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bstract

Operating a passive direct methanol fuel cell (DMFC) with high methanol concentration is desired because this increases the energy density of the
uel cell system and hence results in a longer runtime. However, the increase in methanol concentration is limited by the adverse effect of methanol
rossover in the conventional design. To overcome this problem, we propose a new self-regulated passive fuel-feed system that not only enables
he passive DMFC to operate with high-concentration methanol solution without serious methanol crossover, but also allows a self-regulation of
he feed rate of methanol solution in response to discharging current. The experimental results showed that with this fuel-feed system, the fuel cell
ed with high methanol concentration of 12.0 M yielded the same performance as that of the conventional DMFC running with 4.0 M methanol

olution. Moreover, as a result of the increased energy density, the runtime of the cell with this new system was as long as 10.1 h, doubling that of the
onventional design (4.4 h) at a given fuel tank volume. It was also demonstrated that this passive fuel-feed system could successfully self-regulate
he fuel-feed rate in response to the change in discharging currents.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Direct methanol fuel cells (DMFCs) have been recognized as
he most promising candidate to replace conventional batteries
or powering portable electronic devices, such as laptops, cel-
ular phones and personal digital assistants (PDAs), because of
ts unique advantages of high energy density, low emission and
ase in handling the fuel. Over the past decade, extensive efforts
ave been exerted on the study of the active DMFCs with the fuel
ed by a liquid pump and oxidant fed by a gas compressor [1–5].
owever, for portable applications, it is desired that the parasitic

nergy losses caused by the fuel cell ancillary devices, such as
ethanol fuel supply devices, air blowers, heat exchangers, etc.

e minimized or eliminated such that the energy density and

fficiency of the fuel cell system can be increased. Therefore,
arious DMFC systems that operate under passive conditions,
.e., air breathing and passive methanol supply, have been pro-
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hanol crossover

osed and studied [6–18]. These types of fuel cell not only offer
he advantage of simplicity and more compact system but also

ake it possible to eliminate the parasitic power losses for pow-
ring ancillary devices required in active DMFCs. Because of
hese advantages, the passive DMFC has become much more
ttractive.

Presently, one of the most challenging problems for the
MFCs (both active and passive) that employ Nafion mem-
ranes is methanol crossover from the anode to the cathode,
hich causes a mixed potential on the cathode and thus reduces

he overall cell voltage. Because of this, low methanol concen-
rations are usually used to achieve a desirable cell performance.
owever, a low methanol concentration leads to a low energy
ensity of the fuel cell system and thus a short runtime, which
annot meet the requirement of the commercialization. Hence,
ome researchers [19–25] made their efforts on the fuel delivery
ystem to increase the feed methanol concentration. Abdelka-

eem et al. [19–21] investigated the effect of employing a porous
arbon plate on the performance of a passive DMFC and found
hat high methanol concentration solution could be used because
f the increased mass-transfer resistance on the anode resulting

mailto:metzhao@ust.hk
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rom the porous carbon plate. Kim et al. [22–23] employed
ydrogels in methanol fuel cartridges to control methanol dif-
usion rate from the fuel reservoir to the anode electrode.
heir experimental results implied that the hydrogel retards
ethanol transfer rate, even at high methanol concentrations,

nd thus suppresses the rate of methanol crossover, resulting
n a higher methanol concentration operation. Recently, Kim
24] proposed a vapor-feed DMFC to achieve a high energy
ensity by using pure methanol for mobile applications. In his
ork, a multi-layered porous structure consisting of vaporizer,
arrier and buffer layer were introduced on the anode, which
annot only vaporize the methanol but also increase the mass-
ransfer resistance. Yang and Liang [25] divided the fuel tank
nto two parts: one water tank and one pure methanol tank. By
dding a hydrophobic porous layer between the water tank and
ure methanol tank to increase the methanol transfer resistance,
he pure methanol can be used without suffering from serious

ethanol crossover.
Our literature review indicates that most previous research

orks about fuel delivery method are to add the porous material
n the anode to increase the methanol transfer resistance, lead-
ng to the high methanol concentrations or even pure methanol
peration with low methanol crossover. In this work, a self-
egulated passive fuel-feed system driven by the exhausted gas
O2 is proposed for the passive DMFC. With this system, the
igh methanol concentration solution is supplied to the anode
eaction chamber in response to the methanol consumption rate,
hile the methanol concentration in the anode reaction chamber

s maintained at a low level to suppress the methanol crossover.
he experimental results demonstrated that the passive DMFC
ith the proposed new fuel-feed system can successfully oper-

te at high methanol concentration of 12.0 M for 10.1 h, which
s much longer than that of the conventional design.

. Conceptual design
The passive fuel-feed system is conceptually shown in Fig. 1,
hich consists of a reaction chamber, a fuel tank with a built-

n spring, a fuel-feed valve and a pressure release valve. Dilute

ig. 1. Schematic of the passive DMFC with the passive fuel-feed system.
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Fig. 2. Operation flow chart of the passive fuel-feed system.

ethanol solution is stored in the reaction chamber, while high
ethanol concentration solution is stored in the fuel tank. The

uel cell operates with the dilute methanol solution stored in
he reaction chamber. The consumed methanol in the reaction
hamber is made up by the high methanol concentration solution
n the fuel tank. The feed rate from the fuel tank to the reaction
hamber is controlled by the gas CO2 generation rate, which is
roportional to current density. This control process is achieved
y the above-mentioned two valves, which are automatically
egulated by the gas pressure inside the reaction chamber. As
uch, the methanol concentration in the reaction chamber can
e maintained at a desired level during the discharging process.
he working principle of the fuel-feed system can be detailed
y referring to the operation flow chart shown in Fig. 2. At the
eginning, both the pressure release valve and fuel-feed valve
re closed, meaning that the reaction chamber is initially sealed.
hen the fuel cell discharges, the gas CO2 is produced at the

node and flows to the sealed reaction chamber. As a result,
he pressure in the reaction chamber increases with time. Once
he pressure reaches a certain value P1, both the fuel-feed valve
nd the pressure release valve are open. Subsequently, the fuel
n the fuel tank is fed into the reaction chamber as a result of
he driving force from the spring, while the accumulated gas
O2 in the reaction chamber is released to the ambient. The
ischarge of the gas CO2 from the reaction chamber causes
he pressure to decrease. At a sufficiently low pressure both
he valves are closed and the gas CO2 starts to build up again,
ompleting a working cycle. As such, the high methanol con-
entration solution is periodically fed into the reaction chamber
nd the feed rate depends on the gas CO2 generation rate, which
s proportional to current density. When the current density is
ncreased, more methanol will be consumed due to the electro-

hemical reaction and the generation rate of gas CO2 is also
ncreased, leading to a quicker increase in the pressure inside
he reaction chamber. As a consequence, the open–close period
f both the valves becomes shorter, resulting in a higher feed
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Fig. 3. Schematic of

ate. Hence, the passive fuel-feed system can self-regulate the
eed rate in response to a change in the discharging current of
he fuel cell. More importantly, since this design of the passive
uel-feed system allows high-concentration methanol solution
o be supplied to the fuel cell system, the energy density of
he fuel cell system is high and hence the fuel cell runtime can
e highly increased. The successful operation of this passive
uel-feed system depends on the two key components: the pres-
ure release valve and fuel-feed valve, which are detailed as
ollows.

.1. Pressure release valve

This key component not only controls the maximum gas
ressure, P1, in the reaction chamber to release the accumu-
ated gas CO2, but also prevents air from entering the chamber.
ence, the pre-set release pressure, P1, controls the fuel-feed

ate. Fig. 3 shows the conceptual design of the pressure release
alve, which consists of five major components: a piston with
guiding ring and a stopper, a sliding ring, three springs, a

eam and a gas exit. The working principle of the pressure
elease valve can be explained by referring to Fig. 4, in which
he entire valve open–close cycle is divided into four stages. At
he stage 1, the pressure inside the reaction chamber is set to
e P0, which is slightly higher than the atmospheric pressure.
he gas exit is shut-off by the beam, which is supported by

he sliding ring. At the stage 2, the generated gas CO2 accu-
ulates in the reaction chamber, leading to an increase in the

as pressure. The increased pressure pushes the piston, together
ith the stopper to move right. The stopper pushes the slid-

ng ring rightward. During this stage, the beam is still held
y the sliding ring. Hence the gas exit remains at the shut-off
tatus. With the pressure further increasing to P1, the pres-
ure release valve enters the stage 3, where the beam loses
he support from the sliding ring and is pushed down by the

pring 2, leading to the open of the gas exit. Thus the gas
O2 in the reaction chamber is released to the ambient, which

eads to the drop in the pressure. At the stage 4, the piston
ogether with the guiding ring is pushed back by the spring 1

l

M

essure release valve.

ecause of the reduced pressure in the reaction chamber and
he beam is also raised. Once the piston and beam are restored
o the original position, the sliding ring can hold the beam
gain and thus the gas exit is shut-off, forming an open–close
ycle.

.2. Fuel-feed valve

This component controls the feed rate of high-concentration
ethanol solution into the reaction chamber. The fuel-feed valve

s closed when the pressure inside the reaction chamber is lower
han P1. Once the pressure increases to P1, this valve is opened
nd the high-concentration methanol solution is fed into the reac-
ion chamber by the spring as shown in Fig. 1. After the gas
O2 is released, the pressure is reduced and the fuel-feed valve

s shut-off.
It should be mentioned that since the above-described fuel-

eed system is driven by the exhausted gas CO2 from the DMFC,
he system is sensitive to the cell orientation. A previous exper-
mental study [6] revealed that the orientation with the anode
acing downward would result in extremely unstable operation
s a large number of CO2 bubbles were accumulated at the
node catalyst layer due to buoyancy force, which blocked the
ethanol transport toward the anode catalyst layer. Hence, in this
ork the horizontal orientation with the anode facing upward is
nly considered.

. Theoretical analysis

Prior to testing the passive DMFC with the new fuel-feed
ystem, we make an approximate analysis of the methanol feed
ate and cycling time for the system design and operation. For
implicity we consider the mass balance of methanol only but
gnore water transport and loss at the anode. According to the

ass balance, the methanol consumption rate is equal to the
ethanol flux from the reaction chamber to the anode catalyst
ayer (ACL), which can be expressed as

˙ MeOH = Acell(cMeOH,chamber − cMeOH,ACL)

δCC/εCCDMeOH,l + δADL/DMeOH,ADL
(1)
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Fig. 4. Working principle

here Acell is the active surface area of membrane electrode
ssembly (MEA), εCC the open ration of current collector (CC),
MeOH,chamber and cMeOH,ACL represent the methanol concen-
ration in the reaction chamber and the ACL, δCC and δADL
epresent the thickness of the CC and the anode diffusion layer
ADL), DMeOH,1 and DMeOH,ADL stand for the methanol diffu-
ivity in the water and the effective methanol diffusivity in the
DL which can be expressed as (εADL)3/2DMeOH,1 with εADL
enoting the porosity of the ADL.

At the ACL, part of methanol is electrochemically oxidized
o produce electrons, protons and gas CO2, whereas the remain-
er is directly transported through the membrane to the cathode
methanol crossover). Thus the methanol consumption rate can
e expressed by

˙ MeOH = ṀMOR + Ṁcrossover (2)

here ṀMOR is the consumption rate due to the methanol oxi-
ation reaction (MOR) and Ṁcrossover is the flux of methanol
rossover. According to Faraday’s law, ṀMOR can be given by

˙ MOR = Acell
I

6F
(3)

here I is the current density and F is Faraday’s constant. On
he other hand, Ṁcrossover can be approximated from the con-
entration difference between the anode and cathode catalyst
ayer
˙ crossover = −AcellDMeOH,N
dc

dz

= AcellDMeOH,N
cMeOH,ACL

δPEM
(4)

t
t
c
m
t

e pressure release valve.

here DMeOH,N is the effective diffusivity of methanol in the
embrane and δPEM is the thickness of the membrane. Here
e ignore the electro-osmotic effect because of the relatively

mall discharging current density in our test, and we assume that
he methanol in the cathode catalyst layer (CCL) is completely
epleted due to the fast reaction of methanol in the cathode.
ombining Eqs. (1)–(4), we can easily obtain the methanol
onsumption rate ṀMeOH.

We now turn our attention to the cycling time, which depends
n the gas CO2 generation rate at a given pre-set release pressure.
ccording to Faraday’s law, the gas CO2 generation rate ṀCO2

an be given by

˙ CO2 = Acell
I

6F
(5)

ssuming that the gas CO2 is ideal gas, the release pressure
release can be related to the gas CO2 generation rate and the
ycling time can be determined by

cycle = PreleaseVchamber

ṀCO2RT
(6)

here Vchamber is the gas volume of the sealed space including
he reaction chamber and tube, R is the universal gas constant
nd T is the temperature.

Thus, with the calculated methanol consumption rate and
ycling time, the methanol feed rate in each cycle, as well as the

otal runtime of the fuel cell system, can be determined. Based on
he properties given in Table 1, the estimations of the methanol
onsumption rate, gas CO2 generation rate, cycling time,
ethanol feed rate in each cycle and total runtime corresponding

o the current density of 50 mA cm−2 are given in Table 2.
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Table 1
Physicochemical properties

Parameter Value Unit Reference

T 300 K
δPEM 0.0125 cm
δADL 0.035 cm
δCC 0.1 cm
εADL 0.7 – [27]
DMeOH,1 10−2−999.778/T cm2 s−2 [28]
D −6 [2436(1/333−1/T)] 2 −2

V

4

4

o
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m
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w
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w

4
4
T

MeOH,N 4.9 × 10 e cm s [29]

gas 23 cm3

. Experimental

.1. Membrane electrode assembly

A membrane electrode assembly (MEA) with the active area
f 6.0 cm2 was fabricated with single-side ELAT electrodes from
TEK in both anode and cathode. Both electrodes use carbon
loth (E-TEK, Type A) with 30 wt.% PTFE wet-proofing treat-
ent as the backing layer. The catalyst on the anode is PtRu black

1:1 a/o) with the loading of 4.0 mg cm−2, while on the cathode
s 40 wt.% Pt on Vulcan XC-72 with the loading of 2.0 mg cm−2.
urthermore, 0.8 mg cm−2 dry Nafion ionomer was coated onto

he surface of each electrode. The pretreated Nafion 115 mem-
rane was employed as the electrolyte. The pretreatment process
ncluded boiling the membrane in 5 vol% H2O2, washing in DI
ater, boiling in 0.5 M H2SO4 and washing in DI water for 1 h in

ach step. Finally, the MEA with the active area of 6.0 cm2 was
abricated by hot pressing at 135 ◦C at 4.0 MPa for 3 min. More
nformation about the MEA fabrication can be found elsewhere
26].

.2. Cell fixture

As shown in Fig. 5, the MEA mentioned above was sand-
iched between an anode and a cathode current collector, and

he entire cell setup was then held together between an anode
nd a cathode fixture, both of which were made of transparent
crylic. A 12.0 ml reaction chamber was built in the anode fix-
ure, which is sealed by the proposed passive feeding system.
oth the anode and cathode current collectors were made of a

erforated 316L stainless steel plate of 1.0 mm in thickness. A
lurality of hexagonal holes was machined in both the current
ollectors, serving as the passages of fuel and oxidant, which
esulted in an open ratio of 54.1%. A 200-nm platinum layer was

able 2
umerical data for the system discharging at 50 mA cm−2

arameter Value

ethanol consumption rate 1.38 × 10−6 mol s−2

O2 generation rate 5.18 × 10−7 mol s−2

ycling time 8.89 min
uel injection in each cycle 0.061 cc
untime with 2 cc 4 M + 4 cc 12 M methanol solution 11.2 h

p

5

s
f
s
t
p
w
v
t

Fig. 5. Schematic of the cell fixture.

puttered onto the surface of the current collectors to reduce the
ontact resistance with the electrodes.

.3. Electrochemical instrumentation and testing condition

An Arbin BT2000 electrical load interfaced to a computer
as employed to control the condition of discharging and record

he voltage–current curves. All the experiments of the passive
MFCs were performed at room temperature of 21–23 ◦C and
ith the relative humidity of 75–81%.
To test this fuel-feed system, 2.0 ml methanol solution of

.0 M was fed into the reaction chamber at the beginning, while

.0 ml methanol solution of 12.0 M was fed into the fuel tank.
he pressure release valve was calibrated to open at the release
ressure of 30 kPa.

. Results and discussion

Fig. 6 compares the discharging voltage at the current den-
ity of 50 mA cm−2 for the passive DMFC with and without the
uel-feed system. Note that the fuel cell without the fuel-feed
ystem was tested at the 4.0-M operation, as it has been shown
hat the cell could yield the highest performance at or near this

articular methanol concentration [17,18]. It is seen that the cell
ith the fuel-feed system not only yielded a very stable cell
oltage, which is almost the same as the conventional one at
he 4.0-M operation, but also exhibited a much longer runtime
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time of about 8 min was recorded, indicating that the fuel cell
with this new fuel-feed system can operate rather stably. It is
also found that the measured cycling time was slightly smaller
ig. 6. Performance curve for the DMFCs with and without the passive fuel-feed
ystem operated at current density of 50 mA cm−2.

10.1 h) than did the conventional one (4.4 h). The reason lead-
ng to these phenomena is explained as follows. As discussed in
he previous section, although the high-concentration (12.0 M)

ethanol solution was supplied as the fuel, the methanol con-
entration in the reaction chamber was still maintained at about
.0 M with the aid of the fuel-feed system. As a result, the
ell with the fuel-feed system yielded a stable cell performance
s did the 4.0 M conventional operation. Moreover, the high-
oncentration methanol solution (12.0 M) used for the passive
MFC can significantly increase the energy density of the fuel

ell system, leading to a longer runtime. It should be noted that
he practical runtime is slightly lower than the estimated value
iven in Table 2. This is possibly because the electro-osmotic
ffect on the methanol crossover was ignored in the estimation,
esulting in an underestimated methanol consumption rate. To
urther demonstrate the advantage of the new fuel-feed system,
e also tested the cell performance with the conventional design

t the 12.0-M operation for comparison, as shown in Fig. 6. It
an be found that although the conventional design at the 12.0-

operation had higher energy density than the cell with the
uel-feed system, the cell performance and runtime were much
ower. This is because the methanol crossover was very severe
or the conventional design at the 12.0-M operation, which
aused poor performance and lower fuel efficiency, thereby a
horter runtime. In summary, these experimental results indi-
ate that the passive DMFC with the new fuel-feed system can
ield a stable and good performance with a long runtime at
igh methanol concentration operation without serious methanol
rossover.

As mentioned above, the high-concentration methanol solu-
ion is fed from the fuel tank into the reaction chamber in each
ycle according to the methanol consumption rate. To show this
eriodical behavior, the discharging voltage with the enlarged

ime scale is shown in Fig. 7. It is seen that the cell voltage is
eriodically varying with the time with the voltage variation of
bout 15 mV. It is believed that this voltage variation is caused
y the pressure change inside the reaction chamber. When the

F
(

ig. 7. Enlargement of performance curve for the DMFC with the fuel-feed
ystem.

ressure release valve is open at the pressure P1, leading to a
udden removal of the CO2 from the anode, the methanol trans-
er resistance from the chamber to the catalyst sites is reduced,
hich results in a jump in the cell voltage. The sudden removal
f gas CO2 from the anode can be evidenced by the captured
ubble behavior shown in Fig. 8. It is seen from Fig. 8a that
nly a few bubbles were observed before the pressure release
alve was open. However, once the pressure release valve was
pen, the CO2 bubbles were easily removed from the ACL and
DL due to the lowered pressure, and a lot of bubbles were
bserved, as shown in Fig. 8b.

The cycling time of each cycle during the whole discharg-
ng process is shown in Fig. 9. It is seen that a stable cycling
ig. 8. (a) Before the open of pressure release valve inside the reaction chamber.
b) During the open of pressure release valve inside the reaction chamber.
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ig. 9. Cycling time for the pressure release process operated at 50 mA cm−2.

han the estimated value (8.89 min) given in Table 2. This is
ecause the estimated value is obtained by assuming that the
ressure in the reaction chamber is reduced to the atmospheric
ressure after the gas release, which is lower than the real
ressure P0. This resulted in a reduction in the pressure dif-
erence between the beginning status and release status and thus
shorter cycling time for the practical operation. In addition,

t is also found that the cycling time for the first cycle was
uch larger than the stable valve. This is because in the first

ycle the gas CO2 will not appear until the dilute methanol
olution was saturated with the CO2, while for all the follow-
ng cycles the methanol solution was saturated with the CO2
ll the time. As such, the dissolving process of the CO2 in
he first cycle led to a much longer cycling time. In summary,

he stable cycling time further demonstrates that with this new
uel-feed system, the passive DMFC can stably operate at high
ethanol concentration without suffering from serious methanol

rossover.

ig. 10. The performance curve for the DMFCs with the passive fuel-feed
ystem operated at 30 mA cm−2.
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Furthermore, as mentioned above, the new fuel-feed system
an self-regulate the methanol feed rate in response to the dis-
harging current density. Fig. 10 shows the discharging voltage
f the fuel cell system at the current density of 30 mA cm−2. It
an be seen that the system successfully yielded a stable cell volt-
ge for 14.5 h. The reduction in current density led to a lower
ethanol consumption rate and thereby a longer runtime. In

ddition, the cycling time of about 11.5 min was observed in the
xperiment which is larger than that of 50 mA cm−2 discharging
ecause of the reduced CO2 generation rate.

. Concluding remarks

In this work, a self-regulated fuel-feed system for passive
MFCs was designed, fabricated and tested. This innova-

ive fuel-feed system shows the following features: (i) use
f high-concentration methanol solution; (ii) passive opera-
ion by utilizing the exhausted gas CO2; (iii) self-regulation in
esponse to discharging current density. It was found that the
assive DMFC with this new feed system could operate at 12.0-

methanol solution without suffering from serious methanol
rossover and yielded stable performance as compared to the
onventional design. The high methanol concentration increases
he energy density of the fuel cell system, resulting in a longer
untime of 10.1 h, which is almost twice larger than the con-
entional one. In addition, it is also revealed that this passive
uel-feed system can successfully self-regulate the feed rate in
esponse to discharging current.
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