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ABSTRACT

A high-temperature polymer electrolyte membrane fuel cell (PEMFC) has enormous potential to produce clean
energy with minimal environmental pollution along with high energy density and conversion efficiency. In the
present work, anhydrous proton-conducting polymer electrolyte membranes for prospective high-temperature
fuel cell application were successfully prepared using different protic ionic liquids (PILs) and sulfonated poly
(ether ether ketone) (SPEEK). The protic ionic liquids (PILs), 2-hydroxyethylammonium formate, diethylmethyl
ammonium triflate, 1-ethylimidazolium bis(trifluoromethylsulfonyl)imide, 1,2-dimethyl imidazolium bis(tri-
fluoro methylsulfonyl)imide, and diethylmethylammonium methanesulfonate were selected based on their
favorable physicochemical properties. The effect of the incorporation of the PIL on the structural, thermal, and
electrical transport properties of the composite SPEEK polymer electrolyte membranes was studied. The prepared
polymer electrolyte membranes (PEMs) were characterized using Fourier transform infrared (FTIR) spectros-
copy, thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), X-ray diffractometry (XRD),
and electrochemical impedance spectroscopy (EIS) techniques. FTIR results indicated an interaction between the
PIL and the SPEEK, which resulted in homogeneous and flexible membranes. The DSC results confirmed good
miscibility and elucidated plasticizing effect of the incorporated PIL on the SPEEK polymer matrix. All the PEMs
showed good thermal stability and high-temperature anhydrous proton conductivity, achieving best proton
conductivity, ~8 x 10> S cm ™! at 120 °C and low activation energy ~0.26 eV, making it suitable for prospective
high-temperature PEMFC applications.

1. Introduction

membrane commercially known as Nafion (Devanathan, 2008). The
proton conduction in Nafion is dependent on the hydration state of these

Ion-conducting polymers are of significant importance for applica-
tions in fuel cells, batteries, and supercapacitors. Proton conducting
polymer electrolytes from amongst the various ion conducting polymers,
have been extensively studied for their potential application in polymer
electrolyte membrane fuel cells (PEMFC) (Zhang and Shen, 2012).
PEMFC has enormous potential to produce clean energy with minimal
environmental pollution along with high energy density and conversion
efficiency. Presently the most commonly used polymer electrolyte
membrane (PEM) is a perfluorosulfonic acid-based polymer electrolyte
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membranes which limits the operating temperature of these membranes
to around 80 °C, temperature beyond 80 °C leads to loss of hydration
resulting in a drop in ionic conductivity of these membranes. PEMFCs
which can operate at temperatures above 100 °C offer several important
advantages such as simple heat and water management systems,
improved reaction kinetics of the electrode materials, improved plat-
inum catalyst tolerance to carbon monoxide poisoning, etc. (Johnson
et al., 2012).

Developing polymer electrolyte membranes suitable for high
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temperature operations are highly desirable and has drawn immense
attention. The polybenzimidazole (PBI) matrix impregnated with
phosphoric acid stands out as one of the most recognized polymer
electrolytes for high-temperature PEMFCs (Quartarone and Mustarelli,
2012). Nevertheless, phosphoric acid-doped PBI membranes demon-
strate optimal proton conductivity typically at phosphoric acid loadings
exceeding 5.0 acid molecules per PBI polymer repeat unit (Cappadonia
et al., 1999). However, a significant drawback emerges from the auto-
dehydration of phosphoric acid at higher temperatures presenting a
notable limitation that is attributed to the formation of oligomers with
lower conductivity (Eguizabal et al., 2013).

Sulfonated poly(ether ether ketone) (SPEEK), is an aromatic polymer
and has been extensively studied as a high-performance, cost-effective
polymer electrolyte membrane for commercial fuel cell applications.
SPEEK and its composite membranes have demonstrated commendable
performance in diverse applications like adsorption, pervaporation, gas
separation, redox flow batteries, sensors, and actuators. SPEEK mem-
branes have good thermal stability along with exceptional chemical and
oxidative resistance which enables them to offer excellent service life.

The proton mobility and conductivity of SPEEK depend upon the
degree of sulfonation, higher sulfonation enhances ionic conductivity
but diminishes the mechanical strength due to higher water uptake
characteristics of the resulting SPEEK. To address these shortcomings of
hydration-dependent proton conductivity and subsequent deterioration
in the mechanical properties of SPEEK we utilized protic ionic liquids
(PIL) to fabricate SPEEK-based composite PEMs. SPEEK has been widely
explored as the polymer matrix for incorporating protic ionic liquids,
owing to its acceptable structural stability and the presence of abundant
—SO3H aggregated ionic clusters (Wang et al., 2007).

The incorporation of the protic ionic liquids in the SPEEK polymer
matrix aids proton mobility and hence augments the proton conductivity
of the resulting composite PEMs without the need for any hydration.
Hence, the resulting PEMs can be utilized under non-humid conditions
and at higher temperatures well above 100 °C. Protic ionic liquids serve
as a material of choice for the fabrication of a composite polymer elec-
trolyte for PEMFCs owing to their properties, such as high chemical and
thermal stability, low melting temperature and volatility, low toxicity,
non-flammability, wide electrochemical stability range and good
anhydrous proton conductivity at elevated temperatures.

Wang et al., 2017 investigated composite membranes of SPEEK with
different ionic liquids and mesoporous silica and reported that the
composite PEM with 50 wt% of 1-butyl-3-methylimidazolium tetra-
fluoroborate showed the highest anhydrous proton conductivity of 15 x
10 sem™! at 200 °C. Yilmazoglu et al., 2021 reported the dielectric
behavior and proton conductivity of 5.45 x 10 Sem™ for polymer
electrolytes prepared by the incorporation of 1-ethyl-3-methylimidazo-
lium tetrafluoroborate in SPEEK polymer matrix by solution casting
method. Yilmazoglu et al. (2023) fabricated 1-ethyl-3-methylimidazo-
lium tetrafluoroborate ionic liquid incorporated SPEEK/Chitosan com-
posite polymer electrolytes and they obtained the maximum room
temperature conductivity of 9.87 x 10 S.cm ™! for the prepared com-
posites and the conductivity decreased with increase in measurement
temperature.

Maiti et al., 2023 reported the introduction of propyl sulfonic acid
functionalized graphene oxide into SPEEK-sulfonated poly(benzimid-
azole) blend and demonstrated improvement in the thermal and
chemical stability and mechanical properties of the composites along
with good improvement in proton conductivity which reached around
0.17 S.cm™! at 90 °C but the values reported were at 100 % relative
humidity conditions. Sun et al., 2023 reported fabrication of several
different binary hybrid membranes through one-step encapsulation of
different ionic liquids in SPEEK. They observed ILs doping improved the
proton conductivity of the SPEEK membrane and obtained highest
proton conductivity of 25 x 10 S.cm™! at 120 °C suitable for use in
PEMFC at medium temperature. Xiong et al., 2024 fabricated composite
membranes by electrostatic spinning, ionic liquid encapsulated
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halloysite nanotube incorporated into SPEEK. They reported one
dimensional ionogels, axially and uniformly aligned in the fiber direc-
tion with good water absorption, and the composite membranes showed
improved proton conductivity which was humidity dependent and not
reported for anhydrous conditions.

The most commonly used method for the fabrication of PIL-based
composite membranes is by incorporating PIL into the polymer solu-
tion. In this approach, the PIL is either dissolved or dispersed within the
polymer solution containing both the polymer and the solvent. The
physicochemical features of the resulting composite membranes
strongly depend on the compatibility between the PIL and the polymer
as well as on their content ratio. In this work we selected different
ammonium and imidazolium cation-based protic ionic liquids with
proton conductivity in the mS range for the preparation of the SPEEK-
PIL composite membranes for prospective high temperature PEMFC
application. The structural, thermal, morphological and proton con-
ducting properties of the composite membranes were evaluated and
discussed in detail.

2. Materials and methods
2.1. Materials

Sulfonated poly(ether ether ketone) (SPEEK) FUMION® E-600
polymer fibers in K™ form, IEC around 1.65 meq g, was purchased
from FumaTech-BWT GmbH, Bietigheim-Bissingen, Germany. Hydro-
chloric acid 37 % PA-ACS-ISO was purchased from Panreac, E.U. N-
methylpyrrolidone (NMP) was purchased from Sigma Aldrich, USA.
Protic ionic liquids, 2-hydroxyethylammonium formate, dieth-
ylmethylammonium triflate, 1-ethylimidazolium bis(tri-
fluoromethylsulfonyl)imide, 1,2-dimethylimidazolium bis
(trifluoromethylsulfonyl)imide, and diethylmethylammonium meth-
anesulfonate were obtained from IoLiTec Ionic Liquids Technologies
GmbH, Heilbronn, Germany. Table 1 lists the physicochemical proper-
ties of these PILs and their chemical structures are shown in Figure S1
(Supplementary Information). All chemicals were used as received
without any further purification.

2.2. Methods

2.2.1. Polymer electrolyte membrane fabrication

The SPEEK fibers obtained were immersed overnight in 1 M HCl on a
shaking plate for conditioning to ensure that all sulfonate groups had an
H' as their counterion. Subsequently, the fibers were washed with
demineralized water, refreshing the water multiple times until reaching
a neutral pH, and then dried overnight in a vacuum oven at 80 °C. A
solution containing 10 wt% SPEEK was prepared by dissolving SPEEK
fibers in NMP, heated overnight at 120 °C with stirring. Pure SPEEK
membranes were then fabricated using the solution casting method, a
widely employed technique known for its consistency and reproduc-
ibility. The SPEEK solution was mixed with PIL (different types of PILs

Table 1
Physicochemical properties of used PILs.
Protic ionic liquids Mol. Wt. Viscosity 6(Sem™)
(g/mol) @25 °C (cP) (Temp. °C)
PIL1: 2-Hydroxyethylammonium 107.11 188 4.4 x107°
formate (25)
PIL2: Diethylmethylammonium 237.24 37.7 8.1 x 1073
triflate (30)
PIL3: 1-Ethylimidazolium bis 377.28 57.2 4.0 x 107
(trifluoromethylsulfonyl)imide (30)
PIL4: 1,2-Dimethylimidazolium bis 377.28 106 1.1 x 107
(trifluoromethylsulfonyl)imide (25)
PILS5: Diethylmethylammonium 183.27 111 6.2 x 107
methanesulfonate (40)
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and different loadings), stirred, and cast onto a clean glass petri dish.
The membranes were dried at 60 °C for at least 24 h and further dried
overnight under vacuum at 60 °C to remove any residual solvent.
Table 2 shows the composition of the SPEEK-based composite PEMs.

2.2.2. FTIR spectroscopy

FTIR spectroscopy was employed to characterize the vibrational
properties of all the PILs. FTIR spectra of the samples were acquired
using a Perkin Elmer FTIR spectrophotometer (Spectrum 100, Perkin
Elmer Cetus Instrument, Norwalk, CT, USA) in a KBr cell at room tem-
perature, spanning the frequency range of 4000-400 cm ', Addition-
ally, FTIR spectra of both neat SPEEK membrane and various SPEEK
—PIL composite membrane samples were obtained in ATR mode at room
temperature using a Nicolet iN10 FTIR (Thermo Scientific, Winsford,
UK) equipped with a germanium microtip accessory, covering the fre-
quency range of 4000-650 em ™.

2.2.3. Differential scanning calorimetry (DSC)

A differential scanning calorimeter, DSC 1 STAR® System, Mettler
Toledo AG, Analytical CH-8603 (Schwerzenbach, Switzerland) was used
to analyze the behaviors of the pure SPEEK and SPEEK-PIL composites
membranes. The samples were heated from room temperature to 120 °C
at a heating rate of 10 °C per minute and held for 30 min to remove any
moisture present in the sample then cooled to room temperature and
then heated again to 300 °C to obtain the thermograms. The thermo-
grams obtained in the second run were used for analysis. All the DSC
measurements were made under a nitrogen environment.

2.2.4. Thermogravimetric analysis (TGA)

The thermal stability of the pure SPEEK and the SPEEK-PIL com-
posites was investigated using a thermogravimetric analyzer, TGA/DSC
1 STAR® System, Mettler Toledo AG, Analytical CH-8603, (Schwerzen-
bach, Switzerland) under an argon atmosphere with a flow rate of 50
mL/min. Samples weighing 8-10 mg were heated in alumina pans at a
rate of 10 °C/min from room temperature to 650 °C. Additionally, the
samples were held at 110 °C for 30 min to assess the moisture content of
the membrane samples.

2.2.5. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy was employed to assess the
ionic conductivity (c) of the membranes. Stainless steel plates were used
as blocking electrodes for the measurement (Gupta and Rhee, 2012). A
K-type thermocouple was attached to the sample holder to monitor the
exact temperature (T). The sample holder was kept in a small oven,
which was controlled by a temperature controller. The measurement
was carried out from 130 to 50 °C, starting the measurements from
higher temperatures ensured the removal of any traces of moisture
present in the samples and confirm that the reported ionic conductivity
is for the anhydrous samples. A Palmsens4 Impedance Analyzer

Table 2
Composition details of the SPEEK-based composite PEMs.
Sample SPEEK PIL PIL Used
Name (wt.%) (wt.%)
SPEEK 100 0 -
SPIL1-45 55 45 2-Hydroxyethylammonium formate
SPIL2-35 65 35 Diethylmethylammonium triflate
SPIL2-45 55 45 Diethylmethylammonium triflate
SPIL2-55 45 55 Diethylmethylammonium triflate
SPIL2-65 35 65 Diethylmethylammonium triflate
SPIL2-75 25 75 Diethylmethylammonium triflate
SPIL3-45 55 45 1-Ethylimidazolium bis
(trifluoromethylsulfonyl)imide
SPIL4-45 55 45 1,2-Dimethylimidazolium bis
(trifluoromethylsulfonyl)imide
SPIL5-45 55 45 Diethylmethylammonium
methanesulfonate
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(PalmSens BV, Houten, The Netherlands) was employed to collect real
and imaginary impedances across a frequency range spanning from
10°-1 Hz, with an alternating current amplitude of 20 mV. The bulk
resistance (Rp) was determined from the high-frequency intercept of the
Nyquist plot. The ionic conductivity was then calculated using the
formula:

o =1/(ARp) (1).

where [ (=0.04 £ 0.01 cm) represents the membrane thickness and A
(= 0.785 cm?) denotes the area of the membrane.

3. Results and discussion
3.1. FTIR spectroscopy

FTIR spectrum of pure SPEEK membrane is shown in Figure S2
(Supplementary Information). The hydroxyl (-OH) groups are repre-
sented by a characteristic broad absorption band in the FTIR spectra,
which appears around 3300-3500 cm™!. Furthermore, the frequency
ranges of 1050 cm ™}, 1250 em ™}, and 1465 cm ™! exhibit three distinct
absorption bands of the —-SO3H groups. These absorption bands can be
ascribed to the S = O stretching, the asymmetric O = S = O stretching,
and the symmetric stretching vibration of O = S = O, respectively (Wu
et al., 2019). The FTIR of various pure protic ionic liquids used in this

SPIL2-45

SPIL3-45

SPIL4-45

Transmittance (a.u.)

SPIL5-45

(a)

T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

SPIL2-75

SPIL2-65

SPIL2-55

SPIL2-45

Transmittance (a.u.)

SPIL2-35

(b)

T T T T T T T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 1. FTIR spectra of the SPEEK-PIL composite membranes (a) with 45 wt%
of PIL1-PIL5 and (b) 35-75 wt% of PIL2.
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study along with their functional group analysis have been provided in
(Figure S3-S7) supplementary information. In Fig. 1(a) the FITR spec-
trum of the composite membrane SPIL1-45 shows free ionic formate
groups appearing at 1530 cm ™! and 1382 cm™!, which correspond to
asymmetric and symmetric vibrations, respectively (Brownson et al.,
2006). In the case of SPIL3-45 and PIL4-45, both contain bis(tri-
fluoromethylsulfonyl)imide free ions, their FITR spectra exhibit C = N
stretching at around 1550 cm ™" for the aromatic groups of imidazolium
ions. On the other hand, the bis(trifluoromethylsulfonyl)imide moiety
display SO, asymmetric stretching, S-N-S asymmetric stretching and CF3
symmetric bending at around 1348 cm™!, 1053 cm™! and 740 cm ™},
respectively (Park et al., 2022). In the diethylmethylammonium meth-
anesulfonate protic ionic liquid-based composite (SPIL5-45), the small
weak band at 740 cm™! is due to S-C stretching, and 1056 cm ™! repre-
sents the symmetric SO3 stretching vibration of the methanesulfonate
moiety, which is well confirmed by previously reported literature (Pan
et al., 2020). Also, there are some peaks that may have overlapped due
to similar functional groups of SPEEK and PIL5.

The PIL2-based samples showed the highest proton conductivity
among all other studied samples. Therefore, PEMs with different con-
centrations of PIL2 were prepared and tested, the FITR analysis of these
PEMs is presented in Fig. 1(b). The S = O symmetric stretching vibration
frequency peak for the triflate ion is situated at 1030 cm ™, while the
peak around 1226 cm ™! could be assigned to the C — F stretching of the
triflate ion (Mori et al., 2010; Yu et al., 2019). It is observed that as the
overall concentration of triflate ions increases, the intensity of the
above-mentioned band increases. It was observed that with an increase
in the concentration of the PIL2 in the composites, the peak at 1465
cm ™! corresponding to the sulfonate groups increases due to an increase
in the concentration of the sulfonate groups contributed by the PIL2 (Ali
etal., 2019). The FTIR study suggests that all protic ionic liquids are well
presented in the matrix and contribute to augmenting the proton con-
ductivity of the fabricated composite membranes.

3.2. DSC analysis

The thermal transitions of both neat SPEEK and its different PIL-
based composites are presented in Fig. 2(a) and the composites with
different content of PIL2 (35-75 wt%) are illustrated in Fig. 2(b). In
Fig. 2(a), it is evident that the neat SPEEK membrane exhibits a glass
transition temperature (Tg) of 188 °C at the midpoint, aligning with
findings from previous studies (Akhtar et al., 2021; Banerjee and Kar,
2017; Jin et al., 1985; Zaidi et al., 2000). It further demonstrates that the
addition of various PILs to the neat SPEEK polymer matrix results in a
decrease in the glass transition temperatures of the composites
compared to that of the neat SPEEK membrane. Notably, a singular glass
transition temperature is discerned across all the composite membranes,
signifying favorable compatibility between the ionic liquid and the
SPEEK polymer matrix. In Fig. 2(b), however, a gradual and significant
decrease in Ty is observed with the progressive incorporation of PIL2
into the SPEEK polymer matrix. This reduction could be attributed to a
decrease in the intermolecular bonds of sulfonate groups within the
SPEEK chain, induced by the introduction of the PILs (Yilmazoglu et al.,
2021). The corresponding numerical values derived from their respec-
tive differential scanning calorimetry (DSC) thermograms are reported
in Table 3.

3.3. TGA analysis

Fig. 3(a) and 3(b) show the TGA results for all the SPEEK-PIL com-
posites with 45 wt% and SPEEK-PIL2 composites respectively, compared
to the pure SPEEK matrix under inert atmospheres. To remove the
moisture, all samples were held at 110 °C for 30 min. The samples have
amount of water ranging between 1 to 10 % by weight.

Fig. 3(a) shows a variation in the degradation behavior of the
different PILs, however addition of any PIL results in a reduction of the

Journal of King Saud University - Science 36 (2024) 103215

——SPEEK —— SPIL1-45—— SPIL2-45

—— SPIL3-45 —— SPIL4-45 —— SPIL5-45

(opuz) -— Heat flow (mw) — (Exo)

(N

T T T T T T T T T T T T T T T T
100 120 140 160 180 200 220 240 260
Temperature (°C)

——SPEEK —— SPIL2-35 —— SPIL2-45
—— SPIL2-55 —— SPIL2-65 —— SPIL2-75

T — ———

——

T T T T T T T T
100 120 140 160 180 200 220 240 260
Temperature (°C)

(opuz) =— Heat flow (Mmw) — (Exo)

Fig. 2. DSC thermograms of the SPEEK-PIL composite membranes (a) with 45
wt% of PIL1-PIL5 and (b) 35-75 wt% of PIL2.

Table 3

Electrical transport properties and T, values of the various composite PEMs.
Sample Name 650°c (S em™Y) 6120°c (S em™Y) E, (eV) Tg (°C)
SPEEK - - - 188
SPIL1-45 4.14 x 10° 4.86 x 10™ 0.37 185
SPIL2-45 1.98 x 10 2.27 x 10 0.39 175
SPIL3-45 2.48 x 10°° 8.60 x 10™* 0.53 174
SPIL4-45 1.12 x 10° 5.65 x 107 0.61 183
SPIL5-45 2.32 x 10 1.30 x 10 0.62 184
SPIL2-35 1.28 x 10 5.02 x 10 0.58 186
SPIL2-45 1.98 x 10* 2.27 x 10 0.39 175
SPIL2-55 3.6 x 10 3.36 x 10 0.34 151
SPIL2-65 1.47 x 10 8.04 x 107 0.26 133
SPIL2-75 2.43 x 10’3 8.33 x 10 0.20 132

Ty — Glass transition temperature of SPEEK and its composite membranes as
determined from the DSC thermograms.

thermal stability of the membrane. Although the thermal stability of the
membranes has decreased, no significant weight loss due to degradation
is observed up to around 170 °C, which makes these composites suitable
for high-temperature applications.

As evident in Fig. 3(b), both the onset and end set of degradation of
the SPEEK-PIL2 composites shift towards lower temperature with
increasing PIL2 content compared to the neat SPEEK membrane.
Moreover, incorporating the PIL into the SPEEK membrane structure
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Fig. 3. TGA thermograms of the SPEEK-PIL composite membranes (a) with 45
wt% of PIL1-PIL5 and (b) 35-75 wt% of PIL2.

brought a different thermal behavior as the pure one exhibited a two-
step decomposition pattern. The two steps observed in pure SPEEK
membrane were attributed to the breakdown of the sulfonic acid group
and the degradation of the main polymer backbone for the SPEEK
membrane (Yilmazoglu et al., 2021).

3.4. XRD analysis

The effect of incorporation of the PIL on the crystallinity of SPEEK is
evaluated by XRD. The XRD pattern of neat SPEEK and the SPEEK-PIL2
composite membranes are shown in Fig. 4. SPEEK membrane and its
PIL2 composites exhibit characteristic XRD peaks at 20 of 18.71° and
28.3° (Banerjee and Kar, 2017) (See Figure S8 in supplementary infor-
mation for clear peak positions). The pure SPEEK membrane shows a
wide peak at 20 starting from 10° showing the amorphous phase of pure
SPEEK membrane (Ali et al., 2019)and their composites. The charac-
teristic peaks of the SPEEK-PIL2 composites are similar to those of pure
SPEEK membrane. With an increase in the mass fraction of the PIL, a
decrease in the intensity of the diffraction peaks is observed. This peak
broadening is due to increase in amorphous region in the composites
which can be attributed to structural changes in the ionic clusters, as
they change from an ordered to disordered state due to their interaction
with the incorporated PILs.
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Fig. 4. XRD Pattern of Pure SPEEK and the composite membranes with various
loadings of PIL2.

3.5. Electrical transport properties

As mentioned earlier, a fast ion-conducting electrolyte is needed for
device applications. The requirement here is electrical conductivity (o)
greater than 10 S cm ™! at 120 °C for a high-temperature PEMFC. We
recorded the real and imaginary parts of impedance (Z) for the com-
posite electrolytes. Fig. 5 depicts the Nyquist curves of SPIL1-45 to
SPIL5-45 at (a) 50 °C and (b) 120 °C. The Nyquist plots Fig. 5(a), at 50 °C
consisted of a semi-circle in the high-frequency zone (I) and nearly a
straight line in the low-frequency zone (II) (Anis et al., 2023; Gupta
et al., 2022). The semi-circle indicates the diffusion phenomenon of ions
and the straight line portrays the blocking-electrode/polarization effect
of the ions. These effects can be expressed by the equivalent circuit, Ry
+ (Rp||C11 + Ca,i1, where notations have their usual meaning (Careem
et al., 2020). For example, R; for a series resistance due to leads, Ry}, for
bulk resistance, C; for chemical capacitance, and Cy for double-layer
capacitance. The subscripts I and II refer to high- and low-frequency
zones, respectively. The existence of the semi-circle indicated that PIL
molecules are physically attached to and homogeneously distributed in
the SPEEK matrix. The level of completeness of the semi-circle suggests
the ion-matrix interaction, which is the lowest for SPIL2-45 and the
highest for SPIL5-45. The temperature significantly controls the ion-
matrix interaction, as observed in Fig. 5(b), which indicates the
Nyquist curves of SPIL1-45 to SPIL5-45 at ~120 °C. The semi-circle
completely disappeared for the SPIL1-45 to SPIL4-45 samples at 120 °C,
suggesting a lower ion-matrix interaction because of the thermally
activated phenomenon where the ions cooperate with the segmental
motion of polymeric chains. The bulk resistance marked by an arrow at
the intercept of the real axis was utilized to calculate the c-value at ~50
and 120 °C (cf. Table 3). SPIL1-45, SPIL3-45, and SPIL4-45, having a
partial semi-circle, exhibited o5¢°¢ ~107° S ecm™!. SPIL2-45, having a
partial and small semi-circle, exhibited a higher value of 65¢°c, &2 X
10 S cm™!. Whereas SPIL5-45, having a well-developed semi-circle,
exhibited a low value of 650°c, ~2.3 x 10° S em™!. At ~120 °C, SPIL1-
45, SPIL3-45, SPIL4-45, and SPIL5-45 showed ¢ value more than 1074 S
em™!. Only SPIL2-45 possessed 6120°c ~2.3 x 10 S ecm™!, which is
required for the device application (Agrawal and Gupta, 1999). Naka-
moto and Watanabe (2007) extensively studied the various properties of
several types of protic salts and concluded that the ionic liquid dieth-
ylmethylammonium trifluoromethanesulfonate is superior to other ionic
liquids in many aspects. Lee et al. (2010) reported that dieth-
ylmethylammonium trifluoromethanesulfonate is preferable to dieth-
ylmethylammonium bis(trifluoromethane sulfonyl)imide in terms of
fuel cell electrode reactions.
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Fig. 5. Nyquist plot of the composite PEMs with 45 wt% loading of the different PILs (a) ~50 °C and (b) ~120 °C.

The results of electrical conductivity contributed by the concentra-
tion and mobility of ions, can be explained in the light of the physico-
chemical properties of the PILs (cf. Table 1). This is because the ionic
mobility/conductivity is inversely proportional to the viscosity of the
PILs (Singh et al., 2011). Additionally, an ion with a large size acts as a
plasticizer to increase ionic mobility (Gupta et al., 2022). An anion with
low lattice energy and donor number, and high molecular weight and
dissociation constant is preferable for PIL dissociation in a polymer
matrix (Gupta et al., 2024). A big size of the anion reduces its mobility
and decreases its contribution to electrical conductivity. The formate ion
had a size of 316 pm with a molecular weight of 107.11 g mol~* and
viscosity of 188 cP for PIL1, which produced SPIL1-45 with 650°¢ ~4.1
x 107> S em ™. The bis(trifluoromethylsulfonyl)imide ion with a larger

ionic size, 790 pm, resulted in similar o50°¢ values, 2.5 x 10™ S em ™! for
SPIL3-45 and 1.1 x 10> S cm™! for SPIL4-45. SPIL3-45 had higher
conductivity than SPIL4-45 because PIL3 had lower viscosity (57.7 cp)
than PIL4 (106 cP). The triflate ion had lower ionic size (440 pm),
molecular weight, and dissociation constant than the bis(tri-
fluoromethyl sulfonyl)imide ion, however, with a similar level of
dissociability, which resulted in the highest 65¢°c-value, ~2 x 10*S
em™! for SPIL2-45. This was most probably due to the lowest viscosity
(37.7 cP) of PIL2. A replacement of F in triflate with H for meth-
anesulfonate (ionic size 380 pm) produced PIL5, which had a lower
molecular weight (183.27 g mol™ D) and a higher viscosity (111 cP).
SPIL5-45, therefore, achieved the lowest 65¢°c, ~2.3 X 10° S em™ L
These findings are corroborative with the DSC study, discussed earlier.
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A study on temperature-dependent 6-measurement reveals the na-
ture of ion transport in the electrolyte. This study also provides activa-
tion energy (E,), which should be less than 0.3 eV for the device
application operating in a wide temperature range (Agrawal and Gupta,
1999). Fig. 6 exhibits a log 6 vs. T~! plot for SPIL1-45 to SPIL5-45. The
composite PEMs showed a constant decrease in log ¢ with increasing
T1, revealing the thermally activated phenomenon with the ions-
cooperated segmental motion of the polymeric chains. The thermally
activated linear curve ascertained the Arrhenius-type phenomenon with
an equation, 6 = o, exp[-E,/kgT], where the notations 6, and kg had
their usual meanings. The linear fit provided the slope, thereby, the
value of E, for all the composite membranes, which are listed in Table 3.
Only SPIL1-45 and SPIL2-45 possessed an E, value less than 0.4 eV, close
to the threshold for device application. However, we selected SPIL2-45
as the most suitable system because it had 6120°¢ greater than 10 S
cm™! along with a favorable activation energy. We varied the PIL2
concentration to decrease the E, value to less than 0.3 eV for the com-
posite PEMs. Figure S9(a)(Supplementary Information) shows the
Nyquist plot of SPIL2-35 to SPIL2-75 recorded at ~50 °C. These com-
posite PEMs had a nearly complete high-frequency semi-circle for SPIL2-
35, a partial and small semi-circle for SPIL2-45, and no semi-circle for
SPIL2-55 to SPIL2-75. This trend in semi-circle suggests a decrease in
ion-matrix interaction with increasing concentration of PIL2. The
Nyquist plot of SPIL2-35 to SPIL2-75 recorded at ~120 °C had no semi-
circle Figure S9(b) (Supplementary Information). The intercept at the
real axis of the impedance is marked by an arrow and corresponds to the
bulk resistance. The bulk resistance values decreased with increasing
concentration of PIL2. The c-value at 50 and 120 °C, computed from the
bulk resistance, is listed in Table 3. The electrical conductivity@50 °C
started from ~1.3 x 10 S em™! for SPIL2-35 and reached to~1.5 x
102 S ecm™! for SPIL2-65. At 120 °C, the o-value started from ~5 x 1074
S em™ for SPIL2-35 and reached to ~8 x 107> S cm™" for SPIL2-65. No
significant increase in the ¢-value was noticed for SPIL2-75, revealing
the saturation state. The increase in ¢ of the composite PEMs with
increasing PIL content follows the expected trend. Pure PIL2 has 63°¢
~8.1 x 103Sem™.

The temperature dependence of ¢ for the composite PEMs with
different concentrations of PIL2 is depicted in Fig. 7. The PIL2 com-
posites showed a linear decrease in log ¢ with increasing T~ for all
values the composite PEMs, revealing the Arrhenius-type phenomenon.
An increase in ¢ with increasing temperature can be attributed to the
enhanced mobility due to a reduction in the PIL at higher temperatures
which in turn promotes the formation of interconnected anhydrous
proton transfer channels. We computed the E, values for all the PIL2-

'2 T T T T T T T
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Fig. 6. Log o-T ' plot of composite PEM with 45 wt% loading of the
different PILs.
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Fig. 7. Log 6-T~ ! plot of the composite PEMs with different loadings of PIL2.

based composite PEMs and listed them in Table 3. This showed a
decrease in E, with increasing PIL2 concentration. SPIL2-65 achieved an
impressive value of electrical transport parameters: 6129°c ~8 x 102s
em™! and E, ~0.26 eV, making this a suitable candidate for PEMFC
application.

4. Conclusions

SPEEK-PIL-based composite polymer electrolyte membranes were
synthesized and characterized successfully to ascertain their thermal
and physical properties for their suitability for applications in electro-
chemical devices. FTIR studies confirmed that no covalent bonds were
formed between the PILs and the SPEEK sulfonic acid groups rather the
interaction among them was purely ionic which helps to generate
continuous proton transfer channels to improve the conductivity. The
thermal properties of the composite PEMs were evaluated through DSC
and TGA studies. The composite membranes showed the requisite
thermal stability and the membranes were homogeneous and flexible
due to the plasticizing effect of the incorporated PILs. The plasticizing
effect of the PILs also led to a reduction in the glass transition temper-
atures of the composite membranes. The temperature dependence of
proton conductivity of the SPEEK-PIL composite membranes was eval-
uated using EIS and was found to be in the order of 1072 S cm™! for the
most of the composites at higher temperatures. The composite PEMs
exhibited a linear log ¢ — T curve, revealing the Arrhenius type of
temperature-dependent behavior. The SPIL2-65 composite PEM ach-
ieved an impressive proton conductivity, ~8 x 107> S cm™! at 120 °C
and activation energy ~0.26 eV, making this a suitable candidate for
prospective PEMFC application.
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