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Abstract: Directmethanol fuel cells (DMFCs) offer one of the most promising alternatives for the
replacement of fossil fuels. A DMFC that had an active Membrane Electrode Assembly (MEA) area of
45 cm2 , a squoval-shaped manifold hole design, and a Pt-Ru/C catalyst combination at the anode was
taken for analysis in simulation and real-time experimentation. A mathematical model was developed
using dynamic equations of a DMFC. Simulation of a DMFC model using MATLAB software was
carried out to identify the most influencing process variables, namely cell temperature, methanol flow
rate and methanol concentration during a DMFC operation. Simulation results were recorded and
analyzed. It was observed from the results that the cell temperature was the most influencing process
variable in the DMFC operation, more so than the methanol flow rate and the methanol concentration.
In the DMFC, real-time experimentation was carried out at different cell temperatures to find out
the optimum temperature at which maximum power density was obtained. The results obtained in
simulation and the experiment were compared and it was concluded that the temperature was the
most influencing process variable and 333K was the optimum operating temperature required to
achieve the most productive performance in power density of the DMFC.
Keywords: direct methanol fuel cell; methanol crossover; power density; catalyst; membrane
electrode assembly

1. Introduction
In the present juncture of the energy crisis, it has become inevitable to find alternatives for the
mainly exploited fossil fuels. Recent developments in the field of fuel cells have given encouraging
results suggesting their possible use of replacing the conventional highly polluting, less efficient
combustible engines [1,2]. In this context, the direct methanol fuel cell (DMFC) appears to be the
most promising tool to provide power to portable electronic devices. This is an electrochemical cell
that has advantages such as offering a simple and easy method to store fuel, a simple design and
green emissions. DMFC is a subcategory of a proton exchange membrane fuel cell (PEMFC) in which
methanol is used as fuel. The salient features of DMFCs are the ease of transport of methanol, low or
zero emissions, reliability in operation and utilization of methanol directly as a fuel to convert chemical
energy into electric power. These DMFCs are designed especially for portable applications, where
energy and power density are more important than efficiency [3,4]. A simple DMFC consists of a
methanol distributor, gasket, anode, membrane, cathode, and oxygen gas distributor.
Regarding the working principles of the DMFC system, methanol is oxidized to hydrogen ions
(H+ ) and electrons (e- ) at the anode. The released electrons are transported from the anode to the
cathode through an electrical circuit where power is withdrawn, and at the same time, the hydrogen
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ions travel to the cathode through the electrolyte membrane. At the cathode, both the electrons and
hydrogen ions react with oxygen and produce water and heat [5].
Increasing demand for clean sources of energy and sustainable energy development has led
to the exploration of alternative energy. One such activity was to develop a membrane-protected
anode in a fuel cell [6]. This was conductedusingan anionic backbone of sulfonated polystyrene
block–(ethylene–ran–butylene)–block polystyrene polymer on top of an anode which was used to
increase the oxygen evolution. Another method developed to increase the enhancement of oxygen
deposition was by selective oxidation using a cation-selective polymer material such as Nafion which
improved the electrolysis and enhanced the oxygen evolution. The evolved oxygen can be used in a
DMFC wherein electricity is generated [7,8]. In a direct methanol fuel cell, a solution of methanol is
internally reformed. This is conducted with the help of a suitable catalyst, which is then oxidized at
the anode and liberates electrons and protons. Currently, the Hilbert fractal curve is used to design a
DMFC [9]. It is a continuous space-filling curve that can be applied to grids of power. These curves are
used to study the current collectors of the direct methanol fuel cell.
Currently, nanostructured catalysts lead to enhanced efficiency, robustness, and reliability in
energy conversion and storage systems due to their unique physicochemical and electrochemical
properties [10]. Carbon nanofiber webs have beenused as a porous methanol barrier to reduce the
effect of methanol crossover in DMFCs. They have enhanced the cell performance at low methanol
concentrations due to their balanced effect on reactant and product management, with an increase in
peak power density compared to the conventional DMFC [11]. A mathematical model was developed
and validated in realtime, to study the transient temperature distribution across a DMFC. The model
was used to study temperature distribution across passive and active DMFCs as a function of process
parameters and performance parameters [12].
Advanced control strategies based on methanol concentration were designed and implemented to
increase the efficiency of a DMFC. This method is more efficient than performing several modifications
to system layouts and operating strategies [13]. In addition to the control of an integrated fuel
processing system, the fuel cell system in a DMFC provides efficient fuel cell operation and sustainable
power source for various utilities [14].
In this study, a small DMFC with a 45 cm2 sizedmembrane electrode assembly (MEA) was
fabricated, and the effects of cell temperature on the DMFC performance were studied in simulation
and in realtime.
2. Materials and Methods
2.1. Model-Based Simulation
Design of fuel cells does not necessarily mean higher efficiency. Improvement of fuel cell efficiency
is much dependent on the modelling and control operations [15,16]. A Laplace domain model of a
DMFC was developed using six different first-order equations which represented the DMFC operation
(Table 1, Table 2). These equations were obtained from the material balances, potential balance against
the anode and the cathode, coverage of species on the catalyst surface, and cell current. Aqueous
methanol in the feed channel was considered to be in direct contact with the catalytic layer. Using
the mathematical modelling equations of a DMFC, the MATLAB program was written with the
s-function technique.
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Table 1. Equation for the variation of CCH3OH and theanode/cathode overpotential.
S.No.
1

Variation of CCH3OH and The Anode/Cathode Over Potential


dCCH3 OH
= τ1 CFCH OH − CCH3 OH − AVS NCH3OH − AVS r1
dt
3

2
dηc
dt

3

dηA
dt

=

=

1
Cc

1
Ca

(iCell − F(3r1 + 3r2))



−iCell − 6F r5 + NCH3 OH

Table 2. Equation for coverage of adsorbed species at the anode.
S.No.
1
2
3

Coverage of Adsorbed Species at Anode
dPt3−COH
dt
dθRu−OH
dt

=

1
γC∗t

dPt3−COOH
dt

1
γC∗t (r1 − r3)

=

(3r2 − 2r3 − r4 )

=

1
γC∗t (r3 − r4)

This program is used to compute the DMFC output voltage based on the derived anode
overpotential, cathode overpotential, and the cell current as given below:
U = U0 − ηA + ηC −

dM
iCell
kM

(1)

The output voltage U has been influenced by three variables, namely, the flow rate of methanol,
the concentration of methanol, and the cell temperature. Among these variables, it was necessary to
investigate which variable had a larger influence on the output voltage [17]. The developed model was
simulated using MATLAB software (Figure 1). The influence of the above three variables over the
DMFC output voltage was recorded and analyzed.
2.2. Real-Time Experimentation
In this research work, a single DMFC system was designed with a 45 cm2 active cross-sectional
area (Figure 2). The cell was molded into a frame of a fiber-reinforced Teflon-coated jacket and was
kept between two graphite blocks. Flow grooves for methanol and oxygen flow were provided in this
system. The flow field comprised a series of 25 parallel channels with a 2 mm depth, a 1 mm wide rib
and a 1 mm groove [18]. A provision for the tapping current and voltage measurement was provided.
Electrical plate type heaters were placed behind each of the graphite blocks to heat the cell for achieving
the desired operating temperature. Methanol solution was circulated with the peristaltic pump.
Oxygen was supplied with 2 atm pressure. Catalysts of Pt-Ru/C and Pt/C were loaded at concentrations
of 2 mg/cm2 at anode and cathode, respectively. Nafion 117, a polymer electrolyte membrane, was
used in MEA preparations. It has a high protonic conductivity, zero electronic conductivity, excellent
mechanical stability, and low resistance. This polymer electrolyte membrane also acts as a separator
between the anode and the cathode. A graphite plate is commonly used as reactant distributor cum
current collector [19,20]. The reactions involved in the DMFC operation were as follows:
Anode reaction : CH3 OH + H2 O → CO2 + 6H + + 6e−
Cathodereaction : 3/2O2 + 6H + + 6e+ → 3H2 O
Overallreaction : CH3 OH + 3/2O2 → CO2 + 2H2 O
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Figure 1. Real-time experimental setup of the direct-methanol fuel cell (DMFC) system.

Figure 2. Schematic diagram of the direct methanol fuel cell system.

3. Results and Discussion
3.1. Model-Based Simulation
A program written in MATLAB with the mathematical modelling equations of the DMFC was
simulated as discussed in Section 2.1. In order to find out the most influencing variable of the DMFC,
the analysis was carried out for cell temperature, methanol flow rate, and methanol concentration.
During the simulation, the effect of different operating temperatures between 303 K and 343 K, different
methanol flow rates in the ranges of 0.25 CCM to 2 CCM and different methanol concentrations in the
ranges of 0.25 M to 2 M were recorded. The results obtained are plotted in Figures 3–5.
It was also observed from Figures 3 and 4 that the DMFC output voltage increased the methanol
flow rate by up to 1 CCM and increased the 1M methanol concentration, thereafter, (i.e., greater than
1CCM methanol flow rate and higher than 1M methanol concentration) DMFC output voltage did not
vary significantly and remained constant due to the methanol crossover to cathode. It was also observed
from Figure 5 that the output voltage of the DMFC increased linearly with an increase in temperature
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up to 333 K and decreased beyond that due to the dry-out effect in the cell. From the dynamic studies,
it is clear that the temperature is the most influencing variable on the output voltage of DMFC. Hence,
this working temperature was selected as a manipulated variable for further investigation.
Step response analysis was carried out in simulation to validate the developed mathematical
model and its behavior. Step input changes were given at the operating temperatures of 313 K, 323 K,
and 333 K (25%, 50%, 75% of the cell temperature) with ± 10% and ± 15%. Step response of the
system at 25% of the cell temperature for a step change of ± 10%, and a step change of ± 15% of cell
temperature were observed and are given in Figure 6. Similar runswere conducted at 50% of the cell
temperature and 75% of cell temperature and are recorded in Figures 7 and 8, respectively. From
the step response curves, it was concluded that the developed model was behaving linearly in these
operating temperatures.

Figure 3. Effect of methanol flowrate.

Figure 4. Effect of methanol concentration.
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Figure 5. Effect of cell temperature.

Figure 6. Step response of DMFC at 25% ofthe operating temperature.

Figure 7. Step response of DMFC at 50% of the operating temperature.
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Figure 8. Step response of DMFC at 75% of the operating temperature.

3.2. Real-Time Experimentation
Experimentation of the squoval-shaped manifold holedesign(SSMHD)-based DMFC was carried
out with a Pt-Ru/C catalyst combination in order to determine the optimum operating temperature
(TCell ) of the DMFC with a methanol concentration of 1 M and a methanol flow rate of 1 mL/min.
The output voltage of DMFC for a defined current was measured using an electronic load bank and
the performance of DMFC was analyzed. Voltage and power density obtained during the run of the
experiment against current density were plotted (I–V Curve and I–P Curve) and are shown in Figures 9
and 10, respectively.

Figure 9. CCH3OM : Steady-state current density–voltage curve.

Processes 2020, 8, 353

8 of 10

Figure 10. CCH3OM : Steady-state current density–power density curve.

It was observed from Figures 9 and 10 that an increase in the DMFC temperature from 303 K (30◦ C)
to 333 K (60◦ C) led to an increase in DMFC performance, butfor a further increase in temperature
beyond its boiling point 333 K (60◦ C), DMFC performance was reduced due to the dry-out effect. Hence,
it is reported that 333 K (60◦ C) is the optimum operating temperature at which a maximum power
density of 57.6 mW/cm2 was obtained for a squoval-shaped manifold design (SSMD)-incorporated
direct methanol fuel cell. In addition to the studies on temperature, the durability of a DMFC at
different load currents, namely 2A, 4A, 6A, and 10A, was also studied.Output voltages were recorded
and are shown in Figure 11. It was confirmed by the consistent, steady output that the SSMD-based
DMFC was durable at the optimized operating conditions, namely a DMFC temperature of 333 K, a
methanol concentration of 1 M, and a methanol flow rate of 1 mL/min.

Figure 11. Durability test on a squoval-shaped manifold hole design-based DMFC.

4. Conclusions
A direct methanol fuel cell (DMFC) is a particular type of fuel cell that has its own merits. In this
work, a direct methanol fuel cell with a 45 cm2 activation area in the MEA, and a Pt-Ru/C catalyst
at the anode was fabricated and tested with the squoval-shaped manifold hole design-incorporated
DMFC work station available in the laboratory. Performance of the DMFC was evaluated with different
operating parameters, namely cell temperature, methanol flow rate, and methanol concentration
in simulation. From the simulation results, it was concluded that cell temperature was the most
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influencing process variable. From the results, the optimum temperature (TCell ) of the DMFC operation
was identified as 333 K. Real-time experimentation was carried out with different cell temperatures,
and the results were recorded. It was observed from the experimental data that the maximum power
density of 57.6 mW/cm2 at 288 mA/cm2 was achieved with the said operating temperature of 333 K.
With this operating temperature, the durability of the DMFC was also verified at different load currents
and found to be durable.
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