
RSC Advances

PAPER
A flexible polyele
Department of Materials Science, Fudan Uni

xhma@fudan.edu.cn

† Electronic supplementary informa
10.1039/c9ra10701k

Cite this: RSC Adv., 2020, 10, 9299

Received 19th December 2019
Accepted 17th February 2020

DOI: 10.1039/c9ra10701k

rsc.li/rsc-advances

This journal is © The Royal Society o
ctrolyte-based gel polymer
electrolyte for high-performance all-solid-state
supercapacitor application†

Chaojing Yan, Mengyuan Jin, Xinxin Pan, Longli Ma and Xiaohua Ma *

A simple polymerization process assisted with UV light for preparing a novel flexible polyelectrolyte-based

gel polymer electrolyte (PGPE) is reported. Due to the existence of charged groups in the polyelectrolyte

matrix, the PGPE exhibits favorable mechanical strength and excellent ionic conductivity (66.8 mS cm�1

at 25 �C). In addition, the all-solid-state supercapacitor fabricated with a PGPE membrane and activated

carbon electrodes shows outstanding electrochemical performance. The specific capacitance of the

PGPE supercapacitor is 64.92 F g�1 at 1 A g�1, and the device shows a maximum energy density of

13.26 W h kg�1 and a maximum power density of 2.26 kW kg�1. After 10 000 cycles at a current density

of 2 A g�1, the all-solid-state supercapacitor with PGPE reveals a capacitance retention of 94.63%.

Furthermore, the specific capacitance and charge–discharge behaviors of the flexible PGPE device

hardly change with the bending states.
1. Introduction

With the popularity of hybrid electric vehicles and portable
electronics, there is a drastically increasing demand for exible,
lightweight and highly efficient energy storage devices.1,2 Due to
the characteristics of high power densities, rapid charging/
discharging rate and outstanding cycle performance, super-
capacitors have attracted extensive attention as one of potential
electrochemical energy storage device, which can meet the
demand of the rapidly expanding portable device market.3–6 In
supercapacitors, gel polymer electrolytes (GPEs) are widely
studied owing to their exibility, high ionic conductivity, stable
electrochemical performances, being leakage-free and
providing more opportunities for structure design.7,8 Generally,
GPEs are composed of an electrolyte salt to provide mobile ions
and a polymeric material as the matrix,7,9,10 and the desig-
nability of polymer matrix provides the possibility to improve
the ionic conductivity of GPEs, which has been proved to have
a signicant impact on electrochemical and capacitance
performance of the devices.11–14

Actually, GPEs are mainly divided into non-aqueous and
aqueous gel electrolytes. Non-aqueous GPEs, such as block-
copolymer-based GPEs,15 semi-interpenetrating polymer
network structure GPEs7 and silica-based GPEs,16 have been
developed dissolved in ionic liquid or high-boiling organic
solvents to solve the evaporation problem, thereby increasing
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the ion migration rate and the electrochemical performance of
the device. However, due to the absence of water in the system,
this hampers the ionic conductivity because of the decrease in
the degree of hydrogen bonding present in the nal system.17

Aqueous GPEs dominantly based on polyvinyl alcohol (PVA),
poly(ethylene oxide) (PEO) and poly(acrylic acid) (PAA)
matrix,8,9,18,19 the ionic conductivity is higher than non-aqueous
due to the high water content by means of a large amount of
hydrogen bonding in the GPEs. However, they are not suitable
for long-term use because the gradual volatilization of water
leads to ionic conductivity, cycling stability and electrochemical
performance degradation.20

Recently, polyelectrolyte-based GPE (PGPE) is widely studied
due to the excellent electrochemical properties in exible all-
solid-state supercapacitors.21,22 As a typical charged polymer,
polyelectrolytes possess vigorous water retention ability on
account of the presence of anions and cations which provides
a mighty electrostatic attraction between the charged groups
and water molecules, and the robust water retention ability of
PGPE brings ion migration channels to the electrolyte ions,
causing excellent electrochemical performance.9,23,24 Moreover,
the robust water retention abilities and the easy separation of
anions and cations during ion migration ensure high conduc-
tivity of PGPE.25,26 In addition, the charged groups and polar
groups can enhance the adhesion between the PGPE and the
electrode, thereby greatly reducing the interface impedance
between the electrode and the electrolyte.9,27,28

Herein, a novel exible polyelectrolyte material containing
anions and cations in repeat units was designed and successfully
synthesized through a simple alkylation reaction, which effec-
tively improving the ion conductivity and mechanical strength of
RSC Adv., 2020, 10, 9299–9308 | 9299
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the GPE membrane. The PGPE matrix were prepared by the UV-
assisted copolymerization of a novel aprotic monomer
N-(2-methacryloyloxy) ethyl-N,N-dimethylpropanammonium
bromide (C3(Br)DMAEMA) and poly(ethylene glycol) methacry-
late (PEGMA). And then, the prepared PGPE matrix was
immersed in 1 M Li2SO4/H2O solution, providing the excellent
performance PGPE with high ionic conductivity (66.8 mS cm�1)
and considerable mechanical ability. Moreover, the super-
capacitor was assembled using the optimized PGPE as the elec-
trolyte and activated carbon as the electrode, which exhibited
excellent energy and power delivery, outstanding cycle stability,
and great mechanical exibility. Thus, the novel PGPE has
a broad prospect in replacing traditional GPE and liquid elec-
trolyte, andmakes it more adaptable tomeet the needs of exible
wearable devices.

2. Experimental
2.1. Materials

2-(Dimethylamino)ethyl methacrylate (DMAEMA, 99.0%), 1-
bromopropane (99%), hydroquinone ($99.5%), and the photo
initiator 2-hydroxy-2-methylpropiophenone (HMPP, 97%) were
purchased from Aladdin. Poly (ethylene glycol) methacrylate
(PEGMA, averageMn¼ 360) was purchased from Sigma-Aldrich.
Lithium sulfate (Li2SO4, monohydrate, AR), Acetone (99.0%),
isopropanol ($99.7%) and N-methyl-2-pyrrolidone (NMP,
$99.0%) were bought from Sinopharm. Activated carbon (AC)
was also purchased from Aladdin with a surface area of 2000 m2

g�1 and particle size of 10 mm.

2.2. Preparation of the novel aprotic monomer C3(Br)
DMAEMA

The novel aprotic monomer C3(Br)DMAEMA was prepared by
alkylation reaction of DMAEMA with the appropriate 1-bromo-
propane,29,30 as shown in Scheme 1(1). DMAEMA (0.166 mol)
was mixed with 1-bromopropane (0.083 mol) without any
additional solvent. Aer the addition of a small portion of
hydroquinone to inhibit any spurious radical polymerization,
the mixture was stirred overnight at 50 �C. The solid product
was puried by double recrystallization from an acetone/
isopropanol mixture. Finally, it was dried under vacuum at
40 �C for 24 h and stored in an argon-lled glovebox.

2.3. Preparation of polyelectrolyte-based GPE

The polyelectrolyte-based GPE was prepared by immersing the
GPE matrix in aqueous solution of Li2SO4. To prepared the GPE
matrix, C3(Br)DMAEMA, PEGMA, and photo initiator HMPP
(4 wt% of C3(Br)DMAEMA content) were added to the deionized
water with different mass rations and stirred to obtain
a homogeneous solution. The precursor solution was then
transferred into a 1 mm thick polytetrauoroethylene groove
and subjected to UV light (MXGainLAB40-40A, 1750 mW cm�2)
curing for 10 min (curve of UV curing conversion rate at
different irradiation time was shown in Fig. S2, ESI†) to form
the polymer skeleton. The synthesis diagram of the GPE matrix
is showing in Scheme 1(2). Subsequently, the polymer backbone
9300 | RSC Adv., 2020, 10, 9299–9308
was dried in a vacuum oven at 80 �C for 24 h to remove moisture
from the polymer system. The dry lm was then immersed in
different concentrations Li2SO4/H2O electrolyte solution for
about 12 h to obtain the ultimate GPE. As shown in Table S1
(ESI†), in a comprehensive consideration of mechanical prop-
erties and ionic conductivity, the optimum performance of GPE
was obtained by soaking C3(Br)DMAEMA and PEGMA with
a mass ratio of 8 : 2 in 1 M Li2SO4/H2O solution. The obtained
GPE with this ratio containing charged groups is named as
PGPE. In order to explore the role that charged groups play in
the GPE system, DMAEMAmonomer was used in place of C3(Br)
DMAEMA to prepare the GPE with the same ratio for compar-
ison, named as P(DMAEMA-PEGMA) (PDPA).
2.4. Preparation of the electrode and assemblage of the
supercapacitors

To prepared the electrode, 80 wt% AC (active material), 10 wt%
acetylene black (conductive agent), and 10 wt% poly(vinylidene
uoride) (PVDF) (binder) were mixed with NMP to form
a homogeneous slurry. Subsequently, the obtained slurry was
coated on the square nickel foam substrate (1 mm thickness)
and dried at 110 �C under vacuum for 12 h. Aer drying, the AC
electrode was pressed with a pressure of 5 MPa and cut into
electrode sheets having a size of 2 cm� 2 cm. The mass loading
of active material in each electrode was about 2.8 mg cm�2.

For all-solid-state symmetric supercapacitor devices, the GPE
lm was sandwiched between two AC electrodes and transferred
into a PET bag. Then, the PET bag was laminated using a roller
press under a pressure of 0.5 MPa for 10min and encapsulated.2
2.5. Characterization measurements

Fourier transform infrared (FT-IR) spectra was recorded on
a Nicolet Nexus 470 spectrometer in the frequency range of
4000–400 cm�1, and the sample was pressed into a slice with
KBr. The 1H NMR and 13C NMR spectra of C3(Br)DMAEMA were
recorded on a Bruker spectrometer (500 MHz) using D2O as
solvent. The surface morphology and energy dispersive spec-
trometer of the PGPE was examined by a eld-emission scan-
ning electron microscopy (FEI Nova NanoSEM 450). The X-ray
diffraction (XRD) measurement was analyzed on an X-ray
diffractometer (Bruker AXS D8 ADVANCE) using Cu Ka radia-
tion. The thermal stability was characterized using thermogra-
vimetric analysis (TGA, TA Instruments Q500) under N2

atmosphere at a heating rate of 20 �C min�1 from 40 to 600 �C.
The mechanical properties of PGPE were evaluated using
a CMT4140 universal tensile testing machine at a tensile rate of
6 mm min�1. The ionic conductivity of the GPEs from 10 to
80 �C was measured by electrochemical impedance spectros-
copy (EIS) using a CHI 660E electrochemical workstation in the
frequency range between 1 Hz and 1 MHz with a potential
amplitude of 5 mV. Before testing, each sample was kept at the
corresponding test temperature for half an hour. The GPEs were
sandwiched between two stainless steel electrodes for testing.
The ionic conductivity of the GPE was calculated according to
the following equation:
This journal is © The Royal Society of Chemistry 2020



Scheme 1 Synthesis of the PGPE matrix.
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s ¼ L/(R � S) (1)

where s is the ionic conductivity of the GPE (mS cm�1), L is the
thickness of the GPE membrane (cm), the bulk resistance R is
the intercept at the real axis in the impedance Nyquist plot (U),
and S is the contact area between the stainless-steel electrode
and the GPE (cm2).
2.6. Electrochemical characterization of supercapacitors

All electrochemical measurements of the supercapacitor were
performed on a CHI 660E electrochemical workstation using
a symmetric two-electrode capacitor conguration. EIS
measurement of supercapacitor was performed in the frequency
range from 1 Hz to 1 MHz with a potential amplitude of 5 mV.
Cyclic voltammetry (CV) measurements were performed in the
potential range of 0–1.2 V at various scan rates (10, 20, 50, 100,
and 200 mV s�1). The galvanostatic charge/discharge (GCD)
method was tested at various current densities (0.5, 1, 2, 5, and
10 A g�1) in the same potential range from 0 to 1.2 V. The
specic capacitance (Cs, F g�1) of the symmetric supercapacitor
device was calculated based on the GCD curves according to the
following equation:

Cs ¼ (I � Dt)/(m � DV) (2)

where I is the discharge current (A), Dt is the discharge time (s),
m is the total mass (g) of the active materials on positive and
negative electrodes, and DV is the actual voltage excluding the
IR drop during the discharge process (V).

The energy density (E, W h kg�1) and power density (P, kW
kg�1) of the supercapacitors were calculated as follows:
This journal is © The Royal Society of Chemistry 2020
E ¼ 1

2
Cs � DV 2 � ð1000=3600Þ (3)

P ¼ E/Dt (4)

where Cs (F g�1) is the mass-specic capacitance of the
symmetric supercapacitors based on the total mass, DV (V) is
the actual voltage excluding the IR drop, and Dt (s) is the
discharge time.
3. Results and discussion
3.1. Physicochemical characterization of C3(Br)DMAEMA

The successful synthesis of C3(Br)DMAEMA was conrmed by
FT-IR, 13C NMR and 1H NMR spectroscopies. The FT-IR spectra
of the reactants (DMAEMA and C3H7Br) and the product (C3(Br)
DMAEMA) are shown in Fig. 1a. Obviously, the peak at 562 cm�1

(C–Br, stretching vibration) is almost invisible in the spectrum
of C3(Br)DMAEMA, but it is evident in C3H7Br, indicating the
formation of an aprotic structure. In addition, the peak at
1323 cm�1 is assigned to the stretching vibration of C–N bond
in the C3(Br)DMAEMA, deviating slightly from the peak at
1318 cm�1 in DMAEMA, which should be due to the change of
space steric hindrance around the C–N bond. The multiple
absorption peaks appearing in the range of 2770–2990 cm�1 (C–
H stretching of –CH3, –CH2– and ]C–H), 1720 cm�1 (C]O,
stretching), 1637 cm�1 (C]C, stretching) and 1161 cm�1 (C–O–
C, stretching) are well in accordance with the structure of the
C3(Br)DMAEMA.

Fig. 1b shows the 13C NMR spectra of the C3(Br)DMAEMA,
the peaks at 135.12 ppm (signal 2) and 127.61 ppm (signal 3) are
RSC Adv., 2020, 10, 9299–9308 | 9301



Fig. 1 (a) FT-IR spectra of the reactants (DMAEMA and C3H7Br) and the product C3(Br)DMAEMA. (b) 13C NMR spectrum of the product C3(Br)
DMAEMA. Characters 1–11 represent the C atom with different chemical shifts. (c) 1H NMR spectrum of the product C3(Br)DMAEMA. Characters
(a–j) represent the H atom with different chemical shifts.
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correspond to carbon atoms on the C]C bond. The 168.44 ppm
(4) is assigned to carbon atoms on the C]O bond. The
17.21 ppm (1), 51.14 ppm (7, 8) and 9.68 ppm (11) are related to
carbon atoms on –CH3. In addition, the appearance of peaks at
66.66 ppm (9), 62.12 ppm (6), 58.36 ppm (5) and 15.62 ppm (10)
are assigned to carbon atoms on –CH2–. The

13C NMR analysis
was performed to conrm the successful synthesis of C3(Br)
DMAEMA. Meanwhile, the successful synthesis of the product
C3(Br)DMAEMA was also conrmed by the characterization of
1H NMR spectra in Fig. 1c. The signals observed at 6.04 ppm (b)
and 5.65 ppm (c) are related to hydrogen atoms on the unsat-
urated double bond. The signals at 4.50 ppm (d), 3.65 ppm (e),
3.24 ppm (h) and 1.71 ppm (i) perfectly coincide with the
methylene hydrogen atoms in different chemical environments.
9302 | RSC Adv., 2020, 10, 9299–9308
And signals at 1.82 ppm (a), 3.04 ppm (f, g), and 0.86 ppm (j)
attribute to the methyl hydrogen atoms in the structure of
C3(Br)DMAEMA.
3.2. Characterization of polyelectrolyte-based GPEs

The photograph image of the PGPE with a thickness of about
500 mm is shown in Fig. 2a, indicating that the PGPE lm is
transparent, free-standing and uniform aer immersing elec-
trolyte salts. Fig. 2b–d show the scanning electron microscopy
(SEM) image of the surface of PGPE matrix with various
magnication. The magnied SEM images show that there are
lots of grooves of various shapes on the surface of the polymer
matrix, which improves the roughness of the material surface so
This journal is © The Royal Society of Chemistry 2020



Fig. 2 (a) Photograph image of the PGPE with a thickness of about 500 mm. Typical SEM image of (b–d) PGPE matrix with various magnification,
(e) interface between the AC electrode and PGPE, and (f) the electrode-PDPA interface. (g) Element mapping image of the surface of the PGPE.
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that the PGPE matrix can maintain quantities of liquid elec-
trolyte and effectively enhance the ionic conductivity of the
PGPE. From the SEM image of interface between the AC elec-
trode and PGPE (Fig. 2e), the PGPE membrane compactly
adhere to the AC electrode, comparing with the loose attach-
ment between PDPA and AC electrode (Fig. 2f), revealing that
the presence of charged groups in PGPE can enhance the
adhesion, which can signicantly decrease the interfacial
resistance caused by interval and thus improve the electro-
chemical stability of supercapacitors devices. As shown in
Fig. 2g, the element (C, N, O, Br) mapping of the PGPE indicates
the obtained PGPE lm is homogeneous.

The UV irradiation polymerization reaction of PEGMA and
C3(Br)DMAEMA was interpreted by FT-IR spectra in Fig. 3a. The
peaks of PEGMA placed in 3423, 1720, 1637 and 1166 cm�1

ascribed to –OH stretching, C]O stretching, C]C stretching
and C–O–C stretching, respectively. In comparison with the FT-
IR spectrum of PEGMA and C3(Br)DMAEMA, the remarkable
peaks at 3444 cm�1 (–OH, stretching), 1720 cm�1 (C]O,
stretching), 1282 cm�1 (C–N, stretching) and 1155 cm�1 (C–O–
C, stretching) in the spectrum of PGPE matrix conrm that the
synthetized PGPE matrix includes both the components. Espe-
cially, the peak at 1637 cm�1 completely disappeared in the
PGPE matrix compared with the spectrum of PEGMA and C3(Br)
DMAEMA, affirming the complete polymerization reaction of
the monomers. The XRD pattern of PGPE and PGPE matrix are
This journal is © The Royal Society of Chemistry 2020
shown in Fig. 3b. As can be seen, one hump in the region of 15–
35� is attributed to the amorphous nature of PGPE matrix.
Besides, the addition of liquid electrolyte 1 M Li2SO4/H2O
solution in PGPE further reduced the degree of crystallinity
compared to PGPEmatrix. However, the decrease of crystallinity
and amorphous nature of PGPE can accelerate the electrolyte
ion transport, thus greatly improving ionic conductivity and
electrochemical performance.7,31,32

The thermal stability of PGPE was evaluated by TGA, and the
TGA thermograms of PGPE and PGPE matrix, PDPA, PDPA
matrix and 1 M Li2SO4/H2O solution are shown in Fig. 3c. The
prepared PGPE has 52% weight loss at 40–180 �C, which is due
to the massive water in the system. In comparison with the
PDPA possesses only 40% weight loss indicating that the PGPE
can maintain more water at room temperature, which is
ascribed to the presence of hydrogen bond between the charge
group and water. In addition, the weight loss rate of PDPA is
signicantly faster than PGPE before 100 �C, which also proves
that PGPE has better water retention capacity. The weight loss
near 250–350 �C may be due to the thermal decomposition of
some small molecules in the polymer system. The weight loss at
around 450 �C should be attributed to the decomposition of the
main chains of the PGPE. Overall, the PGPE demonstrates
better thermal stability and water retention capacity for appli-
cation in supercapacitor devices.
RSC Adv., 2020, 10, 9299–9308 | 9303



Fig. 3 (a) FT-IR spectra of the monomers (PEGMA and C3(Br)DMAEMA) and the PGPE matrix. (b) XRD patterns of PGPE matrix and PGPE film. (c)
TGA thermograms of PDPA matrix, PDPA, PGPE, PGPE matrix and 1 M Li2SO4/H2O solution. (d) Typical stress–stain curves of GPE with different
monomer ratios (immersing in 1 M Li2SO4/H2O solution).
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In addition to the performance mentioned above, the
mechanical strength of the GPE membrane is essential property
for the application of exible devices. The typical stress–stain
curves of GPE with different monomer ratios (immersing in 1 M
Li2SO4/H2O solution) are shown in Fig. 3d. The tensile strength
of the PGPE membrane (C3(Br)DMAEMA : PEGMA ¼ 8 : 2) is
0.99 MPa with a maximum strain of 195.6%, which providing
sufficient mechanical strength for exible supercapacitor
devices.

The room temperature ionic conductivity of the prepared
PGPE and the PDPA lm is computed from the Nyquist plots
shown in Fig. 4a. As we can see, PGPE exhibits signicantly
Fig. 4 (a) Nyquist plots of PGPE and PDPA (inset shows the high-frequen
the ionic conductivity (ln s vs. 1000/T) of PGPE and PDPA. Solid lines re

9304 | RSC Adv., 2020, 10, 9299–9308
lower resistance (0.72 U) and higher conductivity (66.8
mS cm�1) than PDPA (8.27 U and 6.1 mS cm�1) at 25 �C, in
coordination with the characterization results of SEM, TGA and
XRD. Compared to the other previous reported GPEs (Table S2,
ESI†), the conductivity performance is still outstanding due to
the presence of charge groups in PGPE. The temperature
impendence of the ionic conductivity (ln s vs. 1000/T) of PGPE
and PDPA from 10 to 80 �C is shown in Fig. 4b. The thermal
dependence of conductivity (ln s vs. 1000/T) abides by the
Arrhenius relationship equation:17,33

s ¼ s0 exp(�Ea/RT) (5)
cy region of the Nyquist plot) at 25 �C. (b) Temperature impendence of
present fitting results.

This journal is © The Royal Society of Chemistry 2020
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where s, s0, Ea, R, and T are the ionic conductivity, the pre-
exponential factor, the activation energy for ion transport, the
gas constant and the absolute temperature, respectively. As the
gure has shown, PGPE and PDPA exhibit that the ionic
conductivity increased with the increase of temperature, which
is due to the high mobility of electrolyte ions and the segmental
motion of polymer chains at higher temperatures, thus
promoting faster ion transport. Nevertheless, the activation
energy (Ea) of PGPE (16.09 kJ mol�1) is signicantly lower than
that of PDPA (38.13 kJ mol�1), proving that the ion transport
process in PGPE is easier than in PDPA, which is probably
attributed to the presence of charged groups that form ion
migration channels in the system.9
3.3. Electrochemical performance of all-solid-state
supercapacitors

The electrochemical performance of the PGPE all-solid-state
supercapacitor with two symmetrical AC electrodes was evalu-
ated by CV, GCD and EIS tests at room temperature. Fig. 5a
presents the CV curves of PGPE supercapacitor at different scan
rates from 10 to 200 mV s�1. The PGPE supercapacitor exhibits
a wide potential window of 1.2 V and remains a similar rect-
angular shape with the increase of scanning rates of the CV
loops, conrming an outstanding stability. The galvanostatic
charge/discharge curves of PGPE supercapacitor at different
current densities from 0.5 to 10 A g�1 in the voltage range of 0–
1.2 V are shown in Fig. 5b, which is a reliable method to indicate
Fig. 5 (a) CV curves of PGPE supercapacitor at different scan rates from 1
to 10 A g�1 in the voltage range of 0–1.2 V. Comparison of CVmeasureme
200 mV s�1.

This journal is © The Royal Society of Chemistry 2020
the reversible ion adsorption/desorption process at the surface
of the AC electrode.34 The CV and GCD curves of all-solid-state
supercapacitor with PDPA as the electrolyte are shown in
Fig. S1 (ESI†). In order to further study the electrochemical
performance of PGPE all-solid-state supercapacitors, the
measured values of CV and GCD of the supercapacitor with
PGPE were compared with PDPA all-solid-state supercapacitors.
Fig. 5c and d show that comparison of CV measurement for
PGPE and PDPA supercapacitors at the scan rates of 20 and
200 mV s�1, respectively. As we can see, both the CV curves at
low scan rate of 20 mV s�1 show close to the standard rectan-
gular, demonstrating the typical double-layer capacitance
performance.8,35 When the potential scan rate reaches 200 mV
s�1, the CV prole of PDPA deviates from the perfect square
behavior and shows inferior capacitive characteristic, which is
ascribed to the charge transport resistance.36 However, the CV
curve of PGPE supercapacitor remains a perfect square behavior
and higher capacitive performance than PDPA, suggesting the
fast-ionic motions in the PGPE supercapacitors.

Nyquist plots are shown in Fig. 6a to investigate the resis-
tance behavior of the all-solid-state supercapacitors with PGPE
and PDPA. As shown in Fig. 6a, both the Nyquist plots present
a depressed semicircle at high frequency region and a line at
low frequency. The intercept point on the real axis at high
frequency reects the bulk resistance of supercapacitors con-
sisting of the resistance of electrolyte and the internal resis-
tance of the electrodes. In addition, the diameter of the
depressed semicircle represents charge transport resistance,
0 to 200 mV s�1, (b) GCD curves at different current densities from 0.5
nt for PGPE and PDPA supercapacitors at the scan rates of (c) 20 and (d)

RSC Adv., 2020, 10, 9299–9308 | 9305



Fig. 6 Comparison of electrochemical performance of supercapacitors: (a) Nyquist plots of supercapacitors with a frequency range of 1 Hz to 1
MHz (inset shows the high-frequency region of the Nyquist plot), (b) GCD curves at 1 A g�1, (c) IR drop at different current densities from 0.5 to
10 A g�1, (d) specific capacitance of supercapacitors at different current densities, (e) Ragone plots and (f) capacitance retention at a current
density of 2 A g�1.
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ascribing to the interface resistance of the electrode and elec-
trolyte. And the vertical straight line represents the ion diffusion
behavior and the diffusion impedance decreases with the
increase of the line slope.7,34,37 It is obviously seen in Fig. 6a that,
the PGPE device exhibits lower bulk and interface impedance
than PDPA, which is owing to the higher ionic conductivity and
more compact adhesion between electrolyte and electrode
(shown in Fig. 2e and f). In addition, the line of PGPE device
presents a greater slope than PDPA at low frequency region,
indicating the faster ion diffusion behavior.

The charge–discharge curves of supercapacitor fabricated by
PGPE and PDPA at a current density of 1 A g�1 are shown in
Fig. 6b. The two curves demonstrate a nearly triangular linear
behavior, which is consistent with the capacitive charge–
discharge mechanism of the ideal double-layer capacitor.35 It
can be calculated from the GCD curves that, the mass-specic
9306 | RSC Adv., 2020, 10, 9299–9308
capacitance of PGPE supercapacitor (64.92 F g�1) is much
higher than that of the PDPA supercapacitor (44.67 F g�1).
Moreover, it is clearly observed that the IR drop of the PGPE
device (0.014 V) is lower than that of the PDPA device (0.071 V),
which is associated with the overall resistance of the super-
capacitor and consistent with Fig. 6a.

Fig. 6c shows the linear behavior of IR drop with the increase
of current density, where the overall resistance of the super-
capacitor is related to the initial voltage drop and the slope of
the line.38 It can be seen that, both the initial voltage drop and
the slope of PGPE supercapacitor are much lower than that of
PDPA device, indicating the lower overall resistance in the PGPE
device. The mass-specic capacitances of supercapacitors with
PGPE and PDPA at different current densities are plotted in
Fig. 6d. The PGPE supercapacitor exhibits an excellent retention
(84.74%) of specic capacitance from 0.5 A g�1 (67.47 F g�1) to
This journal is © The Royal Society of Chemistry 2020



Fig. 7 (a) CV and (b) GCD curves of the flexible PGPE supercapacitors at a scan rate of 20 mV s�1 and a current density of 1 A g�1 under various
flexible deformation states, (c) photograph image of a LED powered by a 2.4 V device (two 1.2 V PGPE supercapacitor devices connected in
series), (d) photographs of the flexible PGPE device at different bending states.
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10 A g�1 (57.17 F g�1), whereas the PDPA device shows a fast
drop in capacitance at a higher current density resulting in an
inferior retention of 49.85% (from 48.61 F g�1 at 0.5 A g�1 to
24.23 F g�1 at 10 A g�1). The higher capacitance retention of
PGPE supercapacitor may be attributed to the lower overall
resistance in the device.

To further evaluate the performance of all-solid-state
supercapacitor with PGPE, we have plotted the Ragone plots
to compare our device with those previously reported examples
in the literature,39–44 and it clearly exhibits superior energy and
power density (show in Fig. 6e). The PGPE device shows
a maximum power density of 2.26 kW kg�1 at an energy density
of 9.34 W h kg�1 and a maximum energy density of
13.26 W h kg�1 at a power density of 0.11 kW kg�1. In addition,
the cycle stability of the PGPE and PDPA devices are evaluated
using GCD test from 0 to 1.2 V at a current density of 2 A g�1 for
10 000 cycles (Fig. 6f). It is observed that the capacitance of the
PGPE supercapacitor remained 94.63% aer 10 000 cycles,
signicantly higher than the capacitance retention (72.89%) of
PDPA device.

In order to investigate the electrochemical performance of
PGPE in exible supercapacitor devices, the PGPE devices were
tested at various deformation states (show in Fig. 7d). Fig. 7a
represents the CV curves of the PGPE supercapacitors at at,
bend and fully bend states. As we can clearly see that, the
approximate CV curves for the PGPE supercapacitors at
different states are obtained, demonstrating the nearly rectan-
gular CV responses and the similar rectangular area. This
indicates that the bending states of the PGPE devices has little
effect on the response of CV. In addition, the GCD curves are
shown in Fig. 7b, which also shows almost the same mass
specic capacity (64.92 F g�1 at at, 64.56 F g�1 at bend and
This journal is © The Royal Society of Chemistry 2020
64.27 F g�1 at fully bend). It proves that the PGPE super-
capacitor has ideal exibility and the bending states of devices
have no effect on the electrochemical performance. Signi-
cantly, the device can be used to light a red LED by two 1.2 V
supercapacitor devices connected in series (Fig. 7c), indicating
its promising realistic applications in energy storage.

4. Conclusions

In summary, a novel GPE containing charged groups was
successfully synthesized and applied to all-solid-state super-
capacitor. The presence of charged groups is benecial to
improve the ionic conductivity and mechanical properties of
PGPE membrane, and enhances the adhesion between the
electrode and the PGPE lm. The prepared PGPE exhibits
favorable ionic conductivity (66.8 mS cm�1) and excellent
mechanical strength (high tensile stress of 0.99 MPa with
amaximum strain of 195.6%). The all-solid-state supercapacitor
based on PGPE presents a broad electrochemical window (1.2 V)
and small bulk and interface resistance with a higher specic
capacitance of 64.92 F g�1 than 44.67 F g�1 of the PDPA
supercapacitor at 1 A g�1. In addition, the PGPE device exhibits
a maximum energy density of 13.26 W h kg�1 and a maximum
power density of 2.26 kW kg�1. Aer 10 000 cycles, the device of
PGPE reveals a much better capacitance retention of 94.63%
than that of PDPA device (72.89%). Furthermore, when the
PGPE supercapacitor is fully bent, the specic capacitance and
the charge–discharge behaviors of the supercapacitor hardly
changes. Consequently, the novel all-solid-state PGPE super-
capacitor has vast potential for practical application, such as
portable and exible electronic devices. More importantly, the
results of this work have practical signicance in the applica-
tion of polyelectrolyte as a polymer matrix to exible devices.
RSC Adv., 2020, 10, 9299–9308 | 9307
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