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ABSTRACT: The integration between energy-harvesting and
energy-storage devices into a self-charging power unit is an
effective approach to address the energy bottleneck of
wearable/portable/wireless smart devices. Herein, we demon-
strate a stretchable coplanar self-charging power textile (SCPT)
with triboelectric nanogenerators (TENGs) and microsuperca-
pacitors (MSCs) both fabricated through a resist-dyeing-
analogous method. The textile electrodes maintain excellent
conductivity at 600% and 200% tensile strain along course and
wale directions, respectively. The fabric in-plane MSC with
reduced graphene oxides as active materials reaches a maximum areal capacitance of 50.6 mF cm−2 at 0.01 V s−1 and shows no
significant degradation at 50% of tensile strain. The stretchable fabric-based TENG can output 49 V open-circuit voltage and
94.5 mW m−2 peak power density. Finally, a stretchable coplanar SCPT with one-batch resist-dyeing fabrication is
demonstrated for powering small electronics intermittently without extra recharging. Our approach is also compatible with
conventional textile processing and suggests great potential in electronic textiles and wearable electronics.
KEYWORDS: triboelectric nanogenerators, self-charging power textile, supercapacitors, stretchable, smart textile

Textile is an ideal platform for integrating with various
functional electronic or optoelectronic devices for
purposes ranging from health/sports monitoring,

intelligent human/machine interfaces, and personal thermal
management to fashion/aesthetics. Therefore, smart electronic
textiles are widely pursued by both the industry and scientific
communities with efforts from multidisciplinary fields. One of
the long-lasting challenges is to provide electrical power
supplies to these functional devices without sacrificing comfort,
convenience, and fashion of a textile.1−4 State-of-the-art
electrochemical energy storage devices, despite their great
successes during the last decades in portable/wearable/wireless
electronics, fall short mainly due to the following two aspects:
limited flexibility and inconvenient frequent recharging.
Therefore, flexible self-charging power textiles (SCPT), with
integrated energy-harvesting and storage modules in a textile,
have been recently studied,5−12 especially SCPTs integrated
with fabric/yarn/fiber-based triboelectric nanogenerators
(TENG).13−16 The electricity converted from human motions
by the textile-based TENGs is in situ stored in the yarn/fabric-
based energy storage devices, so as to elongate the operation
time of electronics or even to eliminate the recharging and
maintenance of conventional batteries.17−19 Hence, several

TENG-based SCPTs have been reported,15,20−26 some of
which even been hybridized with solar cells.27

Stretchability is almost inevitable for most textiles.28 On one
hand, it is mandatory throughout the fabrication courses of
yarns and fabrics; one the other, it is required for comfortable
experiences due to the unavoidable deformations caused by
daily human body motions. For stretchable textile energy-
storing supercacpacitors or batteries, it is better to start with 2-
D fabrics rather than 1-D fibers/yarns. Otherwise, the harsh
deformations during the fabrication of a fabric can possibly
damage the fiber/yarn-based supercapacitors/batteries. Copla-
nar textile-based supercapacitors/batteries, compared with the
conventional stacked sandwich configuration, give better
performance and can be fabricated with conventional textile
printing or dyeing methods.29,30 For stretchable textile
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TENGs, the key is to develop stretchable fiber-, yarn-, or
fabric-based conductors sealed by dielectric polymers with
compatible stretchability. Due to the absence of loose porous
films for electrochemical reactions, either 1-D fibers/yarns or
2-D fabrics are feasible to start with. Several recent studies have
demonstrated either yarn-based or fabric-based TENGs with
excellent stretchability.31−33 3D spacer fabric has also been
applied on SCPT.34,35 Nevertheless, despite many reported
stretchable fiber/fabric-based supercapacitors/batteries36−40

and stretchable textile TENGs, reports on stretchable
integrated SCPTs is limited.41

Hence, a stretchable coplanar self-charging power textile is
reported in this study with TENGs and microsupercapacitors
(MSCs) integrated in one single knitted textile. A resist-
dyeing-analogous method is developed to synthesize electrodes
for these two modules. The electrodes maintain excellent
conductivity at 600% tensile strain and 200% tensile strain
along the course and wale direction, respectively. The solid-
state MSC can reach a maximum areal capacitance of 50.6 mF
cm−2 at 0.01 V s−1 and shows no significant degradation at
50% of tensile strain. Mechanical motions are demonstrated to
be converted into electricity by the stretchable fabric-based
TENG, which is then stored in the MSC modules for

intermittently powering small electronics without extra power
supplies. The coplanar configuration of this SCPTs is also
facile for aesthetic designs, and the fabrication is compatible
with conventional textile processing routes.

RESULTS AND DISCUSSION

Figure 1a illustrates the fabrication procedure of the
stretchable conductive textile and solid-state in-plane textile
microsupercapacitors (MSC). A resist-dyeing-analogues meth-
od reported by us previously was utilized.42 The Kapton film
with various patterns was attached on both sides of a knitted
fabric (90% polyester, 10% Spandex) for serving as the resist.
Electroless deposition of Ni coatings on the exposed textile was
then carried out to obtain patterned conductive textile
electrodes. Subsequently, rGO films were deposited onto the
conductive textiles by a hydrothermal reduction of GO with
Ni. A further hydrothermal reduction by ascorbic acid was
conducted to further improve the conductivity of the rGO film.
After detaching the Kapton resist, gel-type electrolyte (PVA-
LiCl) was applied to achieve the solid-state textile MSCs. From
our experience, this resist-dyeing method for patterned Ni
conductive coatings works well for hydrophobic textile but not
applicable for hydrophilic textile substrates (Figure S1).

Figure 1. Resist-dyeing-analogous fabrication of stretchable textile conductors and MSCs. (a) Schematical illustration of the fabrication
process. (b) Resistance variation of the Ni-coated textile conductors along course and wale directions (depicted top side of knit loops by the
inset). Resistance variations during (c) the first five cycles and (d) prolonged 500 cycles of the textile conductors stretched between 0%−
100% strain (course direction). (e, f) Photos of different conductive drawings fabricated on fabric substrates. (g) Conducting lines with
different insulating gaps of 200, 300, and 500 μm. (h) Ni-coated textile used as conducting wire to light a LED at 0% strain (upper plot) and
100% strain (bottom plot). (i) SEM images of the knitting fibers at different tensile strains. (j) Photos of a textile MSC at original state
(upper plot) and 50% stretched state (bottom plot). SEM images of a Ni-coated finger electrode on the fabric before (k) and after (l) the
coating of rGO. The scale bar is 1 cm (e, f), 200 μm (i), 10 μm (insets in (i), 1 mm (k, l).
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The Ni-coated textile is found to be an excellent stretchable
conductor. The knitted fabric is known for its stretchability and
elasticity. The weft-knitting loops are arranged by suspension
in the horizontal (course) or vertical (wale) direction, as
shown by the inset in Figure 1b. These meandering and
suspended loops can be easily stretched in different directions
so that they have more elasticity than other types of textiles. In
uniaxial tensile test, the Ni-coated textile can be stretched to an
ultimate strain of 650% and 260% along course and wale
directions, respectively (see Figure S2a,c). It is noted that the
Ni-coated textile, compared with the original bare textile,
shows increased tensile strengths and elastic modulus with only
slightly decreased ultimate tensile strain. The Ni-conductive
fabric exhibited excellent conductivity (sheet resistance is 1.5
Ohm per square). The relative resistance R/Ro of the Ni-
coated textile is only about 1.12 at a tensile strain of 100%
along either the course or wale direction (Figure 1b). It
increases to 5.96 at 600% strain along the course direction and
1.76 at 200% strain along the wale direction. A detailed
comparison with other state-of-the-art stretchable conductors
is shown in Table S1.
The stability and durability of the textile conductor were

assessed by measuring relative resistance when it was subjected
to repetitive 100% of strain (Figure 1c,d). Figure 1c shows the
resistance change during the first five stretching-releasing
cycles (0−100% strain) along the course direction. For the

initial stretch below 30%, the resistance drops due to the
decrease of contact resistances among joint fibers.43 When the
strain is larger than about 70%, the resistance increases,
suggesting the gradually initiated cracks in the Ni coatings.
Releasing the strain, the relative resistance keeps increasing to
1.39, but the resistance change is limited for the following four
cycles. After 50 and 500 stretching−releasing cycles, the
relative resistance increases to 1.91 and 3.05, respectively (see
Figure 1d). For 50% stretching−releasing, the resistance
increment is even smaller (Figure S3a). Similar trends are
also observed along the wale direction (Figure S3a,b). The
fabric fibers are loosely packed in knitting loops before
stretching. These fibers will be tightened under tensile strain,
which can lead to a decrease in contact resistance and an
increase in conducting paths.44−46 Therefore, the resistance is
first reduced. When the strain is further reduced, the relative
rubbing motions among fibers can initiate cracks in the fibers,
leading to the increase in the resistance. When the strain is
high enough (about higher than 500% in the course direction,
and 150% in the wale direction, as shown the Figure 1b), the
fibers will deform and the metal coatings will be then damaged,
resulting in the sharper increase in resistance. Therefore, the
excellent conductivity at stretched states of the Ni textile is
mainly originated from the knitting structures. If the strain is
smaller than about 50%, the resistance of the textile can be
quite stable since there is no damage in the Ni metal coatings.

Figure 2. Electrochemical performances of the textile MSC. (a) Cyclic voltammetry (CV) and (b) galvanostatic charge/discharge (GCD)
profiles of the MSC. (c) Variation of specific areal capacitances two MSCs with different rGO loadings. (d) CV profiles of the two MSCs at
0.2 V/s. (e) Cycling performance of the MSC at a current density of 2 mA cm−2. The inset shows voltage profiles of the last 10 cycles. (f)
Ragone plot of the textile MSC in comparison with other MSCs made of MWCNT/PANI on PET,60 rGO/CNT on polyester,61 MnO2 on
paper,51 Ti3C2 MXene on paper.52 Graphite nanoflakes on polymer,62 Single-walled carbon nanotubes and polyaniline nanowires,63 RuO2//
Ti3C2Tx on carbon fabric,55 MnO2/carbon nanotube composites on textile.53
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One advantage of the resist-dyeing method is to make
arbitrary conductive patterns on fabric, such as a demonstrated
lighthouse (Figure 1e) and a light bulb (Figure 1f). The
smallest feature size using this method is achieved to be 200
μm, as confirmed by conducting lines with different insulating
gaps of 200, 300, and 500 μm in Figure 1g. Figure S1 shows
that this resist-dyeing method is only applicable to relatively
hydrophobic fabrics; otherwise, the deposition solutions may
infiltrate into fibers underneath the Kapton resist. The
hydrophobicity of the original textile is confirmed by the test
of contact angle in Figure S4a,b. The Ni coatings are deposited
only on the top layer fibers (∼100 μm depth), not on the
inside and backside fibers, as confirmed by the cross-sectional
elemental mapping in Figure S5b−d. When the conducting
textile pattern is used as the as textile circuit, the brightness of
a light-emitting diode (LED) does not change visibly after
stretching (Figure 1h and video S1). Figure 1i shows the
scanning electron microscopy (SEM) image of the Ni-coated
knitted fabric at different tensile strains (0%, 50%, 100%).
There is almost no cracks found in the Ni coatings at strain of
50%, but a few cracks are identified at strain of 100%, which is
also consistent with resistance-train trend in Figure 1c.
Figure 1j is a final solid-state stretchable textile MSC (with

1.0 mm wide finger electrode and 0.5 mm wide gap) at initial
(upper plot) and 50% stretched state (bottom plot). Figure S6
shows the size of the stretchable textile MSCs. Figure 1k shows
the SEM images of the Ni-coated knitted fabric, where a clear
gap between finger electrodes can be observed and the kintted
feature of the pristine fabric is maintained. After rGO coating,
each finger electrode is uniformly covered with a layer of rGO
(Figure 1l). The success of the reduction of GO is confirmed
by X-ray diffraction (XRD) in Figure S7a and Raman spectra
in Figure S7b. The XRD of final rGO film shows a broad peak
at about 25° and the absence of the sharp peak of pristine GO

at around 10°; the Raman spectroscopy of final rGO film
exhibits a D to G band intensity ratio of ID/IG > 1.47,48

Electrochemical performance of a stretchable textile MSC
was measured with symmetric configuration using rGO films as
double-layer capacitive materials in both electrodes and PVA/
LiCl as a gel-type electrolyte. The cyclic voltammetry (CV)
curves keep a slightly sloped rectangular shape even when the
scanning rate is increased up to 0.5 V s−1(Figure 2a). The
galvanostatic charge/discharge (GCD) curves at current
densities ranging from 0.3 to 2 mA cm−2 exhibited triangular
shapes (Figure 2b), indicating the electrical double-layer
capacitive behavior of the rGO active materials. The IR drop
is 44, 70, and 115 mV at a current density of 0.3, 0.5, and 1 mA
cm−2, respectively, indicating a good electrical conductivity of
the electrodes. The areal capacitance calculated by CV curves
at 0.01 V s−1 is 25.3 mF cm−2,which maintains 8.8 mF cm−2 at
a scanning rate of 0.5 V s−1 (Figure 2c). The capacitance value
calculated from GCD curves is 14.5 mF cm−2 at 0.2 mA cm−2,
which maintains 3.97 mF cm−2 at 2 mA cm−2 for 2.5 mg/mL
sample; 32.5 mF cm−2 at 0.5 mA cm−2, which maintains 8.25
mF cm−2 at 5 mA cm−2 for a 5.0 mg/mL sample, as shown in
Figure S8.
The areal loading of the rGO can be improved by increasing

the concentration of GO solutions for hydrothermal
depositions. By using 5 mg mL−1 GO solution, the areal
capacitance of high-loading textile MSC can reach 50.6 mF
cm−2 at 0.01 V s−1 and maintains 17.1 mF cm−2 at 0.1 V s−1.
Nevertheless, increasing the areal loading of rGO certainly
degrades the rate capability and kinetics of MSC (Figure 2c,d)
due to the elongated charge transfer lengths inside the
electrodes. Detailed electrochemical performances of the
textile MSC using 5 mg mL−1 GO solution are shown in
Figure S11. The textile MSCs also show stable cycling
performances, achieving a capacitance retention of 85.3%
after charging/discharging at 2.0 mA cm−2 for 5000 cycles

Figure 3. Stretchability and durability of the textile MSC. (a) Areal capacitance of the MSC at different strains (scan rate: 50 mV/s). The
inset shows corresponding CV curves at various strains. (b) CV curves of the MSC after stretched 1000 cycles of 50% strain (scan rate: 50
mV/s). (c) Cycling performance of the MSC at 50% stretched state (current density of 2 mA cm−2). (d) SEM images of the rGO coatings
without gel electrolyte (upper plot) and with gel electrolyte (bottom plot) after being 50% stretched for several times. (e) Photo of “TENG”
letter-shaped MSCs in series connection. The inset shows a garment sewed with the MSCs. Photo of (f) the twisted MSCs and (g) a watch
powered by the MSCs at 50% stretched state. (h) GCD curves of the letter-shaped MSCs at different currents.
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(Figure 2e). The charging/discharging profiles kept the
triangular shape during the course of the cycling and showed
no significant degradation (the inset in Figure 2e). It is
interesting to note that the capacitance increases in the first
1000 cycles. This phenomenon might be due to the coverage
of the electrode by the gel electrolyte. It is ascribed to the slow
wetting of the rGO with PVA-gel electrolyte because of the
hydrophobic characteristic of rGO.49,50

Energy density and power density of the textile MSCs are
summarized in Figure 2f. The areal energy density of
stretchable textile MSC was estimated to be 0.35−1.3 μWh
cm−2. The areal energy density is higher than paper-based
MSCs, e.g., MnO2 on paper (0.6 μWh cm−2)51 and Ti3C2

MXene on paper (0.1 μWh cm−2),52 due to the larger surface
area of porous textiles. Comparing with other reported textile
MSCs with pseudocapacitive species, our areal energy density
is smaller, e.g., MnO2/carbon nanotube composites (17.5 μWh
cm−2),53 MWNT/V2O5(3.31 μWh cm−2),54 and RuO2//
Ti3C2Tx (19 μWh cm−2).55 In addition, some reported that
the dip-coating or screen-printing methods can load more
active materials and therefore higher areal energy density, as
summarized more detailed comparison with other state-of-the-
art textile MSCs in Table S2. The areal power density of our
stretchable textile MSC can reach 1.5 mW cm−2, generally
comparable with MSCs in Table S2. The high power density is
mainly due to the high conductivity of the Ni coating, large
surface area of the rGO, and little interfacial contact resistance

between the electrode and gel electrolyte, as shown in Figure
S9.
The stretchability and durability of the textile MSCs were

also examined. Figure 3a shows the areal capacitance of a
textile MSC at various strains from 0% to 100% (along course
direction) obtained from CV curves at 0.05 V s−1. The
capacitance at a strain of 50% and 100% is maintained to be
95.0% and 88.2% of that at the initial state, respectively. No
significant degradation in CV curves is found for the textile
MSC at stretched states (Figure 3a, inset). After 1000 cycles of
stretching−releasing to 50% of strain, the capacitance retention
based on the CV test remains at 85.0% (Figure 3b). The
capacitance retention tested at the 50% stretched state remains
80.9% after 5000 cycles of galvanostatic charging/discharging
(Figure 3c and the inset), which is only slightly smaller than
that obtained at the unstrained state (Figure 2e). The excellent
stretchability and durability of the textile MSC are mainly due
to the following two aspects: first, the current collector (i.e., Ni-
coated fabrics) is highly stretchable and durable as discussed in
Figure 1. Second, elastomertic PVA hydrogel served as a
binder to enhance the binding forces at the interfaces between
rGO and conductive fiber.56 The active rGO film, infiltrated
with hydrogel, is converted into an elastermortic composite
film, which can accommodate to the tensile strain without
mechanical degradation.57 As confirmed in Figure 3d, cracks
are found in the rGO films on the fibers at 50% of strain when
there is no gel electrolyte (upper image); in contrast, no crack

Figure 4. Stretchable textile TENGs. (a) Scheme of the working mechanism of the coplanar TENG. (b) Isc and Voc at various motion
frequencies. (c) Variation of the output current density and power density with the external loading resistance. (d) Isc of the stretchable
TENG at tensile strains of 0% and 100%. (e) Voc of the stretchable TENG at different strains.
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is observed after the gel electrolyte is applied (bottom image).
Bending and twisting performance were also measured, as
shown in Figure S10, and there is no significant capacitance
degradation under bending and twisting conditions.
A comfortable, aesthetic, or stylish design is also required for

textile power devices. With the resist-dyeing-analogous
method, arbitrary-shaped logos or patterns in a fabric can be
converted into an energy-storage MSC. For demonstration,
four MSCs were designed on a knitted fabric in the form of
four letters, i.e., “TENG,” as shown in Figure 3e,f. Each letter is
composed of two rGO electrodes. The Ni textile lines are used
to connect adjacent letter for series connection without using
extra wires. Solid electrolyte was covered on each MSC
separately. The “TENG” MSC obtained a voltage up to 3.2 V
and discharge capacitances of 5.0, 4.9, 4.2 mF at a galvanostatic
discharging current of 0.5, 1.0, 2.0 mA, respectively (Figure
3h). This textile-based planar MSC can power a watch at a
strain of 50% after being charged (Figure 3g). More
complicated letters or images could also be designed into
stretchable and aesthetic energy-storing textiles, as long as
appropriate resist is designed.
A stretchable textile TENG was developed with the resist-

dyeing-analogous method as well, using Ni-coated textile as
two in-plane electrodes. An elastomeric PDMS thin layer was
coated on the top of only one of the electrodes. The working
mechanism of the stretchable fabric TENG is schematically
demonstrated in Figure 4a. When a polyester textile is in
contact with the TENG textile, contact electrification occurs at
the PDMS−polyester interfaces, generating net negative
charges in the PDMS and positive charges in the polyester
due to the contact electrification effect; similarly, the polyester
fabrics will be negatively charged and the Ni-coated fabrics will
be positively charged at the polyester−Ni interfaces (Figure
4a(i)). When the polyester fabric is gradually separating away
from the TENG textile, the unbalanced positive charges in the
Ni fabric will flow through the external circuit to arrive at the
other Ni-textile electrodes, so as to screen the static charges in

the PDMS (Figure 4a(ii)). The current flow stops when all of
the static charges are screened and equilibrium is achieved
(Figure 4a(iii)). If the counter polyester textile is approaching
back to contact the TENG textile, a reversed current flow in
the external circuit is generated until local charge equilibrium is
achieved again (Figure 4 a(iv)). The repeated touching-
separating motions are then converted into pulsed alternative
current (AC).
A linear motor was used to provide contact-separation

movement between a polyester fabric and the TENG-textile.
The contact area is fixed to be 4 × 2 cm2. Figure 4b shows the t
short-circuit current of (Isc) and open-circuit voltage (Voc) of
the fabric TENG under various motion frequencies (1, 2, and 4
Hz). The Voc (and Qsc) is stable at ∼49 V (and 28 nC) and
independent of frequency, while the Isc increases with the
frequency from ∼0.6 μA at 1 Hz to ∼1.8 μA at 4 Hz (Figure
4b and Figure S12b). A maximum output areal power density
was measured to be ∼94.5 mW m−2 at a matched resistance of
∼500 megaOhm. The stability of the fabric TENG is
confirmed by measuring about 5000 cycles of repeated current
output at 1 Hz motion, showing no obvious degradation in
Figure S13. The fabric TENG is stretchable as both electrodes
and electrification layers are stretchable. After being stretched
for 100% strain along the course direction, there is no
significant decrease in the Isc (Figure 4d). The Voc measured at
different strains are shown in Figure 4e, exhibiting a slight
decrease from 49 to 41 V at 100% strain. The impact of
humidity was investigated in Figure S14, including the long-
term performance in a humid environment. It can be observed
that the output increases in dry environment (20% relative
humidity) and decrease in the humid environment (50%
relative humidity). The output voltage also fluctuates in humid
environment for long-term test. Nevertheless, these data also
demonstrate the textile TENG can work in a humid
environment, but future research is still required to avoid the
negative effect of humidity and human sweat.58,59

Figure 5. Stretchable coplanar self-charging power textile. (a) Schematic illustration of the coplanar SCPT by integrating a letter-shaped
TENG and three series-connected MSCs in a common fabric. (b) Photos of a SCPT (i, ii, iii) sewn in a garment and at 50% of tensile strain
(iv). (c) 10 LEDs lighted up by hand tapping the fabric TENG. (d) Voltage profile of the MSCs charged by the TENG fabrics at different
motion frequencies. (e) Equivalent circuit of the SCPT. (f) Voltage profile of the three series-connected MSCs charged by the coplanar
TENG fabrics and discharged by powering an electronic watch (inset photo).
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Considering the two in-plane configurations of the TENG
textile and MSC textile, it is feasible to develop a self-charging
power textile by combining the energy-harvesting and energy-
storage modules in one single fabric. Therefore, one single
Kapton resist was designed for fabricating electrodes of the
TENG and MSC through a one-batch resist-dyeing process.
Figure 5a shows a schematic layout of the self-charging power
textile, consisting of a “TENG”-shaped TENG textile, a
rectifier, and three MSCs connected in series. A PDMS layer
is coated only on the Ni-coated “TE” letter-shaped electrode,
which serves as the PDMS coated Ni fabric in Figure 4a; the
“NG” electrode without PDMS coating serves as the uncoated
Ni fabric in Figure 4a. Then, electricity can be generated by the
“TENG” letter-shaped TENG textile when in contact with the
other textiles. All of the electrical connections are made of Ni-
conductive lines coated on the fabric without any other wires.
The pins of the rectifier are sewn and soldiered on the
conductive fabric lines for better anchoring. A photo of the
final self-charging power textile is shown in Figure 5b(i), which
is soft (Figure 5b(ii)) and can be directly sewn on a common
cloth (Figure 5b(iii)). It can be easily stretched for about 50%
strain without any damage (Figure 5b(iv)). By tapping the
“TENG” textile with a polyester glove, 10 green LEDs can be
easily lighted (Figure 5c and video S2). After 100 cycles of 50%
stretching, the Isc and Voc only showed slight decrement by
hand tapping at roughly about 4 Hz (hand tapping with the aid
of a metronome APP in a cell phone, Figure S15a,b). The
stability of the TENG textile was further confirmed by the
rectified current recorded at a 50% stretched state for more
than 1 h of tapping by a linear motor at 1 Hz (Figure S15c).
Figure S16 shows the GCD curves at 1 mA charging/
discharging current of stretchable coplanar MSCs at original
state and after 100 cycles of 50% stretching. The series-
connected three MSCs can reach a voltage of 2.4 V and a
capacitance of 2.1 mF, which kept to be 1.82 mF after 100
cycles of stretching.
The self-charging power textile was charged by tapping the

TENG fabric with a polyester fabric at different frequencies
using a linear motor and the voltages of the MSCs were
recorded in Figure 5d. It took about 56, 43, and 35 min to
reach 2.0 V for 1, 2, and 4 Hz motions, respectively. The
equivalent circuit of the self-charging power textile is shown in
Figure 5e. After charging to 2.0 V by 34 min of 4 Hz tapping
with a linear motor, the self-charging power textile can be used
to power an electronic watch (inset in Figure 5f) for 3 min and
the voltage of MSCs drop to 1.4 V. Subsequently, 4.2 and 3.6
min of charging back to 2.0 V can provide the power supply for
the watch for 2.5 and 2.4 min, respectively (Figure 5f). These
results confirmed that the self-charging power textile can be
applied as a textile power source for providing electricity
intermittently and independently to small wearable electronics
without extra power devices.

CONCLUSIONS
In summary, we demonstrated a stretchable coplanar self-
charging power textile (SCPT) with energy-harvesting tribo-
electric nanogenerators and energy-storage microsupercapaci-
tors both fabricated through a resist-dyeing-analogous method.
The fabricated conductive electrodes showed excellent
stretchability, which can be stretched up to 600% and 200%
along course and wale directions in resistance test, respectively.
Even after 500 cycles of 100% stretch, the resistance of the
textile electrodes showed no significant increase. The solid-

state MSC with rGO as capacitive active materials could reach
a maximum areal capacitance of 50.6 mF cm−2 and showed no
significant degradation at 50% of tensile strain as well. The
stretchable fabric-based TENG can output 49 V open-circuit
voltage and 94.5 mW m−2 peak power density. Finally, a
stretchable coplanar SCPT with one-batch resist-dyeing
fabrication was demonstrated for powering small electronics.
Considering the demonstrated excellent stretchability and
compatibility with conventional textile processing routes of the
SCPT, our approach to energy textile promises great potential
in electronic textiles and wearable electronics, but future
research is still required to address the washability issues of
energy storage textiles and the integrated self-charging power
textiles.

METHODS
Fabrication of Stretchable Ni-Coated Textile. First, the

stretchable fabric (75D double sided purchased from Zhong Shi
Textile) with a thickness of 0.53 mm was cleaned with ethanol,
acetone, and distilled water in an ultrasonic bath for 30 min for 5
times. Subsequently, commercial Kapton was used to cover both sides
of the textile tightly. The resist patterns were cut on the textile using
laser cutting only cutting through the Kapton resist. The resist-
covered textile was sensitized by aqueous solution with 10 g L−1SnCl2
and 0.5 g L−1 PdCl2, and finally immersed in an aqueous solution
containing 0.1 M NiSO4·6H2O, 0.3 M NaH2PO2·H2O, 0.05 M
C6H5Na3O7·2H2O, 0.5 M H3BO3 for 24 h at room temperature. After
washing and drying the textile, the Kapton resist was detached and
patterned conductive textile was obtained. The resistance of Ni-
coated and rGO-Ni-coated fabric (both with a width of 0.5 cm) is 2.6
Ohm/cm and 4.5 Ohm/cm, which were measured using multimeter.

Fabrication of Solid-State Microsupercapacitors. The Ni-
coated textile was immersed in a 2.5 mg mL−1 GO dispersion for
hydrothermal reaction at 80 °C for 6 h. Then the rGO-coated Ni
textile was soaked in a 0.1 M ascorbic acid at 80 °C for 1 h for further
reduction of coated rGO. The thickness of the pristine fabric is 0.530
mm and 0.650 mm after Ni coating. After coating rGO in 2.5 mg
mL−1 GO suspensions, the thickness increases to 0.716 mm. Finally,
the obtained rGO-Ni-fabric was washed with DI water and dried in
vacuum oven. For the gel electrolyte, 4 g PVA (Mw 89 000−98 000)
was added into 40 mL of 2 M LiCl solution and then stirred at 90 °C
for 2 h. Subsequently, the textile based MSC was immersed in the
PVA-LiCl solid electrolyte for 5 min and solidified at 50 °C for 1 h.
Another sample with 5.0 mg mL−1 GO dispersion for hydrothermal
reaction was also conducted with the same procedures. The areal
loading for 2.5 and 5 mg mL−1 samples is 1.1 and 2.4 mg cm−2,
respectively.

Fabrication of the Coplanar Self-Charging Power Textile.
All of the electrodes and connecting lines were fabricated with one
Kapton resist. A Ni-coated “TE” letter-shaped electrode was then
immersed in a mixture of Sylgard 184 base and cross-linker (10:1 by
weight) for 10 min and then dried in vacuum oven at 70 °C for 2 h.
The rectifier (SOP-4 purchased from Shenzhen Tongsheng
electronic) was sewn and soldered in Ni-coated fabric between
TENG and MSCs. LED (F5 purchased from Shanghai Hongcheng
Electronic).

Characterization. The electrochemical performance was meas-
ured by an electrochemical workstation (CHI 660E). The output
short current and open-circuit voltage of the TENG cloth were
measured by a Keithley electrometer (Keithley 6514). A 4-point
probe system (RTS-9) was used to measure the square resistance.
Five regions were also randomly selected for measurement, and the
mean value was calculated. XRD measurements were measured by a
Panalytical instrument (X’Pert 3 Powder). Raman spectra were
performed with a confocal Raman spectrometer (HORIBA LabRAM
HR Evolution). SEM was taken with a Hitachi SU8200. The
capacitance was calculated from CV and GCD profiles respectively by
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where I is the discharging current, t is the discharging time, U is the
cutoff voltage (i.e., 0.8 V), v is the scanning rate. Areal specific
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where t is the discharging time calculated from discharging curves.
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