countercharges in the Au
and RGO adjacent ZnO.5,50,51 These charges generate the
induced potential in the Au and RGO, resulting in negative
peaks in Figure 5a and 5c. When the ZnO nanowires are
released, the piezoelectric potential will disappear, and
accumulated electrons in Au will flow to RGO through external
circuit because electrons are not able to surmount the Schottky
barrier at the interface of ZnO and nanowires. It is known that
the output behavior of nanogenerator also depends on the
bending and releasing rates because the amount of accumulated
electrons can be related to the lifetime of piezoelectric
potential. However, in our case, dielectric relaxation time (3.5
ms for Au nanoparticle with 50 nm diameter52) is three
magnitudes smaller than the manual bending rate (5 s/cycle),
thus accumulated electrons will screen the piezoelectric
potential before the external force is released.
The performance of nanogenerator described in the current

paper can be further improved by resolving following
challenges. First, the conductivity of RGO is not high, which
reduces the efficiency of charge transportation to current
collector. It is notable that, in case reduced graphene oxide’s
conductivity is not high enough, the similar pattern of output
voltage and current with that of rectifying device without
relation to rectifying effect is possible. In our study, however,

Figure 5. Open circuit voltage measured from nanogenerator by (a) forward and (b) reverse connections. Short circuit current density measured
from nanogenerator by (c) forward and (d) reverse connections.

Figure 6. Output voltages recorded when the rear wheel was revolving
at 30 rpm.
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the rectification effect seems to be a real result, as evidenced in
Figure 4. Second, the protocol for Au layer coating must be
improved to achieve a complete coverage on the other side (i.e.,
the opposite side from RGO). Third, the synthesis of ZnO
nanowires can further be improved to achieve ultrahigh-density
nanowires with orientation exactly perpendicular to the local
sponge surface. Fourth, poling process may further improve the
performance. Fifth, the sponge we used had a large fraction of
the porosities; an optimal pore size and porosity needs to be
explored in future studies.
3.3. Durability Test. The durability of the nanogenerator

was tested using a bicycle. The output voltages were recorded
in Figure 6 when the rear wheel was revolving at the speed of
30 rpm. In each peak, the output from nanogenerator exhibited
minimum voltage peaks (bending) that range between −0.06
and −0.01 V, whereas the maximum voltage peaks (releasing)
range between +0.17 and +0.25 V. The inset in Figure 6 shows
a single cycle which was about 0.1 s. Because the radius of
curvature bent by spokes is larger than that which is manually
bent, the maximum output voltage of bicycle test was smaller
compared to Figure 5. After 2800 bending and releasing cycles
there were no distinguishable decays in open circuit voltage.
Figure 7a and b shows the cross sections of nanogenerator
before and after ∼3000 cycle of bicycle-test. The SEM images
further confirm that the device was not degraded during
operation. Delamination at the interface between hard (ZnO
and graphene) and soft (PU and PDMS) materials was not
found (Figure 7c), suggesting that PDMS prevents the
spallation of ZnO nanorods during repeated reversed bending
in the durability test.

3.4. Finite Element Analysis of Macroporous Struc-
ture. Since the output voltage is closely related to how the
ZnO nanowires are deformed with external force, a finite
element method (FEM) simulation program (Marc, MSC
Software Corporation) was used to estimate how the stress is
distributed in the nanogenerator. We designed a 2D plate
model with the dimension of 1.6 mm by 2 mm. The geometry
of the nanogenerator cross-section is illustrated in Figure 8a. In
our devices, the volume fraction of RGO is relative low, thus we
included ZnO nanowires, PU and PDMS into consideration.

The material parameters are given in Table 1. To simplify the
model, all materials were considered to be isotropic and
uniform. The boundary condition during the bending process is
described in Supporting Information S4. Briefly, the displace-
ment of the plate boundary was calculated and assigned to
boundary elements by the bending curvature with the
assumption of pure bending mode. Figure 8b and c shows
the simulation results of nanogenerator with and without

Figure 7. (a) Cross section of the nanogenerator before the durability test. (b) Cross section of the nanogenerator after ∼3000 cycles. White arrows
indicate the locations for the zoom-in. (c) Zoomed-in image at PDMS/ZnO nanowires/PU interfaces. White dotted lines show the boundaries of
PDMS/ZnO and PU/ZnO.

Figure 8. (a) Illustration of the structure of nanogenerator. RGO layer is not included in the FEM model due to its small thickness. (b) FEM
simulation for the stress distribution in the nanogenerator with PDMS and (c) without PDMS.

Table 1. Material Parameters in FEM Simulation

materialsab Young’s modulus Poisson’s ratio thickness

PU53 10 MPa 0.50
PDMS54 3 MPa 0.50
ZnO55 30 GPa 0.35 10 μmbc

aAll materials are considered isotropic to simplify the model. bRGO
layer is not included for relative low content and small thickness. cThe
layer of ZnO nanowires are considered as a uniform layer. The
thicknesses were obtained by SEM imaging.
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PDMS, respectively. With the presence of PDMS backfilling,
Figure 8b shows the equivalent stress of ZnO nanowire layer is
four magnitudes larger than that in PU and PDMS. However,
the stress is not concentrated on ZnO nanowires (Figure 8c).
The measured open circuit voltage from nanogenerator without
backfilled PDMS is shown in Supporting Information Figure
S5. Here, the open circuit voltages (upon release) yielded
values ranging from +0.012 to +0.017 V, which are about 20
times smaller than those with backfilled PDMS (cf., Figure 5a).
The difference indicates that the role of PDMS is not only a
protection for ZnO nanowires, but also an effective stress
concentrator for the nanogenerator.

4. CONCLUSIONS
We demonstrated a low temperature processing method to
fabricate a ZnO nanowire based electricity generator with a 3D
structure templated on a commodity sponge material. GO was
dip-coated from aqueous solution on the commodity sponge
and reduced by L-AA, resulting in the transformation of a PU
sponge into a conductive 3D network. Then, ZnO nanowires
were grown by a one-step hydrothermal method in anaqueous
solution below 95 °C. The mechanism of piezoelectricity and
the band structure of our device were discussed over a band
diagram that shows a Schottky contact at the ZnO/Au interface
and ohmic contact at the ZnO/RGO interface. The diagram
explained the self-rectification and the output mechanism of the
piezoelectric nanogenerator. The nanogenerator yielded open
circuit voltage range up to ∼0.5 V and short circuit current
density range up to ∼2 μA/cm2, upon bending every 5 s. In an
improvised durability test, degradation in output voltage was
not found after ∼3000 bending and releasing cycles. Finally,
finite element analysis of stress distribution showed that the
stress is localized to the ZnO arrays under operational
condition within the presence of PDMS, thus allowing effective
electricity generation. The novel and environmentally benign
processing route that produced high-performance nanogener-
ator opens up the possibility for industrial scale production.
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