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Polymer electrolytes have attracted considerable research interest due to their advantages of shape control,

excellent safety, and flexibility. However, the limited use of traditional polymer electrolytes in electric

double-layer capacitors due to their unsatisfactory ionic conductivities and poor mechanical properties

makes them difficult to operate for long periods of time in large-scale energy storage. Therefore, we

fabricated a high-performance microporous electrolyte based on poly(arylene ether ketone) (PAEK)/

poly(ethylene glycol)-grafted poly(arylene ether ketone) (PAEK-g-PEG) using a certain amount of

carboxylated chitosan with a high electrolyte uptake rate of 322 wt% and a high ionic conductivity of 2 �
10�2 S cm�1 at room temperature. A symmetric solid-state supercapacitor that uses activated carbon as

electrodes and a composite microporous polymer film as the electrolyte shows a high specific

capacitance of 134.38 F g�1 at a current density of 0.2 A g�1, while liquid electrolytes demonstrate

a specific capacitance of 126.92 F g�1. Energy density of the solid-state supercapacitor was 15.82%

higher than that of the liquid supercapacitor at a current density of 5 A g�1. In addition, the solid-state

supercapacitor exhibited excellent cycling stability of over 5000 charge/discharge cycles at a current

density of 1 A g�1. Furthermore, solid-state supercapacitors display lower self-discharge behavior with an

open-circuit potential drop of only 36% within 70 000 s, which is significantly better than that of

conventional supercapacitors (52% @ 70 000 s), at a charging current density of 1 mA cm�2. The

satisfactory results indicated that the PAEK/PAEK-g-PEG composite microporous polymer film

demonstrates high potential as an electrolyte material in practical applications of solid-state and portable

energy storage devices.
1. Introduction

Renewable energy storage and conversion systems have attrac-
ted considerable research attention due to the irreversible
consumption of fossil fuels and growing energy demand.1,2

Among various electrochemical energy storage systems, electric
double-layer capacitors (EDLCs) are effective renewable energy
storage systems and promising devices because of their high
power density, satisfactory cyclic life, and rapid charge/
, State Key Laboratory of Fine Chemicals,

ces (Liaoning Province), Liaoning Province

esins, Dalian University of Technology,
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23
discharge rate.3,4 These advantages of EDLCs satisfy the
requirement of portable electronic devices, energy-efficient
industrial equipment, and hybrid electric vehicles.5,6

The performance of EDLCs mainly depends on the electrode
material and electrolyte used.7–9 Many electrode materials have
been developed to improve the performance of EDLCs (e.g.,
energy density and specic capacitance).10,11 Apart from elec-
trodes, electrolytes are also a crucial component that signi-
cantly affects specic energy, lifespan, operating voltage, and
safety properties of EDLCs.12 Traditional liquid electrolytes are
widely used despite their limitations, such as their suscepti-
bility to leakage during usage and nonexibility.13–15 Further-
more, ammable organic liquid electrolytes can result in the
risk of combustion. These factors have impeded the practical
application of EDLCs in large-scale energy storage systems.13

Solid electrolytes were developed to overcome the shortcomings
of their liquid counterpart. Meanwhile, polymer electrolytes
have attracted considerable research attention due to their
© 2021 The Author(s). Published by the Royal Society of Chemistry
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excellent safety and exibility. The three types of polymer elec-
trolytes include solid (SPEs),16 gel (GPEs), and microporous
(MPEs) polymer electrolytes.17,18 Ion conductivity of SPEs is
excessively low at room temperature despite their satisfactory
mechanical properties. The ionic conductivity of GPEs at room
temperature is similar to that of liquid electrolyte, but their
excessively poor mechanical properties make them unsuitable
for large-scale energy storage.18 An ideal solid electrolyte should
exhibit excellent ionic conductivity at room temperature and
sufficient mechanical strength.19 MPEs with these features are
considered promising electrolytes because of their micropores,
polymer membrane matrix, and ability to retain a large amount
of electrolytes in the pore structure to ensure ionic conduc-
tivity.12 Nonsolvent-induced phase separation (NIPS), a conven-
tional method for fabricating MPEs, has been used to create ion
transport channels.20 The hydrophilic segment of copolymer
moves to the isopropanol-rich phase and remains on the pore
surface of the obtained porous membrane when a copolymer is
used to prepare porous membranes in the NIPS process with
isopropanol as the coagulation bath. This method has been
widely used in the fabrication of functional porous polymer
membranes.21 Moreover, the ionic conductivity mainly depends
on the absorption of MPEs by micropores. The morphology of
MPEs, including porosity, pore size, and pore distribution,
remarkably affects the absorption of electrolytes and thus seri-
ously inuences the ionic conductivity of MPEs.22,23

Many polymers, such as polyvinyl alcohol (PVA),24 poly(-
ethylene oxide) (PEO),25 polyacrylonitrile (PAN),26 poly(-
vinylidene uoride) (PVDF),27 poly(vinylidene uoride-co-
hexauoropropylene) (PVDF-HFP),28 and their blends, are used
in MPEs. PEO-based polymers are widely applied in electrolytes
due to their unique structure, which can form complexes with
lithium salt.29,30 Poly(ethylene glycol) (PEG) was selected as the
hydrophilic segment in the preparation of porous membranes
in previous studies.31 In summary, these advantages of PEO-
based polymers can lead to high ionic conductivity.32

However, excessively poor mechanical properties of PEO-based
polymers make them unsuitable for the application of MPEs.12

Therefore, developing new material for MPEs with mechanical
properties and high solvation efficiency with lithium salts is
critical. Poly(arylene ether ketone) (PAEK) polymers are a ther-
moplastic material with excellent thermal and mechanical
properties widely applied in fuel cells.33–35 However, the
immiscibility of PAEK and PEG can lead to large-scale phase
separation. Na et al.12 prepared PAEK/PAEK-g-PEG composite
MPEs that demonstrate high ionic conductivity of 8 �
10�3 S cm�1 at room temperature via graing method to
increase their compatibility. However, synthesized polymers
contain a certain amount of uorine, which can cause air
pollution by releasing uorine-containing gases in the event of
dangerous combustion, and the low porosity caused by the
nonideal porous structure of the membrane limits the further
improvement of ion conductivity. We molecularly designed and
developed high-performance PAEK material with satisfactory
mechanical properties and excellent thermal stability. The
results of our previous studies indicated that the use of total
aryl, twisted and noncoplanar 4-(4-hydroxyl-phenyl)(2H)-
© 2021 The Author(s). Published by the Royal Society of Chemistry
phthalazine-1-one (DHPZ) effectively increases thermal prop-
erties and solubility of PAEK.36–39 Therefore, PAEK was synthe-
sized via aromatic nucleophilic substitution reaction and PAEK-
g-PEG was synthesized using PAEK with free carboxyl groups
and asymmetric methoxypolyethylene glycol to introduce PEG
pendant groups through catalyzed esterication reactions of
N,N0-dicyclohexylcarbodiimide (DCC) and 4-(dimethylamino)
pyridine (DMAP). The PAEK main-chain backbone of PAEK-g-
PEG shows excellent compatibility with PAEK, while PEG
pendant groups show affinity with nonsolvent isopropanol
through a hydrogen bond that results in enhanced pore struc-
tures. In addition, the formation of complexes of EO units in
PAEK-g-PEG with lithium ion is benecial to the transport of
lithium ions and further improvement of the ionic
conductivity.40,41

This study aimed to fabricate a high-performance MPE with
excellent thermal stability and high ionic conductivity for
EDLCs. We mixed PAEK-g-PEG with PAEK as the MPE matrix.
The porosity, pore distribution, and diameter of MPEs can be
controlled by adjusting the content of PAEK-g-PEG segments.
Suitability of MPEs with high porosity and acceptable
mechanical properties was determined by adjusting the ratio of
the two components. The aqueous LiClO4 solid electrolyte was
obtained by adding the appropriate amount of chitosan to
improve the liquid-retention capacity of electrolytes. The PAEK/
PAEK-g-PEG composite membrane was then soaked in the
aqueous LiClO4 electrolyte with chitosan to form MPEs. Solid-
state EDLCs with activated carbon as the electrode were
prepared using the obtained MPEs. The electrochemical
performance of EDLC with MPEs and commercial separators
were investigated via cyclic voltammetry (CV), galvanostatic
charge/discharge (GCD) measurements, electrochemical
impedance spectroscopy (EIS), and self-discharge tests.

2. Experimental
2.1 Material synthesis

Chemical and materials. All starting materials used are
commercially available and used without further purication
unless otherwise indicated. Anhydrous THF was reuxed and
distilled from sodium and benzophenone.

Synthesis of PAEK, PAEK with carboxyl pendant (PAEK–
COOH), and PAEK-g-PEG. PAEK was synthesized using the
aromatic nucleophilic substitution reaction method applied in
previous studies.42,43 PAEK was synthesized using 4,40-diuor-
obenzophenone (DFBP), 4-(4-hydroxyl-phenyl)(2H)-phthalazine-
1-one (DHPZ) as illustrated in Scheme 1. The synthetic proce-
dure (PAEK) was carried out as follows: DFBP (5.2390 g, 24.01
mmol), DHPZ (5.7178 g, 24 mmol), toluene (10 ml), and anhy-
drous K2CO3 (4.64 g, 33.6 mmol) were dissolved in TMS (10 ml)
in a three-necked ask equipped with a mechanical stirrer,
a nitrogen inlet, and a Dean–Stark trap with a condenser. The
mixture was reuxed for 2 h at 150 �C under nitrogen to remove
the resulting water. Toluene was then removed at 160 �C. The
mixture reaction was continued for 8 h at 190 �C to complete
polymerization. TMS (20 ml) was added and stirred for 20
minutes aer polymerization. The viscous solution was
RSC Adv., 2021, 11, 14814–14823 | 14815
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Scheme 1 Synthesis of PAEK, PAEK–COOH, and PAEK-g-PEG copolymers.
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subsequently poured into boiling water to precipitate the poly-
mer. Boiled the product in deionized water ve times and then
dried it. Yield: 91%. Mn: 61.6 kg mol�1. IR (Fig. S2†): nmax

(cm�1): 1661 (Ar–C]O), 1591, 1504 (Ar), 1237 (Ar–O–Ar).
PAEK–COOK was prepared using a similar synthesis proce-

dure to that of PAEK. Then, 10 g of PAEK–COOK was dissolved
in 200 ml of THF and 20 ml of concentrated HCl was added in
a drop-wise manner while stirring. The mixture was continu-
ously stirred for 8 h to ensure that the reaction was completed.
Third, the product was poured in deionized water and dried to
constant weight. Yield (82%). Mn: 24.4 kg mol�1. IR (Fig. S2†):
nmax (cm

�1): 1730 (O]C–OH), 1591, 1504 (Ar), 1237 (Ar–O–Ar),
1661 (Ar–C]O).

The synthesis procedure of the PAEK-g-PEG polymer was
conducted as follows: 10 g of PAEK–COOH, 30 g (30 mmol) of
MPEG (methoxypolyethylene glycol,Mn¼ 1000 g mol�1), 100 ml
of anhydrous THF were added to a three-necked ask equipped
with a mechanical stirrer and nitrogen inlet in nitrogen atmo-
sphere. The mixture was continuously stirred until it was dis-
solved. An anhydrous THF solution (30 ml) made of 2.536 g
(12.3 mmol) of DCC and 0.150 g (1.23 mmol) of DMAP was
added in a drop-wise manner in 2 h to avoid the formation of
14816 | RSC Adv., 2021, 11, 14814–14823
gel. The reaction was continued at 50 �C for 60 h under
nitrogen. The solution was ltered to remove the precipitate
(dicyclohexylurea, DCU) and then precipitated in deionized
water. The product was boiled thrice to remove the unreacted
MPEG and then dried in a vacuum at 80 �C for 48 h. Yield: 78%.
Mn: 33.9 kg mol�1. IR (Fig. S2†): nmax (cm

�1): 1730 (O]C–O–R),
1661 (Ar–C]O), 1591, 1504 (Ar), 1103 (–C–O–C–), 1237 (Ar–O–
Ar), 2928 (–CH2).
2.2 Preparation of PAEK/PAEK-g-PEG composite
microporous polymer electrolyte

Microporous PAEK/PAEK-g-PEG composite membranes were
fabricated via the NIPS process using 1-methyl-2-pyrrolidone
(NMP) as the solvent of PAEK/PAEK-g-PEG and isopropanol as
the coagulant (nonsolvent) (Scheme 2). PAEK and PAEK-g-PEG
polymers were dissolved in NMP (solvent) and the mixture was
stirred until a homogeneous solution formed. The viscous
solution was then casted onto a clean glass plate at a tempera-
ture and humidity of 20 �C and 60%, respectively, for 3 minutes.
The glass plate was then immersed in isopropanol for 30
minutes. Microporous membranes were prepared aer drying
to a constant weight in an oven at 80 �C for 24 h (as shown in
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Preparation of PAEK/PAEK-g-PEG composite micro-
porous membranes and schematic diagram of the EDLC-S3 formed
using S3 as the MPE and that of the EDLC-CS0 using CS0 as the
separator.

Table 1 Labels and porosities of synthesized composite microporous
membranes

Label
PAEK/PAEK-g-PEG
composition (wt/wt)

Porosity
(%)

S0 10/0 39.4
S1 9/1 67.8
S2 8/2 77.0
S3 7/3 84.2
S4 6/4 72.5
CS NKK-MPF30AC-100a 39.6

a NKK-MPF30AC-100 is commercial separator.
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Fig. S3†). The weight ratio of the PAEK to PAEK-g-PEG in
membranes was 10 : 0, 9 : 1, 8 : 2, 7 : 3, and 6 : 4 and then
labeled S0, S1, S2, S3, and S4, respectively (Table 1).

A certain amount of carboxylated chitosan (mass fractions of
carboxylated chitosan in LiClO4 aqueous solution were 0, 1, 2,
and 4 wt%) was added to the prepared 1 M LiClO4 aqueous
solution. The mixture was stirred continuously until the
carboxylated chitosan dissolved completely. Microporous
membranes were soaked in the LiClO4 electrolyte solution for
1 h to prepare MPEs, which were then labeled C0, C1, C2, and
C4. The commercial separator (NKK-MPF30AC-100) was also
immersed in the 1 M LiClO4 electrolyte without chitosan for
comparison and then labeled CS0 (Table 2).
Table 2 Compositions of the various microporous polymer
electrolytes

Label Membrane matrix Carboxylated chitosan (wt%)

C0 S3 0
C1 S3 1
C2 S3 2
C4 S3 4
CS0 NKK-MPF30AC-100 0

© 2021 The Author(s). Published by the Royal Society of Chemistry
2.3 Characterization

Material characterization. 1H NMR and Fourier transform
infrared (FT-IR) spectra of PAEK, PAEK–COOH, and PAEK-g-PEG
were obtained with a Varian DLG400 using CDCl3, DMSO and
a Bruker Equinox 55 spectrometer, respectively. Molar masses
were determined via gel permeation chromatography (GPC)
with an Agilent 1260 innity II high-temperature GPC system at
80 �C and run in NMP and calibrated against polystyrene
standards. Thermal properties of MPEs were analyzed using
thermogravimetric analysis (TGA). All membranes were fully
dried under vacuum at 80 �C for 48 h before measurements.
TGA was performed with a Mettler TGA/SDTA851 TGA thermal
analyzer within 30–700 �C in nitrogen ow at a heating rate of
10 �C min�1.

Physical characterization of MPEs. Morphologies of MPEs
and the commercial separator (NKK-MPF30AC-100) were
observed via scanning electron microscopy (SEM, HITACHI
UHR FE-SEM SU8200).

The porosity (P%) of microporous membranes was calcu-
lated using the ethanol uptake test as follows:17

P% ¼ W �W0

rV
� 100%; (1)

where W and W0 are weights of wet and dry microporous
membranes, respectively; r is the density of ethanol; and V is
the apparent volume of the porous membrane.

The electrolyte absorption (W%) and leakage capacity (WL%)
of membranes were determined as follows:44

W% ¼ Mwet �Mdry

Mdry

� 100%; (2)

WL% ¼ Mwet �Mt

Mwet �Mdry

� 100%; (3)

where Mt was measured aer wiping with lter paper.
2.4 Electrode preparation, symmetric EDLC assembly, and
electrochemical characterization of MPEs

EDLC was assembled by sandwiching MPEs between activated
carbon electrodes to evaluate its electrochemical performance
with MPEs (as shown in Fig. S5b, S6a and b†). Activated carbon
cathode was prepared using a mixture of activated carbon,
acetylene black, and PTFE at a weight ratio of 8 : 1 : 1.

The ionic conductivity of MPEs was measured via electro-
chemical impedance spectroscopy (EIS) measurements using
a VMP3 electrochemical workstation with a voltage amplitude
of 10 mV in the frequency range of 100 kHz to 1 Hz. Impedance
spectra were obtained from 20 �C to 60 �C. The electrolyte
membrane is sandwiched in two parallel stainless steel (as
shown in Fig. S5a†). Ionic conductivity s was calculated as
follows:45

s ¼ L

RbS
(4)

where L is the thickness and S is the contact area between the
electrolyte membrane and the stainless steel.
RSC Adv., 2021, 11, 14814–14823 | 14817
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Cyclic voltammetry (CV), galvanostatic charging/discharging
(GCD) and electrochemical impedance spectroscopy (EIS) tests
of EDLC were performed using a VMP3 electrochemical work-
station. The cyclic voltammetry (CV) was measured at different
scan rates (5–200 mV s�1) with a potential window of 0–1.5 V.
The galvanostatic charge/discharge (GCD) test was recorded at
various current densities (0.2, 0.5, 1, 2, and 5 A g�1) in
a potential range of 0–1.5 V. EIS measurements were carried out
in a frequency range of 0.01 Hz to 100 kHz with a potential
amplitude of 10 mV. The specic capacitance (Cs, F g�1), energy
density (Ecell, W h kg�1), and power density (Pcell, W kg�1) of the
symmetrical electrode were calculated as follows:46

Cs ¼ 4� I

mðV=tÞ ; (5)

Ecell ¼
�
Cs � V 2

8

�
� 1000

3600
; (6)

Pcell ¼ Ecell

t
� 1000; (7)

where I is the discharge current (A), t is the discharge time (s),m
is the mass of the active material in the two electrodes (g), and V
is the potential window (V).
3. Results and discussion
3.1 Analysis of chemical structures of polymers
1H NMR and FT-IR spectroscopies are performed to characterize
polymers (PAEK, PAEK–COOH, and PAEK-g-PEG), as shown in
Fig. S1 and S2,† respectively. Fig. S1a† show that proton signals
at d ¼ 8.62, 7.96 ppm were assigned to H1, H2,3,4 of DHPZ while
those at d¼ 7.84, 7.69, 7.16, ppm were assigned to H9,10, H8 and
H7 of DFBP. In Fig. S1b† peaks at 12.06, 2.35, 2.01, 1.58 were
assignable to protons H15, H12, H13 and H14. Notably, new peaks
in Fig. S1c† were observed at 3.63 and 3.37 ppm in the PAEK-g-
PEG spectrum due to the graed PEG segments. Structures of
these copolymers were further conrmed via FT-IR spectroscopy
(Fig. S2†). Absorption bands at 1103 and 2928 cm�1 were
formed due to the respective stretching vibrations of –C–O–C–
Fig. 1 (a) TGA curves and (b) porosities of microporous membranes (S0

14818 | RSC Adv., 2021, 11, 14814–14823
and –CH2 in graed PEG segments. As expected, polymers
PAEK, PAEK–COOH, and PAEK-g-PEG were successfully
synthesized.
3.2 Thermal characterization and morphologies of
composite microporous membranes

Thermal stabilities of MPEs were investigated via TGA. The
results are shown in Fig. 1a. TGA curves of composite
membranes indicated a two-step weight loss process, except for
the pure PAEK membrane (S0). The weight loss in the rst step
occurred at 175 �C, which was considered the loss of graed
PEG pendants. The weight loss in the second step occurred at
375 �C, which was considered the loss of the PAEK polymer
backbone. However, T5% of all membranes was higher than
220 �C. Therefore, the thermal stability of composite micropo-
rous polymer membranes can be used for the electrolyte
membrane of supercapacitors.

Fig. 2 and S4† show the SEM images of composite micro-
porous membranes and commercial separator. The number of
pores and pore diameter on the surface increased and reached
the maximum when the PAEK-g-PEG content was approximately
30 wt%. The PAEK-g-PEG content further increased and the pore
distribution became sparse. This is because the hydrophilic
segment of PEG interacts properly with isopropanol through
hydrogen bonds. Hence, isopropanol was evenly dispersed in
the membrane during the solvent–nonsolvent exchange and the
pore distribution was uniform and dense. The interaction
resulted in the retardation of the solvent–nonsolvent exchange
in the composite membrane and increase of pore size. However,
the accumulation of isopropanol mainly in the PEG phase
decreased the pore distribution when the PAEK-g-PEG content
was 40%. The creation of ion transport channels in micropo-
rous membranes was presented in this work. The hydrophilic
PEG segment moved to the isopropanol-rich phase and
remained on the resulting pore surface in the process of pore
formation.47,48 Therefore, this pore structure of composite
microporous membranes was benecial to the transport of
lithium ions. The ionic conductivity of MPEs mainly depends
on the liquid phase.44 Therefore, the porosity of composite
–S4).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Surface morphologies of the fabricated micro-porous membranes (a) S0, (b) S1, (c) S2, (d) S3, and (e) S4 and (f) cross-section image of S3.
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microporous membranes is a signicant factor, which was
measured via the ethanol uptake test. The results are presented
in Table 1 and Fig. 1b. The porosity of polymer membranes
reach the maximum value (84.2%), which was signicantly
greater than that of the commercial separator (39.6%), when the
ratio of PAEK to PAEK-g-PEG was 7 : 3. Furthermore, the result
was consistent with SEM images (Fig. 2).

Morphologies and porosities of composite microporous
membranes demonstrated that S3 is the most suitable electro-
lyte membrane for supercapacitors.
3.3 Aqueous electrolyte absorption and leakage rates of
MPEs

Ion transport mainly occurs in the liquid phase of microporous
polymer membranes. Therefore, absorption and leakage rates
of the aqueous electrolyte directly inuence the transport of
ions. Absorption and leakage rates of the microporous electro-
lyte membrane S3 and the commercial separator are shown in
Fig. 3a and b, respectively.

The liquid absorption of S3 rst increased and then
decreased when a certain amount of chitosan was added to the
Fig. 3 Liquid electrolyte (a) absorption and (b) leakage rates of the m
concentrations and the commercial separator formed using 2% chitosan

© 2021 The Author(s). Published by the Royal Society of Chemistry
LiClO4 aqueous electrolyte and the liquid absorption rate
reached the maximum when the chitosan content was 2%
because carboxylated chitosan contains a lot of amino (–NH2),
hydroxyl (–OH) and carboxyl groups (–COOH). Due to the
presence of a large number of hydrophilic groups, it has a high
degree of hydrophilicity, which helps to maintain a high
moisture content in the polymer matrix, thus enhancing the
ionic conductivity. However, the further increase in the
concentration of chitosan in the liquid, the volume fraction of
carboxylated chitosan increases more and the carboxylated
chitosan in the porous membrane becomes the main compo-
nent, while the water content is greatly reduced. In addition, the
liquid absorption of the commercial separator immersed in the
aqueous electrolyte containing 2% chitosan was not as high as
that of any S3 membrane mainly due to the low porosity of the
commercial separator. The electrolyte leakage rate of the
microporous electrolyte membrane S3 and the commercial
separator are illustrated in Fig. 3b. The introduction of chitosan
reduced the electrolyte leakage. The high content of chitosan
indicates the low electrolyte leakage for S3. The leakage rate of
the commercial separator was signicantly greater than that of
S3 when the chitosan content was 2% likely due to the affinity of
icroporous electrolyte membrane S3 formed using various chitosan
concentration.
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Fig. 4 (a) EIS Nyquist plot for the frequency range of 100 kHz to 1 Hz at 293 K. (b) Temperature dependence (293–333 K) of the ionic conductivity
of the MPE S3 using 1 M LiClO4 aqueous solution with 2% chitosan concentration and CS0 using 1 M LiClO4 aqueous solution without chitosan.

Fig. 5 CV curves of (a) EDLC-CS0 and (b) EDLC-S3 at different scan rates (5–200mV s�1). (c) EIS Nyquist plot for the frequency range of 0.01 Hz
to 100 kHz. (d) GCD curves of EDLC-CS0 and EDLC-S3 at various current densities. (e) Specific capacitance and (f) increase rate of energy density
for EDLC-CS0 and EDLC-S3 at different current densities.

14820 | RSC Adv., 2021, 11, 14814–14823 © 2021 The Author(s). Published by the Royal Society of Chemistry
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PEO and chitosan.36 In conclusion, the maximum positive effect
of the chitosan content of 2% in the aqueous LiClO4 electrolyte
on absorption and leakage rates of microporous polymer
membrane S3 is suitable for solid-state EDLCs. Therefore, we
used the S3 membrane with 1 M LiClO4 aqueous solution with
2% chitosan concentration for the following experiments.
3.4 Ionic conductivities of the polymer electrolyte S3 using
the 1 M LiClO4 aqueous solution with 2% chitosan
concentration

Ionic conductivity, a key parameter for electrolyte applica-
tions,19 was investigated at various temperatures (from 293 K to
333 K) for composite polymer electrolytes S3 and CS0. Fig. 4a
and b present EIS Nyquist plot at 293 K and the temperature
dependence of ionic conductivities in Arrhenius plots of CS0
and S3. The ionic conductivity of S3 and CS0 increased with
increasing temperature. The thickness of S3 and commercial
separator CS used in this test was approximately 105 and 92 mm,
respectively. The results showed that the Li+ ion transport
ability of S3 is nearly two times higher at 2 � 10�2 S cm�1 at 293
K (as shown in Fig. 4a) and 2.98 � 10�2 S cm�2 at 333 K
compared with the ionic conductivity of CS0 at 1.03 �
10�2 S cm�1 at 293 K. This nding exhibited that abundant pore
structures allow the lithium ion to move freely while the affinity
of the EO unit of the graed PEG chain to Li+ ions further
facilitates the transport of lithium ions.49,50 In addition, the ion
transport of the composite microporous membrane is unhin-
dered by the added carboxylated chitosan.
3.5 Electrochemical performance of EDLC with MPE S3 and
activated carbon electrodes

Two activated carbon (AC) electrodes with the same weight as
working electrodes were assembled with S3 in the two-electrode
system. The commercial separator with the 1 mol L�1 LiClO4

electrolyte without chitosan was assembled in the same way for
comparison, as shown in Scheme 2. The two devices were
labeled EDLC-S3 and EDLC-CS0. First, cyclic voltammograms of
EDLC-S3 and EDLC-CS0 were obtained from 0.0 V to 1.5 V.
Fig. 5a and b show that shapes of CV curves of EDLC-S3 and
EDLC-CS0 were similar due to the excellent ionic conductivity.
Fig. 6 Open-circuit potential decays of (a) conventional liquid supercap

© 2021 The Author(s). Published by the Royal Society of Chemistry
Quasi-rectangular shapes at scan rates of 5 and 100 mV s�1

indicated their ideal capacitive behavior and low contact
resistance.12

Electrochemical impedance spectroscopy (EIS) is commonly
used to investigate the charge transfer in electrode, ion trans-
port through electrolyte, and ion diffusion at the interface of
electrolyte/electrode. We performed EIS measurements with
frequencies from 0.01 Hz to 100 kHz for EDLC-S3 and EDLC-
CS0, as shown in Fig. 5c. Nyquist plots of EDLC-S3 and EDLC-
CS0 display a similar pattern. A linear part can be observed in
the low-frequency region and a semicircle can be observed in
the high-frequency region. A vertical line parallel to the imagi-
nary axis (Z00) was shown in the plots of both EDLC-S3 and
EDLC-CS0 in the low-frequency region, thereby indicating the
ideal capacitive behavior of EDLC-S3 and EDLC-CS0. Both
EDLC-S3 and EDLC-CS0 showed semicircles at 1.53 and 1.35 U,
respectively, in the high-frequency region, thereby indicating
the slightly higher interface transfer resistance of S3 than
CS0.51,52

The galvanostatic charge/discharge (GCD) curves for EDLC-
S3 and EDLC-CS0 devices at various current densities (0.2–
5 A g�1) in Fig. 6d exhibited a typical triangular shape that
corresponds to ideal EDLC properties. The small voltage drop at
the beginning of the discharging step for both of EDLC-S3 and
EDLC-CS0 was associated with the overall resistance of the
system.19,53 Notably, the discharge time of EDLC-S3 at 499 s was
longer than that of EDLC-CS0 at 475 s under the same current
density of 0.2 A g�1 and Cs values of EDLC-S3 and EDLC-CS0
were 134.38 and 126.92 F g�1, respectively. Hence, super-
capacitors using S3 can obtain more specic capacitance than
those with LiClO4 liquid electrolyte due to the same electrode
materials of the two devices. Cs values at various current
densities for EDLC-S3 and EDLC-CS0 are listed in Table S2.†
Under all current densities, Cs values of EDLC-S3 were slightly
higher than that of LiClO4 liquid electrolyte. The difference
between EDLC-S3 and EDLC-CS0 is clearly illustrated in Fig. 5e.
The Cs value decreased gradually with the increase of the
current density due to the reduced ion diffusion into the elec-
trode. Moreover, Ecell values of EDLC-S3 were also slightly
higher than that of CS0 at different current densities. The
energy density of the supercapacitor using S3 was 15.82%
acitor EDLC-CS0 and (b) solid-state supercapacitor EDLC-S3.
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Fig. 7 Capacitance retention of the solid-state supercapacitor EDLC-
S3 and the liquid supercapacitor EDLC-CS0 at a charging/discharging
current density of 1 A g�1.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 4

/2
9/

20
26

 5
:3

8:
10

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
higher than that of the supercapacitor using CS0 under
a current density of 5 A g�1 (Fig. 5f). These results can be
attributed to the efficient ionic transport ability of S3.19 Li+ ions
can diffuse into AC electrode pores more effectively, even at
high current densities, due to the enhanced ionic transport
ability of MPE S3 (Fig. 4), thereby enhancing Cs and Ecell values
of supercapacitors.54,55

Apart from the specic capacitance, energy density, and
ionic conductivity, the rapid self-discharge phenomenon also
severely limits the application of supercapacitors. Self-
discharge tests for S3 and CS0 were performed. Fig. 6a and
b show the decay of open-circuit potential aer charging at
different current densities (0.5 and 1 mA cm�2) for S3 and CS0,
respectively. Compared with EDLC-CS0, EDLC-S3 displayed
a lower self-discharge behavior of only 33% and 36% aer
charging current densities of 0.5 and 1 mA cm�2, respectively,
within 70 000 s. This nding is signicantly better than that of
conventional supercapacitors (42% and 52% aer charging
current densities of 0.5 and 1 mA cm�2, respectively, within
70 000 s). Hence, S3 can restrain the self-discharge behavior of
supercapacitors to a certain extent due to excellent electrical
insulation characteristics of the electrolyte S3.56,57

The cycle stability of the EDLC-S3 device was also evaluated
at a constant charging/discharging current density of 1 A g�1, as
shown in Fig. 7. The capacitance retention value of EDLC-S3
remained nearly constant in over 5000 cycles due to the
enhanced liquid retention ability of EDLC-S3. Owing to the ow
and leakage of the aqueous electrolyte, the specic capacitance
of the liquid supercapacitor EDLC-CS0 began to decay aer 600
cycle. Therefore, excellent electrochemical characteristics of the
composite microporous membrane achieved in this study
indicate its suitability for use in practical EDLCs.
4. Conclusion

We successfully developed a novel PAEK/PAEK-g-PEG micropo-
rous electrolyte S3, which was formed using carboxylated chi-
tosan with a concentration of 2%. The novel MPE demonstrated
several advantages, such as high electrolyte absorption capacity,
14822 | RSC Adv., 2021, 11, 14814–14823
high thermal stability, and excellent ionic conductivity (2 �
10�2 S cm�1 at room temperature). Symmetric solid-state EDLC
that combines microporous electrolyte S3 with activated carbon
electrodes exhibited high electrochemical performance
conductivity. The high specic capacitance of solid-state EDLC-
S3 reached 134.38 F g�1 with a potential window of 0–1.5 V and
exhibited low internal resistance, improved cycling perfor-
mance, and low self-discharge behavior. Thus, our study
provides a promising and new direction for developing solid-
state electrolytes in the eld of solid-state electronics devices.
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