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Abstract
This paper aims to present the influence of anode catalyst supports, current collector open ratio, liquid electrolyte layer 
incorporated membrane, and methanol concentration on the passive Direct methanol fuel cell (DMFC) performance. Cur-
rent collectors with three different opening ratios of 45.40%, 55.40% and 63.05% were considered in the present study. For 
the three current collectors, the fuel cell is operated with diluted methanol solution (concentration varied from 1 to 5 M) as 
the anodic fuel. The experimental results showed that the current collector with 55.40% open ratio at 3 M of methanol con-
centration produced the MPD compared to the other two open ratios. A liquid electrolyte (LE) layer was inserted in between 
the two half MEAs to recuce the methanol crossover. It was noticed that the LE-DMFC gave the best performance with all 
the three current collector having different opne ratios. Similarly, the effect of two anaode catalyst layers was also studied. 
From the experimental results, it was noticed that the fuel cell performance improved by using the MEA with two layers of 
anode catalyst of Pt-Ru/Carbon black + Pt-Ru/C.

Keywords Passive DMFC · Anode catalyst supports · Perforated current collectors · Liquid electrolyte layer · Methanol 
concentration · Fuel cell performance

Abbreviations
LE  Liquid electrolyte
CC  Current collector
OR  Open ratio
MEA  Membrane electrode assembly
MPD  Maximum power density
MCD  Maximum current density
MOR  Methanol oxidation reaction
ORR  Oxyen reduction reaction

Introduction

Portable electronic devices such as personal data assis-
tants, mobile phones, laptops, computers etc., are playing 
a important role in the day to day life throughout the world 
(Yunphuttha et al. 2012). The current rechargeable battery 

technology will not reach the present requirements for charg-
ing these devices. The increase in demand for these devices 
and the scarcity of conventional energy sources will pose a 
serious challenge. Fuel cell technology gives a feasible solu-
tion to reach these challenges. Out of the different types of 
fuel cells, DMFCs are best suited for such applications by 
virtue of their higher energy density (Irannejad et al. 2019; 
Ulas et al. 2018).

DMFCs are of two types, viz., passive and active. In the 
active DMFC system, the fuel at the anode and the oxidant at 
the cathode are supplied by a pump and an external compres-
sors, respectively. In the passive DMFC system, the anodic 
fuel and the oxidant at the cathode are supplied by diffusion 
and natural convection process, respectively. The passive 
DMFC is very useful for charging small electronic devices, 
which has no harmful emissions other than carbon dioxide. 
The design of the current collectors plays a major role in 
the passive DMFC system. The current collectors (CC) are 
fabricated by pressing and cutting operation or by laser cut-
ting technology. In the passive DMFC,CC are made with 
different shapes of perforations such as circular, rectangular, 
hexagon, triangular, etc.
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Yousefi et al. (2012, 2013) pioneered the study of large 
active area of single cell passive DMFC. They experimented 
on the influence of various parameters such as methanol 
molar concentration, sealing design, and end frame designon 
the passive DMFC performance. They concluded that the 
cell performance enhanced with increase in the methanol 
concentration up to 4 M, and there after the cell perfor-
mance deteriorated. This decrease in the cell performance 
was attributed to methanol crossover. Yang et al. (2007) 
experimentally studied the impact of CC structure on the 
cell performance. They found that circular CC on the cath-
ode side and parallel CC on the anode side were the best. 
Borello et al. (2014) tested the performance of two types of 
perforated CC of OR 36% and 38%. It was noticed that 38% 
and 36% open ratio current collectors gave their best at 1M, 
2 M and 4 M methanol concentration, respectively.

Xue et al. (2015) numerically investigated the effect of 
geometry of the circular holes on the cathode CC with inclu-
sion of distance between them. They revealed that the CC 
with small uniformly sized holes was better at the cathode 
side. Scott et al. (2001) analysed the outcome in use of metal 
meshes as flow fields for DMFC. It was identified that rela-
tively thick mesh with low voidage along with rough surface 
was promising. Shrivastava et al. (2014a, b) analysed the 
effect of adding as Supporting plate for the stainless steel 
wire mesh current collector (WMCC) in a passive DMFC. 
Enhancement in cell performance was reported with the 
incorporation of the supporting plate because of the phe-
nomenon of optimum diffusion layer compression. Mallick 
and Thombre (2017) and Mallick et al. (2016) experimen-
tally studied the influence of clamping torque along with 
expanded metal mesh current collectors (EMCC) with sup-
porting plates on the performance of a single passive DMFC. 
They noticed that uniform clamping torque up to 8 N-m 
showed the best performance. Falcão et al. (2016) analysed 
the outcome of meshes, which were placed between the CC 
and MEA. Their results revealed that the presence of meshes 
enhanced the performance of the cell. Heidary et al. (2013) 
experimented the impact of clamping torque on the cell per-
formance. It was identified that the MCO can be reduced 
through the application of more cathode back pressure. Ning 
et al. (2017, 2019) fabricated a flexible air breathing proton 
exchange membrane (PEM)and incorporated it in a PEMFC.
The performance of this PEMFC with the modified MEA 
was studied. They revealed that the cell with this arranement 
exhibited higher volumetric power density compared to the 
conventional PEMFC.

Chen and Zhao (2007a) experimentally studied the behav-
iour of the metal porous CC on the cathode side of a DMFC. 
They observed enhancement of oxygen diffusion and faster 
water removal due to the small pore size. Shao et al. (2006) 
developed a novel design of anode structure, with titanium 
mesh coated with deposition of Pt-Ru. Their study revealed 

that the coated deposition has good physical properties and 
resists methanol crossover, which yielded better fuel cell 
performance at lower methanol concentrations as compared 
with conventional porous CCs. Kim et al. (2009) made 
experimental studies by changing the geometry of the cath-
ode current collector openings, i.e., rectangular, circular and 
triangular shaped openings. They noticed that the circular 
opening exhibited the best cell performance. Calabriso et al. 
(2015) evaluated the performance of a DMFC with stainless 
steel (SS316) current collectors having circular perforations 
with OR of 17% and 35%. They observed that the CC with 
OR of 35% exhibited better performance with peak power 
density at 2 M of methanol concentration. Braz et al. (2019) 
experimentally investigated the impact of OR of the perfo-
rated CC, (34%, 41% and 64% OR) on the passive DMFC 
performance. They noticed that the CC with the smaller OR 
of 34% produced higher power out put than the other two 
open ratios. Lower open ratio reduced the methanol cross-
over and increased electrical contacting area. Wang et al. 
(2017) expanded metal mesh with smaller strand widths 
gave better passive DMFC performance at lower methanol 
concentrations and worse at higher methanol concentrations 
than conventional perforated current collectors. Alipour 
et al. (2016) experimentally studied the effect of NaOH 
addition in to the methanol fuel. They observed that NaOH 
addition methanol fuel increased the maximum power and 
also reduced the methanol crossover. Addition of NaoH to 
methanol enhanced the electrochemical reaction kinetics and 
also increased ionic conductivity through the membrane.

Cai et al. (2011) studied the perofmance of a passive 
DMFC with LE layer (LE-DMFC).They noticed that the 
LE-DMFC produced 30% higher maximum power density 
than the conventional fuel cell with no liquid electrolyte 
layer. Boni et al. (2019a) experimentally analysed the impact 
of LE layer thickness on performance of a passive DMFC.
They observed the MPD and the MCD were higher for the 
LE-DMFC compared with the conventional DMFC with no 
liquid electrolyte layer. Kim et al. (2017) experimented the 
impact of a thin metal barrier in the middle of two mem-
branes. They observed that the metal barrier could consider-
ably decrease the MCO, and the cell performance enhanced 
by 37.5% when compared to the reference electrode. Boni 
(2020) experimentally investigated the impact of different 
modifications to the cathode current collectors, such as 
perforated current collectors,wire mesh current collector 
(WMCC) and WMCC with supporting plate on the perfor-
mance of an air-breathing direct methanol fuel cell. They 
revealed that, out of the three different current collectors, 
wire mesh current collector with supporting plate exhibited 
better fuel cell performance. Liu et al. (2018) experimentally 
studied the influence of sulfonated poly (ether ether ketone) 
(SPEEK) based membrane on the performance of a DMFC. 
They noticed that SPEEK decreased the MCO and enhanced 
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the fuel cell performance than the conventional Nafion117 
membrane. This due to the higher MCO resistance.

From the above literature review it is observed that most 
of the literature analysed the impact of OR of the WMCC as 
well perforated CC. The major challenges associated with 
the passive DMFC are water and methanol crossover, which 
can be minimized by selecting an appropriate opening ratio 
for the current collectors and simulataneously maintaining 
better contact between the MEA and the CC. This can be 
addressed by suitably modifying the catalyst layers, incor-
porating lquid electrolyte layer and changing the CC with an 
OR. The present paper analysed the effect of multiple anode 
catalyst layers (two layers) along with a liquid electrolyte 
layer inserted in the middle of a two half MEAs,on the per-
formance of a passive DMFC. The impact of CC with OR on 
the DMFC performance was also examined by varying the 
open ratio (45.40%, 55.40% and 63.05%) and comparision 
of the literature with present work as shown in (Table 1).

Experimentation

Fabrication of the membrane electrode assembly 
(MEA)

MEA with an reactive area 25  cm2 was made by hot press-
ing of Nafion117 membrane at 135 °C and 8 MPa for 3 min. 
Before starting the hot pressing,organic and inorganic 

impurities were eliminated from the Nafion membrane, 
by boiling the membrane in 3 wt%  H2O2 solution for one 
hour,subsequent cleansing in deionised (DI) water, and later 
boiling in 0.5 M  H2SO4 solution for 1 h, and lastly boiling 
it in DI water for 1 h. The cathode and anode backing layers 
were fabricated of carbon cloths with 20% polytetrafluor-
oethylene (PTFE). The anode and cathode catalysts were 
processed by distribution of sufficient quantity of catalyst 
into the solutions containing DI water, Nafion solution and 
isopropyl alcohol. Initially the membrane was coated with 
Pt-Ru/black catalyst on the diffusion layer with a loading 
of 2.5 mg cm−2

.The second layer was coated with Pt-Ru/C 
catalyst on the first layer of the catalyst with a loading of 
1.5 mg cm−2. After the first and second stages, the layer 
was hot pressed with a temperature of 135 °C. Two differ-
ent MEAs were used in the present study. their details are 
shown in Table 2. A single layer catalyst of 60% Pt/C with 
a loading of 2 mg cm−2 was coated on the cathode side dif-
fussion layer.

Liquid electrolyte incorporated passive DMFC

In a conventional passive DMFC (C-DMFC), the MEA 
has a single set of components, which has diffusion lay-
ers as well as catalyst layers on the anode side and the 
cathode side along with the membrane. In a liquid elec-
trolyte incorporated passive DMFC (LE-DMFC), the 
LE layer is placed in between the two half MEAs. The 

Table 1  Literature on current collectors with circular perforations of different open ratios

Author Thick-
ness 
(mm)

Open ratio (%) Material of the 
current col-
lector

MEA structure, 
catalyst loading 
(anode/cathode)

Active 
area 
 (cm2)

Remarks

Borello et al. (2014) – 38,36 – – Higher open ratio of CC 
(38%),homogenous distribution of 
the fuel on the catalyst area

Calabriso et al. (2015) 0.5 35,17 SS N117
CL-4/4

5 Higher open ratio (35%) CC remove 
the  CO2 bubbles from the reaction 
sites easily and produced higher 
power at lower methanol concen-
tration (2 M)

Xue et al. (2015) 32.21 – – Small size of holes on the cathode 
side with constant open ratio gave 
uniform distribution the oxygen on 
the reaction area

Chen and Zhao (2007a, b) 1 95% porosity Ni–Cr N115
4/2

4 Porous CC on the cathode side 
enhanced the oxygen transport

Braz et al. (2019) 0.5 34.41,64 SS316 N117
3/1.3

25 Lower open ratio (34%) reduced 
methanol crossover and increased 
the electron collecting area

Present work 2 45.40,55.40,63.05 SS316L N117
4/2 (Pt-Ru/caron-

back + Pt-Ru/C 
catalyst on the 
anode side)

25
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liquid electrolyte layer is made of piled hydrophilic filter 
papers,which are soaked in the 1 M  H2SO4 solution. The 
schematic of fabriacation of the LE modified memebrane 
is shown in Figs. 1 and 2. For each membrane,the catalyst 
and the diffusion layers were attached by hot pressing pro-
cess. The details of the complete MEA for the LE-DMFC 
are given in Boni et al. (2019a).

Single cell fixture

The main parts of the passive DMFC consists of anode and 
cathode end plates, anode and cathode current collectors 
and the MEA. The anode end plate also acts as the metha-
nol reservoir. It has two holes of 3 mm diameter for inlet 
of the anodic fuel and for the release of the  CO2 produced 
in the reaction. The cathode end plate is having an open 

Table 2  Different types of MEAs

Type of MEA Anode catalyst Cathode catalyst

MEA-1 Pt-Ru/C (60%) catalyst with a loading of 4 mg cm−2 on anode 
side

Pt/C (60%) catalyst with a loading of 2 mg cm−2 on the cathode 
side

MEA-2 Pt-Ru/black (60%) catalyst with a loading of 2.5 mg cm−2 and 
Pt-Ru/C (60%) with a loading of 1.5 mg cm−2 on anode side

Fig. 1  Schematic of Half MEAs 
with LE layer (Boni et al. 
2019b). 1. Anode gas diffusion 
layer (ADL), 2. anode catalyst 
layer (ACL), 3. anode mem-
brane, 4. liquid electrolyte layer, 
5. cathode membrane, 6. cath-
ode catalyst layer, 7. cathode 
gas diffusion layer

Fig. 2  Preparation of composite MEA a half MEAs before hot pressing, b after hot pressing along with LE layer, c composite MEA (Boni et al. 
2019b)
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area same size of the active reaction area of the membrane, 
and is opened to the atmosphere, which enables the sup-
ply of oxygen from the atmopspheric air by natural con-
vection. Current collectors (CC) were made of 2 mm SS 
316L plates. Unoiform circular holes were drilled on these 
current colectors. Three diferent open ratios of 45.40%, 
55.40% and 63.05% were considered in the present study. 
Figure 3 shows the photo of the three current collectors. 
PTFE gaskets of 0.23 mm thickness were placed between 
the CC and MEA on both the cathode side and the anode 
side. SS316L current collector with different OR are used 
for collecting electrons. All parts of the cell are assem-
bled by using nuts and bolts with a torque of 5 N-m. The 
exploded view of the passive DMFC is illustrate in Fig. 4.

Experimental set‑up and test conditions

A DC electronic load bank was operated to record the cur-
rent–voltage data. For recording the voltage, at an time 
laps of one minute was considered between two successive 
readings to arrive at the stable voltage. Before performing 
the experiment, the newly fabricated MEA was activated 
for 12 h of duration at 1 M of methanol molar concentra-
tion. All the tests were conducted at room temperature. The 
experimental set-up of the passive DMFC is shown in Fig. 5.

Uncertainity analysis

Uncertainity analysis is to measure the errors related with 
the experiments. The uncertainty of the DC Electronic load 
bank specified by manufacturer is depicted in the Table 3. 

Fig. 3  Current collectors with 
three different open ratios a 
45.40%, b 55.40%, c 63.05%

Fig. 4  Exploded view of the 
passive DMFC (Boni et al. 
2019a). 1. Anode methanol 
reservoir, 2. anode current col-
lector, 3. PTFE gasket for anode 
side, 4. MEA, 5. PTFE gasket 
for cathode side, 6. cathode 
current collector, 7. cathode 
end plate

1. Anode methanol reservoir 2.Anode current collector
3.PTFE gasket for anode side 4. MEA
5.PTFE gasket for cathode side 6. Cathode current collector
7.Cathode end plate
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The maximum value of uncertainty in the power by using 
this test rig is 0.31% (Fig. 5; Table 3).  

Results and discussion

In this experimental work, the influence of the anode catalyst 
supports, CC with OR and LE layer on the performance of a 
passive DMFC was experimentally studied. In the first phase 
of experimentation, experiments were carried out to ana-
lyse the impact of the anode catalyst supports. In the second 
phase, tests were conducted to study the impact of OR of the 
perforated current collector (PCC). The effect of the anodifc 
fuel concentration was also studied by varying the methanol 
concentration from 1 M to5 M. Experiments were conducted 
with the objective of identifying the effect of methanol con-
centration for a given OR of the CC, and identifying the 
optimum combination of open ratio and methanol concentra-
tion to give the best fuel cell performance. The influence of 
methanol concentration on the performance of fuel cell with 
different CC with OR is shown in Figs. 7, 8 and 9.

Effect of anode catalyst supports

Experiments were performed to calculate the impact of 
anode supports on the performance of a DMFC with using 
a single layer of anode catalyst (MEA-1) and two layers 
of anode catalyst (MEA-2), as shown in Table 2. Figure 6 
depicts the polarisation curves of the MEA-1 and MEA-2 
incorported fuel cell with a current collector with 45.40% 

open ratio, and supplied with diluted methanol of 4 M con-
centration as the anodic fuel. It can be observed from the 
figure that the MEA-2 (i.e., two layers of anode catalyst) 
incorporated fuel cell gave better performance. It can be 
explained that the two layer anode catalyst has higher elec-
trochemical activity than the single layer catalyst. It can be 
visualized that intially the methanol fuel on the anode side 
enters Pt-Ru/back catalyst,where fast reactions take place 

Table 3  Uncertainties in different parameters measured through the 
DC Electronic load bank (Boni et al. 2019a)

Parameter Unit Uncertainty (%)

Voltage Volts (V) 0.28
Current Ampers (A) 0.15
Power Watts (W) 0.31

Table 4  Comparision of experimental results with literature

S. no Author Active area 
 (cm2)

Methanol con-
centration (M)

Membrane Current collector 
open ratio (%)

Catalyst loading 
(anode /cathode)

Maximum 
power output 
(mW)

1 Yousefi et al. (2012) 100 – N115 35.8 4/2 3.4
2 Mallick et al. (2016) 25 5 N115 49.2 4/2 2.5
3 Yousefi et al. (2012) 100 4 N117 36.3 4/2 5.2
4 Calabriso et al. (2015) 5 2 N117 4/4 3.65
5 Tang et al. (2010) 9 2 N117 38.5 4/2 8
6 Braz et al. (2019) 25 3 N117 34 4/4 2.92
7 Present work 25 3 N117 55.40 2.5 + 1.5/2 3.872

Fig. 5  Experimental set-up

Fig. 6  Comparison of the influence of the Anode support layers on 
the performance of the passive DMFC



33Chemical Papers (2021) 75:27–38 

1 3

and maximum amount of fuel is consumed. The remaining 
amount of the fuel then enters the second layer of Pt-Ru/C, 
where some more quantity of fuel is consumed, and then 
the remaining amount of the fuel will be transported over 
the membrane to the cathode side. This unreacted methanol 
fuel passes from the anode side to the cathode side of the 
membrane is called as the MCO. It can be understood that 
the MCO would be lower in the case of MEA-2, which is 
having two layers of catalyst. Hence, it gives better perfor-
mance. The MCD and MPD produced by the fuel cell with 
MEA-2 are 41.6 mA  cm−2 and 3.36 mW  cm−2, respectively.

Effect of current collector open ratio

Figure 7 depicts the performance characteristics of a pas-
sive DMFC using current collector of open ratio 45.40% at 
different methanol concentrations. It can be noticed from 
the figure that as the methanol concentration is increased, 
the cell performance increased. It can be noticed that the 
MCD and MPD of the cell increased with increase inthe 
methanol concentration. The MPD and MCD produced by 
the passive DMFC with current collector of 45.40% open 
ratio at 5 M methanol concentration is 3.612 mW  cm−2 and 
44 mA/cm−2, respectively. Similarly, Figs. 8 and 9 illustrate 
the performance characteristics of the passive DMFC using 
CC with OR of 55.40% and 63.05%, respectively. It can be 
noticed from Fig. 8 that the effect of methanol concentration 
is not monotonous, as in the case of 45.40% current col-
lector, i.e., the cell performance does not increase continu-
ously with increase the methanol concentration. Initially, 
the cell performance improved with increase in the metha-
nol concentration up to 3 M, and increasing the methanol 
concentration further from 3 to 5 M, the cell performance 
deteriorated. The MCD and MPD for the fuel cell with cur-
rrent collector of 55.40% open ratio are 40.8 mA  cm−2and 
3.872 mW  cm−2, respectively. It can be noticed from Fig. 9 
that for the fuel cell with current collector of 63.05% open 
ratio,the impact of methanol concentration on the cell per-
formance is not monotonous. Initially, the cell performance 
enhanced with increase in the methanol concentration from 
1 to 4 M, and then decreased with further increase in the 
methanol concentration from 4 to 5 M. The MPD and MCD 
obtained by the cell are 2.448 mW  cm−2 and 36 mA  cm−2 
at 4 M of methanol concentration. It can be seen that there 
is no uniform impact of methanol concentration on the cell 
performance with different current collector open ratios. The 
optimum value of the methanol concentration which gives 
the best cell perforamce depends on the OR of the CC also.

It can be explained that increase of the CC with OR 
has a mixed impact on the cell performance. On one hand, 
increase in the CC with OR increases the area for passage 
of the reactants and hence promotes the mass transfer of 
the reactants. There by it enhances the rate of reaction and 

Fig. 7  Effect of methanol concentration on the cell performance for 
the cell with current collector of 45.40% open ratio

Fig. 8  Effect of methanol concentration on the cell performance for 
the cell with current collector of 55.40% open ratio

Fig. 9  Effect of methanol concentration on the cell performance for 
the cell with current collector of 63.05% open ratio
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improves the cell performance. Similarly, it also facili-
tates easy removal of the products of reaction  (CO2 and 
 H2O) from the reaction sites. This is a favourable effect 
for increasing the cell performance. On the other hand, 
increase in the open ratio of the current collector, leads 
to increased MCO from the anode to the cathode, causing 
mixed over potential on the cathode side reaction area. 
Because of this mixed overpotential, the fuel utilization 
rate decreases, and the unreacted methanol obstructs oxy-
gen transport on the cathode reaction sites. This adversely 
affects the cell performance. Similarly, increae in the OR 
of the CC reduces the contact area of the collector with 
reaction sites. This decreases the current collector’s abil-
ity to conduct more electrons and thus adversely influ-
ence the cell performance. Simulataeously, the electrical 
impedance of the cell is also influenced by the OR of 
the CC.

On the other hand, increase in the methanol concentra-
tion increases the diffusion of methanol through the anode 
diffusion layer and the anode catalyst layer, and thus makes 
available more amount of methanol for the reaction near the 
membrane. On the negative side of its effect is when the 
concentration of methanol is more the probability for the 
MCO from the anode to the cathode is more. This causes 
increased mixed over potential loses and results in the dete-
rioration of the cell performance. Thus, the cell performance 
is a manifestation of the cumulative impact of favourable and 
adverse effects due to the OR of the CC and the methanol 
concentration.

Figure 10a, b show the variation of the MCD and MPD 
with methanol concentration for the three different ORs 
of the CC. The MPD and MCD increases with increase 
in methanol concentration from 1 to 5 M for 45.40% cur-
rent collector. For 55.40% open ratio current collector, the 
MPD and the MCD increase with increase in methanol con-
centration from 1 to 3 M and then decreases. For the cur-
rent collector with an OR of 63.05%, the MCD and MPD 
increase with increase in the methanol concentration from 
1 to 4 M and then decreases. It can be noticed that in the 
present range of methanol concentrations of 1–5 M and for 
the current collector open ratios of 45.40%, 55.40% and 
63.05%, the fuel cell with current collector of 55.40% open 
ratio exhibited the best performance of maximum values 
of current density and power density at 3 M methanol con-
centration. At 5 M of methanol concentration, the 45.40% 
open ratio current collector based fuel cell produced the 
MCD and the MPD compared to other two current collec-
tors. Among three current collectors of different open ratios, 
the fuel cell with current collector of 55.40% open ratio 
produced maximum values of power density and current 
density of 40.8 mA  cm−2and 3.872 mW  cm−2, respectively. 
Present experimental results are compared with literature 
as depicted in Table 4.

Effect of liquid electrolyte layer

Figure 11a–c show the polarisation characteristics of a pas-
sive DMFC with and without incorporation of LE layer for 
the fuel cell employing current collectors of three differ-
ent open ratios at 5 M of methanol concentration. It can be 
observed from the figure that in all the three cases of CC 
with OR, the performance of the fuel cell improved by incor-
porating the liquid electrolyte layer. It can be explained that 
in a passive DMFC, the cell performance is strongly affected 
by methanol and water cross-over. The incorporation of the 
liquid electrolyte layer considerably reduces this cross over 
nad hence improves the cell performance. In general, the 
incorporation of an additional layer increases the ohmic 
resistance and impairs the cell performance. The cumulative 
effect of reduction in the MCO and increase in the ohmic 
losses of the cell determine the overall effect of incorporat-
ing a liquid electrolyte layer on the fuel cell performance.

Fig. 10  a, b Variation of the maximum current density and maximum 
power density with open ratio of the current collector
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Figure 12 illustrate the variation of the current density 
with respect to time variation at constant voltage of 0.25 V 
for the fuel cell fitted with current collector of 45.40% open 
ratio. It can be observed that current density drop is more 
for the conventional DMFC compared to the LE-DMFC. 
This can be attributed to the methanol crossover. Methanol 
crossover losses are more in the C-DMFC. The methanol 
crossing the membrane due to crossover reaches the cathode 
and reacts with oxygen to generate water (in the form of bub-
bles). These water bubbles resist the oxygen flow in to the 
cathode reaction sites and deteriorates the cell performance 
with time (Fig. 13).

Besides the above observations, formation of  CO2 and 
water bubbles were observed on the anode and cathode side 
as observed in Fig. 13a, b at 25 mA  cm−2. During the anodic 

reaction process, electrons, protons and carbon dioxide bub-
bles are produced near the anode. The produced electrons 
transports over the external circuit and reach the cathode. 
The protons pass through the membrane and reach the cath-
ode side. At cathode side the electrons,protons and oxygen 
combine and produced water in the form of bubbles. More 
number of  CO2 gas bubbles were generated at higher current 
densities and higher methanol concentrations due to greater 
reaction rates. The  CO2 gas bubbles resist the methanol flow 
to the anode reaction sites. Similarly, on the cathode side, the 
water bubbles block the flow of oxygen to the cathode side 
reaction sites. Both of them deteriorate the cell performance 
with time.

Figure 14a shows the equivalent circuit of the fuel cell. 
Figure 14 shows the EIS curves of the fuel cell fitted with 

Fig. 11  a–c Effect of the liquid electrolyte layer on the performance of the fuel cell at 5 M of methanol concentration for the three different cur-
rent collector open ratios
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the CC of three different OR at 3 M methanol concentration. 
From the equivalent circuit, the charge transfer resistance 
(Rcharge) on the anode side, the ohmic resistance (Rohmic), 
and the mass transfer resistance of  O2 (Rmass) on the cathode 
side can be observed. Nyquist plot is plotted for the real and 
the imaginary impedance components in X-axis and Y-axis, 
respectively. Ohmic losses (Rohmic),charge transfer resist-
ance (Rcharge) on the anode side and mass transfer resistance 
of  O2 (Rmass) on the cathode side are observed in high fre-
quency region, medium frequency region and low frequency 
regions of the Nyquist plot, respectively. From the figure, it 
is observed that as the impedance arcs of the Nyquist plot 
decrease with decrease in the voltage drop. The larger arc is 
observed for the fuel cell with current collector of 63.05% 
OR with CC fitted fuel cell. Ohmic resistance losses almost 
same for all the three types of the current collectors. Charge 
transfer and mass transfer losses are lower in the current 
collector for the 55.40% fitted fuel cell. Mass transfer losses 
on the cathode side influenced by MCO, this is resists the 
oxygen flow in to the reaction sites.

Conclusion

The present work describes an experimental investigation 
of the impact of anode catalyst supports, OR of the CC 
and the incorporation of LE layer in the MEA on the per-
formance of a passive DMFC. Experiments were carried 
out current collectors of three different open ratios, i.e. 
45.40%, 55.40% and 63.05%. With each of these three cur-
rent collectors the methanol concentrationwas varied from 
1 to 5 M. It was observed the optimum value of current 
collector open ratio depends on the methanol concentra-
tion also. Finally, it was observed from the experiemtnal 
results that the OR of the CC, the anode catalyst supports 
and the LE layer has significant effect on the passive 
DMFC performance. Based on the experimental results, 
the following conclusions are drawn:

• In the comparison of the single layer catalyst support 
and the two layer catalyst support, the fuel cell with the 
two layer anode catalyst (MEA-2) gave better fuel cell 
performance.

• The fuel cell performance is influenced by the quantity of 
methanol fuel entering the anode catalyst layer,and it is 
goverened by either increase in the OR of CC or increase 
of methanol concentration.

• The current collector open ratio has a mixed impact on 
the cell performance. The optimum value of open ratio 
was found to vary with the methanol concentration also. 
Thus, at 3 M methanol concentration, the CC with OR of 
55.40% exhibited better cell performance, while at 5 M 
methanol concentration, the CC with an OR of 45.40% 
gave the best cell performance.

• Within the present range of experiments of methanol con-
centration from 1 M to 5 M and three current collector 
open ratios of 45.40%, 55.40% and 63.05%, the fuel cell 
gave the best performance at 3 M methanol concentration 
with the CC with an OR of 55.40%.

Fig. 12  Comparison of the long term operation of the LE-DMFC and 
C-DMFC

Fig. 13  a, b Formation of  CO2 
bubbles on the anode current 
collector and water bubbles on 
the cathode current collector 
with current collector of 65.03% 
open ratio
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