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With the rapid development of wearable devices and portable electronics, highly efficient and stable self-
powered systems are in great demand. However, most harvesting and storage devices of such systems
are separate units, which reduce the power density and limit their applications. In this work, we
implemented an integrated sandwich-shaped, self-charging power unit (SCPU) with a wrinkled PDMS-
based triboelectric nanogenerator and CNT/paper-based solid-state supercapacitor. During ambient
vibration process, this SCPU could simultaneously harvest and store energy, efficiently converting
mechanical energy into electrochemical energy. The self-charging capability of this SCPU is
demonstrated by periodic compressive stress, charging 900 mV within 3 h. Additionally, using three

serially connected SCPUs as power supply, it could drive a commercial calculator working continuously
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Accepted 19th August 2016 and an electrochromic device as a smart window during the coloration and bleaching processes.
Considering its efficient structure and facile fabrication, this novel integrated SCPU provides a feasible

DOI: 10.1039/c6ta05816g solution for sustainable power supply and shows great potential in micro-energy fields and self-powered
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Introduction

As is well-known, energy crises are becoming a worldwide
problem, and researchers are conducting every effort to exploit
sustainable and renewable energy." Environmental green
energy sources exist in various forms, such as thermal,*
biochemical,® and solar.* However, traditional energy systems
require complicated external circuits and power management,
which bring difficulties to miniaturized device applications.
Besides the above energy forms, mechanical energy may be the
most widely distributed energy form, existing all over our living
environment.” The micro-energy system based on mechanical
energy conversion can sufficiently satisfy the needs of small-
sized, portable electronics.*’

Energy harvesting® and storage,” as the two most crucial
technologies for energy systems, are usually two different and
independent devices based on two consecutive processes.
Among different conversion methods of mechanical energy
harvesting, the existing transduction mechanisms include
piezoelectricity,'*'* electromagnetic induction,"** and electro-
static induction.'** Recently, a novel energy-harvesting device
termed the triboelectric nanogenerator (TENG) has been
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developed,'**® the working mechanism of which is based on the
coupling effect of contact electrification and electrostatic
induction. It can efficiently scavenge mechanical energy from
human motion or ambient vibrations with the advantages of
high output, simple design, and low cost. Among various paths
to enhance the performance of TENGs, both the modification of
surface material®* and introduction of micro/nanostructure*
play significant roles. To combine these two methods to further
increase the surface charge density, wrinkle structures formed
on the polymer are becoming increasingly important, with their
simple fabrication, flexibility and adaptation for large-area
patterns.”>** Additionally, as for energy storage devices, the
supercapacitor (SC) has been considered as one of the most
promising candidates, attributed to its high power density, long
cycle lifetime, and safety.**** In order to meet the great demand
for portable/wearable personal electronics and flexible devices,
the solid-state supercapacitor (SC)***” has been established by
sandwiching a solid-state gel electrolyte between positive and
negative electrodes on flexible substrates, such as paper*® and
carbon foam.** Compared to the conventional SCs with liquid
electrolytes,*® the solid-state SCs avoid the possibility of elec-
trolyte leakage and short circuit of the two electrodes.

To combine energy harvesting and storage, different types of
self-powered systems*** have been proposed by collecting
energy from the ambient environment to continuously supply
sensors. However, most harvesting and storage devices are
separate units, which reduce the power density and limit their
applications. Therefore, researchers are aiming to propose
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a new hybrid system that integrates an energy-harvesting device
along with a storage device to perform a self-powered opera-
tion.**** Recently, Wang et al. developed a multi-TENG stacked
self-charging system,*® in which the mechanical energy can be
directly converted into electrochemical energy; however, the
improvement in performance is at the expense of the volume
increasing. Meanwhile, for relatively low space utilization, the
integration of such a self-charging unit still has plenty of room
for enhancement.

Herein, we demonstrate a hybrid sandwich-shaped, self-
charging power unit (SCPU) involving both the energy-harvest-
ing and storage devices. Considering the fact that an optimized
single-step  fluorocarbon  plasma process on  poly-
dimethylsiloxane (PDMS) can form wrinkle structures with high
triboelectric output ability*” and carbon nanotubes (CNTs) own
excellent electrochemical properties as SC electrodes,*® our
device integrates wrinkled PDMS-based TENG and CNT-based
solid-state SC. The high degree of integration is realized
through the TENG-SC-TENG design, which could take advan-
tage of both the top and bottom surfaces of SC and greatly
decrease the unit's volume. When compressive stress is applied
to the SCPU, the mechanical energy is directly converted into
electrical energy and stored in the SC efficiently. Once fully
charged, three serial SCPUs can continuously power an elec-
trochromic device as a smart window or a commercial calcu-
lator. Therefore, this SCPU shows promising potential in
flexible displays, wearable devices and various sensor systems.

Experimental
Fabrication of wrinkled PDMS-based TENG

The elastomer and cross-linker of commercial PDMS (Sylgad
184, Dow Corning Co.) were mixed with a quantity ratio of 5 : 1.
The vacuum-degassed PDMS mixture was spin-coated on an
indium tin oxide (ITO)/polyethylene terephthalate (PET) film
(4 em x 5 cm). Then, fluorocarbon (C,Fg) plasma treatment of
the uncured PDMS surface was conducted using an inductively
coupled plasma (ICP) etcher, forming a wrinkled structure in
the process. The RF power, plate power, gas flow rate, pressure
and treatment time were optimized to 0 W, 100 W, 60 sccm, 5 Pa
and 150 s, respectively. After the PDMS was cured at 90 °C for
30 min as a triboelectric layer, the arch-shaped TENG was then
assembled with processed PDMS/ITO/PET film and another
ITO/PET film, in which the PET layer was bent to enhance the
output and the ITO layer was used as both the triboelectric layer
and electrode. The gap size of the fabricated TENG was fixed at
3 mm, and when both layers were fully contacted, the size of
each TENG was 40 mm x 50 mm x 0.3 mm, saving more than
50% volume compared with other TENGs* and greatly
improving the integration degree.

Fabrication of flexible solid-state SC

The flexible CNT/paper electrodes were fabricated simply by
using the drop-drying method. Firstly, CNT ink solution was
prepared by dispersing CNTs (20 mg, Boyu Co., China) and
20 mg sodium dodecylbenzenesulfonate (SDBS) as surfactant in

This journal is © The Royal Society of Chemistry 2016

View Article Online

Journal of Materials Chemistry A

20 ml of deionized water. After the CNT ink solution was bath-
sonicated for 4 h to disperse evenly, approximately 10 ml of the
CNT ink was dropped on a filter paper with an area of 2 cm x
2 cm and dried at 80 °C for 1 h in an oven. This drop-drying
process was repeated several times. The average mass of the
filter paper was about 32 mg in the initial state. Then, after
several CNT ink drop-dry processes, the average mass of the
CNT/paper electrode increased to 48 mg, which showed that
approximately 8 mg CNTs were dropped on a filter paper as the
active materials, leading to a CNT density of 2 mg cm 2. Addi-
tionally, 6 g phosphoric acid (HzPO,) was mixed with 60 ml
deionized water and 6 g polyvinyl alcohol (PVA) powder. The
mixture was heated up to 85 °C under vigorous stirring until the
solution became clear. After the solution cooled down, two
pieces of flexible CNT/paper electrodes were coated with PVA/
H;PO, gel electrolyte, and then assembled into a symmetrical
SC with a cellulose separator (TF44, NKK Co., Japan). The flex-
ible solid-state device was subsequently left in the fume hood at
room temperature to fully vaporize the excess water.

Fabrication of self-charging power unit

To eliminate the electrostatic induction and signal interference
between the TENG and SC, SC was packaged with PDMS mixture
(elastomer and cross-linker with a ratio of 10 : 1) as insulator
film and cured at 80 °C for 1 h with an area of 4 cm x 5 cm.
Additionally, both the top and bottom surfaces of the packaged
device were adhered to the ITO/PET film of the arch-shaped
TENG to assemble the sandwich-shaped SCPU. When fully
compressed, the dimensions of the entire device were only 4 mm
x 5 ecm x 4 cm, respectively. Additionally, two TENGs were
connected in parallel to enhance the triboelectric output and
charging efficiency.

Characterization

The structure and morphology of the materials were charac-
terized using scanning electron microscopy (SEM), and laser
scanning microscope (LSM) was also employed to characterize
the PDMS structure change under C,Fg plasma treatment.
Additionally, the output voltage of the TENG was measured via
a digital oscilloscope (Agilent DSO-X 2014A) using a 100 MQ
probe (HP9258), and the current was amplified by a SR570 low-
noise current amplifier from Stanford Research Systems. For
the electrochemical measurement of the SC, an electrochemical
workstation (CHI660) was utilized by using CV and GCD tech-
niques with a two-electrode configuration. To characterize the
self-charging properties of the power unit, a sinusoidal signal
was generated from the signal source module of the digital
oscilloscope and amplified by an amplifier (SINOCERA
YE5871A) to power the modal shaker (JZK-10), which could
apply a cycled and stable compressive force to the SCPU with
a fixed frequency of 8 Hz.

Results and discussion

As illustrated in Fig. 1, this self-charging power unit is fabri-
cated by integrating a wrinkled PDMS-based TENG and CNT/
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Fig.1 (a) Schematic diagram of the fabrication process of arch-shaped TENG, which includes spin-coating PDMS on PET/ITO film, C4Fg plasma
treatment to form the wrinkled structure, and its assembly process. (b) The fabrication process of PDMS packaged solid-state SC, which is
composed of CNT/paper electrode, gel electrolyte and separator. (c) The structure design of sandwich-shaped SCPU. (d) The SEM image of the
cross-section of the solid-state SC. (e) The SEM image of the wrinkled structure and (f) the LSM image of its 3D morphology.

paper-based, solid-state SC. In detail, Fig. 1a shows the fabri-
cation process of the TENG. It starts with an ITO-coated PET
film, which works as both the flexible substrate and electrode,
where the vacuum-degassed PDMS mixture is then spin-coated
on it. Before the PDMS mixture is cured, a C,Fg plasma treat-
ment process is carried out in an ICP etching machine, during
which time the wrinkle structure is formed. The detailed
fabrication of this wrinkle structure is also discussed in Fig. S1
(ESIt), which results in efficiently increased triboelectric charge
density through surface modification and microstructure effect.
To compose an arch-shaped TENG, the processed cured PDMS
film is then assembled with another PET/ITO film.

In solid-state SC, CNT ink is drop-dried on the paper several
times as the active material and electrode, while TF44 film and
H;PO,/PVA gel are adopted as separator and electrolyte
(Fig. 1b). After those components are assembled into a solid-
state SC, the processed device is fully packaged with PDMS

14300 | J. Mater. Chem. A, 2016, 4, 1429814306

mixture. As for CNT percolation during the drop-dry process,
relative simulation results are shown in Fig. S2 (ESIf). The
typical morphology of the CNT/paper is characterized by SEM as
showing relatively uniform coating in Fig. S3 (ESIf). The
detailed device structure of the SCPU is schematically depicted
in Fig. 1c, which is composed of two arch-shaped TENGs and
a packaged solid-state SC. Fig. 1d demonstrates the cross-
sectional SEM image of the sandwiched structure of the SC. The
processed wrinkled structure is characterized by SEM, and its
3D view is attained by LSM, shown in Fig. 1e and f, respectively.

Output characterization of TENG

The performance of the single wrinkled PDMS-based, arch-
shaped TENG under periodic impacts with different frequencies
is investigated via a vibration system. The TENG works well over
a frequency range of 2 Hz to 10 Hz. Continuous periodic outputs
are generated, which prove quite uniform and fairly

This journal is © The Royal Society of Chemistry 2016
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symmetrical. Obviously, the frequency of the output wave
matches the frequency of excitation. The open-circuit voltage
(Voc) and short-circuit current (Isc) waveforms at different
frequencies are illustrated in Fig. 2a and b separately. As the
frequency increases, both Voc and Isc become larger, which
accounts for the fact that external electrons flowing reached
equilibrium more quickly. Specially, under the frequency of
10 Hz, the single arch-shaped TENG's V¢ attains more than
200 V, with Isc around 100 pA. In addition, the device obtains
good stability for 30 000 cycles as shown in Fig. S4 (ESIY),
maintaining almost the same output and satisfying the needs of
a stable charging process. The charging ability of TENG is
evaluated by charging a 1 pF capacitor through a full-wave
rectifier bridge to nearly 0.6 V in a single operation cycle
(Fig. 2¢).
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Considering the fact that simply stacked TENG structures
will inevitably increase the device's volume and limit unit
integration, a novel TENG-SC-TENG sandwich-shaped struc-
ture is designed to simultaneously take advantage of the top
and bottom surfaces of the SC. The two wrinkled PDMS-based
TENGs are connected in parallel to simultaneously improve the
output voltage and current. Compared to the single TENG, the
performance of the paralleled TENGs is also investigated under
the same conditions. As shown in Fig. 2d, when the external
stress frequency increases from 2 Hz to 5 Hz, the V¢ also
increases from 300 to 320 V because it takes a shorter time to
reach external electron equilibrium. Then, the V¢ continuously
decreases to 230 V under 10 Hz external stress frequency due to
the under-release of the sandwich-shaped TENGs. If the
compressive stress cycle is too short (i.e., frequency is too high),
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Fig. 2 Output characterization of the TENG. (a) The output voltage and (b) current waveforms of a single arch-shaped TENG at various
frequencies. (c) The charging curve of a 1 pF capacitor of a single TENG. (d) Output voltage and (e) current waveforms of 2-parallel connection
TENGs at various frequencies. (f) The charging curve of a 1 uF capacitor of 2-parallel connection TENGs.
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the TENGs cannot recover to the original position before the
next impact. Generally speaking, TENGs connected in parallel
could increase Voc to some degree. As for the correlation
between Isc and frequency, Fig. 2e shows that Is¢ is consistent
with the changing frequency. It is worth noting that under
frequency of 10 Hz, the parallel-connection TENGS' Isc reaches
nearly 300 pA, which is an obvious enhancement in contrast to
the single TENG. This enhancement can also be proven by
charging the same 1 pF capacitor to 1.2 V through a full-wave
rectifier in a single operation cycle (Fig. 2f). The total amount of
transferred charges also more than doubles that of the single
arch-shaped TENG. It accounts for the fact that parallel-
connection TENGs could coordinate with each other and jointly
improve output performance. Therefore, such sandwich-shaped
design is beneficial to raising the integration degree and effi-
ciently harvesting energy from ambient vibrations.

Electrochemical behaviour of SC

To further evaluate the electrochemical performance, the CNT/
paper-based, flexible solid-state SC is carefully characterized
through cyclic voltammetry (CV) and galvanostatic charge-
discharge (GCD) measurements via electrochemical worksta-
tion. As mentioned before, the SC is packaged with PDMS to
eliminate the interference of the TENG signal. The fabricated
device is compact, and more importantly, it exhibits excellent
flexibility and stability both in mechanical properties and
electrochemical performance, as shown in Fig. 3. Firstly, elec-
trochemical performance of the SC device is analyzed by CV
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curves at a stable potential window between 0 and 1 V (Fig. 3a).
Under the scan rates from 10 mV s™* to 200 mV s, the CV
curves retain quasi-rectangular shape and are approximately
symmetrical about the zero-current line, indicating fast
charging-discharging rate and an ideal electrochemical
behaviour. Then, GCD curves are also measured at various
current densities shown in Fig. 3b, the charging-discharging
current densities of which are from 0.1 mA cm™> to 4 mA cm ™~
Discharge profile of the fabricated supercapacitor is dependent
on the applied current, and similar curve shapes have been
obtained for different current densities. Both the linear profile
of the charging-discharging curves and their symmetry reveal
the superior electrochemical characteristics of the solid-state SC
device. This fast charging ability enables it to respond to the
pulse output of TENG swiftly and stably supply the low-power
device.

Besides, the areal capacitance (C,) is calculated by the
following equations according to the CV curves of SC:

— 2_ L JVZ I(V)dV (1)
AV KAV )y,
C ("
== j 1(v)dv, @

where C is the total capacitance, I (V) is the charge-discharge
current function, k is the scan rate, A is the area of the SC and AV
is the potential window during the discharge process, where V;
and V, are maximum and minimum voltage values, respectively.
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Fig. 3 Electrochemical behaviour of the SC. (a) CV curves at different scan rates and (b) GCD curves at different current densities of the device.

(c) Calculated areal capacitance as a function of voltage scan rate. (d)
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CV curves of device at different conditions (flat and bent).
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The maximum areal capacitance is 18.3 mF cm ™ at scan rate of
10 mV s~ ', and this solid-state SC could withstand the charging-
discharging process without significant degradation in areal
capacitance even at high scan rate (Fig. 3c), thus demonstrating
a stable electrochemical performance. Additionally, to prove the
feasibility of the solid-state SC as a flexible energy storage device
and for self-powered systems, electrochemical performance is
further tested under bending angles. Undoubtedly, with the
strong protection of the PDMS package layer, neither the
configuration nor the CV curves (Fig. 3d) of the SC device expe-
rience obvious changes under different test conditions, con-
firming that the device has outstanding mechanical flexibility.
Meanwhile, the SC also shows excellent stability under CV test at
a scan rate of 100 mV s~ for 4000 cycles, and the result is shown
in Fig. S5 in the ESLf It indicates that the capacitance of the
device increases at the beginning of the test due to the electrode
self-activation process, and then degenerates gradually and
remains at about 134% after 4000 cycles compared with the first
cycle. Therefore, the packaged SC demonstrates stable and
excellent electrochemical performance and satisfies the needs of
a self-charging power unit.

Working mechanism of SCPU

Fig. 4 demonstrates the working mechanism of this sandwich-
shaped SCPU under vertical contact-separation mode. At the
original state, no electrical potential exists between the

(a)
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triboelectric pairs, ITO layer and PDMS layer, as shown in
Fig. 4a. Due to the specially designed sandwich-shaped struc-
ture, once a periodic compressive stress is applied, ITO and
PDMS will contact twice and transfer electrons between them,
thus doubling the frequency of the output. In detail, when the
SCPU is stressed, the top wrinkled PDMS layer first contacts the
ITO layer; ITO loses electrons while PDMS gets negative charges,
according to the triboelectric series. With proper external
rectifier connections, the potential difference between ITO and
PDMS drives the electron flow to charge the sandwiched SC
(Fig. 4b). Soon afterward, the bottom wrinkled PDMS layer
contacts the ITO layer, generating a current flow in the same
direction (Fig. 4c) until the device reaches electrical
equilibrium.

When the stress is released, SCPU tends to recover to the
original state, and the distributed charges build a reversed
potential as the gap distance increases. Once the ITO layer
leaves the bottom PDMS layer, positive charges are induced on
the back ITO electrode, thus driving electrons to flow through
the external circuit in the opposite direction and producing the
first peak output (Fig. 4d). Subsequently, the separation of the
top PDMS and ITO layers brings the second peak output
(Fig. 4e), and the device reaches equilibrium again, thus
completing a self-charging cycle. Specially, the output voltage
from the TENG is rectified by a rectifier bridge, transforming
the alternating current (AC) to direct current (DC), thus

Fig. 4 Schematic diagram showing the electrical distribution and working mechanism of the sandwich-shaped SCPU from (a) the original state,
(b) stressed state, (c) completed stressed state, to (d) the releasing state and (e) back to original state.

This journal is © The Royal Society of Chemistry 2016
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continually charging the SC. Under a 2 Hz compressive stress,
two upward and downward peaks with unequal amplitudes can
be clearly observed in the output voltage signal, as shown in
Fig. S6 (ESIt). It is worth mentioning that the downward peaks
may be overlapped due to the rapidly applied stress.

Self-charging performance of SCPU

As for the TENG-SC-TENG self-charging power unit, TENGs
connected in parallel are utilized to charge the SC via a rectifier
and a switch S1, and then an external load is connected through
the other switch S2 (Fig. 5a). While working in the energy-har-
vesting mode (S1 on and S2 off), the TENG, triggered by
a shaker, can convert the mechanical energy to electrical energy
and store it in the SC component. As shown in Fig. 5b, the
charging rate of SCPU increases with the compressive stress
frequency. When the SC is charged by two parallel connected
TENGS, it can be directly charged to 120 mV within 250 s under
10 Hz, which demonstrates excellent charging efficiency.
Compared with the initial charging curves of the single TENG,
which is displayed in Fig. S7 (ESI}), such TENG-SC-TENG
design could significantly increase the charging rate. Then,
under the periodic compressive stress of 8 Hz, the entire
charging fitting curve of the SC is shown in Fig. 5¢, where the
stored charges steadily increase with the charging time, and the
potential eventually reaches 900 mV in 3 h.

Besides, when a sufficient amount of charge has been stored
during the energy storage mode, the SCPU will transform to the
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energy supply mode (S1 off and S2 on). Three as-fabricated
SCPUs (optical image shown in Fig. 6a) are connected in series,
and when fully charged, the three SCs could drive a calculator to
perform a series of calculations. The calculator could stably
work the complex arithmetic for more than 40 minutes (Fig. S8
in the ESIT), which demonstrates that the SCPU can sustainably
drive a low-powered electric device. Additionally, the SCPU
could also supply an electrochromic device (ECD) as a self-

Fig. 6 (a) Optical image of the SCPU. An ECD driven by SCPU with (b)
bleaching and (c) coloration process as a smart window.
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Fig. 5 Self-charging performance of SCPU. (a) Circuit diagram of the SCPU with energy storage and supply mode. (b) Initial charging curves of
the sandwiched SC charged by sandwich-shaped, parallel-connected TENGs at various frequencies. (c) Charging curve of the SC charged by

sandwich-shaped TENGs at the compressive stress of 8 Hz.
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powered smart window (detailed schematic diagram and
fabrication of ECD are provided in Fig. S9 in the ESI}). In this
system, the coloration and bleaching loops are controlled by the
S2 switch. When the S2 switch closes to a coloration process and
SCs connect the ITO electrodes of ECD, the smart window
changes its colour from colourless to black due to the fact that
the dissolved Ag" ion deposits on the ITO electrode undergoing
a redox process, showing the designed pattern clearly (Fig. 6¢).
Conversely, the ECD smart window reverts to transparency with
the bleaching process, where the Ag begins to dissolve in the
electrolyte when the S2 switch is off (Fig. 6b). As a result, the
SCPU-charged ECD self-powered smart window could reversibly
change its colour during the charge-discharge process, which
can be potentially applied in buildings, cars and displays.

Conclusions

In summary, we propose a self-charging power unit that inte-
grates wrinkled PDMS-based TENG as energy-harvesting device
and solid-state SC as energy storage device. The TENG-SC-
TENG sandwich-shaped structure could definitely improve the
integration because this design can take advantage of both the
top and bottom surfaces of SC and greatly decrease the unit's
volume. On one hand, with the wrinkled PDMS structure
enlarging the contact area efficiently and the parallel device
connection, the output performance of TENG is greatly boosted,
achieving a short-circuit current of nearly 300 pA. On the other
hand, the solid-state SC shows excellent stability and mechan-
ical strength, which enables it as a promising flexible energy
storage device. During ambient vibrations, the SCPU can be
utilized to simultaneously harvest and store the mechanical
energy into electrochemical energy, charged to 900 mV in 3 h
under the compressive stress of 8 Hz. When fully charged, three
integrated SCPUs in series connection could continuously
power a calculator. Besides, with a control switch, an electro-
chromic device can be driven as a smart window during the
coloration and bleaching process, which has potential appli-
cations in smart homes and various displays. Therefore, with
high integration and excellent performance, this novel SCPU is
a promising candidate in flexible electronics and wearable
devices and definitely exerts a significant impact in self-pow-
ered systems research.
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