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Broader context

We fabricated a hybrid energy cell that consists of a triboelectric nano-
generator, a thermoelectric cell, and a solar cell, which can be used to
simultaneously or individually harvest the mechanical, thermal, and solar
energies. Instead of using an external power source, the hybrid energy cell
can be directly used for self-powered water splitting to generate hydrogen.
The volume of the produced H2 has a linear relationship with the splitting
time at a production speed of 4 � 10�4 mL s�1. Moreover, the produced
energies can be stored in a Li-ion battery for water splitting and other uses.
Production of hydrogen (H2) by splitting water using the electrolysis

effect is a potential source of clean and renewable energy. However,

it usually requires an external power source to drive the oxidation or

reduction reactions of H2O molecules, which largely limits the

development of this technology. Here, we fabricated a hybrid energy

cell that is an integration of a triboelectric nanogenerator, a ther-

moelectric cell, and a solar cell, which can be used to simultaneously/

individually harvest mechanical, thermal, and/or solar energies. The

power output of the hybrid energy cell can be directly used for

splitting water without an external power source. The volume of the

produced H2 has a linear relationship with the splitting time at a

production speed of 4 � 10�4 mL s�1. Moreover, the produced

energies can also be stored in a Li-ion battery for water splitting as

well as other uses.
Introduction

Hydrogen (H2) as an environmentally benign fuel is one of the
sustainable and clean-energies.1 Currently, the main produc-
tion of H2 comes from steam reformation of natural gas, which
not only consumes natural resources but also generates carbon
dioxide as an undesired byproduct.2 To be environmentally
friendly and economically competitive, it is necessary to develop
a cost-effective technology for mass production of H2.3 Photo-
catalytic splitting of water into H2 and O2 by using solar energy
is one of the efficient approaches.4,5 By using the electrolysis
effect, water can be directly split into H2, which was discovered
more than 200 years ago.6However, an external power source for
driving the oxidation or reduction reactions of H2Omolecules is
, Georgia Institute of Technology, Atlanta,
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mandatory for electrolysis, which makes it economically inef-
cient for energy applications. Alternatively, we may harvest
energy from our living environment that can be directly utilized
for electrolysis without using an external power source. The
purpose of developing self-powered nanotechnology is to use
the multimode energy sources for powering small electronic
devices (such as LCDs, LEDs, and phones) or achieving some
electrochemical applications (such as electrodeposition and
electrodegradation).7–9

Harvesting mechanical, thermal, and solar energies is
usually based on different physical effects. Utilizing the contact
and separation between two polymers or polymer–metal mate-
rials, the triboelectric nanogenerators (TENGs) have been
extensively designed for scavenging mechanical energy from
irregular mechanical vibrations.10,11 Thermal energy can be
harvested using thermoelectric cells, which are based on the
Seebeck effect.12,13 Solar cells are usually fabricated using the
optoelectronic effect.14–16 However, these energies are not always
available at the same time, depending on weather, day/night,
and physical locations. Hybrid energy cells have been developed
to simultaneously or individually harvest these energies by
designing an integrated system,17,18 which consists of three
kinds of energy harvesters. In this paper, we demonstrated a
hybrid energy cell that consists of a polyamide (PA)–per-
uoroalkoxy (PFA) polymer lm-based TENG, a Bi2Te3-based
thermoelectric cell, and a silicon (Si)-based solar cell, which can
be used to simultaneously/individually harvest mechanical,
Energy Environ. Sci., 2013, 6, 2429–2434 | 2429
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thermal, and/or solar energies. Instead of the external power
source, the power output from the hybrid energy cell was either
directly used for water splitting to generate H2 or charging Li-
ion batteries.
Experimental
Fabrication of the hybrid energy cell

The fabricated TENG includes a PA lm (thickness of 25 mm), a
PFA lm (thickness of 25 mm), and two Cu electrodes. A
homemade force loading system was used to apply the period-
ically compressive forces on the TENG, where the contact/
separation between the PA and PFA lms can result in the
output of the device. The bottom Bi2Te3-based thermoelectric
cell was used to give the output voltage–current under the
temperature difference across the device, which was induced by
using a heated source. A temperature sensor was used to detect
the change in temperature of the device.

For the Si-based solar cell, p-type silicon (100) wafers were
used. KOH etching was performed in a solution of KOH (2–3 wt
%), water, and isopropyl alcohol (20% by volume) at 80–85 �C
for 20–30 min to create pyramidal structures. To form nano-
structures, a thin discontinuous layer of Au nanoparticles was
deposited by e-beam evaporation, followed by metal assisted
chemical etching in a HF–H2O2 solution (49% HF, 30% H2O2,
and H2O with a volume ratio of 1 : 5 : 10) for 1 min. Subse-
quently, the Au nanoparticles were removed by immersing the
samples in KI–I2 (100 g of KI and 25 g of I2 per 1 L of H2O). The
wafers were cleaned to remove surface organic and metallic
contaminants, followed by POCl3 diffusion to form the 65 U

sq�1 n+-emitter. Al2O3 and SiN passivation layers were coated
using Cambridge NanoTech Plasma ALD and Unaxis PECVD
Fig. 1 (a) Schematic diagram of the fabricated hybrid energy cell including a TENG
of the PA and PFA films.

2430 | Energy Environ. Sci., 2013, 6, 2429–2434
machines. Aer that Al paste and Ag grids were screen-printed
on the backside and top of the Si substrate, followed by co-
ring of both contacts. During the ring step, an Al-doped Si
layer, referred to as the aluminum back surface eld, is also
formed. The silicon wafer was then cut into many pieces for
the hybrid energy cells. Under the light illumination intensity
of 100 mW cm�2, the output performance of the solar cells was
measured.

Measurement of the hybrid energy cell and the splitting of
water to generate H2

The output voltage of the device was measured using a low-
noise voltage preamplier (Keithley 6514 System Electrometer).
The output current of the device was measured using a low-
noise current preamplier (Stanford Research SR560). The
voltage–current curves of Si-based solar cells were measured by
using a Keithley 4200 semiconductor characterization system.
The performance of the Li-ion battery was measured using a
battery analyzer (MTI Corporation). In the measurement of the
splitting of water to generate H2, the Pt electrode was used as
the anode. 3% NaCl was added into the water solution to
improve the conductivity. A transparent collection tube was
used to store the produced H2 at the cathode. A camera was
used to record the time and the volume of the produced H2.

Results and discussion

A schematic diagram of a fabricated hybrid energy cell is
sketched in Fig. 1a. A TENG was fabricated on the top for har-
vesting mechanical energy. In this study, the PA and PFA poly-
mer lms at the opposite ends of the triboelectric series were
purposely chosen as the triboelectric layers for the effective
and a thermoelectric cell. (b) Photograph of the hybrid energy cell. (c) AFM images

This journal is ª The Royal Society of Chemistry 2013
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electrication during the contact/separation process. On each
polymer lm, a layer of metal Cu electrode was fabricated on the
external surface. A periodic loading force was applied on the top
of the device to induce the contact and separation between the
two polymer lms. As illustrated in Fig. 1a, a Bi2Te3-based
thermoelectric cell was designed at the bottom for harvesting
thermal energy. A thermal source was used at the bottom of the
device to create a temperature difference across the device.
Fig. 1b shows the photograph of the fabricated device, where an
Al2O3 layer with a thickness of 1 mm was placed between the
thermoelectric cell and the TENG. Fig. 1c shows AFM images of
the triboelectric PA and PFA lms with an effective area of 30 mm
� 30 mm. The surface of the PA lm is rougher than that of the
PFA lm. The height of the aligned nanorod structures on
the PA lm surface is about 150 nm, which can enhance the
triboelectric charge density on the surface.

Fig. 2a and b show the output performance of the fabricated
TENG under the forward and reversed connections, respec-
tively. The corresponding output voltage and current are about
110 V and 60 mA (the current density of 2.4 mA cm�2), respec-
tively. Themechanism of the TENG is based on the electron ow
as driven by the triboelectric effect induced electrostatic charges
on the surfaces of PA and PFA lms. Because of the large
difference in the ability to attract electrons, when the PA lm is
in contact with the PFA lm, surface charge transfer takes place.
Since PFA is much more triboelectrically negative than PA,
electrons are injected from PA into the PFA surface, which can
induce the electron ow in the external circuit and give the
output signals.19 The output voltage Voc of TENG can be given by
Fig. 2 (a and b) Output voltage and current of the fabricated TENG under the for
temperature at the bottom of the thermoelectric cell, and output voltage and curr
electric cell and TENG (after rectification) for harvesting thermal and mechanical en

This journal is ª The Royal Society of Chemistry 2013
Voc ¼ sd

30
(1)

where s is the triboelectric charge density, d is the interlayer
distance, and 30 is the permittivity in vacuum.20 According to
eqn (1), the output voltage Voc can be increased by increasing
the interlayer distance d.

Fig. 2c shows the output performance of the thermoelectric
cell. For a temperature increase from 295 K at the top to 318 K at
the bottom of the device, the largest output voltage and current
of the device are about 2.2 V and 0.1 A, respectively. As
compared with the TENG, the fabricated thermoelectric cell has
a much smaller output voltage but much larger output current.
Since the TENG gives alternating current (AC) output signals
that do not match with the direct current (DC) output signals of
the thermoelectric cell, a bridge rectication circuit was used to
convert AC to DC signals. Fig. 2d shows the enlarged output
voltage of the integrated hybrid energy cell, where the solar cell
and the rectied TENG were connected in series. To clearly
observe the small output voltage of the thermoelectric cell, the
maximum output voltage was cut off at 15 V. The total output
voltage of the hybrid energy cell is obviously larger than that of
the thermoelectric cell. It can also be seen that the hybrid
energy cell can simultaneously/individually harvest mechanical
and thermal energies.

To illustrate the potential applications of the hybrid energy
cell, we demonstrated that the energy produced by the hybrid
cell can be directly used for splitting water into H2. Fig. 3a
shows a schematic diagram of the self-powered splitting of
water into H2 by using the electrolysis effect. There are two
ward (a) and reversed (b) connections to the measurement system. (c) Change in
ent of the thermoelectric cell. (d) Enlarged output voltage of the hybrid thermo-
ergies.

Energy Environ. Sci., 2013, 6, 2429–2434 | 2431
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Fig. 3 (a) Schematic diagram of the system for self-powered splitting of water to generate H2. (b) Optical image of the system for splitting of water into H2. (c) Optical
images of the H2 collection tube under the different working times. (d) Corresponding volume of the produced H2 under different working times.
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methods to be used for water splitting. When the point “1” was
connected to the point “3”, the hybrid energy cell can be directly
used for splitting of water, where the solar cell and the rectied
TENG were connected in parallel. For the second method, when
the point “1” was connected to the point “2”, the produced
energies can be stored in a Li-ion battery and then used for
water splitting. In this study, a Pt electrode was used as the
anode, which was put into a transparent container with the
water solution. NaCl with a concentration of about 3% was
added into water solution to improve the conductivity. The
cathode was inserted into a H2 collection tube and the top end
of the tube was sealed by using epoxy. As shown in Fig. 3a, the
H2 collection tube was fully lled with water solution, and it was
then partly inserted into the container, where the water solu-
tions in the tube and the container were connected at the
bottom of the tube. Due to the pressure of the atmosphere,
the water solution cannot ow from the collected tube to the
container. However, when the produced H2 was collected on
the top of the tube, the water solution can ow out from the
collection tube due to the larger pressure of the produced H2,
resulting in the drop of water surface level in the tube.

According to the electrolysis effect,6 the mechanism of water
splitting is proposed as follows:

2NaCl / 2Na+ + Cl2 + 2e� (anode) (2)

2H2O + 2e� / 2OH� + H2 (cathode) (3)

According to eqn (2) and (3), Cl� was adsorbed to the anode
for the oxidation reaction, resulting in the formation of Cl2 at the
2432 | Energy Environ. Sci., 2013, 6, 2429–2434
anode. Moreover, the reduction of H2O molecules occurs at the
cathode, resulting in the production of H2, which was collected
in the tube. Fig. 3b shows a photograph of the fabricated self-
powered water splitting system, where both the volume and the
used time of the produced H2 were recorded. Fig. 3c shows the
optical images of the H2 collection tube at different times, where
the hybrid energy cell was directly used for water splitting. The
volume of the obtained H2 was found to dramatically increase
with increasing time, resulting in the drop of water surface level
in the collection tube. The dynamic splitting process of water
into H2 is also shown in movie le 1 in the ESI.† The change in
volume of the producedH2 at different times is plotted in Fig. 3d.
The measured data show a linear relationship between the
volume of H2 and the elapsed time at a rate of 4 � 10�4 mL s�1.

Usually, when two energy harvestors with the parallel
connection give two different output voltages, the total output
voltage of the hybrid device will approach the smaller one. Since
the thermoelectric cell has a much smaller output voltage than
that of the TENG, as shown in Fig. 2, it is necessary to increase
the output voltage of the thermoelectric cell to match the output
voltage of TENG. One method is that more thermoelectric cells
can be connected to increase the total output voltage. However,
in order to scavenge multimode energy by using the fabricated
hybrid energy cell, we demonstrated that the Si-based solar cells
can be used to harvest solar energy and increase the total output
voltage of the devices in this study. A schematic diagram of the
integrated hybrid energy cell is depicted in Fig. 4a, where the
thermoelectric cell and the solar cell device were connected in
series, and then they were connected with the rectied TENG in
This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 (a) Schematic diagram of the hybrid energy cell. (b) SEM images of the fabricatedmicro-pyramid Si with the surface of nanoholes. (c) Cross-sectional SEM image
of a single micro-pyramid. (d) Current–voltage characteristics of the hybrid energy cell under different conditions.
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parallel. In a practical device, the fabricated solar cells can be
attached on the top of the TENG, and it does not affect the
output performance of the TENG. As a result, the top solar cells
can harvest the solar energy, and themiddle TENG can scavenge
the mechanical energy. The bottom thermoelectric cells can
Fig. 5 (a) The hybrid mechanical, thermal, and solar energy cell-charging and the su
curve of the Li-ion battery from 0.8 to 3.9 V. (c) Optical images of the H2 collection
volume of the produced H2 under different splitting times.

This journal is ª The Royal Society of Chemistry 2013
convert thermal energy into electricity. The fabricated three
kinds of energy harvesters can work at the same time. Moreover,
the hybrid energy cell can ensure that there is always an output
voltage–current when the mechanical, thermal, or solar energy
is available.
bsequent constant-current discharging curves of a Li-ion battery. (b) The charging
tube under different working times for the splitting of water. (d) Corresponding

Energy Environ. Sci., 2013, 6, 2429–2434 | 2433
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Fig. 4b and c show the surface and cross-sectional SEM
images of the fabricated pyramid Si solar cells, respectively. The
sizes of the Si pyramids are smaller than 10 mm. To enhance
the light absorption for improving the efficiency of the device,
the surface of the micro-pyramid Si was etched into many
nanoholes. The detailed fabrication method of the Si solar cell
is given in the Experimental section. Under the light illumina-
tion intensity of 100 mW cm�2, the open-circuit voltage of the
device is about 0.62 V and the short-circuit current density is
about 32 mA cm�2, where the ll factor is about 80%. The
energy conversion efficiency of the fabricated device is about
16%, which is much larger than that of the reported Si nanowire
solar cells.21 Fig. 4d shows the output performance of the inte-
grated thermoelectric cell and the Si solar cells, which were
connected in series. Under the light illumination, the output
voltage of the hybrid energy cell is about 3.5 V and the output
current is about 30 mA, which are due to the integration of
6 solar cells. Under the light illumination on the solar cells and
the heat applied at the bottom of the thermoelectric cell, the
total output voltage and current of these two energy harvestors
were about 5.2 V and 34 mA, respectively.

For the second method of water splitting depicted in Fig. 3a,
the energies produced by the hybrid energy cell were rst stored
in a Li-ion battery and then used for water splitting. Fig. 5a
shows the charging and the subsequent constant current dis-
charging curves of a Li-ion battery by using the hybrid energy
cell. The Li-ion battery can be easily charged from 1 to 3.7 V in
only about 376 s. Under a constant discharging current of 5 mA,
the charged Li-ion battery can last for about 327 s before it gets
back to the original value of 1 V, corresponding to a total electric
capacity of 0.45 mA h. Fig. 5b shows that the same Li-ion battery
can be charged from 0.8 to 3.9 V, which was used for splitting
water to generate H2. Fig. 5c shows the optical images of the H2

collection tube under different splitting times by using the Li-
ion battery. The volume of produced H2 was found to obviously
increase with increasing time, which is also shown in movie le
2 in the ESI.† By tting the obtained data, the volume of the
produced H2 was found to have an exponential relationship
with the splitting time, and the production speed of H2

decreases with the increasing time, which is associated with the
output power decrease of the Li-ion battery with the increasing
discharging time.

Conclusions

In summary, we have developed the rst hybrid energy cell that
consists of a polymer lm-based TENG, a Bi2Te3-based ther-
moelectric cell, and a Si-based solar cell, which can be used to
simultaneously or individually harvest mechanical, thermal,
and solar energies. The output power of the hybrid energy cell
can be directly used for the splitting of water to generate H2. The
production volume of H2 has a linear relationship with time,
where the corresponding speed is about 4 � 10�4 mL s�1.
Moreover, the produced energies can also be stored in a Li-ion
battery for the splitting of water into H2 and other uses. The
fabricated hybrid energy cells have potential applications for
2434 | Energy Environ. Sci., 2013, 6, 2429–2434
driving personal electronics (such as LCDs, LEDs, and phones)
and achieving some electrochemical experiments (such as
electrodeposition, pollutant degradation, corrosion protection,
and water splitting).
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