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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

26


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

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

29


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

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.
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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]

33


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

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
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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

43

superior peak power density—
exceeding that of the H-shaped,
bridge-shaped, and rectangular


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

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
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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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