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Abstract

This work addresses for the first time the effect of anode serpentine channel depth on
Methanol Electrolysis Cells (MECs) and Direct Methanol Fuel Cells (DMFCs) for improving
performance of both devices. Anode plates with serpentine flow fields of 0.5 mm, 1.0 mm
and 1.5 mm depths are designed and tested in single-cells to compare their behaviour.
Performance was evaluated through methanol crossover, polarization and power density
curves. Results suggest shallower channels enhance mass transfer efficiency reducing
MEC energy consumption for hydrogen production at 40 mA-cm~2 by 4.2%, but increasing
methanol crossover by 30.3%. The findings of this study indicate 1.0 mm is the best depth
among those studied for a MEC with 16 cm? of active area, while 0.5 mm is the best for a
DMEC with the same area with an increase in peak power density of 14.2%. The difference
in results for both devices is attributed to higher CO, production in the MEC due to its
higher current density operation. This increased CO, production alters anode two-phase
flow, partially hindering the methanol oxidation reaction with shallower channels. These
findings underscore the critical role of channel depth in the efficiency of both MEC and
DMEC single-cells.

Keywords: Hydrogen production; methanol; fuel cell; electrolyser; anode flow field design;
single serpentine flow field

1. Introduction

The increasing concern over the energy crisis and climate change has sparked a height-
ened societal interest in exploring alternative fuels and energy sources to diminish pollutant
emissions and reduce reliance on fossil fuels [1]. Renewable energy sources are gaining
prominence in national and international energy strategies due to their low environmental
impact. However, technologies such as solar and wind are inherently intermittent and
geographically constrained, often generating electricity far from end users and at times
misaligned with demand. To address these temporal and spatial mismatches, it is necessary
to implement energy conversion and storage systems capable of integrating renewables into
existing power grids [2]. One effective strategy is to convert excess renewable electricity
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into chemical energy in the form of hydrogen through water electrolysis. Hydrogen thus
serves as a flexible energy carrier, enabling both the storage of surplus energy and its
transport over long distances, while also providing a clean fuel for downstream applica-
tions such as fuel cells. Thus, the global push towards sustainable energy solutions has
accelerated research into low-carbon energy carriers and efficient storage methods [3]. In
this context, hydrogen is valued for its clean use in fuel cells, producing only water as a
byproduct during its operation [4,5]. However, the practical challenges associated with
hydrogen, such as its low volumetric energy density and the need for storage under high
pressures or cryogenic temperatures, highlight the need for complementary solutions to
facilitate its adoption on a large scale. Methanol, among these alternatives, stands out
as one of the most attractive [6], offering an appealing alternative and complement to
hydrogen in the landscape of energy carriers [7], particularly due to its favorable physical
properties [8]. As a liquid at ambient temperature and pressure, methanol is easier and
safer to transport, which facilitate its handling, distribution, storage and refueling [9,10]. Its
physical characteristics combined with its energy density, 17.8 GJ-m~3, and specific energy,
22.7 MJ-kg !, position methanol as an appropriate candidate for long-term energy stor-
age, potentially leveraging existing petroleum infrastructure for distribution [10,11]. The
concept of a methanol-based renewable-powered energy chain aims to convert surplus re-
newable electricity into a versatile, transportable and storable energy form: methanol. This
process starts with the use of renewable energy sources, such as solar or wind, to produce
hydrogen through electrolysis, splitting water molecules into hydrogen and oxygen. The
hydrogen generated through this clean process can then be combined with carbon dioxide
(COy) captured directly from the atmosphere. By combining hydrogen and captured CO,,
e-methanol can be synthesized, obtaining a renewable liquid fuel [10,12-14]. The methanol
produced in this way serves as a highly useful energy carrier. E-methanol offers a pathway
to store renewable energy in a stable, dense form that is easy to handle and ship over long
distances. During transport or once in the destination where it is needed, methanol can be
utilized both directly as a fuel, as in Direct Methanol Fuel Cells (DMFCs), and indirectly
as a hydrogen carrier through methanol cracking, methanol reforming or methanol elec-
trolysis processes [15-18]. These properties positions methanol as an effective medium
for energy storage, particularly where decentralized or off-grid hydrogen production is
desired. In fact, the use of methanol electrolysis enables on-demand hydrogen production
at lower temperatures and pressures than methanol reforming processes, making it feasible
to generate hydrogen closer to the point of use with methanol electrolyzers. This renewable
hydrogen can then be used as a clean fuel for various applications, including fuel cells or
industrial processes, providing an effective, closed-loop cycle for renewable energy use and
storage. This power-to-methanol link enables a sustainable, circular approach to energy:
renewable electricity is stored in the form of methanol, which can be transported and later
converted back into hydrogen. This system not only leverages the strengths of renewable
sources but also enhances the practical storage, transport and deployment of clean energy
in a flexible and scalable manner.

In terms of storage, methanol does not require heavy, bulky pressurized tanks. In-
stead, the containers can adopt various shapes, adapting to the available spaces within
systems, allowing for more compact and versatile designs [19-21]. Furthermore, worldwide
methanol production has been on a continuous annual growing during recent years, exceed-
ing 100 million tons, and its market potential for 2026 has been estimated at $91.5 billion
globally, demonstrating the great interest it has aroused and its availability around the
world [10].

As previously mentioned, methanol can be utilized not only as a hydrogen carrier but
also as a direct fuel. One alternative for its use at the destination, instead of hydrogen pro-
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duction, is to produce electricity directly from methanol [22]. This can be achieved through
technologies such as DMFCs, which enable the electrochemical conversion of methanol
into electricity without intermediate steps. In this configuration, methanol functions as an
energy carrier, offering a compact and efficient solution for decentralized power generation
and portable applications [23]. This approach is particularly advantageous in off-grid or
remote applications, where operational simplicity, flexibility and minimized infrastructure
are critical.

The operation of DMFCs involves a methanol oxidation reaction at the anode, see
Equation (1), producing CO, as the primary product while releasing electrons that flow
through an external circuit and protons that cross the membrane to the cathode. At the
cathode, an oxygen reduction reaction occurs, see Equation (2), involving the electrons
and protons generated at the anode to produce water [1,24-26]. The combination of these
reactions, see Equation (3), is thermodynamically spontaneous.

Anode : CH3;0H + H,O — CO, +6H" + 6e~ (1)
Cathode : %Og +6e” +6H" — 3H,0 )
Overall : CH30H + goz — CO, +2H,0 (3)

DMEFCs have been extensively studied over the last two decades, leading to the devel-
opment of modules with power ranging from tens of milliwatts to 2500 W [27-32]. As power
sources, their primary use is geared towards low-power portable applications, such as
smartphones, laptops, unmanned aerial vehicles or autonomous underwater vehicles [33].

Despite the interest generated by DMFCs, there are still technical issues limiting their
widespread commercialization. Among these limitations are the high cost of catalysts
and membranes, slow reaction kinetics, methanol crossover through the membranes, or
degradation, which is a complex issue that impacts their performance and lifespan, even
maintenance and replacement costs [34-36]. To address these limitations, various strategies
are being pursued, such as the development of new non-platinum group catalysts or the
synthesis of hybrid membranes [26]. However, aside from these strategies, another ap-
proach to enhance DMFC performance involves optimizing the fluid fields of bipolar plates
to improve mass transport to and from the electrodes [37—-40]. Thus, the flow field of the
plates has an influence on the distribution of the fuel and the oxidant, and the elimination
of the water and CO, formed during the reactions [35,41,42]. A wide range of geometries
has been studied to enhance reactant distribution onto the catalytic layer, being the most
investigated parallel, serpentine, interdigital and bio-inspired configurations [37,43-45].
Among them, serpentine flow-field is the most used in DMFCs due to its efficiency in
removing reaction products, enhancing two-phase mass transport, preventing gas block-
ages and improving flow under the ribs [35,46,47]. On the contrary, it suffers from high
pressure drop and may exhibit a significant concentration gradient between the inlet and
outlet [35,47-49].

One of the parameters of the serpentine flow field with the greatest influence on DMFC
performance is the channel depth. Yu et al. [50] demonstrated that, for the same flow rate,
reducing the channel depth to at least 0.5 mm results in an improvement in electrochemical
performance, especially at high current densities. This effect can be explained based
on the improvement of the mass transfer. However, with a given flow rate, the rise in
methanol velocity due to the reduction in depth and, consequently, in pressure, results in
increased methanol crossover through the membrane, leading to a decline in performance,
particularly at low current densities as lower amount of methanol is consumed [43,51,52].
Additionally, the presence of two-phase flow, liquid methanol-water mixture and gaseous
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COg, in the anode field make difficult the distribution of reactants to the catalytic surface
and the removal of the products [34,41-43]. The presence of the produced CO; can cause a
gas accumulation, even a blockage, which impedes methanol and water from efficiently
reaching the catalyst surface where the electrochemical reaction takes place. This can cause
a non-uniform distribution of the reactants and, therefore, a lower efficiency in energy
generation. Moreover, if this CO; layer is not properly removed, it can clog the active
sites of the catalyst and reduce the efficiency of the reaction. If the dimensions of the
anode side channels in a DMFC are reduced, these channels can easily become filled with
CO, bubbles, forming slugs. These bubbles can hinder the methanol mass transport to
the anode catalyst layer, especially at low flow velocities, which in turn can lead to high
overpotentials at high current densities [51,52]. Thus, the two-phase flow regime depends
on the velocity [43,53,54].

Nevertheless, DMFCs have a limited range of application due to their low power
output. When higher power is required, alternatives such as hydrogen fuel cells can be
considered. In this context, a methanol electrolysis cell (MEC) can be used to produce
hydrogen, capitalizing on the fact that less energy is needed to produce hydrogen through
methanol electrolysis compared to water electrolysis [55-57]. This outlines a scenario where
methanol, with its high energy density and ease of handling, distribution and storage, can
be used as an energy carrier. This allows for the transportation of energy to subsequently
produce hydrogen on-site at a lower energy cost [58-60].

While the oxidation reaction in the MEC is the same as in the DMFC, see Equations (1)
and (4), the main difference lies in the reduction reaction. In this case, unlike in the
DMEC, the reduction reaction leads to the production of molecular hydrogen, as shown in
Equation (5) [56,61]. Similar to water electrolysis, methanol electrolysis is a non-
spontaneous process requiring an input of energy, with the minimum potential difference
under standard conditions at 25 °C being 0.02 V [62,63].

Anode : CH30H+ H,O — CO, +6H" +6e~ 4)
Cathode: 6e~ +6 H" — 3H, (5)
Overall : CH30H + H,O — CO; +3H, (6)

Unlike DMFCs, MECs are devices that have hardly been explored so far, with most
research focusing on the optimization of operating parameters and the development of cata-
lysts for hydrogen reduction reaction rather than flow field optimization [63-65]. However,
transport phenomena and CO, bubble regimes could change drastically, and consequently
the optimal flow field configuration, due to the significant difference in current densities
achieved in MECs (around 400 mA-cm~2 or even higher) compared to DMFCs (up to
200 mA-cm~2) and therefore in CO, generation. Thus, the study of those configurations in
MECGC:s is of great scientific and technical interest to improve MEC efficiency.

The aim of this work is to compare the influence of the anode channel depth of a
serpentine flow field on the electrochemical performance of a DMFC and, for the first time,
on the performance of a MEC, as well as on methanol crossover through the membrane.
For this purpose, single serpentine channels are machined in stainless steel 316L plates
designed specifically for the methanol electrochemical devices. In the case of the cathodic
plate, the channel depth used is 0.5 mm, but in the case of anodic plates, three different
depths are studied: 0.5 mm, 1.0 mm and 1.5 mm. A series of experiments was designed to
obtain the polarization curves for DMFC and MEC configurations and measure the limiting
methanol crossover current density.
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2. Materials and Methods

Figure 1 shows an exploded view of the electrochemical cell used in this study as
DMEFC, MEC and for the measurement of the limiting crossover current density. The
electrochemical cell consists of two stainless steel 316L plates, two silicone gaskets (thick-
ness: 0.2 mm in the anode side, 0.1 mm in the cathode side) and a membrane electrode
assembly (MEA) with an active area of 16 cm?. The MEAs used are formed by Nafion 117
as proton exchange membrane (H2planet, Vizcaya, Spain), sandwiched between an anode
(3.0 mg-cm’2 Pt/Ru, molar ratio 1:1) and a cathode (1.0 rng-crrf2 Pt). For the DMFC and
limiting crossover current density experiments, the electrodes are supplied by Quintech
(anode: BC-H225-10F and cathode: BC-M100-30F). For the MEC experiments the electrodes
are prepared following the protocol described by Jurado et al. [66] using Toray H60 (Alfa
Aesar, Haverhill, MA, USA) as substrate and with catalysts from Pi-Kem (Tamworth, UK).
The MEAs are prepared using the hot-pressing technique, applying a pressure of 60 bar
with a MEGA MGH-30 hydraulic jack, while maintaining the plates at 130 °C for 3 min.

-
: Electrodes Cathode plate

!

Anode plate Membrane

Gaskets

Figure 1. Exploded view of the designed and fabricated in-house single-cell studied in this work.

Figure 2 shows a CAD drawing of the front view of the 100 x 100 x 10 mm? stainless
steel plate used as current collector with detailed sections of the serpentine flow field. It
features a single serpentine flow field with 24 turns of 180° machined in the central zone,
covering a 40 x 40 mm? area with an open ratio and channel and rib thicknesses of 62.4%,
1.0 mm and 0.6 mm, respectively. All the plates used have an N3 surface treatment in the
contact area. In both, DMFC and MEC experiments, the serpentine of the cathode side
always has a depth of 0.5 mm. Conversely, three plates for the anode side have been tested
with three different depths to analyze their influence on the performances of both types of
cells (see detail D in Figure 2). Table 1 summarizes the single-cell configurations and the
dimensions of the channels used in this study. The assembly is clamped by means of eight
M5 screws, applying 1.5 N-m torque. Additionally, the cells have three nylon bolts for the
proper positioning of the plates.

Table 1. Specifications of the cell configurations studied in this work.

Parameter Plate 1 Plate 2 Plate 3
Depth of anode channel, mm 0.5 1.0 1.5
Depth of cathode channel, mm 0.5 0.5 0.5
Material of the plates SS316L SS316L SS316L
Number of channel bends 24 24 24
Width of anode channel, mm 1.0 1.0 1.0
Open Ratio of anode channel 0.624 0.624 0.624

Contact surface treatment N3 N3 N3
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Figure 2. CAD drawing of single-cell anode plate with key dimensions and details of serpentine flow
field sections for the three channel depth values under study:.

To assess the electrochemical performance of DMFCs and MECs, polarization curves
had been recorded. These measurements had been conducted at 60 °C for both, DMFC
and MEC, supplying 1 M methanol solution at 3 mL-min~! to the anode and, in the
case of DMFC, pure oxygen humidified at 68 °C at 110 mL-min~! and 0.1 MPa to the
cathode. In the case of MEC, no solution or gas had been supplied to the cathodic side of
the device. Excess reactants had been provided to prevent potential mass transfer losses.
The methanol (99.9% purity) was supplied by PanReac AppliChem (Castellar del Valles,
Barcelona, Spain) while the oxygen (purity higher than 99.5%) was provided by Messer
Iberica de Gases (Vila-seca, Tarragona, Spain). Milli-Q grade water was used to prepare
the methanol-water solutions. Flow directions within the cell significantly impact reactant
distribution and temperature due to reactant consumption and the presence of two-phase
flow on both sides [38]. Thus, the methanol solution had been supplied to the anode from
bottom to top, against gravity, facilitating CO, removal by means of the natural pressure
gradient [50]. Analogously, the oxygen had been supplied to the DMFC cathode from top
to bottom to aid in evacuating the liquid water produced, preventing cathode channels
flooding [38]. Table 2 summarizes the general operational parameters and the components
utilized in the MEAs of DMFC and MEC to assess the influence of anode channel depths
on electrochemical performance.

The DMFC polarization curve measurements had involved monitoring the current
of a single-cell while adjusting the applied voltage in decreasing steps of 20 mV, starting
at 660 mV and lasting for 180 s per step. These measurements were conducted using
a custom-built test bench, as previously described in literature [67]. In contrast, MEC
polarization curves were recorded using a custom-built test bench [68] based on the use
of an Autolab PGSTAT128N potentiostat-galvanostat connected to a Booster10A module
under galvanostatic operation, ranging from 0 mA-cm~2 to 400 mA-cm™~2 with steps of
20 mA-cm 2, with each current being applied over 180 s. PGSTAT128N presents a voltage
and current measurement accuracy of & 0.2%. For each of the three DMFC configuration,
a total of 31 polarization curves had been obtained plus 2 activation curves, ranging
from open circuit potential to 0.4 V, conducted on the initial day of operation of each
configuration. Conversely, in the MEC single-cell experiments, 8 curves had been recorded
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for each configuration, due to the comparatively lower variation observed among the
results between curves.

Table 2. Parameters used during the experimental tests developed in this work in Direct Methanol
Fuel Cells (DMFCs) and Methanol Electrolysis Cells (MECs).

Parameter DMEFC MEC
Temperature, °C 60 60
Methanol concentration, mol-L~! 1 1
Methanol flow rate, mL-min~? 3 3
Methanol supplier Panreac AppliedChem (99.9%) Panreac AppliedChem (99.9%)
Oxygen flow rate, mL-min~! 110 -
Oxygen pressure, MPa 0.1 -
Anode catalyst Pt/Ru, molar ratio 1:1 Pt/Ru, molar ratio 1:1
Anode catalyst charge, mg-cm 2 3 3
Anode commercial reference BC-H225-10F -
Anode supplier Quintech -
Cathode catalyst Pt Pt
Cathode catalyst charge, mg-cm 2 1 1
Cathode commercial reference BC-M100-30F -
Cathode supplier Quintech -

The determination of the limiting crossover current density had followed the method
previously outlined by Ren et al. [69] and used to compare several membranes behaviour
against methanol crossover [70]. The methanol aqueous solution 1 M had been supplied
to the anode side of the fuel cell at 3 mL-min~!, while pure nitrogen, humidified at 68 °C,
had been supplied to the cathode side of the fuel cell at a flow rate of 110 mL-min~—!. An
Autolab PGSTAT128N potentiostat-galvanostat had been operated in potentiostatic mode
to record the current response to the applied potential, ranging from 0.3 V to 0.95 V in steps
of 50 mV applied over 180 s. In this setup, the electrode typically serving as the DMFC
cathode has acted as the working electrode, polarising to catalyse the oxidation reaction
of the methanol crossing the membrane. Meanwhile, on the opposing electrode, which
serves as the counter electrode and the reference electrode, a hydrogen evolution process
had occurred. Consequently, the detected electrical current had resulted from the oxidation
of methanol that had crossed the membrane.

3. Results

In this section, the outcomes of the polarization and power density curves obtained
from the DMFC and MEC single-cell experiments are presented, as well as the comparisons
of power densities, slopes and open circuit potentials for the different anode channel depths.
The methanol crossover is also assessed for each of the channel depths by means of the
limiting crossover current density comparison. The DMFC polarization curves presented
here, along with their derived data, are obtained by calculating the average and the 95%
confidence interval of the three polarization curves that achieve the highest power density
on different days. The data for the MEC polarization curves is obtained by averaging and
taking the 95% confidence interval of the last three curves obtained for each channel depth.

3.1. Crossover

Crossover denotes the passage of methanol from the anode side of the MEA to the
cathode without reacting, thereby diminishing the fuel efficiency of the cell due to the loss
of part of the methanol that is not oxidized at the anode and that, on reaching the cathode,
reacts with oxygen reducing the cathode potential [71,72]. Figure 3 shows the current
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density resulting from methanol oxidation crossing the membrane against the applied
potential. The maximum current density observed for each depth represents its respective
limiting crossover current density. According to Figure 3, a reduction in channel depth is
linked to a significant increase in crossover. Thus, a reduction in the depth from 1.5 mm
to 0.5 mm results in a 30.3% rise in the limiting crossover current density. This notable
increase in crossover could be associated with the heightened dynamic pressure in the
channel [73], theoretically nine times higher for a 0.5 mm depth channel compared to a
1.5 mm channel. This favors the convective transport of methanol through the membrane
as the pressure on the cathodic side remains constant for all configurations.

70 ‘ ‘
O 0.5mm QOOOOOOO‘

60+ A  1.0mm B
8 1.5 mm ©

[\ W P W
(=] (=] =) =)
T T T T

Crossover current density (mA-cm™)
S

0‘ | ‘0.2‘ | 0.4‘ | I0.6‘ | ‘0.8‘ - 1
Voltage (V)

Figure 3. Crossover current density with 0.5 mm, 1.0 mm and 1.5 mm of anode channel depth, results
obtained at a temperature of 60 °C, cathode pressure 0.1 MPa, nitrogen flow rate of 110 mL-min—?!, a
methanol concentration of 1 M and methanol flow rate of 3 mL-min~!.

Additionally, a shorter diffusion distance, with shallower channels, means that the
path that methanol must take to diffuse from one side of the MEA to the other is shorter.
This facilitates diffusion across the membrane or electrode, which can increase the chance
of crossover occurring. It is worth mentioning that the experimental technique used
to determine the limiting crossover current density is only used to study the crossover
produced in DMFC and MEC at low current densities. This is because operating at high
current densities results in significant methanol consumption at the anode which is not
replicated in this experiment.

The methanol crossover can substantially impact the performance of both DMFCs
and MECs, particularly at low power densities. It diminishes methanol utilization at the
anode in both cases while potentially affecting the electrochemical yield of the cathode.
Regarding this, high crossover in a DMFC might lead to a reduction in fuel cell potential,
whereas in the case of a MEC, it could influence its performance as well as the purity of the
obtained hydrogen.

3.2. Methanol Electrolysis Cell

The polarization curves elucidate the voltage-current relationship during the operation
of the devices across various depths of anode channels. Power density curves, derived
from these polarization curves, quantify the electric energy consumed (MEC) or generated
(DMFC) per unit of active area.
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Comparing the MEC polarization curves presented in Figure 4 for different channel
depths, it is possible to conclude that for current densities below 80 mA-cm~?2 the curve
with the lowest voltage for a given current density corresponds to a 0.5 mm channel depth.
This is in good agreement with the results previously reported by Lamy et al. [74] for MECs
using, as in this study, Nafion 117 as membrane. In their work, the potential required for
the electrolysis process at low current densities decreases as the concentration of methanol
in the anode increases from 0.5 M to 10 M, and consequently, the crossover increases too.
In fact, comparing the results reported in Figure 4 for anode channel depths of 1.5 mm and
0.5 mm, at 80 mA-cm~?2 there is a reduction of 2.5% in the theoretical energy required for
the production of hydrogen (assuming 100% coulombic efficiency) when the channel depth
is shrunk from 1.5 mm to 0.5 mm, 46.52 M}l(gHz_1 and 45.37 M]okgHz_l, respectively.
The theoretical energy required for hydrogen production for a current density value of
40 mA-cm~2 shows a larger difference of 4.2% when decreasing the channel depth from
1.5 mm to 0.5 mm, 39.93 M]-kgHz_1 and 38.32 M]-kgHz_l, respectively. For the sake of

Lat

comparison, in the case of 1.0 mm channels the energy consumption is 45.47 MJ-kgpp ~
80 mA-cm 2 and 38.77 M]-kgHz_1 at40 mA-cm 2.

However, above a current density of 80 mA-cm~2, the voltage of the 1.0 mm polar-
ization curve is lower than the values corresponding to the 0.5 mm and 1.5 mm curves.
The difference between the results for 0.5 mm and 1.0 mm curves might be caused by the
generation of CO,, which is initially low but increases with current density [75,76]. From
80 mA-cm~2 onwards, more CO, is produced, and more bubbles appear, which makes
mass transfer difficult when the channels are shallow. In this case, a decrease in anode
channel depth can worsen performance. This is because, for a fixed value of current density,
the CO, mass produced is the same, and when the channel depth is decreased, methanol
may be clogged by these CO; bubbles more easily [39]. This generates longer gas slugs,
hindering the methanol mass transfer from the channel to the catalytic layer. Increasing the
channel depth from 1.0 mm to 1.5 mm results in an increase in cell voltage. This can be due
to a lower fluid velocity in the 1.5 mm channels compared to the shallower channels [73].
The theoretical velocities and Reynolds numbers for channels with 0.5 mm, 1.0 mm and
1.5 mm depth are 0.10 m-s—1,0.05m-s~! and 0.03 m-s~!, and 142.8, 107.1 and 85.7, respec-
tively. As the liquid velocity decreases for deeper channels, the mass transfer between the
channels and the gas diffusion layer (GDL) may worsen, as well as the transport under the
ribs due to the decrease in pressure drop. These effects lead to an increase in the size of
the CO, bubbles that prevent methanol from reaching the GDL. In this sense, Yang and
Zhao [43] obtained satisfactory results in DMFC experiments with current densities up to
200 mA-cm ™2 with Reynolds numbers around 30. Besides, the calculated Péclet number
(Pe) remained constant across all configurations, suggesting similar advective-to-diffusive
transport conditions. This supports the interpretation that the observed differences are
primarily driven by geometric effects, particularly CO, bubble removal, rather than by
changes in convective transport alone.

The effects observed in the polarization curves can also be analyzed with the com-
parison plots of minimum slope in the ohmic region and maximum power density at
300 mA-cm 2 presented in Figure 5. The slope for 1.0 mm depth has a shorter confidence
interval and a lower value of the average minimum slope (closer to zero), which implies
lower ohmic losses for this channel depth and a higher stability of the data between curves,
with CO, bubbles having a smaller effect. When the power densities in Figure 5b are
compared, the averages for 0.5 mm and 1.5 mm channel depth are higher than the average
for 1.0 mm. This implies a higher energy consumption for very low or very high channel
depths to produce the same theoretical amount of hydrogen.
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Figure 4. Polarization and power density curves of the MEC single-cell with anode channel depths

of (a) 0.5 mm, (b) 1.0 mm and (c) 1.5 mm. Results obtained at a temperature of 60 °C, a methanol

concentration of 1 M and methanol flow rate of 3 mL-min~1.
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Figure 5. (a) Minimum slope of the MEC single-cell polarization curve in the ohmic region.
(b) Maximum power density obtained from the MEC power density curve for a current density
of 300 mA-cm~2. Results obtained for anode channel depths of 0.5 mm, 1.0 mm and 1.5 mm at a
temperature of 60 °C, a methanol concentration of 1 M and a methanol flow rate of 3 mL-min—1.

The results presented for MECs with the three channel depths studied indicate that,
working at low current densities, a MEC with a shallower anode channel depth performs
better. However, when working at current densities higher than 80 mA-cm~2, an interme-
diate anode channel depth of 1.0 mm shows better results, reducing the electrical energy
needed to produce hydrogen from aqueous methanol.

3.3. Direct Methanol Fuel Cell

As can be seen in Figure 6, the shallowest anode channel depth studied, 0.5 mm, among
those studied in this work, improves the performance of the DMFC single-cell, presenting
a higher peak power density and greater data stability despite the higher influence and
value of crossover at low current densities for shallower channels. This performance
improvement could be attributed to the increase of flow velocity, the consequently pressure
drop and the increase of mass transfer from the channels to the GDL. Additionally, a
shallower channel results in a higher pressure drop between the two sides of the same
rib favoring the transport of methanol under the rib, which is associated with a better
removal of bubbles under this rib. The effect of channel depth on performance can be
qualitatively explained for this case using two-phase flow theory. At a constant flow rate,
decreasing channel depth reduces the cross-sectional area, increasing superficial velocity
and promoting CO, bubble removal. This improves reactant access to the catalyst layer
and reduces mass transfer resistance [39], as bubble blockage can be reduced.

For the 1.0 mm and 1.5 mm channel depths, the confidence intervals for both the
polarization and power density curves are very wide. This reflects the instability of results
obtained for various curves as CO, bubbles accumulate forming gas slugs due to lower
fluid velocity, and methanol does not reach the GDL properly [77]. As the channel depth
increases, the flow velocity decreases, reducing the flow of liquid present for the CO,
bubbles to sweep up. During the polarization curve tests with a channel depth of 1.5 mm,
CO; slug flow can be observed at the exit of the anode channel. This phenomenon could
impede CO, removal, ultimately affecting DMFC performance and leading to a decrease in
peak power density.
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Figure 6. Polarization and power density curves of the DMFC single-cell with anode channel depths

of (a) 0.5 mm, (b) 1.0 mm and (c) 1.5 mm. Results obtained at a temperature of 60 °C, cathode pressure

1 bar, oxygen flow rate of 110 mL-min

3 mL-min~1.
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, a methanol concentration of 1 M and methanol flow rate of
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Furthermore, Figure 6 shows the increasing in the confidence interval amplitude as
the current density increases. This phenomenon may be explained with the pressure drop
variation due to increased bubble and gas slug generation. At lower current densities Wei
Yuan et al. [77] reported a smaller variation of the pressure drop and bubble generation,

2 onwards.

being more important from a current density of 80 mA-cm™

Figure 7 shows the data derived from the analysis of the DMFC polarization curves
obtained for each of the anode channel depths studied. As can be seen in Figure 7a, a
shallower channel depth implies a smaller confidence interval in the maximum slope value,
as well as a higher value of this parameter (closer to cero). As the anode channel depth
increases, this slope decreases, implying more overpotential in the ohmic region. The ohmic
region was selected to evaluate the maximum slope as it exhibits a linear voltage—current
relationship primarily governed by internal resistances, such as membrane conductivity,
contact resistance and electronic losses, whereas activation kinetics and mass transport
limitations dominate the low and high-current regions, respectively. In Figure 7a results
show that a shallower channel helps to reduce the ohmic polarization, improving the
performance of the DMFC.
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Figure 7. (a) Maximum slope of the DMFC single-cell polarization curve in the ohmic region. (b) Open
circuit voltage of the DMFC single-cell polarization curve. (¢) Peak power density obtained from
the DMFC power density curve. Results obtained for anode channel depths of 0.5 mm, 1.0 mm and
1.5 mm, at a temperature of 60 °C, cathode pressure 0.1 MPa, oxygen flow rate of 110 mL-min~!
methanol concentration of 1 M and methanol flow rate of 3 mL-min~!.

7

In Figure 7b, a smaller variation in the open circuit voltage (OCV) data can be observed
for a shallower channel depth. As the average OCV values are very close for the three
channel depths, a larger confidence interval can imply either a lower OCV or a higher
OCYV for deeper channels. It is expected that increasing the channel depth will decrease the
transport of fuel species from the anode to the cathode, which would imply a higher OCV.

The comparison in Figure 7c of the maximum power density obtained for each channel
depth shows that the average for a shallower channel is higher, while the confidence
interval of this parameter for the rest of the channel depths overlaps. This parameter is
important in the choice of channel configuration to be used in a DMFC, and the results
presented in this figure imply a higher power generation for shallower channels among
those compared. However, despite the increase in average peak power density observed
when moving from an anode channel depth of 1.5 mm to a depth of 0.5 mm, 33.2 mW-cm 2
and 37.9 mW-cm ™2, respectively, it should be noted that the decrease in channel depth
also implies an increase in pressure drop along the channel. This, in turn, increases the
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power required for pumping the methanol solution. Consequently, the overall efficiency
of a DMFC system could decline with shallower channels. Furthermore, a lower channel
depth than the 0.5 mm tested could produce a worse performance due to factors including
methanol crossover and the void fraction of CO,. For these reasons, future research should
examine the trade-off between the advantages and disadvantages arising from the alteration
in channel depth for a DMFC stack and its auxiliary systems.

Upon reviewing the outcomes outlined for MEC and DMEFC, a distinct pattern emerges:
an anode channel depth set at 0.5 mm proves most effective for DMFC single-cell, while
MEC demonstrates superior performance with anode channel depth set at 1.0 mm. This
may be due to the fact that for lower current densities (case of a DMFC) and therefore
lower CO, production, a decrease in channel depth increases the velocity by keeping the
volume flow rate constant, allowing the methanol to reach the GDL and quickly remove
CO,. However, increasing the current density (case of a MEC) increases the amount of
CO, produced, and by decreasing the channel to 0.5 mm this CO, cannot be removed
easily. In this case a change in the two-phase flow occurs, partially preventing the methanol
oxidation reaction. This current density change can be observed in Figures 4 and 6, as
under identical operating conditions (60 °C, 1M methanol and flow rate of 3 mL-min~!),
the DMFC single-cell reached current densities in the range of 140 to 180 mA-cm~2, while
the MEC achieved up to 400 mA-cm~2. These values reflect the fundamental difference
between both systems: the MEC is externally powered and drives a non-spontaneous
methanol electrolysis reaction, while the DMFC relies on the spontaneous oxidation of
methanol coupled with oxygen reduction, as stated in Section 1.

4. Conclusions

This study systematically evaluated the impact of several anode channel depths on
the performance of DMFC single-cells and, for the first time, of MEC single-cells, through
the analysis of methanol crossover, polarization and power density curves. It was observed
that shallower channels for DMFC increase methanol crossover but improve mass transfer
efficiency, enhancing performance. However, shallower channels in the MEC worsen
performance since a decrease in the depth at high current densities can produce that the
channel may be clogged by CO, bubbles more easily. Deeper channels reduce crossover but
face challenges in maintaining effective mass transfer, leading to performance deterioration
in both cell types. Quantitatively, reducing the anode channel depth from 1.5 mm to 0.5 mm
enhanced mass transfer efficiency, increasing the DMFC peak power density by 14.2%
(from 33.2 to 37.9 mW-cm~2), while methanol crossover rose by 30.3%. In the MEC, this
reduction in channel depth decreased the theoretical energy consumption for hydrogen
production. These findings highlight the significant role of channel geometry in balancing
mass transfer and crossover.

Channel depth of 0.5 mm exhibited superior performance in the DMFC, showcasing
higher peak power density and improved stability despite increased crossover. The MEC
with 0.5 mm anode channel depth demonstrated favorable voltage at lower current den-
sities due to minimal CO, generation and increased methanol crossover. This crossover
may result in an improvement in the electrochemical efficiency of hydrogen production,
presenting a reduction of 4.2% in the theoretical energy required for the production of
hydrogen when the channel depth is shrunk from 1.5 mm to 0.5 mm when working at
40 mA-cm 2. However, when the current density was increased, the 1.0 mm channel show-
cased sufficient velocity to enhance mass transfer from the channel to the GDL, making it
the best option among those studied for MEC anode channels.

Shallower channel depths demonstrated enhanced mass transfer efficiency but in-
creased methanol crossover, while deeper channels reduced crossover but suffered from
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compromised mass transfer. These findings underscore the critical role of channel depth
in efficiency of both DMFC and MEC single-cells. In this study different anode channel
depths optimized performance for distinct electrochemical devices: 0.5 mm depth enhanced
DMEC performance, whereas MEC exhibited superior performance with a 1.0 mm anode
channel depth.

The influence of bubble regimes at different current densities on the behavior of
DMEC and MEC, and their relationship with channel depth, flow velocity and pressure
drop indicate the importance of studying these parameters for both devices. The effect of
volumetric flow variation on the performance of both devices at different channel depths
needs to be further studied, as well as its implication on the power consumption of systems
based on these technologies. By studying this relationship, a solution could be found
to increase the efficiency of systems based on the use of MECs and DMFCs. Besides,
the implementation of electrochemical impedance spectroscopy (EIS) in future studies
would help to decouple resistive losses and provide further insight into the role of channel
geometry on cell performance.

From an application perspective, the findings of this work offer practical design guide-
lines for improving plate flow fields in compact methanol-based devices within the use of
methanol as hydrogen carrier and energy vector. These insights support the development
of portable DMFCs for low-power technologies, and MECs for decentralized hydrogen
production in marine or mobile systems, where methanol logistics offer an advantage.
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