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Abstract: The global energy crisis caused by dependence on fossil fuels has accelerated
the search for renewable and sustainable energy sources, such as the proton exchange
membrane fuel cell (PEMFC). This study aimed to develop cellulose acetate-graphene
oxide (CA-GO) composite membranes with different GO concentrations (0-2%) to enhance
proton-exchange performance. Cellulose acetate was characterized by molecular weight
determination and Fourier-transform infrared spectroscopy (FTIR), while graphene oxide
was synthesized via the Hummers method and analyzed using X-ray diffraction (XRD),
FTIR, and electrochemical impedance spectroscopy (EIS). The CA-GO membranes were
fabricated by the phase-inversion method and evaluated for mechanical strength, swelling
ratio, ion-exchange capacity (IEC), proton conductivity, and methanol permeability. The
membrane containing 2% GO showed the best performance, with a Young’s modulus of
1.344 MPa, swelling ratio of 7%, IEC of 0.147 meq/g, methanol permeability of
1.2 x 107 kg/m?-s, and proton conductivity of 1.59 x 10~* S/cm. FTIR analysis indicated
hydrogen bond formation between CA‘and GO, while SEM revealed a heterogeneous
surface morphology. These results demonstrate that incorporating 2% GO improves the
mechanical strength and proton conductivity of CA membranes without significantly
increasing methanol permeability, indicating potential for PEMFC applications.
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m INTRODUCTION

Global energy consumption has continued to
increase substantially, while more than 80% of the world’s
energy demand remains dependent on fossil fuels such as
petroleum, natural gas, and coal [1]. This increasing
energy demand, driven by population growth and socio-
economic development, has raised serious concerns
regarding energy security and environmental
sustainability due to ‘the continued reliance on
conventional energy sources [2]. Consequently, the
growing disparity between rising energy demand and the
limited availability of natural resources has intensified
global efforts to develop sustainable, efficient, and
environmentally benign alternative energy technologies,
including wind energy, biofuels, and fuel cells [3].

A fuel cell is an electrochemical device that directly

converts the chemical energy of fuels, such as hydrogen or

methanol, into electrical energy without combustion [4].
In a fuel cell, the fuel is oxidized at the anode while
oxygen is reduced at the cathode, and the electron
transfer between these reactions generates an electrical
current [5]. This technology exhibits high energy
conversion efficiency, produces no harmful emissions,
and can continuously generate electrical power as long
as the fuel supply is maintained [6-7]. Among various
types of fuel cells, the proton exchange membrane fuel
cell (PEMFC) is considered the most promising due to
its low operating temperature, high efficiency, short
start-up time, and excellent chemical stability [8-9].
The main component of a PEMFC is the
membrane electrode assembly (MEA), which consists of
an anode, a cathode, and an electrolyte membrane [10].
Among various types of membranes, Nafion®, a
perfluorosulfonic acid (PFSA)-based polymer, is widely
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utilized because it exhibits a high proton conductivity of
0.0983 S/cm. Nafion® exhibits
drawbacks, including high production costs, decreased
100°C,
permeability of approximately 1.37 x 10° cm?/s [11-12].

However, several

conductivity above and high methanol
These limitations have motivated the exploration of
alternative membrane materials that are more cost-
effective, environmentally friendly, and more thermally
and mechanically stable [2].

Natural polymers, particularly cellulose acetate
(CA), have emerged as promising candidates for
membrane materials due to their biodegradability, non-
toxicity, hydrophilicity, and ease of modification [13-14].
However, pure CA exhibits several drawbacks, including
low proton conductivity (< 107° S/cm), high water uptake
(71.6%), relatively low mechanical strength (9.7 MPa),
and limited thermal and chemical stability [15-16].
Various modification strategies have been employed to
enhance these properties. For example, Eldin et al. [17]
reported that sulfonated cellulose acetate exhibited
excellent thermal stability up to 375.72°C, high
mechanical strength (49.25N), and low' methanol
permeability (1.729 x 1077 cm?/s). Najafi et al. [18] also
found that CA membranes exhibited good thermal
stability up to 224 °C, while Samaniego et al. [19] reported
an ion exchange capacity (IEC) of 2.15mmol/g.
Moreover, Laksono and Aji [16] observed that the proton
conductivity of pure CGA (1:54 x 10°° S/cm) could be
enhanced to 2.95 x 10*S/cm by incorporating LiCl at a
65/35 ratio. Another effective strategy to further improve
the proton conductivity and mechanical performance of
CA membranes involves adding inorganic fillers, such as
GO. GO is rich in oxygen-bearing groups and has a broad
surface area, enabling strong hydrogen bonding with the
framework and

polymer thereby enhancing the

mechanical ~ integrity ~and the chemical and
electrochemical performance of CA membranes [20-21].

GO 'is a chemically altered derivative of graphene
produced through the exfoliation of graphite, with an
approximate C/O ratio of 2.1. It has a two-dimensional,
single-layer configuration consisting of sp>- and sp’-
hybridized carbon atoms, functionalized with oxygenated

moieties, including -OH, -COOH, and epoxy groups [22].

GO is typically prepared by the conventional or modified
Hummers method, in which natural flake graphite (NFG)
is oxidized in the presence of oxidizing agents such as
potassium permanganate and sodium nitrate. Despite
the generation of harmful gaseous byproducts, including
NO; and N,O,, this route remains one of the most
effective and extensively utilized techniques for large-
scale GO synthesis [23]. GO exhibits several advantageous
properties, including a large surface area (736.6 m’/g),
hydrophilicity, high proton conductivity, and low gas
permeability (2.1914 Barrer) [24]. The presence of acidic
functional groups and _extensive hydrogen-bond
networks facilitates proton transport, leading to ionic
conductivity approaching 10> S/em [21]. Furthermore,
its high-water uptake capacity (approximately 30% after
3 h) enhances proton conduction under hydrated
conditions [25]. In  PEMFC applications, GO has
attracted significant attention as a proton-conductive
filler and reinforcing agent due to its hydrophilicity,
thermal stability, and ability to form m-m interactions
with polymer matrices [22,26]. Therefore, incorporating
GO into CA matrices is expected to yield composite
membranes with higher proton conductivity, reduced
methanol permeability, and enhanced mechanical and
thermal stability, suitable for PEMFC applications.

In this study, CA-GO composite membranes were
prepared with varying GO concentrations (0, 0.5, 1, 1.5,
and 2%). GO was produced via an improved Hummers
procedure and subsequently analyzed by XRD and FTIR.
The cellulose acetate-GO composite membranes were
prepared via a phase-separation technique and evaluated
for their mechanical (swelling ratio, tensile strength, and
Young’s modulus) and electrochemical characteristics
(proton conductivity, ion-exchange capacity, and
methanol permeability). The most suitable membrane
for PEMFC applications was further examined by FTIR
and SEM to verify its structural and surface morphology
features.

m EXPERIMENTAL SECTION
Materials

All chemicals and reagents used in this study were
of analytical or reagent grade and were used without
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further purification unless otherwise specified. CA (Mn
~50,000), acetone (CH;COCHs; analytical grade, > 97%),
graphite powder (< 20 pm, 99%), sodium nitrate (NaNOs;
99%), hydrogen peroxide (H,O, 30%, reagent grade),
potassium chloride (KCL; > 99%), and methanol (CH;OH;
99.8%) were obtained from Sigma-Aldrich (USA).
Sodium hydroxide pellets (NaOH; 99%), sulfuric acid
(H.SO4; 98%, reagent grade), potassium permanganate
(KMnOs; 99%), and hydrochloric acid (HCl; 37%) were
purchased from Merck (Germany). Distilled water and
phenolphthalein indicator were used as received. Distilled
water and phenolphthalein indicator were used as
received.

Instrumentation

Characterization of materials was conducted
utilizing an X-ray diffractometer (XRD, Shimadzu XRD-
7000, Japan), a Fourier Transform Infrared spectrometer
(FTIR, Perkin Elmer Paragon 1000PC, USA), and a
scanning electron microscope (SEM, JEOL JSM-8360LA,
Japan). Membrane tensile properties were determined
using a universal mechanical testing system (Shimadzu
AG-1S50 kN Autograph, Japan), and viscosity ~was
measured via a Brookfield viscometer (Brookfield; USA).
Electrochemical impedance spectroscopy (EIS) data were
obtained through an automatic LCR meter (Fluke and
Philips PM 6303A, The T&M Alliance, Netherlands). The
IEC was evaluated through. acid-base titration, while
methanol permeability was analyzed using-a dead-end
filtration assembly.

Procedure

Synthesis -and characterization of membrane raw
materials

GO was synthesized through a modified Hummers
method. In this method, graphite powder (5 g, < 20 um,
99%, Sigma-Aldrich) was mixed with NaNO; (2.5 g, 99%)
and concentrated H,SO, (115 mL, 98%, Merck) under
continuous stirring in an ice bath maintained at 0-10 °C.
KMnO; (15g, 99%) was then slowly added while keeping
the reaction temperature below 10 °C, and the mixture
was stirred for an additional 2 h. The suspension was
subsequently heated to 35+ 3°C for 30 min until a
brownish paste was obtained. Afterwards, 230 mL of

deionized water was carefully added dropwise, followed
by dilution with 700 mL of water and the addition of 10
mL of H,O, solution (30%). The mixture was left to
stand for 24 h. The resulting product was washed several
times with HCI (37%) and deionized water, filtered, and
dried to yield the GO powder [27].

The crystalline properties of GO were examined by
XRD using Cu Ka radiation (A = 1.5406 A) operated at
40 kV, with a 26 range of 5° to 90°. A 1.5 g sample of CA
(Mn ~ 50,000, Sigma-Aldrich) was dissolved in 500 mL
of acetone. Its intrinsic viscosity () was determined and
subsequently correlated with the viscosity-average
molecular weight (Mv) using the Mark-Houwink
equation [28].

Functional group analysis of CA and GO was
conducted using an FTIR in the range of 4000-500 cm ™,
with samples prepared as KBr pellets (1:100 w/w). The
crystalline structure of GO was examined by XRD using
Cu Ka radiation (A = 1.5406 A) at 40 kV and a 20 range
of 5-90°. Proton conductivity was measured via
electrochemical impedance spectroscopy (Automatic
RCL Meter, Fluke & Philips PM 6303 A, Netherlands) in
the frequency range of 10°-0.01 Hz with an amplitude of
0.01 mV, using GO pellets prepared under 10 bar
pressure and impregnated with 0.5 M H,SO, electrolyte
[29].

Preparation of CA-GO composite membrane

The CA-GO composite was fabricated via a phase-
inversion immersion method, following the procedure
reported by Madih et al. [30] with minor modifications.
A total of 10 g of CA was dissolved in 45 mL of acetone
under continuous magnetic stirring for 2h to form a
homogeneous polymer solution. Subsequently, GO was
incorporated into the mixture in varying concentrations
(0-2 wt.% relative to the CA weight; 0, 0.5, 1.0, 1.5, and
2.0%) and mixed for an additional hour to achieve
uniform dispersion [31]. The resulting CA-GO blend
was sonicated for 30 min in an ultrasonic bath and then
allowed to stand for 24h to remove entrapped air
bubbles. The overall fabrication process is schematically
illustrated in Fig. 1.

The casting process began by preparing a clean
glass plate, which was covered with tape along its edges to
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Fig 1. Preparation of CA-GO composite membrane

define the desired membrane thickness. The previously
degassed polymer mixture was poured and evenly spread
across the plate using a stainless-steel applicator. The
freshly cast film was then immersed in a cold distilled
water bath (5°C) to induce phase inversion and enable
membrane formation. Once detachment /from the
substrate occurred, the membrane was repeatedly washed
with running water to remove any solvent residues and
dried naturally at room temperature [32]. The produced
CA-GO composite membranes were preserved in.a NaN;
solution to prevent microbial growth [31].

Characterization of CA-GO composite membranes

Mechanical tests: The membrane’s mechanical
characteristics were analyzed employing a universal
testing apparatus (Autograph). The membrane was
shaped.into a dumbbell, and its thickness was measured
with a micrometer screw gauge. The sample was clamped
at both ends and stretched at a rate of 5 mm-min~" at room
temperature until failure. The stress (o), strain (g), and
Young’s modulus were calculated using Eq. (1-3),

respectively;
F
. 1
o= (1)
g = AL (2)
Iy
=2 (3)
€

where o is the tensile stress (N-m™), ¢ is the strain, F is
the applied force (N), A is the cross-sectional area of the
membrane (m?), AL is the elongation at break (m), and
ly is the initial gauge length (m).

The swelling degree was determined by immersing
pre-dried membrane samples (5 x5cm?) in distilled
water for 45 min at room temperature. The swollen
membranes were surface-dried and reweighed. The
swelling degree was calculated using Eq. (4);

Wiet = Wdry (4)
Wry

where swelling is the membrane swelling ratio (%), W

Swelling =

indicates the mass of the hydrated membrane (kg), and
Wy indicates the mass of the dry membrane (kg).
Performance tests. Performance characterization
included IEC and methanol permeability. The IEC was
determined by acid-base titration after the membranes
were immersed in 2 M KCI for 12 h. Subsequently, a
10 mL portion of the resulting supernatant was titrated
with 0.01 M NaOH solution using phenolphthalein as an
indicator, and the IEC value was obtained according to
Eq. (5);

NyNaoH

dry
where IEC is the ion exchange capacity (meq/g), Nxaon is
the concentration of NaOH (M), Vuon is the volume of
NaOH (mL), and Wy is the dry sample weight (g).
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Methanol permeability was evaluated through a
dead-end filtration system. Circular membranes (6 cm?)
were exposed to 5 M methanol at 1 atm. The permeate
volume was recorded over time, and permeability was
calculated using Eq. (6);

Vxp
J = axt (6)
where ] denotes the permeate flux (kg/m*s), V represents
the volume of liquid collected in the receptor cell (L), p is
the density of the permeating solution (kg/L), A refers to
the effective surface area of the membrane (m?), and ¢
corresponds to the total filtration duration (s).

Characterization of the optimal CA-GO composite
membrane
The CA-GO composite membrane with optimal
properties was selected based on high tensile strength, low
strain, high Young’s modulus, low swelling degree, and
relatively high IEC. The selected membrane was further
characterized to evaluate its structural, morphological,
and electrochemical properties.
Functional group analysis was performed by FTIR-
ATR over the wavenumber range of 4000-500 cm™ at‘a
resolution of 1 cm™. Morphological characterization was
conducted using a SEM following cryo-fracturing in
liquid nitrogen and subsequent gold-palladium coating,
operated at 15kV with magnifications ranging from
1000x to 15,000x. Proton conductivity was determined
via EIS over a frequency range of 10°-0.01 Hz with an
amplitude of 0.01 mV at ambient temperature. The
membrane sample (2 cm diameter) was placed in a three-
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electrode test cell and moistened with 0.5 M H,SO,

electrolyte. Proton conductivity (x, S-cm™) was
calculated using Eq. (7);
L
= (7)
Rb XA

where k is the proton conductivity (S/ecm), L is the
membrane thickness (cm), Ry, is the bulk resistance (Q),
A is the membrane area (cm?), and d is the membrane
diameter (cm).

m RESULTS AND DISCUSSION
Synthesis and Characterization of GO

GO was successfully synthesized using a modified
Hummers method through the oxidation of graphite
with KMnO, under a strongly acidic condition (H,SO,)
[32]. The oxidation treatment incorporated oxygen-
bearing functional groups within the graphite layers,
thereby enhancing their hydrophilic properties. The
color change from dark black to brown indicated the
formation of GO.

The XRD pattern of GO (Fig. 2(a)) exhibited
several sharp diffraction peaks at 20 = 10.70°, 20.65°,
26.43°, 29.08°, 31.13°, and 42.37°. The characteristic
peak at 10.70° corresponds to the (001) crystal plane,
indicating an increased interlayer spacing due to the
insertion of oxygen functionalities [33-34]. These
findings are consistent with previous studies. Siburian et
al. [33] reported a characteristic GO peak at 20 = 11.60°,
while Al-Gaashani et al. [34]
diffraction peak at approximately 10.90°, both associated

observed a similar

(b)
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Fig 2. (a) XRD pattern and (b) FTIR spectrum of GO
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with expanded d-spacing due to oxidation. Fatmawati et
al. [35] also observed sharp GO peaks at 260 = 10.487° and
42.327°, further supporting the formation of oxygen-
functionalized layered structures. The sharpness of these
peaks indicates partial crystallinity in GO, indicating that
graphite has been successfully converted into GO, with
larger interlayer distances arising from the presence of
oxygen-bearing groups. These groups not only increase
the spacing between carbon layers but also enhance
hydrophilicity by forming polar functional domains
(Hung et al.) [36].

The FTIR spectrum (Fig. 2(b)) showed prominent
absorption bands attributed to O-H stretching
(3136 cm™), C=0 stretching (1706 cm™), aromatic C=C
stretching (1615 cm™), O-H bending (1343 cm™), and
C-0-C (1214 cm™) and C-O stretching (1039 cm™). The
presence of these bands confirms the incorporation of
hydroxyl, carbonyl, aromatic, and epoxy groups, typical
of GO [37]. Proton conductivity refers to the ability of a
material to transport protons through its structure [38].
This property plays a crucial role in proton: transfer
processes and directly influences the overall performance
of PEMFC. A higher proton conductivity generally
corresponds to lower internal resistance and improved
electrochemical efficiency [39]. In this study, proton
conductivity analysis using electrochemical impeandce
spectroscopy (EIS), as shown in Fig. 3, revealed that GO
exhibited a conductivity ~of 0.255S/cm, which is
significantly higher than that of the reference Nafion
membrane (0.086 S/cm). This enhanced conductivity is
attributed to the presence of abunandt hydrophilic
functional groups and well-developed proton transport
pathways within the GO layers [40].

Characterization of CA

The average molecular weight of the CA polymer
was determined using a Brookfield viscometer. This
analysis aimed to obtain the intrinsic viscosity and average
molecular weight of the CA polymer [41]. The intrinsic
viscosity data obtained from the measurements were
subsequently used to determine the average molecular
weight (Mv) using the Mark-Houwink equation [28].

Measurements were conducted with a Brookfield
ND]J series viscometer equipped with spindle number 1.

10 4 Proton Conductivity = 0.255 S/cm
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N 4 o
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]
[
24 [ ]
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0 5 10 15 20 25 30 35 40

Z (ohm)
Fig 3. Nyquist plot and fitted circuit of GO proton
conductivity

The test was repeated three times at room temperature
to ensure consistent results and minimize experimental
errors. The polymer solution was prepared at a
concentration of 0.10% to facilitate measurement. The
results showed an n of 1 mPa s and an average molecular
weight (Mv) of 4.1 x 10* g/mol, which is comparable to
the standard CA molecular weight of approximately
5.0 x 10* g/mol. The slightly lower intrinsic viscosity and
molecular weight observed in this study are likely due to
minor chain degradation of CA during dissolution or
stirring. Stirring can influence polymer dissolution,
altering the molecular weight distribution and the
resulting viscosity, particularly in polymers with high
molar mass [42].

FTIR analysis was performed to characterize the
functional groups present in the CA polymer. The
resulting FTIR spectrum of CA is presented in Fig. 4.
The absorption band at 3484 cm™ corresponds to O-H
stretching, 1735 cm™ to C=0 stretching, 1368 cm™ to —
CH,- deformation, 1218 cm™ to C-O-C asymmetric
stretching, and 1030 cm™ to C-O stretching. These
results are consistent with the standard CA spectra [43],
confirming the presence of hydroxyl, carbonyl, and
ether functional groups in the polymer. The FTIR
spectrum indicates that the chemical structure of the
synthesized CA is in agreement with standard cellulose
acetate, supporting its suitability for further membrane
fabrication.
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Fig 4. FTIR spectrum of the CA polymer sample

Fabrication of CA-GO Composite Membranes

The CA-GO
successfully fabricated via the phase-inversion immersion

composite membranes were
technique with GO concentrations of 0, 0.5, 1.0, 1.5, and
2.0%.

morphology, good flexibility, and were free from visible

The obtained membranes exhibited uniform

defects. Phase inversion is a fabrication approach in
which a polymer solution is transformed into a solid
matrix through a controlled demixing process. The
process starts with liquid-liquid phase ‘separation,
resulting in two immiscible liquid phases. The polymer-
enriched phase then solidifies; forming a compact
network that serves as the membrane's main framework.

Mechanical tests

The tensile properties of the CA-GO composite
membranes were evaluated using an Autograph tensile
tester to determine their mechanical strength, strain, and
Young’s modulus. Membrane thicknesses were measured
using a micrometer, and dumbbell-shaped specimens
were tested at a crosshead speed of 10 mm/min at room
temperature. The measured thicknesses for membranes
containing 0, 0.5, 1.0, 1.5, and 2.0% GO were 0.01, 0.03,
0.02, 0.02, and 0.03 mm, respectively. The optimum
membrane thickness for fuel cell applications ranges from
30 to 100 pm (0.03-0.10 mm) [44]. Achieving an optimal
membrane = thickness is essential to balance ion
conductivity, fuel transport, and mechanical stability,
thereby ensuring maximum performance and efficiency
[45]. In this study, membranes with a thickness of

0.03 mm (at GO loadings of 0.5 and 2.0%) fall within the

optimal range for fuel cell applications, whereas the
thinner membranes (0.01-0.02 mm) fall below the
recommended thickness range.

The tensile stress of the pristine CA membrane (0%
GO) was 17.36 MPa, whereas the CA-GO_composite
membranes exhibited slightly lower stress values due to
GO incorporation. The membrane with 2.0% GO
exhibited the highest stress among the composites at
12.24 x 10° N/m?, that . GO
membrane strength and network density [46]. The
lowest stress was observed at 0.5% GO, likely due to less

indicating enhanced

homogeneous polymer-GO interactions.

Strain values decreased with increasing GO content,
reflecting reduced elasticity as the composite structure
became denser. The highest strain was observed for the
pristine CA membrane (27.11), while the lowest strain was
found for the 2.0% GO membrane (9.11) [47]. This trend
indicates that the addition of GO restricts polymer chain
mobility, enhancing stiffness but reducing extensibility.

The Young’s modulus also increased with GO
concentration, from 0.641 MPa for the pristine CA
membrane to 1.344 MPa for the 2.0% GO membrane,
confirming that GO reinforcement improves mechanical
rigidity [48]. Overall, the CA-GO composite membrane
with 2.0% GO achieved an optimal balance of mechanical
properties, demonstrating enhanced strength and
modulus while maintaining acceptable strain values.

Swelling refers to the volumetric expansion of a
material upon direct contact with gases, vapors, or
liquids [49]. This characteristic serves as an indicator of
membrane hydrophilicity and its capacity to absorb
water. The swelling process does not induce chemical
bond formation within polymer chains but rather
disrupts intermolecular interactions. A denser membrane
structure limits water diffusion into the material [50]. In
organic solvents, swelling is critical for determining the
membrane’s performance in proton exchange, as
volumetric expansion increases membrane thickness
and enhances diffusivity of components due to the
separation of polymer chains [51]. The swelling degree
of CA-GO composite membranes with varying GO
concentrations (0, 0.5, 1.0, 1.5, and 2.0%) is presented in
Table 1.
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Table 1. Results of mechanical testing for CA-GO composite membranes at different GO concentrations

Concentration of GO (%)  Stress (MPa) Strain Young modulus (MPa)  Swelling (%)
0 17.369 £2.498 27.108 £ 5.253 0.641 £0.03 17.13.+£ 3.36
1 1.535+1.212 9.111 £2.727 0.168 £ 0.08 10.24 £ 3.131
2 8.593 £2.487 12.614 +£3.334 0.681 £ 0.02 10.56 + 1.685
3 10.350 £2.920 12.389 £1.919 0.835 £ 0.107 11.91 £3.215
4 12.240 £1.936 9.110 £1.282 1.344 £ 0.02 7.37 £0.771
0.2 -

The results indicate that the membrane with the
highest GO content (2.0%) exhibited the lowest swelling
degree of 7%. This trend suggests that increasing GO
concentration reduces free volume in the membrane
matrix, thereby limiting water molecule penetration [52].
Excessive swelling can compromise membrane
mechanical stability, reducing operational lifespan and
suitability for application [53]. For comparison, the
swelling value of the CA-GO membrane with 2.0% GO is
significantly lower than that of Nafion, which exhibits a

swelling degree of 28.7% [54].

Performance tests

IEC represents a material’s capability to reversibly
transfer ions between the membrane and the surrounding
medium [55]. This characteristic plays a vital role in
assessing ion transport performance within membranes,
as it indicates the quantity of active functional groups
responsible for ion exchange /[56]. Cation-exchange
membranes possess negatively charged functional groups
that enable cation migration, whereas anion-exchange
membranes contain positively charged sites that promote
anion movement [57]. The IEC value is influenced by the
abundance of functional groups embedded in the
membrane structure [58]. The IECof CA-GO composite
membranes was evaluated using an acid-base titration
method, which measures the material’s ion-exchange
capacity [59]¢ The IEC results are presented in Fig. 5.

As shown in Fig. 5, the membrane without GO
exhibited an IEC of 0.104 meq/g. Increasing the GO
content in the CA-GO membranes increased the negative
charge density by allowing ester functional groups in
cellulose acetate to interact with GO's oxygen-containing
groups, thereby improving the ion exchange capacity [60].
The highest IEC was observed for the membrane
containing 2.0% GO, with a value of 0.147 meq/g. Despite

0.15
0.15 -

013
0.1
0.1
4 o 0.09
- J J I I
0 A
0 0.5 1 1.5 2
Variation Concentration of GO (%w/w)
Fig 5. IEC values of CA-GO composite membranes with

IEC (meq/g)
o

varying GO concentrations (%)

this increase, the IEC of CA-GO membranes remains
lower than that of Nafion, which has an IEC 0of 0.9 meq/g
(9 x 10* eq/g) [61]. Higher IEC values indicate a more
effective ion exchange, which is essential for optimal
membrane performance.

Methanol permeability is an important parameter
for determining the membrane’s ability to resist
methanol transfer from the anode to the cathode [62].
This assessment evaluates how effectively the membrane
can hinder methanol movement through its matrix.
Permeability testing was carried out utilizing a glass
diffusion apparatus consisting of two symmetrical
chambers [63]. The results are presented in Fig. 6.

As illustrated in Fig. 6, the methanol permeability
exhibited by the unmodified CA membrane (0% GO)
was 1.6 x 10~ kg/m* s. The addition of GO to the CA
framework decreased methanol permeability. The
minimum permeability value was obtained for the CA-
GO membrane containing 2% GO, maintaining a value
of 1.2 x 107 kg/m? s. This decline is ascribed to enhanced
interfacial interactions and membrane rigidity, which
reduce the void fraction on the membrane surface,
consequently restricting methanol diffusion [64]. A more
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robust membrane structure generally corresponds to
permeability  [63].  Although
improvement was observed, the methanol permeability of
the CA-GO (2% GO) membrane is still higher than that
of Nafion, which
3.611 x 10~* kg/m’ s. Reducing methanol permeability is

reduced methanol

exhibits a permeability of
advantageous for fuel cell membrane applications; as it
helps suppress crossover and improve overall system
efficiency.

Characterization of the Optimal CA-GO Composite
Membrane

FTIR characterization was performed to determine
the functional groups present in the membrane samples.
The FTIR spectra of CA-polymer, GO, and the CA-GO
composite membranes are presented in Fig. 7. The CA
polymer exhibits characteristic absorption peaks at
3441 cm™ (O-H stretching), 1731 cm™' (C=O stretching),
1370 cm=! (-CH,- deformation); 1218 cm™ (C-O-C
asymmetric stretching), and 1028 cm™' (C-O stretching).
The broadening of the O-H stretching peak at 3441 cm™
indicates the formation of hydrogen bonding between CA
and GO [65]. The additional absorption peak at 1640 cm™
in the CA-GO composite corresponds to C=C stretching,
confirming the incorporation of graphene oxide [37]. A
proposed interaction mechanism between CA and GO in
the composite membrane is illustrated in Fig. 8.

SEM provides
comprehensive insights into the microscopic characteristics

high-resolution imaging and

of materials, including dimensions, morphology, structural

Fig 7. FTIR spectra of CA; GO, and CA-GO composite
membranes

HO' 11Ox__-CHs 0
~
CT 0
(0] OH (0]
H3C—\‘( O\f
OH CHs

Fig 8. Proposed interaction mechanism between
cellulose acetate and graphene oxide in CA-GO
composite membranes

arrangement, crystallinity, and various physicochemical
properties [66]. SEM is extensively utilized to investigate
the surface morphology of porous membranes [67]. In
this research, SEM was used to examine the surface and
cross-sectional structures of the CA-GO composite
membranes, enabling analysis of pore distribution,
surface topology, and macrovoid formation.

The composite membranes were initially frozen
using liquid nitrogen and then carefully sectioned with
tweezers. Before SEM analysis, the specimens were
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coated with a thin gold-palladium film. SEM observations
were performed at an accelerating voltage of 15 kV, with
magnifications of 1,000, 5,000, 10,000, and 15,000x. The
surface structure of the CA-GO composite membrane
containing 2.0% GO is presented in Fig. 9(a-d).

The SEM images (Fig. 9(a-d)) reveal a rough
membrane surface with randomly distributed GO
particles and pores appearing at several sites. The
irregular distribution and surface roughness are
attributed to insufficient homogeneity during the stirring
of the CA-GO dope solution and the presence of trapped
air bubbles [68-69]. Additional contributing factors
include contamination from dust or debris remaining on
the glass casting plate during membrane fabrication [70].
The formation of surface pores is a consequence of the
phase inversion process during immersion in the
coagulation bath. The solvent diffuses out while the non-
solvent (water) diffuses into the membrane, creating voids
and a porous structure [71]. Increasing the GO
concentration in the composite membrane results in a
denser, more rigid structure that restricts’ solvent

diffusion and produces smaller pore sizes [72].

Tekni)! 5 15.0kV x1.00k

TeknikMesin ITS 15.0kV x10.0k SE

Proton conductivity is a key parameter reflecting a
material’s ability to transport protons, which directly
influences fuel cell performance [38]. Higher proton
conductivity values generally indicate improved
membrane performance [73]. The CA-GO composite
membranes were evaluated in a three-electrode split test
cell using 0.5M H,SO, as the ‘electrolyte. EIS was
performed over a frequency range of 10°-0.01 Hz with
an AC signal amplitude of 0.01 mV [74]. The Nyquist
plot and the equivalent circuit model for the CA-GO
membrane are illustrated in Fig. 10.

The fitting analysis of the CA-GO composite
membrane indicated a relatively high standard deviation
(x* = 0.10113), which may be attributed to suboptimal
circuit fitting and the membrane's fragile nature during
testing [75]. The measured proton conductivity of the
CA-GO composite membrane was 0.0159 x 107> S/cm,
which is significantly lower than that of the commercial
Nafion standard (0.086 S/cm). The reduced proton
conductivity of the CA-GO membrane is likely due to
its denser structure and its relatively low content of ion-

conducting functional groups compared to Nafion, which

5.00pum § TeknikMesin ITS 15.0kV x15.0k SE

Fig 9. SEM images of the CA-GO composite membrane (2.0% GO) surface at magnifications of (a) 1,000x, (b) 5,000,

(c) 10,000x%, and (d) 15,000x
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Fig 10. Nyquist plot and equivalent circuit fitting of the

CA-GO composite membrane

limit proton transport pathways within the composite.
m CONCLUSION

The incorporation of GO markedly enhanced the
structural, transport, and mechanical properties of CA
membranes. Among the investigated compositions,. the
CA-GO membrane containing 2% GO exhibited the most
balanced performance, characterized by increased ion-
exchange capacity, reduced methanol permeability and
swelling, and improved mechanical strength. These
improvements are attributed to strong interfacial
interactions between CA and GO, which promote a
denser membrane structure and hinder methanol
crossover. Although proton conductivity remains lower
than that of Nafion, the overall performance, combined
with material sustainability and cost-effectiveness, makes
the CA-GO membrane a promising alternative for
PEMFC. applications.” Future work should focus on
nanoscale dispersion and functionalization of GO to

further enhance proton transport properties.
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