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Abstract. Research efforts have been centred on creating potential methods for producing green energy. A

viable choice in this regard is fuel cells. Air breathing direct methanol fuel cell (AB-DMFC) is one of the many

types of fuel cells, that is becoming increasing popular as a source of electricity for recharging portable elec-

tronic devices. The current study examined AB-DMFC performance equipped with various open ratio (OR)’s of

cathode current collector (CC) such as 38.5%, 45.4%, and 55.4%. The cathode CC in an AB-DMFC is extremely

vital to the operation of the fuel cell since it collects electrons, promotes oxygen flow for the cathode reaction

and removes water bubbles produced at the cathode side, among other critical functions. For each open ratio of

CC, the anodic fuel is supplied by external components like pumps with a concentration range of 1 M to 4 M

methanol. When compared to other two open ratios, the experimental findings demonstrated that CC with a

45.4% OR at 2M of methanol concentration generated maximum power density (MPD) of 7.75 mW/cm2. The

next stage of experiments continued with the addition of alkali solution (NaOH) to methanol fuel, and it was

found that adding alkali solution to methanol fuel enhanced the MPD of 8.5 mW/cm2 and decreased methanol

cross over compared with conventional AB-DMFC.

Keywords. Air breathing-direct methanol fuel cell (AB-DMFC); current collector (CC); open ratio (OR);

methanol crossover (MCO).

1. Introduction

Portable electronic gadgets such as computers, laptops,

music players, personal digital assistants and cell phones

are becoming increasingly popular. Higher power density

and quick charging batteries are required for the above

gadgets [1, 2]. Fuel cells are an alternative source of

electrical energy that might be utilised to power these

gadgets. Direct methanol fuel cell (DMFC) is a potential

technology and an alternate power source because of its low

operating temperature, maximum power density, low

emission, high efficiency, noise-free operation, stress-free

handling, and less frequent charging.

Based on how the reactants are provided, DMFC may be

divided into two types: (1) passive DMFC and (2) active

DMFC. In an active DMFC, a pump delivers dilute

methanol (water and methanol solution) to the anode, while

a compressor or blower delivers the oxidant (oxygen or air)

to cathode [3]. There are no auxiliary constituents such as

pumps, fans, or blowers for providing reactants in the

passive DMFC. Diffusion (concentration gradients), gravity

and capillary pressure are used to passively provide reac-

tants, namely, diluted methanol and air/oxygen to catalyst

layers.

A great deal of study has gone into determining the

process in the fuel cell, as well as the elements that impact

DMFC’s performance. The term ‘‘over potential’’ refers to

a measurement of the cell’s losses. Both the anode and the

cathode suffer from over potential losses. The following are

some of the contributing elements that have a negative

effect on AB-DMFC performance;

• Sluggish Methanol oxidation kinetics.

• Water crossover and methanol crossover (MCO)

through the membrane.

• Issues with appropriate water management and tem-

perature control inside the cell.

The first element increases the anodic over potential.

Moreover, it reduces the cell’s voltaic efficiency. Under-

standing the kinetics of methanol oxidation has been the

subject of extensive research, and as a result, effective

binary and ternary catalysts for membranes been
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developed. These catalysts would ensure adequate solution

mixing and speed up the reaction. MCO, which occurs at

increasing methanol concentrations, is the most difficult

challenge in DMFC. The cathode over potential is caused

by MCO from anode to cathode, and its interaction with

oxygen at cathode inhibits cell performance [4, 5].

Braz et al [6] experimentally studied the influence of

perforated current collector (CC)s with OR (open ratio)s of

34%, 42%, and 64.0% on the performance of passive-

DMFC. A concentration of methanol 2M is produced by

using CC with lower OR (34%) on both the cathode and

anode sides. They observed that lower OR of 34% was

reported to outperform the other two ORs in cell

performance.

Tang et al [7] showed that the performance of DMFC

was influenced by OR of the current collector in two dif-

ferent ways. On the one hand, a greater OR expands the

area available for mass transfer passage and makes it easier

to get rid of gas bubbles that are formed and any leftover

water. On the other hand, a greater open ratio typically

causes severe methanol crossover and higher methanol rate

of permeation, which reduces the cell’s performance and

the efficiency of methanol consumption.

Calabriso et al [8] analysed the impact of perforated CC

with OR of 17% and 35% on the performance of a passive

DMFC through experimentation. They found that fuel cell

performance was enhanced by a 35% open ratio CC.

Similarly, Borello et al [9] investigated the effect of CCs

with OR of 36.0% and 38.0% on the performance of pas-

sive-DMFC. It was found that higher CC with OR of 38.0%

had higher cell performance in the range of methanol

concentrations from 1M to 3M.

Kim et al [10] performed research on a passive DMFC

by placing a thin metal barrier between two halves of

MEA’s. The metal barrier linked DMFC cell architecture

was shown to successfully limit methanol crossover. In

addition, compared to baseline configuration with no metal

barrier, cell performance enhanced by 37.5%.

Yuan et al [11] examined the performance of micro AB-

DMFC in relation to operating factors of methanol flow

rate, concentration and cell temperature. The findings

revealed that the best fuel cell performance was accom-

plished with a mixture of 1M methanol concentration and

1ml/min flow rate of methanol at 60�C operating

temperature.

Mei et al [12] examined the passive-DMFC performance

using a (PBI membrane) phosphoric acid doped polybenz-

imidazole membrane. In comparison to Nafion membrane,

it was discovered that PBI membrane decreased methanol

crossing.

Yang et al [13] found that in an active DMFC system, the

serpentine flow field design is preferred to the parallel on

the bipolar plate anode side. There are fewer CO2 bubbles

in the single serpentine flow field design than parallel

design. The CO2 generated in the anode is carried away by

reactant flow since the serpentine profile has just one route.

Kordesch et al [14] discovered that the performance of

an active DMFC can be improved by modifying the

membrane and introducing a circulating electrolyte. Their

research demonstrated that the addition of an electrolyte

layer between the Membrane Electrode Assemblies (MEA)

helps to decrease MCO. In a separate study, Jung and et al
[15] investigated the impact of the microporous layer

(MPL) on fuel cell performance. Their findings showed that

the use of anode MPL reduced MCO and enhanced cell

performance. However, when a cathode MPL was used, it

retained water at the cathode side when resulted in reduced

cell performance.

Liu et al [16] used a microporous layer-coated cathode to

perform research on a passive DMFC (CML). Ammonia

and carbon nanotubes were used to make the CML. It was

discovered that using CML increased the cell’s perfor-

mance by up to 30.3%. Water removal capability near the

cathode also increased, as was the gas transferring char-

acteristic of the gas diffusion layer.

Sabet-Sharghi et al [17] carried out experiments on a

DMFC by altering the flowing electrolyte’s (FE) concen-

tration, flow rate and channel thickness. Cells with thicker

membranes and 0.6 mm FE channels achieved greater peak

power density in a 2 M methanol concentration solution.

AA Najmi et al [18] modified Nafion117 membrane with

NaOH (Na? form) solution and used it as a cation

exchange membrane (CEM) in a passive DMAFC (Direct

Methanol Alkaline Fuel Cell) and compared it to a pristine

Nafion117 (H? form) membrane in a passive DMFC. The

concentrations of methanol and NaOH in the anode fuel

reservoir had an impact on DMAFC power output, and the

ideal value for achieving the highest power output was

identified. When the concentrations of methanol and NaOH

were 1M and 4M, respectively, the passive DMAFC’s

maximum power density (MPD) was 3.0 mW/cm2.

In addition, researchers have suggested many ways to

improve the cell performance, such as using passive

DMAFC through anion exchange membrane (AEM)

[6, 19], and [20]. In comparison to DMFCs operating in

acidic medium, DMAFC systems may have benefits in

basic condition. First, compared to traditional DMFCs,

electro-catalytic MOR (Methanol Oxidation Reaction) and

ORR (oxygen reduction reaction) are more facile in alka-

line medium than in acidic medium [21, 22]. As opposed to

conventional DMFCs, it allows the use of non-precious

metal catalysts with reduced catalyst loading. Second, the

DMAFC works with migrating ions that are no longer

proton, which can reduce the amount of methanol that

crosses the membrane due to electro-osmosis. The fuel

crossover through the membrane from the anode to cathode

in the anion exchange membrane in DMAFC is the opposite

of the direction of OH- ions from cathode to anode. This

results in suppressing the MCO [16, 23].

Based on the literature review, it is clear that most of the

research is concerned with the influence of various CC

designs on passive DMFCs performance. Some research
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has been carried out on the effects of methanol flow rate

and concentrations on the performance of AB-DMFC. A

few researchers have worked on lowering MCO and

enhancing the cell performance. Water and methanol

crossover are the main issues with AB-DMFC, although

they may be reduced by choosing a suitable OR for CCs

and concurrently ensuring greater contact between CC and

MEA. This problem may be solved by appropriately

changing the CC design and adding alkali solution to

methanol fuel.

The current section analysed the effect of cathode CC

with different ORs on the performance of AB-DMFC was

also investigated by adjusting the ORs (38.5%, 45.4%, and

55.4%) and comparing results available in the literature

with the current work, as shown in table (1). In addition,

experiments were carried out to determine how the

methanol flow rate and concentration influenced cell per-

formance. The feasibility study of AB-DMFC using CEM

was reported in the current paper. Finally, by adjusting the

concentrations of methanol and alkali solutions, the AB-

DMFC performance was investigated.

2. Experimental studies

The experiments were carried out the following sub

sections.

2.1 Experimental setup and test conditions

As illustrated in figure 1, a single cell AB-DMFC with an

active area of 5 cmx5 cm was developed. The fuel cell is

made up of two acrylic end plates, one for anode and the

other for cathode. The MEA is a component of a fuel cell

that facilitates electrochemical reaction. It comprises two

diffusion layers and two catalyst layers.

The membrane used in this particular MEA was Nafion

117, which is a proton exchange membrane. The anode,

which is the electrode where oxidation occurs, has a load-

ing of 4 mg cm-2 of Pt-Ru/c catalyst. The cathode, which is

the electrode where reduction occurs, has a loading of 4 mg

cm-2 of Pt/c catalyst. Perforated CC’s were made of 316L

stainless steel having open ratios of 38.5%, 45.40% and

55.40% were used.

In ABDMFC, using a peristaltic pump, the methanol

solution was fed to the cell anode side, whereas oxygen

from ambient air was naturally carried to reaction sites.

The current-voltage information was recorded using a

DC (direct current) electronic load bank. One minute was

taken into consideration for every voltage recording in

order to get consistent voltage. Figures 1 and 2 show the

construction of the experimental setup. For every methanol

flow rate and concentration, experiments were carried out at

least three times. For the purpose of drawing polarisation

curves, average values were taken into account.

Prior to conducting the test, fresh MEA was activated for

12 hours in a solution containing 1 M methanol prior to the

experiment, and it was then delivered to the anode flow

channel using a peristaltic pump at a methanol flow rate of

1ml/min. The experiment was carried out at room temper-

ature of 25 to 30�C, and at 60 to 65% relative humidity.

2.1a Cell fixture: The AB-DMFC was made up of a

Nafion117 membrane with a 5.0 9 5.0 cm active area that

was positioned in the midst of two anodes and cathode CCs,

which were held in place by two end plates. Polymethyl-

methacrylate (PMMA) material with an 18mm thickness

was used to make a pair of cathode and anode fixture plates.

The anode CC was made of solid 2-mm thick copper

plate. As the anode flow field, a graphite plate with a 1-S

flow field that had 1mm channel width, 1mm channel depth,

and 1mm rib was employed. 5 N-m of manual torque was

used to tighten the bolts in the whole assembly of AB-

DMFC.

2.2 Experimental procedure

The experiments were conducted in two stages. In the first

stage, a perforated current collector (PCC) with three dif-

ferent ORs of 38.5%, 45.4% and 55.40% was considered in

the current study, as shown in figure 3. As the anodic fuel, a

diluted methanol solution with a range of concentrations

from 1 to 4 M was used in the cell for three current col-

lectors. A single serpentine (1-S) flow field channel was

carved upon a graphite plate to produce the anode flow field

plate. Experiments were carried out to see how the cathode

CC design affects the performance of AB-DMFC, as well

as altering the flow rate and methanol concentration. The

experiments in the second stage examined the effect of the

addition of NaOH (concentration of NaOH from 1 to 6 M)

to 2 M methanol fuel. The addition of NaOH solution to

methanol improved electrochemical kinetic reactions while

simultaneously increasing ionic conductivity across the

membrane.

2.3 Uncertainty analysis

Uncertainty occurs due to repeated experiments, device and

laboratory conditions, human error, instrument calibra-

tion, environmental factors etc., [22]. The calculated

uncertainty for every component of equipment and the

percentage of uncertainty is shown in table 1.

3. Results and discussion

3.1 Influence of experimental parameters on AB-
DMFC performance

Figure 4 (a, b, c and d) illustrates the effect of different

anode flow rates (1, 2, 3, and 4 ml/min) on the performance
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of an AB-DMFC operating at room temperature, with dif-

ferent methanol (CH3OH) concentrations (1M, 2M, 3M and

4M). Increasing the methanol concentration from 1 M to 4

M enhances methanol mass transfer to the anode catalyst

layer and improves the kinetics of the methanol oxidation

process. This characteristic is advantageous as it allows for

maximum power density (MPD) of AB-DMFC to be

improved at a 2M concentration and extends its operating

duration. This improvement occurs because the reaction

kinetics of the cell are enhanced, resulting in better output.

However, at higher methanol concentrations (3 M),

concentration losses significantly affect the cell perfor-

mance. It appears that the methanol crossover in a fuel cell

is causing a number of issues that affect the cell’s perfor-

mance. Methanol crossover occurs when methanol mole-

cules from the anode side of the fuel cell diffuse through

the membrane and reach the cathode side. This can lead to a

number of problems, including:

1. Mixed over potential losses: Methanol crossover

increases the concentration of methanol at cathode,

which can lead to mixed over potential losses. This

occurs when the concentration of reactants (oxygen and

methanol) at the cathode is not optimal, leading to a

decrease in the efficiency of cathode reaction.

2. Cathode catalyst poisoning: Methanol crossover can also

cause the cathode catalyst to become poisoned. This

occurs when methanol molecules adsorb onto the

catalyst surface and block active sites, preventing

oxygen from reacting with the catalyst.

3. Cathode water flooding: Methanol crossover can also

lead to the production of water at the cathode. This water

can accumulate and cause flooding, which blocks the

pores of the cathode diffusion layer and reduces the

efficiency of the cell.

4. Fuel wastage: Methanol crossover also leads to the loss

of fuel from the anode side of the cell, which reduces the

overall efficiency of the system.

Figure 1. (a) AB-DMFC complete experimental setup, (b) Experimental setup schematic diagram.
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5. Obstruction of oxygen flow: Methanol crossover can also

obstruct the flow of oxygen through the cathode

diffusion layer, further reducing the cell’s efficiency.

6. Deterioration of membrane quality: Methanol crossover

can cause the membrane to degrade over time, reducing

its ability to prevent methanol from diffusing through.

To address these issues, researchers are exploring a range

of strategies, such as developing new materials with higher

methanol-blocking capabilities, optimizing the design of

the fuel cell, and using innovative membrane materials that

are more resistant to methanol crossover.

When the methanol flow rate was increased from 1 to 2

ml/min, the cell’s performance improved, peaked at 2 ml/

min, and then declined at 3 ml/min. As previously men-

tioned, increasing the methanol flow rate for lower rates

leads to enhanced cell performance due to increased

methanol availability at the anode catalyst layer. However,

for higher methanol flow rates, the negative impact of

methanol crossover on fuel cell behaviour becomes sig-

nificant. Thus, the optimal flow rate for enhanced cell

performance was determined to be 2 ml/min [24].

Figure 2. Components of AB-DMFC.

Figure 3. Cathode CCs with three diferent ORs (a) 38.5%, (b) 45.4%, (c) 55.40%.

Table 1. Summary of measurement uncertainties for several

parameters using the DC electronic load bank

Parameter Unit Uncertainty (%)

Power Watts (W) 0.31

Voltage Volts (V) 0.28

Current Amperes (A) 0.15
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3.2 Influence of cathode CC with different OR

3.2a Cathode CC with 38.5% OR: Figure 5 shows the

performance characteristics of an AB-DMFC utilising a CC

with 38.5% OR at various methanol concentrations. The

figure shows that the cell performance improved as the

methanol concentration increased. It is obvious that when

the methanol concentration improved, the cell’s MPD

improved. The MPD generated by AB-DMFC at 4 M

methanol concentration and a current collector open ratio of

38.5% was 7.36 mW/cm2. Similarly, Figures 6 and 7 show

the performance parameters of AB-DMFC using cathode

CC with 45.4% and 55.40% ORs, respectively.
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Figure 4. MPD curves of the AB-DMFC at various anode flow rates.
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Figure 5. Influence of methanol concentration on the performance of the cell for a 38.50% open ratio cathode current collector.
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3.2b Cathode CC with 45.4% OR: From figure 6, it can

be observed that the influence of methanol concentration is

not constant, as in the case of CC with 45.4% OR, i.e., the

performance of the cell does not continually improve as the

methanol concentration rises. The cell performance initially

increased with an increase in methanol concentration of up

to 2M. However, the methanol concentration was increased

further from 2M to 4M, the AB-DMFC performance dete-

riorated. The cell with a CC of 45.4% OR has an MPD of

7.75 mW/cm2.

3.2c Cathode CC with 55.4% OR: From figure 7, it is

clear that the influence of methanol concentration on the

performance of the fuel cell is not straightforward and is

influenced by various factors, including the current col-

lector open ratio (OR) and the cathode CC.

For the cell with a CC of 55.4% OR, the performance

initially improved when methanol concentration was

increased from 1M to 3M. However, beyond 3M methanol

concentration, the performance began to decline. The fuel

cell’s maximum power density (MPD) was achieved at a

concentration of 3 M methanol, where it was 6.8 mW/cm2.

Furthermore, the effect of methanol concentration on the

cell performance was not consistent across different current

collector open ratios. Additionally, optimal methanol con-

centration that provides the best cell performance is influ-

enced by the OR of cathode CC. Therefore, it is important

to consider these factors when optimizing the performance

of the fuel cell.

The performance of AB-DMFC can be summarized as

having a mixed response to an increase in cathode CC with

different OR. On the other hand, an increase in CC with OR

expands the area for reactant passage and promotes the

mass transfer of reactants. As a result, it increases the

reaction rate and improves fuel cell performance. It also

makes it easier to remove the reaction’s by-products, CO2

and H2O, from the reaction sites. This has the advantage of
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Figure 6. Influence of methanol concentration on the performance of the cell for a 45.4% open ratio cathode current collector.
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Figure 7. Influence of methanol concentration on the cell performance for a 55.4% open ratio cathode current collector.
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improving fuel cell performance. However, if the CCs of

OR increase, there will be more MCO flowing from anode

to cathode, which will result in mixed potential on the

cathode reaction region. The fuel utilisation rate falls as a

result of mixed over potential, and the unreacted methanol

prevents oxygen from reaching the cathode reaction sites.

The performance of the cell is adversely affected. The CC

contact area with reaction sites decreases as OR of the CC

increases. This decreases the CC’s capability to conduct

more electrons and thus adversely affects the performance

of the cell.

Additionally, the OR of CC affects the cell’s electrical

impedance. However, when methanol concentration rises, it

diffuses more quickly between the anode diffusion layer

and the anode catalyst layer, increasing the amount of

methanol that is accessible for the reaction close to the

membrane. Methanol concentration has a negative side

effect because it increases the chance of MCO from anode

to cathode. This leads to deterioration of cell function and a

rise in mixed over potential losses. As a result, the OR of

CC and the concentration of methanol have an overall

positive and negative influence on the cell performance.

Figures 5, 6 and 7 show the difference of MPD and

maximum current density (MCD) with methanol

concentration for CC with three different ORs. For a cur-

rent collector with 38.5% OR, the MPD rises as the

methanol concentration improved from 1M to 4M. When

methanol concentration increased from 1M to 2M for a

current collector with 45.40% OR, the MPD first rises and

then falls. When the methanol concentration is increased

from 1M to 3M for CC with an OR of 55.5%, the MPD first

rises and then decreases.

In the current range of methanol concentrations of 1M to

4M and for the CC with ORs of 38.5%, 45.4% and 55.4%,

it can be understood that the fuel cell with CC having

45.4% OR demonstrated the best cell performance with

maximum values of MPD and MCD at 2M methanol con-

centration. The cell with CC of 45.40% OR provided the

highest power density values (7.75 mW cm22) among three

current collectors.

3.3 The influence of NaOH concentration on AB-
DMFC performance

Figure 8 shows the performance of the cell at various

NaOH concentrations with a constant methanol concen-

tration. When the methanol concentration was 2M, the cell
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Figure 8. Influence of NaOH concentration on the AB-DMFC performance when the concentration of methanol was fixed at 2M.

Table 2. Experimental results are comparison with literature

Author

Active area

(cm2)

Methanol concentration

(M)

Type of membrane

used

Current collector open ratio

(%)

MPD (mW/

cm2)

Yousefi et al
[21]

100 4 N-117 36 5.2

Braz et al [6] 25 2 N-117 34 3.14

Murali et al
[23]

25 1.5 N-117 44 7.4

Tang et al [7] 9 2 N-117 38 8

Present work 25 2 N-117 45.4 8.5
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performance enhanced noticeably when the NaOH con-

centration was improved from 1 to 3M, but it dropped

noticeably when the NaOH solution concentration was

improved from 4 to 6M. In general, the local concentrations

of both methanol and hydroxyl ions in the anode catalyst

layer impact the power output and performance of an anode

catalyst, which in turn causes more reactions to generate

electricity. When the methanol or hydroxyl ions concen-

tration changes, on the other hand, will cause a change in

the opposite side. Increasing the NaOH solution concen-

tration from 1M to 3M for a 2 M methanol concentration

can enhance the hydroxyl ions concentration to a level that

corresponds to the methanol concentration at the surfaces of

active catalysts. The kinetics of methanol oxidation may be

improved by enhancing the NaOH solution concentration to

an acceptable level, which improves the MPD and cell

performance. However, if the NaOH solution concentration

is improved to 4 M, the concentration of hydroxyl ions at

the active catalyst surface will be too high, corresponding

to 2M concentration of the methanol, causing difficulty in

methanol adsorption to the active reaction site, lowering the

electrochemical kinetics and reducing performance of the

fuel cell [24].

The present experimental results were compared with

those available in literature, as shown in table 2. The MPD

of present work is better than the values obtained by pre-

vious studies. It was found that adding alkali solution to

methanol fuel enhanced MPD and decreased MCO.

4. Conclusions

The present work depicts an experimental study on the

influence of cathode CC with different OR and the addition

of alkali solution (NaOH) to methanol solution on AB-

DMFC performance. The experiments were also carried out

at cathode CC of three ORs, i.e. 38.5%, 45.40%, and

55.40% respectively. The methanol concentration for each

of these three CCs was varied from 1M to 4M. It was

revealed that the methanol flow rate and concentrations also

influenced the optimum value of CC with OR.

The experimental results led to the following

conclusions.

• The performance of AB-DMFC is affected by

methanol concentration. It was discovered that the

optimal methanol concentration for the cell was 2 M.

The optimal flow rate for methanol was determined to

be 2 ml/min, and it was found that this flow rate also

affects performance of the cell.

• The performance of the cell is affected inconsistently

by CC open ratio. It was noticed that the optimal OR

value varied with methanol concentration. As a result,

the CC with an OR of 45.4% shown improved cell

performance at 2M concentration of methanol, while

the CC with 38.5% of OR provided the highest fuel

cell performance at 4M methanol concentration.

• Within the current experimental range of methanol

concentrations of 1M to 4M and three cathode CCs of

open ratios 38.5%, 45.4%, and 55.40%, the fuel cell

performed best at 2M methanol concentration with CC

at 45.4% of OR.

• It was observed that the anode fuel reservoir’s

methanol concentration and NaOH concentration both

affect the maximum power output of AB-DMFC, and

the optimal value for generating the highest power

density was discovered.

• When the concentrations of the methanol and the

NaOH were 2M and 3M, respectively, AB-DMFC’s

MPD was 8.5 mW/cm2. It was found that adding alkali

solution to methanol fuel enhanced MPD and

decreased MCO. Finally, it was shown from the

experimental results that the anode flow rate, the OR

of cathode CC, and the addition of alkali solution all

significantly affect the AB-DMFC performance.

Abbreviations
AB-DMFC Air Breathing Direct Methanol Fuel Cell

DMFC Direct Methanol Fuel Cell

LE Liquid Electrolyte

FE Flowing electrolyte

CC Current Collector

OR Open Ratio

MPD Maximum Power Density

MCD Maximum Current Density

MCO Methanol Crossover

MPL Microporous Layer

MEA Membrane Electrode Assemblies

1-S Single serpentine

DC Direct Current
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