Available online at www.sciencedirect.com

ScienceDirect

Journal of Power Sources 179 (2008) 700-710

JOURNAL OF

www.elsevier.com/locate /jpowsour

A theoretical model of the membrane electrode assembly of liquid feed
direct methanol fuel cell with consideration
of water and methanol crossover

Ken-Ming Yin *
Department of Chemical Engineering and Materials Science, Yuan-Ze University, 135 Yuan-Tung Road,
Chung-Li, Taoyuan 32003, Taiwan, ROC

Received 5 December 2007; received in revised form 3 January 2008; accepted 4 January 2008
Available online 12 January 2008

Abstract

An algebraic model of the membrane electrode assembly of the direct methanol fuel cell is developed, which considers the simultaneous liquid
water and methanol crossover effects, and the associated electrochemical reactions. The respective anodic and cathodic polarization curves can be
predicted using this model. Methanol concentration profile and flux are correlated explicitly with the operating conditions and water transport rate.
The cathode mixed potential effect induced by the methanol crossover is included and the subsequent cell voltage loss is identified. Water crossover
is influenced by the capillary pressure equilibrium and hydrophobic property within the cathode gas diffusion layer. The model can be used to
evaluate the cell performance at various working parameters such as membrane thickness, methanol feed concentration, and hydrophobicity of the

cathode gas diffuser.
© 2008 Elsevier B.V. All rights reserved.

Keywords: Direct methanol fuel cell; Membrane electrode assembly; Water transport; Methanol crossover; Mixed potential

1. Introduction

One critical issue of the research on direct methanol fuel
cell (DMFC) is to reduce methanol crossover through the poly-
mer electrolyte membrane [1-4]. The permeation of methanol
not only reduces the fuel efficiency but also causes a voltage
decline in the cathode due to the internal short-circuit formed
by the parasitic reactions of methanol oxidation and the oxygen
reduction [5—13]. Another requirement, especially for a portable
DMEC, is the retardation of water transport through the poly-
mer membrane. Due to the electro-osmotic drag of water across
the membrane, the use of concentrated methanol solution in the
anode compartment is not feasible [ 14—18]. Since water is one of
the reactants for methanol oxidation, the anodic limiting species
may be switched from methanol to water once water loss is
severe in the anode compartment. Condenser is needed to col-
lect water in the cathode and to recycle it to the anode; thus, the
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design of the portable DMFC becomes much complicated and
costly. The cathode gas diffusion layer is normally hydrophobic
treated to induce a capillary pressure to lessen water permeation
from the anode. An extension of this concept is to fabricate an
extra thin micro-porous layer between the catalyst layer and
the cathode gas diffusion layer [16-20]. With the incorpora-
tion of a high hydrophobic and low porosity carbon layer, the
induced capillary pressure is further extended, while the impetus
to the oxygen diffusion is not serious due to the thinness of the
micro-layer.

The modeling works on the DMFC with attention on the
methanol crossover can be found in [5—13]. Scott and co-workers
[6,7] treated the cathode voltage loss due to methanol crossover
as a fixed value. Kulikovsky [8,9] considered the effect of
channel flow on the cathode mixed potential, and found that
a narrow zone of local current bridge which short-circuits the
cell at a small current load. The inclusion of water transport
phenomenon, in addition to the methanol crossover, was devel-
oped only recently [21-28]. It is noted that most water transport
included models are based on the computational fluid dynamics
except a few analytical works in Refs. [21,22]. Sandhu et al.
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Fig. 1. Schematic of the membrane electrode assembly of DMFC.

[21] algebraically formulated the methanol and water crossover
equations but only limited to the membrane region without con-
sideration of the respective anode and cathode electrochemical
reactions. The analytical derivation by Shi et al. [22] was also
on the membrane region that focused on the water flow and
membrane dehydration; methanol crossover and electrochemi-
cal kinetics were not included.

The purpose of present work is to develop an efficient alge-
braic model to elucidate the simultaneous water and methanol
crossover phenomena as well as their influence on the cell per-
formance. To limit the scope of this study, only membrane
electrode assembly (MEA) is considered, while the flow chan-
nel effect is not included. The interplay of mass transport and
associated electrochemical reactions is stressed. Algebraic while
mechanistic-based model gives an explicit relationship between
the important operating parameters and the physical character-
istics of the MEA.

2. Mathematical model

Schematic of the studied region is depicted in Fig. 1. The
assumptions made in this one-dimensional algebraic model are
listed:

(1) The anode and cathode catalyst layers are treated as planes
of no thickness. That is, possible concentration variations
within the catalyst layers are not considered.

(2) The membrane is fully hydrated.

(3) Electrochemical kinetics of methanol oxidation and oxygen
reduction is described by the Tafel equation.

(4) Because the over-potential for the methanol oxidation at
cathode is high, it is assumed that the permeated methanol
is consumed instantaneously at the membrane/cathode dif-
fuser interface [11,13].

(5) The effect of CO, gas bubbles generated in the anode cata-
lyst layer is neglected.

2.1. Liquid water flow

Water conservation within the anode diffuser (AD):

dNipo
= =0 1
o ey
where water flux is governed by the Darcy’s law:
kAD dP
Mip = —2-— )
v dx
kI‘?D is the liquid permeability in the anode diffuser, v (=u/p) the

liquid kinematic viscosity defined as the ratio of liquid viscosity
and molar density, Pj is the local liquid pressure.
Water conservation within the membrane (M):
M
dNp,0 —0
dx

The water flux in membrane phase is driven by the pressure
gradient and the electro-osmotic drag:

3

M H,0

NM :_kiﬂ_kndz ! 4)

H20 v dx F

Water conservation within the cathode diffuser (CD):
d NCD
—22 =0 )

dx
Water flux is caused by hydraulic pressure gradient:

%CD k(ljD an

N§ = -2 S ©)

v dx

ng is the permeability of water in the carbon fiber matrix.
Within the porous structure of the cathode diffusion layer, oxy-
gen gas diffuses in the non-flooding fraction of the void space.
The permeability of water transfer is modified by the relative
permeability, erlD, expressed as a function of water saturation
kSD = 53 [29]. Water saturation s is determined by the capillary
equilibrium between the gas and liquid phases, given as follows
[29]:

)

0.5
P. = PC — P = 0cos e <8CD ) 7(s) %)
P

P, is the capillary pressure, P© the cathode gas pressure, ecp the
porosity within cathode porous medium, 6. the contact angel,
o the surface tension, and J(s) is the Leverette function of the
water saturation [30]:

J(s) = 1.417s — 2.12s* + 1.263s>  for hydrophobic medium,
0 > 90° (8a)

J(s) = 1.417(1 — 5) — 2.12(1 — s)> + 1.263(1 — 5)°
for hydrophilic medium 6. < 90° (8b)

Water balances on the anode reaction plane (AD/M interface)
and the cathode reaction plane (M/CD interface) are given,
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respectively:
M, =nAD L ©
H,O — “YH,O — 6F
Iy leak
Nio = Nito + F 66;7 (10

I is the cell current density, /, the partial current density of oxy-
gen reduction, and /ey is the leaking current density caused by
the oxidation of permeated methanol on the cathode catalyst.

An overall current conservation can be expressed in Eq. (11),
which states that the oxygen consumption is balanced by the
oxidation of methanol in the anode plus that occurred in the
cathode:

Iy = I + Deax (11)

Integration of Eq. (2), one obtains:

vNAD I ap
AD/M _ pA _ H,0
P =P A D (12)

Integrating of Eq. (4) with the aid of Eqgs. (9) and (12):

ph oy ! (] + nHZO)

pM/CD _
MF \6 "¢

L L

AD M AD

—UNHZO (kNI + kAD> (13)
P

In combination of Egs. (7) and (13), one has:

C A_ vLmI (1 H,0 AD Lm Lap
P-—P kMF <6+nd2 _VNHQO @"'kAiD

0.5
ECD
+ o cos b, <kCD> J(sm/cp) (14)
P

where syycp is the water saturation at the M/CD interface.

With the aid of Egs. (7)—(11), Eq. (6) can be integrated over the
cathode diffusion layer by letting water saturation zero at the
interface of the gas diffuser and flow channel:

)
Nito 3F

_ peos ec<eCDng)°'5

4
o (—0.354255%

for6. > 90°

(15a)

and

Iy > ,OCOSGC(ECDkCD)

4
<NH20 + 35 (0241553 cp

vLcp
—0.667653/cp + 0.631553 /)

for 6, < 90° (15b)

2.2. Methanol transport

Mass conservation of methanol within the anode diffuser
(AD):

dNAD

p =0 (16)

Methanol flux is contributed by diffusion and convection:

pdCm

NAD —
dx

—-DA + " Co(Nfpp + NP) (17)
DQD is the void fraction corrected diffusivity using Brugger-
man’s correlation [31]. For the dilute solution, mole fraction
of methanol can be approximated by ¢”Cy,, where ¢” is the
molecular weight of water.

Eq. (17) can be integrated with the boundary condition Cp, =

CP atx=0:
NAD ¢"(Nfisb + NaP)x
DAD

C//(NAD + NAD) {1 — eXp

m =

g.//(NéD + NAD)X
b 20 m
+ C}, exp DAD (18)
Cm at AD/M interface is simply:
CAD/M _ NQD
o =
(N0 + NaP)
I exp ¢"(Nfio + NaP)Lap
DAD
¢"(N{R + NADYLap
+CP exp HZODADm (19)
m

Mass conservation of methanol within the membrane phase (M)
is

dNM

o 0 (20)

Methanol flux is expressed as follows:
M M dCn 1 M
Ny =—-Dy——+¢ Cm(NHzo + N 21

Methanol balance on the anode catalyst layer (AD/M interface)
is

I
NM = NyAD _ _—_ (22)
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Integration of Eq. (21) with the aid of Egs. (19), (20) and (22),
one obtains:

B NAD — 1/6F NAD
{(NRR) + NAD — 1/3F) | ¢"(N{R) + NAD)

" (Njgiy + NaP)Lap
1 —exp DAD
m

Cm

¢"(Nf3 + N”)Lap
b 20 m
+ C), exp ( DAD

m

NAD —1/6F
¢"(Nfit + NAP — 1/3F)

(g”(N{}?O + NAP — I/3F)(x — L AD)>
exp i
Dm

(23)

Due to the high cathode over-potential for methanol oxidation,
methanol is consumed instantaneously at the M/CD interface
[11,13], that is, Cy(x=Lap + Lyp) =0, we have:
_ NAP — 1/6F
(NAR) + NAP — 1/3F)

NAD
m
¢"(Nio + NaP)

l <5”<N§?o + NAP)Lap )]
1 —exp

DAD
NAD — 1/6F
¢"(Nfio + NaP — 1/3F)

é'//(NéD NAD)LAD
b 20 m
+ C exp ( D

Em

17 ¢ AJAD AD
(Nfz,o + No¥ —1/3F)L
exp (; ho T Tm 3P (24)
Dm
2.3. Oxygen mass transport
Oxygen conservation within the cathode diffuser (CD):
d NCD
° —0 (25)
dx

Oxygen flux is expressed as the effective diffusion in porous
medium, expressed in the Bruggerman’s relation:

159G
dx

Although the void space available for the gas passage is a func-
tion of local water saturation s, we adopt the smallest void
fraction ecp(1 — smycp) as a first approximation. Thus, the resis-
tance to oxygen diffusion by water flooding is over-estimated in
the present study.

NED is related to the oxygen partial current density:

NEP = —Dq[ecp(1 — smycp)] (26)

1,
No®=-7% @7)

Oxygen concentration at M/CD interface is derived in combina-
tion of Egs. (25)—(27):
IoLcp

CM/CD _ b _
° ®  4FDo[ecp(1 — sm/cp)

e el

2.4. Electrode kinetics expressions

The oxygen partial current density at cathode is expressed in

Tafel equation:
—acFne
29
exp( <7 ) (29)

K is the solubility constant of oxygen between gas and aque-
ous phases (1 — sy/cp) accounts for the fraction of available gas
contact area. loo ref = loo.ref Mcac, in Which ige ref 18 the reference
exchange current density of oxygen reduction, mc the cathode
catalyst loading, and ac is the active surface area per unit cata-
lyst mass. The anode methanol oxidation current density can be
expressed similarly:

AD/M
Cm aaF1,
1=1 _— 30
om,ref Conxet exp< RT (30)

C
P — SM/CD)

KCo,ref

Io = 1Loo,ref

Tom ref = lom,ref MAQA, In Which iom ref 1S the reference exchange
current density of methanol oxidation, ma the anode catalyst
loading, and ay is the active surface area per unit mass of the
anode catalyst.

2.5. Cell polarization expression

The cell voltage is calculated by subtracting the voltage losses
of cathode ||, anode 71,, and membrane Lyil/ky, from the ther-
modynamic cell potential Uy, — Upy,:

Lwml
Veel = Up — Um — [N — a — —— (3D

m

2.6. Solution procedure

The cell polarization curve is calculated in a potentiostatic

mode. For a given Vi, variables ¢, na, 1, N{}?O, SM/CD, and
NQD are to be determined by Egs. (29)-(31), (14), (15), and
M/CD AD/M . .
(24). Note that C, and Cy in Egs. (29)—(30) are given
explicitly by Egs. (19) and (28), while I, in Egs. (15), (28) and
(29) is correlated by mass conservation over the entire MEA:

I, = 6FNAP (32)
Newton—Raphson method [32] is used to solve the set of

equations iteratively. The fixed parameters used in the model

are listed in Table 1 unless otherwise specified.

3. Results and discussion

3.1. Membrane thickness effect

Fig. 2 depicts the cell polarization behavior of varied mem-
brane thickness. Accompanied in this figure is the corresponding
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Table 1

Fixed mass transport and kinetic parameters

Parameter Expression References

aa 52 x 10*cm? g1 [33]

ac 52 x 10*cm? g7! [11]

Cyr 7Kmp’§gb‘f°> 1311

Cun.ref 0.5 x 1073 molem™3 [11]

Coref 0.496 x 10~% mol cm 3 Corresponding to the solubility of 1 atm O, at 353K
i 1.823

D, 20— ( \/TTin) (Pea Pep)* 3 (Tea Te)* 7 [ 51 + 51 34]

Dy+ 1x 1074 cm?s~! [35]

DnA1D 0.1274 x 10~* cm?2 s~! [11], void fraction corrected diffusivity

DM 1.2x 1075 Acm™2 (38]

fomref 0.7630 x 1077 Acm™2 [11]

oo ref 0.3189 x 1077 Acm™2 [36]

k5D 6.875 x 107% cm? [29]

kED 6.875 x 1072 cm? Chosen the same as kQD

kl‘;‘ 2 x 10713 cm? An average of Refs. [28,37]

K 77 o (5 + 14.1) (33

Lap 0.026 cm [31]

Lcp 0.026 cm [31]

Ly 0.0051, 0.0127, 0.023 cm for Nafion 112, 115, and 117 [31,36]

nik0 2.5 [38]

M, 32 gmol™! [34]

M, 28 gmol~! [34]

Pca 49.7 atm [34]

Py 33.5atm [34]

Tea 154.4 atm [34]

Tev 126.2 atm [34]

Umno 0.03V [13]

Un Umo + R—FT In (%) [31], (reference pressure of CO, =1 atm)

(Cin.rer1000)1/6

Uoo 1.23-0.9 x 1073 (T —298) [31]

U, Uogo + R—FT In Cy+ [31], (reference pressure of Oy =1 atm)

oy 0.5 [27,28]

o 1 [28,33]

Km 0.6842 x 107! Sem™! [11,31,39]

£cp 0.6 [23]

o 62.5gs72 [29]

m 3.565 x 1073 gem~! s~! [29,31]

P 0.054 mol cm ™3 [31]

¢’ 18 gmol ! Water molecular weight

methanol crossover rate expressed as the leaking current density.
It is seen that methanol permeation is significant for the thinner
membrane, which is declined gradually when the cell limiting
current density is approached. Usually highest leaking current
density is observed at the open circuit voltage; however, there
are occasions that a maximum methanol crossover rate appears
in the polarized region. We will come back to this point later
when we discuss the methanol feed concentration effect. The
coincidence of the vanishing in leaking current density with
the arrival of cell limiting current density implies the domi-
nance of anodic process for the prescribed parameters. There
is a decline of cell voltage near OCV, covering the activation
till the emerging of ohmic resistance controlled regime, when
a thin membrane is used. The voltage loss of thin membrane is
originated from the mixed potential effect. The higher methanol

crossover rate induces an internal short-circuit on the cathode
electrode; thus, the available cathode potential is partially con-
sumed by the oxidation of crossed methanol on the cathode. As
the discharge rate increases, the crossover effect is diminished
while the membrane ohmic resistance dominates as more sig-
nificant for the thicker membrane. For a better illustration of the
relative contributions of anode, cathode, and ohmic resistance,
Fig. 3 depicts the cumulative over-potentials for Nafion 112 and
117. As shown in this plot, Nafion 112 has larger cathode over-
potential |n.| than that of 117 due to the mixed potential effect;
the difference decreases at larger discharge rate. It is interesting
to note that when the anodic over-potential 1, is included, that s,
the portion accounted by U, — U, — |nc| — na, Nafion 112 has
an overall higher over-potential than Nafion 117. This is caused
by the always less methanol concentration available on the anode
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Fig. 2. Cell polarization curve with the associated leaking current density for
different membrane thickness. Cathode feed: air, anode feed: methanol 0.5 M,
cathode gas diffuser contact angle: 120°, PA=PC=1atm, T=353K.

catalyst when the thinner membrane employed. Lower concen-
tration induces higher anode electrode over-potential 7,. This
point will become clear when methanol concentration profile is
shown later in Fig. 4. Finally, as the ohmic potential Ly Icen/km
is included, the thicker membrane has the largest polarization in
the region of high discharge rates.

o m —— Nafion 112
— — — Nafion 117

0.8 —
UiV, rnd

0.4 —

over-potential / V

u D-U m-lncl'na'Lmlcell/Km

-04

loe /A €M

Fig. 3. Cumulative over-voltages for Nafions 112 and 117. Cathode feed:
air, anode feed: methanol 0.5M, cathode gas diffuser contact angle: 120°,
PA=PC=1atm, T=353K.
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Fig. 4. Methanol concentration profiles within the anode diffuser and the mem-
brane for Nafions 112 and 117. Cell voltages are specified at 0.6, 0.4, and 0.2 V.
Cathode feed: air, anode feed: methanol 0.5 M, cathode gas diffuser contact
angle: 120°, PA=pPC=1 atm, T=353 K.

Detailed methanol concentration profiles are given at three
cell voltages depicted in Fig. 4. It is shown at a specified
potential, thicker membrane preserves a higher methanol con-
centration at AD/M interface. The less available concentration
for thinner membrane confirms the observation of higher anode
over-potential n, in Fig. 3. It is the larger mass diffusion of
methanol within thinner membrane decreases methanol concen-
tration on the anode catalyst and, in turn increases 7,. Zhang
and Wang [10] defined “the crossover over-potential” as “the
difference between the cathode over-potential of a real DMFC
and the ideal case with no crossover”. Although the crossover
phenomenon can be characterized by the rise of cathode over-
potential, it is shown in the present study that crossover affects
the anode potential as well, and should be noticed.

Water saturation profiles across the cathode gas diffuser
in Fig. 5 are specified at the cell voltages of 0.6, 0.4 and
0.2 V. Zero saturation is presumed at the diffuser/flow channel
interface in the calculation. Capillary pressure equilibrium and
water transport determines the saturation profiles. As expect, a
larger over-voltage induces higher water saturation caused by
the significant electro-osmotic water drag through membrane
and water generation at the cathode catalyst layer. Certain fea-
ture is observed in the water saturation profiles. That is, near
OCV (0.6 V), thicker membrane induces higher water satura-
tion within the cathode diffuser. This trend reverses at high
over-voltage (0.2 V). Such behavior is in parallel with the cell
polarization curves in Fig. 2. For a specified voltage, the current
response is in close association with the water hold up in the
cathode diffuser. In addition to the water generation of oxygen
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Fig. 5. Water saturation profiles within the cathode diffusion layer (CD) with
varied membrane thickness. Cell voltages are specified at 0.6, 0.4, and 0.2 V.
Cathode feed: air, anode feed: methanol 0.5 M, cathode gas diffuser contact
angle: 120°, PA = PC = atm, T=353K.

reduction in the cathode catalyst layer, Eq. (4) indicates that the
electro-osmotic drag of water in membrane is in proportion to
the cell discharge rate.

3.2. Effect of methanol concentration

Fig. 6 displays the cell performance at different methanol
feed concentrations. The coincidence of the approaching of cell
limiting current density with the vanishing of methanol leaking
current density suggests the dominance of the anodic process
for the given concentrations and operating conditions. As expect,
higher cell current density occurs when a high methanol concen-
tration provided. The limiting cell current density is proportional
to the methanol concentration used. However, there is peculiar
feature appears when various feed concentrations are compared.
There is an enhanced proportionality with methanol concentra-
tion as regard to the limiting current density. For instance, the
limiting current density is over 0.6 A cm ™2 at 1 M methanol fed,
which is more than twice of that at 0.5 M. The limiting current
densities when convective mass transport excluded can be cal-
culated according to 6 FDAP(CE, /L ap), which give the values
of 0.06514, 0.2606 and 0.5211 A cm™2 for methanol concen-
trations 0.125, 0.5 and 1 M, respectively. The model calculated
limiting current densities when convective mass transport con-
sidered in Fig. 6 are 0.06639, 0.2824 and 0.6218 A cm 2 for the
given concentrations. The enhancement is a direct consequence
of the water flow-induced convective mass transfer on methanol,
as described in Egs. (17) and (21). Fig. 6 also shows that higher
methanol concentration induces a higher leaking current density.
Although not clear in this figure, there are interesting maximum

leaking current densities appearing at 0.46 and 0.24 V for the
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Fig. 6. Cell polarization curves with the corresponding methanol leaking current
densities at various methanol feed concentrations. Cathode feed: air, membrane
Nafion 117, cathode gas diffuser contact angle: 120°, PA=pPC=1atm, T=353K.

methanol feeds of 0.5 and 1 M, respectively. Fig. 7 gives a mag-
nified scale about the leaking current density as a function of cell
current density. There is a initial rise of methanol crossover with
the cell current density when the higher methanol concentration
is used. The nonlinear behavior has to do with the increase of
convective contribution of methanol transport as suggested in

0.05
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b —————— 0125 M
—— === 05M
0.04 —| e N —_— 1M
/ AN
// \
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Fig. 7. Leaking current density as a function of cell current density at various
methanol concentrations. Cathode feed: air, membrane Nafion 117, cathode gas
diffuser contact angle: 120°, PA=pPC=1atm, T=353K.
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Fig. 8. Cell voltage vs. water flux rates within anode diffuser (AD), mem-
brane (M), and cathode diffuser (CD) at various feed concentrations. Cathode
feed: air, membrane Nafion 117, cathode gas diffuser contact angle: 120°,
PA=PC=1atm, T=353K.

the second term on the right hand side of Eq. (21). Although the
diffusive mass transfer decreases steadily with I, there could
be a situation where the enhanced methanol convection by water
flow surpasses the decline of diffusion so that an overall increase
of lieak occurs. Eq. (4) expresses the linear increase of water flux
with the cell current density. At a later stage, both mechanisms
of methanol transport decrease due to the consumption of reac-
tant at the anode catalyst. The occurring of methanol crossover
maximum has to do with the anode catalyst activity, methanol
feed concentration, and the transport parameters within the diffu-
sion media. Similar observation was found by other researchers
[27,28], and even in the direct ethanol fuel cell systems [40,41].

Fig. 8 illustrates the respective water fluxes through the anode
diffuser (AD), membrane (M), and cathode diffuser (CD) with
the cell voltages. The water discharge rate is in parallel with
the polarization curve. Egs. (2), (9) and (10) determine the dis-
tribution of water fluxes within various media of the MEA.
Though not shown here, higher methanol concentration also
induces higher water saturation in cathode diffuser and higher
back-pressure through the membrane.

3.3. Inference of contact angle in the cathode diffuser

In addition to the permeability and porosity of the gas diffu-
sion layer, the water transport depends on the hydrophobicity of
the layer, which is normally characterized by the contact angle
between liquid water and carbon fiber matrix as shown in Eq.
(7). Lim and Wang [18] in the study of proton exchange fuel cells
showed that for various contents of fluorinated ethylene propy-
lene (FEP) added in the layer, the contact angles measured were
decreased rapidly with temperature showing a transition from
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Fig. 9. Cell polarization curves with the corresponding leaking current densities
at various cathode diffuser (CD) contact angles. Cathode feed: air, membrane
Nafion 117, methanol 0.5M, PA = PC =1 atm, T=353K.

hydrophobic (6. >90°) to hydrophilic property (6. <90°). That
is, hydrophobic property of the diffuser may change with the
operating conditions. Fig. 9 depicts the simulated polarization
curves for arange of contact angles in the CD. The corresponding
leaking current densities are included as well. There is hardly any
significant variation of cell current density with the contact angle
under the specified MEA structure and mass transport parame-
ters. The reason for that is the predicted saturation within the CD
is low (always less than 10%) so that there is only minor pore
blocking effect on gaseous oxygen transport in the CD. In addi-
tion, the cell discharge is mainly limited by the anodic reaction
so that characteristics in the cathode diffuser have insignificant
influence on the MEA performance.

Liquid pressure at M/CD interface along with the cell
voltage at different CD contact angles is demonstrated in Fig. 10.
Liquid pressure at AD/M interface is also included, which is
nearly constant during the discharge process. That is, the sec-
ond term on the right side of Eq. (12) is negligible. PMCP at
OCYV depends on the water generation at mixed potential of the
cathode and the associated capillary pressure equilibrium on the
water saturation. Positive capillary pressure is developed for the
hydrophobic medium, while negative capillary pressure is for
the hydrophilic diffuser. It seems the magnitude of the capillary
pressure, |P.|, for the hydrophilic medium is much larger than
that of hydrophobic medium. In addition, the liquid pressure
PMCD always increases with the cell voltage, as the result of
increased water saturation, indifferent to the hydrophobicity of
the CD. Thus, a positive increase of (PM/CD _ pADIMy/T - wwith
over-voltage is developed for the hydrophobic diffuser, and an
increased back-pressure is induced as indicated in the first term
on the right side of Eq. (4). The corresponding water fluxes in
different domains of the MEA are demonstrated in Fig. 11. It is

PM/CD
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Fig. 10. Liquid pressure at membrane/cathode diffuser interface vs. cell voltage
at various cathode diffuser contact angles. Cathode feed: air, membrane Nafion
117, methanol 0.5 M, PA = PC =1 atm, T=353K.

clear that higher water flux occurs in each domain when the CD
becomes more hydrophilic. As discussed earlier, water flood-
ing in the CD is not severe so that no significant impact on the
polarization curve is observed in Fig. 9. However, it should be
mentioned that there is minor difference in Fig. 9 at high dis-
charge rate if magnified scale is plotted, due to the increased
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Fig. 11. Cell voltage vs. water flux rates within anode diffuser (AD), mem-
brane (M), and cathode diffuser (CD) at various cathode diffuser contact angles.
Cathode feed: air, membrane Nafion 117, methanol 0.5M, PA =PC =1 atm,
T=353K.

back-pressure within the membrane as justified in Fig. 10 and
Eq. (4). Fig. 11 indicates that the hydrophobic layer indeed has
a better capability in inhibiting the water flow. To extend the
back-pressure for preventing water flux, an extra thin hydropho-
bic micro-layer may be added to the M/CD interface as did by
Xu et al. [20] and Pasaogullari et al. [37].

4. Conclusion

Analytical mass transfer equations on the membrane elec-
trode assembly of direct methanol fuel cell are formulated, which
give explicitly the inter-relationship of methanol crossover
and water transport rate. The cell voltage drop caused by the
methanol crossover is evaluated by the mixed potential theory on
the parasitic oxygen reduction and methanol oxidation occurring
on the cathode catalyst. Water flux rate, methanol concentration,
oxygen gas concentration, liquid pressure distribution and water
saturation in the MEA can be simulated in corporation with the
given electrochemical kinetics.

According to the model prediction, larger voltage drop occurs
near OCV due to the mixed potential effect when the thinner
membrane is used; however, the voltage gained at larger polar-
ization benefits from the smaller ohmic resistance as compared
to the thicker membrane. It is also pointed out the methanol
crossover not only affects the cathode over-potential but also
varies the methanol concentration distribution near the anode,
and alters the anode over-potential. In the study of methanol feed
concentration effect, it is shown that the convective contribution
on methanol crossover by water flux may surpass the decrease of
diffusion mechanism in the early stage of cell discharge, caus-
ing a maximum on the leaking current density. Hydrophobic
treatment on the cathode diffusion layer seems not affect the
polarization behavior when the CD water saturation is not high
enough to block the gas passage. However, the water flux pre-
dicted is indeed a function of surface contact angle, and less
water flux is observed when using the hydrophobic layer because
of the induced back-pressure across the membrane.
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Appendix A. Nomenclature

aa active area per unit mass of anode catalyst (cm? g~ !)
ac active area per unit mass of cathode catalyst (cm? g~ ')
Cy+ proton concentration in membrane phase (mol dm~3)
Cm methanol concentration (mol crn’3)

Cmyret reference methanol concentration (mol cm™?)

Co oxygen concentration (mol cm™3)

Corer  reference oxygen concentration (mol cm™3)
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methanol concentration in the anode flow channel
(molecm™3)

methanol concentration at anode diffuser/membrane
interface (mol cm_3)

oxygen gas concentration in the cathode flow channel
(mol cm™3)

oxygen gas concentration at membrane/cathode dif-
fuser interface (mol cm ™)

proton diffusivity in membrane (cm?s~!)

oxygen gas diffusivity in cathode gas diffuser (cm? s~ ')
methanol diffusivity in the anode diffuser (cm?sh
methanol diffusivity in the membrane (cm2s~1h)
Faraday constant (96,500 C mol™ 1

reference methanol oxidation exchange current density
(Acm™2)

reference oxygen reduction exchange current density
(Acm™2)

cell current density (A cm™2)

crossover current density (A cm™2)

oxygen reduction current density (A cm™2)

lom,ref MAGA (A Cm_z)

loo,ref Mcde (A Cm72)

anode diffuser liquid permeability (cm?)

cathode diffuser liquid permeability (cm?)

membrane liquid permeability (cm?)

liquid phase cathode
diffuser

solubility constant of oxygen in liquid phase
anode backing layer thickness (cm)

cathode gas diffuser thickness (cm)
membrane thickness (cm)

anode catalyst loading (g cm™2)

cathode catalyst loading (g cm™2)

molecular weight of O, (gcm™2)

molecular weight of N, (gcm™2)
electro-osmotic drag coefficient

water flux in anode diffuser (molcm~2s~1)

relative permeability in

water flux in cathode diffuser (molcm =25~ 1)
water flux in membrane (molcm™2s~1)

methanol flux in anode diffuser (molcm—2s~1)
methanol flux in membrane (mol cm 2 s_l)
oxygen gas flux in cathode diffuser (molcm™—2s~1)
capillary pressure (gcm ™! s72)

critical pressure of O, (atm)

critical pressure of N (atm)

liquid pressure (gcm™! s72)

anode pressure (gcm ™! s72)

liquid pressure at anode diffuser/membrane
(gem™'s72)

cathode pressure (gcm™! s72)

liquid pressure at membrane/cathode diffuser

(gem™'s72)

universal gas constant (8.314J mol~ ' K1)
universal gas constant (82.06 atm cm? mol ' K1)
water saturation in cathode diffuser

SM/CD  Wwater saturation at membrane/cathode diffuser inter-
face

T absolute temperature (K)

Tea critical temperature of O3 (K)

Tco critical temperature of Ny (K)

Un reference methanol oxidation open circuit potential (V)

Unmo standard potential of methanol oxidation (V)

U, reference oxygen reduction open circuit potential (V)

Uoo standard potential of oxygen reduction (V)

Veell cell voltage (V)

Greek letters

oy anodic transfer coefficient of methanol oxidation

o cathodic transfer coefficient of oxygen reduction

£CD void fraction in cathode gas diffuser

7’ molecular weight of water (gmol™!)

Na electrode over-potential in anode (V)

Ne electrode over-potential in cathode (V)

6 contact angle (rad)

Km proton conductivity in membrane phase (S cm™!)

% viscosity of water (g cm~!s™h

v kinematic viscosity (gcm?s™! mol~!)

0 liquid water molar density (mol cm ™)

o surface tension (g s72)
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