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Abstract

Replacement of flammable liquid electrolytes with gel polymer electrolytes

(GPEs) is a promising route to improve the safety of lithium‐ion batteries (LIBs).

However, polymer‐based electrolytes have limited suitability at low/high tem-

peratures due to the instability of the polymer at high temperatures and the low

ionic conductivity of the gel state at low temperatures. Herein, an integrated

design of electrodes/fibrous GPEs modified with graphene oxide (GO) is re-

ported. Due to the integrated structure of electrodes/GPEs, the strong interface

affinity between electrodes and GPEs ensures that the GPEs spun on electrodes

do not shrink at high temperatures (160–180°C), thus preventing a short circuit
of electrodes. Moreover, after GO modification, oxygen‐containing functional

groups of GO can accelerate Li+ transport of GO‐GPEs even at a low tem-

perature of −15°C. When these GPEs are applied to flexible LIBs, the LIBs show

excellent electrochemical performance, with satisfactory cycling stability of

82.9% at 1 C after 1000 cycles at 25°C. More importantly, at a high temperature

of 160°C, the LIBs can also discharge normally and light the green light‐emitting

diode. Furthermore, at a low temperature of −15°C, 92.7% of its room‐
temperature capacity can be obtained due to the accelerated Li+ transport

caused by GO modification, demonstrating the great potential of this electrolyte

and integrated structure for practical gel polymer LIB applications.
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1 | INTRODUCTION

Flexible electronics have received considerable attention
in recent years. These devices are part of our daily lives
and are of interest in the development of futuristic

electronics.1,2 Flexible electronics should be flexible,
bendable, or naturally foldable for integration with the
human body to develop the ubiquitous applications that
are considered as the next‐generation revolution.3–5 The
technology trends of flexible electronics may advance
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from the curved screen to the foldable screen and even-
tually to the flexible screen. The Samsung Galaxy S7
Edge provides an excellent grip thanks to its curved
screen.6 Moreover, Apple recently sent the iPhone with a
foldable screen to Foxconn for testing, requiring it to be
folded more than 100,000 times.7 Therefore, flexible
batteries, especially LIBs for energy storage, should also
be developed to fulfill the power requirements of flexible
electronics. To meet the needs for flexible electronics,
successful development of flexible, inexpensive, long‐life,
safe, lightweight, and environmentally friendly flexible
LIBs is a key prerequisite.8–10 Previously, we have suc-
cessfully developed flexible LIBs based on carbon nano-
tube paper and graphene paper, which can be bent more
than 100,000 times.11,12 However, these improvements
are mainly focused on the current collector, mainly im-
proving the flexibility of the battery. The potential safety
problems of LIBs in a wide range of temperatures still
exist. This paper proposes a new technology to improve
the safety of flexible LIBs.

Conventional LIBs are composed of several main
components including a cathode, an anode, a separator, an
electrolyte, a current collector, and package materials.13,14

Polyolefin‐based separators, such as Celgard, and a liquid
electrolyte are usually used in conventional LIBs, which
can easily lead to electrolyte leakage and short circuit of
the battery, consequently leading to huge safety hazards.
Some catastrophic accidents have happened owing to the
use of a liquid electrolyte and polyolefin‐based separators,
such as spontaneous combustion of Samsung Note7.15 In
flexible LIBs, the battery is required to be capable of de-
formation, so it is more likely to cause damage to the
packaging material, electrolyte leakage, and battery safety
accidents. Therefore, improving safety is particularly im-
portant for flexible LIBs.

GPEs are attracting increasing interest and are re-
garded as promising candidates to solve the potential
safety issues of LIBs.16 Compared with liquid electrolytes,
GPEs have several advantages as membranes in terms of
no internal shorting, no leakage of liquid electrolytes, and
nonflammability.17,18 Moreover, GPEs also have good
flexibility and high ionic conductivity, which are suitable
for practical applications in flexible LIBs.19 However, the
current LIBs using GPEs usually adopt the three‐layer
superposition preparation technology of a cathode, an
anode, and GPEs. In particular, the interface affinity be-
tween GPEs and electrodes is poor during battery bending,
which results in the large internal resistance of the battery
system and degradation of electrochemical perfor-
mance.20–23 In addition, GPEs composed of polymers still
shrink at higher temperatures and the safety is sig-
nificantly lower than that of all‐solid‐state inorganic
electrolytes. Therefore, there is an urgent need for further

improving the thermal stability and electrochemical per-
formance of GPEs to realize their practical application in
flexible LIBs.

In this study, we present a safety‐reinforced and high‐
performance flexible LIB based on the integrated design of
electrodes/fibrous GPEs (graphene oxide [GO]‐modified poly
(vinylidene fluoride‐tri‐fluoroethylene‐chlorofluoroethylene)
[PTC]). As a new type of material, PTC has so far barely
been reported in the field of LIBs. The highest dielectric
constant of PTC (50–57), compared to previously reported
PE (polyethylene) (2.3), PP (polypropylene) (2.2–2.3), PEO
(poly(ethylene oxide)) (~5), PAN (polyacrylonitrile) (5.5),
PMMA (poly(methyl methacrylate)) (3.0), and poly-
vinylidene difluoride (PVDF) (8.15–10.46), is critical to GPEs
through improving the dissociation degree of LiPF6.

24 In-
creasing the dissociation degree of LiPF6 can lead to a further
increase in the ionic conductivity of GPE, thus improving the
electrochemical performance. Moreover, polymer‐based gel
electrolytes are usually difficult to use at low temperatures
due to the low ionic conductivity of the gel state at low
temperatures.25–28 In this study, after GO modification,
oxygen‐containing functional groups of GO could accelerate
Li+ transport, thereby enabling their application at a low
temperature of −15°C, with 92.7% of its room‐temperature
capacity. In addition, as GPEs are spun directly to the surface
of electrodes, the interface affinity between the electrodes
and the GPEs is significantly improved. As a result, excellent
cyclic stability is obtained for the flexible full battery (LiCoO2

as a cathode, denoted LCO, graphite as an anode) even
during the bending of the battery. More importantly, due to
the strong affinity between GPEs and electrodes, the LIBs
can also discharge normally and light the green light‐
emitting diode (LED) at a high temperature of 160°C. Even
at a higher temperature of 180°C, GPEs still do not shrink
but will show a closed‐hole reaction, so that flexible LIBs will
automatically cut off the working state at a high temperature
without a short circuit. Therefore, flexible LIBs using GPEs
have the characteristics of high‐temperature resistance,
nonflammability, and protection from explosion.

2 | EXPERIMENTAL SECTION

2.1 | Materials

PTC (MW≈ 400,000–600,000) was purchased from
Wuhan Methyl Technology Co., Ltd. GO (sheet diameter
of 30–50 μm, thickness of 1.0–1.77 nm, number of layers
1–5) powder was purchased from Suzhou Tanfeng
Graphene Technology Co., Ltd. Anhydrous ethanol, N,
N‐dimethylformamide (DMF), and acetonitrile were
purchased from Sinopharm Chemical Reagent Co., Ltd.
The 1.0M LiPF6‐ethylene carbonate (EC)/diethyl
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carbonate (DEC) (1:1, volume/volume) with 5.0% FEC
(fluoroethylene carbonate) was purchased from Suzhou
Duoduo Chemical Technology Co., Ltd.

2.2 | Fabrication of electrodes and GPE

The schematic diagram of the integrated design process
of electrodes/fibrous GPEs for preparing gel polymer
flexible LIBs is shown in Figure S1. The preparation of
electrodes and GPEs mainly includes the following steps
through a small production line: (1) A uniformly mixed
slurry of the LCO cathode and the graphite anode was
separately prepared using a vacuum planetary mixing
device. (2) To prepare the electrodes, the LCO and gra-
phite slurry were separately scraped onto the surface of
an Al foil and a Cu foil using an automatic scraper coater.
Then, they were dried at 100°C in a vacuum for at least
10 h. (3) The electrodes of LCO and graphite were rolled
to increase the compaction density using a double‐roll
machine. (4) GO‐modified fibrous PTC‐based gel poly-
mer electrolyte (GO‐GPE) nanofiber membranes on the
electrode surface were prepared using an electrospinning
method. (5) An LCO cathode and a graphite anode
stacked face to face were rolled and compounded into a
whole. (6) The integrated electrodes of LCO and graphite
with the obtained fiber‐based porous membranes were
then dried in vacuum at 75°C for 48 h, which was to
ensure that the organic solvent was completely removed.
(7) The dried integrated electrodes of LCO and graphite
were cut into the required size and assembled into flex-
ible LIBs. LCO (Shenzhen Kejing Star Technology Ltd.)
was used as a cathode. Graphite (Shenzhen Kejing Star
Technology Ltd.) was used as an anode. The cathode is
composed of LCO, super P as a conductive additive, and
PVDF as a binder (95:2.5:2.5 weight ratio). The anode is
composed of graphite, super P, styrene–butadiene rubber
as a binder, and carboxyl methylcellulose as a thickener
(94.5:1:2.25:2.25 weight ratio). The LCO slurry was
spread onto an Al foil. The graphite slurry was spread
onto a Cu foil. Pristine fibrous PTC‐based GPE (P‐GPE)
and GO‐GPE nanofiber membranes on the electrode
surface were prepared using an electrospinning method.
To prepare GO‐GPE nanofiber membranes, GO (0.03 g)
was dispersed in DMF (12 g) using a sonicator for 90min,
and PTC (2.97 g) was then added and mixed using a
planetary mixer for 30min to obtain a homogeneous
slurry. Next, the resulting homogeneous slurry was filled
and stored in a 10ml syringe. Then, the GO‐GPE fibrous
membrane was fabricated by electrospinning with posi-
tive voltage (15 kV) and negative voltage (2 kV) at room
temperature, and the syringe pump feeding rate was
1.0 ml/h. The distance between the steel needle tip of the

syringe and the rotating drum collector was 30 cm, and
the speed of drum spin was 50 rpm. For comparison, a
controlled P‐GPE sample was also prepared, and the
synthetic process was the same as mentioned above, ex-
cept for the addition of GO. The cathode and anode lo-
cated in the rotating drum were used to collect the
resulting fibers. The obtained fiber‐based porous mem-
branes on the cathode and the anode were then dried in a
vacuum at 75°C for 48 h. Finally, the obtained sample
was swollen in a liquid electrolyte (1.0 M LiPF6 in
EC/DEC= 1:1, volume/volume with 5.0% FEC) for 1 h,
ultimately yielding P‐GPE and GO‐GPE.

2.3 | Electrochemical test for coin cells

Coin half‐cells (2032) were assembled in an Ar‐filled
glovebox using an Li foil as the counter electrode. The
cathode and anode materials loaded in each coin cell
were typically 12–13 and 5–6 mg cm−2, respectively. A
commercial polypropylene microporous film (Celgard
2300), P‐GPE, and GO‐GPE as the separator were used.
The assembled coin cells were cycled at different charge/
discharge rates on a Land battery tester (Wuhan Land
Electronic Co. Ltd.).

2.4 | Electrochemical test for a flexible
battery

A flexible lithium‐ion battery (full cell) was assembled
with LCO as a cathode and graphite as an anode. Each
electrode had the same composition as the corre-
sponding coin cell electrode. GO‐GPE was chosen as the
separator. The N/P ratio (negative electrode capacity/
positive electrode capacity) was 1.05. The assembled full
cells were cycled at different charge/discharge rates at
−15°C, 25°C, 45°C, 60°C, and 80°C on a Land battery
tester (Wuhan Land Electronic Co. Ltd.). Galvanostatic
charge/discharge was carried out in a voltage window of
3.0–4.35 V.

2.5 | Electrochemical evaluation

The ionic conductivity (σ) of the commercial Celgard
separator and GPEs was characterized using the alter-
nating current impedance method (Metrohm; Autolab)
with the potential amplitude of 5 mV using the first ap-
plied frequency of 106 Hz and the last applied frequency
of 0.1 Hz by assembling a coin cell with a symmetrical
structure SS | GPE | SS (SS, stainless steel). The ionic
conductivity (σ, S cm−1) of the commercial Celgard
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separator and GPE was calculated according to the fol-
lowing equation55:

σ
d

SR
= .

b

The vertical distance from one electrode to the other
is d (cm), S is the effective area of the commercial
Celgard separator and GPEs (cm2), and the bulk re-
sistance of the Celgard separator and GPEs is Rb (Ω).
Coin cells were used to test the lithium‐ion migration
number (t+) of the Celgard separator and GPEs at room
temperature with Li | GPE | Li (Li, lithium metal foil)
structures according to the following equation56:

t
I V I R

I V I R
=

( − )

( − )
,

s
+

s 0 0

0 s

∆

∆

where ΔV is the selected polarization voltage (mV); I0 is
the initial current (mA), Is is the steady‐state current, R0

is the initial resistance (Ω), and Rs is the steady‐state
resistance. The coin cell of Li/PSPE/Li was used to test
cell polarization by charge and discharge tests with a
constant current of 10 mV s−1.

2.6 | Characterization methods

The morphology and microstructure of the samples were
examined using field‐emission scanning electron micro-
scopy (FE‐SEM; Supra 55; Zeiss). The open‐circuit vol-
tage (OCV) analysis was carried out using the Autolab
(Metrohm). The specific surface area of the GPE was
determined from N2 adsorption isotherms (Micro-
tracBEL; BELSORP‐max). The bending test was per-
formed using a specially designed stepper motor.
Thermal stability analysis was performed using a DSC‐
TGA (STA 449 F5; NETZSCH). The pore diameter and
the pore diameter distribution were determined using a
comprehensive membrane pore size analyzer (BSD‐PB;
Beishide). The vibrational changes of samples were de-
termined by Fourier‐transform infrared spectra (FTIR;
IRTracer‐100; Shimadzu) in the wavenumber range from
500 to 4000 cm−1 in attenuated total reflection.

3 | RESULTS AND DISCUSSION

3.1 | Properties of PTC‐based GPE

The integrated design process of electrodes/fibrous GPEs
is shown in Figure S1. The surface morphology of P‐GPE
and GO‐GPE was clearly determined by FE‐SEM. As

shown in Figure S2a–c, FE‐SEM images revealed that the
P‐GPE membrane has an uneven fibrous diameter, a
relatively smooth surface, and some bead structures in
the white circles, which is detrimental to the electro-
chemical performance of LIBs. In comparison, the GO‐
GPE membrane had a more evenly fibrous diameter (-
Figure S2e–g) and a rougher surface without any bead
structures compared to the control P‐GPE membrane,
thanks to the suitable viscosity of the electrospinning
slurry by the addition of GO. The addition of GO led to
an increase in viscosity and change in surface tension
and an alteration in the electrostatic repulsion of the
slurry, thus improving the surface morphology of the
membrane.29,30 Furthermore, the fibrous membranes
have a smaller thickness (~15 μm) as compared to the
commercial Celgard separator (~25 μm) and excellent
interface compatibility with LCO cathodes.31 As shown
in Figure S2d,h, the cross‐section images of the LCO
cathode with P‐GPE and GO‐GPE membranes indicated
that the membranes were in close contact with the LCO
cathode, which contributes toward reducing the interface
resistance between the electrode and GPEs.

The melting temperatures of the separator and GPEs
are a vital physical parameter for the operating tem-
perature and the thermal runaway of LIBs. Therefore,
differential scanning calorimetry (DSC) analysis was
performed, and the melt curves are shown in Figure S3.
The melting temperatures of PTC‐based fibrous mem-
branes are close to those of the Celgard separator at
~167°C. However, an additional endothermic peak in the
Celgard separator appears at ~135°C due to the pre-
paration method of the Celgard separator with uniaxial
stretching,32 which is disadvantageous for the safety of
LIBs. The endothermic peak temperature of the Celgard
separator at 135°C is far less than its melting temperature
of 167°C, possibly resulting in thermal shrinkage when
the temperature is higher than 135°C. This will further
lead to short circuits and thermal runaway of the corre-
sponding LIBs. To verify the above results, the thermal
shrinkage of the Celgard separator and various GPE
membranes was evaluated. The surface morphology of
the Celgard separator, P‐GPE, and GO‐GPE before and
after thermal treatment at 160°C for 1 h is shown in
Figure 1, and the corresponding overall size change is
shown in the insets of Figure 1. After the thermal
treatment, shrinkage of the Celgard separator to half its
size could be easily observed, as shown in the insets of
Figure 1A,B, and the porous structure had completely
disappeared. As a comparison, the integral sizes of P‐GPE
and GO‐GPE still remained unchanged after the thermal
treatment at 160°C (insets of Figure 1C–F). In addition,
the FE‐SEM analysis revealed that the fiber diameter and
the network structure of PTC‐based fibrous membranes
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showed almost no significant change after treatment at
160°C (Figure 1).

When the thermal treatment temperature was further
increased to 180°C for 1 h, the bare GO‐GPE membrane
without the LCO cathode shrank considerably (Figure 2A),
and this was in good agreement with the DSC results
(Figure S3). However, the GO‐GPE spun onto the LCO
cathode, named GO‐GPE/LCO, barely shrank inside
(Figure 2C) and on the edges (Figure 2D–F). The only
difference from before thermal treatment was that the
GO‐GPE membrane had melted and obturated, resulting in
a decrease in the thickness of the GO‐GPE membrane from
~15 to ~8 μm. Compared with GO‐GPE, the thermal sta-
bility of P‐GPE (Figure S4) decreased slightly at 180°C, but
the Celgard separator (Figure S5) showed poor thermal
stability at 180°C, as shown in Figures S4 and S5. In
Figures 2A and S4a, the bare P‐GPE membrane showed
more severe shrinkage than the bare GO‐GPE membrane
when the thermal treatment temperature was further in-
creased to 180°C. Meanwhile, the Celgard separator com-
pletely melted after heating at 180°C for 1 h (Figure S5a).
However, the P‐GPE spun onto the LCO cathode, named
P‐GPE/LCO, barely shrank within (Figure S4c), but the
P‐GPE/LCO showed slight shrinkage on the edges
(Figure S4d–f). Moreover, this shrinkage stress caused a
huge gap between the LCO cathode and the Al foil
(Figure S4e,f), which led to a marked decrease in the

electrochemical performance of LIBs. More importantly,
the shrinkage occurred on the edges of P‐GPE/LCO, which
may pose safety issues, such as short circuits and thermal
runaway of LIBs. The improved thermal stability of
GO‐GPE/LCO compared to P‐GPE/LCO may be due to the
continuous three‐dimensional skeleton structure formed by
GO in GO‐GPE. By contrast, the Celgard separator stacked
on top of the LCO cathode, named Celgard separator/LCO,
showed marked shrinkage both within (Figure S5b,c) and
on the edges (Figure S5b,d), which will inevitably lead to
short circuit and thermal runaway of LIBs. In short, the
excellent thermal stability of GO‐GPE/LCO contributed
toward improving the safety of LIBs at high temperatures,
which can be explained in detail in combination with
Figure 3.

Figure 3 shows the schematic diagram of conventional
and gel polymer LIBs working at room temperature (25°C)
and a high temperature (180°C), respectively. Both con-
ventional and gel polymer LIBs work well at 25°C. When
the ambient temperature increases to 180°C, the Celgard
separator (PE or PP) will show considerable shrinkage,
resulting in a short circuit of electrodes, which can in-
crease local temperatures, ultimately resulting in the so‐
called thermal runaway of LIBs accompanied by smoke,
flames, and explosion. However, GO‐GPE/LCO barely
shrank but melted and obturated. This contributes to en-
suring that the battery does not short circuit. Moreover,

FIGURE 1 FE‐SEM images of (A,B) a
commercial Celgard separator, (C,D) P‐GPE,
and (E, F) GO‐GPE. (A,C,E) Before and (B,D,F)
after thermal treatment at 160°C for 1 h (Inset:
Corresponding photographs). GO, graphene
oxide; GO‐GPE, GO‐modified fibrous PTC‐based
gel polymer electrolyte; P‐GPE, pristine fibrous
PTC‐based GPE; PTC, poly(vinylidene fluoride‐
tri‐fluoroethylene‐chlorofluoroethylene);
FE‐SEM, field‐emission scanning electron
microscopy
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the melting and obturation of GO‐GPE/LCO can further
cut off the charging or discharging of LIBs, thus ensuring
that thermal runaway of LIBs does not occur.

To further demonstrate the safety of the LIBs using
fibrous GO‐GPE, coin‐type full cells connected in series
with a green LED were tested at 25°C, 160°C, and 180°C.
Before the test, coin‐type full cells (LCO as the cathode,
graphite as the anode) using a Celgard separator and
GO‐GPE were charged to the charging state and then
exposed to 25°C, 160°C, and 180°C for 1 h. All coin cells
can work well at 25°C (Figure 4A,D). However, when the
temperature is increased to 160°C and 180°C, the ther-
mal shrinkage of the Celgard separator can result in a
direct short circuit between the cathode and the anode,

ultimately resulting in voltage close to 0 V (Figure 4B,C).
In contrast, due to the excellent thermal stability of fi-
brous GO‐GPE membranes and the nonflammability of
GO,33,56 short circuit did not occur even at temperatures
as high as 160°C and 180°C, and the voltage was still
stable at ~3.0 V. However, it must be pointed out that the
coin‐type full cells could light the LED when the tem-
perature reached 160°C, but they could not light the LED
when the temperature reached 180°C due to the ob-
turator of GO‐GPE. This further demonstrates that fi-
brous GO‐GPE will automatically cut off the charge and
discharge of LIBs at high temperatures exceeding 180°C,
thus preventing the occurrence of thermal runaway.
Therefore, LIBs using GO‐GPE have the characteristics of

FIGURE 2 Optical photographs of the as‐prepared (A) GO‐GPE membrane and (B) the GO‐GPE/LCO cathode after thermal treatment
at 180°C for 1 h. FE‐SEM images (C) within and (D) the edges of GO‐GPE/LCO and (E, F) the cross‐section images of the GO‐GPE/LCO
cathode. GO, graphene oxide; GO‐GPE, GO‐modified fibrous PTC‐based gel polymer electrolyte; LCO, LiCoO2; PTC, poly(vinylidene
fluoride‐tri‐fluoroethylene‐chlorofluoroethylene); FE‐SEM, field‐emission scanning electron microscopy

FIGURE 3 Schematic diagram of conventional and gel polymer lithium‐ion batteries working at 25°C and 180°C, respectively. GO,
graphene oxide; GO‐GPE, GO‐modified fibrous PTC‐based gel polymer electrolyte; LCO, LiCoO2; PE, polymer electrolyte; PTC, poly
(vinylidene fluoride‐tri‐fluoroethylene‐chlorofluoroethylene)
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high‐temperature resistance, nonflammability, and pro-
tection against explosion. In addition, for conventional
LIBs, lithium dendrites are usually easily produced on
the anode in the long‐term cycle process, thus resulting
in the puncture of the separators further resulting in
short circuits and thermal runaway. However, in our gel
polymer LIBs, due to the excellent thermal stability of the
fibrous GO‐GPE, the local heat generated by a short
circuit caused by lithium dendrites will lead to melting
and obturation of the GO‐GPE instead of shrinkage, thus
ensuring that thermal runaway of LIBs does not occur to
avoid explosion.

Moreover, the pore diameter distribution, porosity, and
specific surface area are important physical parameters for
GPEs and directly influence the electrochemical perfor-
mance of LIBs. As shown in Figure S6, the distribution
pores of GO‐GPE were narrower (3.71–3.85 µm) than that
of P‐GPE within 4.65–5.68 µm. In addition, the porosity
and specific surface area of P‐GPE were 61.39% and
6.75m2 g−1, respectively. However, with the addition of
GO, the porosity and specific surface area of GO‐GPE
achieved higher values of 86.86% and 8.01m2 g−1. This
may be due to the markedly improved surface morphology
of GO‐GPE compared to P‐GPE, such as a more evenly
fibrous diameter and a rougher surface, and none revealed
any bead structures.34

Moreover, the electrolyte uptake rate, electrolyte re-
tention rate, ionic conductivity, and the lithium‐ion
transference number (tLi

+) are also considered as key
factors of GPEs, which are closely related to the pore

diameter distribution, porosity, and specific surface area.
The parameters of electrolyte uptake rate, electrolyte re-
tention rate, ionic conductivity, and tLi

+ of various mem-
branes were measured, as shown in Figure 5. Compared
with the P‐GPE (1143.33%), the GO‐GPE showed a much
higher electrolyte uptake of 1541.43% and achieved better
electrolyte retention of 60% (Figure 5A), which results
from the much higher porosity and specific surface area.
As confirmed through SEM observations, the uniform fi-
ber of GO‐GPE also leads to much higher porosity.35–37 In
addition, the GO‐GPE had higher ionic conductivity than
P‐GPE and the Celgard separator from −20°C to 120°C
(Figure 5B) and also showed higher tLi

+ (0.83) than P‐GPE
(0.81) and the Celgard separator (0.28) at room tempera-
ture (Figure 5C).38

3.2 | Improvement mechanism of GO
in GPEs

From the above results, it is clear that GO‐GPE achieved
the highest ionic conductivity and tLi

+ among various
samples, which may be a result of the existence of two
types of lithium‐ion transmission paths in GO‐GPE
(Figure 6). As shown in Figure 6A,B, the first path is
the slow transport pathway in the pore, where the
lithium‐ion transport rate is the same as that in the bulk
electrolyte. The second path is the fast transport pathway
on the surface of GO‐GPE fibers, where the lithium‐ion
transport rate is promoted by the –F groups of PTC and

FIGURE 4 Optical images of (A–C) the conventional and (D–F) gel polymer coin‐type full cells, connected to a voltmeter and a green
light‐emitting diode (LED). Coin‐type full cells (A,D) before and after thermal treatment at (B,E) 160°C and (C,F) 180°C for 1 h. LIB,
lithium‐ion battery
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–COOH groups of GO. The reasons why the PTC‐based
gel electrolyte has higher ionic conductivity and tLi

+ may
be that (Figure 6C) (1) compared with the polyethylene
of the Celgard separator (2.26–2.4),39 PTC has a higher
dielectric constant (50–57).24 This can effectively pro-
mote the dissociation of LiPF6 and desolvation of Li+

with strong solvation,40 thereby generating a large
number of charge carriers and improving the ionic con-
ductivity. (2) Fluorine with strong electronegativity was
present in PTC, which can form an F–Li+ coordination
bond with Li+ ions. Therefore, it can also effectively
promote the dissociation of LiPF6 and desolvation of Li+

ions, thereby improving the ionic conductivity and tLi
+.40

Moreover, with the addition of GO, further improvement
of ionic conductivity and tLi

+ may probably be due to the
following factors (Figure 6C): (1) The Li+ ions can only
be transported in the amorphous region of GPEs but not
in the crystallization zone.41 The fluorine in PTC can

form H–F hydrogen bonds with the hydrogen of GO.
The intermolecular hydrogen‐bonding effect between
PTC and GO may enable polymer chains to be more
disordered in the copolymer, which promotes the for-
mation of an amorphous region, yielding relatively low
crystallinity.42 The FTIR characterization of the GO‐GPE
fibrous membrane (Figure S7) confirmed the presence of
H–F hydrogen bonds in the composites. All characteristic
absorption peaks between 400 and 1500 cm−1 can be
ascribed to PTC, which is consistent with previous
work.43 The absorption peaks of 1400 cm−1 (–CH2–
bending vibration), 1172 cm−1 (stretching band of C–F),
and 873 cm−1 (band of the amorphous phase) are con-
sidered to be the characteristic absorption peaks of PTC.
Compared to the P‐GPE fibrous membrane, the C–F
stretching band of the GO‐GPE fibrous membrane was
found to shift to 1171 from 1172 cm−1, which confirms
the presence of H–F hydrogen bonds.44 (2) It can be

FIGURE 5 (A) Electrolyte retention of P‐GPE and GO‐GPE (Inset: Electrolyte uptake). (B) Ion conductivity of the Celgard separator and
various GPEs at −20 to ~120°C. (C) Chronoamperometry profiles of Li | P‐GPE | Li and Li | GO‐GPE | Li cells at 25°C; the inset shows the
electrochemical impendence spectrum at 25°C. GO, graphene oxide; GO‐GPE, GO‐modified fibrous PTC‐based gel polymer electrolyte;
P‐GPE, pristine fibrous PTC‐based GPE; PTC, poly(vinylidene fluoride‐tri‐fluoroethylene‐chlorofluoroethylene)

FIGURE 6 Schematic of the synergistic effect of the intermolecular hydrogen bond and the coordination bond in GO‐GPE. DEC, diethyl
carbonate; EC, ethylene carbonate; GO, graphene oxide; GO‐GPE, GO‐modified fibrous PTC‐based gel polymer electrolyte; PTC, poly
(vinylidene fluoride‐tri‐fluoroethylene‐chlorofluoroethylene)
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inferred from Figure S7 that the fluorine in PF6
− ions

may also form F–H hydrogen bonds with the hydrogen of
–COOH and –OH on GO. As a result, the PF6

− ions were
highly attracted by GO‐modified PTC chains, resulting in
the formation of percolated space‐charge pathways that
significantly decrease the PF6

− transport rate and pro-
mote the transport of Li+ ions in GO‐GPE.45,46 Because of
the synergistic effect of the above factors, the ion con-
ductivity and tLi

+ of GO‐GPE increased markedly. (3)
The electrostatic interaction between the oxygen‐
containing functional groups with unshared electron
pairs on GO and Li+ is assumed to facilitate desolvation
of Li+.46

3.3 | Electrochemical performance of
coin cells and flexible full batteries

The electrochemical performances of as‐fabricated LCO
half‐cells using a Celgard separator, P‐GPE, and GO‐GPE
in the voltage window of 3.0–4.3 V (vs. Li/Li+) are shown
in Figure S8. In this study, 1 C= 163.3mA g−1 for the LCO
electrode. At room temperature, GO‐GPE shows the best
rate performance among various membranes, followed by
P‐GPE and the Celgard separator. It is very interesting that
the variation trend of the electrochemical performance of
various membranes shows consistency with the variation
of the ionic conductivity, electrolyte uptake, and tLi

+

(Figure S8a). Figure S8b shows the typical initial charge/
discharge profiles of various membranes at 0.5 C. All
membranes have similar voltage profiles and voltage
platforms. In addition, the cycle performance of various
membranes was investigated at 0.5 C, as shown in
Figure S8c. Apparently, the cycle performances of half‐
cells using P‐GPEs are in good agreement with the results
obtained using the Celgard separator.

After studying the performance of the half‐cells, the
electrochemical study of the pouch‐type flexible full cell
was also performed in the voltage window of 3.0–4.35 V at
different temperatures. The flexible full cell was as-
sembled using LCO as a cathode, graphite as an anode,
and fibrous GO‐GPE membranes. Figure 7A shows the
charge/discharge curves of the full cell at 25°C and at
different current rates of 0.2, 0.5, 1, and 2 C. With an
increase in the current rate, the charge/discharge voltage
platform slowly increases/decreases, indicating a slight
polarization caused by the high ionic conductivity of the
GO‐GPE. Accordingly, the GO‐GPE shows excellent rate
performance with good capacity retention of 161.3, 153.7,
141.8, and 122.2mAh g−1 at 0.2, 0.5, 1, and 2 C, respec-
tively, which also yields good capacity reversibility with a
decrease in the current rate (Figure 7B). The long cycling
stability of the full cell with GO‐GPE at 25°C was tested by

galvanostatic charge/discharge measurements at 1 and 2 C
(Figure 7C). It is apparent that the full cell shows a stable
long lifetime at various current densities. The initial dis-
charge capacities of 135.4 and 119.9mAh g−1 were ob-
tained at 1 and 2 C, respectively. After 1000 cycles, the
discharge capacities were 112.4 and 93.0mAh g−1, and the
corresponding capacity retentions were approximately
82.9% and 77.5%, respectively. As shown in Figures 7C and
S9, the cycling stability of the full cell with GO‐GPE was
relatively close to that of the full cell with a Celgard se-
parator and a liquid electrolyte at 25 in 1 C, with the initial
discharge capacity of 135.6mAh g−1. The long cycle life of
the full cell with GO‐GPE can fulfill the power require-
ments of flexible wearable and flexible digital products.
Furthermore, as shown in Figure 7D–F, the electro-
chemical performance was also tested at a wide range of
temperatures (−15°C to 80°C), and the corresponding
capacities were 126.0, 135.9, 151.1, 148.6, and
151.3mAh g−1 for −15°C, 25°C, 45°C, 60°C, and 80°C,
respectively. Obviously, 92.7% of the room‐temperature
capacity remained at −15°C. The excellent low‐
temperature performance of GO‐GPE ensures that the
flexible battery can be used in a lower‐temperature en-
vironment. Furthermore, to further explore the electro-
chemical performance of GO‐GPE at higher temperatures,
the GO‐GPE was heated at 160°C and 180°C for 5 h. Then,
it was assembled into a pouch‐type flexible full cell. Sub-
sequently, the cycling stability of the full cells with GO‐
GPE heated at different temperatures was tested at 25°C in
1 C (Figure S10). It is clear that the full cell with GO‐GPE
heated at 160°C shows initial discharge capacities of 140.4
and 82.0mAh g−1 at the 20th cycle (Figure S10a,b).
However, the full cell with GO‐GPE heated at 180°C
cannot work normally, which is due to the obturator of
GO‐GPE. In addition, almost uniform charge/discharge
curves of the full cell with GO‐GPE at 45°C, 60°C, 80°C,
and 160°C were obtained, as shown in Figures 7F and
S10b, indicating the excellent thermal stability of GO‐GPE.
Therefore, the excellent electrochemical performance in a
wide range of temperatures helps to promote the practical
application of GO‐GPE and improve the safety of the LIBs
using GO‐GPE. Moreover, the change in OCV of the full
cell at the charge state was tested under in situ bending
conditions at a speed of 200mm s−1 with a bending radius
of 1 cm (Figure 7G). On using fibrous GO‐GPE mem-
branes, the voltage of the full cell barely decreased under
in situ 1000 times mechanical bending. Furthermore, the
flexibility of the full cell was further evaluated, as shown
in Figure S11. After every 1000 times mechanical bending,
a discharge specific capacity at 1 C was tested. Figure S11
shows the discharge‐specific capacity of the full cell after
different bending numbers. The cycle performance of full
cell using GO‐GPE is obviously better than that of Celgard
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separator after total 10,000 times mechanical bending. The
excellent voltage stability and mechanical flexibility of
GO‐GPE can be attributed to the following reasons: Due to
the integrated preparation process, the GO‐GPE mem-
brane develops strong adhesion with both the cathode and
the anode, so, on the one hand, when the full cell is re-
peatedly bent, it can ensure that the active materials of the
cathode and the anode will not be powdered and shed. On
the other hand, the electrodes and GPE do not delaminate
even if the full battery is repeatedly bent, thus significantly
enhancing interface stability between the electrodes and
GPE. This enhancement in strong adhesion will stabilize
the electrochemical performance of flexible batteries dur-
ing bending tests. In recent years, literature reports that
the electrochemical performances of the flexible batteries
had significantly decreased, after bending hundreds of

times at most. The comparison of electrochemical and
bending performances with flexible batteries reported in
the literature is shown in Table S1.47–54 To our knowledge,
the flexible battery that could bend 10,000 times and cycle
1000 times was better than most of the reports.

Figure 8 shows optical images of the flexible battery
connected in series with a blue light‐emitting diode
(LED). The battery with a charging state can light the
LED continuously without change in brightness under a
flat state and external bent conditions, as shown in
Figure 8B,C and Video S1. More importantly, the flexible
battery could still light the LED without an internal short
circuit when it was cut off a corner, indicating the im-
proved safety of the flexible battery (Figure 8D and
Video S2). Recently, many commercial wearable elec-
tronic devices, such as Google Glass, smartwatch, and

FIGURE 7 Electrochemical performances of a flexible LCO/graphite full battery using GO‐GPE: (A) charge/discharge curves and
(B) discharge capacities at various C‐rates, (C) cycle performances at 25°C, (D) −15°C, (E) high temperatures at 1C, (F) charge/discharge
curves at different high temperatures, and (G) plot of open‐circuit voltage at the full charge state according to bending number in the in situ
bending test. GO, graphene oxide; GO‐GPE, GO‐modified fibrous PTC‐based gel polymer electrolyte; LCO, LiCoO2; PTC, poly(vinylidene
fluoride‐tri‐fluoroethylene‐chlorofluoroethylene)
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smart bracelets, have been found to have limited battery
life because conventional rigid LIBs with restricted sizes
cannot provide sufficient capacity. This characteristic
restricts the design and comfort of wearable devices. The
flexible battery assembled by the GO‐GPE membrane as
the power source for a smartwatch is shown in Figure 8E
(Video S3). Replacing the battery typically placed in the
core of the smartwatch with a flexible battery that mat-
ches the shape of the watch strap results in an increased
endurance of the smartwatch at least twice that of
commercial products. Moreover, with the development
of flexible screens, for smartwatches and bracelets, flex-
ible LIBs are likely to be used as the power source in the
future. This is powerful evidence to prove that flexible
LIBs using the GO‐GPE membrane have shown their
unparalleled value for application in wearable devices.

4 | CONCLUSIONS

In conclusion, the present study demonstrates an ex-
tremely safe and ultrastable flexible LIB based on the in-
tegrated design of electrodes/fibrous GPEs modified with
GO. It is demonstrated that such GO‐GPE may not only
have high ionic conductivity at a low temperature of
−15°C but may also show excellent thermal stability ex-
ceeding 160°C to avoid explosion. In addition, the flexible
LCO/graphite full battery using this GO‐GPE shows su-

perior electrochemical performance from −15°C to 80°C
and also shows excellent cycling stability of 1000 cycles at
room temperature. More importantly, the flexible LIBs
using GO‐GPE in this paper present excellent safety
characteristics even in extremely harsh conditions, such as
on being cut, bent, or even under high temperatures.
Therefore, the flexible LIBs using GO‐GPE have the
characteristics of high‐temperature resistance, nonflamm-
ability, and protection from explosion. Through integration
with a smartwatch, the flexible LIBs demonstrate potential
for use in intelligent wearable electronics. In conclusion,
the fibrous GO‐GPE and integrated design are very pro-
mising to develop next‐generation gel polymer LIBs that
require high flexibility, superior safety, and excellent re-
liability. The viability of our flexible batteries provides a
potential solution to pave the way for the advancement of
wearable/flexible electronics in the near future.
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FIGURE 8 Demonstration of the flexible lithium‐ion battery (LIB) connected in series with a blue light‐emitting diode (LED).
(A) Voltage monitoring of flexible lithium‐ion battery (LIB). The battery was able to power the blue LED continuously in (B) flat, (C) bent,
and (D) cropped states. (E) Demonstration of the smartwatch working properly after it was powered by the strap‐like flexible LIB
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