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ABSTRACT: The development of lightweight, superportable, and sustainable power sources has become an urgent
need for most modern personal electronics. Here, we report
a cut-paper-based self-charging power unit (PC-SCPU) that
is capable of simultaneously harvesting and storing energy
from body movement by combining a paper-based triboelectric nanogenerator (TENG) and a supercapacitor (SC),
respectively. Utilizing the paper as the substrate with an
assembled cut-paper architecture, an ultralight rhombicshaped TENG is achieved with highly speciﬁc mass/volume
charge output (82 nC g−1/75 nC cm−3) compared with the
traditional acrylic-based TENG (5.7 nC g−1/5.8 nC cm−3),
which can eﬀectively charge the SC (∼1 mF) to ∼1 V in minutes. This wallet-contained PC-SCPU is then demonstrated as
a sustainable power source for driving wearable and portable electronic devices such as a wireless remote control, electric
watch, or temperature sensor. This study presents a potential paper-based portable SCPU for practical and medical
applications.
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and store ambient energy in the form of electricity, which opens
potentials for sustainable and maintenance-free applications.22,23
In various ambient energy sources,7,8,24,25 mechanical energy
harvesting has become the most signiﬁcant one due to its
availability in our daily life.26−28 Over the past decade,
nanogenerators based on piezoelectrics26 and triboelectrics29,30
have been proven to be the most promising candidates for lowfrequency mechanical energy harvesting for building selfpowered systems.31,32 Compared with piezoelectric nanogenerators, triboelectric nanogenerators (TENGs) based on
the coupling of triboelectriﬁcation and electrostatic induction29,33−37 have attracted much attention in recent years
because of their high output performance, high energy

ith rapid development of portable electronic devices
and systems,1−4 mandatory requirements of portable, lightweight, and signiﬁcantly sustainable power
sources have attracted huge attention. Li-ion batteries or other
energy storage devices are commonly used as a stable power
supply for driving these electronic devices with small-scale
energy consumption at the μW to mW level. Nevertheless, in
modern personal electronics, batteries are usually the largest or
heaviest component in the whole device, and moreover, the
crucial problem of batteries is their limited lifetime and thus
their need to be charged or replaced frequently.5 Energy
harvesting6−8 and energy storage9−11 are the two most
important aspects for developing sustainable power sources,
and they are usually two consecutive processes that are
performed by utilizing two separate units.12 In this regard,
complementarily combining energy generation and storage
technologies, a self-charging power unit (SCPU)13−21 as
integrated by an energy harvester and an energy storage device
has been proposed and developed to simultaneously harvest
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conversion, low cost, and lightweight features. Taking
advantage of this technology, TENG-based SCPUs were
developed as textile, lightweight, ﬂexible, and even stretchable
power sources for building sustainable self-powered wearable or
portable electronics.13,14,16,38 In such an integration of an
SCPU, the output of the TENG is a key component to
enhancing the charging rate of the energy storage unit.
However, the total weight and the volume are relatively high
when using acrylic as a substrate in most previous works,5,39
which limits the speciﬁc mass/volume charge output of the
TENG and further restricts its applications. Meanwhile, for
some contemporary working devices, such as wireless
controllers, temperature sensors, or medical glucose sensors,
the improper use of the relatively large capacity energy storage
device (Li-ion battery or RuO2-based supercapacitor) makes
the charging process last several hours or even days.16,40
To develop a lightweight, high charge output, and superportable SCPU, here, we presented an ultralight cut-paperbased self-charging power unit (PC-SCPU) that is capable of
simultaneously harvesting and storing energy by combining a
cut-paper-based TENG (PC-TENG) and a paper-based
supercapacitor (P-SC). In this work, utilizing paper as the
substrate for both the TENG and SC makes the complete
power unit lightweight. To achieve a high charge output
performance of the energy harvesting component, the
assembled cut-paper structure was designed to integrate plenty
of rhombic-shaped TENG units in a certain volume so as to
lower the output voltage and raise the output charge quantity.
The output performances of PC-TENG with diﬀerent
integrated units were systematically studied and measured.
With an 8 × 8 unit PC-TENG, the highly speciﬁc mass and
volume output of 82 nC g−1 and 75 nC cm−3 were achieved,
respectively, compared with a traditional acrylic substrate based
TENG (5.7 nC g−1 and 5.8 nC cm−3). For an energy storage
component, four P-SCs with graphite as the active material
were fabricated and assembled on the four outer surfaces of the
rhombic device in a series connection. With a suitable
capacitance of ∼1 mF, the P-SC is eﬀectively charged to ∼1
V within 250 s by the PC-TENG under a working frequency of
3 Hz. Lastly, the PC-SPCU was demonstrated as a walletcontained sustainable power source for powering wearable and
portable electronic devices such as a wireless remote control, an
electric watch, or a temperature sensor. This study presents a
potential paper-based portable SPCU for practical and medical
applications.

Figure 1. Schematic illustration of the all-paper-based cut-paper
self-charging power unit (PC-SCPU). (a) Fabrication process of the
paper-based supercapacitor (P-SC). (b) Structural scheme of the
PC-SCPU. Insets 1 and 2 show the basic working component of the
P-TENG and P-SC, respectively. Insets 3 and 4 are the SEM image
of the graphite-based electrode (scale bar: 2 μm) for the P-SC and
the nanostructured FEP ﬁlm (scale bar: 2 μm) for the P-TENG.
Inset 5 shows a photograph of the as-prepared P-SCPU, which is
compared with a coin (scale bar: 3 cm). (c) Fabrication process of
the cut-paper-based triboelectric nanogenerator (PC-TENG).

After that, a conductive Au layer was deposited on the surface
of the sandpaper by physical vapor deposition before graphite
coating as the active material. Inset 3 of Figure 1b and
Supporting Information Figure S1b are the top view and crosssection view of the graphite-based electrode. Lastly, a H3PO4@
PVA-wetted separator was sandwiched between two pieces of
the as-prepared graphite electrodes. A scheme of the fabrication
process for the P-SC is shown in Figure 1a. For the case of a
PC-TENG, typically, hard paper was cut into several designed
pieces to act as the substrate. For each piece of paper, several
parallel crevices were uniformly sliced into it for the next
assembling process. Then, one side of the substrate was
adhered with a nanostructured ﬂuorinated ethylene propylene
(FEP) thin ﬁlm after depositing a Au layer on both of its sides.
Inset 4 of Figure 1b depicts the surface morphology of the
nanostructured FEP. Finally, the as-prepared electrodes for the
PC-TENG were assembled into a complete device by
embedding the crevices into each other. It is worth noting
that, during the Au deposition process, a mask should be
applied to form a 0.2 mm gap between the edge of the Au layer
and the cut-paper substrate, so as to avoid a short when
assembling the whole device. Supporting Information Figure S2
shows the working area of the paper substrate and the electric
connection of the whole device. Figure 1c shows the fabrication
process of the PC-TENG. It is worth noting that plenty of
rhombic-shaped TENG units can be integrated into a certain
volume space by increasing the crevices on the substrate. Inset
5 of Figure 1b demonstrates a PC-SCPU framework with 8 × 8
units compared with a coin. The detailed fabrication and
characterization setup are presented in the Experimental
Section.
When external mechanical excitation is applied on the PCSCPU, electricity will be generated and then stored

RESULTS AND DISCUSSION
In previous works, a relatively low mass or volume charge
output made the self-charging power unit ineﬃcient and
nonportable for practical applications.5,16,39 Here, utilizing
paper as the substrate and assembled cut-paper architecture, a
rhombic-shaped all-paper-based ultralight self-charging power
unit was designed and fabricated as depicted in Figure 1b. This
paper-based self-charging power unit mainly consists of a cutpaper-based triboelectric nanogenerator for mechanical energy
harvesting and a paper-based supercapacitor for electric energy
storage. The basic working components of the PC-TENG and
P-SC are shown in inset 1 and inset 2, respectively. For P-SC
fabrication, sandpaper was used as the substrate due to its
rough surface (as shown in Supporting Information Figure S1a)
to increase the loading amount of active material and the
waterproof feature for electrolyte assembling.38 Sandpaper was
precisely tailored into designed patterns by the laser cutter.
B
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Figure 2. Working mechanism of the PC-TENG. (a) Schematic illustration of the charge distribution of a one-unit PC-TENG under shortcircuit conditions. The typical current output of the P-TENG under applying an alternative external force is shown as the inset. (b) Numerical
calculations of the potential distribution across the electrodes of the PC-TENG at each step (1−3) under open-circuit conditions, as evaluated
by COMSOL.

(VOC) and short-circuit charge per cycle (QSC) (VOC: ∼90 V,
QSC: ∼460 nC) under various working frequencies from 0.5 to
3.0 Hz. Since the current is deﬁned as I = dQ/dt, the shortcircuit current (ISC) showed a linearly increasing trend with
raising the operation frequency, as shown in Supporting
Information Figure S4. Second, the assembled cut-paper
architecture can integrate plenty of TENG units in a certain
volume device. In this work, four PC-TENGs with various
designed integrated units (n × n units, n = 1, 3, 5, and 8) were
fabricated as a comparison. The output performances of VOC
and QSC are depicted in Figure 3b. (Corresponding output
curves of VOC, QSC, and ISC are presented in Supporting
Information Figures S5−S7.) The results showed that the value
of QSC was linearly increased from ∼110 nC to ∼750 nC with
increasing the unit numbers of PC-TENG from 1 × 1 units to 8
× 8 units, respectively. Meanwhile, we also found that the
output value of VOC dropped from ∼300 V to ∼60 V. QSC
enhancement was mainly contributed by the increase of the
negatively charged FEP layers since the integrated units
increased, so that a linear relationship of QSC(n) was obtained
and expressed as QSC(n)= n × QSC(1). For a decrease in VOC,
although the total amount of QSC of the PC-TENG was
enhanced by increasing the integrating units, the intrinsic
capacitance (C) of the TENG became a dominate term to
decrease its VOC output. This is further described in the
Supporting Information Note. On the basis of the structure
model, the relationship between capacitance and unit number
can be expressed as C(n) = C(1)/n2. Thus, the value of VOC for
each PC-TENG (VOC(n)) can be expressed as VOC(n) =
nQSC(1)/n2C(1) = VOC(n)/n. Meanwhile, the above results also
imply that a TENG with a rhombic-shaped architecture is a

spontaneously. The electric generation mechanism of the PCTENG is based on the coupling of contact triboelectriﬁcation
and electrostatic induction, as depicted in Figure 2. Initially,
electrons would transfer from the Au layer to the FEP ﬁlm once
the PC-TENG is compressed, so as to make the FEP negatively
charged due to the triboelectric series.41 Then, two tribolayers
would separate from each other by releasing the compressive
force. Because of the electrostatic induction, positive charges
would transfer from the bottom Au electrode to the top Au
electrode to balance the electric ﬁeld, thus generating a pulse
current. By applying compressive force and contacting the
tribolayers again, an opposite pulse current would be generated
according to a similar mechanism. Consequently, alternating
current (ac) output would be achieved by applying periodical
pressure on the PC-TENG. After rectifying, the electric energy
can be directly stored using the P-SC. Figure 2a shows a
schematic illustration of the step by step charging distribution
of one unit of the PC-TENG under the short-circuit condition.
The typical ac output current signal is also presented as an
inset. For a better understanding, under the open-circuit
condition, the potential distribution was simulated for three
states of the one-unit PC-TENG using COMSOL multiphysics
software, as demonstrated in Figure 2b.
To investigate the performance of the PC-TENG systematically, several parameters were discussed in both experimental
and theoretical studies. First, the output performance of the
PC-TENG (5 × 5 units) under diﬀerent working frequencies
was measured and plotted in Figure 3a. (Corresponding output
curves under various working frequencies are shown in
Supporting Information Figures S2 and S3.) No obvious
output change can be observed in both the open-circuit voltage
C
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Figure 3. Performance of a paper-based cut-paper TENG (PC-TENG) for harvesting mechanical energy. Open-circuit voltage (VOC) and
short-circuit charge transfer (QSC) of the PC-TENG (a) under diﬀerent working frequencies (0.5−3.0 Hz); (b) with diﬀerent unit numbers (1
× 1 to 8 × 8); and (c) under diﬀerent separation distances (1−30 mm). (d) Charge accumulation of the PC-TENG with diﬀerent unit number
(1−8) after connecting with a rectiﬁer (working frequency = 2 Hz). (e) V−Q curves of the PC-TENG (unit number = 8) connected with
various external loads (0−20 M ohm). (f) Directly powering several antiparallel connected LEDs by a PC-TENG (unit number: 8 × 8). (g)
Photograph of the classic C−S mode TENG (output charge ∼820 nC) and PC-TENG with 8 units (output charge ∼740 nC) (scale bar: 10
cm). (h) Weights of the practical devices of a traditional C−S mode TENG and a PC-TENG with 8 units. (i) Comparison of speciﬁc mass
(nC/g) and volume output charge (nC/cm3) of a traditional C−S mode TENG and a PC-TENG with 8 × 8 units.

Figure 4. Performance of the P-SC for energy storage. (a) CV curves of the P-SC under various scanning rates (10−100 mV/s). (b)
Galvanostatic charge/discharge (C/D) curves of the P-SC at diﬀerent current densities (10−100 μA/cm2). (c) Speciﬁc surface capacitance of
the P-SC under various scanning rates (10−600 mV/s); the electrochemical impedance spectroscopy of the P-SC is also shown in the inset.
(d) Long-term stability test of the P-SC for 5000 charging/discharging cycles. The inset shows CV curves of the P-SC under diﬀerent bending
angles (scan rate 50 mV/s). (e) CV curves and (f) C/D curves of the integrated P-SC under various unit numbers (1−4) in series connection.

and Supporting Information Figures S8−S10. It can be easily
observed that both VOC and QSC increased on extending the
separation distance and became saturated once the distance
reached 20 mm. Moreover, the long-term stability test of a PC-

potential and eﬃcient strategy for TENG power management.
A detailed discussion is also presented in the Supporting
Information Note. Third, the separation distance would also
inﬂuence the output performance, as illustrated in Figure 3c
D
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Figure 5. Application of the PC-SCPU as a portable power supply. (a) Photograph of the practical application of a PC-SCPU placed in a
wallet. Inset 1 shows that an ultralight PC-SCPU can be easily placed in the pocket. Inset 2 shows the electric circuit loop of the PC-SCPU.
(b) V−t curve of the PC-SCPU with charging by hand ﬂapping (from slow operation to fast operation) (c) V−t curve of the PC-SCPU under
charging mode and then instantaneously driving a wireless remote control. (d) Demonstration of a self-powered wireless remote control by
incorporating a PC-SCPU. (e) Digital electric watch driven by manually tapping the PC-SCPU. (f) Temperature meter driven by manually
tapping the PC-SCPU.

TENG with 8 × 8 units was also measured and is presented in
Supporting Information Figure S11. Figure 3d shows the
charging curves of PC-TENGs with diﬀerent unit numbers after
connecting with the rectiﬁer. It reveals that a PC-TENG with
more integrated units provided a larger output charge, which
should minimize the time for charging in an energy storage
device. For output power characterization, a V−Q curve was
employed to evaluate the maximum output energy of a PCTENG (8 × 8 units) per cycle42 under a working frequency of
1.5 Hz, as shown in Figure 3e. Under an external load of 5 MΩ,
a maximized energy of 15.385 μJ for the PC-TENG per cycle
was achieved, which is high enough to light up several LEDs
connected in series (as the photograph demonstrates in Figure
3f). Comparing with the commensurable charge output of a
traditional acrylic-based TENG, the PC-TENG is much smaller
in size and lighter in weight for achieving the lightweight and
superportable characteristics due to the advantages of the paper
substrate and assembled cut-paper structure. Photographs of
the size and weight comparison for the PC-TENG and acrylicbased TENG are shown in Figure 3g and h, respectively, from
which we can observed that the volume and mass of the acrylicbased TENG are both nearly 15 times larger than those of the
PC-TENG. By calculations, the PC-TENG (8 × 8 units) has
nearly a ∼15 times higher speciﬁc mass or volume output
charge density than an acrylic-based TENG, as illustrated in
Figure 3i.
The properties of the P-SC were evaluated by cyclic
voltammetry (CV) and galvanostatic charging/discharging
(CD) techniques. All the electrochemical performances of the
P-SC device were measured by a symmetric conﬁguration of

two identical graphite-loaded electrodes with a H3PO4/PVA gel
as the electrolyte. Figure 4a shows the CV curves of the P-SC
under diﬀerent scan rates. It can be observed that the
rectangular shape does not signiﬁcantly change as the scan
rate increases, which indicates its good capacitive behavior and
high rate charging/discharging ability. CD curves of the P-SC
under various current densities were also measured, as
presented in Figure 4b, from which there is no obvious IRdrop observed even at a high discharging rate (100 μA/cm2),
which indicates the outstanding capacitance behavior and
excellent conductivity of the graphite electrode (proven by the
electrochemical impedance spectroscopy (EIS) shown in the
inset of Figure 4c). The speciﬁc surface capacitance (mF/cm2)
calculated from the CV curve at the corresponding scan rates is
shown in Figure 4c. The speciﬁc capacitance was found to
decrease with increasing scan rate since the incomplete
charging/discharging of the electrode material was limited by
ionic diﬀusion. A speciﬁc surface capacitance of ∼2 mF can be
achieved at a scan rate of 5 mV/s. Long-term durability of the
P-SC is also a critical issue for a self-charging power unit. Figure
4d illustrates the cycling performance of a P-SC during 5000
cycles at a CD rate of 100 μA/cm2. The capacitance retains
90% of its initial value after 5000 cycles, indicating an excellent
stability of the P-SC. As a portable power source, the
mechanical stability of the device is also important. The inset
of Figure 4d and Supporting Information Figure S11a show the
CV and CD curves of a P-SC under diﬀerent bending angles,
respectively, and there is little change observed for a P-SC
under each bending angle. Moreover, a mechanical test was also
carried out for a P-SC under 1000 continuous bending/
E
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or temperature sensors. This study presents a potential paperbased portable self-charging power unit for practical applications, especially in the area of medical science for one-time use.

releasing cycles, as shown in Supporting Information Figure
S11b, which further proved the excellent mechanical stability of
the device. Finally, we have integrated several P-SC units into
assemblies both in series and in parallel connection to meet
speciﬁc energy needs for practical applications. The CV and
CD curves of a series-connected P-SC with diﬀerent numbers
of units (1−4) are shown in Figure 4e and f, respectively. The
output voltage of the series-connected P-SC linearly increases
with an increase in the unit number of connected KP-SC units,
which provides a tunable operating voltage for driving various
types of portable electronics. The performances of P-SC in
parallel connection are shown in Supporting Information
Figure S11c and d. All these results show the tunable
adaptability and reliable scalability of the P-SC to practical
applications.
By combining a PC-TENG and P-SC with a rectiﬁer, an
ultralight cut-paper-based self-charging power unit was
obtained. Figure 5a demonstrates that the proposed PCSCPU can be easily placed in a wallet. It presents a very
convenient power source for carrying in a pocket (inset 1 of
Figure 5a). The electric circuit of the PC-SCPU is illustrated in
inset 2 of Figure 5a. When applying alternative mechanical
force on the PC-SCPU, the mechanical energy can be
simultaneously converted into electric energy and then stored.
The voltage−time (V−t) curve of the device was monitored
while applying a hand-ﬂapping motion with diﬀerent
frequencies, as presented in Figure 5b. As shown in the inset
of Figure 5b, an almost 2 times increase of QSC can be
generated (∼1350 nC), which then ﬂows into the four serially
connected P-SCs to raise its potential to 1.38 mV per each
contact−separation cycle, which shows that the charging
performance of the PC-SCPU is eﬃcient. Therefore, our
proposed PC-SCPU can be a potential strategy for building
self-powered portable electronics. To demonstrate practical
applications of the PC-SCPU, it was used as an instantaneous
power source for driving a wireless remote control. Figure 5c
shows the V−t curve of a PC-SCPU when charging and
instantaneously working (charging frequency: 3 Hz). As
indicated, it needs only about 1 min of charging for wireless
remote operation the next time. The photograph in Figure 5d
demonstrates a PC-SCPU-driven wireless remote control. Also,
a PC-SCPU was used as a sustainable power source for
powering an electric watch and a temperature sensor, as
demonstrated in Figure 5e and d. The V−t curves of the PCSCPU under charging, discharging, and sustainable working
states for driving both an electric watch and a temperature
sensor are shown in Supporting Information S12. All of the
above shows that the as-proposed PC-SCPU has great potential
as a sustainable power source for portable or wearable
electronics.

EXPERIMENTAL SECTION
Fabrication of the Cut-Paper-Based TENG. The fabrication
process of the PC-TENG starts from preparing several pieces of cutpaper structured TENG layers. Typically, a hard paper (thickness:
∼0.15 mm) was cut into 4 × 2 cm pieces to act as the substrates using
a laser cutter. For each piece of paper, several parallel crevices (width:
0.15 mm; length: 1 cm) were uniformly created on it for the assembly
process. Then a conductive Au layer (thickness: ∼200 nm) was
deposited on both surfaces of the as-prepared cut-paper substrate by ebeam deposition. It is worth noting that a mask should be applied
during the deposition process to form a 0.2 mm gap between the edge
of the Au layer and the cut-paper substrate, so as to avoid a short when
assembling the whole device (as shown in Supporting Information
Figure S2). Meanwhile, a nanostructured FEP ﬁlm (etched by
inductively coupled plasma reactive ion etching) with one sticky side
was cut into 3.6 × 2 cm pieces with the corresponding crevices before
it was adhered on the substrate. The uncovered 0.2 mm Au layer was
reserved for copper wire connecting. Finally, the as-prepared cutpaper-based TENG layers were assembled into a whole device by
embedding the crevices into each other.
Fabrication of the Paper-Based Supercapacitor. In this work,
sandpaper (2000#, 3M) was used as the substrate for fabricating the PSC. The rough surface morphology of the sandpaper provides a high
deposition area for increasing the loading amount of graphite.
Meanwhile, the waterprooﬁng-treated sandpaper exhibits an ultraﬁne
stability for assembly with the gel electrolyte. To start with, a 200 nm
conductive Au layer was deposited on the rough surface of the
sandpaper (by e-beam deposition) before it was cut into 1 × 4 cm
pieces to act as the electrode. Graphite was directly coated on the asprepared electrode using the common pencil drawing method,
followed by coating with a Naﬁon (0.5% in alcohol) ionomer layer
to avoid graphite peel-oﬀ from the electrode. Later, two as-fabricated
paper-based electrodes were coated with H3PO4/PVA (5 g of H3PO4
and 5 g of PVA in 50 mL of deionized water) gel electrolyte and
assembled with the separator. Hot glue was used to seal it to avoid
water penetration. Finally, four as-prepared P-SCs were adhered on
the four outer surfaces of the PC-TENG in a series connection.
Characterization and Measurement. Field emission scanning
electron microscopy (Hitachi SU8010) was employed to measure the
morphology of the graphite-based electrode and the nanostructured
FEP ﬁlm. For the electric output measurement of the TENG, a liner
motor (Linmot E1100) was applied to mimic human motions,
operating the contact and separation of the PC-TENG. A programmable electrometer (Keithley 6514) was adopted to test the opencircuit voltage, short-circuit current, and transferred charge. The
software platform is constructed based on LabView, which is capable
of realizing real-time data acquisition control and analysis. The
electrochemical performance of the P-SC was measured by an
electrochemical workstation (Princeton Applied Research, VersaSTAT
3).

ASSOCIATED CONTENT

CONCLUSIONS
In summary, an ultralight cut-paper-based self-charging power
unit has been proposed and fabricated for harvesting
mechanical energy and acting as a portable power source for
self-powered portable/wearable electronics. By utilizing paper
as the substrate and assembled cut-paper architecture, an
ultralight rhombic-shaped TENG with an extremely high
speciﬁc mass or volume charge output was achieved for
eﬀectively charging the SC (∼1 mF) to ∼1 V in minutes. This
wallet-contained PC-SCPU was then demonstrated as an
instantaneous power source for driving wireless remote controls
and as a sustainable power supply for powering electric watches
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