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Silicon (Si)-based solar cell is by far the most established solar cell technology. The surface of a Si solar cell is usually covered by a layer of transparent

material to protect the device from corrosion, contamination and mechanical damage. Here, we replaced this protection layer by a thin layer film of

polydimethysiloxane nanowires. Based on this layer and using the conductive layer on the surface of the wavy Si, we have fabricated a triboelectric

nanogenerator (TENG). The solar cell and the TENG form a hybrid energy cell for simultaneously harvesting solar and mechanical energies. The hybrid

energy cell can be directly used for self-powered electrodegradation of rhodamine B, where the degradation percentage is up to 98% in 10 min. Moreover,

the produced energy can also be stored in the Li-ion batteries for driving some personal electronics such as a red laser diode and a commercial cell phone.
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nergy harvesting from renewable and

green energy resources, such as solar,'?

mechanical vibration,>* and wasted
heat,>® has attracted increasing attention
in the past decade due to the energy crisis
and global warming. The silicon (Si)-based
solar cell is so far the commercial technol-
ogy for large scale harvesting of solar energy
because of its low cost, superior perfor-
mance, and industrial manufacturing.’
Photon management is an effective means
for improving the efficiency of a solar cell,
such as fabrication of various surface pyra-
mid structures for enhancing light absorp-
tion for increasing the solar efficiency.® In
practical applications, the surface of a Si
solar cell is usually covered by a layer of
transparent material to protect the device
from corrosion, contamination, and mechan-
ical damage. When a solar cell is exposed to
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nature, wind becomes an existing source of
energy together with the working environ-
ment of a solar cell, where wind energy can
be easily converted to mechanical energy by
using such flexible materials as energy har-
vesters. An interesting question is what if the
surface layer for protecting the solar cell can
be used for harvesting this kind of mechan-
ical energy induced by wind.

Currently, nanogenerators based on the
triboelectric effect have been developed to
convert mechanical energy from irregular
mechanical vibrations to electricity.”'® A
triboelectric nanogenerator (TENG) can be
fabricated using flexible transparent poly-
mer materials. These materials can be a part for
the TENG but can also be a surface protection
layer for the solar cell, so that a hybrid energy
cell technology may be fabricated to simul-
taneously/individually harvest multimode
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Figure 1. (a) Schematic diagram of the fabricated hybrid energy cell. (b) SEM image of the PDMS nanowire array. (c) SEM
image of the fabricated Si pyramids. (d) J—V curves of the Si solar cell covered with and without PET-PDMS polymers under the

light illumination intensity of 100 mW/cm?.

energies, whichever is available. Several research
efforts have been demonstrated for achieving the
hybrid energy cells, but the design is not suitable for
the Si-based solar cell case.”" ™" In this paper, we
demonstrated a hybrid energy cell that is built directly
based on a micropyramid Si solar cell for simulta-
neously harvesting both solar and mechanical energy.
A flexible transparent polydimethysiloxane (PDMS)
nanowire array-based TENG was fabricated at the top
for not only harvesting the mechanical energy, but
also serving as the protection layer for Si solar cell.
The hybrid energy cell was used for electrodegradation
of Rhodamine B (RhB) and driving some personal
electronics.

RESULTS AND DISCUSSION

A schematic diagram of the fabricated hybrid energy
cell is shown in Figure 1a. In this study, the PDMS
nanowire array was fabricated by using a homemade
anodic aluminum oxide (AAO) template, where the
diameter and depth of the holes are about 200 and
500 nm, respectively. The top TENG is based on the
contact/separation between the transparent PDMS
nanowire array and the indium tin oxide (ITO) film.
Figure 1b shows a scanning electron microscopy (SEM)
image of the obtained PDMS nanowire array, revealing
that the diameters are about 200 nm. The bottom Si
micropyramid solar cell consists of an Al film electrode,
a p' back surface field layer, a p type Si layer, n™
emitter layer, SiN film, Ag grids, and the ITO film
electrode.® The optical image of the fabricated Ag grids
and the ITO film on the Si micropyramid substrate is
shown in Supporting Information, Figure S1. The pyramid
surface is designed to enhance the light absorption,
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which is also used here as an effective means for
enhancing the triboelectrification process in TENG.
The detailed fabrication method of the Si solar cell is
given in the Experimental Section. The TENG and the
Si solar cell have a coelectrode of ITO film on the
Si pyramids. Figure 1c shows a SEM image of the Si
pyramids, indicating that the sizes of Si pyramids are
from 1 to 10 um.

Figure 1d shows the output performance of the
fabricated Si pyramid solar cell. Under the light illumi-
nation intensity of 100 mW/cm? the open-circuit
voltage and the short-circuit current density of the
device are about 0.6 V and 35 mA/cm?, respectively.
The corresponding energy conversion efficiency is up
to about 16%, which is much larger than the reported
Si nanowire heterojunction solar cells.” We also mea-
sured the output performance of the Si solar cell
covered by the PDMS-PET polymers, as shown in
Figure 1d. Under the same light illumination intensity,
the conversion efficiency of the solar cell covered with
the polymers was found to decrease from 16% to 14%.

Figure 2a shows that the output voltage of a Si solar
cell device is about 0.6 V, where the corresponding
output current is up to 18 mA, as shown in Supporting
Information, Figure S2. By controlling the periodic
contact and separation between the PDMS nanowire
array and the ITO layer on the Si pyramids, the output
voltage pulse of the fabricated TENG is about 3 V under
the forward connection, as shown in Figure 2b. The
corresponding output current and the reversed output
voltage are shown in Supporting Information, Figure
S3. It can be found that the TENG gives an alternating
current (AC) output signal, which does not match with
the direct current (DC) output signal of the Si solar cell.
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Figure 2. (a) Output voltage of the fabricated Si solar cell. (b) Output voltage of the fabricated TENG. (c) Output voltage of
the TENG after the output signals were rectified. (d) Schematic diagram of the connection between the Si solar cell and TENG.
(e) Output voltage of the hybrid solar cell and TENG (after rectification) for harvesting solar and mechanical energies.

A bridge rectification circuit was used to convert the AC
to DC signals. The obtained rectified output voltage
pulse of the device is about 2.5 V, as shown in Figure 2c.
Figure 2d shows a schematic diagram of the integrated
hybrid energy cell, where the solar cell and the rectified
TENG device were connected in series, which can en-
sure that there is always a voltage/current output when
either the solar or mechanical energy is available.
Figure 2d shows the output voltage of the hybrid
energy cell, where the output signals of TENG were
rectified. It can be clearly seen that the solar cell and the
TENG can work simultaneously/individually to harvest
the solar and mechanical energies, respectively.

The mechanism of the TENG is to use the tribo-
electric effect induced electrostatic charges to drive
the electrons to flow in the external circuit once the
charged layers are separated by a small distance. In
this study, when the PDMS is in contact with the ITO
film, the surface charges will be transferred from ITO to
PDMS due to the electrostatic electrification, resulting
in the observed output current and voltage.'>'® The
pyramid structure of the electrode largely increases
the friction between the PDMS and the ITO film on the
silicon surface. The output voltage V. of the TENG can
be expressed by

d A d
Ve :%——”(dﬁﬂ) )
&0 & Er(PDMS)

where gy is the triboelectric charge density, Ao is the
transferred charges between the two electrodes, ds is
the interlayer distance, dppys is the thickness of the
PDMS film, & is the vacuum permittivity, and &.ppwms) is
the relative permittivity of PDMS.'” According to eq 1,
the output voltage V, can be increased by increasing
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the interlayer distance ds. By increasing the interlayer
distance and integrating five Si solar cells in series
connection, Figure 3a shows that the output voltage of
the hybrid cell can be increased to 12 V, which is much
larger than that in Figure 2e. The corresponding output
current is about 17.4 mA in Supporting Information,
Figure S4.

To illustrate the potential applications of the hybrid
energy cell, we demonstrated that the energy pro-
duced by the hybrid cell can be directly used for the
electrodegradation of RhB and driving LEDs. RhB, as a
common dyestuff found in textile wastewater, is one of
the serious pollutants that are difficult to be degraded
among the various dyes.'® Electrochemical techniques
possess some unique advantages in the purification of
dyeing wastewater; for example, it can rapidly degrade
and mineralize many organic pollutants into nontoxic
small molecules by the produced hydroxyl radical
OH*,"® which is most reactive and is very strong
single-electron oxidizing agent.?® Although the elec-
trochemical degradation of the pollutants for waste-
water treatment has been extensively reported,?’*? all
of the electrochemical experiments need external
power sources for the electrocatalytic oxidation. In this
study, the fabricated hybrid energy cell was used to
replace the external power sources to make the entire
process self-powered.?>~%

Figure 3b shows the UV—uvisible absorption spectra
of the RhB solution for electrodegradation by using the
hybrid energy cell at the same time intervals. The
electrodegradation process was monitored by the
characteristic absorption peak of RhB at the centered
wavelength of 554 nm. It can be seen that the char-
acteristic absorption peak intensity of RhB decreases
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Figure 3. (a) The output voltage of the hybrid energy cell, in which five Si solar cells were integrated. (b) Absorption spectra
of the RhB solution under the some time intervals. The inset shows the plot of degradation percentage versus the
electrodegradation time. (c) The change in color of RhB solution under the some electrodegradation time intervals.
(d) Optical images of four green LEDs before and after it was driven by the hybrid energy cell.

with increasing the electrodegradation time, indicat-
ing the decrease of the RhB concentration. The degra-
dation percentage of RhB is up to 98% in 10 min, as
shown in the inset of Figure 3b. The corresponding
color change from red to colorless is shown in
Figure 3¢, indicating that the electrodegradation of
the RhB solution can be achieved in about 10 min. To
confirm that the degradation of the RhB solution is due
to the energies produced by the hybrid cell, a control
experiment without the connection to the hybrid
energy cell was finished. There is no change in the
absorption spectra of the RhB solution at the same
time intervals, as shown in Supporting Information,
Figure S5. In this study, NaCl was used as electrolyte in
the RhB solution to improve the conductivity. The Pt
electrode was used as the anode for electrocatalysis.
The mechanism of the electrodegradation of RhB can
be given by

2H,0+Cl~ — OH +ClIO~ +3H 43¢~ (2)

OH"/CIO~ +RhB — CO, + H,0 +NO; +NH," (3)

According to eq 2, the superoxidative hydroxyl radical
OH* and CIO™ can be induced on the surface of the
Pt electrode, where H,0 and CI™ were absorbed to the
anode by a discharge reaction. The RhB was then
oxidized to the inorganic molecules like CO,, H,0,
etc. by the superoxidative species, as shown in eq 3.
Moreover, a small amount of organic molecules can be
mineralized directly on the surface of the Pt electrode
via the electrochemical combustion route.®

Figure 3d shows the optical images of four green
LEDs before and after being driven by the fabricated
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hybrid cell. The observed bright green light emission
indicates that these LEDs can be directly powered by
the hybrid energy cell. To drive more personal electro-
nics with the larger energy consumptions, it is neces-
sary to store the energy produced by the hybrid cell
by using some energy storage units such as Li-ion
batteries. Figure 4a shows that the output voltage of
the hybrid cell is about 13 V, where the corresponding
output current is about 10.6 mA, as shown in Support-
ing Information, Figure S6. Figure 4b shows the hybrid
energy cell-charging and the subsequent constant-
current discharging curves of a Li-ion battery. The
battery can be charged by the hybrid cell from
1.54 to 3.60 V in about 1.3 h. Under a constant
discharging current of 10 mA, the discharging of the
battery can last for about 580 s before it got back to the
original value of 1.54 V. Thus, the stored electric
capacity is up to 1.61 mAh. The charging curve in
Figure 4c shows that another Li-ion battery was
charged from 1.60 to 3.60 V. The inset of Figure 4c
shows that the charged Li-ion battery can be used to
drive a red laser diode, which is extensively used in
the commercial laser pointers for the presentations.
The movie file | (see the Supporting Information)
also shows that the red laser diode can work under
the connection with the charged Li-ion battery.
Figure 4d shows that the Li-ion battery of a commer-
cial cell phone was charged from 2.63 to 3.50 V in
about 9 h, and it is ready for use (movie file Il, in
Supporting Information). The observed peaks in
Figure 4d are associated with the Li-ion battery of
the cell phone since we did not observe the similar
peaks in another Li-ion battery in Figure 4b.
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Figure 4. (a) Output voltage of the hybrid energy cell, in which 12 solar cells were integrated. (b) The hybrid energy cell-
charging and the subsequent constant-current discharging curves of a Li-ion battery. (c) The charging curve of a Li-ion
battery. The inset shows an optical image, where a red laser diode was driven by the charged Li-ion battery. (d) The charging
curve of the Li-ion battery of a commercial cell phone. The inset shows an optical image of the cell phone driven by the Li-ion

battery.

CONCLUSION

We have developed the first hybrid energy cell that
consists of a solar cell and a TENG, which can be used
to simultaneously/individually harvest solar and me-
chanical energies. The bottom solar cell device was
designed by using a Si micropyramid n*—p—p™* junc-
tion, which can give an output voltage of 0.6 V and an
output current density of 35 mA/cm? under the light
illumination intensity of 100 mW/cm?. The top TENG is
based on the contact/separation between the PDMS
nanowire array and ITO film on the Si pyramids. The
output power of the hybrid energy cell can be directly
used for the electrodegradation of RhB and driving
LEDs. The degradation percentage of RhB is up to 98%
in 10 min. The hybrid energy cell has also been used to
build up a power module together with the Li-ion
batteries for driving some personal electronics such
as a red laser diode and a commercial cell phone. The
high-power hybrid energy cells have the potential
applications for self-powered electrochemical sciences
(such as electrodeposition, pollutant degradation, and
water splitting) and driving personal electronics (LEDs,
laser diodes, and cell phones).

EXPERIMENTAL SECTION

Fabrication of the PDMS Nanowire Array and the Si Solar
Cells. The AAO template was fabricated by using the
industrial Al foils (99.5%). The surface energy of the
AAO substrate was lowered by using a self-assembled
monolayer of a heptadecafluoro-1,1,2,2-tetrahydro-
decyl trichlorosilane (HDFS). PDMS was used as the
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nanoimprinted polymer and prepared by the gel-
casting technique, which was casted on to the surface
of the HDFS-coated AAO substrate. The cured PDMS
nanowire array was then peeled off from the AAO
substrate. The used Si substrate is a single-crystal,
p-type float zone substrate with a thickness of
300 #m. The textured Si surface with pyramidal struc-
tures was created by KOH etching. The wafer was then
cleaned to remove surface organic and metallic con-
taminants, followed by POCI; diffusion to form the
n"-emitter. A diffusion temperature of 1133 Kwas used
for obtaining 65 €2/sq emitter. The wafer was coated
with 80 nm SiN via a plasma-enhanced chemical vapor
deposition reactor. The SiN film serves as a passivation
and antireflection coating layer for the device. After
that, the screen-printed n*—p—p™* junction solar cells
were fabricated. An Al paste was screen-printed on the
backside of the Si substrate and dried at 473 K. Ag grids
were then screen-printed on top of the Si substrate,
followed by cofiring of both the Ag and Al contacts.
During the firing step, an Al-doped Si layer, referred to
as the aluminum back surface field, is also formed. An
ITO top electrode with 300 nm thickness was coated
by PVD 75 RF sputter. The solar cell efficiency was
characterized under the light illumination intensity of
100 mW/cm?,

Measurement of the Hybrid Energy Cell and Its Applications.
In the hybrid energy cell measurement process, the
bottom Si solar cell was fixed on a wooden body. The
Si solar cell was covered with the PDMS nanowire
array film, where one side of the film was fixed on
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the wooden body by using the Kapton tape. The other
side of the film was fixed on a homemade force load-
ing system with the working frequency of 1 Hz. The
fabricated TENG is based on the contact and separa-
tion between the ITO electrode on the Si solar cell
and the PDMS nanowire array. Both the Si solar cell and
the TENG can work under the light illumination condi-
tion. The output voltage of the device was measured
by a low-noise voltage preamplifier (Keithley 6514
System Electrometer). The output current of the device
was measured by a low-noise current preamplifier
(Stanford Research SR560). The performance of the
Li-ion battery was measured by a battery analyzer (MTI
Corporation). A 3 mL aliquot of aqueous solution with
the concentration of 40 mg/L RhB filling in a cuvette
was prepared to carry out the RhB degradation experi-
ment. Then, 0.1 g of NaCl as electrolyte was added into
the cuvette. A Pt electrode with excellent electro-
chemical property was used as the anode for the
electro-oxidation of RhB. At the same time intervals, an
UV—visible spectrophotometer (JASCO V-630) was
employed to record the absorbance spectra of the
RhB solution to determine the concentration change
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