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Abstract

The development of sustainable Membrane Electrode Assembly (MEA) is crucial for advancing fuel cell technology.
This study presents a novel MEA design that incorporates metal oxide nanoparticles synthesized using natural
materials into a high-performance membrane and employs a non-platinum catalyst. Specifically, alumina (Al203)
nanoparticles were synthesized in medium Spondias mombin leaf extract, which served as both a base source and a
capping agent. Alumina nanoparticles combined with polyaniline serve as a composite material to enhance the
hydrophilicity, structural and thermal stability, power density, and proton conductivity of a sulfonated polysulfone-
based composite membrane. Alumina is known as a catalyst support with a large surface area, while polyaniline is a
conductive polymer that readily interacts with metal oxides and hemin, which is rich in electrons, exhibits catalytic
activity. Based on the characterization of physical and chemical properties, the SPSU-PANI_AI203 7.5% composite
MEA using a hemin catalyst on the cathode in a fuel cell (DMFC) demonstrated good structural and thermal stability,
low methanol permeabilitity (3.37x10%¢ cm?/'s), and high-power density (90.76 mW/cm2), but low proton conductivity.
Furthermore, Electrochemical cell testing of the hemin catalyst, which identified two reduction peaks at 0.48-0.52 V
and 1.22 V similar to those of the Pt catalyst at the cathode demonstrates that the hemin catalyst provides comparable
cell potential and catalytic activity for the oxygen reduction reaction for fuel cell technologies.
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1. Introduction catalyst layer. The most widely used polymer
electrolyte = membrane, as a PEM, 1is
perfluorosulfonic acid (PFSA), also known as
Nafion. This is because the Nafion membrane has

The membrane electrode assembly (MEA) is a
crucial component in fuel cells, such as direct
methanol fuel cells (DMFO), (.:onsisting of a protqn high proton conductivity, namely 0.1 S/cm at room
exchange membrane (PEM) in the form of a solid temperature [1], high electron insulation, as well
polymer electrolyte that conducts protons, and a as being durable and hydrophilic [2]. Many
*C - studies have been conducted in an effort to
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modification of the Nafion membrane or by
designing other membranes from aromatic
hydrocarbon-based polymers, including
polysulfone [3,4], polyether ether ketone [5], as
well as polystyrene [6].

Polysulfone (PSU) is among several aromatic
polymers known to tend to dissolve in a variety of
solvents (halogen derivatives, dimethyl
acetamide, dimethyl sulfoxide), withstand high
temperatures. Good tensile strength, a wide range
of operating pH, and appropriate responsiveness
in aromatic electrophilic substitution, such as
sulfonation [7]. In general, after sulfonation,
supporting materials are added to form
composites [7]. The Functional group-modified
additives improve PEM properties, namely,
mechanical strength, proton conductivity, and
chemical stability [8]. The formation of composite
materials can be carried out using plant extracts
(roots/stems/leaves) that serve as a source of
hydroxyl groups (-OH) and capping agents to
enhance structure, smoothness, and homogeneity.
One plant that can be used in synthesis with high
phytochemical content, including tannins,
saponins, alkaloids, flavonoids, and phenols, is
Spondias mombin [9].

Several PEM in composite form have been
produced, including a sulfonated polysulfone-
polyaniline_Nb20Os composite membrane (PSU-
SPANI_Nb20s5) that makes a proton conductivity
of 6.74x10-2 S/cm [10]. The relatively high proton
conductivity of this composite membrane is due
not only to the use of Nb.Os as one of many
transition metal oxides rich in active adsorption
sites and interactions with water molecules, but
also to the presence of polyaniline (PANI), which
1s among the conductive polymers widely used as
sensors, electromagnetic interference shields,
electronic devices, and energy storage devices
[11]. Polymeric nanocomposites have attracted
significant interest due to the enhancement of
matrix properties that can result from the
incorporation of a small quantity of
nanostructures into the polymeric matrix [12].
According to Alhoshan et al. [13], Al2Os is one type
of metal oxide nanoparticle, alongside ZnO, SiO:,
CNT, MgO, and ZrO-, that has been used as a filler
to develop a matrix in composite membranes. In
addition, Al2Os meets the requirements as a
catalyst support because it has inert properties,
good thermal stability, can bind catalysts, and has
a relatively large surface area and pores that are
evenly dispersed.

Catalysts play a primary role to improve fuel
cell performance, especially the oxygen reduction
reaction (ORR) at the cathode, which is difficult.
Therefore, a suitable catalyst is needed to
accelerate  ORR. Fe-N-C catalysts produced
through pyrolysis with iron chloride, glycine, and
acetylene black precursors show ORR catalytic
activity with power density comparable to that of

Pt-based catalysts [14]. Meanwhile, mixing Fe, N,
and C precursors sourced respectively from Fe(II)
lactate, glycine, and glucose produces a heme-like
active site with increased catalytic activity [15].
Based on these considerations, and in an effort to
enhance the performance of membrane fuel cells
by focusing on cost-effective and environmentally
sustainable components, this study introduces a
novel Membrane Electrode Assembly (MEA) that
integrates key innovations. The central novelty of
this work lies in the systematic development of a
sulfonated polysulfone (SPSU)-based composite
membrane, where Al2Os nanoparticles are
produced via a green chemistry approach using
Spondias mombin leaf extract. This unique
membrane is paired with a hemin catalyst as a
non-platinum, high-potential alternative for the
cathode. The core objective of this research is
therefore to systematically fabricate, thoroughly
characterize, and critically evaluate the
electrochemical performance of the SPSU-
PANI_Al203 composite MEA with a hemin
catalyst in fuel cell technologies, aiming to
establish the wviability of this integrated,
sustainable system as a high-performance
substitute for conventional, expensive platinum-
based MEA.

2. Materials and Methods
2.1 Materials

Spondias mombin leaves were obtained from
IPB Biofarmaka Fields, Bogor, Indonesia. The
leaves were identified at the Center for Research
on Biosystematics and Evolution BRIN Cibinong-
Bogor, polysulfone (Mn = 22.000), H2SOu4,
nitrogen gas, chloroform, dichloromethane,
methanol, n-hexane, dimethyl acetamide,
NaOH, HCI, phenolphthalein, Wagner's
reagent, FeCls, acetic anhydride, aluminum
nitrate hydrate, aniline, ammonium persulfate,
carbon paper, platinum on carbon, Hemin on
carbon and aquabidest.

2.2. Preparation of Spondias mombin leaf extract
(SMLE)

Spondias mombin leaves are washed and
dried. The dried leaves are ground into a fine
powder using a blender. Next, the extraction
process 1s carried out in two stages, namely
maceration and fractionation. In the maceration
stage, 50 g of Spondias mombin leaf powder is
first placed in a beaker, then macerated with 250
mL of methanol solvent (leaf powder/solvent ratio
of 1:5) for 7 days, with periodic stirring for 20
minutes daily. The mixture is then filtered and
separated from the residue to obtain the methanol
filtrate of Spondias mombin leaves. In the next
stage, the methanol filtrate of Spondias mombin
leaves was partitioned with n-hexane solvent
(1:1). The results obtained were two fractions,

Copyright © 2026, ISSN 1978-2993



Bulletin of Chemical Reaction Engineering & Catalysis, 21 (3), 2026, 588

namely, the methanol fraction and n-hexane
fraction. The methanol fraction from the
partitioning was then evaporated using a rotary
vacuum evaporator at 55 °C until all the solvent
was removed. The concentration resulted in a
methanol fraction, to which 100 mL of distilled
water was added, and this solution was then
referred to as the Spondias mombin leaf extract
stock solution (SMLE).

2.3. Synthesis of AlaOs Nanoparticles

A total of 1.125 g of AI(NOs); ‘9H>0 solid was
dissolved in 100 mL of distilled water to obtain a
0.03 M AI(NOs)s solution. In total, 50 mL of 0.03
M aluminum nitrate solution and Spondias
mombin leaf extract were mixed in a precursor:
extract volume ratio of 1:5. The mixture was
stirred at 80 °C for 4 hours and then aged for 24
hours to complete the formation of the colloid. The
colloid was separated and calcined at 600 °C for 12
hours. The AlOs nanoparticle powder was
characterized using FTIR (Fourier Transfrom
Infra Red, Thermo Scientific Nicolet 1S50),
TGA/DTA  (Thermogravimetric  Analysis /
Differential Thermal Analysis, SHIMADZU DTG-
60), XRD (X-ray Diffraction, PAnalytical X’'pert
Pro Diffractometer), PSA (Particle Size Analyzer,
HORIBA SZ 100z Nano Particle Size Analyzer),
SEM (Scanning Electron Microscope, Jeol-JSM
6063-LA), SAED (Selected Area Electron
Diffraction) / TEM (Transmission Electron
Microscope), and HRTEM (High Resolution
Transmission Electron Microscope) (Talos
F200X).

2.4. Synthesis of Polyaniline (PANI)_Al:Os
Composite

A total of 3.0 mL of aniline was added
dropwise to 100 mL of 1.5 M HCI solution and
stirred constantly. A total of 0.0%, 3.0%, 7.5%,
10.0%, and 12.5% (w/w) Al203 was slowly added to
the aniline solution. Meanwhile, the oxidant
solution was prepared by adding 4.0 g of
ammonium persulfate to 100 mL of 1.5 M HCI
solution. The polymerization of aniline and the
synthesis of PANI_ALLOs composite were
performed by adding the oxidant solution
dropwise to the initial mixture at a temperature
of 10 °C, while stirring constantly for 22 hours.
The resulting greenish-black slurry was filtered
and washed continuously with distilled water
until the filtrate was colorless. The PANI_Al203
composite obtained was air-dried in an oven at
100 °C for 24 hours. Next, 0.9 g of the composite
was mixed with 50 mL of 0.1 M NaOH and stirred
for 5 hours. It was then filtered and rewashed
with 75 mL of 0.1 M NaOH and 75 mL of distilled

water, and dried in an oven at 60 °C. Finally, the
PANI_AIl203 composite was characterized by FTIR
and XRD.

2.5. Polysulfone Sulfonation

A total of 10 g of polysulfone (PSU) was
dissolved in 100 mL of chloroform to obtain a 10%
(w/v) polysulfone solution. Then, in a three-neck
flask, the polysulfone solution was heated to a
constant temperature of 40 °C while stirring with
a magnetic stirrer. A total of 20 mL of 75% sulfuric
acid was gradually added to a three-neck flask,
which was purged with nitrogen gas. The
synthesis of sulfonated polysulfone (SPSU) was
carried out for 60 minutes in an acid chamber. The
sulfonated polysulfone was dried for 8 to 10 hours.

2.6. Determination of Sulfonation Degree of PSU
and SPSU

Polysulfone and SPSU were weighed at 0.1 g
and soaked in 10 mL of 1 N NaOH for 3 days. The
remaining NaOH was then titrated with 0.9363 N
HCI, and three drops of phenolphthalein indicator
were used to determine the endpoint of the
titration process. Titration was performed until
the color changed from pink to colorless. The
degree of sulfonation (SD) was obtained using the
following equation:

Vv -V XN XEW o
SD = ( blank (mL) Sample.(mL)) HCl 3 x 100% (1)
Sample weight (mg)

Where, Vhlank is volume of blank HCI (mL), Vsample
is volume of sample HC1 (mL), N is normality of
HCI1 (N), and EW is equivalent weight (g/ek).

2.7. Synthesis of SPSU-PANI_AI203 Composite
Membranes

A total of 1.0 g of SPSU was dissolved in 10
mL of dimethylacetamide. After homogenization,
1.0 g of PANI_Al:0s (3.0%, 7.5%, 10.0%, and
12.5%) was added, and the reaction temperature
was set to 50 °C. The resulting composite was
sonicated for 15 minutes at 50 °C, followed by
casting onto a glass plate. The resulting
membrane was immersed in 1 M H.SO. at 50-60
°C for 15 hours, and washed several times with
distilled water. Polysulfone and SPSU were
weighed at 0.1 g and soaked in 10 mL of 1 N NaOH
for 3 days.

2.8. Determination of Water Uptake Membranes
and Composite Membranes (SPSU, SPSU-PANI,
SPSU-PANI_AI:053)

The SPSU, SPSU-PANI, and SPSU-
PANI_Al203 membranes were cut into 1 cm X 1 cm
pieces and dried in an oven at 100 °C for 2 hours,
after which they were weighed to determine their
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dry weight. After drying, the membranes were
immersed in deionized water at room temperature
for 24 hours. They were removed and cleaned with
tissue, then weighed as wet weight. Weighing was
performed to determine the difference in
membrane weight between wet and dry
conditions:

wet weight - dry weight

Water uptake = x100% @)

dry weight

2.9. Synthesis of SPSU-PANI_Al2Os Membrane
Electrode Assembly (MEA) Using Pt (Anode,
A)/Hemin (Cathode, K) Catalyst

Synthesis of MEA from SPSU-PANI_AIl2Os
composite membranes was conducted by pressing
the composite membranes onto electrodes coated
with catalysts using a hot press method at a
temperature of 130 °C for 2 minutes. The electrode
consisted of an anode and a cathode, each coated
with a catalyst. The electrode used was carbon
paper. The Pt catalyst on the anode (A) was
prepared by mixing 5% (w/w) Pt with a 5% (w/w)
membrane solution in dichloromethane to form a
paste. The paste was then spread on a glass plate
and dried. The same method was applied to
synthesize a 0.5% hemin catalyst on the cathode
(K). The MEA was produced in three and seven
layers.

2.10. Determination of Methanol Permeability of
MEA SPSU-PANI_AI:O3 Using Pt Catalyst
(Anode, A)/Hemin (Cathode, K)

Methanol permeability was measured at
room temperature using the cell diffusion method.
The membrane was placed between two
cells/compartments (A and B). Initially,
compartment A contained a 1 M methanol
solution (CA) as the feed side, and compartment B
contained distilled water as the permeation side.
Both compartments were stirred using a magnetic
stirrer at a constant speed throughout the testing
process. Approximately 10 mL of solution was
withdrawn from compartment B at 15, 30, 45, and
60 minutes (permeation times), and each sample
was weighed to calculate its density. The same
procedure was performed for methanol
concentrations of 2, 3, 4, and 5 M. Previously, a
calibration curve was prepared between the
concentration and density of standard methanol
solutions with concentrations of 0.5, 1.0, 1.5, and
2.0 M. This calibration curve is used to calculate
the methanol concentration in compartment B.
The permeability of methanol can be calculated
from the slope obtained by interpolating the
methanol concentration against the permeation
time.

2.11. Determination of Proton Conductivity of
MEA SPSU-PANI_AI:0s Using Pt (Anode,
A)/Hemin (Cathode, K) Catalyst

The proton conductivity of MEA based
composite membrane was determined by
measuring impedance using Electrochemical
Impedance Spectroscopy (EIS). The membrane
was measured in a two-electrode configuration, in
which the material served as the active element
connected directly to the measurement system.
The testing was conducted by applying a small
AC signal under open-circuit conditions with an
amplitude of 10 mV. The measurement frequency
range was 10 kHz with a logarithmic
distribution. The data obtained consisted of
complex impedance values, which were then
presented in the form of a Nyquist plot to analyze
the material’s  electrical = characteristics,
particularly its resistance and charge transport
mechanisms within the system. Proton
conductivity can be measured using the following
equation:

o=— (4)

Where, o 1s proton conductivity, / is distance
between electrodes, A is area of the membrane
being tested, and R is membrane resistance
obtained from measurements.

2.12. Performance Testing of a Fuel Cell (DMFC)
Using a Single Cell

The cell potential, or voltage, in a fuel cell
system was measured using two compartments:
the anode and cathode systems at 60 °C.
Compartment A, as the anode system, was filled
with 100 mL of 1 M methanol solution.
Compartment B, as the cathode system, was
empty but bubbled with oxygen. The MEA
membrane was attached to the center of both
vessels. The loading of 5% Pt catalyst used on
both the anode and cathode was 2.1 mg/cm?,
while the loading of 0.5% hemin catalyst was
approximately 1.2 mg/cm?, with an MEA active
area of 2x2 cm?. Thus, connect each compartment
to the positive and negative terminals. The cell
potential is measured with a voltmeter, as in a
fuel cell (Figure 1).

2.13. Electrochemical Properties Test of Catalyst

The electrochemical properties of the sample
were analyzed using a potentiostat. This cyclic
voltammetry (CV) test employed a 3-electrode
system consisting of a working electrode (glassy
carbon), a reference electrode (Ag/AgCl (3 M
NaCl)), and a counter electrode (Pt-coiled). The
CV test was conducted at a scan rate of 5 mV.s!
in a potential window of 0.0-1.1 V vs. RHE in a
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0.5 M H2SOs solution. The cyclic voltammogram
was then recorded using specialized software on a
computer.

3. Results and Discussion

3.1. Bioactive Compounds Spondias mombin Leaf
Extract (SMLE)

The green synthesis of Al203 nanoparticles
relies on compounds that have a dual purpose.
The first is as reducing agents for the metal ions
and as capping agents [16]. The reduction is
facilitated by primary functional groups,
including carboxyl (-COOH), hydroxyl (-OH),
amine (-NHb3), ether (-CO), and carbonyl (-C=0).
Alkaloids supply the weak bases required for the
synthesis, while saponins cap the growing
nanoparticles. This results in well-grained
structures. The presence and nature of these
constituents were confirmed by the FTIR
spectrum (Figure 2), which showed a distinct set
of vibrational bands: O—H stretching at 3344 cm-!,
C-H (sp3-s) stretching at 2926 cml, C=0
streching at 1714 cm-!, O-H bending at 1608 cm-1,
N-H bending at 1516 cm-!, C-N bending at 1444
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Figure 1. Principles of the DMFC system
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cm!, C-H bending at 1331 cm-!, C—N aromatic at
1203 cm-t, C—N stretching at 1039 cm-!, and C-H
aromatic bending between 868-709 cm-!. The N—
H and C-N vibrations detected in the SMLE
water fraction confirmed the characteristic
presence of alkaloid compounds containing a
nitrogen atom within a cyclic ring.

and Sulfonated
Composite

3.2.  Al:O3 nanoparticles
Polysulfone-Polyaniline_Al203
Membranes (SPSU-PANI_AI20s)

Al203 nanoparticles (Al2O3.NP) produced in
medium Spondias mombin leaf extract were
identified by their particle size of 33 nm.
Nanoparticles offer a significantly large surface
area, which i1s expected to enhance their
functionality, including as composite support
materials and catalyst supports. The Al2Os
nanoparticles  obtained showed excellent
structural stability, as demonstrated by a zeta
potential value of -28.8 mV (Figure 3a). A zeta
potential value is considered good if it is in the
range of + 31-60 mV. According to Lowry et al.

SMLE
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4000 3500 3000 2500 2000 1500 1000
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Figure 2. FTIR spectrum of spondias mombin leaf
extract.
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Figure 3. (a) Zeta potential, and (b) termogram TGA/DTA Al20s.NP.
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[17], since there is more electrostatic repulsion
between particles, a higher zeta potential value
shows improved overall particle stability. On the
other hand, nanomaterial aggregation is indicated
by a low zeta potential value [18]. The stability of
Al,O3;.NP is influenced by the presence of the
saponin biocapping agent in the SMLE [19]. The
stability of these nanoparticles has a linear effect
on their thermal stability, as evidenced by the low

weight loss of 0.774% due to the evaporation of
water and organic molecules at temperatures
ranging from 104.45 to 373.35 °C, without
degradation of the structure (Figure 3b).

The morphological properties of Al2O3.NP
were studied using SEM (Figure 4a). The
development of nanoparticles was stabilized by
the biocapping agent saponins found in SMLE
[19]. Based on Figure 4(b), the elemental
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Figure 4. (a) SEM images, (b) elemental mapping, (c) SAED, (d) TEM, (e-f) HRTEM, (g) STEM and (h)

EEL of AlxO3
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distribution pictures of Al203 demonstrate
exceptional purity, with 55.9.0% Al and 44.1% O
forming the material. The SAED pattern reveals
that the sample exhibits diffuse rings, indicative
of an amorphous structure, as well as three
distinct, fine ring patterns, indicating the
presence of crystalline particles. According to
SAED (Figure 4c) and database analyses, the
sample contains ring patterns, indicating the
alumina has a crystalline structure. The bright
field (BF) TEM image (Figure 4d) shows the
irregular  morphology  of the  alumina
nanoparticles. In good agreement with the SAED
patterns, the HRTEM image (Figure 4e-4f) shows
that the alumina nanoparticles are composed of
particles with amorphous and crystalline
structures (with lattice fringes ). A combination of
STEM and EDX analysis (Figure 4g-4h) reveals
that the sample contains oxygen and aluminum
elements, indicating an alumina composition.
Electron energy loss spectra reveal that the
alumina has a gamma alumina structure, as
presented in the EELS database [20]. Alumina,
particularly in its gamma phase, possesses a
range of industrial applications and can be
extensively utilized.

The presence of AloOs nanoparticles in the
SPSU-PANI composite membrane, as indicated by
FTIR and XRD analysis, affects the performance
of the composite membrane in its application as a
component in fuel cells. Figure 5 shows the FTIR
spectra of Al2Os, PANI_AIl:0s, and SPSU-
PANI_AIl20s. The detection of the O confirmed the
SMILE-H stretching vibration at 3307 ¢cm-! and
the Al-O stretching vibration at 560 cm-! in the
Al203 FTIR spectrum. At 800-500 cm-1, the Al-O
stretching vibration is visible. 715.6 cm-! of Al-O
stretching vibration was found in AlOs+ [21].
PANI_AIl203 and SPSU-PANI_AI203 FTIR spectra
were acquired. As evidence of PANI's existence,

SPSU-PANI_AL,O,

ALO
i sweghing

S=0
stetching
_| PANLALO, " 0 cso.c
sireiching cs
G coc stretching
4 streiching
T A0
ALO, CeCsweiching siretching

quinoide & benzenckd A0
sttching sielching

% Transmitance (a.u)
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sweiching

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

Figure 5. FTIR spectra of AloOs, PANI_Al20s3, and
SPSU-PANI_AIl20O3

N-H stretching aromatic, C=C stretching in
quinoide and benzenoide rings, and C-N
stretching vibrations were found at 2314, 1587,
and 1328 cm-l, respectively. Specific spectra at
588, 1177, 1259, and 2979 cm-!, which show C-S
stretching, symmetrical C-SO3z-C stretching, C-O-
C stretching, and S=0 stretching vibrations,
respectively, are indicative of the distinctive
polysulfone spectra. The shift of the AI-O
stretching vibration at 881 cm-! indicated that
Al203.NP had been successfully integrated into
the composite membrane.

As shown in Figure 6, XRD measurements
were performed to analyze the structure of the
samples. In light of the analysis's findings in
relation to the JCPDS-ICDD No. 46-1212
literature data, distinct peaks were found with
diffraction angles of 20, namely 16.28; 25.470;
26.010; 30.81°; 32.96°; 35.060; 38.70°;, 39.05
42.360; 49.57°; 54.600; 57.64° 60.44°;, 64.41°;
66.740°; 70.57°; and 74.36°, indicating the existence
of a crystalline phase. These analysis results are
consistent with the HRTEM test results, which
also show the presence of an amorphous phase
and the crystallinity of Al,O3;.NP produced by
green synthesis using SMLE, leading to the
presence of a crystalline phase in the SPSU-PANI
composite membrane, which has an amorphous
phase with broad, weak diffraction peaks from
PANI at angles of 20 of 14.86°; 29.05°; and 34.94°
(COD-90006293), forming angles of 26 of 17°; 250,
The existence of a crystalline phase in polymers

—— SPSU PANI AL,O,

—— PANI AL,0,

Intensity (Arb. Unit)

10 20 30 40 50 60 70 80 920
20 (degree)

Figure 6. XRD pattern of Al20s, PANI,
PANI_AI203, and SPSU-PANI_Al203
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can reduce ion conductivity [22]. Under these
conditions, the crystalline region, characterized
by ordered polymer chains, can limit or inhibit ion
mobility through the material.

In contrast, the water uptake value required
for fuel cell applications can be increased by the
inclusion of AloOs NP (Figure 7). The capacity of a
membrane to hold or absorb water is known as
water uptake. Water molecules are necessary as
carriers for proton conduction in the PEM [22],
since water molecules aid in proton transport and
dissociation [23]. This suggests that an increase in
water uptake in sulfonated polymer composite
membranes will cause a higher solute
concentration, which is necessary to enhance
proton conductivity. However, a high water
content can cause the membrane to become less
mechanically stable [24].

8 -
6 -
4 -
: I
0-

SPSU SPSU-AIZ0N SPSU-PANI SPSU-PANI-AIZOD 3%  SPSU-PANI-AIZON T.5%

water uptake (%)

Membrane

Figure 7. Water uptake value of SPSU, SPSU-
Al203, SPSU-PANI, and SPSU-PANI_AI:Os.
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3.3. Membrane Electrode Assembly based on
Sulfonated Polysulfone-Polyaniline_Alumina
(SPSU-PANI_AI203) Composite for Fuel Cell

Technologies

The membrane electrode assembly (MEA)
based on sulfonated polysulfone-polyaniline-
alumina (SPSU-PANI_AIl203) composite using
platinum catalyst on the anode, Pt 5% (A), and
hemin on the cathode, hemin 0,5% (K), applied to
a direct methanol fuel cell (DMFC). Methanol
permeability, proton conductivity, power density,
and the catalyst's electrochemical characteristics
all demonstrate the fuel cell's performance.

In a DMFC system, methanol diffuses from
the anode to the cathode through the MEA. This
membrane serves as a transport medium for
hydrogen ions (H*) generated by the oxidation
reaction at the anode and as a separator between
the two electrodes. According to literature [25],
the reactions occurring in a DMFC are as follows:

Anode : CH30Hg + H20q) — CO2) + 6H* + 6e-
Cathode : 3/202¢) + 6H* + 6e- —> 3H20q)
Overall : CH30Hq) + 3/202  — CO2e + 2H20q)

Increasing the membrane thickness can
reduce methanol permeability [26], Conversely,
an increase in membrane thickness (the distance
electrons must travel) increases ohmic resistance.
In other words, ohmic resistance is proportional to
membrane thickness. Meanwhile, methanol
diffusion through the membrane or high ohmic
resistance can reduce the performance of the
direct methanol fuel cell (DMFC), as evidenced by
a decrease in cell potential. In this study, the MEA
based on SPSU-PANI_Al,O;, an increase in
membrane thickness to 3 and 7 layers,
respectively, with membrane thickness ranges of
343—424 and 575-791 pm (Figure 8a), resulted in
methanol permeability that was not significantly

Pt (A PLK)
5 Pt (A)/ Hemin (K)

Methanol permeability ( x10°, cm2. s°)

3 layers 7 layers
MEA SPSU-PANI_ALO,

Figure 8. (a) Membrane thickness, and (b) methanol permeability of MEA SPSU-PANI_AI203 using Pt 5%
(A)/Pt 5% (K) and Pt 5% (A)/Hemin 0.5% (K) catalysts in three and seven layers
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different (p-value (0,14) > a (0,05) (Figure 8b). An
increase in thickness did not significantly increase
methanol permeability. This was confirmed by an
ANOVA statistical analysis of the effect of
membrane thickness on methanol permeability,
conducted at a significance level (a) of 0.05, which
showed that the p-value (0.14) was greater than a
(0.05). The reason why an increase in membrane
thickness does not reduce methanol permeability
is the structural and morphological effects
resulting from it’s not optimal hot pressing during
the MEA fabrication process, which leads to
reduced contact between the catalyst layer and
the membrane (PEM) [27]. Based on the results of
the morphological analysis of the MEA cross-
section (Figure 9), it was found that as the
membrane thickness increases or the number of
layers in the membrane increases, the number of
interlayer gaps in a single MEA assembly also
increases; consequently, an increase in membrane
thickness is not accompanied by an improvement
in the membrane’s barrier properties against
methanol diffusion. Therefore, to reduce the
ohmic resistance, the study utilized an MEA with
three layers.

The membrane electrode assembly consists of
a gas diffusion layer (GDL) made of carbon paper,
a catalyst layer (CL) on the anode and cathode
sides, and a proton exchange membrane (PEM) in

between. Within the CL, the ionomer (polymer)
plays a key role in proton transport between the
CL and the PEM, and helps the reactant
(methanol) diffuse to the catalyst surface [28]. the
catalyst is not directly control membrane diffusion
characteristics. However, based on an ANOVA
statistical analysis of the effect of the catalyst on
methanol permeability in the MEA, the p-value
(0.95) was greater than a (0.05). This ensures that
the permeability of methanol in the MEA is not
affected by the catalyst.

Meanwhile, based on the TGA/DTA analysis
(Figure 10), the SPSU-PANI_Al,03-based MEA
exhibited a mass loss of 1.0-1.5%. A mass loss of
less than 5% can be considered insignificant [28],
so the SPSU-PANI_Si0,/Al,03-based MEA (20) is
classified as having good thermal stability. The
composite material in the SPSU-based membrane
is capable of shifting the first thermal degradation
temperature to a higher value. The first thermal
degradation temperature recorded for the SPSU
membrane is 200 °C, whereas SPSU-PANI_AI,O;-
based MEAs using Pt (A)/hemin (K) and Pt (A)/Pt
(K) catalysts were indicated at 240 and 225 °C,
respectively. Thus, it can be concluded that all
MEA SPSU-PANI_Si0,/Al,0; remain thermally
stable at 200-250 °C, a temperature high enough
for DMFC operation.

Figure 9. Cross-sectional morphology of MEA SPSU-PANI_AI>O3 in (a-b) three, and (c-d) seven layers using

Pt (A)/Hemin (K) catalyst.
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The performance of direct methanol fuel cells
(DMFC) can be influenced by various factors such
as temperature, catalysts, and the membrane
electrode assembly (MEA) fabrication process
[29]. Meanwhile, methanol diffusion is highly
dependent on temperature and the concentration
of methanol at the anode [30]. Therefore, the
polarization behavior of the SPSU-
PANI_Si0,/Al,05-based MEA in this study was
observed in a single-cell DMFC at 60 °C in 1 M
methanol. Performance is tested specifically in the
activation and ohmic regions of the polarization
curve. In the activation region, a decrease in
voltage occurs due to the presence of excess
activation potential resulting from the slow redox
reaction at the anode and particularly at the
cathode because the ORR Kkinetics are much
slower than those of the HOR, as well as the
diffusion of methanol (methanol crossover).
Therefore, the activation energy loss depends on
the catalyst activity. The better the catalyst used,
the lower the activation energy required. In
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addition, a voltage drop also occurs in the ohmic
region due to the resistance encountered by
electrons flowing through the MEA layers,
resulting in ohmic losses arising from (i) the total
resistance of the components (constituent
materials), (i1) the interfacial contact resistance
between components, and (ii1) the resistance to
proton transport.

The measured initial voltage can be used as
an indicator of the membrane’s ability to suppress
methanol. The initial voltage (Open Circuit
Voltage, OCV) is the voltage across the cell before
it is loaded; it is related to fuel crossover, the
phenomenon of electrons passing through the
membrane, as well as internal current. The OCV
values for the Pt (A)/Pt (K) and Pt (A)/hemin (K)
catalysts were obtained using an MEA based on a
12.5% SPSU-PANI_AI,O; composite membrane;
and SPSU-PANI_Al,O4 3% composite
membranes, respectively, were 0.993 V and 0.925
V (Figures 1la-b). These voltage values are
higher for the SPSU-PANI_AI,O; composite
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Figure 10. TGA/DTA thermograms of MEA SPSU-PANI_AI2Os with (a) hemin and (b) Pt catalysts on the

cathode.
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Figure 11. OCV values in the DMFC system on (a—b) MEA and (c) composite membrane based on sulfonated
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membrane than for the SPSU-PANI, SPSU-AL, O3,
and SPSU membranes, in that order: 0.781 V;
0.759 V; 0.740 V; and 0.714 V (Figure 11c).

The effect of the catalyst on the performance
of the direct methanol fuel cell (DMFC) is also
evident in the power density achieved, where
SPSU-PANI_Al,0; 12.5% with Pt (A)/Pt (K) >
SPSU-PANI_Al1,0; 7.5% with Pt (A)/hemin (K)
catalyst, at 94.23 mW/cm? and 90.76 mW/cm?,
respectively (Figure 12a). These power density
values are higher for the SPSU-Al,O; 7.5%
composite membrane than for SPSU-PANI >

[#—SPSUPANI_A,0, 125% P¥temin|
[~E—SPSUPANL AL, 125% PPt
SPSUPANLALD, 10% PYHemin

(2)
100 <
<= SPSUPANI_ALO, 10% PYPL 4
3= SPSUPANI_N0, 7 5% PifHemin —\
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{-o—SPSUPANLALD, 3% Pierin
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Figure 12. Power density of (a) MEA and (b) composite

300

SPSU-PANI-AL,O; 7.5% > SPSU, in that order:
73.156 mW/cm?; 70.35 mW/cm?;, 43.82 mW/cm?;
36.78 mW/cm? (Figure 12b). There are several
factors that can affect both the membrane power
density and the current density, namely: (i) The
proton transport mechanism in the sulfonate-
based membrane leads to greater adsorption and
retention of water molecules; (1) The
hydrophilicity of inorganic nanocomposite
materials in the membrane that affects proton
transport; and (iii) The proton conductivity of the
composite membrane [31].

90

»— SPSU-PAN_SIO/A,0,)

804 [+ SPSUPANLALO, AN
SPSU-PANI_SIO, ™
|—— SPSU-ALO, -

70 4 [—+—spsusio,
|-=—SPSU-PANI

[—=—sPsu

60

Power Density (mW/cm?)

T T T
0,15 0,20 0,25

Voltage (V)

membrane based on sulfonated polysulfone (SPSU).

500 400
W SPSU-PANI_ALO, 12,6%)| PY(A)/ Hemin(K) () = SPSUPANI_ALO, 125%| PtA) PH(K)
450 | ‘= -SPSU-PANI_ALO, 10% = SPSU-PANLALO, 10% -
B - SPSU-PANI_ALO, 75% - 350 | 4 SPSU-PANI_ALO, 7,5% :
400 - | ‘™ - SPSU-PANI_AL,O, 3% - m- - SPSUPANI_ALO, 3% -
. 300 [ |
o . n &~ :
g = | -
£ - - ™ 250 4 L |
E 300 + X [ ] E _— .l -
> [} L - = - o
B 250 . . g 200 ~ R e
& 20 .t < . Cil
= E n € ] )
5 ey g 150 =-'
3 150 » - 3 o mm
© . I o 100 -
100 | [ R ¥ &
o -
o . 50 o
so W My W <
|| : -
L []
0 T T T T 0 T T T T T
0,0 0,2 0,4 0,6 0,8 1,0 0,0 0,2 04 06 08 1,0
Voltage (V) Voltage (V)
F~—SPSU-PANL_ALD,
0,25 o |+ spsuA,0 iy (C)
[—*— SPSU-PANI A
®*—SPSU
_ 0,20 1
o
£
S
<
2 0,15
H
a8
H
€ 0,104
>
(]
0,05 -
0,00 T T T T T T
0,0 0,1 0,2 0,3 04 05 06 07 08
Voltage (V)

Figure 13. Power density of (a) MEA and (b) composite membrane based on sulfonated polysulfone (SPSU).
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The performance of the DMFC is confirmed by
the current density limit, which is the maximum
electrical current per unit cross-sectional area
that can flow through the membrane without
causing damage to the DMFC system. The lowest
current density limit values for each MEA were
obtained as follows: SPSU-PANI_AlL,O; 7.5%
using either the Pt (A)/hemin (K) or Pt (A)/Pt (K)
catalysts, with values of 126 mA/cm? and and 100
mA/cm? (Figure 13a-b). The current density limit
of this MEA is lower than that of the composite
membrane, where the current density limit of the
SPSU-PANI_AI,O, composite membrane is 150
mA/cm? (Figure 13c). The low current density
limit indicates high methanol resistance due to
cross-linking between the composite material and
the polymer, which can reduce the size of the
hydrophilic channels, thereby increasing the
bending of the methanol/H,O diffusion path and
reducing the methanol flux [32].

The mechanism of proton conduction is
mediated by hydrogen bonds between protonated
species and their surroundings. The MEA based
on SPSU-PANI_AI1,0; 7.5% using a Pt catalyst at
the cathode yields a higher proton conductivity
than other MEAs, specifically 9.95x10™* S/cm
(Tabel 1) based on oxidative stability, as indicated
by the lowest weight loss and the maximum
number of ions that can be exchanged in a
membrane structure, as indicated by the ion
exchange capacity (IEC) value, even though this
value is two to three orders of magnitude lower
than Nafion and significantly lower than many
reported hydrocarbon PEM systems. This is
influenced by the interfaces between the layers
within the MEA, on both the anode and cathode
sides, namely the proton exchange
membrane/catalyst layer (PEM/CL) interface, the
catalyst layer/microporous layer (CL/MPL)
interface, and the microporous layer/carbon fiber
paper (MPL/CFP) interface. These interfaces in
the MEA play a crucial role in the performance
and durability of fuel cells, particularly in relation
to mechanical adhesion, mass transport, charge

transfer, and heat conduction [33]. Based on the
results of cyclic voltammetry tests on the
electrochemical cells, the catalysts exhibited
relatively similar reduction peaks when using
either the Pt (A)/hemin (K) or Pt (A)/Pt (K)
catalysts via the 2-electron pathway at the
cathode (Figure 13), with the following reaction:

Og) + 2H (o) +2¢ ™ 2H:050q E=0.48-0.52V
HZOZ(aq) + 2H+(aq) +2e — 2H20(1) E=122V

4. Conclusions

Alumina Nanoparticles in a medium of
Spondias mombin leaf extract of A sulfonated
polysulfone-polyaniline_alumina Membrane
Electrode Assembly and a hemin catalyst at the
cathode was successfully incorporated and
characterized. The alumina nanoparticles
synthesized in a medium Spondias mombin leaf
extract exhibit a particle size of 33 nm. The MEA
based on sulfonated polysulfone-
polyaniline_alumina 7.5% composite with the
hemin catalyst on the cathode in a fuel cell
(DMFC) demonstrated good structural and
thermal stability, low methanol crossover and

MEA SPSU-PANI_AL,O, (5 mVs)
0,10 Pt(A)Hemin(K)
PH(A)PL(K)

0,05

0,00

Current density (mA cm?)

-0,05

-0,10
0.0 0.2 0.4 0,6 0.8 1,0 12 14

Voltage (V) vs RHE

Figure 14. Cyclic voltammetry curve of MEA
based on SPSU-PANI_AI>O3 composite.

Table 1. Proton conductivity of MEA based on sulfonated polysulfone composite.

membrane thickness Proton Conductivity

S (um) (S/em)
t dat
MEA [‘]’Z) ater  IEC Osf;b?hltvy © “Dts%  Pto% Pt5%  Pt5% (A)
%) (meo/g) %) APt (A 0,5% (APt 5% 0,5%
5% (K) hemin K) hemin (K)
[0:9)
SPSU-PANI 3.25 0.601 94.38 350 343 5.80 x 106 3.79 x 106
SPSU-PANI_Al:03 3% 7.43 0.667 92.69 353 351 9.72x 104 4.86 x 10
SPSU-PANI_Al:03 7.5% 8.75 0.749 97.28 364 376 9.95x 104  2.22 x 10
SPSU-PANI_Al:03 10% 6.45 0.681 94.73 394 406 9.33x 104  2.89 x 10+
SPSU-PANI_Al:03 12.5% 5.45 0.540 96.84 424 424 8.79x 104  4.05 x 10
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high power density 90.76 mW/cm2, but low proton
conductivity. The hemin catalyst produces
reduction peaks at cell potentials 0.48-0.52 V dan
1.22 V that are relatively similar to those of the Pt
catalyst in the oxygen reduction reaction during
the electrochemical cell test. Therefore, the hemin
catalyst at the cathode has demonstrated
potential as an alternative to the Pt catalyst for
fuel cell technologies.
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