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ABSTRACT: We have developed a simple, cost-eﬀective, and scalable approach to fabricate a
piezoelectric nanogenerator (NG) with stretchable and ﬂexible characteristics using BaTiO3
nanotubes, which were synthesized by the hydrothermal method. The NG was fabricated by
making a composite of the nanotubes with polymer poly(dimethylsiloxane) (PDMS). The peak
open-circuit voltage and short-circuit current of the NG reached a high level of 5.5 V and 350 nA
(current density of 350 nA/cm2), respectively. It was used to directly drive a commercial liquid
crystal display. The BaTiO3 nanotubes/PDMS composite is highly transparent and useful for a
large-scale (11 × 11 cm) fabrication of lead-free piezoelectric NG.

SECTION: Energy Conversion and Storage; Energy and Charge Transport
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anogenerators (NGs) that harvest energy from light,1
mechanical vibration,2 and heat3 in the living environment have attracted increasing attention in the past decade.
Piezoelectric materials, which can generate electrical charges
when mechanically deformed, are the most promising
candidates for developing NGs because the source of
mechanical energy is ubiquitous and accessible in our living
surroundings.4 The feasibility of using such type of NGs to
power commercial light-emitting diodes (LEDs),5 liquid crystal
displays (LCDs),6 and wireless data transmission7 has been
demonstrated. Currently, ZnO nanowires are the most
outstanding materials for developing NGs due to their unique
optoelectronic8 and piezoelectric9 properties. However, considering the relatively low piezoelectric coeﬃcient of ZnO (12
pC/N),10 it is desirable to design NGs made by perovskite
materials with large piezoelectric coeﬃcients such as BaTiO3
(100 pC/N)11−14 and Pb(Zr,Ti)O3 (PZT, 200 pC/N)15 to
harvest energy.
NGs fabricated by PZT nanoﬁbers16 and nanowires17 have
been demonstrated to provide output voltages of 1.63 and 0.7
V, respectively. However, the component lead in PZT has the
concern of toxic eﬀect toward human health and environmental
problems.18 Consequently, it has motivated the search for
perovskite piezoelectric materials with lead-free properties
comparable to PZT with a reduced environmental impact.
BaTiO3 thin-ﬁlm-based NG fabricated by soft lithographic
printing technique can produce an output voltage of 1.0 V and
current density of 0.19 μA/cm2.19 Although the abovementioned result is outstanding, there is no report about
using BaTiO3 nanotubes to fabricate a NG. As the size of the
piezoelectric materials is reduced to the nanoscale, the
conversion eﬃciency of mechanical energy has been found to
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be improved dramatically, attributing to the larger piezoelectric
coeﬃcients and deformations, which are proportional to the
generated potential.20−22
In this letter, lead-free BaTiO3 nanotubes were used to
fabricate the piezoelectric NG. A large number of high-quality
BaTiO3 nanotubes were synthesized through a hydrothermal
method. By forming a composite of BaTiO3 nanotubes with
poly(dimethylsiloxane) (PDMS) polymer, ﬂexible and transparent NG was developed easily after applying a direct poling
process. Under periodic external mechanical deformation by a
linear motor, we obtained very stable and high output
piezoelectric signals, that is, an open-circuit voltage (Voc) of
5.5 V and short-circuit current (Isc) exceeding 350 nA. The NG
was further demonstrated to be easily scaled-up over 11 × 11
cm and can continuously drive a commercial LCD under the
biomechanical movements of a human skin.
The NG mainly consists of ﬁve layers as schematically shown
in Figure 1a. The deposited Au/Cr ﬁlms act as top and bottom
electrodes, and the BaTiO3 nanotubes and PDMS composite
mixed with a 3 wt % ratio serve as the source of piezoelectric
potential generation under external stress. The polystyrene
(PS) substrate and pure PDMS worked as the supporting and
protecting layers to sustain the conformation of NG. Figure 1b
shows the cross-sectional scanning electron microscope (SEM)
image of a 300 μm thick BaTiO3 nanotubes/PDMS composite,
which demonstrates the ﬂexible property of the developed NG.
A transmission electron microscopy (TEM) image depicted in
Figure 1c reveals the high purity of BaTiO3 nanotubes, with
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Figure 1. (a) Scheme of the as-developed NG. (b) SEM image of the BaTiO3 nanotubes/PDMS composite. (c) TEM image of the synthesized
BaTiO3 nanotubes. (d) HRTEM image of the synthesized BaTiO3 nanotubes. (e) Raman spectrum of the synthesized BaTiO3 nanotubes.

approaches. An enhancement of 20% of its bulk value at 8 μm
and a 500% increase at 5 nm are observed.19 We found that the
generated Voc is proportional to the strength of applied stress.
(See Figure S2 of the Supporting Information.) At the stress
values of 0.2 and 0.6 MPa, the generated Voc are estimated to be
1.0 and 3.1 V, respectively. We also measured the output of the
NG with a reverse connection to the external circuit. The
generated Voc and Isc showed the corresponding opposite value
in Figure 2b, indicating that the measured signals were
generated by the NG. To conﬁrm further that the obtained
signal comes from the piezoelectricity of BaTiO3 nanotubes, we
compared the generated Voc with/without the poling progress
at ambient temperature by applying an electric ﬁeld of 80 kV/
cm for 12 h. (See Figure S3 of the Supporting Information.)
We observed negligible signals for the device without any
electric poling because the electric ﬁeld can help the electric
dipoles of the randomly oriented nanotubes inside the PDMS
polymer to align along ﬁxed direction.27The content of BaTiO3
nanotubes is also important to the fabrication of NG. (See
Figure S4 of the Supporting Information.) We found that
increasing the ratio of BaTiO3 nanotubes/PDMS could help to
raise the generated Voc of NG; however, too many BaTiO3
nanotubes within the same region of PDMS will screen the
applied stress on each nanotube.
The working mechanism of the NG can be described by the
transient ﬂow of inductive charges driven by the piezopotential.28 For simpliﬁcation of the simulation, a nanowire with
similar dimension of the as-prepared nanotube is taken as the
model. When the nanowire is subject to a compressive stress, a
piezopotential ﬁeld is created along the nanowire as depicted in
Figure S1d of the Supporting Information. As a result of
electrostatic force, positive and negative charges will be
accumulated at the top and bottom electrodes, which are the
ﬂowing charges through an external load. Once the stress is
released, the piezoelectric potential should be diminished and
the accumulated charges will move back to the opposite
direction. In addition, we calculated the piezopotential
distributions inside the NG by using a simple rectangular
model established by COMSOL software, as described in
Figure 2c. The calculated results predict an inductive potential
diﬀerence of 6 V across the two electrodes at an applied stress

11.8 (±2.3) nm in diameter and 4.1 (±1.2) μm in length. The
BaTiO3 nanotubes were prepared from TiO2 nanoparticles
(P25) and BaCl2 through a hydrothermal route, with a largescale preparation and uniform morphology. The BaTiO3
nanotubes were formed by rolling of BaTiO3 multisheets
(normally three to ﬁve layers) with an interlayer distance of ca.
0.8 nm (Figure 1d). The growing mechanism of BaTiO3
nanotubes is similar to the formation of TiO2 nanotubes.23
The high-resolution TEM image (Figure S1a of the Supporting
Information) reveals d spacing of 0.28 nm for adjacent lattice
fringes, which corresponds to the (110) crystalline plane of
tetragonal BaTiO3.24 A typical energy-dispersive X-ray (EDX)
analysis of BaTiO3 nanotubes is displayed in Figure S1b of the
Supporting Information, revealing that the atomic ratio of Ba,
Ti, and O of the sample is about 19.6:21.3:59.1%.
Figure S1c of the Supporting Information shows the XRD
pattern of the as-prepared nanotubes, and the sample has
perfectly crystallized perovskite structure, but the tetragonal
distortion of BaTiO3, δ = (c − a)/a, is only 1% in bulk
materials, and it is quite diﬃcult to be measured with XRD in
nanosized structures for the line-broadening eﬀect.25 The
detailed structure information was obtained by Raman
spectroscopy (Figure 1e). Cubic BaTiO3 inherently has no
Raman active modes; however, Raman active modes are
expected for the noncentrosymmetric tetragonal structure.26
The spectrum of the as-prepared nanoparticles displays bands
at 191 cm−1 [A1(TO), E(LO)], 246 cm−1 [A1(TO)], 306 cm−1
[B1, E(TO+LO)], 513 cm−1 [E, A1(TO)], and 715 cm−1 [A1,
E(LO)], all of which are suggestive of a tetragonal phase.
The typical electrical output of the NG is shown in Figure 2a.
The NG was mechanically triggered by a linear motor that
provided dynamic impact with controlled force, speed, and
frequency. A commercial bridge rectiﬁer was connected to the
NG to convert the AC output into DC. For an NG with an
eﬀective dimension of 1 cm × 1 cm, the measured open-circuit
voltage (Voc) and short-circuit current (Isc) of the NG could be
up to 5.5 V and 350 nA under a stress of 1 MPa, respectively.
The high output power of the NG as compared with other
reported BaTiO3-based NGs is because of the small-sized
nanotubes. Size-dependent piezoelectricity of BaTiO3 has been
proposed by using a combination of atomistic and theoretical
3600
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Figure 2. Generated Voc and Isc of the as-developed NG under a compress stress of 1 MPa at forward connection (a) and reversed connection (b) to
the measurement system. (c) Demonstration of the working principle of the NG and COMSOL simulation result of the piezopotential in the NG.
The simulation is based on a three-layer structure comprised of a top PDMS (300 μm), a layer of BaTiO3 (300 μm), and a bottom PS substrate (500
μm). The size of the unit cell for calculation is 1 × 1 cm.

of 1 MPa, which is closed to the measured Voc of the NG. The
nonuniform distribution of piezopotential is due to the
existence of shear strain in the ﬁnite geometry of the NG
and the boundary condition.
The potential of the as-developed NG was evaluated by
integrating two diﬀerent devices. The generated Voc of a single
nanogenerator for NG nos. 1 and 2 can reach 5.5 and 5.2 V,
respectively. (See Figure 3a.) The generated Isc of NG nos. 1
and 2 can exceed 350 and 290 nA, respectively. (See Figure
3b.) By integrating two NGs in serial connection, the generated
Voc can exceed 10 V. The generated Isc of NG nos. 1 and 2 in
parallel connection can reach 590 nA. These data clearly
demonstrate that the generated Voc and Isc can be enhanced by
integrating diﬀerent NGs in serial and parallel connection
modes, respectively. Figure 4 displays that the generated Voc of
NG was not aﬀected by increasing the driving frequency from 2
to 4 Hz, which shows that the generated Voc exhibited high

stability, demonstrating that the NG made from BaTiO3
nanotubes is very suitable for energy harvesting driven by
irregular excitations in our living environment. Besides, we also
tested the lifetime of the as-developed NG. (See Figure 5a.)
The peak value of generated Voc of NG did not make a
signiﬁcant change after 3 days (1200 cycles per day). Under
periodic external mechanical deformation by biomechanical
movements from ﬁst of human body, the output power of an
enlarged NG (1.5 × 4 cm) is suﬃcient to drive a LCD screen.
(See Figure 5b and the video in the Supporting Information.)
An LCD is a nonpolar device that can be driven directly by ac
power as long as its output potential exceeds a threshold value.
The LCD screen used for the test was taken from a Sharp
calculator; a proper connection combination was chosen to get
an output of number “6” at the front panel. The LCD screen
was directly connected to the NG without involvement of any
external sources or measurement meters. Figure 5b shows two
3601
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Figure 3. (a) Generated Voc of the separated and serial-connected NGs under a compress stress of 1 MPa. (b) Generated Isc of the separated and
parallel-connected NGs under a compress stress of 1 MPa.

solves the problem of using piezoelectric materials with toxic
elements. Fourth, the NG keeps the transparent property but
with a higher output power as compared to the previously
reported BaTiO3-based NGs. Fifth, the as-prepared NG shows
the high ﬂexibility and long stability due to the presence of
PDMS.
In summary, we have demonstrated a ﬂexible and transparent
piezoelectric NG by using the BaTiO3 nanotubes/PDMS
composite. The output voltage and current of the fabricated
NG are up to 5.5 V and 350 nA under a stress of 1 MPa,
respectively. The performance of the NG can be enhanced by
increasing the concentration of BaTiO3 nanotubes in the
PDMS matrix. An LCD can be directly driven by the NG. This
is a practical and versatile technology with the potential for
organic electronic and optoelectronic device applications.

■

Figure 4. Generated Voc of the as-prepared NG under the same
compress stress of 1 MPa but at diﬀerent frequency of 2, 3, and 4 Hz.

EXPERIMENTAL SECTION
Synthesis of BaTiO3 Nanotubes. 0.25 g TiO2 nanoparticles (P25,
Aldrich) and 0.65 g BaCl2 (99.9%, Aldrich) were added to 20
mL of 10 M NaOH aqueous solution and then transferred to a
25 mL Teﬂon-lined stainless-steel autoclave. The sealed
autoclave was heated in an oven at 200 °C for 72 h and then
cooled in air. To obtain pure BaTiO3 nanotubes, the solution
was subjected to cycles of centrifugation/wash; centrifugation
was conducted at 6000 rpm for 20 min, and deionized water
(20 × 3 mL) was used to wash the pellets.
Nanogenerator Fabrication. First, the PS substrate was
deposited with Au/Cr to serve as a bottom electrode. The
BaTiO3 nanotubes and PDMS solution were mixed together at
diﬀerent ratios of 1, 2, 3, and 4 wt % then deposited onto the
Au/Cr coated PS substrate using a spin-coating process (200
rpm, 30 s). Subsequently the device was deposited by Au/Cr

stages taken for a full cycle driving of a LCD by the NG,
showing the LCD blinking corresponding to each ac output
peak of the NG. The power output at each hit on the NG was
able to drive the LCD. (See the video in the Supporting
Information.) Figure 5c shows that the nanogenerator was
highly transparent, stretchable, and ﬂexible, which exhibits great
advantages in the applications of commerical portable devices.
There are several novelties of the BaTiO3 nanotubes/PDMS
composite-based NG. First, a massive production of BaTiO3
nanotubes through the hydrothermal method enables us the
fabrication of NG at a large scale. Second, the electric ﬁeld can
eﬀectively pole random piezoelectric domains to one direction
due to the ferroelectricity of BaTiO3 nanotubes. This simpliﬁes
the fabrication procedures of NG. Third, the lead-free NG
3602
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Figure 5. (a) Stability of the as-prepared NG was tested under a compress stress of 1 MPa at diﬀerent days of operation (1200 cycles per day). (b)
Commercial LCD was powered by the as-prepared NG under periodic external mechanical deformation by biomechanical movements from ﬁst of
human body. (c) Large-area NG with transparent property was fabricated over 11 cm × 11 cm in size (dashed line indicates the frame).

percentages of BaTiO3 nanotubes/PDMS on NG electric
output, and video showing lighting of an LCD powered by a
nanogenerator. This material is available free of charge via the
Internet at http://pubs.acs.org.

again to serve as the top electrode. The Cu wires were attached
to the electrodes by means of silver (Ag) paste. Finally, an
additional layer of PDMS was coated over the device to keep
the nanogenerator robust under the mechanical stress or
deformation. The thickness of the BaTiO3 nanotubes/PDMS
composite was ∼300 μm. Before the characterization of the
output voltage and current signals, the NG was poled at
ambient temperature by applying an electric ﬁeld of 80 kV/cm
for 12 h.
Characterization. An FEI Tecnai-G2-F30 TEM was used to
measure the size and shape of the BaTiO3 nanotubes. A LEO
1550 ﬁeld-emission SEM was used to measure the thickness of
BaTiO3 nanotubes/PDMS composite. An Oxford Inca EDX
system was used to determine the compositions of the BaTiO3
nanotubes. Raman spectrum was recorded using a Nicolet
Almega dispersive Raman spectrometer. The output signal of
the nanogenerator was measured using a low-noise voltage
preampliﬁer (Stanford Research System model SR560) and a
low-noise current preampliﬁer (Stanford Research System
model SR570). The simulation of the piezopotential was
conducted by COMSOL Multiphysics version 3.5a. Figure S1c
of the Supporting Information gives an example of a single
BaTiO3 nanowire in PDMS under strain. The dimension of the
nanowire is 4 μm in length and 10 nm in diameter, which is
similar to the as-prepared nanotube. The PDMS surrounding is
1 μm in transverse direction and 8 μm in longitudinal direction.
Deformation of the whole geometry is set as 1 μm compression
in longitudinal direction. Figure 2c is the calculated result of the
BaTiO3 nanotubes/PDMS composite-based NG. The simulation is based on a three-layer structure composed of a top
PDMS (300 μm), a layer of BaTiO3 (300 μm), and a bottom
PS substrate (500 μm). The calculated piezopotential was
expressed as the rainbow color range in the diagram.
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