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bstract

The methanol crossover, water transfer and power characteristics of a 40 W DMFC stack are investigated under various experimental conditions
ncluding different methanol concentrations, flow rates at anode and cathode and flow directions of reactant fluids (methanol solution and air). The
erformance of each cell in a stack shows some non-uniformity especially at higher current densities. Under Z-type flow direction the cells exhibit
ore uniform behavior than when under U-type flow. The performance of a stack supplied with 1 M methanol solution is much better than with
.5 M solution. However, an increased amount of methanol crossover and water transfer across the membrane have been observed. The reactants
ow rates at the anode and cathode are found to affect the fluid transfer and cell performance. At a feed of 1 M methanol solution and ambient air
ressure the maximum power output of the stack is estimated to be about 50 W (90 mW cm−2). The maximum power density in a stack is about
7% of that of the optimum single cell power before being assembled into a stack.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Direct methanol fuel cell (DMFC) is regarded a promising
ource for portable power of high power density as well as a con-
enient power storage device [1–3]. However, there are still some
echnological obstacles, such as low electro-activity of methanol
xidation at the anode and methanol crossover through the
embrane, hindering their commercialization. Anode electronic

inetics limits the power characteristics. Methanol crossover
roduces mixed potential at the cathode reducing the cell effi-
iency.

Most single cell research work has been conducted on new
aterials for electrolyte membranes and catalysts for anode and
athode [4–7] to improve cell power characteristics. As for a
MFC stack, studies include designing appropriate stack struc-

ure and optimizing experimental operating conditions [8–15]
articularly with regard to methanol crossover and water man-
gement at the cathode.
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In this investigation, after obtaining the optimum operating
onditions for a single cell, a 40 W DMFC stack comprising of 20
ells has been assembled to investigate the methanol crossover,
ater transfer across the membrane and power characteristics
nder various operating conditions. The best stack performance
s obtained using 1 M methanol solution, air at room temper-
ture and ambient pressure and flow rates of 31 g min−1 and
slm, respectively. The maximum power achieved is about 50 W

90 mW cm−2) at 7 A (250 mA cm−2).
Considering the limitations of stability and life of a cell stack,

e selected 5 A as the rated current and the corresponding rated
ower of 40 W. The stack temperature is maintained at 50 ◦C.
toichiometric methanol and air flow rates are 3 (31.49 g min−1)
nd 3.62 (6 slm), respectively. The Faraday efficiency as calcu-
ated by Eq. (1) is 83.3%:
= NMeOH,4

NMeOH,4 + NMeOH,3
× 100% = 83.3% (1)

here NMeOH,4 = mols oxidized; NMeOH,3 = mols crossover.

mailto:xiexf@mail.tsinghua.edu.cn
dx.doi.org/10.1016/j.jpowsour.2006.09.017
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Table 1
Stack specifications

Stack
No. of cells 20
Electrode area 27.5 cm2

Cell pitch 3.2 mm
Size 76 mm × 103 mm × 89 mm
Maximum performance 50 W, 90 mW cm−2 (55 ◦C, ambient air pressure)

Design data
Current 5 A
Voltage 8 V
Power density 70 mW cm−2

MEA
Y. Liu et al. / Journal of Pow

. Experimental procedure

The membrane electrode assembly (MEA) consists of a poly-
er membrane, anode and cathode catalyst layers and two gas

iffusion layers. Nafion115 (Dupont®) is used as a membrane.
y using a CCM (catalyst coated membrane) technique, the
node and cathode catalysts are coated on the either side of
he membrane directly. The catalysts used for anode and cath-
de are PtRu black (50:50%, Johnson Matthey) and 60% Pt/C
Johnson Matthey), respectively, and their metal loadings are 4
nd 3 mg cm−2. A hydrophobic carbon paper (Toray-90) coated
ith a mixture of PTFE and carbon powder (XC-72) is used

s an electrode substrate. The membrane coated with catalysts
nd Toray carbon paper as GDLs are used to prepare the MEA.
he flow patterns (channels) in the bipolar plates are carefully
achined to obtain the best performance for a single cell. Sim-
lar flow patterns are then used for cells in a stack. The stack
onsists of 20 cells with an active area of 27.5 cm2 each cell.
here are two copper plate as current collectors and two epoxy

esin end plates at the two ends of a stack as shown in Fig. 1(a).

T
i

(

Fig. 1. Photograph of 40 W DMFC s

Fig. 2. Flow directions of Z-type (a
Membrane Nafion115
Anode 4 mg PtRu cm−2

Cathode 3 mg Pt cm−2
he cell pitch is 3.2 mm. The stack specifications are presented
n Table 1.

The test system consists of the stack, an electronic load
ITECH IT8512C), a methanol solution tank, a heat exchanger

tack (a) and testing system (b).

) and U-type (b) in cell stack.
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p stream of the stack, a cooler after the stack, a gear pump
Micro Pump 120) for pumping methanol solution and an air
ompressors as shown in Fig. 1(b). All experimental data are
aken at cell temperatures in the range of 50–55 ◦C and ambient
ressure. The Z- and U-type flow patterns [16] as shown in Fig. 2
re investigated by passing reactants through the stack. Details
an be found elsewhere [17].

. Mass transfer in stack

Mass transfer in a stack mainly includes methanol crossover
nd water transfer across the membrane. Many studies have
eported on the methanol crossover in a single cell using CO2
nalysis at the cathode and anode [8,10,15,17–21]. For a power
tack exceeding 10 W, this method of estimating methanol
rossover may not be suitable because of excessive CO2 pro-
uction. It is observed that methanol crossover data for a single
ell cannot be directly used for cells in a stack since flow and
emperature distribution for cells in a stack are not uniform. The
resent study estimates both the methanol crossover and water
ransfer with flux difference and coulomb integral as discussed
ater.

Fig. 3 shows reactions and mass transfer in a DMFC.
ethanol entering into a cell (NMeOH,1) is divided into three

arts: one part (NMeOH,4) is oxidized at anode catalyst layer to
roduce H protons, another part (NMeOH,3) crosses over mem-
rane and most of it is oxidized at cathode to produce CO2 and
2O, the remaining part (NMeOH,2) flows out of the cell. The
xidation product of methanol at anode is regarded as only CO2
roduced at high surface area of PtRu catalyst [22,23]. NMeOH,4
nd NH2O,4 can be calculated with Eq. (2) at constant current:

MeOH,4 = NH2O,4 =
∫ t

0 I dt

6tF
= I

6F
(2)

here I is the current, t the time and F is the Faraday con-

tant. The methanol flux is estimated by measuring inlet and
utlet solution flow rates and their methanol concentrations.
ethanol concentrations are determined by a gas chromatograph

SHIMAZU GC-14B). Therefore, methanol crossover and water

w
b
c
v

Fig. 3. Schematic diagram of reaction
ig. 4. Comparison of single cell and cell stack performance at 50 ◦C; 1 M
ethanol flow rate 1.6 g min−1; air flow rate 300 sccm.

ransfer can be calculated with Eqs. (2)–(4):

MeOH,3 = NMeOH,1 − NMeOH,2 − NMeOH,4 (3)

H2O,3 = NH2O,1 − NH2O,2 − NH2O,4 (4)

Power output:

= IV (5)

. Results and discussion

.1. Effect of different flow patterns

Fig. 4 shows average MEA performance and power charac-
eristics of a single cell and a stack with U- and Z-type flows
t 50 ◦C all operating under the same experimental conditions.
he performance of the stack with Z- and U-type flows is found

o be almost the same. The average cell power density in stack
ith each type of flow is about 87% of that of a single cell.
The voltage distributions over individual cells in the stack
ith Z- and U-type flows are shown in Fig. 5. The voltage distri-
ution with Z-type flow is more uniform especially at the higher
urrent of 6 A. This flow direction enhances uniformity in indi-
idual cells, thus increasing stability and life of the stack. In

s and mass transfer in DMFC.
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ig. 5. Comparison of voltage distribution over individual cells in stack with U-
nd Z-type flow at 50 ◦C; 1 M methanol flow rate 31.49 g min−1; air flow rate
slm.

he Z-type, the flow is counter current that helps in the heat and
ass transfer operation which improves the efficiency. At higher
ethanol and air rates there is more turbulence in the channels

ausing more methanol crossover. The non-uniformity in volt-
ge distribution is caused because the temperature at every cell,
iquid and gas flow through each channel of each cell (of the
tack) are not the same and constant. At higher current densities
he reactant flow amounts are greater creating added turbulence
nd fluctuations. All these lead to greater non-uniformity. How-
ver, the U-type flow design can reduce the volume of stack and
ipeline in the system. In this study, a Z-type flow is chosen to
nvestigate the effect of various operating parameters.

As shown in Fig. 6, with Z-type flow the non-uniformity in
oltage distribution increases with current density. When cur-

ent is increased higher than 8 A (290 mA cm−2) or higher, the
on-uniformity in all the cells in the stack is more evident. The
ptimal operating current for a stack is in the range of 4–6 A

ig. 6. Voltage distribution over individual cells in stack with Z-type flow at
arious currents at 50 ◦C; 1 M methanol flow rate 31.49 g min−1; air flow rate
slm.
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ig. 7. Stack performance at different methanol concentrations at 50 ◦C;
ethanol flow rate 31.49 g min−1; air flow rate 6 slm.

roviding better stability, safety and power characteristics. It is
onsidered that there is power loss due to the non-uniformity of
ow and temperature distribution in stack resulting in the overall
oor stack performance as shown in Figs. 5 and 6.

.2. Effect of methanol concentration

Fig. 7 shows the performance of the stack with 1 and 0.5 M
ethanol solutions as fuel. At low current densities the power

haracteristics of the stack supplied with these two solutions are
lose. Performance with 0.5 M solution decreases sharply when
urrent increases more than 3 A (100 mA cm−2) due to the lack
f methanol at the anode. Fig. 8 shows methanol crossover and
ater transfer in stack with different methanol concentrations at
0 ◦C. Methanol crossover in the stack with 1 M as fuel is evi-
ently more than for 0.5 M due to greater swelling of the mem-
rane at higher methanol concentration. As the current increases,
ethanol crossover decreases with the decrease in methanol
oncentration at the anode catalyst layer but water transfer
ncreases due to increase in electro-osmosis. The methanol con-
entration is an important factor for water crossover. The water

ig. 8. Methanol crossover and water transfer in stack with different methanol
oncentrations at 50 ◦C; methanol solution flow rate 31.49 g min−1; air flow rate
slm.
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Fig. 11. Stack performances at 50 ◦C at various air flow rates; 1 M methanol
flow rate 31.49 g min−1.
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ig. 9. Stack performances at 50 ◦C at various 1 M methanol flow rates; air flow
ate 6 slm.

rossover increases with an increase in methanol concentration.
he higher methanol concentrations may cause membrane to
well resulting the pores to dilate allowing more water to pass
hrough.

.3. Effect of methanol flow rate

Three methanol flow rates of 20.87, 31.49 and 41.93 g min−1

re used to study the effect on stack power characteristics as
hown in Fig. 9. The cell performance increases with methanol
ow rate up to 31 g min−1 after which any further increase has no
ignificant effect. Fig. 10 shows methanol crossover and water
ransfer for three different methanol flow rates. An increase in
ow rate results in an increase in methanol crossover because

he higher flow rate can maintain a higher methanol concentra-
ion over the entire channel of each cell. Moreover, methanol
rossover across the membrane causes more water produced
t the cathode. It brings about an increase in driving force of

ater from cathode to anode. At the same time, the increase in
ethanol crossover produces more water at cathode resulting in
decrease in water transfer.

ig. 10. Methanol crossover and water transfer in stack at 50 ◦C at various 1 M
ethanol flow rates; air flow rate 6 slm.
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ig. 12. Methanol crossover and water transfer in stack at 50 ◦C at various air
ow rates; 1 M methanol flow rate 31.49 g min−1.

.4. Effect of air flow rate

Fig. 11 shows the effect of air flow rate on stack voltage and
ower output. The cell performance increases with air flow rate
p to 6 slm, after which any further increase has no significant
ffect. The oxygen concentration decrease rapidly along the flow
hannel at lower air flow rate and at higher current densities. Air
ow rates up to 6 slm can provide sufficient oxygen. Any further

ncrease in flow rate hardly affects the stack performance.
The effect of air flow rates at the cathode on the methanol

rossover and water transfer is shown in Fig. 12. The flux of
oth methanol and water through the membrane increases as the
ir flow rate increases. The effect is negligible when the air flow
ate is greater than 6 slm. More air rate at the cathode means less
ater concentration which increases the driving force across the
embrane; causing more water crossover.

. Conclusions
The following conclusions can be drawn from this study:

. The voltage distribution over cells in the stack is irregular due
to non-uniformity in flow and temperature distribution. The
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voltage distribution with Z-type flow is more uniform than
with U-type flow. The non-uniformity is found to increase as
current density increases.

. The power characteristics of a stack with 1 M methanol solu-
tion as feed are better than with 0.5 M solution. The stack
performance improves with the increase in methanol or air
flow rates up to a point, after which an increase in these
parameters has no significant effect.

. Methanol crossover in the stack with 1 M methanol feed
is more than 0.5 M due to the increase in swelling of the
membrane at the higher solution concentration. An increase
in methanol flow rate results in an increase in methanol
crossover which in turn produces more water at cathode
resulting in a decrease in water transfer. An increase in the air
flow rate cause the removal of water produced at the cathode
and thus an increase in the methanol and water flux through
the membrane occurs. However, when the air flow rate
increases more than 6 slm, no further increase is observed.

. Under the optimal operating conditions, the rated current
and power densities of the stack are 5 A (180 mA cm−2)
and 40 W (72.7 mW cm−2), respectively at the operating
temperature of 50 ◦C. Stoichiometric methanol flow rate
and air flow rate are 3 (31.49 g min−1) and 3.62 (6 slm),
respectively, and the Faraday efficiency is 83.3%.
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