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PREFACE

The Malaysian Journal of Energy and Applications (MyJEA) is a peer-reviewed academic
journal published by the Fuel Cell Institute (SELFUEL), Universiti Kebangsaan Malaysia
(UKM). The journal serves as a premier international platform dedicated to disseminating high-
quality original research, technical innovations, and critical reviews across all domains of clean
energy systems, fuel cell science, electrochemistry, and green technology applications.

This inaugural issue (Volume 1, Issue 1, 2026) features five high-impact articles addressing
fundamental and applied advances in energy conversion technology:

1. Microbial Fuel Cells (MFCs): A diagnostic framework examining internal resistance,
bioanode charge transfer, and physical contact degradation.

2. Direct Methanol Fuel Cells (DMFCs): A comparative structural evaluation of conventional
membrane electrode assemblies versus microfluidic membrane-less architectures.

3. Composite Membranes for Electrolysis: The optimization of quaternized PVA/GO anion
exchange membranes tailored for green hydrogen generation.

4. System Dynamic Modeling: Temperature-dependent simulation of a 400-cell PEMFC
stack operating under dynamic dynamic loading using MATLAB-Simscape.

5. Electrocatalysis Overview: A critical review of platinum catalysts, low-loading strategies,
core-shell architectures, and PGM-free alternatives.

Through these contributions, MyJEA aims to support the global clean energy transition and
align research efforts with the United Nations Sustainable Development Goals, specifically
SDG 7 (Affordable and Clean Energy) and SDG 13 (Climate Action).

Editor-in-Chief
Malaysian Journal of Energy and Applications (MyJEA)
Fuel Cell Institute (SELFUEL), Universiti Kebangsaan Malaysia
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Abstract

Internal resistance Rint is a critical bottleneck that dictates the power output and efficiency of
microbial fuel cells (MFCs). This study investigates the synergistic impact of gradated internal
resistance on bioanode performance by systematically manipulating electrode contact integrity
to establish three distinct Rint levels: 20 Q (Group 1), 60 Q (Group 2), and 182 Q (Group 3).
Results indicate that elevated Rint triggers a cascade of potential energy losses; Group 3
exhibited a 22% reduction in peak power density (0.07 W/m?) compared to the optimized
Group 1 (0.09 W/m?). Electrochemical Impedance Spectroscopy (EIS) identified the anodic
interface as the primary site of degradation, with interfacial resistance (R2) surging from 3 Q
in Group 1 to 140.19 Q in Group 3. Cyclic Voltammetry (CV) revealed that high Rin: might
have altered the redox behavior in the electrogenic biofilm, evidenced by a +0.36 V positive
transition in midpoint potential (Emid), suggesting increased electrochemical energy demand
and altered apparent redox behavior. Furthermore, sensitivity analysis via One-Factor-at-a-
Time (OFAT) optimization identified a 10:5:50 mM (NaAc:NH4CI:PBS) electrolyte ratio as
optimal, driving current density to a peak of = 2.1 A/m? by mitigating secondary chemical
bottlenecks. These findings suggest that poor connection is not merely a hardware failure but
an electrochemical stress factor that affects the catalytic response of the bioelectrochemical
interface.

Keywords: Bioanode kinetics, internal resistance gradation, electrochemical impedance
spectroscopy (EIS), charge transfer resistance, microbial electron transfer pathways.

Introduction

The escalating trajectory of global energy consumption and the concomitant surge in
wastewater contamination represent two of the most formidable challenges of the 21st century.
As of 2026, global energy demand continues to rise, driven by industrialization and population
growth, while "water bankruptcy"—the state where water demand exceeds sustainable
supply—afflicts nearly one-third of the world’s population (Wang et al., 2026). Environmental
pollution has reached critical levels, with untreated industrial and domestic effluents severely
degrading aquatic ecosystems worldwide (Boutarbouch et al., 2026; Kurniawan et al., 2026).
These challenges directly impede the progress of the United Nations Sustainable Development

1
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Goals (SDGs), specifically SDG 6 (Clean Water and Sanitation) and SDG 7 (Affordable and
Clean Energy), which mandate a global shift toward sustainable resource recovery (Baba et al.,
2026; Saghir et al., 2026). Locally, this claim is strengthened by the National Energy Policy
(DTN) 2022-2040 and the Water Sector Transformation 2040 (WST 2040), which emphasize
Malaysia's commitment to achieving a low-carbon economy and a circular water cycle through
the adoption of indigenous, high-efficiency green technologies (Rani et al., 2025).

Traditional wastewater management relies heavily on conventional biological
treatments, such as activated sludge processes. While effective, these methods are
characterized by massive energy footprints, primarily due to the aeration required to oxidize
organic and inorganic contaminants to meet standard discharge values for Chemical Oxygen
Demand (COD) and Biochemical Oxygen Demand (BOD) (Ravindran et al., 2025). Globally,
discharge standards are becoming increasingly stringent; for instance, many international
frameworks now mandate BOD levels below 10-20 mg/L before environmental release.
Locally, the Department of Environment (DOE) Malaysia enforces the Environmental Quality
(Industrial Effluents) Regulations, which categorize discharge into Standard A (for upstream
catchments) and Standard B (for downstream areas), necessitating advanced treatment to reach
these benchmarks (Environmental Requirements: A Guide For Investors 2010).

Beyond biological methods, alternative treatments such as advanced electrochemical
oxidation (EO), adsorption, and chemical precipitation are frequently employed to meet
stringent discharge standards, such as Standard A and B enforced by the Department of
Environment (DOE) Malaysia. Advanced electrochemical oxidation (EO) utilizes electrical
energy to generate highly reactive hydroxyl radicals (-OH) at an anode to mineralize complex
pollutants, such as textile dyes or landfill leachate, into CO, and water (Solomon et al., 2020;
Wilk et al., 2022). In contrast, adsorption is a surface-based phenomenon where molecules
adhere to solids like activated carbon or biochar to remove pharmaceutical residues or heavy
metals, while chemical precipitation utilizes reagents like lime or alum to turn dissolved
contaminants into insoluble solids for sedimentation (Nemes et al., 2026). Although effective,
these technologies incur high operational costs due to significant electrical energy inputs and
the continuous requirement for chemical reagents, highlighting the need for passive, energy-
recovering alternatives like Microbial Fuel Cells (MFCs) (Feng et al., 2024).

Microbial Fuel Cells (MFCs) have emerged as a transformative technology capable of
simultaneous wastewater treatment and bioelectricity generation. The core principle involves
the use of electrochemically active microorganisms to catalyze the oxidation of organic matter
in wastewater, converting chemical energy directly into electrical energy (Feng et al., 2024;
Musa et al., 2026). A typical microbial fuel cell (MFC) functions through the coordinated
action of several essential components: an anode where anaerobic microbes oxidize substrates
like acetate to release electrons and protons, a cathode where these electrons arriving via an
external circuit combine with protons and an oxygen electron acceptor to form water, and a
membrane (such as a Cation Exchange Membrane) that facilitates proton transport while
preventing oxygen crossover. Central to this process is the microbial consortium, often
enriched from sludge or existing electrochemical systems to establish an electrogenic biofilm
that serves as the metabolic engine of the device (Lim et al., 2021; Nawaz et al., 2020; Zadeh
etal., 2024).

Despite their potential, the practical application of MFCs is hindered by significant
technical bottlenecks that limit power density and scalability (Mahmoud et al., 2022).
Literature suggests various strategies for improvement, including electrode modification and
optimizing microbial communities (Hegazy et al., 2025; Zadeh et al., 2024). However, a
fundamental limiting factor that requires deeper mechanistic understanding is internal
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resistance. Internal resistance (Rint) plays a pivotal role in the operational efficiency of
bioelectrochemical systems (BES), serving as a primary determinant of the manageable power
output. In systems such as MFCs, Rint is comprised of ohmic, activation, and mass-transport
overpotentials which collectively dictate the rate of extracellular electron transfer (EET)
(Kanani et al., 2025). As this resistance increases, it significantly impedes the flow of electrons
from the electrogenic biofilm to the electrode surface, resulting in a substantial decrease in the
overall electrochemical performance of the BES. Consequently, a fundamental objective in
BES engineering is to maintain Rin at the lowest possible threshold to eliminate potential
energy losses and maximize thermodynamic efficiency (Kim et al., 2021).

While many studies focus on the chemical aspects of resistance, such as ionic strength
and substrate availability, the impact of physical connectivity—specifically the contact
integrity between the electrode and current collector—is often overlooked. Poor physical
connections are not merely passive resistors; they may alter the electrochemical environment
of the bioanode. To investigate this critical role, three distinct levels of internal resistance were
systematically established in this study (20, 60, and 182 Q) to map the mechanistic insights
into electricity generation at the bioanode. The performance of these systems was evaluated by
recording and analyzing power and current generation profiles. To provide a high-resolution
breakdown of the kinetic bottlenecks, advanced electrochemical characterizations including
cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were utilized.
Specifically, these tools allow for the partitioning of charge transfer and interfacial resistances,
facilitating a deeper understanding of how physical poor connections escalate activation and
mass transport limitation. This study aims to clarify whether bioanode performance
degradation is a matter of perception or a direct consequence of poor physical connection
integrity.

Unlike previous MFC studies that mainly examined internal resistance through
electrode spacing, membrane type, electrolyte conductivity, substrate concentration, or reactor
architecture, this study specifically isolates poor physical contact between the electrode and
current collector as a controlled source of internal resistance. By creating three resistance levels
and combining polarization, EIS, and CV analysis, this work provides a diagnostic framework
for identifying how physical connection quality contributes to ohmic, interfacial, activation,
and apparent mass-transport losses in MFC bioanodes.

Materials and Methods

Reactor Configuration and Bioanode Enrichment

The experimental architecture, including the schematic of the microbial fuel cell (MFC) and
the laboratory-scale assembly, is detailed in Figure 1. Six identical dual-chamber
bioelectrochemical systems (BES) were operated as MFCs. Each reactor was constructed
from two symmetrical polyacrylic blocks with external dimensions of 70 x 70 x 20 mm (See
Figure 1(c)). The internal compartments were precision-fabricated to 50 x 50 x 10 mm,
providing a net working volume of 25 mL per chamber. The reactor assembly was secured
using four M5 diagonal screws to ensure a leak-proof seal. The electrode assembly and
membrane specifications were as follows:

e Anode: Plain carbon felt (5 x5 x1 cm) served as the bioanode.
e Cathode: Carbon felt of identical dimensions, coated with 0.5 mg Pt/cm? to facilitate the
oxygen reduction reaction (ORR).


https://doi.org/10.17576/myjea.2026.01.1

Malaysian Journal of Energy and Applications 1 (2026): 1-23
https://doi.org/10.17576/myjea.2026.01.1

e Membrane: A cation exchange membrane (CMI-7000, Membrane International Inc.) was
positioned between the chambers to mediate proton transport.

Saturated silver-silver chloride (Ag/AgCl) reference electrodes (REs) were utilized to
provide a stable potential baseline for all measurements. As illustrated in Figure 1(b), the REs
were positioned at a fixed distance of approximately 0.5 cm from the respective working
electrodes (anode and cathode) to minimize iR drop during data acquisition. A conversion
factor of +0.197 vs. Ag/AgCl was applied to align the data with the Standard Hydrogen
Electrodes (SHE) scale at 25°C unless stated otherwise.

Controlled Internal Resistance Gradation

To investigate the critical role of internal resistance and provide mechanistic insights
into the resulting bioelectrochemical behavior, a controlled resistance gradient was
established across the test groups. The contact integrity between the carbon felt electrodes
and the titanium wire connectors (facilitating the external circuit interface) was
systematically manipulated to simulate varying degrees of connection quality. These
modifications were designed to create three distinct levels of internal resistance (Rint) as
categorized in Table 1.

Table 1  Experimental Design and Controlled Internal Resistance (Rint) Gradation

MFC Connection Targeted Resistance Research Objective
Group Integrity Rint (£2) Multiplier
Optimized, high- _ E§tablish baseli_ne
1 . L] 20 1x (Baseline) bioelectrochemical
integrity contact
performance.
Moderate manual Study intermediate potential
2 loosening of Ti- 60 3% energy losses and kinetic
electrode interface shifts.
Significant contact Simulate severe connection
3 restriction / poor 180 9x gaps and synergistic energy
connectivity losses.

The internal resistance levels were created by adjusting the physical contact between
the carbon felt electrode and the titanium wire current collector. The titanium wire was tied to
the carbon felt to provide the electrical connection between the electrode and the external
circuit. For the optimized connection condition, the titanium wire was tied firmly to ensure
good contact with the carbon felt. For the higher-resistance conditions, the titanium wire was
gradually loosened to reduce the contact between the titanium wire and carbon felt. The degree
of loosening was adjusted until the desired internal resistance levels were obtained.

The internal resistance was estimated from the voltage response of the MFC under no-
load and under-load conditions. The open-circuit voltage was first measured using a digital
multimeter under no-load condition. The circuit was then connected to a known external
resistance, and the loaded voltage was measured. The internal resistance was calculated by
comparing the no-load voltage and loaded voltage with the known external resistance. The
reported resistance values of 20, 60, and 182 Q represent calculated values obtained from these
voltage measurements. The measurements were performed before and after the experiment to
confirm that the resistance levels remained consistent throughout the operation. This procedure
was carried out to ensure that the observed performance differences were mainly related to the
controlled physical connection condition rather than uncontrolled changes in the electrode
assembly.
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All configurations were operated in duplicate to assess reproducibility. This deliberate
gradation allowed for the precise mapping of how physical connection gaps—often perceived
as minor assembly errors—affect the activation, ohmic, and apparent mass-transport kinetics
of the bioanode.

Inoculation and Media Composition

The microbial inoculum was sourced from a combination of sediment collected from the UKM
Engineering Lake and an existing microbial fuel cell (MFC) setup that had been in continuous
operation for over three years. The inoculation process involved mixing the concentrated
sludge with the anodic medium at a 1:1 ratio. The chemical compositions of the electrolytes
were:

e Anolyte: Sodium acetate (0.41 g/L) as the primary electron donor, supplemented with
NH4CI (1.07 g/L), KCI (0.11 g/L), NaH2PO4-2H.0 (0.66 g/L), Na2HPO4-2H0 (1.03 g/L),
and Wolfe’s mineral/vitamin solutions. The basal medium was autoclaved at 121°C for 20
minutes. Post-sterilization, the Wolfe’s mineral and vitamin solutions were added via 0.2
pm membrane filtration to prevent thermal degradation. To ensure anaerobic conditions,
the completed medium was purged with high-purity nitrogen (N2) to remove dissolved
oxygen prior to use.

e Catholyte: A 50 mM phosphate buffer (pH 7.0) comprising NaH2PO4-2H.0 (3.30 g/L),
Na:HPO4-2H20 (5.14 g/L), and KCI (0.11 g/L). The catholyte was air-saturated via an
aquarium pump to maintain dissolved oxygen (DO) levels above 3 mg/L.

Operational Start-up and Data Acquisition

The complete experimental configuration was assembled as illustrated in Figure 1(a). The
anolyte and catholyte were fed independently from 5 L reservoirs into their respective
chambers at a constant flow rate of 0.17 mL/min using a multi-channel peristaltic pump. The
operational protocol was executed in the following stages:

e Inoculation: The inoculum source was injected into the anodic chambers, and the
remaining volume was filled with the stock medium.

e Monitoring: Potential was monitored via a data logger (Pico ADC-16) and PicolLog
software, with data points recorded at 15-minute intervals.

e Conditioning: The reactors were initially maintained under open-circuit conditions for 24
hours to establish a baseline potential.

e Startup: On the second day, the circuits were closed across a 25 € external resistor.
Following a 48-hour stabilization period, continuous feeding of the anodic reactors was
initiated at the designated flow rate to sustain steady-state power generation.
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Figure 1 Schematic of (a) experiment arrangement, (b) single MFC and (c) the lab-scale
MFCs

Electrochemical Characterization: EIS, CA, and CV

Upon reaching a steady-state power generation plateau (typically after >100 days of continuous
operation), the MFCs were subjected to a suite of electrochemical analyses to characterize the

internal resistance and kinetic behavior.

Electrochemical Impedance Spectroscopy (EIS)

Comprehensive impedance characterization was performed using a PGSTAT128N potentiostat
equipped with an FRA32M frequency response analyzer module (Metrohm, Netherlands). To
capture the full spectrum of electrochemical signatures—ranging from high-frequency ohmic
shifts to low-frequency diffusion kinetics—measurements were conducted under Open Circuit
Potential (OCP) across a frequency range of 100 kHz to 0.01 Hz, utilizing a resolution of 71
data points per logarithmic decade.


https://doi.org/10.17576/myjea.2026.01.1

Malaysian Journal of Energy and Applications 1 (2026): 1-23
https://doi.org/10.17576/myjea.2026.01.1

To achieve a high-resolution breakdown of the internal resistance (Rint), three distinct wiring
configurations were employed:

e Whole-Cell Analysis (2-Terminal): Quantified the total internal resistance of the MFC,
integrating all anodic, cathodic, and membrane-related losses.

e Half-Cell Analysis (3-Terminal): Utilized a reference electrode (SHE) to isolate the
individual impedance of the bioanode and the abiotic cathode, focusing on the charge
transfer resistance (R1) and interfacial kinetics (R2).

e Membrane and Material Interface (4-Terminal): Employed to measure the specific
ohmic drop across the CMI-7000 membrane and the electrolyte, effectively separating bulk
solution resistance (Rs) from the electrode-interface phenomena.

The resulting Nyquist and Bode plots were analyzed using Nova 11.1 software by fitting the

raw data to a modified R(RQ)(RQT) equivalent circuit model. This approach allowed for the

precise quantification of the capacitive element (T), the charge transfer resistance (R1), and the
interfacial resistance (Rz), providing a mechanistic map of the electrochemical bottlenecks
within each cell component.

Stepwise Chronoamperometry (CA) and Polarization

To derive the polarization and power density curves, stepwise chronoamperometry was
employed. The applied potential was decreased from the OCP to 0 V in decrements of 0.05 V.
Each potential step was maintained for at least 15 minutes to ensure the system reached a
pseudo-steady state. Only the stabilized current value at the end of each step was recorded for
the construction of the polarization profiles.

Cyclic Voltammetry (CV)

Following the polarization tests, the MFCs were allowed to re-equilibrate under normal
operating conditions for several days to ensure bioanode recovery. CV was then performed to
evaluate the redox activity and electron transfer pathways of the biofilm.

e Potential Range: -0.5 V to +0.6 V vs. Standard Hydrogen Electrode (SHE).

e Scan Rate: 0.01 V/s (unless otherwise specified).

e Data Selection: At least three cycles were performed for each cell, with only the final
scan used for analysis to ensure reproducibility.

Analytical Methods and Physicochemical Characterization

The organic strength and chemical environment of the MFCs were monitored using the
following standardized protocols:

e COD Analysis: The organic concentration of the influent and effluent was quantified using
high-range photometric cell test kits (Product No. 114541; range: 25-1500 mg/L) supplied
by Merck, UK. Samples were prepared in reagent vials according to the manufacturer’s
procedures and determined colorimetrically using a Spectroquant® Pharo 300
spectrophotometer (Merck, UK).

e pH and Conductivity Measurements: The pH and electrical conductivity of the anolyte
and catholyte were monitored using a calibrated multi-parameter meter to ensure a stable
electrochemical environment.Anolyte Stability: The sodium acetate-based anodic medium
was maintained at a near-neutral pH (7.0£0.2) to provide an optimal metabolic environment
for the electrogenic microbial consortium.
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e Catholyte Conditions: The 50 mM phosphate basal solution (pH 7.0) was monitored to
ensure that proton consumption during the oxygen reduction reaction (ORR) did not result
in localized pH shifts.

e Correlation with Resistance: Conductivity data was integrated with the EIS analysis to
confirm that variations in solution resistance (Rs) were driven by physical connection
quality rather than electrolyte fluctuations.

Mathematical Estimation and Mechanistic Correlation of Energy Losses

To quantify and interpret the overpotentials occurring during MFC operation, the polarization
behavior was fitted using a semi-empirical model. This model dissects the cell potential (V) as
a function of current density (Ip) by accounting for activation, ohmic, and mass-transport
losses:

V=E,—bloglogl, —RI, —ye®P (Equation 1)

where V is the measured cell potential, Eo is the theoretical open-circuit potential, b is the
activation coefficient, R is the ohmic resistance coefficient, Ip is the current density, y is the
diffusion or concentration coefficient, and w is the current consumption coefficient. The terms
in Equation 1 were used to estimate the contribution of activation, ohmic, and concentration-
related losses during MFC operation. The fitted parameters were then compared with the EIS
and CV results to support the interpretation of the internal resistance effect.

The parameters are defined and correlated with physical characterization tools as follows:

e V (V): The final potential output, reflecting the cumulative energy losses in the system.

e E, (V): The theoretical open-circuit potential where no energy loss occurs.

e b (V) (Activation Coefficient): Represents the initial potential energy required to
activate redox reactions. This coefficient is directly linked to the charge transfer
resistance (R1) found in EIS and the midpoint potential shifts in CV. An increase in b
(from 0.0266 V to 0.0415 V) correlates with the higher Ry values in Groups 2 and 3,
signaling a hindered initiation of electron transfer.

e R () (Ohmic Coefficient): Accounts for potential losses during electron and ion
transport between electrodes. This parameter correlates with the solution resistance (Rs)
and membrane resistance measured in EIS. The modeled R values (e.g., 3.18 Q for
Group 3) quantify the voltage drop caused by the physical poor connections or
connection gaps identified in the experimental setup.

e v (V) and ® (m*A) (Diffusion/Concentration Coefficients): y explains the energy
consumed to transport reactants to the electrode surface, while ® estimates the rate of
current consumption per surface area. These are validated by the Warburg element (W)
in the EIS equivalent circuit and the linear relationship between peak current and scan
rate in CV, which confirms whether the system is diffusion-limited.

e Mechanistic Insight: By linking these coefficients, the model suggests that increased
internal resistance may not only increase ohmic loss, but may also contribute to
activation and apparent mass-transport losses.

Results and discussion

Bioanode Enrichment and Steady-State Performance

The enrichment of electrogenic bioanodes was performed under continuous flow conditions
(0.17 mL/min) to maintain a consistent substrate supply during the initial colonization phase.
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Following this 50-day period, the operational mode was transitioned to fed-batch, which
triggered a significant performance enhancement. As illustrated in Figure 2(a), the current
density surged twofold, increasing from 0.15 to a stable plateau of 0.30 A/m2. This trend aligns
with typical microbial growth phases, where an initial logarithmic increase is followed by a
steady-state maintenance period (Li et al., 2025; Lim et al., 2020).

The electron recovery was evaluated using Coulombic Efficiency (CE), which was
calculated based on the total charge recovered from the current profile and the theoretical
charge available from COD removal. The influent COD was approximately 363 mg/L, while
the final COD values were 318, 292, and 305 mg/L for MFC Groups 1, 2, and 3, respectively.
These values correspond to COD removals of approximately 45, 71, and 58 mg/L. Therefore,
the CE result was interpreted together with the COD removal data to avoid overestimating
electron recovery from the substrate.

Coulombic efficiency (CE) was calculated based on the ratio between the total charge
recovered as current and the theoretical charge available from COD removal, as shown in
Equation 2.

M[ Idt
CE = ——
FbVgn ACOD

x 100 (Equation 2)

Where M is the molecular weight of oxygen (32 g/mol), | is the current (A), t is time (S), F is
Faraday’s constant (96,485 C/mol €7), b is the number of electrons exchanged per mole of
oxygen, Van is the anode liquid volume (L), and ACOD is the COD removed during the
operating period.

The shift to fed-batch operation was pivotal in this performance gain. This mode
provides the electrogenic microbes with extended residence time, allowing for the
comprehensive utilization of the organic content in the medium. The optimization of bioanode
performance is intrinsically linked to the strategic management of operational modes and
substrate availability. According to (Lim et al., 2017), providing a stable carbon source and
appropriate applied potentials directly enhances microbial metabolism and catalytic activity
within the biofilm. This is further supported by evidence that transitioning from continuous
flow to fed-batch operation prevents the washout of essential metabolic intermediates, thereby
yielding superior peak power densities and coulombic efficiencies. Ultimately, as identified in
related studies on microbial electrolysis cells, the robust enrichment of the bioanode remains
the primary determinant of total system performance, with mature biofilms capable of
sustaining high oxidation rates (approximately 0.36 A/m?) that mirror the steady-state results
achieved in this study (Daud et al., 2018; Elreedy et al., 2024). This "recharge and utilize™ cycle
inherent in fed-batch operation allows the microbial consortium to maximize electron
extraction per mole of substrate as substrate concentration remains constant throughout
(Choudhury et al., 2020), thereby reducing mass-transport limitations that can occur in
continuous systems with higher internal resistance (Rossi et al., 2021).
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Figure 2 (@) Current density and (b) Coulombic efficiency of tested MFCs with different
internal resistance. Data are presented as mean + standard deviation from duplicate
reactors (n = 2). Note that the current density plateaued after day 50.

Impact of Internal Resistance on Electrochemical Polarization

The internal resistance (Rint) serves as a critical bottleneck in the scalable power output of
microbial fuel cells (MFCs). By deliberately manipulating the physical connectivity of the
electrodes, we established a clear correlation between elevated Rin and the degradation of
electrochemical performance (Chen et al., 2024). This relationship is quantitatively captured
in Figure 3(a), where the polarization and power density curves reveal a systematic decline in
maximum power output as the resistance gradation moves from Group 1 to Group 3.

The polarization behavior was modeled using Equation 1 to dissect the various energy
losses (activation, ohmic, and concentration).

e Maximum Power Density: Group 1 achieved a peak power density of approximately 0.09
W/m?at a current density of 0.22 A/m2. In contrast, the significant connection restriction in
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Group 3 limited the peak power to 0.07 W/m?, representing a =~ 22 % performance loss
associated to the poor connection configuration.

Voltage Drop Trends: As illustrated in Figure 3 (c), the voltage drop was most pronounced
in Group 3 (black markers), where the increased ohmic coefficient (R) led to a steeper
decline in cell potential compared to the optimized Group 1 (blue markers).

External Resistance Correlation: The calculated external resistances at the peak power
points were 414.0 Q (Group 1), 476.5 Q (Group 2), and 476.4 Q (Group 3), indicating that
the system's optimal load shifts slightly as internal losses increase.

To identify the specific physical origin of these losses, the charge transfer resistance

(Ret) was partitioned into cell components using Electrochemical Impedance Spectroscopy
(EIS).

Anodic Bottleneck: The bioanode was identified as the primary site of performance
degradation. As seen in Figure 3 (d), the anodic resistance surged from a baseline of 3+ 1
Q in Group 1 to a staggering 135 + 52 Q in Group 3.

Total Cell Resistance: The overall cell resistance followed the targeted experimental
gradation, recording 16 = 2 Q for Group 1, 55 £ 8 Q for Group 2, and 182 + 6 Q for Group
3. These values closely mirror the voltage-estimated resistance levels established in the
methodology section (20, 60, and 180 Q).

The data suggest that poor connection increased internal resistance, which then reduced

MFC performance. This may be associated with changes in the apparent redox behavior caused
by the increase in Rint. Recent literature indicates that when internal resistance is high, the
biofilm may require higher electrochemical energy for electron transfer to overcome the anodic
energy barrier (Ashiq et al., 2025; Miller et al., 2019). This shift is reflected in the positive
midpoint potential transition observed in the CV results, moving from -0.2092 V (Group 1) to
+0.1594 V (Group 3). This possible bioelectrochemical response may reduce the net potential
difference for electricity generation, effectively widening the catalytic band and decreasing
overall cell efficiency (Cao et al., 2012; Chadwick et al., 2019).
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Figure 3  (a) Polarization and power curves, (b) calculated external resistance from a specific
current withdrawn, (c) cell and half-cell potential and (d) charge transfer resistance
of the MFC with different internal resistances. Data are presented as mean *
standard deviation from duplicate reactors (n = 2).

The empirical coefficients derived from the polarization equation (Table 2) confirm that
internal resistance (Rint) does not act as an independent variable. Instead, it triggers a synergistic
escalation across the three primary overpotential categories, fundamentally altering the cell's
efficiency.

e Ohmic Losses (R): The ohmic coefficient reached its peak in Group 3 (3.1876 Q for the
cell; 3.4364 Q for the summed components). This 13% increase relative to Group 1 (3.0875
Q) is the direct mathematical manifestation of the poor connection design. The disparity
between the measured "Cell" R and the "Sum™ of components (Ranode + Rcathode) SUQQEStS
that interfacial contact resistance at the titanium-carbon felt junction contributes
significantly to the total voltage drop (iR drop).

e Activation Losses (b): A notable trend was observed in the activation coefficient, which
rose from 0.0266V (Group 1) to 0.0415V (Group 3) This increase indicates that high Rint
imposes a greater energy barrier for the initiation of electron transfer (Lopez Zavala &
Céamara Gutiérrez, 2023). Mechanistically, poor physical connectivity may require the
electrogenic consortium to operate under higher electrochemical energy demand.

e Mass Transport and Diffusion Losses (y and w): The diffusion coefficient (y) and the
rate of current consumption (1/w) showed significant variance across groups. In Group 3,
the 1/w value of -0.0988 A/m? suggests a more rapid onset of mass transport limitation
compared to Group 1 (-0.2026 A/m?). The fitted diffusion parameters suggest that the
higher resistance condition was associated with greater concentration-related losses.
However, because direct substrate concentration gradients of ion transport profiles were
not measured, the result is interpreted as an apparent mass transport limitation rather than
direct evidence of substrate diffusion limitation. This suggests that the higher-resistance
condition may be associated with concentration-related losses at lower current densities
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(Kanani et al., 2025), although direct ion transport or substrate gradient measurements
would be required to confirm the specific mass-transport mechanism.

Table2  Coefficients calculated from polarization equation (1) based on different internal

resistance
Coefficient Parameter MFC Group1l MFC Group2 MFC Group 3
Eo (V) Open Circuit Potential 1.2742 0.7623 0.9227
b (V) Activation 0.0266 0.0372 0.0415
R (Q) Ohmic 3.0875 2.2496 3.1876
Y (V) Diffusion 0.6682 0.2028 0.3553
1w (A/m?) Consumption Rate -0.2026 -0.0496 -0.0988

Electrochemical Component Analysis and Resistance Distribution

The internal resistance (Rint) of the MFCs was partitioned using Electrochemical Impedance
Spectroscopy (EIS) to identify the specific contributors to voltage de-rating. Theoretically, the
total cell resistance is the summation of individual ohmic and non-ohmic components:

Recell = Rsolution + Ranode + Rmembrane + Rcathode (Equation 3)

To further elucidate the electrochemistry at the solid-liquid interfaces and within the
bulk solution, each component represented in Equation 3 was decomposed into an equivalent
electrical circuit (EEC). This approach allows for the characterization of electronic and ionic
behaviors using resistors (R), constant phase elements (Q), and capacitive elements (T).

In this study, the EIS fitting parameters were used to identify the main source of
resistance in the MFC. Rsrepresents the ohmic resistance from the electrolyte, membrane, and
solution pathway. R1 represents the charge transfer resistance, which is related to the electron
transfer process at the electrode or biofilm—electrode interface. R represents the interfacial
resistance. In this study, R> may be related to the contact between the carbon felt and titanium
wire, the porous structure of the carbon felt, and the interaction between the biofilm and
electrode surface. The T element represents the pseudo-capacitive behavior of the porous
biofilm/electrode interface, which is associated with charge storage and relaxation during the
electrochemical process. Therefore, these parameters were used to explain how poor physical
connection increased the resistance contribution in the MFC system.

As illustrated in Figure 4, distinct EEC models were employed to fit the high-resolution
impedance data obtained from the 2-, 3-, and 4-terminal configurations:

e Whole-Cell and Electrode Interface (Figure 4(a)): The bioanode and cathode were
modeled using an Rs(R1Q1)(R2Q2T) configuration. Here, the nested RQ elements account
for the porous nature of the carbon felt and the charge transfer resistance (R1) at the biofilm-
electrode interface. The inclusion of the T element specifically captures the pseudo-
capacitive behavior of the electrogenic biofilm and the interfacial storage of ions (R>2).

e Membrane and Solution Resistance (Figure 4(b)): The membrane component was
simplified to an Rs(R1Q1)(R2Qz2) circuit. This reflects the predominantly ohmic nature of
the CMI-7000 separator (Rs) combined with the limited capacitive behavior (Q) arising
from the ionic concentration gradient at the membrane-solution boundary.
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Electrochemical Impedance Spectroscopy (EIS) Characterization and Equivalent
Electrical Circuit (EEC) Models. Sub-panels (a) illustrate the raw impedance
spectra: (ai) Nyquist plots showing the distribution of ohmic and polarization arcs
across MFC Groups 1-3; (aii) Bode magnitude plots depicting the frequency-
dependent impedance response; and (aiii) Bode phase plots identifying the
relaxation times of the bioelectrochemical interfaces. Sub-panels (b) present the
fitted EEC configurations: (bi) The primary Rs(R1Q1)(R2Q-T) model used to
partition resistances in the whole cell, bioanode, and cathode, where T represents
the pseudo-capacitive behavior of the biofilm; and (bii) The simplified
Rs(R1Q1)(R2Q2) model for the membrane component, isolating the ionic transport
resistance from the electrode-interface kinetics. Solid lines in the spectra represent
the best-fit data, with fit reliability confirmed by %2 values = 0.005.

The breakdown of these resistances reveals that any increase in a specific component—
most notably the Anode R> surge to 140.19 Q in Group 3—directly correlates with the voltage
drops observed in the polarization curves. Mechanistically, as Rcen increases, the system
undergoes significant potential de-rating, which is manifested as a "widening" of the catalytic
band in the CV derivatives. This widening signifies that a larger potential window is required
to drive microbial electron transfer, effectively lowering the net power generation (Rosman et

al., 2026).

By utilizing this multi-terminal EIS approach, the results suggest that the poor-
connection condition in Group 3 mainly affected the anodic interfacial zone, transforming a
highly conductive biofilm (0.6 Q in Group 1) into the primary kinetic bottleneck of the entire

system.

Table3 ~ Summary of fitted EIS internal resistance components for MFC Groups 1, 2, and
3. Values represent the mean =+ fitting error from the data. Parameters were
extracted using R(RQ)(RQT) equivalent circuit models.

Element Parameter MFC Group 1 MFC Group 2 MFC Group 3
(Value = Error) (Value = Error) (Value * Error)
Rs (Ohmic) R (Q) 6.286 + 0.787 5.874 +1.198 7.442 +0.386
R1 (Charge R ()
Transfer) 5.475 +0.763 17.597 £ 14.562  33.957 £ 22.773
Q1 (CPE1) Yo (MS-s") 0.001 £ 0.000 0.002 £ 0.002 0.002 + 0.002
n 0.617 £ 0.057 0.651 +0.103 0.698 + 0.257
R (Interfacial) R (Q) 3.936 + 3.601 31.515+21.807  140.19 + 28.800
Q2 (CPE 2) Yo (MS-s") 0.015 £+ 0.002 0.006 + 0.005 0.001 +0.000
n 0.645 + 0.064 0.512 £ 0.156 0.639 + 0.100
T (Capacitive Yo (MSS) 4403, 0077  0133+0000  0.152+0.117
Element)
B 0.184 + 0.155 0.184 + 0.155 0.342 £ 0.238
¥? (Fit Quality) 0.005 £ 0.001 0.019 £ 0.005 0.005 +0.001

The data were fitted using the R(RQ)(RQT) equivalent circuit model, where the
capacitive element (T) represents the biofilm's ability to store and transfer charge.

e Capacitance (T) and Surface Roughness (B): The Yovalue of the T element increased
from 0.103 (Group 1) to 0.152 mS-s" (Group 3). This suggests that in high-resistance
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environments, the biofilm may increase its thickness or surface complexity in a possible
change in interfacial charge storage or biofilm/electrode response under high-resistance
conditions (Vijay et al., 2023).

o Fit Quality: The low chi-squared (?) values (= 0.005) across all groups confirm the
high reliability of this model in describing the synergistic relationship between ohmic,
kinetic, and interfacial energy losses.
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Bioelectrochemical characterization of enriched bioanodes via Cyclic
Voltammetry (CV). Profiles were recorded at scan rates of (a) 0.01 V/s and (b)
0.001 V/s. Sub-panels illustrate: (i) the raw cyclic voltammograms highlighting
pseudo-reversible redox peaks, and (ii) the first-order derivative (dl/dV) of the
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forward scans used to pinpoint the midpoint potential (Emid) and define the catalytic
activity band. The widening of these bands across MFC Groups 1-3 suggests
increased electrochemical energy demand and apparent overpotential development
under higher internal resistance conditions.

Sensitivity Analysis: Effect of medium composition and ionic strength

This section is presented as a supporting sensitivity analysis and is separated from the main
controlled internal resistance experiment. While the physical connection integrity remains the
primary determinant of bioanode performance, the results in Figure 6 demonstrate that
electrolyte composition significantly modulates the output by altering the solution resistance
(Rs) and substrate availability. Using the OFAT approach, the impact of Sodium Acetate
(NaAc), Ammonium Chloride (NH4CI), and Phosphate Buffer Solution (PBS) was evaluated
against the baseline configuration (10:5:10 mM).

The most significant surge in current density, reaching a peak of = 2.1 A/m? between
days 59 and 61, was triggered by increasing the PBS concentration to 50 mM. This behavior is
directly linked to a reduction in the internal resistance (Mohyudin et al., 2022) via two
mechanisms:

e Ohmic Reduction: Higher PBS concentrations increase the ionic conductivity of the
electrolyte, effectively lowering the Rs component of the total Rint (Guo et al., 2021).

e Proton Transport: Enhanced buffering capacity prevents localized pH drops within the
bioanode biofilm, facilitating more efficient EET (Cao et al., 2022). Conversely, at low
PBS concentrations (1 mM), the current density plummeted to < 0.2 A/m?, suggesting that
even with an optimized electrode connection, a poorly conductive medium can become the
dominant limiting factor (Sydow et al., 2017).

The sensitivity to substrate concentration was less pronounced than that of the buffer.
Increasing NaAc from 1 mM to 20 mM led to a gradual, incremental rise in current, plateauing
around 0.5 A/m?. This indicates that while the internal resistance dictates the "ceiling" of power
output, substrate availability dictates the steady-state maintenance level. Similarly, the addition
of NH*" showed a minor positive correlation with performance, likely due to its role as a
nitrogen source for biofilm maintenance and its minor contribution to the electrolyte's ionic
strength (Ishaq et al., 2025).

These findings indicate that bioanode performance is a multi-variant function. To
achieve maximum power density, it is important to address not only the poor physical
connection (the physical Rint) but also optimize the "chemical Rint" (ionic strength). As seen in
the sudden current drop when switching from 50 mM back to 10 mM PBS on day 61, a high
internal resistance—whether caused by a loose titanium connector or a low-conductivity
medium—may substantially reduce the catalytic activity of the biofilm (Gadkari et al., 2020;
Guo et al., 2021).
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Figure 6  Dynamic Current Density Profile during OFAT Sensitivity Analysis. Continuous
monitoring of bioanode current density during the systematic optimization of the
anodic medium composition. The profile illustrates the transition from the baseline
configuration (10:5:10 mM) to the optimized C:N:PBS ratio (10:5:50 mM). The
marked surge to a peak of = 2.1 A/m? on day 61 highlights the critical role of
increased buffering capacity (50 mM PBS) in mitigating localized pH gradients
and reducing solution resistance (Rs), thereby maximizing the electrocatalytic
output of the enriched biofilm.

The OFAT sensitivity analysis identifies the 10:5:50 mM (NaAc:NH4CI:PBS) ratio as
the optimized medium composition for maximizing bioanode current density. While substrate
and nutrient availability (NaAc and NH4Cl) are essential for maintaining steady-state metabolic
activity, the fivefold increase in buffer concentration (from 10 to 50 mM PBS) was shown to
be the most influential chemical factor, driving the current density to a peak of = 2.1 A/m?.
This suggests that in systems where physical internal resistance is already a challenge,
maintaining high electrolyte conductivity and superior pH buffering is important to prevent a
substantial decrease of the bioelectrochemical interface (Zhang et al., 2019).

Conclusion

This study quantified the effect of physical connection on internal resistance and bioanode
performance in microbial fuel cells. By creating different resistance levels through controlled
electrode—current collector contact conditions, the results showed that poor physical
connection can increase internal resistance and reduce power output. This indicates that
connection gaps, although often considered as minor assembly issues, can affect the stability
and scalability of MFC performance.

The findings suggest that increased internal resistance does not only contribute to ohmic
losses, but may also increase activation and diffusion-related losses. EIS analysis showed that
the bioanode interface was the most affected component, with R2 becoming the main
contributor to total cell resistance under poor-connection conditions. This highlights that the
bioanode interface is highly sensitive to physical contact quality.
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CV analysis showed a positive shift in apparent midpoint potential and broadening of the
catalytic response at higher resistance. These changes suggest that the bioanode required higher
electrochemical energy for electron transfer. However, this should be interpreted carefully
because CV alone cannot confirm microbial metabolic adaptation or specific changes in
electron-transfer pathways. Further biological analyses, such as microbial community analysis,
biofilm imaging, EPS quantification, or mediator analysis, are needed to confirm whether these
electrochemical changes are related to specific microbial or biofilm changes.

The OFAT analysis also showed that medium composition and ionic strength affected
current generation, with 50 mM PBS improving buffering capacity and electrolyte
conductivity. Overall, this study suggests that both physical connection and electrolyte
composition should be considered when optimizing MFC performance.
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Abstract

Direct methanol fuel cells (DMFC) are increasingly recognized as a promising energy
conversion technology, particularly suited for compact and portable power applications, owing
to the high energy density and simple fuel management. In traditional DMFC, the fundamental
electrochemical unit is the membrane electrode assembly (MEA), which consists of a proton-
conducting membrane sandwiched between the anode and cathode electrodes. Alternatively,
the development of membrane-less DMFC systems, which employ a co-laminar microfluidic
flow to establish a "virtual membrane,"” eliminates the necessity for a physical membrane while
still facilitating proton transport and electrochemical separation. Electrodes continue to be a
critical element in both systems, as they regulate the efficacy of methanol oxidation and oxygen
reduction reactions, despite the architecture differences. The present review critically evaluates
the present state and prospective trajectory of electrode development in both conventional and
membrane-less DMFC. Engineering electrodes that provide improved catalytic activity,
structural durability, and mass transport characteristics while adhering to a variety of
operational constraints is the primary challenges. This paper provides a comparative analysis
of the progress and limitations in each system by investigating the fundamental operating
principles and reviewing recent innovations in electrode materials, and architectures. The
investigation also investigates the operational stability, scalability, and performance trade-offs
that are linked to real-world deployment. The review emphasizes the direct relationship
between advancements in electrode technology and global sustainability initiatives, as they are
consistent with the United Nations Sustainable Development Goals SDG 7 (Affordable and
Clean Energy) and SDG 13 (Climate Action).

Keywords: Direct methanol fuel cell (DMFC), Membrane-less fuel cell, Electrode architecture,
Microfluidic fuel cell, Laminar flow fuel cell (LFFC)

1.0 Introduction

The increasing global population has intensified global apprehensions regarding the necessity
of additional energy in the daily marketplace. Malaysia's economic prosperity is significantly
influenced by its production of hydrocarbons and fossil fuels. The Renewable Energy Policy
was implemented in Malaysia with the objective of achieving a 9% renewable energy
component in the nation's total energy blend by 2020 [1]. Malaysia has the capacity to address
environmental concerns on a local, regional, and global scale by implementing renewable
energy sources, such as fuel cells. This is appropriate for the nation, as Malaysia is dedicated
to the promotion of renewable energy and has reaffirmed its objective of achieving a 20% share
of renewable energy in its energy generation by 2025 [2]. The conversion of chemical energy
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into electrical power is a cornerstone of modern infrastructure, spanning applications from
megawatt-scale utility plants and kilowatt-scale electromobility to watt-scale portable
electronics. To facilitate these energy transitions, various electrochemical and mechanical
conversion technologies have been engineered, including electric generators, batteries, and fuel
cells. Unlike closed-loop storage systems, fuel cells function as open thermodynamic systems
characterized by continuous electrochemical oxidation and reduction. By utilizing steady-state
reactant streams—typically hydrogen and oxygen—these devices maintain a sustained reaction
flow, enabling the efficient and simultaneous generation of electricity and thermal energy [3].

Fuel cells offer significant advantages for portable power applications due to their high
energy density, long operational life, simple design, and cost-effectiveness [4]. Currently,
proton exchange membrane fuel cells (PEMFC) and direct methanol fuel cells (DMFC)
represent two of the most developed types of low-temperature fuel cells [5]. According to a
multitude of researchers, DMFC is regarded as a highly prospective and suitable solution for
portable devices in order to address the impending energy crisis [6]. This is attributed to their
ability to operate at low temperatures, high energy conversion efficiency, and minimal
pollutant emissions [7]. Due to its affordability, ubiquitous availability, convenient storage and
handling, and renewable nature, the methanol fuel is an appealing option [8].

The MEA is composed of gas diffusion layer (GDL), catalyst layer (CL), and polymer
electrolyte membrane (PEM) [9]. Nevertheless, the membrane's presence elevates the
likelihood of fuel crossover, which results in catalyst toxicity and an overall decrease in
performance due to the reduced active surface area. Furthermore, membrane fabrication
presents substantial obstacles due to its high cost and high level of complexity [10].
Consequently, researchers are conducting research on membrane-less fuel cells to resolve these
concerns and eliminate the necessity for PEM. Membrane-less or microfluidic fuel cells
demonstrate potential for low-power one-chip devices [11], which are suitable for lab-on-a-
chip devices with variable power consumption requirements [12]. The membrane-less fuel cell
system is capable of recharging secondary batteries. Abrego Martinez [13] conducted a study
on the design of a 2-cell stack for devices with minimal power consumption, including LED
lighting, blood diagnostics, microanalytical systems, and DNA analysis devices [14,15]. The
attainment of a high-power density in microfluidic devices continues to be a substantial
obstacle. Electrode research is considered a viable method for improving the efficacy of both
conventional systems and membrane-less fuel cells.

Particularly in the electrochemical reactions involving the oxidation and reduction
processes is significantly impacted by the electrode modifications. Several authors have
investigated critical components of DMFC electrode technology. Zainoodin et al. [16] have
disclosed the application of nanotechnology, Ramli et al. [17] have reviewed nanocatalysts and
their obstacles, and Ke et al. [18] have investigated the structural and functional properties,
applications, preparation methods, and design mechanisms of non-carbon support materials.
The temporal evolution of research output in the field of DMFC and membrane-less fuel cells
is depicted in Figure 1. The number of publications related to DMFC experienced a significant
increase in the early 2000s, and it reached a zenith between 2010 and 2014. Subsequently, there
was a gradual decline, but interest in the field persisted until 2024, as illustrated in Figure 1 (a).
The growth pattern in Figure 1 (b) is consistent with a more focused trend on electrode
development within DMFC, which suggests the critical role of electrode architecture in
enhancing fuel cell performance. On the other hand, membrane-less fuel cell research (Figure
1 (c)) began to emerge after 2002, with a consistent increase in publications that reached a
climax around 2015. This reflects the increasing interest in low-cost, simplified fuel cell
systems that are appropriate for microscale and portable applications. The field is still evolving
and has significant potential for innovation, as evidenced by the progressive increase in
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membrane-less systems that focused on electrode development (Figure 1 (d)), which peaked
more recently around 2020. This analysis of trends underscores the ongoing global research
interest in both conventional and membrane-less fuel cell technologies, with a particular
emphasis on the crucial role of electrode design and optimization in performance improvement.
It further substantiates the relevance and timeliness of a comprehensive review that contrasts
and evaluates the electrode architectures of these two fuel cell systems.

@™ ©
600
500

400

Documents
w
g

Documents

300

200

100

0
o
1964 1970 197% 1982 1588 1394 2006 2006 2012 2018 2024 2030 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022 2024 2026

Year Year

(b) 2 @ ?
s
150
125

100

Documents
Documents

7% 10

5

2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022 2024 2026
Year

[
1974 1979 1984 1989 1994 1999 2004 2009 204 2019 2024 2029
Year

Figure 1. Temporal Evolution research of (a) direct methanol fuel cell that (b) focusing on
electrode development and (c) membrane-less fuel cell that (d) focusing on electrode
development.

Tables 1 and 2 provide a thorough description of recent research on both conventional
and membrane-less DMFC. While existing literature frequently isolates catalyst material
synthesis or macro-scale microfluidic channel geometries as primary performance drivers, such
perspectives often overlook the critical intermediary role of the electrode architecture. The
spatial configuration, porosity gradient, and structural topology of the electrode govern the
localized multi-phase mass transport (liquid methanol and gaseous CO3) and charge transfer
kinetics that ultimately limit both systems.

The fundamental research gap this review addresses is not merely a lack of comparative
literature, but a distinct engineering divergence in how electrode architectures manage internal
system inefficiencies:

e In Conventional DMFCs: The electrode architecture (specifically the gas diffusion
layer topology and catalyst layer thickness) serves as the primary physical barrier
controlling the trade-off between local methanol mass transport and adverse methanol
crossover across the polymer electrolyte membrane.

e In Membrane-less DMFCs: In the absence of a physical membrane, system stability
relies entirely on laminar flow dynamics. Here, the electrode architecture must be
engineered to maintain a stable electrochemical boundary layer, preventing fuel-
oxidant mixing without introducing excessive parasitic pressure drops.

Therefore, optimizing the intrinsic activity of a catalyst material or refining bulk microfluidic
flows is insufficient if the underlying electrode architecture fails to facilitate efficient multi-
phase transport or boundary layer control. This paper provides a targeted, comparative
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investigation of these architectural technologies across both traditional and membrane-less
DMFCs, guided by three main objectives:

1. To trace the evolution of structural electrode designs—such as 3D porous frameworks,
gradient porosities, and integrated gas-evolving topologies—tailored to the distinct
mass-transport and crossover demands of both systems.

2. To bridge a critical knowledge gap by establishing the first direct comparative
evaluation of how architectural principles from membrane-less configurations (e.g.,
boundary-layer control) can inform the mitigation of crossover in conventional
systems, and vice versa.

3. To align next-generation electrode manufacturing strategies with global sustainability
metrics, specifically SDG 7 (Affordable and Clean Energy) and SDG 13 (Climate
Action), by emphasizing scalable, low-loading, and binder-free architectural designs.

By shifting the analytical focus from isolated material properties to integrated systemic
architectures, this review aims to provide a predictive framework for researchers designing
high-efficiency, commercially scalable DMFC technologies.

Table 1. Related review of the electrode for conventional DMFC

Year Ref. Summary

2021 [19] This review critically evaluates the various factors that cause
degradation in the MEA of conventional DMFC, which is essential for
improving the reliability and efficiency of these fuel cells.

2024 [20]  This paper introduces and experimentally validates a new MEA design
with a double-layered catalyst to enhance the performance of micro-
DMFC by improving current distribution and reducing fuel crossover.

2022 [21] This review explores the use of nanostructured conducting polymer-
based supports for developing anode materials, highlighting their
importance in lowering catalyst usage and supporting the commercial
development of DAFC

2018 [22] This review presents an overview of the methanol electrooxidation
process and its underlying mechanisms on Pt and Pt-based catalysts in
acidic media, focusing on catalyst size and morphology affect to the
electrocatalytic performance.

Table 2: Related review for membrane-less fuel cell

Yea Ref. Summary
r

[23] 202 This paper gives insight into the computational modelling study of
4 membrane-less fuel cell system including governing equation, the
configuration of the existing systems, and studies of operational condition.
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[24] 202  This paper focuses on the recent development of paper-based membrane-

2 less fuel cell system that invented in 2014. The fundamental, fabrication
method, the geometrical design and its performance also being discussed in
this work. Besides, the scale up of the system also being addressed with the
future perspective to improve the performance of the system.

[25] 202 Significant recent research efforts involving the membrane-less fuel cell
1 classification based on reactant, flow configuration, and electrode structure.
Additionally, the different types of fuel were detailed discussed in this paper
including the stacking development of the system.

[26] 202  This review article specifically focuses on the microchannel geometry, as
1 well as the architecture and arrangement of electrodes within membrane-less
fuel cell system.

[27] 202  This paper outlines the six categories of flow configurations in membrane-
1 less fuel cell system that reported in 2002 to 2020 that highlight on the
factors that affecting the power density by modify the diffusive mixing and
depletion zones.

[28] 201  This work compares various channel shapes (Y-, T-, F-, H-, bridge-, and
9 orthogonal), which strongly affect fuel mixing and power output. It also
discusses easy fabrication techniques (CNC micromilling,
soft/photolithography, and paper-based methods).

[29] 201 Focus on the catalyst-selective strategy for the membrane-less fuel cell
8 system.

[30] 201 These papers addressed the membraned and membrane-less microfluidic
8 microbial fuel cell system and its roadmap of the challenges and the
opportunities for the development of this technologies.

[31] 201 Thisarticle provides an analysis of key scientific research on enzyme fuel
7 cells, with a focus on common challenges such as low cell voltage, limited
current density, durability concerns, electrode development, device design,
and system modelling.

2.0 Fundamentals of DMFC

The conventional and membrane-less DMFC system is the primary focus of this research.
Conventional DMFC systems utilize liquid fuel for oxidation at the anode and air or oxygen
vapor for the reduction process at the cathode. The electrons traverse an external circuit, while
the ions traverse the electrolyte membrane. The conventional DMFC is capable of operating in
either an acidic or alkaline environment, contingent upon the specific electrolyte used in the
system. Figure 2 (a) and (b) illustrate the reaction that transpires in acidic and alkaline DMFC.
The kinetics of alcohol oxidation in acidic conditions are more complex than in alkaline
conditions [32].
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Figure 2. The working principle of (a) acidic [33] and (b) alkaline media DMFC system [34]

Perfluorosulfonic acid is commonly utilized as the electrolyte membrane in DMFC
systems operating in acidic environments. In an acidic environment, methanol undergoes
electrocatalytic oxidation at the anode, producing protons, electrons, and carbon dioxide as
depicted in Figure 2. The protons are conducted to the cathode via the proton exchange
membrane (PEM), while the electrons flow through an external circuit to generate electrical
power. Oxidation occurs at the anode and reduction of oxygen at the cathode in acidic
environments, as indicated by Equations (1) and (2), with Equation (3) representing the overall
reaction.

Anode:

CH,0H + H,0 - CO, + 6H* + 6~ 0.016 VV eq. (1)
Cathode:

20, + 6e™ + 6H* > 3H,0 1.229 V eq. (2)
Overall

CH30H + 20, - CO, + 2H,0 1213V eq. (3)

Researchers have investigated a variety of solutions to the primary challenge of fuel
crossover in DMFCs, which is the migration of fuel through the membrane. Cai et al. [35]
discovered that polymer nano-sieves with narrow apertures effectively prevented methanol
crossover at low concentrations. The power density of 132 mW cm™ was achieved by stable
phosphotungstic acid (HPW) self-anchored hybrid membranes (PES/PVP-HPW) that were
developed by Xu et al. [36]. Additionally, You et al. [37] conducted an investigation into an
alternative to Nafion by introducing composite membranes composed of sulfonated polyimide
(SPI) and rice husk ash (RHA). These membranes achieved a peak power density of 13.0 mW
cm 2,

On the other hand, alkaline DMFC technology uses the same
principle as DMFC, but with an alkaline environment and an alkaline
anion exchange membrane (AEM) to exchange OH— as can be seen in
Figure 2 (b) and Eq. (4) to Eq. (6) [38]. Electrochemical reactions in
alkaline media are kinetically favoured over protonic ones due to
OH- at the anode that accelerate MOR and carbonate and bicarbonate
leaks in the outlet [39]. Furthermore, alkaline environments exhibit
lower corrosiveness compared to acidic environments, enabling the
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use of non—precious metal catalysts for methanol oxidation
reaction (MOR) and oxygen reduction reaction (ORR) with enhanced
durability [40]. In addition, the utilization of alkaline electrolytes
enhances the longevity of the fuel cell components. Indeed,
optimizing alkaline fuel concentrations offers a simpler approach
to mitigate issues such as bipolar plate degradation [41], carbon
support dissolution [42], and anodic catalyst leaching [43].

DMFC employing anion exchange membranes (AEM) present a promising solution to
these limitations. This is due to several factors: firstly, they offer improved electrode kinetics
and catalyst stability, enabling the use of more cost-effective non-noble metal catalysts.
Secondly, the transport of hydroxide ions in the opposite direction helps reduce crossover.
Lastly, AEM-based DMFC exhibit better water management [44,45]. For instance, Sajjad et
al. [46] utilized a guanidinium blend AEM, achieving a power density of 2.0 mW cm™? and an
OCV of 0.69 V. Similarly, Gupta et al. [47] reported an OCV of 0.6 V and a power density of
7.1 mW cm™? using a MEA based on KOH-doped PVA AEM. Varcoe et al. [48] demonstrated
impressive results with a peak power density of 2.8 mW cm™? employing a poly(ethylene-co-
tetrafluoroethylene)-based AEM.

Therefore, it can be concluded that the inclusion of KOH in the fuel is essential to boost
the power densities. This is because the high concentration of OH" ions enhances conductivity
and efficient electrode reactions. Burhan et al. [49] tested Fumasep® membrane (FAA3-50) in
methanol and KOH solutions, achieving 5.2 mW cm~? at 60 °C and 33.2 mW cm™? at 80 C
peak power density. Besides, Zakaria et al. [50], the QPVA - based membrane can achieve an
ionic conductivity of 1.08 x 107* S cm, yielding a maximum power density of 6.92 mW cm-
2, This surpasses the performance of a Nafion - doped KOH membrane, which produces only
5.09 mW cm. The author continued the study of relation between the effect of different doped
KOH concentrations inside the membranes resulted a power density of 11.28 mW cm2 when
exposed to 2 M of KOH [51]. The Table 3 shows the previous studied of DMFC system for
acidic and alkaline media.

Anode:

CH;0H + 80H™ - CO2™ +6H,0 + 6e~ 0810V eq. (4)
Cathode:

20, + 6™ + 3H,0 > 60H" 0.401 V eq. (5)
Overall

CH30H + 20, + 20H™ - C0¥™ + 3H,0 1211V eq. (6)

The electrochemical conversion concept of conventional fuel cells is also applicable to
membrane-less, or microfluidic DMFC as presented in Figure 3 (a) and (b). Microfluidics is
referring to the investigation fluid flow and transport processes within microscale structures,
typically characterized by at least one dimension between 1 and 1000 um [52,53]. A parallel
co-laminar flow is generated when two laminar streams of fluids with comparable viscosity
and density travel through a microchannel, which is also referred to as a co-laminar fuel cell
(LFFC). The primary distinction is the replacement of the PEM role with a mixing zone that
enables the passage of ions across the channel, which is referred to as the "virtual membrane™
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or "diffusion zone." The system generates a "virtual membrane™ as a result of co-laminar fluxes,
which facilitate the transportation of protons. Conversely, the electron is directed across the

burden to generate electricity. The Table 4 represent the advantages and disadvantages of the
membrane-less fuel cell system.

(a) Electric current O,/ H0 Fuel / H,O
|-o-/\ AN ,..| (b)
f Load |}

. —Water &
9 Heat

Catalyst Cathode ‘= Anode
Layer

Methanol—:§ CHOH
&Water

|
0,+—Airin \
. : | |
Anode H}Q
Electrolyte Diffusion Depletion

Figure 3. The working principle of the (a) conventional DMFC [54] and (b) membrane-less
system [55]

The anolyte and catholyte streams flow along the microchannel after being introduced
separately through various inlets. Initially, liquid anolyte and catholyte were introduced into
the inlets at specific flowrates to maintain a Reynolds number below value 2100 [56]. Hanapi
et al. [57] reported that the Reynolds number for the developed system is approximately to 24.
Additionally, as demonstrated in Figure 4, Cohen et al. [58] used a visualising technique to
ascertain the laminar flow by means of bathophenanthroline sulphonate (BPS) and FeCl.. The
chemicals will form a reddish-cherry solution when there is mixing in the reactants,
nevertheless, the channel region at the point of contact did not exhibit any coloration.

Figure 4. Visual analysis of laminar flow determination for membrane-less fuel cell [58]

Since the membrane-less fuel cell system employs liquid electrolyte, it can be designed
to operate with several types of media. For example, an acid medium can be used in the cathode
while an alkaline medium can be used in the anode, or vice versa. The use of dual-electrolyte
media can enhance the OCV of the system without affecting its operational complexity as
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presented in eq. (7) until (12). Choban et al. [59] conducted a study on the media flexibility
reported a dual-electrolyte medium, commonly referred to as a mixed medium, attains an OCV
up to 1.4 V and a power density of 12.0 mW cm. The neutralisation process of OH™ and H*
occur at the liquid-liquid interface or reactants. Based on the eq. (9) and (12), it is noted that
the acidic anode and alkaline cathode media have low theoretical OCV. Most of the energy
generated from oxidation reduction is by the process of water ionisation. The interaction of
galvanic and methanol electrolytic reactions in this configuration has been identified as the
cause of the inability to produce significant amounts of energy [60,61].

Therefore, the use of alkaline anode and acidic cathode widely used by the researcher
for better performance. Ponmani et al. [60] conducted a study with dual electrolyte media
produced 1.81 V OCV. Hanapi et al. [57] investigated the optimization of mixed reactants and
oxidants in membrane-less DMFC, achieving a power density of approximately 30 mwW cm.
Table 5 presents previous research on membrane-less fuel cell systems and their performance.
Moreover, Chen and the team [62] conducted a computational fluid dynamics (CFD) analysis
discovered that the type of electrodes are important for determining the system's performance.
The difference of electrode development studies in the conventional and membrane-less DMFC
were discussed in the next section. Additionally, the geometrical design of the membrane-less
fuel cell system can be found in different shapes and sizes based on the electrode placement
[63]. The electrode architecture for the conventional and membrane-less DMFC will be
discussed in the next section.

Mixed-media: acidic anode, alkaline cathode

Anode:

2CH;0H + 2H,0 - 2C0, + 12H* + 12e~ 0.02V eq. (7)
Cathode:

30, + 6H,0 + 12e~ —» 120H" 0.04 V eq. (8)
Overall:

2CH;0H + 30, + 8H,0 - 2C0, + 120H~ + 12H* 0.38V eq. (9)
Mixed-media: alkaline anode, acidic cathode

Anode:

2CH;0H + 120H™ - 2C0, + 10H,0 + 12e~ -0.81V eq. (10)
Cathode:

12H* + 30, + 12e™ — 6H,0 1.23V eq. (11)
Overall

2CH3;0H + 30, + 120H™ + 12H* —» 2C0, + 16H,0 2.04V eq. (12)
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Table 3: Research on conventional DMFC in acidic and alkaline medium

Fuel/oxidant Electrode/catalyst Membrane T°C Max power density Ref.
support

3 M methanol Pt/MC Nafion 115 26 24.5 [64]
Pt/HISPEC 3000 22.1

1 M methanol + O2 Pt-Ru/50 wt% Nafion 117 80 68 [65]
MWCNT + 50 wt% 40
graphene
Pt-RU/MWCNT

1 M methanol + O2 N-doped FWCNT FAA3 0.78 [66]
Pt/C 0.72

1 M methanol + O2 Pt-Ru/Vulcan Nafion 115 30 3.5 [67]
Pt-Ru/GNF 13.1
Pt-RU/FWCNT 20

6 M methanol + Air  Pt-Ru (CNT-MEA) Nafion 23.2 [68]

16.0

Pt-Ru (CP-MEA)

1 M methanol + O2 Pt/MC Nafion 212 60 58 [69]
Pt/Vulcan 44

3 M methanol + air Pt/C NA 70 63 [70]
Pt/C with carbon
buffer layer

2 M methanol Pt-Ru Poly(ethylene-co- 50 2.8 [48]
Pt tetrafluoroethylene)

2 M methanol + 02  Pt-Ru/CB NA NA 12.6 [71]
Pt-Ru/CNF 18.3
Pt-Ru/CB + CNF 13.2

10 M methanol+ Pt-Ru Nafion NA 15 [72]
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Nafion/graphene
monolayer
3 M methanol +1 M Pt guanidinium-chitosan NA 2.0
KOH blend poly-
mers
1 M methanol + 02 PU/TiC-CDC Nafion 117 80 50.16
Pt/Vulcan XC-72R 42.58
4 M methanol + Air ~ NA Nafion/G-CNTs 25 41.6
Nafion/Vulcan XC- 30
72R
2 M methanol + O2 Pt/C SPEEK/Sfu (0.5 103
wit%) SPEEK 70
Nafion 117 50

[46]

[73]

[74]

[75]

Table 4. Advantages and disadvantages of the membrane-less fuel cell system [28]

Advantages Disadvantages

Media flexibility Generate lower power density

Reduced cost Higher Ohmic loss than conventional

Size flexibility Heavy

Simpler water management Reduced gravimetric power and energy
density

Higher energy density due to the uses of
liquid fuel compared with gaseous fuel.

Table 5. Previous research of membrane-less fuel cell system.
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Fuel/oxidant Electrolyte Design features Power density Ref.
HCOOH/dissolved H2S04 PdCo supported on 1.75 [76]
02 carbon nanotubes on
anode
V2+/\VVO2 H2S0O4 Parallel cell 16 [77]
connection
HCOOH/dissolved H2S0O4 Carbon supported 1.9 [78]
02 rutherium

chalcogenide as
cathode catalyst

H2/02 KOH Alkaline fuel cell 110 [79]

HCOOH/KMnO4 H2S0O4 Bridged shaped 26 [80]

V2+/\VVO2 H2S04 Plate-frame flow- 5.8 [81]
through stack

V2+/\VVO2 H2S04 Chip embedded thin 90 [82]
film current collector

V2+/\VO2 H2S04 Porous carbon 25 [83]
electrode

HCOQOH/air H2S04 Air breathing with 29 [84]
fuel reservoir

Formic acid/KMnO4 H2SO4 CNx nanofibers as 3.43 [85]
cathode catalyst

Hydrogen peroxide H2S04 grooved electrodes 2.80 [56]

(0.75 M) + Sodium and with general

hydroxide (0.75 M) planar electrodes for
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3.0 Recent Advances in Electrode Architecture

Basically, there are some distinctions for the conventional and membrane-less fuel cell system
based on the electrode architecture. In conventional DMFC, the electrode present either; i) the
catalyst directly on the membrane or ii) on the substrate. However, for the membrane-less
system, the electrode can be in a) flow over, b) flow-through, and c) air-breathing electrodes.
The key differences between conventional and membrane-less DMFC in terms of electrode
and MEA design are summarized in Table 6. These types of the electrode architecture will be
discussed in the following sub-section.

Table 6. Comparative analysis of electrode and MEA development in conventional and
membrane-less DMFC

Aspect Conventional Membrane-less

MEA type No  membrane; electrode-
separated by laminar flow

Nafion-based (CCM, GDE,
integral MEAS)

Electrode Flat catalyst-coated layers on Planar, interdigitated, 3D
configuration membrane or GDL porous, or flow-through
Performance Methanol crossover, membrane Fuel mixing, limited residence
limitation degradation time, microchannel constraints

3.1 Conventional DMFC electrode system

There are four components of a conventional DMFC: the endplate, current collector, bipolar
plate, and MEA. The MEA which comprises CL, MPL, and membrane, is the primary
compartment as previously mentioned. The conventional DMFC system is illustrated in Figure
5 (a) in an exploded view. The electrode development which is a component of the MEA will
be the primary focus of this topic. In general, there are two fabrication methods for the electrode
or MEA in conventional DMFCs: (i) applying the catalyst layer to the GDL and then hot
pressing the two catalyst-coated substrates (CCS) onto a pretreated membrane, and (ii)
applying the catalyst layer directly to the pretreated membrane and then combining the catalyst-
coated membrane (CCM) [86], as illustrated in Figure 5 (a).

The CCS method, which is favoured for its simplicity and potential for mass production
presents challenges related to the interfacial contact between the CL and the membrane [87,88].
The CCS-MEA method typically employs a substrate such as carbon paper or carbon cloth
[89]. Additionally, the GDL is essential for the dispersion of reactants across the catalyst layer
which in turn improves electron collection and catalyst utilization. Additionally, water flooding
which can have a detrimental effect on cell performance is effectively prevented by the GDL.
Screen printing, rolling, and spraying are widely used methods for fabricating GDL [90,91].
Lee et al. [92] conducted a comparison of spray coating and screen printing using the
preparation procedures detailed in Figure 5 (b), to examine the influence of CL deposition
methodology on electrode performance. They discovered substantial disparities in the
electrochemical performance and morphology of CL between the two methodologies (Figure
5 (c)). A characteristic of the patterned mesh of the screen was the 23 um thickness and
unidirectional fractures of approximately 100 pm of the screen-printed CL. While mesh
rugosity can be an issue with poorly formulated screen-printing pastes, it is frequently
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rectifiable through optimization, the fractures observed in Lee et al.'s study resulted in
increased voltage drops at high current densities as a result of mass transport limitations. This
problem was further exacerbated by the excessive incorporation of phosphoric acid (PA) within
the fissures, which exacerbated the opposition to oxygen diffusion [100]. Conversely, the
spray-coated CL presented a lumpy surface with grains measuring approximately 50 um in
diameter and no discernible fractures, despite its thinner 16 pm structure. The sprayed CL's
superior overall performance was a result of its higher porosity which was advantageous in
mitigating PA inundation with respect to the screen-printed CL.

In addition, prior research has shown that the optimal performance of the CCS-MEA is
achieved when the second layer of the GDL is present, as it functions as a water-resistant
barrier. The incorporation of hydrophobic materials and carbon paper support results in the
formation of a substantial aperture volume, which facilitates the transportation of reactants and
catalysts. The ultimate performance of CCS-based fuel cells is influenced by these factors [93].
Achmad et al. [94] employed the direct paint method to prepare the MEA achieved a peak
power density of 25 mW cm. In addition, another study conducted by Zainoodin et al. [95]
discovered CCS-MEA utilised three different techniques: direct paint (DP), ultrasonic spraying
on the diffusion layer (US - D), and ultrasonic spraying directly on the membrane (US - M).
The directly spray on the membrane led to the highest performance due to its ability to minimise
ohmic resistance, reduce anode potential, and maximise ECSA as can be seen in Figure 6 (b).

(a) Membrane (b) Number  Drying
of Layers Time

Current collector CL

MpL Bipolar plate

Catalyst

layer .
ve Bar coating

Gas
diffusion
layer

oM D ©

screen printing

Gas diffusion electrode

Catalyst layer on Hot press wi

Membrane Sealed MEA

Sealed MEA

Figure 5. Exploded view of the conventional DMFC with Comparison of different MEA
fabrication methods [86], (b) )Schematics of the preparation methods for the CL on GDLs by
Lee at al.and (c) Top-view and cross sectional SEM images of bar-coated (left), screen-
printed (middle), and sprayed CLs (right) [92]

Furthermore, the sputtering procedure has effectively achieved an ultra-low platinum
loading for the CCS method, without affecting the cell's performance [96]. The double cathode
catalyst layer has been documented as a result of the integration of CCS with the decal method
[97]. The inner portion of this layer which is positioned toward the membrane is constructed
using the decal method with a Pt loading of 0.3 mg cm™. The outer portion, which is
confronting the gas diffusing layer, is fabricated using the CCS method with a Pt loading of
0.1 mg cm™. Compared to the MEA generated through the conventional decal method, it
resulted in a 13.5% increase in power density.
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The other electrode in conventional DMFC is the CCM which have expansion that
occurs during the hydration of the membrane can have detrimental effects on the CL in the
process of fabricating the CCM [98]. The CCM approach enhanced the contact between the
CL and electrolyte membrane resulting in an increase in active sites. This led to a reduction in
interfacial resistance and an improvement in the triple phase boundary in the MEA. Shang's
team [99] and Su's teams [100,101] both documented the creation of MEA using the CCM
technique, by including PA from a pre-doped GDL. It found the CCM-made MEA performed
better with low Pt loading than CCS method.

The membrane and catalyst layer facilitate electrochemical reactions, which results in
outstanding fuel cell performance and high catalyst utilization efficiency which are advantages
of CCM fabrication methods over CCS [102]. Hnat et al. [103] demonstrated that the catalyst
burden can be reduced by 75% for CCM-MEA in comparison to CCS-MEA. The CCM-MEA
exhibits increased efficiency, power density, and Ohmic and charge transfer resistance. This
performance enhancement is primarily attributed to the structural advantages of the CCM-
MEA fabrication method, which yields superior catalyst utilization compared to the CCS-MEA
configuration at equivalent platinum loadings [104].

The CCM method has several advantages, particularly in terms of performance.
However, it also has a drawback that may compromise the long-term performance of the MEA:
its brief lifespan. Numerous studies have demonstrated that the MEA fabricated using the CCM
method are fragile. It is imperative that additional research be conducted on the CCM
fabrication methods to resolve these current issues. Sadeghi et al. [105] investigated the issue
of creep behaviour on the CCM, as creep is a form of mechanical degradation that may result
in the CCM during fabrication. This factor is important because creep is incontrovertible and
is known to diminish the durability of the membrane which in turn deteriorates the system's
performance. Nevertheless, researchers have identified solutions to the creep which will
inevitably occur and further erode the durability. Therefore, the membrane's durability can be
maintained to a certain extent by managing the three primary factors: temperature, relative
humidity, and creep stress. Moreover, the catalyst decal method is an enhancement to the CCM
approach. For commercial MEA production, the decal method is the most effective, as it
involves the coating of catalyst inks on decal substrates, their subsequent curing, and their
transfer to a membrane [106]. The decal transfer method was employed by Song et al. [107]
to apply thin-film catalyst coatings onto Nafion® membranes in 2005. The resulting power
density was more than twice as high as that of the system with conventional MEA. Liu et al.
[108] implemented a hybrid approach—direct spraying and a catalyst-coated membrane
technique. An efficient CL was effectively generated as a consequence of this innovative
approach which involved a heated stereoscopic process.

A lot of research showed that the CCM method outperforms the CCS method. Li et al.
[109] used CCS and CCM MEA construction methods for fuel cells and found that CCM
performed better. Based on Table 7, CCM-MEA showed lower OCV in all temperatures than
the CCS-MEA. Although the CCM-MEA and CCS-MEA used the same electrolyte membrane,
spraying catalyst ink onto the membrane surface during preparation could deform the
membrane surface due to solvent adsorption, thus increasing crossover. In another study,
Rohendi et al. [110] utilized Pt-Co/C by using CCM and CCS method in DMFC and the result
can be seen in Figure 6 (c) and (d). These findings are contrary to the other studies as it found
that the CCS generated the better performance than CCM.
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Table 7. Summary of electrochemical performance (OCV and peak power densities) of
CCM-MEA and CCS-MEA with different gas conditions [109].

MEA types Temperatur Gas condition at OCVIV Power Density /mW

e anode cm-2

CCS-MEA 160 dry 1.000 393
10% RH 0.994 412

180 dry 1.02 497

10% RH 0.992 534

200 dry 1.020 537

10% RH 0.997 558

CCM-MEA 160 dry 0.989 500
10% RH 0.983 526

180 dry 0.988 598

10% RH 0.982 613

200 dry 0.988 614

10% RH 0.980 617
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Figure 6. (a) Schematic diagram of the coating techniques of dripping (left) and ultrasonic
spraying (right) [95] with (b) Polarization curves of single-cell DFAFCs prepared by the
different catalyst layer coating techniques. MEA Performance of electrode with (c) CCS and
(d) CCM in DMFC [110]

The conventional electrodes (CCS/CCM) are constructed of Pt/C and ionomer
combined in an ink slurry and coated on a membrane or GDL [111]. This process, which starts
from the top and moves downwards, generates a randomised structure of electrodes. This
structure consists of complex networks of ionomer and pores that hinder the movement of mass
and reduce the efficiency of the catalyst [112,113]. Hence, in a recent study by Lee et al. [114]
presented the groove electrode, a different type of electrode that offers enhanced performance
throughout a broad range of humidity levels with particularly better durability. The process
involved creating grooved electrodes by applying a combination of Pt/C and ionomer onto a
patterned Si template and then transferring them onto a Nafion membrane.

The CCS and CCM methods employed in MEA fabrication possess significant
advantages and disadvantages, as indicated by the preceding discussion. Nevertheless, the
primary disadvantage of the CCS fabrication method is the necessity of high Pt loadings to
obtain a performance that is comparable to that of the CCM fabrication method. Due to its
potential and marketability at low production costs, these factors have persuaded a significant
number of researchers to conduct additional research on the CCM fabrication method.
Nevertheless, the durability of the MEA is a concern with the CCM fabrication method,
rendering the CCS fabrication method the sole viable alternative. The CCS is more challenging
to manufacture than the CCM due to the complex technique that necessitates the management
of multiple layers of catalysts. Furthermore, membrane wrinkling are not a concern during the
CCM fabrication process. Therefore, the CCM fabrication method has the potential to become
the primary method for preparing MEA in the future and has undergone numerous
enhancements.

3.2 Membrane-less electrode system

The geometric design of membrane-less fuel cell systems is influenced by the varieties and
positioning of electrodes, which can be classified as flow-over, flow-through, and air-breathing
electrodes [115]. A variety of materials and processing variables must be taken into account
when constructing a fuel cell. These include the selection of the carrier substrate for channel
formation and the desired geometry, the determination of the catalyst structure and deposition
method on the supporting substrate, and the selection of the assembly method for electrodes
and channels to facilitate the creation of a liquid-tight sealed cell with interfaces for
instrumentation and fuel/oxidant delivery systems.

3.2.1 Flow-over electrode

The flow-over electrodes can be categorized as side-by-side streaming and vertically-layered
streaming as portrayed in Figure 7. Ferrigno et al. [116], utilized Y-shaped channel with side-
by-side streaming configuration. The monolithic cell design, which integrates microchannels
and electrodes within a single layer shows promise for incorporation into on-chip systems
[117]. Monolithic design is an appealing approach for this type of system where both electrodes
are created on a single substrate [118]. For side-by-side streaming, the vertical fuel-oxidant
interface may undergo gravity-induced reorientation, leading to the failure of membrane-less
system functioning. The side-by-side streaming have been widely studied for Y- and T-shaped
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microchannels [57,80,119]. Whereas the vertically-layered streaming technique employs a
multi-layer sandwich construction with electrodes positioned on the sides of the channel. This
entire structure is then sealed between two more plates. Moreover, flow-over designs usually
entail the continuous flow of anolyte and catholyte over flat electrodes. Due to insufficient
convective mass transport, a depletion layer develops over each electrode, resulting in a low
reactant concentration. Da Mota et al. [120] attained a power density of 270 mW cm using
thin film Pt electrodes in a flow-over configuration. Notably, the integration of a staggered
herringbone mixer to produce chaotic flow was the sole means to overcome mass transfer
restrictions and achieve such a high-power density. Liu et al. [121] proposed a herringbone-
shaped electrode in three dimensions with 29.9 mW cm power output.

Oxidant Oxidant

Fuel Fuel

Electrodes

(a) (b)

Electrodes

Figure 7. Flow-over electrode with (a) side-by-side streaming and (b) vertically-layered
streaming. [26]

3.2.2 Flow-through electrode

In a flow-through configuration, reactant streams pass through a 3D porous electrode housing
the catalytically active region. Mass transfer via diffusion/convection across these 3D
electrodes replenishes the depletion layer, enhancing fuel utilization and power output. Kjeang
et al. [122] demonstrated the porous electrodes can ensure the co-laminar flow phenomenon
which significantly enhanced retention time for mass transfer and fuel utilization. Salloum et
al. [123] conducted a study on a counter-flow and a sequential radial-flow system using porous
flow-through electrodes. Recent studies have shown that the multi-layer construction approach
is a powerful strategy for integrating porous flow-through electrodes, enabling enhanced
structural control and performance. Krishnamurthy et al. [124] constructed a mathematical
model that incorporates porous electrodes with flow-through capability resulted the power
densities up to 193 mW cm™. Lee and Kjeang [82] employed a thin film current collector
integrated into a chip and discovered that by optimizing the current collector design to reduce
contact resistance, they could achieve a peak power density of 93 mW cm. Li et al. [125]
examined a vertically-layered that uses vanadium as fuel and has flow-through porous
electrodes. In addition, Li et al. [126] examined a radial system with the similar electrode to
overcome the size restrictions owing to longer active channel lengths [127]. With this
configuration, the electrode size had little effect on the mixing region allowing the radial
system to function at larger flow rates while keeping fuel utilisation. Wang et al. [128]
conducted a computational and experimental investigation on a flow-through type, examining
the behaviour of reactant species in co-laminar and counter-laminar flow configurations. The
researchers discovered that the counter-laminar system displayed an uneven distribution of
electric current and performed less effectively when compared to the co-laminar flow system.
Salloum et al. [129] proposed a convective flow system incorporating porous disk electrodes,
as illustrated in Figure 8. This configuration achieved an average OCV of 1.2 V, with peak
current and power densities reaching 5.35 mA cm™2 and 2.8 mW cm 2, respectively.
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Figure 8. Flow over electrode [129]

3.2.3 Air-breathing electrode

Achieving moderate to high current density is only possible by using oxidants with
greater solubility. Oxygen is an excellent choice as an oxidant due to its abundant availability
in the environment. Nevertheless, it is low diffusivity that can constrain the mass transfer at
cathode. Additionally, the oxygen concentration at a lower range of 2 - 4 mM is insufficient to
generate a strong enough force to replenish the depleted region at the cathode [130]. Another
conceptual with more inlets for boundary layer replenishment or fluids with a higher oxygen
concentration may solve this limitation [131]. Therefore, this issue can be overcome by
incorporating the open-air cathode system as shown in Figure 9. This allows for direct supply
of oxygen from the air. This architecture is also utilised in conventional DMFC which are
commonly referred to as open-air or air-breathing systems. The use of air-breathing electrodes
effectively resolves many limitations in reactant mass transfer encountered when utilizing
dissolved oxygen or other oxidants. Xuan et al. [132] examined the parameters that restrict the
performance of air-breathing electrode system and explored if there is an adequate supply of
oxygen from the surrounding air.

Cathode (Pt on GDE) 0, from air depletion zones

vt

PMMA H —>
P formic acid / H'—p
//ma.(paonm.) ]
inlets outlet

Figure 9. Air-breathing electrode [131]

Researchers have investigated novel electrode designs and methodologies to enhance
the efficacy of DMFCs. A cylindrical anode system was introduced by Zhu et al. [133] through
the use of a novel catalyst synthesis method. The authors emphasize that cylindrical anodes
facilitate the scaling of fuel cell net power output. Furthermore, they examined the efficiency
of cells and the properties of mass transfer in both acidic [133] and alkaline [134] electrolytes.
Huizhi et al. [135] focused on modelling an air cathode and demonstrated that carefully
regulating the electrolyte’s hydrodynamic behavior can significantly lower internal transfer
resistance.

The air-breathing system with an annular film [136] incorporates the principle of gas
film cooling among numerous electrode combinations. A flow-over planar anode air-breathing
system has been proposed to resolve the fuel transport limitation caused by the concentration
boundary layer above the anode. To actively improve the depleted fuel region, Zhou et al. [137]
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recommended the use of a fuel micro-jet. The comparison results indicated that the
performance of an immersed fuel micro-jet was 40.9% better than that of the flow-over mode,
resulting in an ideal power density of 119.3 mW cm™. It is imperative to employ standard-
condition apparatus with comparable fuel/oxidant, flow rate, concentration, and other operating
parameters in order to guarantee a fair comparison of power densities among various electrode
types in membrane-less fuel cell systems. The impact of various electrode architectures on
power density reported in the literature to date is illustrated in Figure 10, as provided by
Tanveer et al. [26]. Table 8 shows the electrode configuration performance of membrane-less
fuel cell from literature reviews.

"‘.‘é 400 Air-breathing
o Zhu, 2021
- -
= 5
E ¥ 5
> Flow-through 3=
-’ b
‘a 200 Jayashree, 2007 cis
S Shaegh, 2011 P
% . Brushett, 2009 S5
Ortega, 2014 _ C ~
g Ye, 2015 Flow-over =
o Ferrigno, 2002

Figure 10. Comparative power density performance of different flow field architectures. [26]

Table 8. Electrode Architectures in Membrane-less Fuel Cells from literature reviews

Yea Ref Electrode Study highlight Results
r configurati
on
200 Chobanet Flow-over  First demonstration Achieved power density ~45 uW
5 el. [59] of membraneless cm 2 with graphite electrodes.
DMFC using co-
laminar flow
200 Kjeanget Flow- Introduced porous  3-4x power increase compared to
8 al. [122] through electrodes with flow-over; higher fuel utilization.
better mass
transport.
201  Shyuetal. Air- Simplified design Max power density of 1.23 mW
5 [138] breathing with passive air cm 2 using methanol.
cathode.
202  Ortiz- Flow- The development Demonstrated a membraneless
0 Ortega through of porous microfluidic Zn—air cell with
139 electrodes with a flow-through electrodes,
[139] tunable Zn achieving high power densities.
electrodeposit
202  Tanveeret Flow- Proposed a Among the evaluated geometries,
1 al. [140] through membraneless the hollow structure delivered the

microfluidic fuel
cell with hollow
flow channels and
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porous flow- channels by 6%, 18%, and a
through electrodes.  remarkable 82%, respectively.
202 Flow-over  Investigated Reduced cross-contamination
1 diffusion and through optimal flow control.
Crossover issues.
Ibafiez et al.
[141]
202 Lietal. Flow- Used trapezoidal The enhanced performance of the
3 [142] through electrodes for trapezoidal electrode is mainly
counter-flow due to the combined effect of a
design. larger active surface area, lower
ionic resistance, and improved
fluid distribution.
202 Liuetal.  Air- Direct ammonia A peak power density of 8.43
4 [143] breathing microfluidic cell mW cm? and a limiting current

with air cathode. density of 78.58 mA cm2 were
achieved, exceeding the
performance of most low-
temperature ammonia fuel cells
reported to date.

4.0 Challenges and opportunity

The path toward commercializing both conventional and membrane-less Direct Methanol Fuel
Cells (DMFCs) is bottlenecked by distinct transport and manufacturing challenges that are
fundamentally dictated by electrode architecture. For instance, while China successfully
deployed a DMFC-powered logistics vehicle in 2019 [144], transitioning these systems to high-
power applications remains economically and structurally challenging due to high noble metal
dependencies and complex mass transport interfaces. In conventional CCS configurations,
where the catalyst is deposited directly onto the GDL, non-uniform interfacial contact often
necessitates excessively high noble metal loadings, typically exceeding 3 mg cm™2 or even 5
mg cm™* Pt to compensate for poor catalyst utilization. Transitioning to a CCM architecture
alters this paradigm by spraying the catalyst directly onto the polymer membrane which
shortens proton transport pathways and enhances the triple-phase boundary. However, CCM
architectures introduce severe mechanical and rheological challenges during fabrication. The
localized swelling of the polymer membrane upon contact with liquid-ink solvents often leads
to micro-cracking and delamination of the catalyst layer under subsequent thermal
consolidation. To mitigate these structural defects, future research must shift from isolated
fabrication techniques to integrated hybrid manufacturing strategies. Specifically, combining
aspects of CCS and CCM, such as utilizing a dual-stage process that couples automated direct-
spray deposition with automated decal transfer can optimize the gradient porosity of the
electrode interface. This structural flexibility allows the electrode to adapt to dynamic volume
changes under operation, unlocking superior mass-transport kinetics without compromising
interfacial adhesion or requiring prohibitive Pt loadings.

Conversely, membrane-less fuel cell architectures completely eliminate the polymer
membrane, shifting the primary technical bottleneck from material degradation to strict fluidic

44


https://doi.org/10.17576/myjea.2026.01.24

Malaysian Journal of Energy and Applications 1 (2026): 24-56
https://doi.org/10.17576/myjea.2026.01.24

boundary-layer management. Because these systems rely on a "virtual membrane” formed by
co-laminar fluid dynamics, the electrode architecture serves as the direct physical determinant
of both fluid stability and reactant utilization. Standard planar electrode architectures in
microfluidic channels face severe trade-offs: increasing fluid velocities to minimize reactant
crossover induces massive parasitic pressure drops across the stack, whereas slowing the flow
causes rapid fuel depletion and boundary-layer breakdown. To overcome this, recent research
has leveraged advanced microfabrication to transition toward 3D porous frameworks and flow-
through architectures. While these high-surface-area topologies exponentially accelerate
electrochemical kinetics, they cause critical architectural failure modes which intricate 3D
porous electrodes can disrupt the laminar shear plane if the local permeability is non-uniform,
causing premature fuel-oxidant mixing and catastrophic voltage loss. Besides, gaseous carbon
dioxide bubbles generated at the anode tend to become pinned within highly tortuous porous
networks. Without optimized gradient microchannel geometries, this gas entrapment blinds the
reactive catalyst sites causing localized mass-transport starvation and electrolyte leakage.
Consequently, unlocking the commercial scalability of membrane-less configurations requires
a co-design approach where the internal porosity, pore tortuosity, and surface wettability of the
3D electrode architecture are systematically matched to the microchannel flow vectors to
maintain laminar stability under dynamic load changes.

5.0 Industry and commercialization

The structural evolution of electrode architectures in both conventional and membrane-less
DMFC directly dictates their viability for large-scale industrial deployment. Transitioning
these systems from a laboratory setting to commercial market penetration requires shifting the
analytical focus from isolated electrochemical performance metrics to systemic economic
parameters, manufacturing scalability, and application-specific operating envelopes. The stark
differences in the physical footprint and operational mechanics of conventional and membrane-
less DMFC naturally divide their commercial trajectories into distinct market segments. Due
to their robust structural containment and high volumetric power densities, conventional
DMFCs are primary candidates for portable military power packs, auxiliary power units
(APUs), and niche industrial logistics vehicles (e.g., forklifts and automated guided vehicles)
[145,146]. For these applications, the industry requires electrode architectures that can
withstand mechanical shock, vibration, and thousands of hours of start-stop cycling.
Meanwhile, in membrane-less fuel cell system, the complete elimination of the physical
membrane allows for extreme planar miniaturization and cost reduction. Consequently,
membrane-less DMFC architectures are uniquely positioned to power micro-electromechanical
systems (MEMS), remote environmental sensors, and single-use point-of-care diagnostic
devices [146]. In these sub-watt applications, the primary commercial requirement is not
extreme longevity, but shelf-life stability and low-cost fabrication.

For conventional configurations, scaling up CCM production requires replacing manual
spraying with continuous roll-to-roll (R2R) slot-die coating. However, the industry faces an
ongoing challenge: the mechanical stresses during R2R drying often induce micro-cracks in
electrode architectures that feature high catalyst loadings. To achieve commercial continuity,
future designs must integrate low-boiling-point solvents and binder-free, self-supporting 3D
catalyst networks to ensure structural integrity during high-speed manufacturing. For
membrane-less stacks, the core commercial bottleneck shifts from noble metal reduction to
hydrodynamic scalability. While a single microfluidic channel operates reliably under strict
laminar flow, scaling up to multi-cell industrial stacks requires distributing liquid fuel equally
across hundreds of parallel microchannels. Minor variations in local electrode thickness or pore
size distribution alter local hydraulic resistance, causing flow maldistribution, boundary-layer
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breakdown, and severe fuel crossover. Therefore, commercialization is contingent upon
developing high-precision injection molding or laser-ablation manufacturing methods capable
of maintaining sub-micron tolerances across mass-produced electrode-channel assemblies
[147].

Ultimately, industrial adoption must align with global sustainability initiatives,
specifically UN Sustainable Development Goals for Affordable and Clean Energy (SDG 7)
and Climate Action (SDG 13). Reaching this threshold requires an aggressive material
transition toward earth-abundant, non-noble metal catalysts (such as transition metal oxides or
nitrogen-doped carbon frameworks) embedded within recycled carbon-fiber substrate
architectures [148]. Furthermore, an emerging commercial horizon involves exploring hybrid
architectures that bridge the gap between both systems such as utilizing ultra-thin, highly
porous inorganic separators within a microfluidic channel. This approach maintains the
simplified, low-pressure plumbing of membrane-less configurations while providing a physical
safeguard against crossover under dynamic load variations. By resolving these manufacturing
and fluidic constraints through interdisciplinary collaboration, DMFC technologies can
successfully transition from specialized academic subjects into commercially viable,
sustainable energy solutions.

6.0 Conclusion

This review presents a comparative assessment of electrode development in conventional and
membrane-less DMFC, emphasizing the operational principles, performance, and future
prospects of each system. The MEA is a fundamental component of traditional DMFC, and it
is typically CCS or CCM. The direct-spray method has emerged as a practicable fabrication
approach due to its simplicity. On the other hand, membrane-less DMFCs establish a "virtual
membrane” through co-laminar microfluidic flow, which eliminates the necessity for a physical
membrane while still allowing for effective electrochemical separation. Electrode architecture
serves as a pivotal determinant in governing the overall electrochemical performance and
operational efficiency of fuel cell in both systems. In membrane-less configurations, electrodes
are classified as flow-over, flow-through, and air-breathing types, with air-breathing electrodes
exhibiting the most optimistic performance to date. In spite of this, the electrode fabrication
process for membrane-less systems are still relatively unexplored and necessitates additional
research to achieve optimal performance. Key challenges, including mechanical failure, long-
term stability, and MEA durability, persist in impeding widespread implementation, despite
substantial progress. Addressing these concerns is crucial for enhancing the operational
reliability and longevity of the system. Ultimately, the advancement of electrode technologies
in DMFCs is essential for the improvement of device performance and for the promotion of
global sustainability initiatives, particularly SDG 7 (Affordable and Clean Energy) and SDG
13 (Climate Action) of the United Nations Sustainable Development Goals.
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Abstract

As global efforts accelerate toward deep decarbonisation, anion exchange membrane (AEM)
water electrolysis offers a versatile, zero-emission pathway to generate green hydrogen for
heavy industries, grids, and hydrogen fuel cells. Pristine polyvinyl alcohol has lower
conductivity and ion exchange capacity compared to quaternized polyvinyl alcohol (QPVA)
due to low cationic region. Hence, QPVA faces several challenges such as lower ionic
conductivity compared to commercial AEM standards, poor alkaline stability, excessive KOH
uptake that causes over swelling and lower durability (membrane becomes soft). These
challenges can be mitigated by studying the parameters of polymer modifications by studying
implementing of nanofillers with different weight percentage ratio of quaternized graphene
oxide (QGO) filler to improve ionic conductivity, improve mechanical properties of membrane
while reducing excessive swelling and with degree of crosslinking can reduce overswell while
improving mechanical strength. Here, composite AEMs based on quaternized poly(vinyl
alcohol) (QPVA) and quaternized graphene oxide (QGO) were fabricated via doctor blade
casting to evaluate the effect of QGO loading (0.5, 1.0, and 2.0 wt.%). FTIR, XRD, and
FESEM-EDX confirmed successful functionalization, revealing a homogeneous filler
dispersion at 1.0 wt.% but particle agglomeration at 2.0 wt.%. QGO inclusion directly
modulated the dynamic viscosity, surface tension, and water contact angle of the casting
solutions. Upon transitioning from 5.0 M KOH activation to 1.0 M KOH equilibration, the
optimized 1.0 wt.% membrane minimized thickness swelling to 4.88% while achieving a peak
ionic conductivity of 10.79 mS/cm due to its uniform microstructural pathways. Conversely,
the over-loaded 2.0 wt.% sample uniquely exhibited simultaneous increases in swelling (8.29%
to 8.92%) and conductivity (2.95 to 4.47 mS/cm) as water pooled within agglomeration-
induced micro voids. Overall, these findings demonstrate that optimizing QGO loading to 1.0
wt.% via controlled doctor blade casting yields structurally stable composite AEMs suitable
for its exploration in efficient green hydrogen generation.

Keywords: QPVA polymer matrix; QPVA/QGO composite membrane; Anion exchange
membrane; green hydrogen; renewable fuel source

1.0 Introduction

Anion exchange membrane (AEM) water electrolysis has emerged as a compelling green
hydrogen production technology, merging the low operational costs of alkaline water
electrolysis (AWE) with the high power density of proton exchange membrane (PEM) systems
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[1].Beyond its primary application in powering clean hydrogen fuel cells, the high-purity green
hydrogen produced via this method serves as a versatile, low-carbon energy carrier, facilitating
deep decarbonization within heavy industries and enhancing the stability of renewable energy
grids. By utilizing non-noble metal electrocatalysts and polymer-based membranes
functionalized with quaternary ammonium cationic groups, AEM systems significantly lower
capital costs while maintaining efficient ion transport [2]. However, AEM water electrolysis
still faces operational setbacks during system operation that can reduce overall electrolyzer
efficiency and hydrogen output [3]. In these setups, ion transport is heavily influenced by
variables such as ionic conductivity, hydration levels, and membrane stability, where the AEM
serves as the primary ion-conducting medium and electrical insulator [4].

The widespread application of AEMs is frequently hindered by low ionic conductivity,
primarily attributed to slow hydroxide ion transport kinetics and low dissociation rates [4].
Consequently, structural and compositional modifications, such as the incorporation of
inorganic fillers [5] and the optimization of membrane thickness, are essential to dictate the
overall efficiency of the composite system [6-8].While not yet widely adopted as a standard
industry material, polyvinyl alcohol (PVA)-based membranes have been explored as an
affordable alternative for AEMs due to their cost-effectiveness, flexible polymer backbone
modification, and chemical resistance. However, maintaining high operational efficiency
remains a significant challenge; pristine PVA membranes often exhibit low ionic conductivity
and excessive water uptake that compromises their structural integrity, leading to accelerated
chemical degradation via Hofmann elimination or Sn2 pathways [9, 10].

To counteract these limitations, the introduction of quaternary ammonium (QA) groups
into PVA via modification with glycidyltrimethylammonium chloride (GTMAC) vyields
quaternized polyvinyl alcohol (QPVA), which significantly enhances both ionic conductivity
and mechanical stability [11].The electrochemical performance of these matrices can be further
enhanced through the incorporation of inorganic fillers like graphene oxide (GO), where the
interactions between QA groups and the oxygen-containing functional groups of GO improve
the chemical, thermal, and mechanical stability of the composite membrane while creating
hydrophilic domains that facilitate efficient ion transport [12]. Although GO-based membranes
have shown improved ionic conductivity. Hence, in previous study Z, Zakaria et al. [11] only
mentioned using QPVA/GO for ethanol-based fuel cell. Thus, functionalizing GO with
quaternary ammonium groups using a dimethyloctadecyl [3-(trimethoxysilyl)propyl]
ammonium chloride (DMAOP) precursor to produce quaternized graphene oxide (QGO) can
enhance cationic region on QGO surface, in which increases as anion exchange capability and
able to tune QPVA/QGO for AEM fuel cell and water electrolyser. [11, 13]. Beyond chemical
composition, the fabrication technique is important, conventional solution casting shows
moderate thickness control with uniformity at larger scale. In contrast, the doctor blade
technique offers a robust, scalable alternative with superior thickness control and film
consistency with even disperse on polymer solution and nanofillers throughout membrane
surfaces [14].

Currently, a significant research gap exists regarding how the concurrent utilization of
doctor blade casting as alternative casting method, PVA quaternization, and QGO filler
incorporation that enhance anion exchange capability on membrane surfaces in which can be
tailored to simultaneously optimize film uniformity, hydrolytic stability, and ionic
conductivity. To address this gap, the objective of this study is to systematically synthesize and
characterize QPVA/QGO composite membranes fabricated via the doctor blade technique at a
targeted 50 pum baseline thickness across varying QGO loadings (0.5, 1.0, and 2.0 wt.%). The
rheological and physicochemical properties of the QPVA/QGO solutions such as viscosity,
surface tension, and contact angle are -evaluated alongside membrane structural
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characterizations (FESEM-EDX, FTIR, and XRD) to observe the resulting improvements in
membrane homogeneity and electrochemical performance.

2.0 Experimental
2.1 Preparation of QPVA solution

Polyvinyl alcohol (PVA) was obtained from Sigma-Aldrich (molecular weight, Mw: 85,000—
124,000 g/mol, 99+% hydrolysed). To prepare the base solution, PVA
crystals (7 wt.%) were dissolved in deionized (DI) water and stirred
under heating until dissolved. The temperature was subsequently
reduced to 65 °C, and stirring was continued until the solution
became completely transparent. To perform the quaternization at a
targeted 2:2:1 molar ratio (GTMAC:KOH:PVA),
glycidyltrimethylammonium chloride (GTMAC, Sigma—Aldrich, =90%
technical grade, calculated based on dry substance) and a 2 M
potassium hydroxide (KOH) solution were added to the PVA solution.
The resulting mixture was stirred for 4 h at 75 °C. Subsequently,
absolute ethanol (Merck, 99.9%) was slowly added to the mixture to
precipitate the quaternized PVA (QPVA). The collected precipitate
was isolated and dried in a vacuum oven overnight at 60 °C. Finally,
the dried QPVA precipitate was redissolved in DI water under
continuous stirring to yield the final QPVA solution [15].

2.2 Preparation of cross-linked QPVA/QGO composite membrane

To prepare the 0.5 wt.% quaternized graphene oxide (QGO) filler solution, QGO powder was
sonicated in small quantity of DI water until fully dispersed. This step was replicated using to
produce the 1.0 wt.% and 2.0 wt.% QGO solutions, respectively. The 0.5 wt.% QGO solution
was subsequently mixed with 90 mL of the QPVA solution and sonicated until a completely
homogeneous QPVA/QGO casting solution was obtained; this blending procedure was
repeated identically for the 1.0 wt.% and 2.0 wt.% QGO variants.

For membrane fabrication, 30 mL of each QPVVA/QGO mixture was cast using a doctor
blade at a controlled thickness of 50 um. The cast films were allowed to air-dry on the apparatus
until they could be safely peeled off, followed by overnight drying in a vacuum oven at 60 °C.
The membranes were then thermally cured in a vacuum oven for 3 h at 80 °C and an additional
1 hat 100 °C. Afterward, the membranes were cut into standardized 2.7 cm x 2.7 cm samples
for testing. Chemical cross-linking was carried out by immersing the membranes in a 10 vol.%
glutaraldehyde solution (Grade 11, 25% in H2O) prepared in acetone (Merck) for 2 h at room
temperature (RT). Finally, the membranes were activated in a 5 M KOH solution for 24 h at
60 °C, followed by equilibration in a 1 M KOH solution for 24 h at room temperature.

2.3 Characterization of QPVA/QGO membranes
2.3.1 Physicochemical Characterizations

Fourier transform infrared (FTIR) spectra of the membrane samples were recorded using a
Spectrum 400 FT-IR/NIR Imaging System (PerkinElmer). The spectra of the dried membrane
samples were acquired in the wavenumber range of 4000 to 400 cm™ at a resolution of 4 cm™
over 32 scans. X-ray diffraction (XRD) patterns of the samples were obtained using a D8
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Advance diffractometer (Bruker) equipped with Cu Ka radiation (1.5406 A) operated at 40 kV
and 40 mA. The scanning 260 range was set from 5° to 80°, and the collected data were analysed
using HighScore Plus software. The surface morphology of the membrane samples was
observed via field emission scanning electron microscopy (FESEM) using a MERLIN
microscope (ZEISS). All samples were completely dried and sputter-coated with gold prior to
measurement. The surface elemental composition of the samples was evaluated using energy-
dispersive X-ray spectroscopy (EDX). The dynamic viscosity of the prepared QPVA and
QPVA/QGO polymer casting solutions was evaluated at room temperature using a Brookfield
DV2T digital rotational viscometer. Measurements were recorded across a range of rotational
speeds (5, 10, and 25 rpm) to analyse the rheological behaviour and shear-thinning
characteristics of the solutions prior to membrane casting.

2.3.2 Swelling ratio and ionic conductivity

The dry thickness of the QPVA/QGO membranes (tary) was measured using a micrometer
gauge after cross-linking. The corresponding hydrated thickness (twet) was recorded after the
membranes were activated in the KOH solution. The thickness swelling ratio (SR) was then
calculated using equation (1):
twet—— tdry

tdry (1)
The ionic conductivity of the QPVA and QPVA/QGO composite membranes was evaluated at
room temperature using a standard two-electrode cell configuration connected to an
electrochemical workstation (Autolab PGSTAT M204). The membranes were evaluated after
immersion in 5 M and 1 M KOH solutions. The bulk membrane resistance (Rs) was determined
from the intercept on the real axis of the Nyquist plot, analysed using Nova software. The ionic
conductivity (A) was calculated using equation (2):

A=

Swelling ratio =

A X R )

where t is membrane thickness (cm), A is the active area of the membrane (cm?) and Rs is the
measured membrane resistance (€2).

3. Results and discussion
3.1 Chemical and Structural Characterization

Fourier transform infrared (FTIR) analysis was conducted to identify the functional groups
present within the QPVA/QGO composite membrane samples. Figure 1 displays the FTIR
spectra of the fabricated QPVA/QGO composite membranes. Spectral analysis reveals a
noticeable reduction in the intensity of aliphatic C—H bending vibrations following the
quaternization and cross-linking of the QPVA/QGO membranes. Compared to pristine QPVA,
several new characteristic peaks emerged. Specifically, the peak at 1330 cm™ is attributed to
aliphatic C—N stretching, signifying the successful integration of quaternary ammonium groups
into the polymer backbone [11]. Furthermore, the prominent absorption band at approximately
1093 cm™! corresponds to C—O-C stretching, which confirms the cross-linking network
facilitated by glutaraldehyde (GA) [16]. The presence of peaks at 918 cm™ (epoxy C-O
symmetric stretching) and 1413 cm™ (carboxylic O=C-O stretching) further validates the
successful incorporation of the QGO component [13]. The appearance of a peak at 1656 cm™!
is attributed to C=C stretching within the aromatic structure of QGO, reflecting its hydrophobic
domains and their interaction with the QPV A matrix backbone [13, 16]. Additionally, the broad
and intense absorption band at 3288 cm™! corresponds to hydroxyl (—OH) stretching vibrations.
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Overall, these spectra confirm the existence of functional groups consistent with literature
reports, thereby validating the successful synthesis of cross-linked QPVA/QGO composite
membranes.

To evaluate how these chemical modifications altered the internal physical architecture
of the polymer matrix, X-ray diffraction (XRD) analysis was performed. Figure 2 illustrates
the XRD patterns of the QPVA and QPVA/QGO composite membranes across the scanning
20 range of 5° to 80°. The pristine QPVA membrane exhibits a characteristic prominent
crystalline reflection peak at 20 around 19.5°, corresponding to the semi-crystalline backbone
structure of PVA. Upon the incorporation of QGO fillers (0.5, 1.0, and 2.0 wt.%), a slight
decrease in the intensity of this primary PVA reflection peak is observed, indicating that the
introduction of functionalized QGO nanosheets disrupts the intermolecular hydrogen bonding
and close chain packing within the matrix. Furthermore, the peak identified at 20 = 28.06° is
attributed to QGO, reflecting the presence of partially stacked or restacked graphene layers
[17]. The low intensity of this peak indicates a highly homogeneous dispersion of QGO within
the QPVA matrix, confirming the successful integration of the nanofiller across all composite
membranes [11]. The corresponding crystallinity percentages calculated from these diffraction
profiles are detailed in Table 1.
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Figure 1: FTIR spectra of QPVA/QGO composite membranes at various QGO filler loadings
(0.5 wt.%, 1.0 wt.%, and 2.0 wt.%).
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Figure 2: XRD spectra of QPVA/QGO composite membranes at various QGO filler loadings
(0.5 wt.%, 1.0 wt.%, and 2.0 wt.%).
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Table 1: Calculated crystallinity percentages for QPVA/QGO composite membranes as a
function of QGO content.

Membranes Crystallinity percentage (%)
QPVA/QGOo.5wt.% 45.3
QPVA/QGO1.0wt% 319
QPVA/QGO2.0wt.% 25.8

3.2 Rheological Properties and Surface Properties of the Casting Solutions

The rheological properties of pristine QPVA and QPVA/QGO solutions were evaluated at
QGO concentrations of 0.5, 1.0, and 2.0 wt.%. Figure 3 illustrates the dynamic viscosity
profiles and rheological behaviour of the QPVA/QGO casting solutions under varying
rotational speeds (5, 10, and 25 rpm) as a function of QGO content.

220
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Figure 3: Dynamic viscosity profiles of pristine QPVA and QPVA/QGO composite casting
solutions as a function of QGO filler loading under varying rotational speeds (5, 10, and 25

rpm).

Because both the pristine QPVA matrix and the QGO fillers carry positive charges,
they exhibit strong electrostatic repulsion at the molecular level. At a low filler concentration
of 0.5 wt.%, the highly dispersed QGO nanosheets act as physical barriers that restrict polymer
chain entanglement. Consequently, the QPVA chains minimize their interaction with the
charged fillers, leading to a reduction in hydrodynamic volume and a subsequent decrease in
fluid resistance [18]. This phenomenon induces the formation of highly localized, low-friction
shearing planes, resulting in a precipitous reduction in macro-viscosity compared to pristine
QPVA. However, increasing the QGO concentration to 1.0 wt.% and 2.0 wt.% occupies the
available free volume within the polymer matrix, driving the composite solution into a critical
crowding threshold. Despite the persistent electrostatic repulsion between the QPVA chains
and QGO fillers, the high packing density significantly restricts molecular mobility, which
shifts the viscosity upward [19, 20]. Across all samples, the viscosity decreases as the rotational
speed increases from 5 to 25 rpm, demonstrating characteristic non-Newtonian, shear-thinning
(pseudoplastic) behaviour. Controlling this solution viscosity is crucial for the doctor blade
casting method, as the shear forces applied during the sliding motion of the blade dictate the
uniformity of the film and prevent uneven dispersion.
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To complement the rheological evaluation, an analysis of the surface tension and
contact angle was conducted for the QPVA/QGO solutions with varying QGO loadings. The
resulting data are summarized in Table 3, while Figure 4 illustrates the droplet morphology and
corresponding contact angles for each loading condition.

Table 3: Surface tension and water contact angle of QPVA/QGO composite casting solutions

QGO loading(wt.%0) Surface tension (mN/m) Contact angle (°)
0.5 72.33+£1.33 40.51+0.32
1.0 66.84+0.93 52.66+1.27
2.0 65.90+0.34 32.69+0.37

As shown by the contact angle trends in Figure 4, the 1.0 wt.% QGO loading yielded the highest
contact angle 52.66° compared to the 0.5 wt.% and 2.0 wt.% concentrations, indicating a
localized minimum in surface hydrophilicity [21]. Generally, increased QGO loading
introduces a higher surface concentration of mobile quaternary ammonium groups, which
typically enhances hydrophilicity and drives down the contact angle, as observed in the sharp
decrease t1032.69° at 2.0 wt.%. However, the 1.0 wt.% threshold represents an anomalous
optimal loading point where the QGO is perfectly and uniformly dispersed within the polymer
matrix, as corroborated by subsequent FESEM observations. In contrast, the 0.5 wt.% loading
exhibited a lower contact angle (40.51°) despite possessing a higher surface tension (72.33
mN/m), which is likely due to insufficient filler coverage that leaves patches of the base QPVA
matrix exposed [22]. These findings suggest that surface roughness, interfacial energy, and
filler dispersion quality are the primary determinants of the membrane's wetting behaviour.
Ultimately, the surface tension, contact angle, and viscosity play a collective role during doctor
blade casting, as they govern the cohesion of the polymer solution and its wetting interactions
with the casting substrate (such as glass or PET) to ensure defect-free membranes.
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Figure 4: Water contact angle profiles and droplet shapes of QPVA/QGO composite
membranes with 0.5 wt.%, 1.0 wt.%, and 2.0 wt.% QGO loadings.

3.3 Morphological and Elemental Analysis

The surface morphology and elemental composition of the QPVA/QGO membranes were
characterized using field emission scanning electron microscopy (FESEM) coupled with
energy-dispersive X-ray spectroscopy (EDX). This analysis provided a comprehensive
assessment of the surface topology and elemental distribution across the designated membrane
areas. FESEM micrographs captured at 1000x magnification, alongside the corresponding
EDX mappings for all samples, are presented in Figure 5.

Based on Figures 5a—c (most right panels), the membrane surface contrast darkens as
the filler loading within the polymer matrix increases. Furthermore, based on table 5 shows
QPVA/QGO composite membranes yield controlled thickness between 47 — 49 um. The
QPVA/QGO membrane integrated with 1.0 wt.% QGO displays a highly uniform morphology,
indicating a homogeneous dispersion of the nanofiller within the polymer matrix (Figure 5e).
In contrast, increasing the QGO loading to 2.0 wt.% results in observable filler agglomeration
(Figure 5f). This high weight percentage compromises dispersion quality, leading to an
excessive filler density that obstructs the ion transport pathways of the host QPVA polymer
[11, 23].

EDX mapping of the QPVA/QGO composite membranes identifies the constituent
elements as carbon (C), oxygen (O), potassium (K), and chlorine (CI). Visual analysis confirms
a uniform elemental distribution throughout the composite matrix, with carbon emerging as the
dominant element. Notably, the relative oxygen content within the matrix increases in direct
correlation with the higher wt.% filler loading due to the oxygen-rich functional groups on the
QGO. Concurrently, a substantial reduction in the relative chlorine elemental composition is
observed, dropping from 15.7% to 0.6%. This reduction is primarily attributed to the increased
concentration of QGO per unit area, suggesting that the dense network and structural
interactions within the QPVA/QGO matrix effectively displace or dilute the chlorine content
within the scanned framework. Ultimately, FESEM and EDX mapping provide a
comprehensive characterization of the morphology, packing density, and elemental distribution
within the composite structure, with detailed values summarized in Table 4.
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Figure 5: (a— c) Raw image of QPVA/QGO membranes, (d — f) FESEM morphology and (g
— i) EDX mapping of the membranes with QGO wt.% loading of 0.5 wt.%, 1.0 wt.% & 2.0
wt.% respectively

Table 4: Elemental compositions of QPVA/QGO membrane
Composition of Elements (%)

Elements QPVA/QGOoswte QPVA/QGO1o0wte QPVA/QGO20wt%
Carbon 55.3 67.7 68.4
Oxygen 12.7 28.4 29.6

Potassium 16.3 2.4 1.4

Chlorine 15.7 15 0.6

3.4 Swelling Ratio and lon Conductivity

Table 5 demonstrates that the incorporation of QGO fillers and subsequent alkaline treatment
conditions exert a profound dual influence on the dimensional stability and electrochemical
properties of the fabricated AEMs. A distinct and contrasting trend in both thickness swelling
and ionic conductivity is observed when comparing the membranes immediately after
activation in a highly concentrated 5.0 M KOH solution versus after equilibration in a lower-
concentration 1.0 M KOH solution.
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Table 5: Swelling ratio and ion conductivity

Activation of membranes in  Equilibration of membranes
5M KOH in 1M KOH

Membranes  DPrY _ lon . lon
thickne  Thickness Thickness .
conductivity

ss(um) swelling (%) conductivity swelling (%)

(mS/cm) (mS/cm)
QPVA 42'231 2375+4.96  4.09+0.30  11.25+140  4.69 +0.56
QPVA/QGOgs 48,56 +
o S%0% 11504442  545%099 819414  560+055
QPVA/QGO1s 45 4s,
wtoh SO 41464429 774165 488382  1079%3.32
QPVA/QGO2, 4711 +
o T 820£225 295060 8926644 447046

During the initial activation phase in 5.0 M KOH, the QPVA/QGO 1.0 wt.% membrane
exhibits an exceptionally high thickness swelling ratio of 41.46%, which is accompanied by an
ionic conductivity of 7.74 mS/cm. This significant spike in swelling is dictated by
thermodynamic and osmotic phenomena. Because the 1.0 wt.% loading provides an optimal
and highly uniform distribution of quaternary ammonium functional groups across both the
QPVA matrix and the QGO nanosheets, it creates a high density of accessible hydrophilic ionic
domains. When immersed in a highly concentrated 5.0 M KOH solution, an immense osmotic
pressure gradient is generated between the external electrolyte and the membrane interior,
drawing a massive influx of OH™ and K" ions into these domains. This intense ion crowding
triggers severe electrostatic repulsion among the closely packed ions within the hydrophilic
channels, forcing the polymer chains to stretch extensively and resulting in a severe swelling
profile. In sharp contrast, when the 1.0 wt.% membrane is subsequently transferred and allowed
to equilibrate in a milder 1.0 M KOH environment, a dramatic structural recovery occurs. The
thickness swelling ratio plummets to a minimum of 4.88%, while its ionic conductivity
simultaneously surges to a peak value of 10.79 mS/cm. This behavioural shift aligns with the
principles established by Zakaria et al. [11], demonstrating that optimal filler loading can
successfully modulate swelling and maximize conductivity under standardized operational
conditions. The mechanism behind this improvement during 1.0 M KOH equilibration can be
explained by structural deswelling and channel optimization, as illustrated by the structural
relationship between hydration and ion hopping.

When the external alkaline concentration drops from 5.0 M to 1.0 M, the severe internal
osmotic pressure is relieved, causing excess unbound free-alkali ions to diffuse out of the
membrane. This concentration reduction allows the elastic contractile forces of the
glutaraldehyde (GA) cross-linked polymer network to reassert control, pulling the expanded
matrix back into a structurally stabilized, low-swelling state (4.88%). Crucially, this moderate
hydration state works in perfect synergy with the membrane's microstructural architecture. As
established in the FESEM analysis (Section 3.3), the 1.0 wt.% QGO composite exhibits a
highly homogeneous morphology, characterized by a uniform distribution of the functionalized
nanofiller throughout the host polymer matrix. This structural consistency ensures that during
matrix contraction upon equilibration, the continuous network of interconnected hydrophilic
pathways remains intact without collapsing or fragmenting. Free from the severe

66


https://doi.org/10.17576/myjea.2026.01.57

Malaysian Journal of Energy and Applications 1 (2026): 57-70
https://doi.org/10.17576/myjea.2026.01.57

macrostructural tortuosity and phase separation that typically hinders ion migration, the
localized quaternary ammonium sites achieve an optimized spatial arrangement. Instead, the
well-dispersed QGO nanosheets remain perfectly aligned to form continuous, uninterrupted
ionic highways across the membrane profile. This allows the hydroxide (OH") ions to migrate
with improved efficiency, driving the conductivity up to its peak value of 10.79 mS/cm.

A highly intriguing and reversed trend is observed for the over-loaded 2.0 wt.% QGO
composite membrane, where both thickness swelling and ionic conductivity increase when
moving from 5.0 M KOH to 1.0 M KOH. In the highly concentrated 5.0 M KOH activation
solution, the extreme ionic strength of the external environment creates a hypertonic osmotic
effect that essentially dehydrates the membrane. Because the 2.0 wt.% sample suffers from
severe nanoparticle agglomeration, its polymer network is highly phase-separated and rigid,
restricting water uptake to just 8.29%. This lack of internal water molecules deprives the
system of the hydration required for ion transport, resulting in a severely restricted baseline
conductivity of 2.95 mS/cm. However, when transferred to the lower-concentration 1.0 M
KOH solution, the external osmotic pressure drops significantly, allowing water to readily
penetrate the membrane matrix. For this over-loaded sample, the accumulated water molecules
pool inside the loose interfacial micro voids and cracks caused by the QGO agglomerates [24,
25]. This hydration influx causes the thickness swelling to rise from 8.29% to 8.92%. Crucially,
this additional water presence helps re-hydrate the remaining functional pathways and
facilitates greater liquid-phase ion mobility, which explains the corresponding rise in ionic
conductivity from 2.95 mS/cm to 4.47 mS/cm.

Despite this localized improvement, the conductivity of the 2.0 wt.% membrane
remains drastically lower than that of the optimized 1.0 wt.% sample (10.79 mS/cm) because
the agglomerated clusters permanently block continuous, long-range anion transport channels.
Ultimately, a comparative analysis across both chemical environments confirms that the 1.0
wt.% QGO loading represents a definitive performance threshold. This configuration leverages
the transition between activation and equilibration to yield improved dimensional stability and
peak electrochemical performance, as visually summarized by the direct correlation plotted in
Figure 6.
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Figure 6: Graph of swelling ratio and ion conductivity at 1 M KOH against QGO loading
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In conclusion, this study successfully fabricated uniform quaternized polyvinyl alcohol and
quaternized graphene oxide (QPVA/QGO) composite membranes utilizing the doctor blade
casting technique for anion exchange membrane water electrolysis. Characterization via FTIR,
XRD, and FESEM-EDX confirmed successful chemical functionalization and revealed that a
1.0 wt.% QGO loading yields a homogeneous filler dispersion, whereas a higher loading of 2.0
wt.% induces particle agglomeration. Dimensional and electrochemical evaluations proved that
the 1.0 wt.% QGO concentration represents the optimal loading point, achieving a minimized
thickness swelling of 4.88% and a peak ionic conductivity of 10.79 mS/cm after equilibration
in 1.0 M KOH. Overall, this work demonstrates that the combination of polymer
quaternization, optimized nanofiller loading, and controlled doctor blade casting offers a viable
approach to producing structurally stable composite membranes for efficient green hydrogen
production.
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Abstract

Proton exchange membrane fuel cells (PEMFCs) are promising clean energy converters for
stationary and mobility applications, but their performance is strongly governed by thermal and
water balance under dynamic load operation. This study extends a previously developed thesis
model into a journal-level dynamic assessment by introducing four clearly defined inlet-
temperature cases (40, 50, 60 and 70 °C), applying an identical transient load profile to every
case, consolidating electrochemical and balance-of-plant outputs, and evaluating the resulting
operating window using coupled performance, thermal, water-production and hydrogen-
consumption criteria. The model represents a 400-cell PEMFC stack with an active area of 280
cm2 per cell and a constant hydrogen supply pressure of 70 MPa. Model credibility was
examined through physical-consistency checks and comparison of the predicted trends with
established PEMFC behaviour reported in the literature. Increasing inlet temperature improved
high-current polarization response and power stability, with 70 °C producing the strongest
high-current tolerance. However, this benefit was accompanied by greater thermal stress:
although all cases approached a quasi-steady stack temperature of approximately 353 K, the
peak stack temperature increased from 353 K at 40 °C to 364 K at 70 °C. Dynamic current
density reached approximately 0.95 A cm-2, heat generation peaked at about 37-40 kW, water
production reached about 10 g s-1 and hydrogen consumption reached about 1.1 g s-1 during
peak demand. The results identify 60-70 °C as the most practical operating range, with 60 °C
providing the more conservative balance between performance and thermal margin.
Experimental validation remains necessary before the model is used for quantitative design or
control-system certification.

Keywords: PEMFC; MATLAB-Simscape; dynamic load; operating temperature; hydrogen
consumption; thermal management; water management

1. Introduction

Proton exchange membrane fuel cells (PEMFCs) are among the most mature electrochemical
energy conversion technologies for hydrogen-based power generation. Their low operating
temperature, fast start-up, relatively high power density and zero local emission profile make
them attractive for clean transport, backup power, distributed generation and renewable energy
integration [1,2]. Despite these advantages, reliable PEMFC deployment is still constrained by
coupled electrochemical, thermal and mass-transport limitations. Temperature is one of the
most influential operating variables because it affects electrode kinetics, proton conductivity,
membrane hydration, reactant transport, water removal and component degradation.

In a PEMFC, hydrogen oxidation occurs at the anode and oxygen reduction occurs at
the cathode. The membrane must remain sufficiently hydrated to transport protons effectively,
while gas diffusion layers and flow channels must remove product water without starving the
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catalyst layer of reactants. Under low-temperature operation, reaction kinetics can be slower
and water accumulation may lead to flooding. At excessively high temperature, improved
kinetics may be offset by membrane dehydration, increased ohmic resistance and accelerated
material degradation [3-5]. Therefore, the optimum temperature cannot be defined only by the
highest power output; it must also consider thermal stability, water balance and fuel utilisation.

Many PEMFC studies use steady-state polarization curves to compare performance.
However, practical fuel-cell systems rarely operate at a constant load. Applications such as
vehicles, portable power systems and grid-support devices experience repeated load
fluctuations, which cause transient changes in current density, voltage, heat generation,
hydrogen consumption and water production. These dynamic effects are important for sizing
the cooling system, humidifier, hydrogen supply and control strategy. Simulation platforms
such as MATLAB-Simscape are useful because they allow rapid evaluation of the system-level
response before experimental prototyping, reducing cost and enabling safer operating-window
exploration [6-8].

The present paper extends the earlier thesis model in four specific ways. First, it
replaces the broad thesis-level reporting of numerous individual outputs with a controlled four-
temperature comparison under one identical dynamic load cycle. Second, it integrates
polarization, voltage, current density, stack temperature, heat generation, water production and
hydrogen consumption in a single coupled assessment rather than interpreting these outputs
separately. Third, it evaluates the temperature range against a practical operating-window
criterion that considers both power response and balance-of-plant requirements. Fourth, it adds
an explicit model-credibility assessment based on governing physical relationships, internal
consistency and comparison with published PEMFC trends. The objective is to determine the
most suitable inlet-temperature range for a 400-cell PEMFC stack under dynamic load and to
clarify the implications for cooling, humidification, reactant supply and future experimental
validation.

2. Model Configuration and Simulation Method

A system-level PEMFC stack model was implemented in MATLAB-Simscape. The model
included the hydrogen source, oxygen source, anode and cathode gas channels, anode and
cathode humidifiers, exhaust subsystems, recirculation path, cooling system, membrane
electrode assembly and electrical load. The membrane electrode assembly block represented a
400-cell stack with an active area of 280 cm2 per cell. The principal independent variable was
the inlet temperature, set at 40, 50, 60 and 70 °C. Although conventional low-temperature
PEMFC stacks are commonly operated within approximately 60-80 °C, the lower 40 and 50 °C
cases were retained as diagnostic boundary conditions. They allow the model to quantify the
penalty associated with sub-optimal cold operation and to distinguish Kinetic and water-
management effects before the stack reaches its normal operating range. The hydrogen supply
pressure was kept constant at 70 MPa to isolate the effect of temperature within the configured
system.

The same dynamic load profile, simulation duration, initial conditions and balance-of-
plant settings were applied to all four temperature cases. Recorded variables were stack voltage,
stack temperature, current density, heat generated or dissipated, electrical power, water
production and hydrogen consumption. Polarization and power-density curves were used to
assess electrochemical response, while time-domain outputs were used to evaluate transient
stability and the severity of thermal, water and reactant-supply requirements. Unlike the thesis,
which presented a wider collection of model outputs, the present analysis uses a common
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comparison framework and focuses only on variables that directly support operating-window
selection.

2.1 Improvements relative to the thesis model

The underlying stack architecture remains based on the thesis model, but the journal version
improves the analysis and interpretation rather than claiming a completely new electrochemical
formulation. The principal improvements are: (i) a controlled temperature-sweep design using
identical dynamic inputs; (ii) simultaneous interpretation of electrochemical, thermal and
mass-balance outputs; (iii) direct comparison of 40-70 °C to identify the transition from cold,
kinetically limited operation to the conventional PEMFC operating range; and (iv) an
engineering decision framework that distinguishes a high-performance set point from a
conservative durability-oriented set point. These additions convert the thesis model from a
general simulation platform into a focused operating-window study.

2.2 Model verification and validation approach

Model verification was performed through three levels of consistency checking. First, the
predicted polarization response was examined for the expected sequence of activation, ohmic
and mass-transport losses. Second, the dynamic outputs were checked for physical coupling:
increases in current demand had to coincide with lower voltage, higher heat generation, greater
hydrogen consumption and greater product-water formation. Third, the temperature trends
were compared qualitatively with established PEMFC theory and published studies, which
generally report improved reaction kinetics and voltage retention as temperature rises toward
the normal 60-80 °C operating range, subject to adequate membrane hydration [4,12-15]. The
simulated peak current density of approximately 0.95 A cm and the observed improvement
from 40 to 70 °C are therefore physically plausible. However, these checks constitute trend-
level validation only. Because matched experimental data for the same 400-cell stack and
dynamic load cycle were not available, the model should not yet be treated as quantitatively
validated as shown in Table 1. This distinction is retained throughout the discussion and defines
the present limits of model use.

Table 1. Summary of PEMFC stack model and simulation variables.

Parameter Value used in simulation Purpose in analysis
Number of cells 400 Stack-lt_avel voltage and power
evaluation
Active area per cell 280 cm2 Current-density and power-
density assessment
Kept constant to isolate
Hydrogen supply pressure 70 MPa temperature effect
Inlet temperature 40, 50, 60 and 70 °C Main independent variable
Recorded outputs Voltage, current density, power, Qy_namlc performance and system
heat, water and H2 use sizing
Software platform MATLAB-Simscape Physics-based system simulation
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Figure 1. MATLAB-Simscape PEMFC stack configuration used in the simulation, showing
the hydrogen and oxygen supply paths, gas channels, humidifiers, MEA, cooling system and
measurement ports.

The polarization curves show the expected PEMFC behaviour: cell voltage decreased
as current density increased, reflecting activation losses at low current density, ohmic losses at
intermediate current density and mass-transport limitations at high current density. The 40 and
50 °C cases represent sub-optimal cold-operation conditions relative to the commonly used 60-
80 °C PEMFC range. Their inclusion is useful because it demonstrates the performance penalty
before the stack reaches its normal thermal window. The 40 °C case gave the weakest high-
current response because lower temperature reduces electrode-reaction rates and membrane
proton conductivity. Increasing the inlet temperature improved the high-current region as
oxygen-reduction Kinetics and proton transport became more favourable.

The 70 °C case provided the best high-current tolerance, with a more gradual voltage
decline and the broadest power-density region. This result is consistent with improved catalyst-
layer reaction kinetics and lower effective electrochemical losses at 70 °C compared with the
lower-temperature cases; it should not be interpreted as evidence that catalyst activity alone
determines the optimum. The 60 °C case also showed substantially better behaviour than 40
and 50 °C and remained within the conventional PEMFC operating range. Thus, the useful
range is 60-70 °C rather than a single optimum point. The upper end provides stronger power
response, whereas the lower end offers a larger thermal and hydration safety margin.

3. Results and Discussion

3.1 Polarization and power-density response

The polarization curves show the expected PEMFC behaviour: cell voltage decreased as
current density increased. This trend reflects the transition from activation losses at low current
density to ohmic losses at intermediate current density and mass-transport limitations at high
current density. The 40 °C case gave the weakest high-current response because lower
temperature reduces reaction kinetics and increases the effective resistance associated with
proton transport. Increasing the inlet temperature improved the high-current region because the
electrochemical reactions became more favourable and membrane conductivity was enhanced.

The 70 °C case provided the best high-current tolerance, with a more gradual voltage
decline and the broadest power-density region. The 60 °C case also showed improved
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behaviour compared with 40 and 50 °C, suggesting that the useful temperature window is not
a single point but a range. The important engineering implication is that operating at 60-70 °C
can improve the available current and power under dynamic demand, but the upper part of this
range requires strict humidification and cooling control to avoid dehydration.
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Figure 2. Comparative 1-V and power-density behaviour for inlet temperatures of 40, 50, 60
and 70 °C.

A limitation of this temperature comparison is that the model uses lumped stack temperature
and prescribed component parameters. It therefore cannot resolve local hot spots, cell-to-cell
temperature variation, membrane dry-out fronts or spatial water accumulation. Consequently,
the predicted 364 K peak should be interpreted as a system-level warning indicator rather than
a local maximum temperature for every cell.

Table 2. Condensed comparison of key performance indicators from the dynamic PEMFC
simulations.

Metric 40 °C 50 °C 60 °C 70°C
Polarization Lowest high- Moderate Better voltage Bgztrggth'
response current tolerance improvement retention
response
Steady stack 353 K 353 K 353 K 353 K
temperature
Peak stack 353 K 355 K 357 K 364 K
temperature
Dynamic current-- - _q g5 a oo ~0.95 A cm-2 ~0.95Acm-2  ~0.95Acm-2
density peak
Heat-gigiratlon 37-40 kWrange  37-40 kW range 37-40 kW range  37-40 kW range
Water-;)ggl((juctlon Upto~10gs-1 Upto~10gs-1 Upto~10gs-1 Upto~10gs-1
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Hydrogen-
consumption peak

Upto~1.1gs-
1

Highest output
Overall Stable but lower . Recommended ghest outpu
. . Intermediate but highest
interpretation performance balance .
thermal risk

Upto~11gs-1 Upto~1.1gs-1 Upto~11gs-1

3.2 Dynamic temperature behaviour

The stack temperature increased rapidly from the inlet value during the early transient period
because PEMFC reactions are exothermic and internal losses produce heat. The temperature
response generally reached a quasi-steady level after approximately 300-500 s, followed by
small oscillations associated with load variation and thermal dynamics. The important finding
is that all inlet-temperature cases converged to a steady stack temperature of approximately
353 K, equivalent to about 80 °C. This indicates that the cooling system and stack thermal mass
drove the system toward a similar nominal operating temperature.

However, the peak temperature increased systematically with inlet temperature. The
40 °C case peaked at 353 K, whereas the 70 °C case reached 364 K. This 11 K increase is
important because PEMFC membranes and catalyst layers are sensitive to hydration loss and
thermal degradation. While higher temperature improves kinetics, the observed peak at 70 °C
indicates that cooling-system capacity and humidifier control must be designed for transient
peaks rather than only steady-state temperature.
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Figure 3. Dynamic stack-temperature response for all inlet-temperature cases. The stack
approaches approximately 353 K, but peak temperature increases with inlet temperature.

3.3 Current density, voltage stability and load-following capability

The dynamic current-density response was strongly shaped by the imposed load profile. All
temperature cases showed transient peaks and oscillations, with current density reaching
approximately 0.95 A cm-2 during high-demand periods. The similarity of current-density
peaks across the temperature range indicates that the load profile, rather than inlet temperature
alone, dominated the instantaneous current demand. Nevertheless, the associated voltage
response improved slightly at higher temperature, especially under high-current conditions,
because activation and ohmic losses were reduced.

Stack voltage oscillated with the dynamic load. It started at higher values during low-current
operation and decreased when the current demand increased. This behaviour is consistent with
PEMFC loss mechanisms. The higher-temperature cases showed better average voltage
stability, indicating that elevated temperature can improve load-following capability. For
practical systems, this result supports the use of temperature-informed control strategies that
coordinate stack temperature, humidification and cooling to reduce voltage drops during load
transients.

3.4 Heat generation and electrical power output

Heat generation is a critical design parameter because it determines the required cooling
capacity and influences membrane hydration. In the simulations, heat generation varied
dynamically with current and voltage. Heat peaks occurred during high-current periods, when
activation, ohmic and concentration losses were most severe. Across the four inlet-temperature
cases, the peak heat generation was approximately 37-40 kW, whereas the heat value
approached a low level during low-load or resting intervals. This confirms that the cooling
system must be sized for peak transient heat removal, not merely average operating heat.

The electrical power output followed the same dynamic pattern as the current and voltage
response. The higher-temperature cases, particularly 60 and 70 °C, showed slightly more stable
power delivery. The 70 °C case provided the strongest output tendency because improved
kinetics reduced internal losses. However, the higher peak stack temperature at 70 °C also
introduces greater risk of membrane dehydration. Therefore, the 70 °C case is best interpreted
as a high-performance operating point that requires robust thermal and water control, while
60 °C may represent a safer compromise between performance and durability.
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Figure 4. Dynamic heat-generation response for all inlet-temperature cases. Peak heat
generation of approximately 37-40 kW indicates the cooling requirement during load
transients.
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Figure 5. Dynamic PEMFC stack power output under the same load profile. Higher-
temperature cases show slightly improved stability and output response.

3.5 Water production and hydrogen consumption

Water production is both a useful indicator of electrochemical activity and a potential source
of performance loss. In the simulations, water production followed the load profile and
increased during high-current operation. Peak water production reached approximately 10 g s-
1, while low-load periods approached 0-4 g s-1. This confirms correct coupling between
electrochemical reaction rate, current generation and product-water formation. From a design
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perspective, the result emphasises that water management must be dynamic. Excessive water
accumulation can flood electrodes and reduce oxygen access, while insufficient water leads to
membrane dehydration and higher ohmic losses.

Hydrogen consumption also followed the current and power demand. The average
consumption reached up to approximately 0.4 g s-1 during nominal operation, while peak
consumption reached approximately 1.1 g s-1. This value is important for hydrogen supply
sizing, pressure regulation and purge strategy. A supply system designed only around average
consumption could experience pressure drop during peak demand. Higher temperature may
reduce some voltage losses and improve reaction kinetics, but it does not remove the need for
adequate fuel delivery during transients. Therefore, stack control should coordinate
temperature, reactant flow and water management rather than optimising temperature alone.
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Figure 6. Water-production response under dynamic load. Product-water formation follows
the current and power profile, with peaks of about 10 g 2.
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Figure 7. Hydrogen-consumption response under dynamic load. Peak hydrogen demand of
about 1.1 g s-1 should be considered in fuel-supply sizing.

4. Practical Operating-Window Assessment

The combined results indicate that the PEMFC stack benefits from elevated inlet temperature,
especially when high-current operation is required. The 40 °C case is thermally safer but
provides weaker polarization behaviour. The 50 °C case improves performance but remains
intermediate. The 60 °C case gives a favourable balance between improved kinetics, acceptable
peak temperature and manageable water/thermal loads. The 70 °C case provides the strongest
high-current and power response, but also produces the highest peak stack temperature and
therefore the highest dehydration risk.

The operating-window recommendation is subject to several model limitations. Long-
term catalyst ageing, membrane chemical degradation, mechanical stress, manufacturing
variability, sensor uncertainty and cell-to-cell maldistribution are not represented explicitly. In
addition, the hydrogen pressure and balance-of-plant parameters are model inputs rather than
experimentally calibrated values for a specific physical stack. These omissions do not
invalidate the comparative temperature trend, but they limit the use of the present results for
absolute component sizing or lifetime prediction.
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For an energy-system application, the recommended operating window is therefore 60-
70 °C, with 60 °C as the more conservative set point and 70 °C as a high-performance set point
requiring stronger cooling and humidification. The exact choice should depend on the
application priority. If maximum transient power is required and the balance-of-plant can
remove heat effectively, 70 °C is attractive. If durability and control margin are more important,
60 °C is preferable. In both cases, water and thermal management must be designed as active
control functions rather than passive supporting components.

5. Conclusions

A MATLAB-Simscape PEMFC model was used to evaluate the effect of inlet temperature on
a 400-cell stack under dynamic load. Relative to the thesis, the journal study applies a
controlled four-temperature comparison, integrates electrochemical and balance-of-plant
outputs, and introduces an operating-window interpretation supported by physical-consistency
and literature-based trend checks. Increasing inlet temperature from 40 to 70 °C improved high-
current polarization behaviour and power stability. All cases approached a quasi-steady stack
temperature of approximately 353 K, but peak stack temperature increased from 353 K at 40 °C
to 364 K at 70 °C. Current density reached approximately 0.95 A cm-2, heat generation peaked
at about 37-40 kW, water production reached about 10 g s-1 and hydrogen consumption
reached about 1.1 g s-1 during peak demand.

The main conclusion is that 60-70 °C is the most useful inlet-temperature range for the
simulated system. The 70 °C case gives the strongest high-current response because
electrochemical kinetics are more favourable, whereas 60 °C provides a more conservative
compromise with greater thermal and hydration margin. The recommendation remains
conditional because the model has not yet been validated against matched experimental data.
Future work should therefore compare the simulation with polarization curves, electrochemical
impedance spectra, distributed stack-temperature measurements, hydrogen-flow data and
water-balance measurements obtained under the same transient load cycle. Subsequent model
development should incorporate spatial temperature and hydration effects, degradation
submodels and closed-loop control of cooling, humidification and hydrogen delivery. Until
such validation is completed, the present model is most appropriate for comparative trend
analysis and preliminary operating-window screening rather than absolute performance
certification.
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Abstract

Fuel cells are emerging as a promising clean energy technology in the global transition to
sustainable power generation and can contribute to Sustainable Development Goal 7
(Affordable and Clean Energy). Platinum is the most frequently used electrocatalyst for fuel
cells, as it is a highly efficient catalyst with excellent corrosion resistance and long-term
stability in electrochemical processes. Platinum is widely used at both the anode and cathode
in fuel cells and underpins fuel cell electrocatalysis, but this platinum-based catalyst layer
typically accounts for around 15-20% of the total fuel cell stack cost, making it one of the main
barriers to commercialization. This review provides a detailed examination of the use of
platinum in fuel cells and discusses its geological history, physicochemical properties,
industrial importance, and catalytic roles in proton exchange membrane fuel cells (PEMFCs),
direct methanol fuel cells (DMFCs), direct ethanol fuel cells (DEFCs), and microbial fuel cells
(MFCs). It integrates a geological perspective with catalytic applications and emerging catalyst
development strategies to demonstrate the continued relevance of platinum for future fuel cell
technology and to provide a comprehensive outlook on the future development of efficient,
durable, and economically viable fuel cell technologies.

Keywords: Platinum, Fuel cell electrocatalysts, Proton exchange membrane fuel cells
(PEMFCs), Direct methanol fuel cells (DMFCs), Clean energy technologies

1. Introduction

Fuel cells are seen by many people as a key solution for the 21st century [1], enabling clean,
efficient production of power and heat from a range of primary energy sources. Fuel cells can
vary from tiny devices producing only a few watts of electricity to large power plants producing
megawatts. All fuel cells are based on a central design using two electrodes separated by a solid
or liquid electrolyte that carries electrically charged particles between them. A catalyst is often
used to speed up the reactions at the electrodes. Fuel cell types are generally classified
according to the nature of the electrolyte they use. Each type requires particular materials and
fuels and is suitable for different applications [2][3]. The origins of fuel cell technology can be
traced back to the early nineteenth century, when the underlying concept was first effectively
demonstrated by Humphry Davy. This early work was subsequently advanced in 1832 by
Christian Friedrich Schonbein, whose investigations laid further groundwork for the field.
William Grove, a chemist, physicist and lawyer, is generally credited with inventing the first
fuel cell in 1839. Central to the performance of many fuel cell systems is platinum, a metal
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noted for its superior resistance to corrosion, its stability in air without oxidising and its overall
chemical inertness. Platinum belongs to a broader family of platinum-group metals (PGMs)
that also includes palladium, osmium, ruthenium, rhodium and iridium [3].

Catalyst Representative Elsctrocatalytic Rerformance Durability® Tgplza'l Bt Cost Pt Utilization Key Features and Utilization
Category Catalysts ORR Actlvnty HOR Activity® (% current retention) P (Relative)® (Relative)® in Fuel Cells
(MA, A mgp;™" (MA, A mgp;™") (mgp; cm?)
PY/C
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| thesxact ity and durability
PUC (Vulcan XC-72), 1.00 I o _ % | 010-030 | XRRKK | hkky « Excellent corrosion resistance
Pt black/C (Very high) (Medium) + High cost and scarce resource
= \ * Widely used in PEMFCs, DMFCs,
0 15 0 50 100 DEFCs, and MFCs

+ Higher specific activity than Pt
B PtCo/C, PtNI/C,

_ = == 4 Ao + Reduced Pt loading
PtFe/C, PtRu/C, — B0 T s I 70 0.05-0.15 ; + Improved mass activity and utilization
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+ Used in PEMFCs and DMFCs
05 10 15 0 05 10 15 0 50 100
+ Good HOR activity
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— IS = + More suitable for alkaline fuel cells
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Graphene, CNT, + High conductivity and surface area
Carbon black, Low intrinsic activity i * %k %k + Enhances dispersion and utilization
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carbons * Improves mass transport and stability
Overall Comparison (Relative Ranking) Notes:
Activity Durability Cost Pt Utilization Commercial : ; ;
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= PGM-Free (M-N-C) * Kk frvrtr = low; X 32 % = very low/poorest.

= Carbon Supports (Values are compiled from representative literature; exact values vary with

experimental conditions.)

Abbreviations: ORR - oxygen reduction reaction; HOR - hydrogen oxidation reaction; PEMFC - proton exchange membrane fuel cell; DMFC - direct methanol fuel cell;
DEFC - direct ethanol fuel cell; MFC ~ microbial fuel cell; PGM - platinum group metal.

Figure 1: Comparison of platinum and alternative catalyst in fuel cells: performance and
utilization

Within the fuel cell itself, these properties translate directly into catalytic function:
platinum is highly effective at facilitating the oxygen reduction reaction (ORR) at the cathode
and the hydrogen oxidation reaction (HOR) at the anode, the two electrochemical processes
that together generate electrical current [4]. Its resistance to corrosion and chemical stability
allow it to sustain this catalytic activity even under the highly acidic and oxidising conditions
present within the cell, a demand that few other metals are able to withstand over extended
operating periods. It is this combination of high intrinsic activity and long-term stability that
has established platinum as the benchmark catalyst for fuel cell applications, even as its scarcity
and cost continue to drive research towards more efficient and economical alternatives [5].
Beyond its role in fuel cells, platinum's most significant industrial application lies in the
automotive sector, where it serves catalytic converters that facilitate the complete combustion
of unburned hydrocarbons in vehicle exhaust systems. It is also used in jewellery, decorative
items and dental work, reflecting its broader value as a precious and functionally versatile
metal. Against this backdrop, this review examines the geological origin of platinum and its
catalytic application in fuel cells, with particular attention to the functional properties of
platinum in relation to its morphology, as well as the opportunities and challenges surrounding
its industrial use. Figure 1 shows the comparison of platinum and alternative catalysts in fuel
cells: performance and utilisation.
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2. Platinum

Independently discovered in 1735 by Julius Scaliger and in 1741 by Charles Wood, platinum
is named from the Spanish platina, meaning “little silver”. The metal is classified as precious
owing to its scarcity and commercial demand [6]. It has a coefficient of expansion almost equal
to that of soda-lime-silica glass and is therefore used to make sealed electrodes in glass systems.
The presence of platinum wire can cause hydrogen and oxygen gas mixtures to explode. There
are six naturally occurring isotopes, of which the most abundant are platinum-194, accounting
for 33%, platinum-195 (34%), and platinum-196 (25%). The others are platinum-198 (7%),
platinum-192 (1%), and platinum-190 (0.01%). The latter is weakly radioactive, witha half-life
of 700 billion years, while the other five are non-radioactive [7]. Physically, platinum is heavy,
soft, malleable (easy to work — only silver and gold are easier to shape), and ductile (easy to
draw into wires), and has a fairly high melting point (~1770 °C or 3220 °F). Chemically, it is
often described as a noble metal because it is so unreactive. It does not react with oxygen in
air, so it does not rust or tarnish. It is also reasonably resistant to attack from acids [8].

In the early 1800s, platinum was used in fuel cells to promote the chemical reaction of
hydrogen with oxygen. It is generally a good inert electrode because it is chemically unreactive.
This makes it very useful in fuel cells. It can easily adsorb hydrogen and, being an inert metal,
does not participate in redox reactions during the operation of the cell [9]. In hydrogen fuel
cells, platinum is the best catalyst, but it comes with a high price tag [10]. In December 2018,
platinum was a precious metal more rare than silver or gold [11]. Platinum is more expensive
because it is rarer and mined much less than gold. Only 160 tonnes of platinum are mined
annually, as opposed to 1,500 tonnes of gold. Also, platinum is denser than gold, so the same
ring will weigh significantly more in platinum than in gold (and precious metals are priced by
weight) [12]. Recently, scientists have been looking to create practical fuel cell catalysts that
use far less of this costly precious metal. In new research from the U.S. Department of Energy's
(DOE) Argonne National Laboratory, published in Science, scientists have identified a new
catalyst with the effectiveness of the available platinum but using only about a quarter as much
platinum as current technology [13]. Annual platinum demand was down slightly in 2017 at
7.8 million ounces, with supply at about eight million. Current projections from the World
Platinum Council for 2018 are that supply will fall a little, and demand will rise, with the two
remaining more or less in equilibrium. Roughly 75% of supply comes from mining and 25%
from recycling. Of that mined supply, a good two-thirds comes from South Africa. Platinum’s
fate is determined by one country in a way that no other commodity, except perhaps cobalt, is
[14]. Figure 2 shows the platinum supply versus demand. The demand for 2018 can be cover
by production. It shows that platinum is very important in industry, particularly for applications
related to direct methanol fuel cells. Fluctuations of total supply in the range 7,265-8,080 koz
can be recovered within the total demand. It shows that platinum production needs to increase
so that industrial demand can be fully met [15].
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Figure 2: Platinum Supply vs. Demand (2013-2018) [16]

3. Geology

The majority of the world’s platinum comes from South Africa, with Russia supplying the
second highest yields and Colombia the third [17]. The gold-bearing sands of these three
countries provide ideal geological conditions for recovering this very rare metal. The Bushveld
Complex, located in South Africa, contains some of the richest ore deposits on Earth. The
complex holds the world's largest reserves of platinum group elements (PGEs), which include
platinum, palladium, rhodium, ruthenium, osmium and iridium, all of which are extremely rare
in the Earth's crust. Platinum, the most abundant of these, is 30 times rarer than gold. Mined
only in a few places worldwide, these elements are becoming increasingly important in
applications such as pollution control [18]. The major geological feature associated with this
wealth of mineral deposits is the Bushveld Complex (Figure 3), where its mineralised and non-
mineralised layers extend, with little variation, for tens of kilometres along strike [19]. The
Bushveld Complex, found in the northern part of South Africa, is the world’s largest layered
intrusion, is approximately 2 billion years old, and is divided into four different limbs: the
northern, southern, eastern and western limbs [16,17]. In 1897, Gustaaf Molengraaff was the
first to discover the Bushveld Complex [22]. The Bushveld Complex is a layered mafic
intrusion with well-defined ore bodies consisting of stratiform chromitite layers concentrated
within the critical zone; these are referred to as reefs. The Merensky Reef, UG2 Reef and
Platreef are the main reef deposits, consisting mostly of continuous to discontinuous chromite
layers with varying amounts of PGE mineralisation [23].
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Figure 3: Map showing the position of the Bushveld Complex in South Africa [24]

Platinum is an extremely rare metal, occurring at a concentration of only 0.005 ppm in
Earth’s crust. It is sometimes mistaken for silver (Ag). Platinum is often found as native
platinum and as an alloy with other platinum-group metals and iron, mostly as tabulated in
Table 1. Native platinum is most often found in secondary deposits in alluvial sediments. The
alluvial deposits used by pre-Columbian people in the Choc6 Department, Colombia, are still
a source of platinum-group metals. Another large alluvial deposit is in the Ural Mountains,
Russia, and it is still mined [25]. Although platinum is rare, the methods for identifying where
it is most likely located have become highly accurate, focusing on igneous deposits that show
the tell-tale signs of prolonged heat and pressure [26]. By-product platinum is separated from
the host metal during electrolytic refining. Placer platinum is concentrated by delicate gravity
methods. Lode platinum is recovered by combined gravity and flotation methods. The
individual metals of the platinum group are separated by complex refining processes. In
addition to gold-bearing sands, deposits of platinum are often found in outcrops of plutonic
rocks such as olivine and chromite. The formation of these rocks is a testament to platinum’s
pedigree, as all were exposed to extremely high temperature and pressure in order to produce
this most valuable of metals [27]. Platinum is invariably associated with basic igneous rocks
and with the ore minerals characteristic of those rocks. Most of the world’s platinum is
intimately associated either with chromite or nickel. Even platinum placers are derived from
basic rocks rich in chromite. The platiniferous nickel ores also contain copper and appreciable
quantities of gold and silver [28].

Table 1: Description critical zone, Bushveld Complex [29]

Merensky Reef UG2 Reef Platreef
~ Contains the base metal ~ The host rock of the UG2  ~ The Lower Reef is
sulfide grains and associated chomitites is dominated by ~ composed of norites and
platinum group minerals. granular orthopyroxene. feldspathic pyroxenites that
~ The Merensky Reef has ~ The UG2 chromitites are have been recrystalled and
been traced for 300 km underlain by pyroxenite overprinted.
around the entire outcrop of  footwall that is distinct from  ~ The Central or Middle
the eastern and western hanging wall pyroxenite. Reef is composed of igneous
limbs of the Bushveld peridotite and recrystallized

88


https://doi.org/10.17576/myjea.2026.01.84

Malaysian Journal of Energy and Applications 1 (2026): 84-98
https://doi.org/10.17576/myjea.2026.01.84

Complex, and to depths of 5 ~ The Upper Reef is

km. composed primarily of
plagioclase-pyroxenite and
norite

The chief uses for platinum are in the jewellery, electrical and dental industries. Its
white colour and hardness make it a desirable setting for diamonds. In the electrical industry it
is used for resistance and contacts in the more delicate instruments such as telephone and
radios. Platinum finds wide uses in the chemical industry such as for containers, wire,
electrodes, coils, acid making, x-ray equipment and as a catalyst. Large acid stills utilize
considerable quantities. (Figure 4) show details platinum used.

Investment (4%49)

. Investors can buy Exchange Traded
, Industrial (22%) _ ' Funds (EFTs), bars, coins, stc.
Main markets; China, North America. Investors zlso can exposure through
Platinum 15 uzed in applications such as platinum fiture equities ete h
fertiliszer manufacture, hard disks and
pacemalers
Autocatalyst (40%)
Main merkets; Europe, Japan
Jewellery (34%) Platinum is used in catalysts to
main markets; North Amernica, China. reduce harmfil emissions.
Platinum is ssen as superior to gold (and Fuel cell vehicles, a type of
priced accordingly) so jewellers make a electronic car also use platinum.

higher margmn.
Platinum =een as metal of love

Figure 4: Major industrial application of platinum, including fuel cells, automotive catalytic
converters, chemical processing, electronics, medical devices and jewelries [30].

In fuel cell application, platinum is considered the standard metal which breaking
oxygen bonds apart to eventually form water in a process that requires a substantial amount of
the catalyst [31]. The role of platinum in catalytic converters is to oxidise carbon monoxide
(CO) and hydrocarbons. Platinum is particularly effective at this under oxygen-excessive
conditions, so is often the metal of choice for diesel applications. Platinum works as
a catalyst by collecting oxygen atoms (O), and letting them bind with the toxic carbon
monoxide (CO), to create the less harmful carbon dioxide (CO). Platinumis most
efficient catalysts for speeding up chemical reactions in hydrogen fuel cells. Oxygen molecules
combine with electrons and hydrogen ions to form water at the cathode. At anode the, reaction
is sluggish and speeding it up requires 10 times as much platinum as is used [32]. Platinum is
an inert electrode, thus it do not participate in the cell reaction but provide a surface or platform
for oxidation and reduction reaction.
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4. Platinum as Catalyst
4.1 Direct Alcohol Fuel Cell

Bambagioni et al [33] explored on Pd and Pt—Ru anode electrocatalysts supported on multiwall
carbon nanotubes and their use in passive and active direct alcohol fuel cells with an anion-
exchange membrane (alcohol =methanol, ethanol, glycerol). The results obtained with Pt
RU/MWCNT anodes in acid media are largely inferior to those provZided by PA/MWCNT
electrodes in alkaline media. Gupta et al. [34] applied polycrystalline deposits of platinum and
platinum-ruthenium on a CuNi (70:30) alloy support. Novel CuNi alloy supported
electrocatalyst synthesised from PTFE suspension of noble metal salts can be an alternative
anode material for DAFC. DMFCs have many advantages, such as structural simplicity, instant
refuelling [35] , high specific energy that is widely attained and safely stored [36], [37] high
energy density of methanol, low operating temperature, and easy start up [35]. To maintain and
improve all of these advantages, catalyst development is starting to attract developers' attention.
Johanek et al. [38] reported vapor-feed low temperature direct methanol fuel cell with Pt and
PtRu electrodes on chemistry insight. Energy efficiency of 30% and power density exceeding
70 mW cm were achieved with Pt/C electrodes without any noticeable long-term degradation.
Basri et al [39] study attempts to improve the performance of PtRu catalysts by adding nickel
(Ni) and iron (Fe). The results, PtRuFeNi/MWCNT improves the reaction kinetics of anode
catalysts for DMFCs and obtains a mass current of 31 A g~ catalyst. Li et al [40] working on
an enhanced activity of Pt/CNTs anode catalyst for direct methanol fuel cells using Ni2P as co-
catalyst. A novel Pt/NioP/CNTSs catalysts were prepared by the H> reduction method. The
results the optimal Ni2P loading amount for Pt/Ni.P/CNTs catalyst was 6% with a MOR
activity as high as 1400 mAmg ™! Pt.

In 2005, Mu et al [41] study on controllable Pt nanoparticle deposition on carbon
nanotubes as an anode catalyst. The producer Pt/CNT composite shows higher electrocatalytic
activities and catalyst tolerance that can be applied in DMFCs in comparison with the E-TEK
catalyst. Prabhuram et al [42] explore on multi walled carbon nanotube supported PtRu for the
anode of direct methanol fuel cells. Cyclic voltammetry results demonstrated that the MWCNT
supported PtRu catalyst exhibited a higher mass activity (mA mg? of PtRu) for the methanol
oxidation reaction than the carbon-supported. The direct methanol fuel cell performance test
data showed that MWCNT-supported PtRu catalysts yielded about 35-39% higher power
densities than the carbon-supported PtRu. In 2013, Zhou et al [43] studied on Pt based anode
catalysts for direct ethanol fuel cells. PtiRu1/C further modified by Wand Mo showed improved
ethanol electro-oxidation activity, but its DEFC performance was found to be inferior to that
measured for Pt;Sn1/C. It was found that the single direct ethanol fuel cell having Pt1Sn1/C or
Pt3Sn2/C or Pt.Sn1/C as anode catalyst showed better performances than those with PtsSni/C
or Pt4sSny/C. Ishitobi et al [44] worked on Pt-Sn was supported on SiO, embedded carbon
nanofiber as active anode catalyst for DEFC by expecting positive interactions between Pt-Sn-
SiO,. The composite catalyst, PtsSni/SECNF, showed highest mass activity for the ethanol
electrooxidation, which was 3.7 times higher than the activity of the commercial Pt/C (Pt/Ccom)
while maximum power density of DEFC single cell with the composite catalyst was 3.5 times
higher than that with Pt/Ccom.  Since 2003, the development of anode catalysts for a direct
ethanol fuel cell being study by Vigier et al [45]. Ethanol electrooxidation was investigated at
platinum-based electrodes: Pt, Pt-Sn, Pt—-Re dispersed on a high surface area carbon powder.
The results PtSn was the most active catalyst and PtSn electrocatalysts were the most selective
towards the production of CO, compared to Pt and PtRe electrodes.
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4.2 Proton Exchange Membrane Fuel Cell

Mohanta et al [46] prepared graphitized carbon by a promising stable cathode catalyst support
material for long term PEMFC applications. The feasibility of a graphitized carbon (GC) as a
cathode catalyst support for low temperature PEMFC is investigated. GC and CB supported Pt
electrocatalysts were prepared via an already developed polyol process. Qu et al [47] worked
on an effect of electrode Pt-loading and cathode flow-field plate type on the degradation of
PEMEFC. The decay of Pt/C catalyst in cathode is mainly caused by the corrosion of carbon
support, and the degradation of anode Pt/C catalyst is a consequence of migra- tion and
aggregation of Pt particles. Renzi et al [48] study low platinum loading cathode modified with
Cs3H2PMo10V204 for polymer electrolyte membrane fuel cells. The composite catalyst is
prepared by mixing the POM salt with Pt/C by sonication. RRDE studies show better kinetics
for ORR with low Pt loading at the electrode surface. A MEA is assembled by using a Pt/POM-
based cathode, in order to assess performance in a working fuel cell.

Karthikeyan et al [49] work on highly durable platinum based cathode electrocatalysts
for PEMFC application using oxygen and nitrogen functional groups attached nanocarbon
supports. Compared to commercial Pt/C catalysts, durability show ~30% enhancement for the
as prepared electrocatalysts due to the presence of large amount of pyrolic nitrogen and highly
oriented graphitic nature of the catalyst supports. Roen et al [50] work on electrocatalytic
corrosion of carbon support in PEMFC cathodes. The influence of platinum on the corrosion
of carbon catalyst supports has been characterized by on-line mass spectroscopy during cyclic
voltammetry, with varying Pt mass fraction, catalyst type, and temperature. The corrosion rate
of carbon catalyst support is accelerated in the presence of Pt-containing catalysts. Yu et al
[51] work on PtCo/C cathode catalyst for improved durability in PEMFCs. This work intends
to evaluate the durability of PtCo/C cathode catalyst in a dynamic fuel cell environment with
continuous water fluxing on the cathode. Cell performance enhancement by PtCo/C over Pt/C
catalyst has been sustained over 2400 cycles and the overall performance loss of the PtCo/C
membrane electrode assemblies (MEAS) was less than that of the Pt/C MEA.

4.3 Direct Methanol Fuel Cell

Bruno et al [52] platinum supported on mesoporous carbon as cathode catalyst for direct
methanol fuel cells. Platinum nanoparticles supported on mesoporous carbon were obtained by
an impregnation and reduction method with NaBH3 as the reducing agent. The results obtained
in this study show that the mesoporous carbon used as support improved the catalyst dispersion.
Pt nanoparticles of 5.3 nm in size were obtained on MC, which is, on average, 25% smaller
than those formed on Vulcan carbon under the same synthesis conditions. Makino et al [53]
search an optimization of the sputter-deposited platinum cathode for a direct methanol fuel cell.
Pt loading below 0.25 mg cm™* achieved higher mass activities than that of 0.5 mg cm™?
prepared by the paste method, which was general conventional method. This result may suggest
an increase in only electrochemically inactive Pt. Pt utilization efficiency can be found about
ten times higher at Pt loading of 0.04 mg cm™2. Moreover, addition of Nafion to sputter-
deposited Pt cathodes is found possible to improve the catalyst activity for the ORR, but the
excess Nafion over the optimum condition reduces the active sites.

Since 2003, Zhou et al [54] investigated on novel synthesis of highly active Pt/C
cathode electrocatalyst for direct methanol fuel cell. The results this modified polyol process
is simple and practical for the synthesis of highly dispersed Pt-based electrocatalysts with a
narrow size distribution in the presence of high loading. The as-synthesized Pt/C electrocatalyst
shows better electrocatalytic activity for oxygen reduction reaction in DMFC than that of the
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commercial catalyst. Li et al [55] learned the nano-stuctured Pt—Fe/C as cathode catalyst in
direct methanol fuel cell. Pt-Fe/C catalysts were prepared by a modified polyol synthesis
method in an ethylene glycol (EG) solution, and then were heat-treated under Ha/Ar (10 vol. %)
at moderate temperature (300 °C, Pt—Fe/C300) or high temperature (900 °C, Pt—Fe/C900).
Further, Pt—Fe/C300 exhibits the higher ORR activity and better performance than other Pt/C
or Pt—Fe/C catalysts in direct methanol single cell test, the increasing of cell performance may
be attributed to more Pt° species existing and Fe ion corrosion from catalysts, which is believed
to facilitate the H.O, decomposition of Pt sites.

4.4 Microbial Fuel Cell

MFCs constitute a promising approach to wastewater treatment technology by capturing energy
in the form of electricity or hydrogen gas [56]. Erable et al [57] run iron-nicarbazin derived
platinum group metal-free electrocatalyst in scalable-size airbreathing cathodes for microbial
fuel cells. Low-cost organic precursor was synthesized using Sacrificial Support Method
(SSM). The tests in MFCs showed a maximum power density of 1.85 W m=2. The MFCs
performances due to the addition of Fe-NCB were much higher compared to the iron-free
material. Considering the existing conditions, the higher overall power predicted was 3.6 mW
at 22.2 S m* and at inter electrode distance of 1 cm. Kodali et al [58]investigate air breathing
cathodes for microbial fuel cell using Mn-, Fe-, Co- and Ni-containing Platinum Group Metal-
free Catalysts. Results showed that the addition of Mn, Fe, Co and Ni to AAPyr increased the
performances compared to AC. The best performing catalyst (Fe-AAPyr) was then tested in
MFC with increasing solution conductivity from 12.4 mScm™ to 63.1 mScm™. A maximum
power density of 482+5 pWem™ was obtained with increasing solution conductivity, which is
one of the highest values reported in the field. Kodali et al [59] report novel iron based catalysts
synthesized using polymer salt pyrolysis technique were tested in RRDE and MFCs.
Morphology of the novel catalysts showed a porous structure with graphitic flakes containing
a large number of holes. The best electro-catalytic activity was achieved for PABA-850. The
Fe-based catalyst was then integrated into air breathing cathodes and tested in the working
MFCs. Fe-catalysts had the higher power density recorded that was 178 + 3 uWem™? by
PABA-850 and 173 + 3 uWem™? by PABA-950. At last, AC had a power peak of 131 + 4
uWem™?. Ghasemi et al [60] work on activated carbon nanofibers as an alternative cathode
catalyst to platinum in a two-chamber microbial fuel cell. As a result, it was found that the
MFC with the chemically activated carbon nanofibers (ACNFs) exhibited better catalytic
activity than that of the physically activated ACNFs. The power per cost of ACNFs with 8 M
KOH is 2.65 times greater than that of the traditionally used platinum cathode. Thus, ACNFs
are a good alternative catalyst to Pt for MFCs.

5. Current Problems and Future Development

The fuel cell industry has weathered a challenging period of transition from research and
development toward full commercialization, and although many manufacturers remain some
distance from profitability, the long-term growth outlook stays promising [61]. In the fully
sustainable energy system envisioned for the coming decades, hydrogen produced through
renewable-powered electrolysis, or biofuels, is expected to serve as the primary fuel source.
Yet in most current designs, the cathode and anode catalyst layers still rely on platinum (Pt), a
scarce and costly precious metal that can account for 10-15% of total fuel cell stack cost.
Without a reduction in Pt content, this share is projected to grow further as manufacturing
volumes scale up, since platinum-group-metal (PGM) loading and system cost remain closely
correlated year over year [62]. Platinum therefore continues to represent one of the principal
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barriers to widespread commercial adoption of fuel cells, and reducing Pt loading without
compromising catalytic performance has become a central research priority.

One well-established approach to improving cathode catalyst performance is alloying
platinum with transition metals such as cobalt and nickel; however, these alloying elements are
prone to leaching under fuel cell operating conditions, resulting in progressive performance
degradation over time [63]. Recent work on core-shell catalyst architectures has sought to
address this durability limitation directly, with reduced-Pt-content core-shell nanocatalysts
shown to enhance both catalytic activity and structural stability compared with conventional
alloy catalysts [64]. Building on this design philosophy, our own high-performing catalyst layer
achieves a five-fold improvement in durability relative to a conventional design using the same
alloy catalyst. The success of certain application segments in recent years has driven a move
toward consolidating specific technologies into standard reference designs, with fuel cells
increasingly developed as scalable energy solutions capable of serving multiple market
segments, from auxiliary power units (APU) to unmanned aerial vehicles (UAV) [65].

Looking ahead, several complementary strategies are currently being pursued to
improve platinum utilization efficiency and, ultimately, to reduce reliance on platinum-group
metals altogether. These include: (i) alloying platinum with one or more other metals; (ii)
depositing platinum as a surface or near-surface layer over a different base metal; (iii)
employing a core-shell approach in which a cheaper metal core is coated with platinum; and
(iv) alloying platinum followed by selective dealloying. Beyond these Pt-based strategies,
growing attention is being directed toward platinum-group-metal-free (PGM-free) catalysts,
such as iron—nitrogen—carbon (Fe—N-C) systems, alongside advances in nanostructured
supports and membrane technology, which have recently improved power density and
operational stability considerably [66]. Nevertheless, durability under real-world operating
conditions remains the primary technical barrier constraining the commercial readiness of
current PGM-free catalysts, suggesting that future development of fuel cell catalysis will likely
follow a combined pathway: continued refinement of ultralow-Pt core-shell and dealloyed
architectures in the near term, progressively complemented by PGM-free alternatives as their
stability and activity converge with performance targets.

6. Conclusion

Platinum remains the most efficient catalyst for accelerating the electrochemical reactions
within hydrogen fuel cells, owing to its unique ability to withstand the highly acidic operating
environment that few other metals can tolerate; it is this same property, however, that anchors
its position as the rate-determining component of catalytic performance, including its strong
activity toward oxygen reduction and the decomposition of hydrogen peroxide into water and
oxygen. Yet this catalytic advantage comes at a considerable cost, as platinum's scarcity and
price have long constrained the broad, large-scale deployment of fuel cell technology. This
scarcity is compounded by a highly concentrated global supply chain, with approximately 90%
of the world's platinum originating from only two countries, South Africa and Russia, exposing
the industry to significant geopolitical and economic risk. From a geological standpoint,
platinum’s rarity is further explained by its natural occurrence: it forms within ultramafic
igneous rocks and is typically associated with minerals such as chromite and olivine, rarely
crystallising in pure, well-formed structures and instead being recovered mainly as nuggets or
fine grains disseminated through host rock. Taken together, these geological, economic, and
supply-chain constraints underscore why reducing platinum content, without sacrificing
catalytic efficiency, remains one of the most pressing challenges in advancing fuel cell
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technology toward wider commercial viability, even as platinum's unmatched catalytic
properties continue to affirm its central and, for the foreseeable future, largely irreplaceable
role in this field. This challenge is closely aligned with several Sustainable Development Goals
(SDGs): platinum-based fuel cells support SDG 7 (Affordable and Clean Energy) by enabling
efficient, low-emission power generation, while efforts to reduce platinum loading and
diversify supply chains contribute to SDG 9 (Industry, Innovation and Infrastructure) through
the advancement of more resilient and sustainable catalyst technologies. Furthermore,
mitigating dependence on a geographically concentrated and environmentally intensive mining
supply chain speaks to SDG 12 (Responsible Consumption and Production), reinforcing the
need for resource-efficient catalyst design as a pathway toward more equitable and sustainable
global energy systems.
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