Journal of Solid State Electrochemistry (2023) 27:1143-1154
https://doi.org/10.1007/510008-023-05431-y

ORIGINAL PAPER q

Check for
updates

lonic liquid incorporated SPEEK/Chitosan solid polymer electrolytes:
ionic conductivity and dielectric study

Mesut Yilmazoglu'® . Fatih Bayiroglu? - Hamit Erdemi® - Ufuk Abaci® - H. Yuksel Guney®

Received: 22 December 2022 / Revised: 3 February 2023 / Accepted: 16 February 2023 / Published online: 22 February 2023
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract

In this study, polymeric membranes composed of ionic liquid (IL), 1-ethyl-3-methylimidazolium tetrafluoroborate supported
sulfonated poly(ether ether ketone) (SPEEK), and chitosan (CS) were prepared as novel promising solid polymer electrolytes
(SPEs). First, the SPEEK polymer matrix was obtained by sulfonation of the PEEK polymer backbone. A composite mem-
brane series (SPEEK/CS/IL-(1-4)) was created by adding CS at varying weight ratios according to the SPEEK. Structural,
thermal, mechanical, and morphological characterizations were performed by FTIR, TGA, DMA, and SEM, respectively.
Proton conductivity and dielectric measurements were performed over a wide temperature range to evaluate electrochemical
properties. Composite membranes were stable for electrochemical processes at average temperatures. Storage modules have
also improved with the addition of CS. All composite membranes showed ionic conductivities greater than 1 x107*S.cm™,
and the maximum conductivity was measured for SPEEK/CS/IL-4 as 9.87 x 1073 S.cm™!. Proton conductivity and dielectric

tests showed that the SPEEK/CS/IL membrane series was presented as a novel SPE candidate.
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Introduction

Solid polymer electrolytes (SPEs) have received great atten-
tion in electrochemical applications in recent years [1].
Limiting deficiencies such as corrosion, harmful liquid/gas
leakage, and short circuit encountered in conventional liquid
electrolytes have made the use of SPEs more widespread [2].
Polymer matrices can be shaped into the various size con-
figuration, and SPEs can be prepared as thin films and lay-
ers with the desired flexibility. Moreover, polymer matrices
can be easily functionalized with various organic/inorganic
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additives and processes [3, 4]. With these advantages, indus-
trial and academic studies are increasingly focused on the
use of superior SPEs in advanced electrochemical systems
such as capacitors, sensors, electrochromic devices, fuel
cells, and Li- and Na-ion batteries [3-7].

Polymer matrices such as polyacrylonitrile (PAN), polyvi-
nylpyrrolidone (PVP), polyethylene oxide (PEO), poly(ether
ether ketone) (PEEK), and polysulfone (PS) are commonly
used in the preparation of SPEs [8]. Polymer matrices can
be functionalized with various additives such as TiO,, SiO,,
graphene oxide, and ionic salts to enhance ionic conductiv-
ity, thermal strength, and mechanical stability [8, 9]. In addi-
tion, processes such as chloromethylation and sulfonation
may be needed as a pretreatment [10]. Sulfonated poly(ether
ether ketone) (SPEEK) polymer matrix, developed to replace
commercial Nafion membrane, which is essentially used in
PEM fuel cells, is produced in this way by sulfonation of
pure PEEK polymer [10, 11]. SPEEK polymer matrix is one
of the most promising candidates as an alternative to com-
mercial membrane electrolytes, with its high thermal stabil-
ity and mechanical strength as well as being cheap. SPEEK
membrane films are primarily preferred in electrochemi-
cal applications due to their outstanding properties such as
high thermal stability, high water uptake capacity, excellent
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chemical and oxidative resistance, cost-effective and easy
preparation, and long service life [10-13]. The degree of
sulfonation (DS) has a significant effect on the proton con-
ductivity and ionic mobility of SPEEK polymer electrolytes
[14]. The DS changes with reaction time and acid concentra-
tion used in the sulfonation process [11, 14]. While high DS
increases the ionic conductivity, it leads to a reduction in
the mechanical strength of the polymer membranes because
of its good swelling property [15]. For this reason, different
ways are essential to keep both the conductivity and mechan-
ical strength of SPEEK-based polymer electrolytes within
certain limits depending on the field of application. The
main approach is to blend the SPEEK polymer matrix with
various polymers, crosslinking agents, hydrophobic materi-
als, and several inorganic additives to provide mechanical
strength with enhanced ionic conductivity [16, 17]. Bisht
et al. studied the thermal and mechanical stability of the
three-component hybrid structure of the SPEEK membrane
matrix containing SiO,, sulfonated SiO,, and metal—organic
framework (MOF-5) for PEM applications. They showed
that the ionic and electrostatic interaction between the func-
tional sulfonic acid groups of SiO, and MOF-5 improved the
proton conductivity [18]. In another study, Parnian et al. syn-
thesized and tested SPEEK-ceria nanocomposite membranes
loaded with different ratios of cerium. The nanocomposite
membranes also showed very high durability under the high
stress [19]. In our previous studies, thermal, mechanical,
and structural characterizations and dielectric performance
of composite membranes produced by adding ionic liquids
to the SPEEK polymer matrix were investigated. In these
studies, it was reported that different ionic liquid additives
improved ionic conductivity in addition to thermal and
mechanical stability for high-temperature electrochemical
applications [20, 21].

In recent years, many approaches have been presented on
the development of cost-effective and environmentally friendly
materials and polymeric membranes for electrochemical appli-
cations [22, 23]. Biomass-derived polymers have attracted
great interest as polymer electrolyte. Chitosan (CS), a biopol-
ymer that can be easily obtained from crab or shrimp shells,
is also one of the important electrolyte candidates [24]. CS is
hydrophilic and insoluble in water and alkaline environment.
It is a potential electrolyte candidate in electrochemical appli-
cations as it is obtained with an easy production procedure,
low cost, and allows various chemical modifications because
of having the free hydroxyl and amine units in the backbone
[24, 25]. Despite these superior properties, it also has limita-
tions such as low proton conductivity and high swelling in its
natural form, and modifications such as ionizing, crosslinking,
or blending with other polymer matrices are needed to solve
these problems [26]. Gil-Castell et al. synthesized CS/PVA
blended electrolytes containing sulfosuccinic acid (SSA) as a
crosslinker and sulfonation agent and glycerol as a plasticizer
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support. The resulting blended membranes exhibited efficient
polyelectrolyte properties for direct ethanol fuel cells [27]. In
another study, Wong et al. prepared CS/PVA composite mem-
branes for fuel cell applications using sulfosuccinic acid (SSA)
and 4-sulphthalic acid (SPTA) crosslinkers, and they reported
the effects of different crosslinkers on membrane performance.
The results showed that using SSA with the existence of sul-
fonic acid units was more efficient in crosslinking and mem-
brane performance [28]. Ranjani et al. analyzed the perfor-
mance of the composite membrane by adding the hygroscopic
silica nanofiller to CS/sulfonated graphene oxide blends. The
interaction between the components significantly increased the
ion mobility and conductivity [29]. Vijayakumar et al. reported
a series of cross-linked CS-based hybrid nanocomposite elec-
trolytes made by utilizing polyaniline/nano silica (PAni/SiO,)
as inorganic filler. The CS-PAni/SiO, nanocomposites showed
improved oxidative and mechanical properties. They reported
that these nanocomposite membranes could be successfully
employed as environmentally friendly polyelectrolytes in fuel
cell applications [30].

In this study, the SPEEK/CS/IL-based membrane series was
presented to the literature for the first time. Within the scope of
the study, it was predicted that the IL in the composite structure
will facilitate the separation of protons from the sulfonic acid
groups, and the continuous hydrophilic channel formed by the
interaction between SPEEK and CS will improve proton trans-
fer. For this purpose, IL, 1-ethyl-3-methylimidazolium tetra-
fluoroborate, was incorporated to the SPEEK polymer matrix
in moles equal to the sulfonic acid units in SPEEK, and then
SPEEK/CS/IL composite membrane series was prepared by
adding CS at different weight ratios to the SPEEK structure.
Composite blend electrolytes were obtained by the solution
casting method. Structural, thermal, mechanical, and morpho-
logical characterizations of SPEEK/CS/IL composites formed
by the addition of CS were performed by Fourier transform
infrared spectroscopy (FTIR), thermogravimetric analysis
(TGA), dynamic mechanical analysis (DMA), and scanning
electron microscopy (SEM) analysis, respectively. AC/DC
conductivity (c,./c,4.) and dielectric properties (€', €") of poly-
mer electrolyte membranes were discussed in detail, and their
usability in electrochemical applications was evaluated.

Materials and method
Materials

Chitosan (CS) and sulfuric acid (H,SO,, 95-98 wt.%) were
purchased from Merck. Poly(ether ether ketone) (PEEK)
was received from Rochling Sustaplast SE & Co.Kg and
was dried before sulfonation (24 h, at 65 “C). Silver (I) oxide
(Ag,0,>99.99%), 1-ethyl-3-methylimidazolium bromide
(C¢H,,B1N,,>97.0%) tetrafluoroboric acid solution (48
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wt.% in H,0), and N,N-dimethylformamide (DMF, anhy-
drous, 99.8%) were obtained from Aldrich. Sodium chloride
(NaCl, >99.5%) and sodium hydroxide (NaOH, ACS rea-
gent, >97.0%) were received from Merck and used as received.

Preparation of 1-ethyl-3-methylimidazolium
tetrafluoroborate (IL)

Tetrafluoroboric acid solution was added dropwise (30 min)
onto silver (I) oxide, which was mixed as a slurry of a certain
amount of distilled water. The reactor containing the mixture
was covered with aluminum foil to prevent photodegradation
effects, and the mixture was stirred until a clear solution was
obtained. Subsequently, 1-ethyl-3-methylimidazolium bro-
mide was added to the homogeneous mixture at an equimolar
ratio to other reactants and stirred at room temperature for 4 h.
Silver bromide (AgBr) precipitates were removed by filtration
with filter paper. The liquid mixture was placed in a vacuum
rotary evaporator at 80 ‘C, and 1-ethyl-3-methylimidazolium
tetrafluoroborate (IL) was obtained in the yellow oily phase
[20]. [Yield: 98.4%, 1H-NMR: 9.13 (s, 1H), 7.54 (t, 1H), 7.79
(t, 1H), 4.01 (q, 2H), 3.91 (s, 1H), 1.44 (t, 3H)].

Preparation of sulfonated poly(ether ether ketone)
(SPEEK)

A certain amount of weighed PEEK was ground and put into
10 ml of sulfuric acid. The sulfonation process was carried
out by mixing at 80 “C for 1 h. After 1 h, the dark red vis-
cous mixture was slowly dropped into 1 L of cold water—ice
mixture. SPEEK structures precipitated in the form of drops.
In order to remove the excess acid in the structure, it was
washed several times with distilled water and dried at 65 'C
for 48 h. The degree of sulfonation (DS) and ion exchange

Scheme 1 Chemical interaction CH,0H
in SPEEK/CS/IL composite
electrolytes
NH, =
ITH NH,
H,c—C=0
Chitosan
SO;H
SO;H SO;H
SPEEK
IL

capacity (IEC) of the obtained SPEEK polymer matrix were
determined by analytical methods and found to be 30% and
0.94, respectively [20].

Preparation of composite membranes (SPEEK/CS/
IL-(1-4))

SPEEK/CS/IL-1, SPEEK/CS/IL-2, SPEEK/CS/IL-3,
SPEEK/CS/IL-4, and SPEEK/IL composite membranes
were prepared by solution casting method. CS-doped mem-
branes, SPEEK/CS/IL-1, SPEEK/CS/IL-2, SPEEK/CS/
IL-3, and SPEEK/CS/IL-4 were prepared with a weight ratio
(SPEEK:CS) of 50:50, 60:40, 70:30, and 80:20, respectively.
Firstly, a particular amount of SPEEK was weighed and dis-
solved in DMF. IL was added equimolar to the sulfonic acid
groups in the weighed amount for each membrane mixture
and mixed for 2 h. On the other hand, a particular amount
of CS for each composite membrane was weighed and dis-
solved in 30 ml acetic acid solution (5%), and each CS set
was kept in the refrigerator for 24 h. Finally, the SPEEK/
IL and CS mixtures formed by weighing for each compos-
ite membrane were mixed for 6 h. Each membrane solution
was poured into glass petri dishes to remove solvents and
incubated at 40 °C for 48 h. Composite membranes were
obtained in the form of films by peeling off the petri dishes.
The chemical structure of SPEEK/CS/IL composite electro-
lytes and possible interactions of components are presented
in Scheme 1.

Prepared membranes and their compositions are shown
in Table 1.

Characterization
The ion exchange capacity (IEC) of the SPEEK polymer

matrix was calculated. For IEC determination, 0.05-0.1 g

CH,OH

CH,OH

SO;H
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Table 1 SPEEK/CS/IL composite membranes and their compositions

Sample Mole ratio (HSO;:IL) Weight ratio
(SPEEK:CS)
SPEEK/CS/IL-1 1 50:50
SPEEK/CS/IL-2 1 60:40
SPEEK/CS/IL-3 1 70:30
SPEEK/CS/IL-4 1 80:20
SPEEK/IL 1 100:0

of SPEEK was added to 20 mL of saturated NaCl solution at
50 °C for 48 h in order to allow the displacement of H* and
Na™ ions in the sulfonic acid groups. Then, the solution was
titrated with 0.1 N NaOH, and the IEC value was calculated
by the following equation:

IEC = (Viaon X Nxaon) /W, (1)

(Vnaon=NaOH consumption; Ny,oq =NaOH normality;

W, =dry weight of membrane or polymer after ion exchange).
After the IEC determination, the DS value of SPEEK was

determined by using the following formula [31]:

DS(%) = [(288 X IEC)/(1000 — 103 X IEC)] X 100 (2)

where 288 gmol~! is the mass of the unit of the initial
polymer (PEEK), and 103 gmol~! is the molar mass of the
SO;Na group. As mentioned before, the IEC and DS values
of the SPEEK polymer matrix were calculated as 0.94 and
30%, respectively.

Fourier transform infrared spectroscopy (FTIR) measure-
ments were performed for the structural characterization of
the composite electrolyte series. Analyses were performed
with ATR unit integrated Perkin Elmer Spectrum 100 instru-
ment at a wavenumber range of 6504000 cm™~! and at room
temperature. Scanning electron microscopy (SEM) morpho-
logical characterizations of polymer electrolyte membranes
were performed with a Carl Zeiss 300VP instrument. Ther-
mogravimetric analyses (TGA) were performed to deter-
mine the temperature resistance and thermal behavior of
the polymer electrolyte membrane series. TGA analyses
were performed under nitrogen atmosphere with SEIKO
TG/DTA 6300 device with a heating rate of 10 ‘C/min in
the temperature range of 25-800 C. Mechanical tests of the
membranes were performed by dynamic mechanical analysis
(DMA). DMA analyses were performed with SEIKO DMS
6100 instrument at a heating rate of 2 ‘C/min and in tension
mode. Proton conductivity (o) and dielectric tests (dielectric
constant (¢'), imaginary part of dielectric permittivity ("))
were carried out by Agilent 4284A LCR Meter instrument in
the frequency range of 20 Hz—1 MHz and in the temperature
range of 310-400 K.
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Fig. 1 FTIR spectra of PEEK, SPEEK, SPEEK/IL, and SPEEK/CS/
IL electrolytes

Results and discussion
Characterization of electrolytes

SPEEK, SPEEK/IL, and SPEEK/CS/IL-(1-4) composite elec-
trolytes were characterized by FTIR spectroscopy to confirm
the sulfonation process and chemical interaction of SPEEK/IL
and CS. The FTIR spectra of the samples are shown in Fig. 1.

The peak corresponding to the O—H stretching vibration
in sulfonated polymer electrolyte structures was strongly
observed at 3450 cm™!. The presence of sulfonic acid groups
in the SPEEK membrane matrix was further evidenced by
the vibrations at 1020 and 1218 cm™!, corresponding to
S—O and asymmetrical O =S =0 tension bands. The vibra-
tion observed at 1150 cm™! indicates the symmetrical
NH; +deformation in the SPEEK/CS structure. Additionally,
the peak observed at 1150 cm™" was also attributed to the
imidazole groups of the IL structure. The vibrations arising
from the carbonyl groups in the SPEEK matrix were seen
at 1645 cm™!, while the 1480 and 1595 cm™' peaks were
attributed to the aromatic groups in the SPEEK structure. For
SPEEK/CS/IL electrolytes, new broad peaks were observed
at 1530 and 1630 cm™', and they attributed to the presence of
O=C-NHR and NH, of CS, respectively [20, 32].

Thermal strength is one of the basic criteria sought in some
application areas of solid polymer electrolytes to be used in
electrochemical applications is thermal stability. For this pur-
pose, the thermal behavior of PEEK, SPEEK, SPEEK/IL, and
SPEEK/CS/IL-(1-4) membranes were investigated by TGA
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analyses in the nitrogen atmosphere at a temperature range of
25-800 °C. TGA curves are shown in Fig. 2.

As shown in the figure, pure PEEK membrane showed
single polymer main chain degradation behavior, while
SPEEK/CS/IL composite membranes showed three degrada-
tion behaviors. For pure PEEK, the single thermal degrada-
tion phase starting at 550 °C corresponds to the decomposi-
tion of the polymer main chain [33]. Initial weight loss for
composite polymer electrolytes was observed at about 100
°C due to the evaporation of adsorbed moisture in the poly-
mers. The second weight loss zones of the SPEEK, SPEEK/
IL, and SPEEK/CS/IL composite membranes occurred at
the temperature range of 150-250 °C due to the sulfonic
acid groups [33, 34]. Thermal stability is slightly lower in
CS-doped composite electrolytes. The main reason for this
is the increase in the side group degradations present with
the addition of both IL and CS. In SPEEK/CS/IL compos-
ites, the first decomposition in the temperature range of
40-100 °C corresponds to the evaporation of water. Subse-
quently, multiple degradation steps between 150 and 300 C
are attributed to the degradation of the amino and hydroxyl
side chains in the SPEEK and CS. Finally, the degradation
step that appears between 300 and 550 °C also proves the
CS polymer backbone degradation in composite structures.

Morphological images of PEEK, SPEEK, and SPEEK/
CS/IL-4 membranes were obtained by SEM analysis and
presented in Fig. 3.

PEEK polymer film has a homogeneous and dense sur-
face structure before sulfonation (Fig. 3a) [20]. The sulfonic
acid groups attached to the polymer backbone after sulfona-
tion caused the distances and branching between the polymer
chains. Therefore, the surface morphology of the SPEEK
polymer matrix is more irregular (Fig. 3b). While PEEK

— SPEEK/CS/IL-1
— SPEEK/CS/IL-2
— SPEEK/CS/IL-3
—— SPEEK/CS/IL-4
— SPEEK/IL
—PEEK
—— SPEEK

100

T Y T v T . T LS T y T X T ¥ T X T ¥
0 100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig.2 TGA curves of PEEK, SPEEK, SPEEK/IL, and SPEEK/CS/IL
electrolytes

Fig.3 SEM micrographs of a PEEK, b SPEEK, and ¢ SPEEK/CS/
IL-4 electrolytes [20]

does not exhibit ionic conductivity in its pure form, the sul-
fonic acid groups included in the polymer backbone both
provide active conduction due to the functional ion charge
and increase mobility [20]. As seen in Fig. 3c, the composite
polymer electrolyte obtained by the addition of IL and CS
showed a dense and homogeneous morphology. With the
interaction of active ends in CS and IL structures and sul-
fonic acid groups in SPEEK, branching and gaps between
polymer matrix were eliminated.
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Polymer electrolyte membranes should also show supe-
rior mechanical properties in electrochemical processes.
Mechanical properties of solid polymer electrolytes prepared
within the scope of the study were evaluated with DMA.
For this purpose, the storage (E') modulus of SPEEK and
SPEEK/CS/IL-(1-4) composite membranes were analyzed,
and the DMA plots are given in Fig. 4.

As seen in the figure, the storage modulus of the com-
posite electrolytes was plotted as a function of temperature.
After reaching the maximum storage (E') modulus with the
increase in temperature, the storage (E') modulus of all elec-
trolytes decreased, as transitions from a glassy to rubbery
state occurred. Due to the plasticizing effect of the presence
of ionic liquid in the SPEEK/IL. membrane, the storage (E')
modulus was considerably reduced [20, 21]. On the contrary,
composite electrolytes formed by the addition of CS showed
high storage (E') modulus values. This is due to the fact that
crosslinking in SPEEK/CS/IL-(1-4) electrolytes creates a
denser and harder network structure [35].

Proton conductivity

The ionic conductivity of SPEEK/CS/IL composite mem-
branes was measured with ac impedance up to 1 MHz at
various temperatures under an anhydrous atmosphere. The
samples were sandwiched between two electrodes in a tem-
perature-controlled cell. The ionic conductivity () is essen-
tially described by following Eq. (3):

-4
o= 3)

where d represents the thickness, R is the bulk resistance of
the sample, and A is the electrode contact area.

—— SPEEKI/CS/IL-1
—— SPEEK/CS/IL-2
—— SPEEKI/CS/IL-3
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—— SPEEKI/IL
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Fig.4 DMA graphs of SPEEK/IL and SPEEK/CS/IL-(1-4) electrolytes
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In general, proton conductivity takes place by two mecha-
nisms: Grotthuss and vehicular. In the Grotthuss mechanism,
the proton jumps from one ionic region to the other, while
the proton is transferred by a charge carrier in the vehicu-
lar mechanism. The anhydrous proton conductivities of the
SPEEK/CS/IL-4 membrane as a function of frequency at
various temperatures are portrayed in Fig. 5.

The proton conductivity of composite membranes reduced
with improving temperature in an anhydrous environment
as in previous studies [35, 36]. This may be explained by
the evaporation of water retained in both Il and the polymer
matrix as the temperature rises. It causes a decrease in con-
ductivity since the presence of the mobile phase, i.e., water,
is absent or rather limited at higher temperatures. Under these
conditions, — SO;H groups in the SPEEK do not make an
appreciable contribution to conductivity or become almost
immobile in the anhydrous environment. From Fig. 6, it can
be readily confirmed that the successful addition of ILs to a
SPEEK/CS host matrix has been made.

The incorporation of ILs leads to an improvement of more
than 10 times in ionic conductivity compared to the polymer
matrix, which is primarily attributed to having a high ionic
charge in the composite membranes. Accordingly, polymer
chain mobility as well as ionic mobility increases, which
enables the formation of proton transport pathways inside
the composite membranes [37]. In addition, ionic liquids
may produce an environment that helps proton transport in
composite membranes as water in hydrated polymer electro-
lyte membranes [38].

An increasing amount of ionic liquid facilitates the dis-
sociation of protons from the sulfonic acid groups of SPEEK
leading to an enhancement in proton conductivity. All com-
posite membranes display ionic conductivities greater than
1x107* S.cm™!, surpassing that of pristine chitosan (CS),
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Fig.5 The frequency-dependent ac conductivity of SPEEK/CS/IL-4
composite membrane at various temperatures
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Fig.6 Temperature-dependent ac conductivity of SPEEK/CS/IL com-
posite membranes

SPEEK, and CS-SPEEK composite membranes as reported
in previous studies [39-42]. The highest conductivity was
measured as 9.87 x 107> S.cm™! for the SPEEK/CS/IL-4
composite membrane, while the SPEEK/CS/IL-1 membrane
exhibits the lowest ionic conductivity of 1.70x 10~* S.cm™.
The -OH group on SPEEK can offer additional conduction
area for proton transfer, and the interaction between CS and
SPEEK ensures the formation of a continuous hydrophilic
channel, allowing proton transfer to occur via diffusion
mechanism. Moreover, electrostatic interactions among
SPEEK, chitosan, and IL result in the development of vari-
ous ions such as—OH™,—NH;", and heteropoly anions in
composite membranes. The movement of the proton takes
place through ionic and hydrogen bonds by jumping between
functional groups. Accordingly, the proton conductivities
in these membranes can occur by both vehicular and Grot-
thuss mechanisms. Figure 6 indicates that the increase in
the chitosan content has a negative effect on the proton
conductivity, and accordingly, the conductivity decreases.
In composite membranes, amino groups (—NH,) in CS
interact with the sulfonic groups (—SO;H) in SPEEK to
form —NH; leading to a crosslinking-like structure [43, 44].
The decrease in conductivity of composite membranes hav-
ing SPEEK as a result of the crosslinking has already been
reported [35, 45, 46]. With increasing the number of -NH,
species (consumed amount of sulfonic acid groups), the
number of — SO;H species decreases, which plays a signifi-
cant role in the conduction mechanism. As explained earlier,
proton transfer between ionic clusters composed of polar
groups such as —SO;H contributes significantly to conduc-
tivity. Accordingly, the number of ionic clusters decreases as
the number of — SO;H species decreases with an increase in
chitosan content. Therefore, the reduction of — SO;H species
in the membranes may restrict the mobility of protons caus-
ing a decline in proton conductivity. Temperature-dependent

conductivity is mainly described with the dc conductivity
(04.) by using the following Arrhenius relation Eq. (4):

Ea
log 6,. = log 6 — kB_T 4)
where o, represents the dc conductivity, o;, is the pre-exponential
factor, E, is the activation energy, and kj is the Boltzmann con-
stant (8.617x 107> eV.K™!). The activation energy or smallest
energy necessary for proton transfer is achieved from the slope
of the log o(T) versus 1/T plot in Fig. 7.

The highest activation energy is obtained as 35.76 kJ.
mol~! for SPEEK/CS/IL-3 composite membrane, whereas
SPEEK/CS/IL-4 composite membrane possessing the highest
IL and lowest CS content displays lower activation energy as
30.03 kJ.mol™!. Having a low energy barrier also supports
the formation of a continuous network for proton conduc-
tion. The ionic conductivity follows the nearly identical trend
with temperature for all membranes. The presence of curved
shape at low temperatures and linearity at high temperatures
indicates that the charge transfer processes are more domi-
nating at lower temperatures, whereas the diffusion of the
ionic species is leading at higher temperatures. Addition-
ally, the curves show that there is no phase transition in the
membranes within the studied temperature range suggesting
no dynamic conformational change in the polymer matrix
and ion transport principally occur via the conduction path
formed by the lattice structure of the SPEEK and CS chains.
The general trend for dc conductivity is an increase with
increasing temperature due to structural loose and an increase
of water and ionic mobility at low temperatures. Therefore,
a positive temperature-conductivity dependence is observed.
When the temperature is further increased, amino groups
(—NH,) and sulfonic groups (— SO;H)) interact in compos-
ite membranes to form —-NHj; to form a crosslinking-like
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Fig. 7 Variation of the ionic conductivity of the SPEEK/CS/IL com-
posite membranes with the inverse of temperature
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structure with the increase in the evaporation rate of water
[43, 44]. Accordingly, the conductivity of SPEEK compos-
ite membranes decreases due to crosslinking as reported in
previous studies [35, 45, 46].

Dielectric studies

The evaluation of dielectric behavior is a significant way to study
the ion—polymer interaction and conduction process of polymer
composites. Due to the polarization phenomena, dielectric mate-
rials become electrically polarized under the electric field.
Figures 8a, b display the frequency-dependent variations
of dielectric constant (¢') and dielectric loss (") of SPEEK/
CS/IL composite membranes at room temperature (300 K).
The dielectric constant of composite membranes increases
with the addition of ionic liquids, and maximum values are
observed for SPEEK/CS/IL-4. This represents the contribu-
tion of Maxwell-Wegner ionic conduction and electrode
polarization resulting from the presence of —-SO;H and —-NH,
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Fig.8 Variation of a dielectric constant and b dielectric loss of SPEEK/
CS/IL composite membranes with frequency at room temperature (300 K)
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polar groups in the SPEEK/CS/IL composite membranes.
The considerable decrease in dielectric constant of SPEEK/
IL membrane (possessing the highest amount of IL and no
CS) compared to SPEEK/CS/IL-4 suggests that the hopping
of ILs does not contribute a significant effect on the conduc-
tivity since there are no sufficient free ILs for charge carriers.
IL behaves as a plasticizer; therefore, increasing IL content
in the polymer matrix enables the alignment of the electric
dipoles and subsequently improves the dielectric constant
[47]. In the case of SPEEK/CS/IL-4, the interaction between
—SO;H and —NH, polar groups leads to an improvement in
charge carrier concentration (IL), facilitating the orientation
of dipoles and accordingly enhancing the dielectric constants.

For all composite membranes from Fig. 8a, the observation
of high dielectric constants in the low-frequency domain veri-
fies the existence of non-Debye behavior owing to the contribu-
tion of charge gathering at the electrolyte—electrode interface.

The dielectric constants decrease regularly with increasing
frequency, and it exhibits virtually frequency-independent
behavior at higher frequency region. At lower frequencies,
the charge carrier dipoles have adequate time to align in the
direction of the employed electric field causing higher €' val-
ues [48, 49].

The dielectric loss factor (¢") depends on the features of
dipolar relaxation, and it is appropriate to evaluate the strength
and frequency of relaxation. Figure 8b shows the dielectric loss
factors. It is clear that the magnitude of the bulk relaxation
rises noticeably as the amount of IL increases, and accordingly,
the dielectric loss increases with the inverse of the frequency
(@~ 1), which is a result of a typical behavior to be expected
from the ionic conductivity. The dielectric relaxation height
moves to a higher frequency field with a rise of IL concentra-
tion, which signifies the decline of relaxation time and the
decrease in dielectric loss is essentially due to the restriction of
charge carriers’ mobility in the polymer blend matrix.

The temperature-dependent dielectric constant (¢') for
SPEEK/CS/IL-4 membrane between 300 and 400 K is
shown in Fig. 9a. The sharp exponential decline in dielec-
tric constants especially at low temperatures and at low-
frequency zone whereas demonstrating a relatively slight
decrease at higher temperatures might be assigned to the
rearrangement of polar groups (—SO;H and -NH,). An
inverse correlation with temperature may suggest restric-
tion of the mobility of the polymer chains due to the removal
of water and crosslinking to some extent with an increase in
temperature, which causes particularly immobilized ions.
In addition, the contribution of space charge polarization
consequences in fewer dipoles that aid in orientation with
the applied field [50, 51]. As mentioned before, no phase
transition was observed in the temperature range studied;
however, it is expected to see a substantial increase in dielec-
tric constant €' around the transition region since the dipoles
are more easily oriented with the increase in temperature
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[48, 52]. The increase in dielectric constant can be also
assigned to the presence of different crystalline characters
of polymer matrix producing interphases between SPEEK
and CS which behaves as hopping centers for charge car-
riers. While increasing frequency, the dielectric constant
declines sharply, and at a higher frequency, it becomes
nearly constant, which may suggest failing of the orienta-
tional polarization.

10° 10° 10° 10°
Frequency (Hz)

Figure 9b illustrates the dielectric loss (¢") of the SPEEK/
CS/IL-4 membrane measured in the frequency range of
20 Hz-3 MHz at various temperatures. The samples exhibit
a highest dielectric loss at a low frequency that becomes
more considerable at lower temperatures. The dielectric loss
decreases linearly with frequency, which can be justified by
dc conductivity relating to the equation: " ;.= 0c,.(@wC,) (6,
is the dc conductivity, and C, is the vacuum capacitance)
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[53]. It possibly indicates the dependence of the conduction
process on the temperature in cooperation with the nature
of reorganization, i.e., structural diffusion. The tempera-
ture dependency of the capacitive response of membranes
predominates over the nature of the rearrangement of polar
groups (—SO;H and —-NH,). Additionally, the conductivity
relaxation is more remarkable than other dielectric relaxa-
tions for the studied temperature and frequency interval as
S"conduct> > Surelax [54’ 55]

The first relaxation curvature is possibly caused by free
charge carriers produced at the electrode- electrolyte inter-
face. Since the charge carriers show a thermally activated
behavior, the dielectric loss curves move to a higher fre-
quency. The dielectric loss shows a linear decrease with
temperatures, and it is more pronounced at low tempera-
tures. This may be due to the evaporation of trapped water
in parallel with the increase in temperature as stated in the
previous sections, restraining random interactions of ions,
shorter relaxation time, and higher frequency relaxation. As
presumed, once rearrangement of the polar groups (—SO;H
and —NH,) is accomplished, the dielectric losses curve
reaches an almost constant value at high frequencies.

Conclusion

In the present study, SPEEK/CH/IL composite membranes
were produced and analyzed for electrochemical processes.
First, the SPEEK polymer matrix was obtained via the sul-
fonation of the PEEK polymer. Then, the degree of sulfona-
tion (DS) and ion exchange capacity (IEC) of the SPEEK
polymer matrix were calculated using analytical methods
and found to be 30% and 0.94, respectively. IL was taken
equimolar to the sulfonic acid groups on the SPEEK poly-
mer matrix. Then, for each membrane, CS biopolymer was
added in varying proportions according to the amount of
SPEEK, and SPEEK/CH/IL membrane series was obtained
by the solution cast method. Structural, thermal, mechani-
cal, and morphological characterizations were performed
by FTIR, TGA, DMA, and SEM analysis, respectively.
The chemical compositions of the SPEEK polymer matrix,
SPEEK/IL, and composite membranes were verified by
FTIR analysis. All composite membranes display ionic
conductivities higher than 1 x 107 S.cm™!, and the high-
est proton conductivity was observed for SPEEK/CS/IL-4
as 9.87x 107 S.cm™'. SPEEK/CS/IL-4 sample exhibited
approximately 20 times higher ionic conductivity value com-
pared to SPEEK/IL composite membranes in our previously
published work (SPEEK-30 % 2IM demonstrated ionic con-
ductivity as 5.45x 107*S.cm™"). The — OH group on SPEEK
may support further conduction location for proton transfer,
and the interaction between CS and SPEEK produced a per-
manent hydrophilic path, which permits the proton transfer

@ Springer

to occur through the diffusion mechanism. Moreover, elec-
trostatic interactions among CS, SPEEK, and IL resulted
in the development of various ions such as—OH™,—NH;",
and heteropoly anions in composite membranes. The proton
transfer took place through ionic and hydrogen bonds by
jumping between functional groups. In the case of SPEEK/
CS/IL-4, the interaction between —SO;H and —NH, polar
groups led to an increase in the amount of charge carrier
(IL), which facilitated the orientation of dipoles and accord-
ingly improved the dielectric constants. While all thermome-
chanical analysis, conductivity, and dielectric measurements
are evaluated, SPEEK/CS/IL-4 composite electrolyte can be
offered as a novel proton conductive membrane for electro-
chemical processes.

Funding This study was supported by the Research Fund of Yalova
University. Project number: 2020/YL/0009.

References

1. Yue L, Ma J, Zhang J, Zhao J, Dong S, Liu Z, Cui G, Chen L
(2016) All solid-state polymer electrolytes for high-performance
lithium ion batteries. Energy Storage Mater 5:139-164. https://
doi.org/10.1016/j.ensm.2016.07.003

2. Mainar AR, Iruin E, Colmenares LC, Kvasha A, de Meatza I,
Bengoechea M, Leonet O, Boyano I, Zhang Z, Blazquez JA (2018)
An overview of progress in electrolytes for secondary zinc-air bat-
teries and other storage systems based on zinc. J Energy Storage
15:304-328. https://doi.org/10.1016/j.est.2017.12.004

3. Wong CY, Wong WY, Ramya K, Khalid M, Loh KS, Daud WRW,
Lim KL, Walvekar R, Kadhum AAH (2019) Additives in pro-
ton exchange membranes for low- and high-temperature fuel cell
applications: a review. Int J Hydrog Energy 44:6116-6135. https://
doi.org/10.1016/j.ijhydene.2019.01.084

4. Teo LP, Buraidah MH, Arof AK (2021) Development on solid
polymer electrolytes for electrochemical devices. Molecules
26:6499. https://doi.org/10.3390/molecules26216499

5. Ngai KS, Ramesh S, Ramesh K, Juan JC (2016) A review of poly-
mer electrolytes: fundamental, approaches and applications. lonics
22:1259-1279. https://doi.org/10.1007/s11581-016-1756-48

6. Ke X, Liang Y, Ou L, Liu H, Chen Y, Wu W, Cheng Y, Guo Z,
Lai Y, Liu P, Shi Z (2019) Surface engineering of commercial Ni
foams for stable Li metal anodes. Energy Storage Mater 23:547—
555. https://doi.org/10.1016/j.ensm.2019.04.003

7. Liu G, Yang Y, Lu X, Qi F, Liang Y, Trukhanov A, Wu Y, Sun
Z, Lu X (2022) Fully active bimetallic phosphide Zn, sGe sP: a
novel high-performance anode for Na-ion batteries coupled with
diglyme-based electrolyte. ACS Appl Mater Interfaces 14:1803—
31813. https://doi.org/10.1021/acsami.2c03813

8. Smitha B, Sridhar S, Khan AA (2003) Synthesis and characterization
of proton conducting polymer membranes for fuel cells. ] Membr
Sci 225:63-76. https://doi.org/10.1016/S0376-7388(03)00343-0

9. Shaari N, Kamarudin SK (2019) Recent advances in additive-
enhanced polymer electrolyte membrane properties in fuel cell
applications: an overview. Int J Energy Res 43:2756-2794. https://
doi.org/10.1002/er.4348

10. Jasti A, Prakash S, Shahi VK (2013) Stable and hydroxide ion
conductive membranes for fuel cell applications: chlorometh-
ylation and amination of poly(ether ether ketone). J Membr Sci
428:470-479. https://doi.org/10.1016/j.memsci.2012.11.016


https://doi.org/10.1016/j.ensm.2016.07.003
https://doi.org/10.1016/j.ensm.2016.07.003
https://doi.org/10.1016/j.est.2017.12.004
https://doi.org/10.1016/j.ijhydene.2019.01.084
https://doi.org/10.1016/j.ijhydene.2019.01.084
https://doi.org/10.3390/molecules26216499
https://doi.org/10.1007/s11581-016-1756-48
https://doi.org/10.1016/j.ensm.2019.04.003
https://doi.org/10.1021/acsami.2c03813
https://doi.org/10.1016/S0376-7388(03)00343-0
https://doi.org/10.1002/er.4348
https://doi.org/10.1002/er.4348
https://doi.org/10.1016/j.memsci.2012.11.016

Journal of Solid State Electrochemistry (2023) 27:1143-1154

1153

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Mikhailenko SD, Zaidi SMJ, Kaliaguine S (2001) Sulfonated
polyether ether ketone based composite polymer electrolyte mem-
branes. Catal Today 67:225-236. https://doi.org/10.1016/S0920-
5861(01)00290-5

Yee RSL, Rozendal RA, Zhang K, Ladewig BP (2012) Cost effec-
tive cation exchange membranes: a review. Chem Eng Res Des
90:950-959. https://doi.org/10.1016/j.cherd.2011.10.015

Bano S, Negi YS, Illathvalappil R, Kurungot S, Ramya K (2019)
Studies on nano composites of SPEEK/ethylene glycol/cellulose
nanocrystals as promising proton exchange membranes. Electrochim
Acta 293:260-272. https://doi.org/10.1016/j.electacta.2018.10.029
Li L, Zhang J, Wang Y (2003) Sulfonated poly(ether ether ketone)
membranes for direct methanol fuel cell. ] Membr Sci 226:159—
167. https://doi.org/10.1016/j.memsci.2003.08.018

Gong C, Zheng X, Liu H, Wang G, Cheng F, Zheng G, Wen S, Law
WC, Tsui CP, Tang CY (2016) A new strategy for designing high-
performance sulfonated poly(ether ether ketone) polymer electro-
lyte membranes using inorganic proton conductor-functionalized
carbon nanotubes. ] Power Sources 325:453-464. https://doi.org/
10.1016/j.jpowsour.2016.06.061

Neburchilov V, Martin J, Wang H, Zhang J (2007) A review of
polymer electrolyte membranes for direct methanol fuel cells. J
Power Sources 169:221-238. https://doi.org/10.1016/j.jpowsour.
2007.03.044

Khomein P, Ketelaars W, Lap T, Liu G (2021) Sulfonated aro-
matic polymer as a future proton exchange membrane: a review
of sulfonation and crosslinking methods, Renew. Sust Energ Rev
137:110471. https://doi.org/10.1016/j.rser.2020.110471

Bisht S, Balaguru S, Ramachandran SK, Gangasalam A, Kweon J
(2021) Proton exchange composite membranes comprising SiO,,
sulfonated SiO,, and metal-organic frameworks loaded in SPEEK
polymer for fuel cell applications. J Appl Polym Sci 138:50530.
https://doi.org/10.1002/app.50530

Parnian MJ, Rowshanzamir S, Prasad AK, Advani SG (2018)
Effect of ceria loading on performance and durability of sul-
fonated poly (ether ether ketone) nanocomposite membranes for
proton exchange membrane fuel cell applications. ] Membr Sci
565:342-357. https://doi.org/10.1016/j.memsci.2018.08.029
Yilmazoglu M, Bayiroglu F, Erdemi H, Abaci U, Guney HY
(2021) Dielectric properties of sulfonated poly(ether ether ketone)
(SPEEK) electrolytes with 1-ethyl-3-methylimidazolium tetra-
fluoroborate salt: Ionic liquid-based conduction pathways, Col-
loids Surf. A Physicochem Eng Asp 611:125825. https://doi.org/
10.1016/j.colsurfa.2020.125825

Yilmazoglu M (2021) Development of proton conductive polymer
electrolytes composed of sulfonated poly(ether ether ketone) and
Brgnsted acidic ionic liquid (1-methylimidazolium tetrafluorobo-
rate). J Mater Sci Mater Electron 32:15393—-15411. https://doi.org/
10.1007/s10854-021-06089-w

Tang X, Liu D, Wang YJ, Cui L, Ignaszak A, Yu Y, Zhang J
(2021) Research advances in biomass-derived nanostructured car-
bons and their composite materials for electrochemical energy
technologies. Prog Mater Sci 118:100770. https://doi.org/10.
1016/j.pmatsci.2020.100770

Sirajudeen AAO, Annuar MSM, Ishak KA, Yusuf H, Subramaniam
R (2021) Innovative application of biopolymer composite as proton
exchange membrane in microbial fuel cell utilizing real wastewater
for electricity generation. J Clean Prod 278:123449. https://doi.org/
10.1016/j.jclepro.2020.123449

Peter S, Lyczko N, Gopakumar D, Maria HJ, Nzihou A, Thomas
S (2021) Chitin and chitosan based composites for energy and
environmental applications: a review. Waste Biomass Valorization
12:4777-4804. https://doi.org/10.1007/s12649-020-01244-6
Azmana M, Mahmood S, Hilles AR, Rahman A, Arifin MAB (2021)
Shakeeb Ahmed, A review on chitosan and chitosan-based biona-
nocomposites: promising material for combatting global issues and

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

its applications. Int J Biol Macromol 185:832—-848. https://doi.org/
10.1016/j.ijbiomac.2021.07.023

Swaghatha ATAK, Cindrella L (2022) Assessment of proton con-
ductivity, dielectric relaxation and other physicochemical proper-
ties of LTA zeolite blended chitosan composites for membrane
applications. React Funct Polym 170:105116. https://doi.org/10.
1016/j.reactfunctpolym.2021.105116

Gil-Castell O, Teruel-Juanes R, Arenga F, Salaberria AM,
Baschetti MG, Labidi J, Badia JD, Ribes-Greus A (2019)
Crosslinked chitosan/poly(vinyl alcohol)-based polyelectrolytes
for proton exchange membranes. React Funct Polym 142:213-222.
https://doi.org/10.1016/j.reactfunctpolym.2019.06.003

Wong CY, Wong WY, Loh KS, Khalid M, Daud WRW, Lim KL,
Walvekar R (2020) Influences of crosslinked carboxylic acid
monomers on the proton conduction characteristics of chitosan/
SPVA composite membranes. Polymer 203:122782. https://doi.
org/10.1016/j.polymer.2020.122782

Ranjani M, Pannipara M, Al-Sehemi AG, Vignesh A, Kumar
GG (2019) Chitosan/sulfonated graphene oxide/silica nanocom-
posite membranes for direct methanol fuel cells. Solid State Ion
338:153-160. https://doi.org/10.1016/j.ss1.2019.05.010
Vijayakumar V, Khastgir D (2018) Hybrid composite membranes
of chitosan/sulfonated polyaniline/silica as polymer electrolyte
membrane for fuel cells. Carbohydr Polym 179:152-163. https://
doi.org/10.1016/j.carbpol.2017.09.083

Blanco JF, Nguyen QT, Schaetzel P (2001) Novel hydrophilic
membrane materials: Sulfonated polyethersulfone Cardo. ] Membr
Sci 186:267-279. https://doi.org/10.1016/S0376-7388(01)00331-3
Aini NA, Yahya MZA, Lepit A, Jaafar NK, Harun MK, Ali AMM
(2012) Preparation and characterization of UV irradiated SPEEK/
chitosan membranes. Int J Electrochem Sci 7:8226-8235

Katti P, Kundan KV, Kumar S, Bose S (2017) Improved mechani-
cal properties through engineering the interface by poly (ether ether
ketone) grafted graphene oxide in epoxy based nanocomposites. Poly-
mer 122:184—193. https://doi.org/10.1016/j.polymer.2017.06.059
Pugalenthi MR, Gayathri R, Guozhong C, Prabhu MR (2022)
Study of amine customized exfoliated BN sheets in SPEEK-PES
based blend membrane for acid-base cation exchange membrane
fuel cells. J Environ Chem Eng 10:107025. https://doi.org/10.
1016/j.jece.2021.107025

Malik RS, Verma P, Choudhary V (2015) A study of new anhydrous,
conducting membranes based on composites of aprotic ionic liquid
and cross-linked SPEEK for fuel cell application. Electrochim Acta
152:352-359. https://doi.org/10.1016/j.electacta.2014.11.167
Shashidhara GM, Kumar KN (2010) Proton conductivity of
SPEEK membranes. Polym Plast Technol Eng 49(8):796-806.
https://doi.org/10.1080/03602551003749601

Yi S, Zhang F, Li W, Huang C, Zhang H, Pan M (2011) Anhy-
drous elevated-temperature polymer electrolyte membranes based
on ionic liquids. J] Membr Sci 366:349-355. https://doi.org/10.
1016/j.memsci.2010.10.031

Mistry MK, Subianto S, Choudhury NR, Dut NK (2009) Interfacial
interactions in aprotic ionic liquid based protonic membrane and its
correlation with high temperature conductivity and thermal proper-
ties. Langmuir 25:9240-9251. https://doi.org/10.1021/1a901330y
Leones R, Sabadini RC, Esperanga JMSS, Pawlicka A, Silva MM
(2017) Playing with ionic liquids to uncover novel polymer elec-
trolytes. Solid State Ion 300:46-52. https://doi.org/10.1016/j.ssi.
2016.11.018

Vijayalekshmi V, Khastgir D (2018) Fabrication and comprehen-
sive investigation of physicochemical and electrochemical proper-
ties of chitosan-silica supported silicotungstic acid nanocompos-
ite membranes for fuel cell applications. Energy 142:313-330.
https://doi.org/10.1016/j.energy.2017.10.019

Leones R, Reis PM, Sabadini RC, Esperanca JMSS, Pawlicka
A, Silva MM (2020) Chitosan polymer electrolytes doped with

@ Springer


https://doi.org/10.1016/S0920-5861(01)00290-5
https://doi.org/10.1016/S0920-5861(01)00290-5
https://doi.org/10.1016/j.cherd.2011.10.015
https://doi.org/10.1016/j.electacta.2018.10.029
https://doi.org/10.1016/j.memsci.2003.08.018
https://doi.org/10.1016/j.jpowsour.2016.06.061
https://doi.org/10.1016/j.jpowsour.2016.06.061
https://doi.org/10.1016/j.jpowsour.2007.03.044
https://doi.org/10.1016/j.jpowsour.2007.03.044
https://doi.org/10.1016/j.rser.2020.110471
https://doi.org/10.1002/app.50530
https://doi.org/10.1016/j.memsci.2018.08.029
https://doi.org/10.1016/j.colsurfa.2020.125825
https://doi.org/10.1016/j.colsurfa.2020.125825
https://doi.org/10.1007/s10854-021-06089-w
https://doi.org/10.1007/s10854-021-06089-w
https://doi.org/10.1016/j.pmatsci.2020.100770
https://doi.org/10.1016/j.pmatsci.2020.100770
https://doi.org/10.1016/j.jclepro.2020.123449
https://doi.org/10.1016/j.jclepro.2020.123449
https://doi.org/10.1007/s12649-020-01244-6
https://doi.org/10.1016/j.ijbiomac.2021.07.023
https://doi.org/10.1016/j.ijbiomac.2021.07.023
https://doi.org/10.1016/j.reactfunctpolym.2021.105116
https://doi.org/10.1016/j.reactfunctpolym.2021.105116
https://doi.org/10.1016/j.reactfunctpolym.2019.06.003
https://doi.org/10.1016/j.polymer.2020.122782
https://doi.org/10.1016/j.polymer.2020.122782
https://doi.org/10.1016/j.ssi.2019.05.010
https://doi.org/10.1016/j.carbpol.2017.09.083
https://doi.org/10.1016/j.carbpol.2017.09.083
https://doi.org/10.1016/S0376-7388(01)00331-3
https://doi.org/10.1016/j.polymer.2017.06.059
https://doi.org/10.1016/j.jece.2021.107025
https://doi.org/10.1016/j.jece.2021.107025
https://doi.org/10.1016/j.electacta.2014.11.167
https://doi.org/10.1080/03602551003749601
https://doi.org/10.1016/j.memsci.2010.10.031
https://doi.org/10.1016/j.memsci.2010.10.031
https://doi.org/10.1021/la901330y
https://doi.org/10.1016/j.ssi.2016.11.018
https://doi.org/10.1016/j.ssi.2016.11.018
https://doi.org/10.1016/j.energy.2017.10.019

1154

Journal of Solid State Electrochemistry (2023) 27:1143-1154

42.

43.

44,

45.

46.

47.

48.

49.

a dysprosium ionic liquid. J Polym Res 27:45. https://doi.org/10.
1007/510965-020-2019-7

Singh PK, Bhattacharya B, Nagarale RK, Kim KW, Rhee HW
(2010) Synthesis, characterization and application of biopolymer-
ionic liquid composite membranes. Synth Met 160:139-142.
https://doi.org/10.1016/j.synthmet.2009.10.021

Smitha B, Anjali Devi D, Sridhar S (2008) Proton-conducting
composite membranes of chitosan and sulfonated polysulfone for
fuel cell application. Int J Hydrog Energ 33:4138-4146. https://
doi.org/10.1016/j.ijhydene.2008.05.055

Shamsudin IJ, Ahmad A, Hassan NH, Kaddami H (2015) Bifunc-
tional ionic liquid in conductive biopolymer based on chitosan for
electrochemical devices application. Solid State Ion 278:11-19.
https://doi.org/10.1016/j.ssi.2015.05.008

Chun JH, Kim SG, Lee JY, Hyeon DH, Chun BH, Kim SH, Park
KT (2013) Crosslinked sulfonated poly(arylene ether sulfone)/
silica hybrid membranes for high temperature proton exchange
membrane fuel cells. Renew Energy 51:22-28. https://doi.org/10.
1016/j.renene.2012.09.005

Gupta D, Choudhary V (2011) Studies on novel heat treated sul-
fonated poly(ether ether ketone) [SPEEK]/diol membranes for fuel
cell applications. Int ] Hydrog Energy 36:8525-8535. https://doi.
org/10.1016/j.ijhydene.2011.04.044

Mohan VM, Qiu W, Shen J, Chen W (2010) Electrical properties
of poly(vinyl alcohol) (PVA) based on LiFePO, complex polymer
electrolyte films. J Polym Res 17:143. https://doi.org/10.1007/
$10965-009-9300-0

Tareev B (1979) Physics of dielectric materials. Mir Publishers,
Moscow

Tang Z, Qi L, Gao G (2009) Polymer electrolytes based on copolymer
of poly(ethylene glycol) di methacrylate and imidazolium ionic liquid.
Solid State Ion 180:226-230. https://doi.org/10.1016/j.551.2008.12.009

@ Springer

50.

51.

52.

53.

54.

55.

Saroj AL, Singh RK (2012) Thermal, dielectric and conductiv-
ity studies on PVA/ionic liquid EMIM][EtSO,] based polymer
electrolytes. J Phys Chem Solids 73:162—-168. https://doi.org/10.
1016/j.jpcs.2011.11.012

Rathod SG, Bhajantri RF, Ravindrachary V, Pujari PK, Sheela T
(2014) Ionic conductivity and dielectric studies of LiC10, doped
poly(vinyl alcohol)(PVA)/chitosan(CS) composites. J Adv Die-
lectr 4:1450033. https://doi.org/10.1142/S2010135X14500337
Erdemi H, Demir A, Baykal A (2013) Electrical properties of
triethylene glycol stabilized Mn,Co,_,Fe,0, nanoparticles. J
Inorg Organomet Polym 23:690-702. https://doi.org/10.1007/
$10904-013-9835-8

McCrum NG, Read BE, Williams G (1991) Anelastic and dielec-
tric effects in polymeric solids. Dover, New York

Bozkurt A (2002) Dielectric and conductivity relaxations in qua-
ternary ammonium polymer. J Phys Chem Solids 63:685-690.
https://doi.org/10.1016/S0022-3697(01)00214-1

Erdemi H, Baykal A, Karaoglu E, Toprak MS (2012) Synthesis
and conductivity studies of piperidine-4-carboxylic acid function-
alized Fe;0, nanoparticles. Mater Res Bull 47:2193-2199. https:/
doi.org/10.1016/j.materresbull.2012.06.006

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.1007/s10965-020-2019-7
https://doi.org/10.1007/s10965-020-2019-7
https://doi.org/10.1016/j.synthmet.2009.10.021
https://doi.org/10.1016/j.ijhydene.2008.05.055
https://doi.org/10.1016/j.ijhydene.2008.05.055
https://doi.org/10.1016/j.ssi.2015.05.008
https://doi.org/10.1016/j.renene.2012.09.005
https://doi.org/10.1016/j.renene.2012.09.005
https://doi.org/10.1016/j.ijhydene.2011.04.044
https://doi.org/10.1016/j.ijhydene.2011.04.044
https://doi.org/10.1007/s10965-009-9300-0
https://doi.org/10.1007/s10965-009-9300-0
https://doi.org/10.1016/j.ssi.2008.12.009
https://doi.org/10.1016/j.jpcs.2011.11.012
https://doi.org/10.1016/j.jpcs.2011.11.012
https://doi.org/10.1142/S2010135X14500337
https://doi.org/10.1007/s10904-013-9835-8
https://doi.org/10.1007/s10904-013-9835-8
https://doi.org/10.1016/S0022-3697(01)00214-1
https://doi.org/10.1016/j.materresbull.2012.06.006
https://doi.org/10.1016/j.materresbull.2012.06.006

	Ionic liquid incorporated SPEEKChitosan solid polymer electrolytes: ionic conductivity and dielectric study
	Abstract
	Introduction
	Materials and method
	Materials
	Preparation of 1-ethyl-3-methylimidazolium tetrafluoroborate (IL)
	Preparation of sulfonated poly(ether ether ketone) (SPEEK)
	Preparation of composite membranes (SPEEKCSIL-(1–4))
	Characterization

	Results and discussion
	Characterization of electrolytes
	Proton conductivity
	Dielectric studies

	Conclusion
	References


