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bstract

Passive direct methanol fuel cells have been extensively investigated for the effects of methanol concentration, catalyst loading of electrodes,
uel and oxidant supply modes and long-term operation on their performance. Passive cells to which the reactants, methanol and air, are supplied
y natural convection flow without the help of any external devices, have shown very different behavior compared with an actively supplied cell.
he optimum methanol concentration and catalyst loading in a passive cell are much higher than those of an active cell. The highest single cell

erformance was 45 mW cm−2 with a 5 M methanol feed at room temperature and ambient pressure. Forced air to a passive cell was found to have
negative effect on the performance. In addition, experiments have been conducted to find the parameters that affect the long-term operation of a
assive cell.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Fuel cells are considered to be promising candidates to pro-
ide power to electrical vehicles, small and large scale power
tations and even portable electrical applications, such as lap-
op computers and mobile phones, in a manner which is more
fficient and environmentally friendly than currently exist. In
articular, direct methanol fuel cells (DMFC) have been con-
idered for use in very small to mid-sized applications due to
heir high energy density, small volume and low toxic emissions
1–6].

For the commercialization of the DMFC as a portable power
ource, the balance of plants (BOP), such as methanol fuel
upply devices, air blowers, heat exchangers, etc. should be min-
mized or eliminated in order to decrease the volume and weight
nd to increase energy efficiency of the DMFC. Therefore, var-
ous DMFC systems that operate under passive conditions, i.e.,

ir breathing and passive methanol supply, have been studied
7–16].
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Chen and Yang [17] reported that the hot-pressing pressure
or a membrane electrode assembly (MEA) and the thickness
f the electrode layer could strongly influence the performance
f passive DMFCs. Guo and Cao [18] described a passive fuel
elivery system using a wick material and suggested a DMFC
ystem without the consumption of ancillary power for the fuel
upply. The performance and start-up time of passive cells were
lso found to be significantly influenced by the pretreatment
onditions of MEAs [13]. Very recently, Liu et al. [19] tested
arious diffusion backing materials in the anode side and found
hat sintered stainless steel fiber felt performed best because of
ts high electric conductivity. They also fabricated a 12-cell stack
ith a peak power of 1.8 W or 26 mW cm−2 to operate a mobile
hone.

However, studies of passive DMFCs are relatively new, and
here are only a few systematic reports on the unique features
f passive cells. In our lab, we have been developing the tech-
ologies of MEAs, single cells and stacks for passive DMFCs,
s described in our previous articles [12,13,15]. In this study, we
resent experimental results that show the characteristic behav-

or of passive DMFCs under various operating conditions, such
s methanol concentration, catalyst loading, membrane thick-
ess, reactant supply mode and long-term operation using single
ells under ambient conditions.



B. Bae et al. / Journal of Power Sources 158 (2006) 1256–1261 1257

2

t
i
i
m
i
t
f
l
t
a
m
p

a
m
o
s
t
d
a
a
c
t
6
r
D

3

3

v
p
c
4
c
h
c
o
i

F ®

1
c

b
r
t
[
c
p
t
r
i
t
k
t
m
c
o
d
the optimum concentration in the passive cells is a result of com-
promise between the temperature, methanol transport rate and
mixed potential that are influenced by methanol concentration.
Fig. 1. Schematic diagram of a passive DMFC cell.

. Experimental

The cathode catalyst used was an unsupported Pt black, and
he anode catalyst was a Pt-Ru black (from E-Tek). The catalyst
nk was prepared by dispersing an appropriate amount of catalyst
n a solution of deionized water and iso-propyl alcohol (IPA)

ixed with Nafion® solution (1100 EW, DuPont). The catalyst
nk was coated on a carbon cloth (E-Tek) with an area of 6 cm2

o make electrodes. The catalyst (Pt or PtRu) loading was varied
rom 4 to 10 mg cm−2 in each electrode, and the total ionomer
oading was 10 wt% to the catalyst for the cathode and 15 wt% to
he catalyst for the anode. A pair of electrodes (a cathode and an
node) was hot-pressed on both sides of the polymer electrolyte
embrane, Nafion® 115, at a temperature of 140 ◦C and with a

ressure of 8 MPa for 150 s.
A schematic diagram of a passive DMFC is shown in Fig. 1,

nd in this study all the experiments were done in a passive
ode at ambient conditions (25 ◦C and 1 atm) unless mentioned

therwise. A methanol solution of varying concentration was
tored in a methanol reservoir attached to the anode side, and
he methanol was allowed to diffuse into the anode catalyst layer
riven by the concentration gradient set between the reservoir
nd the anode. Oxygen was supplied to the cathode from the
mbient air by a kind of air-breathing action driven by the con-
entration gradient. The volume of the methanol reservoir in
he anode compartment was 5.3 cm3, and the cathode plate had
3 holes with a diameter of 2 mm. Current–voltage curves were
ecorded galvanostatically by using an electronic load (EL-500P,
aegil Electronics, Korea).

. Results and discussion

.1. Influence of methanol concentration variation

Fig. 2 shows the performance of a passive single cell with
arying methanol concentration from 2.0 to 6.0 M. The peak
ower density of the passive cell increased as the methanol feed
oncentration increased, and it reached a maximum value of
3 mW cm−2 with a 5.0 M methanol feed. The methanol con-
entration for the maximum power in a passive cell is much

igher than that in an active cell, which has an appropriate con-
entration of around 1.0 M [19,20]. This result is similar to that
f Liu et al., who observed the effect of methanol concentration
n a passive cell [14]. The increased optimum concentration can

F
d

ig. 2. Cell performance curves at different methanol concentrations: Nafion
15, catalyst loading = anode/cathode = 8/8 (mg cm−2) based on total amount of
atalyst metal.

e attributed to two factors. One is the slower mass transport
ate of methanol in a passive cell featuring a natural convec-
ion when compared with a forced convection in an active cell
19]. Therefore, a higher methanol concentration is needed to
ompensate for the slower mass transport rate of methanol in
assive cells. The other is the temperature rise in the cell due
o the oxidation of crossed-over methanol at the cathode that
eleases a certain amount of heat. As the methanol concentration
ncreases so does the methanol crossover rate, thus increasing
he cell temperature, which eventually enhances the reaction
inetics at both the anode and cathode [14,15]. In addition to
hese, the crossed-over methanol could deteriorate cell perfor-

ance through generating a mixed potential and poisoning the
atalyst in the cathode [10,15,21,22]. Therefore, further increase
f methanol concentration would result in performance decline
ue to the increased overpotential at the cathode. Consequently,
ig. 3. Cell temperature at different methanol concentrations under passive con-
itions. Nafion® 115, catalyst loading = anode/cathode = 8/8 (mg cm−2).
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Fig. 4. Current–voltage curves for the MEAs with varying catalyst loading in
the cathode at 5.0 M CH3OH: anode catalyst loading = 10 mg cm−2.
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Fig. 3 shows the temperature change of the cell with different
oncentrations of methanol as the electric load is increased. The
ell temperature in an open circuit state (at a current density = 0)
s proportional to the methanol concentration, and it reaches
6 ◦C with a 5.0 M feed. The pattern of temperature change upon
ncreasing current density also varies depending on the methanol
oncentration used. With a methanol concentration below 3.0 M,
he temperature rises as the electric load increases, similar to
he case of the active cells [14,15], whereas with a methanol
oncentration above 3.0 M, the temperature initially declines
nd then maintains a nearly constant value even as the load
ncreases. This type of temperature variation reflects the distinct
eature of the passive DMFC system without a convective flow of
he reactants. The heat produced in the cell can be qualitatively
xpressed by the following equations.

oc(total) = Eoc(COM) at i = 0 (open circuit) (1)

Ei(total) = Ei(COM) + Ei(ORR) + Ei(EOM) at i > 0

(where Ei(EOM) < 0, endothermic)
(2)

here Eoc and Ei are the heat produced in an open circuit state
nd with a load of i, respectively, and they are calculated by mul-
iplying the heat of reaction by the reaction rate of the species.
he COM, ORR and EOM indicate the chemical oxidation of
rossed-over methanol, oxygen reduction reaction at the cathode
nd electrochemical oxidation of methanol at the anode, respec-
ively. Thermodynamically, the ORR and COM at the cathode
re exothermic reactions, while the EOM at the anode is an
ndothermic one. In an open circuit state, the heat is produced
y only COM (Eq. (1)), but when an electric load is applied to
rigger the electrochemical reactions, the total amount of heat
roduced becomes the sum of the heat produced by COM and
RR at the cathode and the heat consumed by EOM at the anode

Eq. (2)). Therefore, Ei(COM) differs from Eoc(COM) because
he rate of methanol crossover varies depending on the magni-
ude of the electric load imposed on the cell.

With a methanol feed below 3.0 M, the rate of methanol
rossover is small, and the heat production by the ORR is larger
han that by the COM, resulting in an increasing cell temperature
s the load increases, as shown in Fig. 3 [2,12,15]. On the other
and, with a methanol concentration higher than 3 M, the heat
roduction by the COM is larger than that by the ORR because
f the large amount of methanol crossover. That is, when the
lectrochemical reaction takes place, the methanol crossover is
educed and thus the total amount of heat produced becomes
ess than that in the open circuit state, resulting in a temperature
ecline. This can be expressed as follows:

�Ei(total) = Ei(total) − Eoc(total) = Ei(COM) + Ei(ORR) +
(for CMeOH > 3 M)

However, when the electric load increases above

0 mA cm−2, the cell temperature does not decrease fur-
her, but remains almost unchanged because the heat loss by
he decreased methanol crossover is compensated with the heat
elease by the ORR.

t
a
t
i

EOM) − Eoc(COM) < 0
(3)

ig. 5. Current–voltage curves for the MEAs with varying catalyst loading in
he anode at 5.0 M CH3OH: cathode catalyst loading = 10 mg cm−2.

.2. The effect of catalyst loading on cell performance

In general, DMFCs require about a 10 times larger amount
f catalyst loading than the hydrogen-fueled polymer electrolyte
uel cells. In addition, the passive DMFC system requires even
ore catalyst loading than the active one does. Figs. 4 and 5

how the variation in cell performance as the catalyst loading is
hanged in the anode and the cathode, respectively. During this
atalyst loading variation in one electrode, the other electrode
as fixed at 10 mg-metal cm−2. Fig. 4 shows the performance
f the passive cell at various amounts of Pt varying from 4
o 10 mg cm−2 in the cathode. The peak powers appearing at
round 150 mA cm−2 are almost the same for all the Pt loadings
ested. However, the performance difference is rather apparent
n the activation control region below 60 mA cm−2, and the per-
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ormance increases with increasing the catalyst loading in this
urrent region.

A variation in anode catalyst loading also exhibits results
imilar to the variation in the cathode catalyst loading. The peak
ower density is almost the same for the anode catalyst loadings
igher than 4 mg cm−2 as shown in Fig. 5. The effect of anode
atalyst loading on the performance is more apparent at low cur-
ent densities than at high current densities. This is because the
igher catalyst loading can cause a larger active surface area and
ass transport resistance against methanol transport. However,

n the mass transport controlled region or in the high current
ensity region, the higher catalyst loading makes the thicker
atalyst layer and it, in turn, could yield an excessive resis-
ance against methanol supply to and carbon dioxide removal
rom the anode. Therefore, the performance is not proportional
o the catalyst loading but reaches a plateau or even declines
ith increasing the catalyst loading [23]. The slightly lower cell
erformance with an anode catalyst loading of 8 mg cm−2 com-
ared to 6 mg cm−2 in the low current region may be attributed
o experimental error. Quite different from active DMFCs, the
peration of passive cells is not carried out in a steady state,
ut the conditions, such as methanol concentration, tempera-
ure and the extent of water and CO2 accumulation in the cell
ary with time on stream, which could cause a certain degree
f deviation in the experimental data. Therefore, the operation
rocedure and experimental conditions should be kept precisely
n order to collect reliable data with passive cells.

Another set of complementary experiments has been con-
ucted to observe the cell performance with the same amount of
atalyst on both electrodes by varying the catalyst loading from
to 10 mg cm−2 in each electrode. The performance increased

s the catalyst loading increased, and a maximum performance
f 45 mW cm−2 was obtained at a loading of 8 mg cm−2 in both
lectrodes. A slightly lower performance with a 10 mg cm−2

oading is ascribed to the increased mass transport resistance in
he electrodes as mentioned above.

Contrary to our results, Shimizu et al. observed a maximum
erformance with a platinum loading of 2.5 mg cm−2 under pas-
ive conditions [23]. This might be caused by the low methanol
eed concentration of 0.5 M, where only a small amount of
atalyst is needed to fully oxidize the methanol. The use of
upported catalyst (53.4 wt% Pt-Ru/C) in their study must have
lso imparted an additional resistance to methanol transport
t high catalyst loadings because a supported catalyst makes
much thicker electrode than non-supported black catalyst

oes.

.3. Influence of fuel supply mode on performance

The performance of the DMFC is strongly dependent on
he mode of reactants supply, and it is generally believed that
ctive DMFCs outperform passive ones due to higher mass trans-
ort rates of the reactants in the cells; however, our research

eveals that passive cells could outperform active ones under cer-
ain operating conditions. In Fig. 6 performance comparison is
hown with two kinds of DMFCs: one (“passive”) was operated
n a completely passive mode and the other (“active MeOH”)

p
f
s

ig. 6. Comparison of cell performance under varying methanol supplying
ode: catalyst loading = anode/cathode = 8/8 (mg cm−2).

as operated in an active methanol mode (1.0 mL min−1) while
he air supply was in a passive state.

With a 2.0 M methanol feed, the active methanol mode out-
erforms the completely passive one. On the other hand, with
4.0 M methanol feed, the passive mode shows much better

erformance than the active methanol mode. The abrupt drop
n voltage for the active methanol cell with a 4.0 M feed might
e caused by accumulation of water that is produced by oxi-
ation of crossed-over methanol as well as by the ORR in the
athode. The methanol crossover in the active methanol cell
ith a 4.0 M feed was the largest among others that were tested

n this set of experiments. Moreover, the cathode compartment
as fully open to ambient air at room temperature. There-

ore, the water might not be removed effectively, but instead
t could accumulate and begin flooding in the catalyst layer
hen an excessive amount of water is produced in the cathode

17].
Air supply is another important issue in DMFCs because the

xygen concentration in air is only 21%, and the performance of
DMFC with air is generally no higher than 60% of one operat-

ng with pure oxygen. Therefore, a much higher flow rate of air
han the stoichiometric amount is generally required to enhance
ell performance; however, the effect of the airflow rate could
ary depending on the type of cell. In Fig. 7, passive cells are
ompared with active air cells in which air was blown into the
athode side using a small fan, while the methanol was supplied
n a passive mode. The active air mode performed worse than
he passive mode, regardless of the methanol concentration. The
ower performance with the active air supply is quite inconsis-
ent with our understanding that a faster air flow rate generally
ields a higher performance due to an increased oxygen supply
o the electrode. However, in the passive cell where the cathode
ompartment is open to the ambient air, the forced air blowing
n the cell could drop the cell temperature, thus resulting in a
ower performance.

In order to develop a passive DMFC for use as a portable

ower, the operation time of the cell with a load of methanol
uel should be longer than that of currently used power sources,
uch as lithium batteries. In this regard, continuous operations
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ig. 7. Comparison of cell performance under varying air supplying mode: cat-
lyst loading = anode/cathode = 8/8 (mg cm−2).

ave been tested with different modes of supply of reactants,
ncluding a completely passive, an active air, as well as an active

ethanol mode, respectively. Fig. 8 shows the variation in volt-
ge over time at a load of 50 mA cm−2 for each feeding mode.
he operation started just after injecting 5.3 mL of 4 M methanol
olution into the reservoir, and there was a fluctuation in voltage
n the initial stage due to methanol crossover [12]. The pattern
f voltage generation varies depending on the supply mode of
he reactants. The completely passive cell maintains its voltage
t around 0.43 V for 80 min followed by a sharp decrease, while
he active air cell lasts 90 min. However, the active methanol
ell into which methanol is pumped while the air is in a passive
tate does not exhibit an abrupt voltage drop at least for 250 min.
rom these results, one can see that the voltage dropping in the
ompletely passive and the active air cells is due to the short-
ge of methanol in the feed reservoir [18]. Therefore, as verified
y the active methanol experiment, the DMFC could be oper-
ted for a long period of time even under passive conditions if

he methanol supply is sufficient, and the air supply and water
ooding may not be major problems in the low current regions.
n the study by Chen and Yang [17], they observed a decrease

ig. 8. Continuous operation of a passive cell at 300 mA under different oper-
ting conditions with a feed loading of 5.3 mL of 5.0 M methanol.
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ig. 9. Continuous operation of passive cells with Nafion® 115 and Nafion®

17, respectively, at various currents with a feed loading of 5.3 mL of 5.0 M
ethanol.

n voltage during continuous operation lasting 2 h under active
ethanol and passive air conditions. The result shows the pos-

ibility of water flooding during a continuous and prolonged
peration of the air-breathing cell.

The thickness of the polymer electrolyte membrane has been
onfirmed to have only a slight effect on the DMFC perfor-
ance from our experiments with Nafion® 115 and Nafion®

17. However, the operating time of the passive cell with a given
mount of methanol loading (5.3 mL of 4 M methanol) could be
ffected by the membrane thickness because the rate of methanol
rossover is directly proportional to the membrane thickness.
ig. 9 shows the change in cell performance over time for the

wo cells with different membranes, Nafion® 115 (125 �m) and
afion® 117 (175 �m), respectively. We can see that the duration

ime is inversely proportional to the rate of methanol consump-
ion, and thus, it increases as the electric load decreases and the

embrane thickness increases. As mentioned previously, this is
ecause the thicker membrane has a lower methanol loss through
rossover, thereby ensuring a longer operating time. Therefore,
he membrane with a lower methanol crossover should be used
o increase the energy efficiency, or in other words, to increase
he operating time with a given amount of methanol loading
hen used as a portable power source.

. Conclusions

A passive direct methanol fuel cell was investigated to under-
tand its behavior when varying the operating conditions, such
s methanol concentration, catalyst loading in the electrodes,
ethanol and air supply modes under ambient conditions. Long-

erm operations were also conducted to observe the effects of the
eactant feeding modes, membrane thickness and the magnitude
f the electric load.
The passive cell showed vastly different behavior compared
o the active one. Maximum performance was achieved with a
M methanol concentration and a catalyst loading of 8 mg cm−2

n both electrodes. Under ambient conditions, we achieved a
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aximum power density of 45 mW cm−2. Furthermore, with
his particular cell configuration in which the cathode side was
pen to the atmosphere through holes, forced air blowing to the
ell reduced cell performance due to a drop in cell temperature.
ontinuous operation of the passive cell was found to be signifi-
antly affected by the methanol supply rather than the air supply.
herefore, in order to increase the operating time with methanol

eed, we must capture as much methanol as possible by reduc-
ng methanol crossover and by using a higher concentration of

ethanol feed.
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