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ABSTRACT: Proton exchange membrane (PEM) is an integral component in fuel cells which enables proton transport
for efficient energy conversion. Sulfonated Polyether Ether Ketone (SPEEK) has emerged as a cost-effective option with
non-fluorinated aromatic backbones for Proton Exchange Membrane Fuel Cell (PEMFC) applications, even though it
exhibits lower proton conductivity compared to Nafion. This work aims to study the influence of Sulfonated Chitosan
(SCS) concentrations on proton conductivity of SPEEK-based PEM at room temperature. SPEEK was synthesized
using a sulfonation process with concentrated sulfuric acid at room temperature. SCS was synthesized via reflux of
CS and 1.2 M H, SO, with a ratio of 1:35 (w/v) at 90°C for 30 min. The composite membranes of SPEEK-SCS were
formed with four different SCS concentrations, using the solution casting method, and Dimethyl Sulfoxide (DMSO) was
used as a solvent. The composite membranes synthesized include pure SPEEK (S0), SPEEK with 1% SCS (S1), SPEEK
with 2% SCS (S2), and SPEEK with 3% SCS (S3). Fourier transform infrared spectroscopy (FTIR), X-ray diffraction
(XRD), water uptake, degree of swelling, Ionic exchange capacity (IEC) with Electrochemical impedance spectroscopy
(EIS) were used to characterize the composite membranes in terms of composition, crystallinity, water absorption,
dimensional changes, number of exchangeable ions in membranes, and proton conductivity, respectively. Notably, S3
had the highest water uptake and the lowest degree of swelling. S2 had the highest proton conductivity among the
SPEEK-SCS composite membranes at room temperature with 3.44 x 1072 Scm ™.
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1 Introduction

Rising concerns over environmental pollution and climate change have urged countries worldwide
to transition towards clean and sustainable energy. The demand for clean energy technologies has grown
due to the depletion of fossil fuel reserves and rigorous environmental restrictions. Thus, the advancement
of technologies in energy conversion is increasingly in demand, particularly from scientific and industrial
sectors. This progress anticipates the transition to a “Global Hydrogen Economy”, which is predicated on the
potential of hydrogen as an energy carrier with a high energy content per unit weight [1].

Proton exchange membrane (PEM) is an integral part of electrochemical systems that can be applied
in electrolyzer, fuel cells, and batteries as an ion-conducting material for energy conversion efliciency.
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Fuel cell is potentially a sustainable energy technology with the capability to enhance energy conversion
efficiency while contributing to the reduction of greenhouse gas emissions. A fuel cell is a sustainable power
generation work that converts the chemical energy of hydrogen gas using an electrochemical process into
electricity. If the hydrogen gas which acts as fuel in this process was sourced from a renewable source such
as water, then the fuel cell can be regarded as a genuine sustainable energy solution. Notably, hydrogen
conversion into electricity using Proton Exchange Membrane Fuel Cell (PEMFC) is highly promising for a
sustainable carbon-neutral future due to its 53% to 60% high energy conversion efficiency with potentially
zero emissions [2].

Nafion membranes are commonly used commercially in PEMFC and direct methanol fuel cell [3].
Nafion consists of sulfonated polymer with perfluorinated backbones and sulfonated sidechains. The
chemical stability of Nafion is due to the perfluoroether, whereas sulfonated sidechains gather and promote
hydration. As a result, Nafion was chosen as a standard PEM for fuel cell due to its chemical stability and
high ionic conductivity. For instance, the ionic conductivity of fully hydrated Nafion is approximately 0.1 S
cm™! [4]. However, Nafion membranes have a number of disadvantages which make commercialization
challenging, such as a decline in ionic conductivity in anhydrous conditions which restricts their usage in
high temperatures [5], high cost [6], and high content of fluorine, which is a concern from an environmental
perspective due to its bioaccumulation that impedes complete degradation [7].

One of the various alternatives for PEM material that were proposed over the years is Polyether Ether
Ketone (PEEK), an aromatic thermoplastic that is suitable for usage in high temperatures. PEEK is a part of
the poly(arylene ether ketone) group and comprises phenyl rings, carbonyl, with ether linkage [8]. Therefore,
PEEK stands out as an alternative to Nafion due to its aromatic non-fluorinated backbones [9]. For PEMFC
application, PEEK is converted to Sulfonated Polyether Ether Ketone (SPEEK) by introducing sulfonic groups
directly into the polymer chains through a sulfonation process. The sulfonation process on PEEK enhances its
transport of ions and hydrophilicity. Additionally, enhanced hydrophilicity promotes the proton conductivity
in the polymer. Aside from hydrophilicity, the degree of sulfonation can also increase the polymers’ proton
conductivity. However, SPEEK with a higher degree of sulfonation has poor stability in terms of swelling,
which leads to changes in dimensions and fragility of the polymer. Therefore, moderate or an optimum degree
of sulfonation is crucial in SPEEK to prevent mechanical failures [10]. Several studies have been conducted
to find proton-conducting blend membranes with high proton conductivity, good mechanical properties,
and enhanced membrane properties using SPEEK as a major component in the blend membranes [11]. A
review paper suggested that SPEEK with a degree of sulfonation (DS) of 87% can attain a proton conductivity
of 131 mS cm™ at room temperature, whereas SPEEK with a DS of 67% exhibits a proton conductivity of
75mS cm™ [12]. A separate study conducted by Rico-Zavala et al. achieved a proton conductivity of 60
mS cm™! for a SPEEK composite membrane with 10% chitosan at room temperature under 100% relative
humidity (RH) [1]. A study of SPEEK-Chitosan exposed to UV irradiation for 120 min yielded a proton
conductivity of 3.2 x 107* Scm™ [13].

Chitosan (CS) is an economical polymer that can be found in seafood waste. CS is derived from the
deacetylation of chitin, a chemical compound found in fungal cell walls and crustaceans [12]. Commonly, CS
is used in agricultural [14] and water treatment [15] applications. A study of SPEEK PEM with CS for direct
methanol fuel cell was reported by Nur Hidayati et al. [16] in 2019. CS in pure form cannot be used as a PEM
due to the absence of mobile protons in its native structure, leading to severely low proton conductivity in CS.
A study by Palanisamy et al. [17] stated that the enhanced hydrophilic properties in the composite membrane
Polyvinylidene fluoride (PVDEF)/SCS/functionalized silicone dioxide (fSiO,) were due to the effect of sulfonic
acid groups incorporated by the SCS and the hydrophilic nature of the CS. The presence of sulfonic acid
groups in the CS introduced by the sulfonation process effectively influenced the proton transportation
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behaviour, as in the comparison between the proton conductivity of CS (1.30 + 0.06 mS cm™') and CS/SCS
(2.20 £ 0.11 mS cm™!) membranes [18].

Composite membranes with varying chemical, physical, or mechanical characteristics also show sig-
nificant potential for application in high-temperature PEMFC. Furthermore, fillers can enhance proton
conductivity, chemical resistance, and mechanical strength of the composite membrane. For instance,
hydrophilic fillers can enhance water uptake properties of membranes, which enable their application in low
RH conditions [19]. SPEEK, being an aromatic polymer, is a promising alternative to fluorinated membranes.
SPEEK is also capable of functioning as a high-performance polymer electrolyte with stability in the cell
environments. Notably, the degree of sulfonation of SPEEK significantly influences its proton conductivity.
A high level of sulfonation is necessary for sulfonated aromatic polymer membranes to achieve adequate
proton conductivity because of the low acidity of the sulfonic groups in the aromatic rings. As a result
of high levels of sulfonation, the membranes exhibit excessive swelling, resulting in a deterioration of
mechanical properties and rendering them unsuitable for PEMFC applications [20]. This study aims to
develop SPEEK-SCS composite membranes with improved mechanical stability for PEMFC application.
By incorporating SCS as a filler, this work addresses the challenge of excessive swelling in SPEEK while
offering a cost-effective and environmentally friendly alternative to fluorinated membranes. The present
work introduces SCS as a natural, hydrophilic filler that provides additional sulfonate anion (-SO;7)
functional sites while maintaining good interfacial compatibility with SPEEK. Moreover, the element of high
crystallinity in the composite membrane will increase the mechanical integrity by reducing excessive swelling
when hydrated [21]. The SCS content was limited to less than 10% to minimise mechanical issues in SPEEK,
such as susceptibility to breakage, which leads to further studies.

Using the solution casting method, SPEEK, SCS, and composite membranes SPEEK-SCS were syn-
thesized. Subsequently, the characteristics of these membranes were investigated using several analytical
procedures, including Fourier Transform Infrared (FTIR), X-Ray Diftraction (XRD), assessments of water
uptake, degree of swelling, Ionic Exchange Capacity (IEC), and measurements of proton conductivity. First,
FTIR was used to identify functional groups in the membranes, particularly the presence of sulfonic acid
groups (-SOs;H), which was crucial for proton conductivity in PEMFC [6]. Second, XRD was utilised to
determine the crystallinity of the membranes, which distinguishes between crystalline and amorphous
regions. Higher amorphous content in the membranes facilitates better ion transport, which leads to higher
proton conductivity for fuel cell applications [17]. Third, an analysis of water uptake was necessary to
measure the membranes’ capability for water absorption. In PEMFC, increased water uptake may enhance
proton conductivity, however it could potentially compromise the mechanical stability of the membranes [2].
Fourth, the degree of swelling serves to assess the dimensional changes of the membrane when hydrated,
as it indicates the mechanical stability and dimensional integrity under humid conditions. Nonetheless,
excessive swelling may result in membrane deformation or failure in a fuel cell stack of PEMFC [4]. Fifth,
IEC analysis was conducted to quantify the concentration of ionizable groups, such as sulfonic acid groups,
per unit mass of membrane. Although an overly high IEC can cause over-swelling or solubility issues, in
PEMEFC applications, a higher IEC typically corresponds to increased proton conductivity [22]. Finally, the
performance of the membranes was analysed based on proton conductivity at room temperature to evaluate
their ability to transport protons from anode to cathode, which was crucial for maintaining electrochemical
reactions that generate electricity. PEMFC requires high proton conductivity to ensure efficient fuel cell
performance, whereas low conductivity from increased internal resistance leads to reduced power output
and lower fuel cell efficiency [23].
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2 Materials and Methods
2.1 Materials

Granular polyether ether ketone (PEEK) grade 90P from Victrex. Chitosan (CS) by R&M Chemicals.
Sulphuric acid (95-98 wt.%) by Chemiz and sodium hydroxide by Merck KGaA. Sodium chloride (99.0%)
and dimethyl sulfoxide (99.5%) were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2 Sample Preparations
2.2.1 Sulfonation Reaction of PEEK Polymers

The synthesis process for SPEEK consists of three major steps, which are sulfonation, precipitation, and
the drying process, as shown in Fig. 1. The first step was the sulfonation process. PEEK granules were oven-
dried for 24 h at 80°C. Then at room temperature, the PEEK was dissolved with sulfuric acid while stirred
continuously for 24 h. The ratio used for polymer and solvent was 1:25 (w/v). For the next step, the polymer
solution was poured into stirred ice-cold distilled water. The formation of white fibre-like precipitation
signified the ending of the sulfonation process. After that, the polymer precipitate was washed with distilled
water until its pH turned neutral (pH 6-7). The washing process was to remove excess acid from SPEEK that
was in the form of polymer precipitate. The last step was the drying process, where the SPEEK was dried for
24 h at 100°C in an oven [16].

SPEEK solution

Dried PEEK C
l Ice cold
H,S0, distilled
= waler
o0

Stir continuously until
Dry PEEK PEEK dissolved

=)

Synthesized raw
SPEEK membrane

Stir commuously pH check

Dry SPEEK
(24 hours at 80°C) (24 hours at 100°C)

Repeated rf pH below 6
Figure 1: Synthesis process of SPEEK

2.2.2 Sulfonation Reaction of Chitosan Polymers

Synthesis of SCS using the chemical reflux process shown in Fig. 2 requires 1.2 mol/L sulfuric acid
(H,S04), CS, and 0.001 mol/L sodium hydroxide (NaOH). The ratio used in this synthesis process was 1:35
(w/v) for CS and diluted sulfuric acid. First, diluted sulfuric acid was heated up to the desired maximum
temperature of 90°C under continuous stirring. Then CS was poured into the heated diluted sulfuric acid
and stirred to become homogenous. After 30 min, the mixture was hot-filtered and cooled down to room
temperature. Next, the mixture was separated by centrifuging for 25 min at 2550 rpm (Table-type High-speed
Centrifuge H/T16 mm). Next, the sediments from the mixture were washed with distilled water and checked
for pH. The centrifuge steps were repeated until the pH of the sediment became neutral. Subsequently, the
sediments were submerged and stirred in 0.001 mol/L NaOH for 20 min to deacidify them. Finally, the
sediment was washed using distilled water [24].
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Figure 2: Synthesis process of SCS

2.2.3 Membrane Preparation

Fig. 3 shows the preparation of composite membranes, which begins with the dissolution of both SPEEK
and SCS solutions in DMSO as the solvent. The weight of SPEEK that needed to be dissolved was 1.4 g
while the weight of SCS was 1% of SPEEK. Then, the dissolved SCS was poured into dissolved SPEEK and
stirred until homogenous. Finally, the mixed solution was cast into a petri dish and dried in a vacuum
oven for 24 h at 60°C. The composite membrane was labelled as S1, and these steps were repeated for other
composite membrane preparations with different percentages of SCS. Table 1 represents the composition of
the membranes.

Sulfonated Sulfonated
Chitosan chitosan SPEEK Homogeneous SPEEK-SCS
solution solution Solution
SPEEK-SCS
. solution
L |
Homogeneous stirring
=> —=> —=>
— = |
SPEEK (_cE) SPEEK-SCS
l ® O composite membrane
Homogeneous stirring
DMSO Drying of i
= rying of composite membranes
= ) (24 hours at 60°C)

Homogeneous stirring

Figure 3: Synthesis process for composite membranes



6 Energy Eng. 2026;123(1)

Table 1: Composition of S0, S1, S2, and S3

Samples SPEEK SCS
SO l4g Og
S1 l4g 0014 ¢
S2 l4g 0.028 g
S3 l4g 0.042 g

2.3 Characterization Methods
2.3.1 Fourier Transform Infrared (FTIR)

Perkin Elmer Spectrum One (FTIR) was used to verify functional groups of SPEEK and SCS. The

resolution used for FTIR was 16 with a scan rate 4 in the range of 650-4000 cm™".

2.3.2 X-Ray Diffraction (XRD)

All of the membranes’ XRD patterns were obtained using an X'Pert Pro Panalytical X-ray diffractometer
equipped with CuKa radiation (A = 1.17545 A) operated at 45 kV and 40 mA. The membranes were carefully
placed onto the sample holder prior to analysis. The diffraction data were collected over a 26 range of 5°-
90° with a scan speed of 0.417782°/s. A divergence slit of 1/4° for diffraction setting and a receiving slit of
0.1-0.2 mm were applied. These diffraction patterns were required to determine the solid-state morphology
of the membranes, which identified changes of crystal structure in the membranes.

2.3.3 Water Uptake and Degree of Swelling

Prepared membranes were dried in an oven for 24 h at 60°C. Then the mass and diameter of the dried
membranes were recorded as Mg and Dy, respectively. Next, the membranes were submerged in distilled
water for 24 h. Filter paper was used to remove excess moisture before measuring the mass (M,,) and diameter
(Dy) of submerged membranes. The percentage of water uptake and degree of swelling were measured
using Eqgs. (1) and (2) [13,25].

My

M., —
Water uptake (%) = WM— x 100 (1)
d

D, - D
Degree of Swelling (%) = D—d x 100 (2)
d

2.3.4 Ionic Exchange Capacity (IEC) and Degree of Sulfonation (DS)

Back titration was used to determine the IEC of the membranes. This method requires H* ions of
the sulfonic acid group to be replaced by Na" ions from NaCl solution. The analyte for the titration was
made by submerging 0.5 g of membrane while stirring for 24 h in 2 M NaCl solution at room temperature.
To determine the neutral point in the back titration, 0.1 N NaOH solution was used as a titrant and
phenolphthalein as an indicator in the analyte. From analyte neutralization in the titration, the volume of
consumed NaOH was used to calculate the concentration of H* ions in the sulfonic acid groups (-SO;H) in
the membranes. Fiq. (3) calculates the IEC of the membranes, where Wy,, represents the initial weight of the
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membrane, Cy,on refers to the concentration of NaOH, and Vy,0g is the consumed volume of NaOH [8].

C Vi
IEC(V”“I) _ UNaoH X VNaoH 3)
g Wdry
The value of IEC was used to determine the DS value of the membranes using Eq. (4) [26].
DS% = — SPEEK 199 (4)
NSPEEK + NPEEK
nSPEEK:10_3X W x IEC (5)
S W — (Mspggk X NSPEEK) ©6)

Mpgex

The equation includes ngpggk, presented as the number of moles of PEEK units that have been
sulfonated, which can be calculated using Eq. (5). As for Eq. (6), npggk is defined as the number of moles of
un-sulfonated units of PEEK. Mspgrk and Mpggk are the molecular weights of SPEEK and PEEK, respectively.

2.3.5 Proton Conductivity Measurement

Proton conductivity of the membranes at room temperature was calculated using electrochemical
impedance spectroscopy (EIS). Before the EIS measurement, the membranes were submerged in water for
30 min. After removing excess water from the membranes, their thickness was measured and positioned in
the EIS holder. Frequencies ranging from 50 to 1 MHz were used to record real and imaginary impedance
spectra of the membranes by AC impedance (Hioki 3532-50 LCR HiTester). In the Nyquist plot of impedance
spectra, the intercept on the real axis impedance curve at high frequency was used to obtain the membrane’s
bulk resistance, R,. Thus, the membrane’s proton conductivity, o, was calculated using Eq. (7) [27]. In Eq. (7),
L represents thickness, R, is bulk resistance, and A is the area of the membrane.

L

0o=—
R,A

(7)

3 Result and Discussion
3.1 FTIR Spectrum of Membranes

Fig. 4a,b displays the FTIR spectra of CS, SCS, SPEEK, and its composite membrane. The comparison
between the FTIR spectra of CS and SCS membranes is shown in Fig. 4a. Both spectra indicate a broad
stretching of the hydroxyl group (O-H) that appears in the range of 3200-3400 cm™" [28,29]. The vibration

land

2100 cm™". In lower wavenumbers, primary amine salts are represented by two peaks at 1650 and 1563 cm™!,
which are respectively asymmetric and symmetric. For SCS, sulfonic acid groups are shown as an asymmetric
bend at 1350 cm™! and a symmetric bend at 1150 cm™! [30]. In comparison, the peaks observed in SCS are
noticeably broader than those in CS, which can likely be attributed to the sulfonation process undergone by
CS. Thus, the introduction of additional functional groups results in overlapping functional group peaks in

the SCS spectrum. Therefore, it could be concluded that the sulfonation process of CS was a success.

of the primary and secondary amine salts group can be seen on stretches that occur at 2700-3100 cm™
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Figure 4: Fourier transform infrared spectroscopy (FTIR) spectra of (a) CS with SCS and (b) SO with S2

As for the SPEEK membrane spectrum in Fig. 4b, an asymmetric sodium sulfonate (O=S=0) bend can
be pinpointed at 1076 cm™" while its symmetric bend is at 1014 cm™" [31]. There is also a distinct broad
stretch of hydroxide (O-H) group at 3403 cm™!. Moreover, aryl carbonyl (C=0) groups were detected at
1645 cm™'. However, it could also be ketones that conjugate between two aromatic rings to be in the range
of 1670-1600 cm™! [30]. Therefore, the synthesis process of SPEEK was validated using FTIR spectra. The
S2 spectrum shows a bend of the sulfonate group (S-O) at 705 cm™. Another asymmetric sulfonate group
was detected at 1016 cm™" whereas the symmetric bend vibration was at 1074 cm™ [16]. In addition, there is
an alkyl-substituted ether (C-O) vibration at 1155 cm™" [32]. The amine group is found at 1644 cm™" which
resulted from vibration absorption of the NH-SOsH group [28]. There is also amine group located at 3440
and 3472 cm™!. These two peaks indicate the presence of primary amine in the S2 from the SCS [30].

3.2 X-Ray Diffraction (XRD)

Fig. 5 shows XRD patterns of (a) CS, (b) SCS, (c) SO, and (d) S2. Patterns of CS and SCS show distinct
differences, such as shifting of CS and SCS peaks at 20 = 9° and 260 = 12°, respectively. Moreover, a CS peak
at 20 =19° was broader compared to the corresponding peak in the SCS pattern. This phenomenon could be
the effect of the sulfonation process, where the sulfonated polymer was not able to absorb more water due to
the loss of hydrogen bonds or the disorder in the polymer structure.

Through the deconvolution technique, sharp peaks at 11.9°,18.9°, and 24.6° from the XRD pattern of the
SCS membrane in Fig. 5b were detected. These peaks indicate an increased crystallinity domain of SCS under
the sulfuric acid treatment. This could be explained by the interaction between the —-NH;" groups in the
chitosan and anions of SO,*~ which influenced the changes in crystallinity [24]. Fig. 6b shows the graph of
deconvolution for SCS, which was used to calculate the degree of crystallinity of the SCS. The average degree
of crystallinity (X.) for SCS is 33.33%, with the highest X as 85%. This value can be calculated using Eq. (8),
where A represents the area of crystalline peaks of diffraction and A, refers to the area of amorphous peaks
of diffraction [33].

— AC
A+ A,

c

(8)
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In Fig. 5¢, abroad peak was observed at 20 = 20°, which implies an amorphous characteristic in SPEEK.
As for S2 in Fig. 5d, the pattern exhibits the same peak as the SPEEK pattern, where the broadening of the
peak corresponds to its amorphous state [34]. The similarity of patterns between SPEEK and S2 was due to
the higher composition of SPEEK in S2 rather than SCS.
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3.3 Water Uptake and Degree of Swelling

Water uptake is a critical characteristic and a fundamental component for maintaining proton con-
duction from the anode to the cathode [35]. Fig. 7a presents a graph of water uptake in relation to SCS
concentration, which suggests that water uptake increases with higher SCS concentration in the mem-
brane. Table 2 presents the data obtained from this characterization. Although the degree of swelling impacts
both the diameter and thickness of the membranes, the change in diameter is used in this study for its
simplicity to quantify. The expansion of the membranes in the plane dimension (diameter) is less restricted
than its thickness, which is confined by the structure of the membranes and the fuel cell assembly.
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Figure 7: Graphs of S0, S1, S2, and S3 for (a) water uptake and (b) degree of swelling

Table 2: Results for water uptake and degree of swelling of S0, S1, S2, and S3 membranes

Sample Thickness of dried membranes (cm) Water uptake (%) Degree of swelling (%)
SO 0.033 444 + 0.11 71+ 0.15
S1 0.012 438 + 0.15 56 + 0.12
S2 0.014 430 + 0.31 58 £ 0.11
S3 0.012 815 + 0.28 51 +£0.05
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The presence of sulfonic and hydroxyl groups in the membrane promotes the development of
hydrophilic ion domains, which are crucial for water uptake and proton transport. As the membrane absorbs
water, the ionic clusters expand and interconnect to form continuous hydrated channels that enable efficient
ion migration. Hence, higher water uptake enhances proton conductivity by improving the connectivity of
these hydrated pathways [36]. Notably, vehicle mechanisms are one of the proton conductive mechanisms
in polymer membranes that involve the association of protons with water molecules to form hydronium
ions such as H;O", HsO,", HyO,", or similar complexes, which then diffuse across the membrane. Fig. 8
illustrates the proton transport mechanism in the vehicle-type model in SPEEK/SCS membranes.

SPEEK
SOs- SOs-
HsO*

'503_ 503_ HsO2*

"’\Ile *’\:IHZ
HeO4*

SCS
Figure 8: Vehicle-type transfer mechanism

Moreover, water could hydrate the proton exchange membranes to facilitate the proton transport,
however the excess swelling can result in the deterioration of the membrane-catalyst interface, severe water
drag or fuel drag and possible performance failure of the fuel cell [37]. The membranes with a high degree
of swelling have a high potential to lead towards poor mechanical stability, low durability and thus decrease
the fuel cell performance. Fig. 7b indicates the degree of swelling trend for the membranes, which shows that
the degrees of swelling decrease as the SCS concentration in the membrane increases. Notably, an increase
of SCS concentration in the membranes promotes greater water uptake and enhances the capacity of the
membranes to resist swelling. This behaviour is due to a higher degree of crystallinity in SCS compared to
SPEEK, which is demonstrated by the XRD patterns in Fig. 5. In the composite membranes, SCS serves as
a filler to the SPEEK base. As water uptake increases, the polymer chains of SPEEK tend to expand but are
still obstructed by SCS. As SCS content increases, the membranes become more compact, which restricts
the polymer chain mobility. Therefore, an increase in SCS concentration leads to a decrease in the degree of
swelling, resulting in improved dimensional stability of the membranes.

3.4 Ionic Exchange Capacity (IEC)

Ionic Exchange Capacity (IEC) is defined as the number of moles of fixed Sulfonate anion (SO{)
sites per gram of polymer [38]. Measurement of the IEC was conducted using the back titration method,
which provides information on charge density in the membranes. The IEC also reflects the concentration
of exchangeable hydrophilic groups, which corresponds to the content of fixed SO;~ sites in the composite
membranes, thus explaining its charged nature [39]. This factor is significant for conductivity due to its indi-
cation towards the quantity of exchangeable ion groups available for the proton transfer process [28]. Fig. 9
illustrates the presence of SCS in the membrane, resulting in an increase in the IEC values. The low IEC of SO
was primarily due to the absence of SCS, resulting in less formation of sulfonic acid groups (-SO3 H) within
the membrane [40]. Consequently, fewer functional sites were available for ion exchange, thereby reducing
ion transport through the membrane [41]. The increase of IEC values in the composite membranes suggests
that the number of SO;" sites in the membranes has increased thus water molecules present were able to
facilitate proton transport from one site to another, particularly through Grotthuss mechanisms that provide
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proton carriers and establish hydrogen bond networks [16,42]. The degree of sulfonation (DS) of pure SPEEK
and SCS was calculated using IEC and is shown in Table 3. The DS for pure SPEEK and SCS were measured
at 74% and 2.1%, respectively, which were crucial as DS affected the IEC, proton conductivity, and degree
of swelling. The DS of the membranes can be modified by the reaction conditions during the membrane
synthesis, including acid concentration, temperature, and duration of the sulfonation process [4].

18-

IEC (meq.

1.0

0.8

S0 S1 S2 83
Composite Membranes

Figure 9: Graph of Ionic Exchange Capacity (IEC) for SPEEK/SCS membranes

Table 3: Degree of sulfonation of pure SPEEK and pure SCS in S0, S1, S2, and S3 membranes

Sample IEC (meqg™) DS (%)
Pure SPEEK 0.8065 74
Pure SCS 0.1300 2.1

Fig. 10 depicts the Grotthuss-model transfer mechanism in SPEEK/SCS membranes conveying three
possible manners for proton hopping that exist simultaneously within the membrane, which are M;, M, and
M;. M, is proton hopping via base groups that traverses along sulfonic chains, M, is proton hopping via acid
groups and traverses along amine chains, and M; is proton hopping via acid-base pairs and traverses along

the sulfonic-amine interface [43].
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M1
H+ SOs SOs-

" /_\‘503 > /\‘503
\?'NUHz\/
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Figure 10: Grotthuss-type transfer mechanism
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Furthermore, IEC influences the membrane’s ability to absorb water, with higher IEC leading to greater
water uptake as a result of enhanced hydrophilicity [25]. Water first solvates the fixed ionic groups and
counter-ions, followed by filling the hydrophilic zone of the membrane for water uptake, as outlined in the
successive steps of membrane hydration [44]. The elevated water uptake and IEC suggest that protons are
able to traverse through a concentrated ionic network found within completely water-saturated sulfonated
polymer membranes [45]. Thus, the sulfonic acid content significantly influences IEC, which is associated
with water uptake.

In the vehicle mechanism, the proton did not migrate as a single H* particle but bound to a vehicle,
such as 0?7, H,0, and NH;, forming OH™, OH;", and NH," [46]. In this process, a proton was donated
to a vehicle molecule, such as water, on one side of the membrane and formed a larger charged complex,
such as a hydronium ion (H30%) [47]. This protonated vehicle then diffused through the membrane. Once
the vehicle reached the other side of the membrane, it released the proton, often by transferring it to another
molecule or into the solution. The uncharged vehicle molecule could then diffuse back to the original side of
the membrane to pick up another proton and complete the cycle. This mechanism was particularly dominant
in membranes with high water content [48].

In comparison with the Grotthuss mechanism, the proton migrated through a hopping process that
involved the sequential formation and breaking of hydrogen bonds between molecules [48]. The proton
directly hopped between adjacent sites along a chain of hydrogen-bonded molecules without the entire
molecule moving [47]. This process began when an excess proton was transferred into water in the form of a
hydronium ion (H30"). Hydrogen atoms of the water molecule carried a net positive charge and a sulfonic
species (S 03_), which carried a net negative charge. The positively charged hydrogen atoms were attracted
to the negatively charged sulfonate groups. Conversely, if a positively charged counter-ion was present, such
as a proton or a metal cation, the negatively charged oxygen end of water molecules was attracted to the
counter-ion. These ion-dipole interactions facilitated the formation of a network of hydrogen bonds between
water molecules and the sulfonate group, as well as among the water molecules themselves. The proton then
hopped from a donor molecule to an acceptor molecule by breaking and reforming a hydrogen bond. This
transfer was accompanied by a reorientation of the water molecules in the chain. This cycle repeated, with
each proton transfer creating a new relay point in the chain, allowing the proton to move rapidly through the
network. Due to protonation and deprotonation steps being part of the Grotthuss mechanism, the increase
in SO5™ species made the number of proton-hopping events increase [46]. At the same time, the protonated
vehicle that diffused through the membrane also increased, affecting the water absorption capacity of the
membrane. As a result, this interaction promoted the development of hydrophilic ion domains and increased
water uptake and IEC.

3.5 Proton Conductivity

The PEM with high proton conductivity above 107 S cm™ is essential, particularly for fuel cell
application [49]. Two primary factors that influence proton conductivity are mobility of protons and
development of ionic cluster channels in the membrane. Generally, protons were transported through ionic
cluster channels, which significantly affected water uptake and resulted in well-developed ionic cluster
channels in the presence of an adequate quantity of water molecules [36].

Furthermore, water uptake significantly influences proton conductivity in the membrane by establishing
a continuous proton conduction pathway through the Grotthuss mechanism. It has been suggested that
protons can be transported together with hydrated ionic domains (cluster network channel) and have a
major impact on the connectivity of these hydrated ionic domains [36]. These proton transfers between
ionic domains containing polar groups such as —SO;H are well established in the literature [50]. Hence, the
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formation of hydrogen-bonding networks between sulfonic groups and water molecules facilitates proton
mobility, which lowers the energy barrier for conduction.

The proton conductivity of composite membranes of SPEEK/SCS is illustrated in Fig. 11. The graph
demonstrates the properly dispersed SCS within the SPEEK membranes, which preserve ideal ionic pathways
and membrane homogeneity. The diagram indicates the potential of the composite SPEEK with SCS as
a proton conductor within the 1072 S cm™' range, as well as a minor reduction in conductivity as the
composition of SCS increases. The graph also shows that conductivity did not increase as the SCS content
increased. Addition of SCS increases the density of sulfonic acid groups, enhancing the number of proton
exchange sites and water uptake as depicted in Fig. 7a. However, under excessive hydration conditions, the
conductivity has continued to decrease. The decline in conductivity could mostly be due to SCS being more
crystalline than SPEEK membranes, as shown in Fig. 6b,c. Increasing the concentration caused the structure
to be more compact and limit the space, which restricted the polymer chain mobility and decreased the
swelling but was good for dimensional stability. This statement agrees with the degree of swelling result
as depicted in Fig. 7b. Limited space in the membranes reduced development of ionic cluster channels,
which led to the reduction of the mobility of H* and a decrease in retention area for water around sulfonic
acid groups [51]. An increase of SCS also enhanced IEC values, indicating the successful incorporation
of additional sulfonic acid sites from SCS. However, a further increase in SCS resulted in a slight decline
and subsequent plateau of IEC values. This trend is likely due to microphase separation or aggregation of
SCS within the SPEEK matrix, which reduces the accessibility of ionizable sites to the surrounding water
molecules [52]. In addition, excessive SCS may introduce tortuous diffusion pathways that hinder proton
accessibility and lower the effective IEC. Therefore, limited polymer chain mobility and reduction in the
accessibility of ionizable sites to the surrounding water molecules might limit protons to move easily and
hence contribute to the decrease in proton conductivity.
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Figure 11: Graph of proton conductivity vs. different SCS concentrations (S0-S3) in the SPEEK/SCS membranes

4 Conclusion

SPEEK with three different concentrations of SCS has been synthesized using the casting method. These
SPEEK-SCS membranes were characterized using various techniques, including FTIR, XRD, water uptake,
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degree of swelling, IEC, and proton conductivity. FTIR, XRD, and water uptake with degree of swelling
were used to study the structure properties of proton exchange membranes SPEEK-SCS. As for chemical
properties, back-titration was used to determine IEC of the membranes. The electrochemical property was
analysed using EIS to determine the proton conductivity of the membrane. The FTIR spectrum of pure SCS
was broader than the pure CS spectrum, which implied the success of the sulfonation process. The SCS
XRD patterns revealed an increase in crystallinity due to the sulfonation process. In terms of water uptake
and degree of swelling, S3 has the highest water uptake and the lowest degree of swelling. SO exhibited the
lowest IEC, due to the absence of SCS, which limited the formation of functional sites and reduced the
surface area available for ion exchange. Moreover, increased water uptake in composite membranes correlates
with higher IEC values of the membranes. Furthermore, S2 has the highest proton conductivity with 3.44 x
102 Scm™. These characteristics associated with water uptake, degree of swelling, and proton conductivity of
the composite membranes suggest the potential usage in PEMFC application at room temperature. Therefore,
it is recommended that future research should investigate the effects of higher SCS content on SPEEK-based
membranes as well as explore how the degree of sulfonation effects on membranes’ conductivity.
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