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Unidirectional High-Power Generation via Stress-Induced 
Dipole Alignment from ZnSnO 3  Nanocubes/Polymer 
Hybrid Piezoelectric Nanogenerator
 The extremely stable high-power generation from hybrid piezoelectric nano-
generator (HP-NG) based on a composite of single-crystalline piezoelectric 
perovskite zinc stannate (ZnSnO 3 ) nanocubes and polydimethylsiloxane 
without any electrical poling treatment is reported. The HP-NG generates 
large power output under only vertical compression, while there is negli-
gible power generation with other confi gurations of applied strain, such as 
bending and folding. This unique high unidirectionality of power generation 
behavior of the HP-NG provides desirable features for large-area piezoelectric 
power generation based on vertical mechanical compression such as moving 
vehicles, railway transport, and human walking. The HP-NGs of ZnSnO 3  
nanocubes exhibit high mechanical durability, excellent robustness, and high 
power-generation performance. A large recordable output voltage of about 
20 V and an output current density value of about 1  μ A cm  − 2  are successfully 
achived, using a single cell of HP-NG obtained under rolling of a vehicle tire. 
  1. Introduction 

 Lead-free perovskite nanostructures with high piezoelectric 
charge constants are attracting much attention due to their 
potential applications in nanosensors, actuators, energy har-
vesting, and piezotronics. [  1–4  ]  In recent years, energy-harvesting 
technologies that can scavenge various kinds of mechanical 
energy from the living environment have attracted increasing 
attention. [  5–13  ]  Environmentally friendly lead-free piezoelectric/
ferroelectric materials have great potential for medical imaging 
and biological devices, which can be implanted directly into the 
human body due to their biocompatibility. However, many lead-
free piezoelectric materials still remain undiscovered or require 
further investigation. [  14  ]  

 Among such materials, zinc stannate (ZnSnO 3 ) has been 
a focal point of research, because it is a piezoelectric and 
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ferroelectric material with electrical and 
structural ordering temperature well above 
room temperature, up to 700  ° C. [  15  ,  16  ]  
ZnSnO 3  has perovskite-type and ilmenite-
type structures, forming face-centered-
cubic close packing. [  17  ]  ZnSnO 3  exhibits 
excellent polarization of  ≈ 59  μ C cm  − 2  
along the  c -axis, which is larger than 
that of other lead-free materials, such as 
potassium niobate (KNbO 3 , 23  μ C cm  − 2 ), 
zinc oxide (ZnO, 5  μ C cm  − 2 ), and barium 
titanate (BaTiO 3 , 6  μ C cm  − 2 ). [  17–20  ]  Fur-
thermore, increased interest has devel-
oped around ZnSnO 3 , because of its 
symmetry-dependent properties such as 
piezoelectricity, ferroelectricity, pyroelec-
tricity, and second-order nonlinear optical 
behavior that originate from its non-cen-
trosymmetric properties. [  17  ]  In addition, 
its physical properties can be modulated 
by controlling its morphology, dimensions, crystallinity, and 
preparation methods. Recently, ZnSnO 3  micro/nanostructures 
have been synthesized via various routes, including co-precipi-
tation, thermal evaporation, and low-temperature ion exchange 
methods. [  21–23  ]  Semiconducting ZnSnO 3  nanostructures, which 
have a direct band gap of 1.0 eV at room temperature, have 
been applied as building blocks to fabricate sensors, transistors, 
displays, solar cells, and electrode materials for rechargeable 
batteries. [  24–28  ]  

 Recently, polymer-mold-supporting nanogenerators (NGs) 
fabricated using various nanostructured piezoelectric materials 
like ZnO, BaTiO 3 , KNbO 3 , and sodium niobate (NaNbO 3 ) have 
been reported. [  29–33  ]  These composite-based hybrid piezoelectric 
NGs (HP-NGs) are very attractive for large-scale piezoelectric 
energy harvester applications, because of easy fabrication, cost-
effectiveness, and mechanical robustness. However, the power 
generation using HP-NGs reported thus far are mostly feasible 
under bending conditions only after an electrical poling treat-
ment [  30–33  ]  and there has been no report demonstrating high 
power generation from HP-NGs operated under vertical com-
pression without any electrical poling treatment. The realiza-
tion of vertical compressive-force-driven HP-NGs is desirable 
for large-area piezoelectric power generation using various 
sources of mechanical energy featuring vertical compres-
sion, such as moving vehicles, railway transport, and human 
walking. 
im 37wileyonlinelibrary.com
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     Figure  1 .     a) FE-SEM image of as-grown ZnSnO 3  nanocubes synthesized at 80  ° C. b) XRD 
pattern of the ZnSnO 3  as-grown nanocubes. c) EF-TEM image of single nanocube (inset) and 
selected area electron diffraction pattern of the same crystal. d) Crystallographic structure of 
ZnSnO 3 , showing two octahedral frameworks of ZnO 6  (lower side) and SnO 6  (upper side).  
 We report on extremely stable unidirectional high-power 
generation using HP-NGs based on single-crystalline piezoelec-
tric perovskite ZnSnO 3  nanocubes and polydimethylsiloxane 
(PDMS) polymer without any treatment of electrical poling. 
The HP-NG is effectively operated under vertical compression, 
with negligible power generation under other confi gurations of 
strain applied, including bending and folding. This unique high 
unidirectionality and high power generation behavior is desir-
able for large-area piezoelectric power generation applications 
involving vertical mechanical compression. HP-NGs exhibit 
high mechanical durability, excellent robustness behavior, and 
high power-generation performance. A recordable large output 
voltage of about 20 V and an output current density value of 
about 1  μ A cm  − 2  from a single HP-NG cell are successfully 
obtained under the rolling a vehicle tire.   

 2. Results and Discussion 

 A typical fi eld-emission scanning electron microscopy (FE-
SEM) image of the ZnSnO 3  nanocubes is shown in  Figure    1  a, 
exhibiting a well-defi ned cubic morphology with an edge size 
of about 100–200 nm. The corresponding morphologies of the 
ZnSnO 3  nanostructures synthesized at different reaction tem-
peratures are shown in the Supporting Information, Figure S1, 
and reveal that the morphology and size of synthesized ZnSnO 3  
nanostructures highly depend on the reaction temperature. 
With increasing reaction temperature, the morphology of 
ZnSnO 3  is converted from spherical shape to cubic shape.  

 The X-ray diffraction (XRD) results of the ZnSnO 3  
nanocubes are provided in Figure  1 b. The XRD pattern of 
the ZnSnO 3  nanocubes is identifi ed according to the Joint 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, We
Committee on Powder Diffraction Stand-
ards 11-0274, [  15  ]  demonstrating that per-
ovskite-structure ZnSnO 3  is formed. The 
crystal structure of the ZnSnO 3  nanocubes 
are indexed to the rhombohedral structure 
of an  R3c  space group with lattice constants 
of  a   =   b   =  0.526 nm and  c   =  1.400 nm, and 
is grown along the [001] axis. The spectrum 
also indicates that the ZnSnO 3  nanostructure 
is fully crystallized, and no impure phases 
are observed in the sample. The XRD pat-
terns of different ZnSnO 3  samples are shown 
in the Supporting Information, Figure S2. It 
is clear from the patterns that the intensity 
of diffraction peaks increases with increasing 
reaction temperature. Based on these results, 
ZnSnO 3  cubic crystallites have been selected 
for NG fabrication because of their larger 
surface area, smaller particle size, high crys-
tallinity, and uniform morphology properties. 
Figure  1 c shows energy-fi ltering transmis-
sion electron microscope (EF-TEM) image 
(inset) taken from a ZnSnO 3  single nano-
cube, and its corresponding selected area 
electron diffraction (SAED) pattern. The 
SAED pattern exhibits periodic diffraction 
spots, demonstrating the single-crystalline 
nature of the nanocube.  
Figure  1 d shows the crystallographic structure of the 

ZnSnO 3  material. ZnSnO 3  is based on two octahedral frame-
works of ZnO 6  and SnO 6 . The ZnO 6  octahedron has three short 
bonds of 0.2041 nm and three long bonds of 0.2308 nm. The 
SnO 6  octahedron has three short bonds of 0.2008 nm and three 
long bonds of 0.2094 nm. [  17  ]  In these unequal bond lengths 
between the O–Sn–O and O–Zn–O in the ZnSnO 3  structures, 
the Sn and Zn deviate from the octahedron center by nonequiv-
alent amounts along the  c -axis, and a Zn atom is located at a 
large distortion position along the  c -axis, which results in non-
centrosymmetric extended structure. Therefore, spontaneous 
polarization is generated along the  c -axis, which is the source of 
piezoelectricity in ZnSnO 3 . 

 A schematic presentation of the fabricated HP-NG based on 
the ZnSnO 3 :PDMS composite structure is shown in  Figure    2  a. 
The HP-NG device mainly consists of four layers. The piezo-
electric ZnSnO 3  nanocubes are homogenously mixed with 
PDMS and sandwiched between a gold (Au)/chromium (Cr) 
top electrode and an indium tin oxide (ITO) bottom electrode 
coated onto polyethylene naphthalate (PEN) substrate. Cross-
sectional FE-SEM images (inset of Figure  2 a and Supporting 
Information, Figure S3) obviously show that the white ZnSnO 3  
nanocubes are randomly distributed inside the PDMS, such 
that the electric dipoles presented in the ZnSnO 3  are randomly 
oriented between the top and bottom electrodes.  

 To measure the piezoelectric power-generating perfor-
mance and mechanical durability of the device, a direct impact 
approach was used. A heavy motor vehicle was used to apply a 
vertical compressive force on a large HP-NG positioned on a 
road. Figure  2 b shows a photograph of the actual experimental 
setup for scavenging energy from a rolling tire due to vehicle 
inheim Adv. Funct. Mater. 2014, 24, 37–43
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     Figure  2 .     Structure of fl exible hybrid piezoelectric nanogenerator (HP-NG) and its power generation under the rolling of a tire. a) Schematic diagram 
presenting the structure of the ZnSnO3:PDMS composite-based fl exible HP-NG. The ZnSnO 3 :PDMS is sandwiched between top (Au/Cr) and bottom 
electrodes (ITO coated PEN plastic substrate). The cross-sectional FE-SEM image shows that ZnSnO 3  nanocubes are randomly distributes inside the 
PDMS polymer. b) Original image presenting the experimental setup for power generation under the rolling of a vehicle tire, in which ZnSnO 3 :PDMS 
HP-NG was attached to a road. c) Output voltage and d) current density from HP-NG induced by the loading and unloading of a vehicle tire.  
motion. The observed output voltage and current from the 
HP-NG, which has an effective size of 10 cm  ×  10 cm, are given 
in Figures  2 c,d. Power generation from HP-NG under rolling 
tire is also recorded and given in the Supporting Information, 
Video S1. A large output voltage of 20 V and current density 
of 1  μ A cm  − 2  were obtained. This high power-generation per-
formance is quite stable, even after 500 cycles of tire rolling. 
These results reveal the robustness and mechanical durability 
of the HP-NG, as shown in  Figure    3  a. Since the crystal struc-
ture of ZnSnO 3  is very stable even under very high pressure 
( ≈ 21 GPa), and therefore ZnSnO 3  can generate a substantial 
piezoelectric signal. [  34  ]  For simplicity, we consider that HP-NG 
only experienced normal compressive stress under rolling tire 
due to vehicle motion, and the corresponding charge genera-
tion mechanism is discussed in detail in the next section.  

 Polarity-switching tests were also carried out to confi rm that 
the output voltage originated from the piezoelectric phenom-
enon. An opposite output signal is observed when the device 
is connected in reverse connection as shown in Figure  3 b. 
Based on these results, it can be suggested that the ZnSnO 3  
nanocube-PDMS composite HP-NG is promising and effective 
for harvesting the mechanical energy from moving vehicles, as 
well as powering small electronic equipment beside the road, 
and realizing self-powered speed sensors and pressure sensors 
for transport monitoring. 

 The voltage and current outputs from the HP-NG were also 
investigated as a function of the force applied under vertical 
compression from a mechanical force stimulator (Supporting 
Information, Figure S4). The voltage outputs from the HP-NG 
(40 wt% ZnSnO 3 ) with different pushing forces are presented 
in  Figure    4  a, which has an effective size of 1 cm  ×  1 cm. Only a 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2014, 24, 37–43
small enhancement was observed in the output voltage and cur-
rent with increasing external vertical compressive strain up to 
 ≈ 0.52% (Region I), beyond which the output voltage and current 
increased abruptly, reaching maximum values of about 12 V 
and 0.89  μ A cm  − 2 , respectively, under a vertical compressive 
strain of 0.91% (Region II). The actual output voltage and cur-
rent data are given in the Supporting Information, Figure S5. 
It is proposed that external strain of up to 0.52% cannot pro-
duce signifi cant strain on a piezoelectric ZnSnO 3  nanocube 
due to the presence of PDMS which endures the majority of the 
strain. Therefore, only a small enhancement in the piezoelec-
tric output signals could be observed with the HP-NG. Since 
the electric dipoles are randomly distributed between the elec-
trodes, small mechanical strain cannot align the dipoles sig-
nifi cantly. On the other hand, the piezoelectric output voltage 
and current density increase linearly from 4 V to 12 V and from 
0.26  μ A cm  − 2  to 0.89  μ A cm  − 2 , respectively, with an increase 
of the compressive strain from 0.67% to 0.91% (Region II). 
It is well known that the output voltage from piezoelectric 
power generators increases linearly with the applied strain/
stress. A larger strain of  ≈ 0.91% leads to a higher strain inside 
the ZnSnO 3  nanocubes, which results in the generation of a 
stronger piezoelectric potential and higher corresponding pie-
zoelectric signals from the HP-NG. The observed output voltage 
and current levels from the HP-NG in this work are very high 
compared to previous composite-based piezoelectric NGs. [  29–33  ]   

 To investigate the effect of ZnSnO 3  nanocube concentration 
on the power generation performance of the HP-NGs, a series 
of HP-NGs were fabricated with different ratios of ZnSnO 3  
and PDMS (10, 20, 40, and 60 wt% ZnSnO 3 ). We obtained 
piezoelectric output voltages around 2, 4, 10, and 3 V from the 
39wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  4 .     a) Output voltage and current density of ZnSnO 3 :PDMS com-
posite-based HP-NG (40 wt% ZnSnO 3 ) with different compressive forces. 
Little enhancement is observed in the output voltage and current at up to 
 ≈ 0.52% strain (Region I), and abrupt enhancement in voltage and current 
is observed above 0.67% strain (Region II). b) The variation of output 
voltage from HP-NG with ZnSnO 3  concentration. c) COMSOL simula-
tion results; output piezoelectric potential distribution of HP-NG with 
different ZnSnO 3  concentration.  

     Figure  3 .     a) The stability and durability test of HP-NG, the output voltage 
of the ZnSnO 3 :PDMS composite-based HP-NG driven by a vehicle tire. 
b) The polarity-switching tests under a rolling tire (forward and reverse 
connections) demonstrate that the output signals are from HP-NG rather 
than the instruments.  
HP-NG devices, for composite ratios of 10, 20, 40, and 60 wt%, 
respectively, under constant vertical strain of 0.91%, as shown 
in Figure  4 b (the actual output voltage and current data are 
shown in the Supporting Information, Figure S6). It is clear 
that the piezoelectric voltage output initially increases with 
increasing ZnSnO 3  concentration up to 40 wt%, and reaches 
a maximum value of about 12 V. However, the piezoelectric 
voltage output starts to decrease for further increases in the 
ZnSnO 3  concentration, and reaches a lowest value of about 
3 V. Further, the COMSOL package was used to investigate the 
piezoelectric potential distribution in the HP-NG as a function 
of the ZnSnO 3  nanocube density under vertical compression. 
It was found that with an increase in the amount of cubes, the 
piezoelectric potential increases linearly for the HP-NG system, 
as shown in the Figure  4 c. These images depict the color-coded 
piezoelectric potential distributions with different numbers 
of ZnSnO 3  nanocubes embedded into the PDMS matrix. In 
simulations, the piezoelectric potential increased linearly with 
the piezoelectric nanocube density in the polymer matrix. In 
contrast, the experimentally obtained output voltage from an 
HP-NG with a high concentration of nanocubes (60 wt%) was 
0 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
low. This discrepancy will be discussed in detail in the next sec-
tion. Furthermore, to confi rm that the signals obtained were 
due to the piezoelectric nature of the ZnSnO 3  nanocubes, 
we measured the output signal from PDMS polymer with no 
ZnSnO 3  nanocubes. There was no distinct voltage or current 
outputs from the PDMS polymer under vertical compressive 
force. 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2014, 24, 37–43



FU
LL P

A
P
ER

www.afm-journal.de

www.MaterialsViews.com

 The working mechanism of the composite-based HP-NGs 
was investigated. The working principle of the HP-NG is based 
on the piezoelectric properties of ZnSnO 3  nanocubes, and 
the creation of an inner piezoelectric fi eld inside the ZnSnO 3  
under an applied vertical compressive strain. Since ZnSnO 3  
is a piezoelectric material with a space group of  R3c  due to its 
large polarization along the  c -axis ( ≈ 59  μ C cm  − 2 ). Since, in the 
ZnSnO 3  structure, the displacement of the Zn ion is greater 
than that of the Sn ion along the  c -axis because the displace-
ment of the Zn ion in the ZnO 6  cluster is 0.5 Å, while that of 
the Sn ion in the SnO 6  cluster is 0.2 Å. [  17  ]  Therefore, a sponta-
neous polarization is generated along the  c -axis, which is the 
source of piezoelectricity in this material. 

 To understand the working mechanism, the whole NG 
device can be considered as a capacitor for simplicity. Since 
the whole device acts as capacitor, charge-pumped electron 
fl ow is driven back and forth through an external circuit. The 
charging and discharging process results in alternating cur-
rent (AC)-type charge generation by the HP-NG. In details, 
due to the piezoelectric/ferroelectric nature of the ZnSnO 3 , 
the electric dipoles inside the ZnSnO 3  nanocubes are ran-
domly oriented in the composite structure between the top 
and bottom electrode under no external force, which results 
in zero net dipole moment, leading no piezoelectric potential 
generation, as described in  Figure    5  a. When a small external 
vertical compressive force (strain below 0.52%) is applied, as 
shown Figure  5 b, only minor potential is developed across 
the electrodes, which originates not from the piezoelectric 
behavior of ZnSnO 3 , but from the change in the capacitance 
of device, because such small stress is not enough to produces 
signifi cant strain to the ZnSnO 3  nanocubes. However, with 
the application of a larger vertical compressive force, the pie-
zoelectric potential is generated inside the ZnSnO 3  abruptly, 
© 2013 WILEY-VCH Verlag Gm

     Figure  5 .     Proposed mechanism of the ZnSnO 3  nanocube:PDMS-based HP
force. b) When a small external vertical force (strain  ≈ 0.52%) is applied, on
change, and minute electric signals are observed, since signifi cant strain o
vertical compressive force is applied to the HP-NG, the piezoelectric poten
single direction (stress-induced poling), resulting in a fl ow of electrons. d)
and the accumulated electrons fl ow back via the external circuit.  

Adv. Funct. Mater. 2014, 24, 37–43
and the electric dipoles align strongly in a single direction 
due to stress-induced poling effect, [  35–37  ]  which creates a sig-
nifi cant potential across the electrodes, as shown Figure  5 c. In 
order to screen the piezoelectric potential, positive and nega-
tive charges are accumulated at the top and bottom electrodes, 
respectively, resulting in voltage and current output signals 
from the device. Further, when the vertical compressive force 
is released, the piezoelectric potential is diminished, and the 
accumulated charges move back to the opposite direction 
(Figure  5 d). Therefore, continuous application and releasing of 
the compressive force results in AC-type voltage and current 
output signals from the HP-NG.  

 As discussed, with an increase of the ZnSnO 3  concentration 
in the PDMS polymer matrix, the output performance of the 
HP-NG increases and reaches a maximum value of 12 V under 
a vertical strain of 0.91% for 40 wt% ZnSnO 3 . The higher 
output performance by the increase of the ZnSnO 3  concentra-
tion is mainly attributed to the high dielectric constant of the 
HP-NG, which arises due to interface polarization between the 
ZnSnO 3  nanocubes and the PDMS matrix. It is well known 
that interfaces in heterogeneous materials give rise to an inter-
facial or a Maxwell-Wagner-Sillars polarization, thus leading to 
an abrupt change of the total dielectric constant. [  38–40  ]  When 
the volume content of ZnSnO 3  reaches 40%, the fi ller–fi ller 
distance (between ZnSnO 3  nanocubes) becomes quite narrow. 
Thus, the dipole polarization between the ZnSnO 3  nanocubes 
is solidifi ed, which leads to a rapid increase in the dielectric 
constant, resulting in high polarization. Therefore, we can 
obtain high voltage output from the HP-NG with 40 wt% 
ZnSnO 3  nanocubes. However, when the ZnSnO 3  amount 
is increased further and reaches up to 60 wt%, the insula-
tion of the composites becomes weak, which leads to an elec-
tric breakdown, resulting in very low output voltage (60 wt% 
41wileyonlinelibrary.combH & Co. KGaA, Weinheim

-NG. a) In the HP-NG, no signal is observed in the absence of external 
ly minor potential is developed across the electrodes due to capacitance 

n the piezoelectric ZnSnO 3  nanocube cannot be produced. c) When high 
tial is created inside the nanocubes, which aligns the electric dipoles in a 
 As the external force is removed, the piezoelectric potential disappeared, 



FU
LL

 P
A
P
ER

4

www.afm-journal.de
www.MaterialsViews.com

     Figure  6 .     Output voltage of HP-NG under a) weak and b) strong bending 
conditions. Photograph of weak and strong bending of HP-NG are shown 
in insets of (a,b), respectively.  
ZnSnO 3 ). [  39  ,  40  ]  The discrepancy in experimental and simulation 
results (as shown in Figure  4 b,c) is due to the different insula-
tion resistance of the HP-NG devices with different ZnSnO 3  
concentrations. 

 The piezoelectric power-generating performance of an 
HP-NG was also investigated under bending conditions. A 
weak piezoelectric signal (output voltage and current) was 
observed from the HP-NG in strong bending conditions, while 
no signifi cant signal was detected under bending ( Figure    6  a,b). 
Nanocube/polymer composite-based HP-NG cannot experi-
ence signifi cant strain under conditions of bending due to 
its composite structure in which most of stain is concen-
trated into the PDMS polymer matrix rather than the inor-
ganic piezoelectric nanocubes. Further, the output voltage is 
closely related to alignment of dipoles. Thus, alignment of 
the dipoles in one direction without any electrical poling treat-
ment is very diffi cult due to low applied strain to the ZnSnO 3  
nanocubes embedded into the polymer matrix under bending. 
Hence, nanocube/polymer composite-based HP-NG can be 
effectively strained under conditions of applied vertical force, 
which generates large voltage and current output. This unique 
high unidirectionality of the power generation behavior from 
the HP-NGs even without electrical poling is desirable for 
2 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
large-scale piezoelectric power generation under vertical 
mechanical compression.    

 3. Conclusions 

 We have realized unidirectional, high-performance, lead-
free, and fl exible HP-NGs based on a composite of ZnSnO 3  
nanocubes and PDMS without any treatment of electrical 
poling. The piezoelectric output voltage and current density 
reached high values of 20 V and 1  μ A cm  − 2  under the motion 
of vehicle tires, which is the highest power generation per-
formance achieved thus far by HP-NGs. The HP-NGs exhibit 
excellent robustness and durability, and can consistently har-
vest mechanical energy from environmental sources for an 
extended period. A series of HP-NGs with different ZnSnO 3  
concentrations were was fabricated, and their electric output 
was measured under different vertical compressive forces. 
Furthermore, the HP-NG with 40 wt% ZnSnO 3  showed a 
maximum output voltage of up to 12 V and current density of 
up to 0.89  μ A cm  − 2 , under 0.91% vertical compressive strain. 
The piezoelectric output voltage was found to increase with 
increasing ZnSnO 3  nanocube concentration up to 40 wt%, and 
then started to decrease. A corresponding working mechanism 
was proposed. The robustness and boosted electric output 
from the proposed HP-NGs provide a promising platform for 
harvesting energy from the motion of automobiles, and for bio-
medical applications. The devices also have great potential for 
transport monitoring applications, such as self-powered speed 
and pressure sensors.   

 4. Experimental Section 
 In a typical experiment for the synthesis of single-crystalline ZnSnO 3  

nanocubes via an aqueous solution method, 2.88 g (10 mmol) of 
zinc sulfate heptahydrate (ZnSO 4  · 7H 2 O) were added into 100 mL of 
deionized (DI) water, and the solution was stirred at room temperature 
until the ZnSO 4  · 7H 2 O was dissolved completely. Then, 2.67 g (10 
mmol) of sodium stannate solution (Na 2 SnO 3  · 3H 2 O) were poured 
into ZnSO 4  · 7H 2 O solution, resulting in a 1:1 mol% molar ratio of 
ZnSO 4  · 7H 2 O and Na 2 SnO 3  · 3H 2 O. The mixed solution was vigorously 
stirred at 80  ° C for fi ve hours. After the reaction, the precipitates were 
collected by centrifugation and washed with DI water several times to 
remove residual ions in the products. The fi nal products were then dried 
in air at 100  ° C for one hour. 

 FE-SEM, EF-TEM (EM 912 Omega), XRD measurements were 
performed for the morphological and structural investigation of ZnSnO 3  
nanostructure. The ZnSnO 3  nanocubes were homogeneously mixed 
with PDMS polymer. The well-mixed ZnSnO 3 /PDMS was spin-coated 
onto ITO/PEN substrate. Thin fi lms of Cr (10 nm) and Au (100 nm) 
were deposited sequentially onto the ZnSnO 3 /PDMS layer by e-beam 
evaporation as a top electrode. A pushing tester (Z-tec Co., Ltd, model 
no. ZPS-100) was used to create strain in the HP-NGs. A Keithley 6485 
picoammeter and a 2182A voltmeter were used to measure the low-
noise output voltage and current generated by the HP-NGs, respectively.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2014, 24, 37–43
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