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In this study the effect of various operating conditions on 10 cm x10 cm active area
of in-house fabricated direct methanol fuel cell was investigated experimentally.
The effect of the cell temperature, methanol concentration, and oxygen flow rate on
cell performance was studied. The study reveals that current density is not monoto-
nous function of temperature, but has an optimum operating condition for each cell
voltage. The experiments also indicate that the cell performance increases with an
increased of oxygen flow rate up to a certain value and then further increase has no
significant effect. Furthermore, for methanol concentration greater than 1.5 M, a
reduction of cell voltage was indicated which is due to an increase of methanol
cross over.
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Introduction

Direct methanol fuel cell (DMFC) offer several unique features, such as, their compact
and lightweight systems, high power density and energy capacity, easy storage of liquid fuel,
ambient temperature operation and without charging [1, 2]. These benefits suggest that this type
of fuel cell is a promising power source for portable and other mobile applications [3]. A DMFC
is an electrochemical device that converts chemical energy stored in methanol into the electrical
energy [4]. The reactions that take place in a DMFC are:

CH,OH(1) + H,0(1) - CO,(g) +6H*(l) +6¢- (1)
%oz (g) +6H*(1) +6e~ —3H,0(g) )

Hence, the overall reaction is:

CH,;O0H(1) + H,0(T) + %Oz(g) — CO,(g) +3H,0(g) )

* Corresponding author; e-mail: mfarhadi@nit.ac.ir
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John et al. [5] reported that cell performance improved with increasing cathode back
pressure and decreasing methanol concentration. Sang et al. [6] showed that cell performance
improved with increasing of the cell temperature, cathode flow rate, and cathode backpressure.
Ge et al. [7] have been studied the effects of cell operating temperature, methanol concentration,
anode flow rate, air flow rate, and cathode humidification and concluded that all the studied op-
erating parameters, except the cathode humidification, have significant effects on the DMFC
cell performances, and the cathode humidification has almost negligible effect.

Experimental detail

A single DMFC was designed and fabricated for this study. Graphite plates with thick-
ness of 300 um have been used as bipolar plates for current collection and flow distribution. A
single serpentine channel, 10 mm x10 mm was machined. The width of the ribs was 1 mm. The
membrane electrode assembly (MEA), used in this work had an active area of 10 cm 10 cm and
consist of two carbon cloth diffusion layers, two catalyst layers and the Nafion® membrane 117.
Both anode and cathode electrodes used carbon cloth, catalyst was Pt-Ru on the anode side with
aloading of 4 mg/cm?, and the cathode side catalyst was Pt-black with loading of 4 mg/cm?. The
experiments were carried out in the test loop shown in fig. 1.

Test station for single cell

Figure 1. Schematic of
the test loop
PC — pressure controller,
SV — solenoid valve, PR —
pressure release, H—
heater, PI — pressure
indicator, FI — flow
indicator, MFM — mass
flow meter, TT —

Faon  lemperature measurement,
MeOH — methyl alcohol

Single
cell of
DMFC

PC PC

Results and discussion

In this study, the effect of the operating parameters on the DMFC performance was in-
vestigated. A series of tests were conducted with various parameters including cell temperature,
methanol concentration, and oxygen flow rate.

Effect of cell temperature

In general, a higher operating temperature results in higher cell potential; however, for
each fuel cell design there is an optimal temperature. Jung et al. [8] found that by increasing the
operating temperature, the performance of the cell increases when using Nafion® 117 and 2.5 M
methanol. They attributed this higher performance to the combined effects of a reduction of
ohmic resistance and polarization. In fact, the ionic conductivity of Nafion membranes in-
creases by increasing the temperature [9]. This result agrees with those obtained by Surampudi
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et al. [10] with Nafion® 117 membranes and 2 M methanol fuel cell in the range of 30-90 °C, and
also with the results in refs. [11-13]. These results showed that a difference in the operation tem-
perature makes a significant difference in the cell performance. It should be mentioned that the
increase of the temperature increases the methanol cross over [9, 14]. The results found in the lit-
eratures show that the increase of the temperature improves the cell performance. For this rea-
son, some authors have studied the possibilities of vapor-feed DMFC [15]. Generally the higher
cell temperature increases the activity of the catalyst; therefore the rate of electrochemical reac-
tion at the surface of the catalyst is increased. By increasing the temperature, the potential loss

(TAS/nF) is also increased (eq. 4):
E- _[ﬂ _IaS J )
nfF  nkF

However, by increasing the cell temperature, current density increases and signifi-
cantly improvement of mass transport properties is observed:

Y
iy =iga L, it exp| — = (%)
prref RT Tref

A set of experiments were carried out to study the effect of single cell temperature in
the range of 40-65 °C. In this set of experiments oxygen flow rate was set at 2.0 slpm”, methanol
flow rate was 10.0 ml per minute, cathode back pressure was 0.5 bar and methanol concentration
was 1.0 M. The polarization curves of this experiment are shown in figs. 2, 3, and 4. It can be
seen that current density increases with cell temperature. This is as expected, since both metha-
nol oxidation kinetics and cathode kinetics improve as temperature increases. The results pre-
sented in fig. 2 demonstrate that the temperature is a key parameter affecting cell performance.
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Figure 2. Experimental results at different fuel cell operating temperatures
(a) voltage-current density curves; (b) power density-current density curves at different temperatures

* slpm — standard liter per minute, [Lm ']
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Figure 3. Single cell current density as a function Figure 4. Single cell voltage as a function of
of single cell operating temperature at different single cell operating temperature at different
cell voltage current density

It can be seen that current density increases with cell temperature. This is as expected,
since both methanol oxidation kinetics and cathode kinetics improve as temperature increases.
The electrochemical kinetics on cathode and anode increase with temperature; then enhance the
mass transfer of reactants and can benefit proton transportation through the Nafion membrane
[16]. On the other hand, higher cell temperature also has the following negative effects: (a) the
oxygen partial pressure decreases with temperature due to the increase of vapor partial pressure,
which causes both decreases in open-cell voltage and increases in concentration over potential,
(b) the rate of methanol cross over increases with temperature thus decreases the cell perfor-
mance, and (c) water transfer from anode to cathode through the membrane increases with tem-
perature, and the additional water increases the liquid water fraction in both the cathode catalyst
layer and diffusion layer. This phenomenon causes an increase in concentration polarization.
Figure 2 shows that increasing temperature from 40-60 °C leads to increase current density and
improves performance but further increasing has a negative effect on cell performance. It is due
to the increasing of methanol cross over.

The effect of temperature is the resulting effects of both the positive effect on kinetics
and the combined negative effects. In order to closely examine the effects of operating tempera-
ture, figs. 3 and 4 are produced; fig. 3 shows relationships between current density and tempera-
ture at different cell voltages and fig. 4 shows relationships between voltage and temperature at
different current density. From fig. 3, it can be seen that the current density is not a monotonous
function of temperature, but has a maximum for each cell voltage. It is also clear that the maxi-
mum current densities are different at different cell voltages. The maximum current density in-
creases as cell voltage decreases. Figure 4 shows that with increasing cell temperature the cell
voltage increased, and with increasing the current density the cell voltage decreased.

The positive slope on the curves of current density vs. temperature and voltage vs. tem-
perature extends to a higher temperature region, and therefore, the maximum increases with de-
crease in cell voltage. These results show a good correspondence with the results in refs. [7, 9].
Fuel cell performance usually improves with elevated temperature. Figures 3 and 4 show that in-
creasing cell temperature from 60-65 °C leads to negative slope on the curve of current density
and voltage vs. temperature.
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Effect of methanol concentration

If methanol cross over is a cause of a reduction in cell voltage it would be expected that
a higher concentration of methanol in the feed to the anode would decreases the cell voltage as a
result of potentially higher rates of transport through the membrane. In fact, it has been observed
that the open circuit voltages decrease with increasing methanol concentration [8]. This lower
performance of the cell at higher methanol concentrations is attributed to the fuel cross over phe-
nomenon [9-12, 17]. It was found that the cathode electrode performance is significantly low-
ered at higher methanol concentration [13]. However, at high current densities, it is observed a
lower performance of the cell at lower concentration of methanol. This is probably due to the
concentration polarization effects. It is necessary, thus, to find the optimal concentration under
the operating conditions of the fuel cell. Due to the cross over effect, an increased methanol con-
centration affects not only the anode side but also more methanol is transported through the
membrane at high methanol concentrations, so the potential of the cathode decreases and more
water is formed [18].The other reason for decreasing performance of fuel cell is that the catalyst
reaction of the anode is restricted to high methanol concentration. Non-reacted methanol de-
creases the performance due to the methanol cross over phenomenon permeating through the
membrane from the anode to the cathode side as the methanol concentration increases [6].

A set of experiments were carried out to study the effect of methanol concentration in the
range of 0.5-3.0 M. In this set of experiments oxygen flow rate was set at 2.0 slpm, methanol flow
rate was 10.0 ml per minute, cathode back pressure was 0.5 bar, and the cell temperature was 65
°C. The polarization curves of this experiment are shown in figs. 5, 6, and 7. The higher the con-
centration is, the more severe the problem of methanol cross over becomes. From fig. 5(a) the open
circuit voltage decreased with increasing methanol concentration to3 mol/L, because the cross
over of methanol formed a mix potential [19].

Figure 6 shows that current density decreases sharply with increasing concentration
when the methanol concentration is greater than 1.5 M. It is clear from figs. 6 and 7 that the best
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Figure 5. Experimental results for different methanol concentrations at channel depth: 1 mm, cell
temperature, 65 °C; methanol flow rate, 10 ml per minute; oxygen flow rate, 2.0 slpm cathode back pres-
sure, 0.5 bar

(a) voltage-current density curves, (b) power density-current density curves at different methanol
concentration
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concentration of methanol is between 0.5 to 1.0 M. At higher concentration of methanol, cross
over increases so the cell current density reduces.

Effect of oxygen flow rate

The cell performance increases with oxygen flow rate up to a certain value, then the
oxygen flow rate has no significant effect (fig. 8). At this experiment the optimum value of the
oxygen flow rate is about 2.0 slpm. This result is similar to hydrogen fuel cells and is as ex-
pected. With lower air flow rate, oxygen concentration decreases significantly along the flow
channels, and results in lower current density. When air flow rate is high enough, any further in-
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Figure 8. Experimental results for different oxygen flow rate
(a) voltage-current density curves at different oxygen flow rate; (b) power density-current density curves at
different oxygen flow rate
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crease in flow rate will change the oxygen concentration profile only slightly; thus, it has a neg-
ligible effect. Additionally, air flow plays a critical role in preventing flooding by removing lig-
uid water from the gas diffusion layer and from the channels [7]. Increasing the oxygen flow rate
can enhance the transportation of oxygen to the catalyst layer. This phenomenon causes to im-
prove the ability of oxygen reaction with the catalyst and impedes the reaction of the methanol
cross over from the anode side. On the other hand, the speed discharge of water produced is in-
creased on the cathode side. The open circuit voltage of the cell increases with the oxygen flow
rate. One of the factors contributing to this phenomenon is that the higher oxygen flow rate re-
duces the mixed potential caused by the methanol cross over [20].

A set of experiments were carried out to study the effect of oxygen flow rate (1.0, 2.0,
4.0, 6.0 slpm). In this set of experiments methanol flow rate was set at 10.0 ml per minute, metha-
nol concentration was 1 M, cathode back pressure was 0.5 bar, and the cell temperature was 65 °C.
The polarization curves of this experiment are shown in fig. 8, 9, and 10.

Figures 9 and 10 show that air flow rate reaches a certain value (2.0 slpm); any further
increase has no significant effects over the cell voltage and current.

From figs. 9 and 10 when oxygen flow rate is about 1.0 slpm, oxygen does not exit suf-
ficiently along the channel because of this current density is low. But with increasing the oxygen
flow rate, oxygen concentration in the channel increases then current density and voltage in-
crease. Further increasing of oxygen flow rate has no significant effect on the cell performance.
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Figure 9. Single cell current density as a function Figure.10 Single cell current density as a
of oxygen flow rate at different cell voltage function of methanol concentration at different
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Conclusions

In this study the effect of various operating parameters on DMFC performance was in-
vestigated experimentally. A series of tests were conducted with various parameters including
cell temperature, methanol concentration, and oxygen flow rate. The membrane electrode as-
sembly (MEA) was used Nafion® 117, by loading a Pt-Ru (4 mg/cm?) catalyst at the anode side
and Pt-black (4 mg/cm?) catalyst at the cathode side and the active area 10 cm x10 cm.The main
results are summarized as:
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In general, a higher operating temperature results in higher cell potential. The results show
that the current density is not a monotonous function of temperature, but has a maximum for
each cell voltage. It was also observed that the maximum current densities are different at
different cell voltages. The maximum current density increases as cell voltage decreases.
With increasing cell temperature the cell voltage increases, and with increasing the current
density the cell voltage decreases. For each cell design there is optimum cell temperature. In
this experiment, many tests were performed and the best temperature was 60 °C reported.
Further increasing of cell temperature has the negative effect on cell performance because of
methanol cross over is increased and the membrane is dried.

If methanol cross over is a cause of a reduction in cell voltage it would be expected that a
higher concentration of methanol in the feed to the anode would decrease the cell voltage as a
result of potentially higher rates of transport through the membrane. Results show that the
current density decreases sharply with increasing concentration when the methanol
concentration is greater than 1.5 M. At this experiment the optimum concentration of
methanol is between 0.5 to 1.0 M.

Increasing the oxygen flow rate can enhance the transportation of oxygen to the catalyst
layer. This phenomenon causes to improve the ability of oxygen reaction with the catalyst
and impedes the reaction of the methanol cross over from the anode side. The cell
performance increases with increase oxygen flow rate up to a certain value, then the oxygen
flow rate has no significant effect when oxygen flow rate reaches a certain value, any further
increase has no significant effect.

For this single direct methanol fuel cell, optimum cell temperature was 60 °C, oxygen flow
rate was 2.0 slpm and methanol concentration was 1.0 M.
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Nomenclature

a — transfer coefficient, [—] S — entropy, [Tkg ']

E — electrical voltage, [V] T — temperature, [K]

F — Faraday constant, [Cmol '] . .
H _ enthalpy, [J] Subscripts and superscripts
Iy — current density, [Am ] c _ cathode

L — channel length, [m] T — relative

n — number of electron ref _ reference

p — pressure, [Pa]

R — gas constant, [Jkg K]
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