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Replacing a Battery by a Nanogenerator with 20 V Output
Youfan Hu, Long Lin, Yan Zhang, and Zhong Lin Wang*
We have been working on “self-powered nanotechnology” since
2005 with the aim to build self-powered systems that operate
independently, sustainably, and wirelessly without the use of a
battery.[1,2] One of the great applications for such a self-powered
system is that it can be used for driving portable/wearable personal electronics in our daily life. Nanogenerators (NG) are
one of the technologies that are developed to harvest irregular
mechanical energy with variable frequency and amplitude in
our environment by way of the piezoelectric effect.[3–12] It is
designed to have a tolerance for variable environments without
relying on the traditional approach of cantilever-based resonators. Irregular mechanical energy can manifest itself in the form
of gentle airflows, ambient noise, and activity of the human
body, such as walking, typing, etc. Such energy forms are abundant in the working environment for personal consumer electronics. In fact, after sustainable development the NG has been
demonstrated to power small electronic devices, such as the
lighting of a small LCD screen of a calculator[13] and flashing a
single LED.[7,8] But the low output current limits the application
of the NG to drive commercial consumer electronics, which
usually have a higher power consumption and require a power
source with a regulated voltage and maintaining a constant current supply. To solve this problem, the optimization of the NG’s
performance and in particular the output current is desperately
needed. And a convertor is required to obtain a sustainable regulated power source from the stored energy harvested by the
NGs.
In this work, we have systematically investigated various
approaches for improving the intrinsic properties of ZnO in
order to achieve a high performance. The NGs’ performance
was greatly improved by pretreatment of the ZnO nanowire
(NW) arrays in the device with oxygen plasma, annealing in air
and surface passivation with certain polymers. The maximum
output voltage reached from a single layer of nanowire reached
20 V, and the maximum output current exceeded 6 μA, in corresponding to a power density of 0.2 W cm−3, which is 20 times
larger than the former best NG we have achieved.[12] The NG’s
performance is good enough to drive a commercial buck convertor board, and a regulated voltage of 1.8 V with constant current load was achieved to drive an electrical watch for more than
1 minute after the board was charged by the NG with 1000 cycles
of deformation. This is the first time that a NG works as a battery part for real commercial consumer electronics.
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Based on our former experimental and calculation
results,[14,15] the carrier density in ZnO NWs plays an important role on the NG’s output performance. Our experimentally
observed output voltage is much lower than the theoretically calculated piezopotential present in the material if doping occurs.
This is because the positive side of the piezopotential introduced by mechanical deformation will be partially screened by
free electrons, which are the dominant charge carriers in n-type
ZnO NWs. While the negative side of the piezoelectric potential
preserves as long as the donor concentration is not too high,
which is the case for the unintentionally doped, as-grown n-type
ZnO. The calculation results show that the piezopotential is
reduced by almost a factor of 10 at the positive side comparing
to the negative side when the n-type doping is 1 × 1017 cm−3.
Thus we can expect that the strain induced piezopotential can
be remarkable increased if the carrier density in ZnO could be
greatly depressed. The NG used in this investigation has the
same structure as our prior study,[12] which achieved the best
performance of ZnO NW based NG with a power density of
10 mW cm−3. As shown in the insert of Figure 1a, NG with this
design has a five-layer structure. First, ZnO NW arrays with
a high packaging density were grown on the top and bottom
surfaces of a flexible polyester (PS) substrate by hydrothermal
method (See Supporting Information). After spin-coating with
polymethyl methacrylate (PMMA), a thin layer of Cr/Au was
deposited on the NW arrays to work as the electrodes. The size
of the effective working area of the NG was about 1 cm × 1 cm.
When the NG was mechanically bent, the deformation in the
nanowire film will introduce a piezopotential distribution in
the ZnO NWs. Thus induced charges in the electrodes are created by flowing electrons through the external load from one
electrode to the other for balancing the electrostatic field. The
dynamic potential drop across the top and bottom electrodes
is the driving force for the transient flow of electrons in the
external load in responding to repeated mechanical deformation. According to this working mechanism, we can expect that,
reducing carrier density will lead to an increased piezopentential and thus an increased amount of induced charges in the
electrodes. Thus the output current and voltage of the NG will
be greatly enhanced.
Because of H adsorption there are always several monolayers of hydroxide (OH) at the surface of the as-grown ZnO
film, which introduces an electron accumulation layer at the
surface.[16,17] This phenomenon is also observed in the ZnO
nanowire system.[18] Oxygen plasma contains various oxygen
ions and radicals such as O+, O2+, and the main species O∗.
These oxygen radical atoms, O∗, can combine with the surface-adsorbed H atoms and diffuse through the ZnO bulk to
fill oxygen vacancies,[19] which are doubly charged electron
donors for ZnO. Thus, the use of oxygen plasma treatment
can efficiently suppress such a surface accumulation layer as
well as oxygen vacancies in ZnO,[20,21] by which a one order of
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Figure 1. (a,b) The measured output performance of the NG with oxygen plasma pre-treatment for 30 min on the as-grown ZnO NW arrays. (c,d) The
NG’s performance after exposure to air for 2 weeks; both panels clearly show that the NG’s performance has decreased over time.

magnitude reduction of the carrier concentration is obtained.[22]
In our investigation, the device was treated with oxygen plasma
for 30 min after the ZnO NW arrays had been grown on the
substrates. Then, as usual, the PMMA spin-coating and electrode deposition procedures followed to finish the device fabrication. The performance of the NG was then tested; the results
are shown in Figures 1a and 1b. The measured output voltage
reached 5 V and the measured output current exceeded 300 nA.
One thing that should be mentioned here is that we tested over
20 NGs, and 80% of them achieved such a performance. A high
reproducibility in the performance of NGs is an important step
toward large-scale production and technological applications.
Another very interesting observation is that after 2 weeks since
the first measurement of the device, we found that the performance of all the devices was lowered, as shown in Figure 1c and
1d. It indicated that the effect of plasma treatment on ZnO is
likely not very stable under atmospheric conditions. The H
atom may re-adsorb on the ZnO surface or the plasma-induced
O∗ injection may effuse. Therefore, a better packaging technology to isolate the device from the atmosphere is essential.
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Normally, ZnO NWs grown with the hydrothermal method
show a large defect concentration, but is still one of the best
choices to accommodate flexible substrates because of benefits of the low growth temperature. Different post-growth
methods have been investigated to improve the crystal quality.
One of them is annealing the ZnO NWs in different environments. Prior research showed that the oxygen-vacancy-related
defects could be significantly reduced by annealing in air above
200 °C.[23,24] Also, the presence of the OH groups at the surface of ZnO will be desorbed after annealing at temperatures
of 150 °C and above.[24,25] All of these facts indicate that we can
anneal our device in ambient conditions to reduce the carrier
density and improve the output performance. In order to meet
the requirement of high temperature annealing, we changed
the NG’s substrate from PS to Kapton polyimide film (DuPont),
which can be subjected to a temperature as high as 400 °C.
After the growth of ZnO NW arrays on the Kapton film, the
device was put in a furnace at 350 °C for 30 min. There was
no significant morphology change of the NWs after this treatment, which was confirmed by scanning electron microscopy
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Figure 2. The NG’s performance with ZnO NW arrays annealed at 350 °C
for 30 min in air. This pre-treatment can reduce the oxygen-vacancyrelated defects, and also desorb the hydroxide on NW’s surface.

(see Supporting Information). Then, the device was fabricated
following the normal procedure. The performance of the NG
was shown in Figure 2. The output voltage was around 8 V, and
the output current approached 900 nA. Also the devices’ performance was reproducible for different batches. There was no
obvious drop in performance after one month for the NGs that
were pre-treated using this method. It seems that this approach
is very suitable for practical applications.
The third pre-treatment method we chose is passivation of
ZnO NWs’ surface using certain polymers. It is well known that
metal oxides surfaces are rich in defects, predominantly oxygen
vacancies, which are electron donors and also serving as the
binding sites for chemical adsorption processes. Surface passivation can eliminate these defects and also render the surface to
be more chemically inert, for example, to be more resistive to H
atom adsorption. Research on ZnO NW FETs showed that the
on/off ratio of the device can be greatly enhanced by reducing
the off-status current by surface passivation.[25,26] In our experiment, the surface of the ZnO nanowire arrays were sequentially
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Figure 3. The NG’s performance after the surface of ZnO nanowire
arrays was coated with PDAMAC and PSS through a layer-by-layer selfassembling method. NGs gave the maximum optimization of the output
performance in this case.

coated with positive charged poly (diallydimethylammonium
chloride) (PDADMAC) and negative charged poly (sodium
4-styrenesulfonate) (PSS) through a layer-by-layer self-assembly
method. Prior research has shown that this coating can reduce
the dark current for the ZnO UV sensors.[27] Figure 3 shows
the output performance of the NG after this pre-treatment. For
this method, the NG reached the maximum optimization of
the output performance. The measured output voltage reached
20 V, and the output current exceeded 6 μA. The corresponding
power density is 0.2 W/cm3 which is 20 times larger than the
previous best ZnO NW based NG. In addition to the elimination of the surface oxygen vacancies, this dramatic improvement of the output performance may result from the introduction of a depletion layer at the ZnO NWs’ surface by further
transfer of electrons from the NWs to the positively charged
polymer PDADMAC. We have tested NGs passivated only
with PDADMAC or PSS. There was no obvious performance

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

wileyonlinelibrary.com

3

www.advmat.de

COMMUNICATION

www.MaterialsViews.com

Four-Wave
Bridge Rectifier

NG

LTC3588-1

Capacitor

1.8 V

Buck Converter

Figure 4. The NG was connected to a commercialized buck convertor
board, which include a low loss bridge rectifier, capacitors, and a highefficiency buck convertor to get a regulated voltage of 1.8 V. A digital
watch was turned on, and kept working for more than 1 minute after the
board was powered by a NG for 20 min.

improvement with such treatment. The underlying mechanism
that is responsible for the enhanced NG performance remains
to be investigated systematically.
To replace a battery with NGs for driving commercial consumer electronics, one of the problems that must be solved
is to convert the NG’s AC signal into a regulated voltage with
a constant current supply. To address this issue, a commercial buck convertor board (LTC3588-1, Linear Technology) was
used, as shown in Figure 4. This board integrates a low-loss
full-wave bridge rectifier, capacitors for energy storage, and a
high-efficiency buck converter. The minimal input current and
voltage for such a board is 960 nA and 2.7 V. The voltage output
after regulation is 1.8 V. The AC signals is first rectified by the
full-wave bridge and the charges are stored in the capacitor.
The buck converter can only start to work until the voltage on
the capacitor reaches a threshold point and the control circuits
wake up. The NG now is powerful enough to drive such a commercial board to realize voltage regulation. After the energy
harvested for 1000 strain cycles of the NG (around 20 min), an
electronic watch that is normally driven by a button battery was
powered to work for more than 1 minute (see Video in the Supporting Information). This is the first time we demonstrate that
a nanogenerator replaces a battery part in real commercial consumer electronics.
In summary, NG performance has been improved significantly by using various pretreatment methods, such as oxygen
plasma, annealing in air, and surface passivation with certain
polymers on the as-grown ZnO nanowire films. The maximum
measured output voltage of an NG reached 20 V, and the output
current exceeded 6 μA, which corresponds to a power density
of 0.2 W cm−3. A regulated voltage of 1.8 V with constant current load was achieved through a commercial buck convertor
board connected to a NG, and an electronic watch was powered
to working for more than 1 minute using the power generated
for 1000 cycles of deformation of the NG. This is the first demonstration that a NG is powerful enough to replace a battery for
driving commercial consumer electronics.

of Zn(NO3)2·6H2O and hexamethylenetetramine (HMTA) was used
in the hydrothermal growth process. ZnO densely packed nanowires
textured films were grown at the top and bottom surfaces sequentially
by placing the substrate floating at the top of the nutrient solution with
one face down. The growth process was carried out in a mechanical
convection oven (model Yamato DKN400, Santa Clara, CA) at 95 °C
for 5 hours. The dimension of the as-grown ZnO nanowire was 150 nm
in diameter and 2 μm in length. The effective working area of the
NG was about 1 cm × 1 cm. Plasma treatment using oxygen gas was
performed on a plasma cleaning system (South Bay Technology, Inc.,
PC-150). The chamber pressure was maintained at 170 mTorr with
30-Watt forward power during the process. The duration time of plasma
treatment was 30 min. For annealing pretreatment, the as-grown
nanowires on the Kapton substrate were put into a furnace (Type 6000
Furnace, Barstead|Thermolyne Company) at 350 °C for 30 min under
ambient conditions. For passivation of the ZnO nanowire’s surface
with polymers, the substrate with the as-grown nanowires was first
immersed into poly (diallydimethylammonium chloride) (PDADMAC)
solution for 90 s. After rinsing with DI water to remove the excess of
unreacted molecules the substrate was immersed into poly (sodium
4-styrenesulfonate) (PSS) for another 90 s. Then, the device was rinsed
again with DI water and dried in air. After different pre-treatments, a
2-μm thick poly(methyl methacrylate) (PMMA) layer was spin-coated on
the device and subsequently a Cr/Au layer serving as the electrode of
the NG was deposited on top. Finally, after two leads were connected to
the top and bottom electrodes, the whole device was fully packaged with
poly(dimethylsiloxane) (PDMS) to enhance the mechanical robustness
and flexibility. The output signal of the nanogenerator was recorded
by using a low-noise voltage preamplifier (Stanford Research System
Model SR560) and a low-noise current preamplifier (Stanford Research
System Model SR570). For comparison, all the NG’s performance tests
were carried out under the same experimental conditions, in which the
applied strain was 0.12% at a strain rate of 3.56% S−1.
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