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Abstract

A passive liquid-feed direct methanol fuel cell (DMFC) with neither external liquid pumps nor gas blowers is modeled mathematically.
A one-dimensional model is developed by considering inherently coupled heat and mass transport, along with the electrochemical reactions
occurring in passive DMFCs. The analytical solutions predicting the performance of this type of fuel cell operating with different methanol
c er revealed
t ed from the
e
©

K

1

c
e
d
b
d
D
p

d
s
m
f
a
m
e
g

ting

FC
ns of
cell
con-

fuel
eived
in-
sive

d
air-

r
FCs
Yang
the

ive-
out
the
hode

0
d

oncentrations are obtained. It is shown that the performance of passive DMFCs increases with methanol concentration. It is furth
hat the improved performance with higher methanol concentrations is due primarily to the increased operating temperature result
xothermic reaction between permeated methanol and oxygen on the cathode.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The direct methanol fuel cell (DMFC) is an electro-
hemical device that directly converts chemical energy into
lectrical energy. Because of its high efficiency, high energy
ensity, low emission, and simple structure, the DMFC has
een projected to be a prime candidate for powering portable
evices[1]. In terms of fuel and oxidant delivery schemes,
MFCs can be classified either as active-feed DMFCs or as
assive-feed DMFCs.

In active-feed DMFCs, methanol solution is usually
elivered by a liquid pump, while oxidant (oxygen or air) is
upplied by a gas blower/fan. To improve cell performance,
ost previous studies on active-feed DMFCs have been

ocused on the following aspects: improving the electro-
ctivity of methanol oxidation on the anode by exploring
ore active electrocatalysts[2–4]; optimizing cathode
lectrode structures to avoid severe flooding[5]; investi-
ating the effect of methanol crossover[6–11]; reducing

∗ Corresponding author. Tel.: +852 2358 8647; fax: +852 2358 1543.

the substantial methanol crossover by modifying exis
polymer membranes[12] or searching for alternatives[13];
flow field designs and CO2 management[14–19].

In contrast, the concept of passive DMFCs is that a DM
can operate stand-alone, eliminating the external mea
liquid transport and air movement. Therefore, the fuel
system becomes much simpler and more compact. This
cept provides a unique feature for the miniaturization of
cells. For this reason, passive DMFCs have recently rec
much attention. Kim et al.[20] fabricated and tested a s
gle cell and monopolar DMFC stack operating under pas
and air-breathing conditions. Liu et al.[21] studied sintere
stainless steel fiber felt as the gas diffusion layer in an
breathing DMFC. Shimizu and Momma[22] reported thei
activities regarding the research and development of DM
that operated passively at room temperature. Chen and
[23] investigated the effect of operating conditions on
power density of an air-breathing DMFC.

As compared with their active counterparts, pass
feed DMFCs have much lower power density (ab
20 mW cm−2) because of two major problems. One is
inability to handle the excess water evolved on the cat
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and crossed from the anode. The other is that conventional
designs lose too much heat from the fuel cell to the ambient
air, resulting in rather low cell operating temperatures (less
than 30◦C). Therefore, the ambient conditions under which
passive DMFCs operate require added attention to be given
to thermal and water management.

Because several interrelated processes occur simultane-
ously, the development of a mathematical model is critical to
the design and the optimization of passive-feed DMFCs. In
particular, understanding thermal effects, which are insepa-
rable from the management of water in the cell, is necessary
to optimize the performance of these fuel cells. A number
of studies[24–34]have been reported simulating PEM fuel
cells and DMFCs, but most of them were isothermal mod-
els, except for a few papers that took into account thermal
effects for simulating solid oxide fuel cells[35–37]. Nord-
lund and Lindbergh[30] proposed an isothermal agglomerate
model based on the reaction mechanism for the electrochemi-
cal oxidation of methanol to study the influence of the porous
structure on the direct methanol fuel cells. Wang and Wang
[31] used two-phase multi-component model to simulate a
DMFC. The anode and cathode electrochemical reactions,
diffusion and convection of both gas and liquid phases in
the backing layers and flow channels, mixed potential effect
due to methanol crossover and the effect of methanol feed
concentration were explored. Murgia et al.[32] developed a
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Fig. 1. Schematic of a passive liquid-feed DMFC.

the form of gas bubbles from the surface of the ACC. For
the vertically orientated DMFC shown inFig. 1, in the fuel
tank, due to buoyancy, CO2 moves upwards adjacent to the
surface of the ACC, while the liquid methanol solution away
from the surface of the ACC moves downwards. As such, the
diffusion of methanol solution from the fuel tank to the ACC
is virtually enhanced by natural convection. On the cathode
of this passive-feed DMFC, oxygen is taken passively from
the ambient air without any means of air movement. Almost
all the heat generated by the fuel cell is lost from the vertical
CCC to the ambient, leading to natural heat convection at
the surface of the CCC. The mass transport of oxygen and
water on the cathode is enhanced by natural convection.

It is clear from the above description that the operation
of the passive-feed DMFC considered in this work actually
involves rather complex transport processes of heat and mass,
which are linked to the electrochemical reactions of methanol
oxidation on the anode and oxygen reduction on the cathode.
To make the complicated process tractable, we treat it as a
one-dimensional problem, with thex-axis origin set at the
ACL, as illustrated inFig. 1. We also introduce the following
simplifications and assumptions:

(1) The fuel cell is assumed to operate under steady-state
conditions.

(2) Compared with the heat generated by electrochemical re-
rrent
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ne-dimensional, two-phase, multi-component steady-
odel based on the phenomenological transport equa

n their model, the influences of the methanol concentra
he pressure gradient in the catalyst layer, flooding in the
de gas diffusion layer, and methanol crossover on the
erformance were investigated.

In this paper, we present a theoretical model that inco
ates the effects of coupled heat and mass transfer and e
hemical kinetics in a passive-feed DMFC. We demons
hat this simplified model is capable of shedding light on
echanisms leading to a better performance when this ty

uel cells operate with higher methanol concentrations u
mbient conditions.

. Model development

Consider a passive-feed DMFC shown inFig. 1, which
onsists of a fuel tank, an anode current collector (AC
n anode gas diffusion layer (AGDL), an anode cata

ayer (ACL), a membrane, a cathode catalyst layer (CC
athode gas diffusion layer (CGDL), and a cathode cu
ollector (CCC). On the anode, diluted methanol solu
s introduced to the reaction zone without any exte

eans of liquid transport. From the ACC through the AG
nd finally to the ACL, methanol solution is transpor
rimarily by diffusion. After the electrochemical react
f methanol oxidation, CO2 produced at the ACL move
ounter-currently toward the fuel tank via the AGDL a
CC. At sufficiently high current densities, CO2 emits in
action and overpotential, Joule heat caused by the cu
flow through each component is ignored.

(3) The fuel tank, ACC, and AGDL are well insulated fr
the ambient. No heat is lost from these componen
the ambient. Thus, the temperature at each of these
ponents is the same as that at ACL.

(4) Considering that ACL and CCL are much thinner t
AGDL, CGDL and the membrane, they are treated a
interface and the temperature and concentration dis
tions are uniform.

(5) The transport of heat and mass through the gas diffu
layers is assumed to be a diffusion-predominated pro
and the convection effect due to bulk flow is ignored
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(6) On the cathode, the heat and mass are transferred between
the CCC and the ambient by natural convection.

(7) On the anode, the mass transfer of methanol from the
bulk solution to the ACC is assumed to be driven by
natural convection. For a sufficiently large fuel tank, the
methanol concentration in the tank during the fuel cell
discharging is assumed to be constant.

(8) Methanol crossover through the membrane is assumed
to be due to the combined effect of the concentration
gradient between the anode and cathode and the electro-
osmosis force.

(9) Since the reaction rate of methanol on the cathode is
rather fast, the methanol concentration in the CCL is as-
sumed to be depleted.

2.1. Mass transport

The transport process of methanol from the fuel tank to
the ACC is described by:

Nm = hm(Cm,tank − C0
m,acc), (1)

whereNm represents the methanol flux,hm the mass transfer
coefficient at the ACC surface, andC0

m,accandCm,tankare the
methanol concentrations at the ACC surface and in the tank,
respectively.
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whereimref andCm
ref represent, respectively, the reference ex-

change current density on the anode and the reference concen-
tration of methanol, andCm,acl is the methanol concentration
in the ACL. The permeation flux of methanol through the
membrane,Ncross, can be determined from:

Ncross= −Deff
m,mem

dCm,mem

dx
+ nm

d
i

F
, (7)

where Deff
m,mem is the effective diffusion coefficient of

methanol in the membrane andnm
d is the electro-osmotic drag

coefficient of methanol.
On the cathode, oxygen extracted from the air reacts with

the electron and proton to produce water. Additionally, part
of oxygen is consumed due to methanol crossover to form an
internal current and a mixed potential. Therefore, the oxygen
flux from the CGDL to the CCL can be determined from:

NO2 = 1

4F
ic + 3

2
Ncross. (8)

To account for the effect of methanol crossover on the cathode
overpotential, we assume that the methanol from the anode
completely reacts electrochemically on the cathode. Based on
this assumption, the internal current,ip, due to the methanol
oxidation on the cathode can be obtained based on the per-
meation flux of methanol[31]:
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In the ACC and AGDL, since no electrochemical reac
ccurs, the methanol flux remains the same and is rela

he concentration gradient by Fick’s law as:

m = −Deff
m,acc

dCm,acc

dx
, (2)

nd

m = −Deff
m,agdl

dCm,agdl

dx
, (3)

hereDeff
m,acc andDeff

m,agdl represent the effective diffusio
oefficients of methanol in the ACC and AGDL, respectiv
ombining Eqs.(1)–(3)yields:

m = α1(Cm,tank − Cm,acl), (4)

hereα1 =
(

lagdl

Deff
m,agdl

+ lacc

Deff
m,acc

+ 1
hm

)−1

.

The methanol flux,Nm, is related to the proton curre
ensity,ia, and the permeation flux of methanol through
embrane,Ncross, by:

m = 1

6F
ia + Ncross, (5)

here F is the Faraday’s constant (96,485 C mol−1). The
urrent density,ia, can be determined from the Ta
quation:

a = imref
Cm,acl

Cm
ref

exp

(
αaF

RTacl
ηa

)
, (6)
p = 6FNcross. (9)

t follows from Eqs.(6)and(9) that the cathode overpotent
aking account of the mixed potential can be determined f

c + ip = iO2
ref

CO2,ccl

CO2
ref

exp

(
αcF

RTccl
ηc

)
, (10)

hereiO2
ref andCO2

ref represent, respectively, the reference
hange current density on the cathode and the referenc
entration of oxygen, andCO2,ccl is the oxygen concentratio
n the CCL.

In the CGDL and CCC, the oxygen flux remains the s
nd is related to the concentration gradient by:

O2 = −Deff
O2,cgdl

dCO2,cgdl

dx
, (11)

nd

O2 = −Deff
O2,ccc

dCO2,ccc

dx
, (12)

hereDeff
O2,cgdl andDeff

O2,ccc represent, respectively, the effe
ive diffusion coefficients of oxygen in the CGDL and in
CC.
The oxygen transport from the ambient air to the CC

ue to natural convection and can be described by:

O2 = hO2(CO2,amb− C0
O2,ccc), (13)

herehO2 is the mass transfer coefficient of oxygen on
athode,C0

O2,ccc andCO2,amb are the oxygen concentratio
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at the surface of the CCC and in the bulk air, respectively.
Combining Eqs.(11)–(13)gives the oxygen flux as:

NO2 = α2(CO2,amb− CO2,ccl), (14)

whereα2 =
(

1
hO2

+ lcgdl

Deff
O2,cgdl

+ lccc

Deff
O2,ccc

)−1

.

2.2. Heat transport

On the anode, heat, generated by the electrochemical re-
action in the ACL, is given by:

qacl = i

(
ηa − �Ha − �Ga

nF

)
, (15)

where the first term represents the heat due to the activation
and mass transfer overpotentials on the anode, the second
term represents the entropy change of the anodic electro-
chemical reaction, with�Ha denoting the anodic reaction
enthalpy and�Ga the Gibbs free energy. Eq.(15) can be
rewritten as[38]:

qacl = iηa − β1 − β2(Tacl − 298), (16)

whereβ1 = i
6F

(�H0
a − �G0

a) andβ2 = i
6F

(CCO2 − Cm −
CH2O).

Neglecting Joule heat in the membrane, we can relate the
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accumulated on the cathode due to the limited removal rate
of water with no external means of air movement. Then, the
flux of water evaporation can also be determined by natural
convection:

NH2O = hH2O(Csat
H2O,ccc − CH2O,amb), (20)

wherehH2O denotes the mass transfer coefficient of water
vapor on the cathode,Csat

H2O,ccc andCH2O,amb are the water
vapor concentrations at the surface of the CCC and in the bulk
air, respectively. The water vapor concentration can be deter-
mined fromPH2O/RT , and the saturated pressure of moist air
is determined from[27]:

Psat=10(−2.1794+0.02953×T−9.1837×10−5×T 2+1.4454×10−7×T 3).

(21)

The total heat generationqtot is given by:

qtot = qacl + qccl, (22)

which is related to the temperature gradient in the CGDL and
the CCC, respectively, to

qtot = −λcgdl
dT

dx
, (23)
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eat flux,qacl, to the temperature gradient across the m
rane as:

acl = −λmem
dT

dx
, (17)

hereλmemis the effective thermal conductivity of the me
rane.

The heat generation on the CCL,qccl, can be determine
rom:

ccl = (i + ip)ηc − i
�Hc − �Gc

nF
− hvNH2O, (18)

here the first term represents the heat due to activatio
ass transfer overpotentials and mixed potential caus
ethanol crossover on the cathode; the second term acc

or the entropic loss, with�Hc denoting the cathodic reacti
nthalpy and�Gc is the Gibbs free energy; the third te
eflects the heat due to the evaporation of liquid water a
CL, with hv denoting the latent heat of water andNH2O is

he flux of water evaporation. Eq.(18)can be rewritten as:

ccl = (i + ip)ηc − β3 − β4(Tccl − 298)− hvNH2O, (19)

here β3 = i
2F

(�H0
c − �G0

c) and β4 = i
2F

(
CH2O−

1
2CO2

)
.

We assume that the air at the CCC is in a saturated
ased on the following justifications: in addition to the wa
ontinuously generated on the cathode, the permeatio
f water from the anode to cathode is relatively high in D
Cs, even under the open circuit voltage (OCV) cond

34]. In particular, in passive DMFCs, more water may
nd

tot = −λccc
dT

dx
, (24)

hereλcgdl andλccc represent the effective thermal cond
ivities of in the CDGL and in the CCC. Finally, the he
ransfer from the CCC to the ambient air can be descr
sing the Newton’s cooling law as:

tot = ht(T
0
ccc − Tamb), (25)

hereht is the heat transfer coefficient due to natural c
ection,T 0

ccc andTamb are the temperatures at the surfac
he CCC and the ambient air. Combining Eqs.(23)–(25), we
btain:

tot = α3(Tccl − Tamb), (26)

hereα3 =
(

1
ht

+ lcgdl
λcgdl

+ lccc
λccc

)−1
.

The heat transfer coefficient at the surface of the CCC
e determined from[39]:

u = hL

λ
= 0.68+ 0.67Ra

1/4
L

[1 + (0.492/Pr)9/16]
4/9

, (27)

here RaL is the Rayleigh number (RaL = GrPr), Pr
he Prandtl number, andGr is the Grashof numbe

Gr = βg(TW−T0)L3

ν2

)
. Based on the analogy principle b

ween heat and mass transfer, the mass transfer coef
an also be determined from Eq.(27) with Nu replaced by
herwood number,Sh = hmassL

D
, andPr replaced by Lewi

umber,Le = Sh/Nu (for gasLe = 1 [40]). On the anode, th
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natural convection is caused by bubble behavior. The mass
transfer coefficient at the ACC is determined by assuming
thatSh/Nu = 2.0.

2.3. Cell performance

With the methanol/oxygen concentration at the catalyst
layers and the temperature distributions, and the anodic and
cathodic overpotentials obtained from the equations pre-
sented above, we can assess the cell performance based on:

Vcell = Ecell − ηa − ηc − iRcell, (28)

whereEcell is the thermodynamic equilibrium potential of the
fuel cell and is a function of temperature and pressure, and
Rcell is the internal resistance of the fuel cell. The thermody-
namic equilibrium potentials of the fuel cell can be calculated
by:

Ecell = E0
cell + �T

(
∂E

∂T

)
, (29)

where E0
cell is the open circuit voltage atT = 298 K and

(∂E/∂T) represents the rate of change of electromotive force.

3. Analytical solutions

We now obtain analytical solutions from the equations
presented in the preceding section. Combining Eqs.(4), (5),
and(7) yields the methanol concentration at the ACL:

Cm,acl =
α1Cm,tank − i

6F

Deff
m,mem
lmem

+ 1.8 × 10−5nH2O
i
F

+ α1

. (30)

With the aide of Eq.(30), the oxygen concentration at the
CCL can be determined by using Eqs.(8) and(14) to give:

CO2,ccl = 1

α2

(
α2CO2,amb− i

4F

− 3

2

(
Deff

m,mem
Cm,acl

lmem
+ 1.8 × 10−5nH2O

i

F

))
.

(31)

Table 1
Physical properties

Parameter/symbol (unit) Value Refs.

L
L
C
L
L
C
L
L
C
O
E
P
O
T d
T
E
E
C
C d
T
T
T
D
D
D
D
D
D
T
T
R
R
R
R
R

iquid methanol enthalpy of formation/Hm (J mol−1)
iquid water enthalpy of formation/�Hw (J mol−1)
arbon dioxide enthalpy of formation/�HCO2 (J mol−1)
iquid methanol Gibbs free energy/�Gm (J mol−1)
iquid water Gibbs free energy/�Gw (J mol−1)
arbon dioxide Gibbs free energy/�GCO2 (J mol−1)
iquid methanol specific heat capacity/cm (J mol−1 K−1)
iquid water specific heat capacity/cw (J mol−1 K−1)
arbon dioxide specific heat capacity/cCO2 (J mol−1 K−1)
xygen specific heat capacity/cO2 (J mol−1 K−1)
vaporation heat of water/hv (J mol−1)
ressure of air in cathode/P0 (Pa)
xygen concentration in the ambient air/CO2,amb (mol m−3)
hickness of ACC and CCC/lacc (m)
hickness of AGDL and CGDL/lagdl (m)
lectro-osmotic drag coefficient of water/nH2O

lectro-osmotic drag coefficient of methnaol/nm
d

onductivity of membrane/σm (S m−1)
orrection factor of diffusion coefficient/ε

hermal conductivity of membrane/λmem (W m−1 K−1)
hermal conductivity of CGDL/λcgdl (W m−1 K−1)
hermal conductivity of CCC/λccc (W m−1 K−1)
iffusion coefficient of methanol in membrane/Deff

m,mem (m2 s−1)
iffusion coefficient of methanol in ACC/Deff

m,acc (m2 s−1)
iffusion coefficient of methanol in AGDL/Deff

m,agdl (m
2 s−1)

efff 2 −1
iffusion coefficient of oxygen in CCC and air/DO2,ccc (m s )
iffusion coefficient of oxygen in CGDL/Deff

O2,cgdl (m
2 s−1)

iffusion coefficient of water vapor in air/Deff
H2O,air (m2 s−1)

ransfer coefficient of anode/αa

ransfer coefficient of cathode/αc

eference concentration of methanol/Cm
ref (mol m−3)

eference concentration of oxygen/CO2
ref (mol/m3)

eference exchange current density on anode/imref (A m−2)
eference exchange current density on cathode/iO2

ref (A m−2)
ate of change of electromotive force/∂E/∂T (V K−1)
−238.66× 103

−285.83× 103

−393.51× 103

−166.27× 103

−237.08× 103

−394× 103

80.96
75.24
36.9
39.44
44.86× 103

1× 105

0.21× P/RT
0.001 Assume
0.0003 [41]
2.9 exp(1029/(1/333− 1/T)) [42]
xm × nH2O [31]
7.3 exp(1268(1/298− 1/T)) [43]
0.6 Assume
0.21 [33]
1.6 [44]
16
4.9× 10−10 exp(2436(1/333− 1/T)) [43]
2.8× 10−9 [34]
2.8× 10−9ε

−4
0.25× 10
0.25× 10−4ε

6× 10−4 Assumed
0.35 Assumed
0.8 Assumed
4× 103 Assumed
0.21× P0/RT
94.25 exp(35,570/R(1/353− 1/T)) [31]
0.04222 exp(73,200/R(1/353− 1/T)) [31]
−1.4× 10−4 [34]
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Utilizing the calculated methanol and oxygen concentrations
at the catalyst layer, the temperatures at catalyst layer are
obtained from Eqs.(16), (17), (19), (22), and(26). The tem-
peratures in the ACL and the CCL is given, respectively, as:

Tacl =




iηa − β1 + 298β2 + ηc(i + ip) − β3 + 298β4 + lmem
λmem

(iηaβ4 − β1β4 + 298β2β4 − α3β1 + 298β2α3

+ iηaα3) + α3Tamb− hvNH2O

α3 + β2 + β4 + lmem
λmem

(β2α3 + β2β4)


 . (32)

and

Tccl = Tacl − lmem

λmem
(iηa − β1 − Taclβ2 + 298β2). (33)

It should be mentioned that the heat and mass transfer coef-
ficients are determined based on the iteration procedure by
presuming a wall temperature at the CCC surface. Iteration
will not cease until a right wall temperature and right heat,
and mass transfer coefficients, obtained from Eq.(27), are
determined such that the total heat generated is balanced by
the heat loss from the cathode to the ambient. The results to
be presented in the next section were obtained based on the
parameters listed inTable 1.

4. Results and discussion

en
en
ively,

variation in the temperature at the ACL with current density
for different methanol concentrations. The increased oper-
ating temperature improves the electrochemical reactions of

both methanol oxidation and oxygen reduction, producing
a higher voltage for a given current density. Therefore, it
can be concluded that the improved cell performance with
a higher methanol concentration is primarily attributed to
Fig. 2shows the temperature distribution in the cell wh
it is filled with 2 M methanol solution and operates at differ
current densities. The four data points represent, respect

the temperatures at the ACL, the CCL, the CGDL/CCC inter
face, and the outer surface of the CCC. It is seen fromFig. 2a
that at a lower current density the temperature on the anode
lower than that on the cathode. This is because the heat gen
ation rate by the anodic overpotential at low current densitie
is less than the endothermic heat demanded by the elect
chemical reaction of methanol oxidation. As a result, som
heat has to be taken from the cathode. With an increase
current density, the heat generation rate by the anodic ove

m
s

l

s
e

th
t
e

s
in
t

-

is
er-
s
ro-
e
i

the
-
es,

l
-
e
s

a
e

he
,
o-
a
g Fig. 2. Temperature distribution in the cell at different current densities: (a)

current density,i = 1 mA cm−2, (b) i = 5 mA cm−2, and (c)i = 50 mA cm−2.
potential increases. Therefore, as indicated inFig. 2b, the
temperature on the anode becomes higher than that on
cathode. With a further increase in current density, the te
perature difference between the anode and cathode increa
as evident by comparingFig. 2b and c.

Fig. 3 shows the polarization curves when the fuel ce
operates with 1 M, 2 M, 3 M, and 4 M methanol solutions, re
spectively. It can be seen from this figure that with an increa
in methanol concentration, the cell performance upgrad
progressively. A higher methanol concentration results in
higher methanol permeation rate from the anode side to
cathode side. On the cathode side, methanol reacts with
oxygen electrochemically to form a mixed potential. Henc
a higher methanol concentration leads to a higher mixed p
tential, thereby causing a higher heat generation rate. A
result, a higher concentration results in a higher operat
temperature. This is evident fromFig. 4, which shows the
n
r-
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Fig. 3. Polarization curves of the passive DMFC operating with different
methanol concentrations.

the increased operating temperature caused by the exother-
mic reaction between permeated methanol and oxygen on the
cathode. It is also noted fromFig. 4 that for each methanol
concentration, the temperature at the ACL increases with cur-
rent density. This is because the heat generation rate due to
activation and mass transfer activation increase with an in-
crease in current density.

In order to further verify that the improved cell perfor-
mance with higher methanol concentrations is due to the in-
creased operating temperature caused by higher methanol
permeation rates, we now let the passive DMFC still oper-
ate with 4 M methanol, but remove the excess heat generated
from the system by cooling down the cell to a lower tem-
perature.Fig. 5presents the performance, represented by the
dashed curve, of the fuel cell operating with 4 M methanol
and at an operating temperature controlled to be the same
as that when the cell operates with 2 M methanol under the
open circuit voltage condition. For comparison, the polar-
ization curves with 2 M and 4 M without cooling are also
shown inFig. 5. It can be seen from this figure that feed-
ing 4 M methanol solution with a lowed operating tempera-
ture results in significantly lower performance than feeding

F layer)
w

Fig. 5. Polarization curves for the 4 M methanol operation with and without
the operating temperature lowered to the value of the 2 M methanol operation
under the OCV condition.

the same concentration methanol without cooling does. Al-
though the performance with 4 M methanol at the lowered
operating temperature becomes much lower than that with-
out the control of the operating temperature, it is still a bit
higher than that with 2 M methanol. This may be due to the
higher mass transfer rate with a higher methanol concentra-
tion. The results presented inFig. 5 indicate that the excess
heat generated by the exothermic reaction of the permeated
methanol on the cathode is removed from the cell, the cell per-
formance declines and becomes almost the same as that with
2 M methanol. The comparison in cell performance among
the three operating conditions confirms that the improved per-
formance of a passive DMFC running with higher methanol
concentrations is attributed primarily to the higher operating
temperature caused by the exothermic reaction between the
permeated methanol and oxygen on the cathode.

The effect of room temperature on the cell performance
with different methanol concentrations is shown inFig. 6. It
is clear from this figure that the cell performance increases
with room temperature. The lower heat loss rate to the am-
bient with a higher room temperature creates a higher oper-
ating temperature, causing the electrochemical kinetics of

F t dif-
f

ig. 4. Variations in the operating temperature (at the anode catalyst
ith current density for different methanol concentrations.
ig. 6. Polarization curves for different methanol concentrations and a
erent room temperatures.
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both methanol oxidation and oxygen reduction to be im-
proved. The results presented inFig. 6suggest that the perfor-
mance of a passive DMFC is sensitive to a change in ambient
conditions.

5. Concluding remarks

A one-dimensional thermal model for passive DMFCs is
developed. Inherently coupled heat and mass transport, along
with the electrochemical reactions, are considered. The ana-
lytical solutions of methanol and oxygen concentration, and
temperature distributions through the cell components are
obtained. The performance of the fuel cell fed with different
methanol concentrations (1–4 M) is predicted. It has been
shown that at low current densities, the temperature on the
anode is lower than that on the cathode. With an increase in
current density, the temperature on the anode becomes higher
than that on the cathode. A higher current density leads to a
higher temperature difference between the anode and cath-
ode. Furthermore, with this model it has been revealed that
passive DMFCs operating with a higher methanol concentra-
tion yield a better performance. The improved performance
with higher methanol concentrations has been found to be
due primarily to the higher operating temperature caused by
the exothermic reaction between the permeated methanol and
o sug-
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[16] A.S. Aricò, P. Cret̀ı, V. Baglio, E. Modica, V. Antonucci, Influence
of flow field design on the performance of a direct methanol fuel
cell, J. Power Sources 91 (2000) 202–209.

[17] C.W. Wong, T.S. Zhao, Q. Ye, J.G. Liu, Transient capillary blocking
in the flow field of a micro DMFC and its effect on cell performance,
J. Electrochim. Soc. 157 (7) (2005).

[ n of
irect

[ flow
124.

[ ess
130

[ steel
wer

[ less
ower

[ hanol

[ ane
rces

[ nal
urces

[ er-
50.

[ lyte

[ olid-
993)

[ ode
00)

[ anol
113.

[ rect
519.
xygen on the cathode. The results presented in this work
est that thermal management in passive DMFCs is cr

or improving the performance of this type of fuel cells.

cknowledgement

The work described in this paper was fully suppo
y a grant from the Research Grants Council of the H
ong Special Administrative Region, China (Project
KUST6197/03E).

eferences

[1] C.K. Dyer, Fuel cells for portable applications, J. Power Sou
106 (2002) 31–34.

[2] J. Prabhuram, T.S. Zhao, C.W. Wong, et al., Preparation and
tural/electrochemical characterization of Pt/C nanocatalyst for
mer electrolyte fuel cells, J. Power Sources 134 (2004) 1–6.

[3] D. Cao, S.H. Bergens, Pt–Ruadatom nanoparticles as anode cataly
for direct methanol fuel cells, J. Power Sources 134 (2004) 170

[4] J.W. Guo, T.S. Zhao, J. Prabhuram, C.W. Wong, Preparation
physical/electrochemical properties of Pt/C nanocatalyst stab
by citric acid for polymer electrolyte fuel cells, Electrochim. A
50 (2005) 1973–1983.

[5] S.C. Thomas, X. Ren, S. Gottesfeld, P. Zelenay, Direct meth
fuel cells: progress in cell performance and cathode research,
trochim. Acta 47 (2002) 3741–3748.

[6] Z. Qi, A. Kaufman, Open circuit voltage and methanol crossove
DMFCs, J. Power Sources 110 (2004) 177–185.

[7] Q. Ye, T.S. Zhao, H. Yang, J. Prabhuram, Electrochemical reac
in a DMFC under open circuit conditions, Electrochem. Solid S
Lett. 8 (2005) A52–A54.
18] K. Tüber, A. Oedegaard, M. Hermann, C. Hebling, Investigatio
fractal flow-fields in portable proton exchange membrane and d
methanol fuel cells, J. Power Sources 131 (2004) 175–181.

19] H. Yang, T.S. Zhao, Q. Ye, Pressure drop behavior in the anode
field of liquid feed DMFCs, J. Power Sources 142 (2005) 117–

20] D. Kim, E.A. Cho, S.A. Hong, I.H. Oh, H.Y. Ha, Recent progr
in passive direct methanol fuel cells at KIST, J. Power Sources
(2004) 172–177.

21] J.G. Liu, G.Q. Sun, F.L. Zhao, et al., Study of sintered stainless
fiber felt as gas diffusion backing in air-breathing DMFC, J. Po
Sources 133 (2004) 175–180.

22] T. Shimizu, T. Momma, et al., Design and fabrication of pump
small direct methanol fuel cells for portable applications, J. P
Sources 137 (2004) 277–283.

23] C.Y. Chen, P. Yang, Performance of an air-breathing direct met
fuel cell, J. Power Sources 123 (2003) 37–42.

24] J.J. Baschuk, X.G. Li, Modelling of polymer electrolyte membr
fuel cells with variable degrees of water flooding, J. Power Sou
86 (2003) 181–196.

25] T. Berning, D.M. Lu, N. Djilali, Three-dimensional computatio
analysis of transport phenomena in a PEM fuel cell, J. Power So
106 (2002) 284–294.

26] D.M. Bernardi, Water-balance calculation for solid-polym
electrolyte fuel cells, J. Electrochem. Soc. 137 (1990) 2244–22

27] T.E. Springer, T.A. Zawodzinski, S. Gottesfeld, Polymer electro
fuel cell model, J. Electrochem. Soc. 138 (1991) 2334–2342.

28] T.F. Fuller, J. Newman, Water and thermal management in s
polymer-electrolyte fuel cells, J. Electrochem. Soc. 140 (1
1218–1225.

29] W.S. He, J.S. Yi, T.V. Nguyen, Two-phase flow model of the cath
of PEM fuel cells using interdigitated flow fields, AIChE J. 46 (20
2053–2064.

30] J. Nordlund, G. Lindbergh, A model for the porous direct meth
fuel cells anode, J. Electrochem. Soc. 149 (9) (2002) A1107–A1

31] Z.H. Wang, C.Y. Wang, Mathematical modeling of liquid-feed di
methanol fuel cells, J. Electrochem. Soc. 150 (4) (2003) A508–A



130 R. Chen, T.S. Zhao / Journal of Power Sources 152 (2005) 122–130

[32] G. Murgia, L. Pisani, A.K. Shukla, K. Scott, A numerical model of
a liquid-feed solid polymer electrolyte DMFC and its experimental
validation, J. Electrochem. Soc. 150 (9) (2003) A1231–A1245.

[33] P. Argyropoulos, K. Scott, W.M. Taama, One-dimensional thermal
model for direct methanol fuel cell stacks. Part I. Model develop-
ment, J. Power Sources 79 (1999) 169–183.

[34] K. Scott, P. Argyropoulos, K. Sundmacher, A model for the liquid
feed direct methanol fuel cell, J. Electroanal. Chem. 477 (1999)
97–110.

[35] P.W. Li, L. Schaefer, M.K. Chyu, A numerical model coupling the
heat and gas species’ transport processes in a tubular SOFC, J. Heat
Transfer Trans. ASME 126 (2004) 219–229.

[36] P.W. Li, K. Suzuki, Numerical modeling and performance study of
a tubular SOFC, J. Electrochem. Soc. 151 (4) (2004) A548–A557.

[37] J.L. Yuan, M. Rokni, B. Sunden, Three-dimensional computational
analysis of gas and heat transport phenomena in ducts relevant for
anode-supported solid oxide fuel cells, Int. J. Heat Mass Transfer 46
(5) (2003) 809–821.

[38] J.M. Smith, Chemical Engineering Kinetics, third international ed.,
McGraw-Hill, Singapore, 1981.

[39] P.W. Li, T. Zhang, Q.M. Wang, et al., The performance of PEM fuel
cells fed with oxygen through the free-convection mode, J. Power
Sources 114 (2003) 63–69.

[40] A. Mongruel, M. Cloitre, C. Allain, Scaling of boundary-layer flows
driven by double-diffusive convection, Int. J. Heat Mass Transfer 39
(1996) 3899–3910.

[41] K. Scott, W.M. Taama, S. Kramer, P. Argyropoulos, K. Sundmacher,
Limiting current behaviour of the direct methanol fuel cell, Elec-
trochim. Acta 45 (1999) 945–957.

[42] H. Guo, C.F. Ma, 2D analytical model of a direct methanol fuel cell,
Electrochem. Commun. 6 (2004) 306–312.

[43] K. Scott, W.M. Taama, J. Cruickshank, Performance and modelling
of a direct methanol solid polymer electrolyte fuel cell, J. Power
Sources 65 (1997) 159–171.

[44] A. Rowe, X.G. Li, Mathematical modeling of proton exchange mem-
brane fuel cells, J. Power Sources 102 (2001) 82–96.


	Mathematical modeling of a passive-feed DMFC with heat transfer effect
	Introduction
	Model development
	Mass transport
	Heat transport
	Cell performance

	Analytical solutions
	Results and discussion
	Concluding remarks
	Acknowledgement
	References


