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a  b  s  t  r  a  c  t

CO2 gas  produced  in a DMFC  during  methanol  oxidation  reaction  is  typically  removed  out  of the  cell
through  the  anode  channel  while  liquid  fuel mixture  is supplied  from  the  anode  channel  to the  anode
porous  media.  This  induces  a  two-phase  flow,  which  makes  it difficult  to understand  mass  transport
phenomena  in  a DMFC.  This  paper  discusses  the  effect  of  CO2 on  two-phase  flow  and  mass  transport
phenomena  in a DMFC  with  a multi-dimensional  model.  The  role  of  CO2 in  controlling  water  and  methanol
eywords:
irect methanol fuel cell
MFC
O2

arbon dioxide

transport  in  DMFCs  is theoretically  investigated.  Multi-D  DMFC  model  explains  that  amount  of  CO2 in
the  anode  controls  not  only  water transport  by  capillary  diffusion,  but also  methanol  transport  by  both
molecular  diffusion  and  capillary  diffusion.  Two  DMFCs  (conventional  cell  and  CO2 breathing  cell)  are
fabricated  and  tested  to confirm  the  theoretical  result  acquired  from  the  simulation.

© 2014  Elsevier  Ltd. All  rights  reserved.

odeling

. Introduction

During electrochemical reaction in a DMFC, water is produced
n the cathode from oxygen reduction reaction (ORR) and CO2 is
roduced in the anode from methanol oxidation reaction (MOR)
s byproducts. In order to maintain steady cell operation, pro-
uced CO2 should be removed out of the cell. Produced CO2 in the
node catalyst layer is basically in gas phase and typically removed
hrough the anode channel out of the cell. During this CO2 removal
rocess, it is known that CO2 gas brings on a strong two-phase
ow in the anode channel as shown in Fig. 1(a), which causes a

arge pressure drop along the anode channel and makes study of

MFC difficult. In addition, typically at high current density oper-
tion, CO2 gas forms slugs which may  block the interface between
he anode channel and the anode porous media, which prevent the
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liquid fuel from spreading well into the anode porous media. For the
above reason, it is important to consider CO2 removal for channel
design. For example, typical DMFC hardly uses parallel channels on
the anode side, although parallel channels have advantages of less
pressure drop or even species distribution than serpentine chan-
nels. The reason is possible CO2 slugs that block some anode flow
channels and may  cause dead regions in the cell.

There are several experimental studies conducted about CO2
in DMFC. Most of them focus on CO2 flow behavior in the anode
channel [1–8] or effective methods to remove CO2 from DMFC
[9,10]. Some conducted experimental study about formation of CO2
bubbles on the surface of gas diffusion layer and slug elongation,
movement through the channel by using different manifold designs
or gas diffusion layers in order to find better anode flow field for
good removal of CO2. Relatively few numerical studies focusing on
CO2 in DMFC have been published [11–14].

Argyropoulos et al. [1] stressed importance of CO2 gas manage-
ment by conducting a visualizing experimental study using two
DMFCs with different flow field designs. Lu et al. [2] observed that
the pattern of CO2 bubble generation is different according GDL
material type by conducting experiments with two kinds of MEA
with transparent cells for flow visualization. Following Lu et al. [2],
Yang et al. [3] conducted further visualization study of CO2 behavior
by placing a DMFC in three different directions (vertical, anode-

above MEA, anode-below MEA). They concluded vertical direction
is best for cell performance because buoyancy force assists the
removal of gas bubbles in the anode channel. In their succeeding
paper [4], they conducted a parametrical study focusing on the

dx.doi.org/10.1016/j.electacta.2014.04.087
http://www.sciencedirect.com/science/journal/00134686
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Nomenclature

Acronyms and abbreviations
A area (m2)
as specific reaction area (m−1)
c molar concentration (mol m−3)
D diffusivity (m2 s−1)
E0 thermodynamic reversible voltage (V)
g Gibbs free energy (kJ kg−1)
gdl, GDL gas diffusion layer
h enthalpy (kJ kg−1)
i current density (A m−2 or mA  cm−2)
I current (A)
j volumetric transfer current density (A m−3)
�j phase diffusion flux (mol m−2s−1),
K permeability (m2)
ka anode kinetics coefficient
kH Henry’s constant
m mass (kg)
L  length (m)
M molar weight (g mol−1)
N molar flux (mol m−2s−1)
p pressure (Pa)
nd electro-osmosis drag coefficient
s liquid saturation
S volumetric source term
u velocity (m s−1)
T temperature (K)
V volume (m3)
X species mole fraction
Y species mass fraction

Greek letters
˛  water transfer coefficient
ı thickness (m)
ε porosity
� potential (V)
� advection correction factor
� overpotential
� ionic conductivity (S cm−1)
� mobility, water content
� viscosity (kg m−1s−1)
	 kinetic viscosity (m2 s−1)

 contact angle (◦)
� density (kg m−3)
� shear stress (Pa)
 efficiency
� stoichiometry

Superscript and subscript
a anode
acl anode catalyst layer
adl anode gas diffusion layer
c cathode
ccl cathode catalyst layer
cdl cathode gas diffusion layer
capill capillary
d drag
diff diffusion
e electrolyte phase

mem  membrane
ref reference
s solid phase
eff effective
g gas

k species
l liquid
tot total
xover crossover

effect of anode flow field design on cell performance. Mench
et al. [5] observed gas bubble emergence/detachment on the
surface of gas diffusion layer with video microscopy. Bewer et al.
[6] devised a unique method to simulate CO2 bubble behavior
in anode flow field using H2O2 solution without actual DMFC
equipment. Liao et al. [7] studied the dynamic behavior of CO2
gas bubbles by using a transparent cell. Wong et al. [8] conducted
further study about the dynamic behavior of CO2 gas bubbles in
anode channel. They examined the residence time of CO2 bubbles
in anode channel by changing the channel size and found that
gas slug size and residence time increase with reduction of anode
channel size. Scott et al. [9] studied the feasibility of using stainless
steel mesh material as flow beds for DMFC in order to facilitate CO2
removal. However, their cell didn’t show significant performance
improvement even though it was  operated at 90 ◦C. Lundin et al.
[10] introduced a unique method to reduce CO2 bubble formation
in the anode channel by adding chemical agents like LiOH or KOH
which increase CO2 solubility to liquid fuel mixture. However,
they didn’t mention possible adverse consequences which may
occur by adding such alkaline agents into fuel.

In order to overcome problems caused by CO2 flow in the anode
channel, several methods have been suggested. MTI  Microfuel Cells
Inc. claimed two patents about CO2 separation method. One uses
gas permeable/liquid impermeable membrane which covers anode
channels [15]. The other removes CO2 through the composite mem-
brane which plays as both proton conducting membrane and CO2
separator [16]. Both cell designs remove CO2 gas directly to the
ambient, not through the anode channel. This is different from the
conventional method which requires CO2 separator outside of the
cell. By adopting this kind of CO2 removal method, the DMFC system
can become very compact. Meng and Kim [17] developed a unique
cell design which uses produced CO2 as the driving force deliver-
ing liquid fuel. CO2 is finally removed from the anode channel to
the ambient through porous membrane in their cell. When a DMFC
directly vents CO2 gas to the ambient, it is called ‘CO2 breathing
DMFC’.

Fig. 1(b) shows a schematic of a CO2 breathing DMFC designed
for the present study. By attaching a gas-permeable/liquid-
impermeable membrane (surface film) such as PTFE film on the top
of the anode bipolar plate, CO2 can be directly removed to the ambi-
ent. Depending on the membrane property, CO2 removal amount
can be controlled. If gas-permeability is very high, almost pure liq-
uid will flow through the anode channel. In order to prevent liquid
water from leaking out of the cell, a dense hydrophobic porous
layer made of ceramics may  be used instead of surface film. How-
ever, CO2 breathing cell requires more consideration to construct
bipolar structure to combine CO2 gas venting path and electrical
connection together when cells form a stack structure.

2. Multi-dimensional DMFC model

The present multi-D model simulates steady-state cell opera-
tion under given condition and the model is extended from the

work by Liu and Wang [18], and Jung [19,20]. Multi-D model con-
sists of six coupled PDEs as summarized in Table 1. Constitutive
relationships and parameters used in the present model are listed
in Table 2. A detail derivation of governing equations is found in
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Fig. 1. (a) Schematic of the conventional DMFC showing CO2 removal route and two-phase flow in anode channel [2], (b) Schematic of the CO2 breathing DMFC showing CO2

removal route and almost pure liquid flow in anode channel without CO2 bubbles (present study).

Table 1
Governing equations of the multi-D DMFC model.

Conservation equations Source terms

Mass ∇ · (��u) = Sm Sm
acl

= MMeOHSMeOH + MH2OSH2O + j
6F M

CO2

Sm
ccl

= MH2OSH2O + MO2 SO2 + jxover
6F M

CO2

Momentum ∇ ·
(
��u�u
)

= −∇p + ∇ · �� + Su Su = − �
K

�u (in porous media domain)

Water transport ∇ ·
(
���uYH2O

)
= ∇ ·
[
�Dcapill∇YH2O

]
+ SH2O SH2O

acl
= − j

6F M
H2O − j

F ˛M
H2O

SH2O
ccl

= j
2F M

H2O + jxover
3F M

H2O + j
F ˛M

H2O

Methanol transport ∇ ·
(
���uYMeOH

l

)
= ∇ ·

[
�DMeOH

eff
∇ · YMeOH

l

]
+ SMeOH SMeOH

acl
= − j

6F M
MeOH − jxover

6F M
MeOH

CO2 transport ∇ ·
(
���uYCO2

)
= ∇ ·
[
�
(
�g
� D

CO2
g,eff

)
∇YCO2

]
+ ∇ ·
[
YCO2�jl

]
+ SCO2 SCO2

acl
= j

6F M
CO2

SCO2
ccl

= jxover
6F M

CO2

Oxygen transport ∇ ·
(
���uYO2

)
= ∇  ·
[
�
(
�g
� D

O2
g,eff

)
∇YO2

]
+ ∇ ·
[
YO2�jl
]

+ SO2 SO2
ccl

= − j
4F M

O2 − jxover
4F M

O2

Proton 0 = ∇ · (�e,eff∇�e) + S�e S�
e,acl

= j

S�
e,ccl

= −jc + jxover

Electron 0 = ∇ · (�s,eff∇�s) + S�s S�
s,acl

= −j
S�

s,ccl
= jc − jxover
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Table 2
Constitutive relationships and parameters for DMFC model.

Parameters Expression Reference

Relative permeability krl = sn; krg = (1 − s)n [27]

Methanol diffusivity (vapor) DMeOH
g = 1.96 × 10−5

(
T

328.15

)1.823
1.013×105

p [28]

Water diffusivity (vapor) DH2O
g = 2.01 × 10−5

(
T

307

)1.823
1.013×105

p [29]

Methanol diffusivity (liquid) DMeOH
l

= 1.4 × 10−9
(

647.3−298.15
647.3−T

)6
[29,30]

Oxygen diffusivity (gas) DO2g = 3.57 × 10−5
(

T
352

)1.823
1.013×105

p [29]

Water content in Nafion-membrane � =

{
22 (s > 0.3)

14 + 8s/0.3 (s ≤ 0.3)

0.043 + 17.81RH − 39.85RH2 + 36.0RH3 (vapor)

[31,32]

Water diffusivity in Nafion-membrane DH2O
mem = 4.80 × 10−11 exp

[
2416
(

1
303 − 1

T

)]
Calibrated based on [32]

Methanol diffusivity in Nafion-membrane DMeOH
mem = 1.5 × 10−10 exp

[
2416
(

1
303 − 1

T

)]
Calibrated based on [32]

Water EOD coefficient in Nafion-membrane nH2O
d

=
{[

� − 14
8

](
nH2O

d,ref
− 1
)

+ 1 (for�≥14)

1 (for� < 14)
[33], [34]

Water reference EOD coefficient in Nafion-membrane nH2O
d,ref

= 1.6767 + 0.0155 (T − 273) + 8.9074 × 10−5(T − 273)2 [33]

Ion conductivity of Nafion-membrane �mem = 0.1 (S cm−1) @ 60◦ C (fully hydrated)

Effective water vapor diffusivity DH2O
g,eff

= DH2O
g (1 − s)nεn

Effective water liquid diffusivity DH2O
l,eff

= DH2O
l
snεn

J - Leverett function J(s) =
{−1.263s3 + 1.669s2 − 0.966s + 0.56 (when 
c < 90◦)

1.263s3 − 2.120s2 + 1.417s (when 
c > 90◦)

Henry’s constant of methanol kMeOH
H = 160.0

101.235 exp
[

4210
(

1
T − 1

298.15

)]
R
T Fitted data

Fig. 2. Three-dimensional geometry of the present DMFC model.
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Table 3
Cell geometry and material properties.

Description Symbol Value

Anode gas diffusion layer thickness ıadl 170 �m
Anode catalyst layer thickness ıacl 30 �m
Membrane thickness ımem 50 �m
Cathode catalyst layer thickness ıccl 30 �m
Cathode gas diffusion layer thickness ıcdl 200 �m
Gas  diffusion layer porosity εgdl 0.6
Catalyst layer porosity εcl 0.4
Gas diffusion layer permeability Kgdl 2.0 × 10−12 m2

Catalyst layer permeability Kcl 1.0 × 10−13 m2

Membrane permeability Kmem 2.0 × 10−20 m2

Gas diffusion layer contact angel 
gdl 110◦

Catalyst layer contact angle 
cl 100◦

Cell length Lcell 75 mm
Channel width Wchn 1 mm
Channel height Hchn 0.5 mm
Land width Wland 1 mm
Bipolar plate thickness Hbp 0.5 mm

Table 4
Baseline simulation parameters.

Description Symbol Value

Cell temperature Tcell 313 K
Reference current density iref 150 mA cm−2

Anode stoichiometry a 3
Cathode stoichiometry c 3
Anode exchange current density i0,a 45.51 A m−2

Cathode exchange current density i0,c 0.12 A m−2

Anode catalyst ionomer 25 vol.%
Cathode catalyst ionomer 25 vol.%
Anode catalyst loading 4 mg cm−2

Cathode catalyst loading 2 mg cm−2

Surface tension � 0.0625 N m−1

Inlet methanol concentration cMeOH
in

2000 mol m−3

Pure MeOH concentration cMeOH
l,pure

24719 mol m−3

Pure H2O concentration cH2O
l,pure

55556 mol m−3

Anode transfer coefficients ˛a 0.239
Cathode transfer coefficients ˛c 0.875
Faraday constant F 96487 C mol−1

Universal gas constant R 8.314 J mol−1K−1

Equivalent weight of dry membrane EW 1.1 kg mol−1

−3
he references [18–20]. Present study focuses on the role of CO2
n two-phase transport of water and methanol in a DMFC. Fig. 2
nd Table 3 shows the three-dimensional model geometry. Base-
ine simulation parameters are listed in Table 4. All derived sets of
overning equations, parameters and constitutional relations are
mplemented into commercial CFD solver, STAR-CD®. AMG  (alge-
raic multi-grid method) based on finite volume method (FVM) is
sed for discretization and SIMPLE algorithm is applied for solving
overning equations. It is considered that convergence is achieved

hen the residuals reach 10−8.

Dry membrane density �dry 1980 kg m
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.1. Two-phase water transport and the relationship with CO2

A general form of the multi-phase species equation by M2 model
21] which is the base of the present multi-D model is expressed as
ollows:

 · (���uYk) = ∇ ·
[
�lD

k
l,eff∇Yk

l + �gD
k
g,eff∇Yk

g

]
− ∇ ·

[(
Yk

l − Yk
g

)�jl]+ Sk (1)

Capillary flux of liquid phase (�j) shown above equation is driven
y capillary pressure gradient (∇pcapill) and it can be expressed by
arcy’s law as follows:

l = �g�lK

	
∇pcapill

= �g�lK

	
∇
[
� cos(
)

(
ε

K

)1/2
J (s)

]
= �g�l� cos(
)(Kε)1/2

	

dJ

ds
∇s
(2)

here the liquid saturation is defined as

 = Vl

Vpore
= 1 − Vg

Vpore
=

�g
(

1 − YCO2
)

�lYCO2 + �g
(

1 − YCO2
) (3)

Now, capillary flux (�jl) is expressed as a function of liquid sat-
ration, and the liquid saturation is strongly affected by the CO2
raction in Eq. (3) since large amount of gas in the anode consists of
O2. Therefore, it is conjectured that the capillary flux in the anode

s controlled by CO2. In addition, it can be easily conjectured that
arge amount of CO2 in the anode will lead to lower water crossover
o the cathode side by building dry condition in the anode porous

edia. CO2 amount in the anode is defined as CO2 level as follows
n the present study.

O2Level =
∫
V

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩
�g (1 − s)
n∑
i

MiXi

(
1 − c

H2O
sat M

H2O

�
H2O
g

−
cMeOH

l
MMeOH

�MeOH
g kH

)
⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭
dV [mol/m3]

(4)
By plugging Eq. (3) into Eq. (2), capillary diffusive flux can be

eformed as follows:

l = �g�l� cos(
)(Kε)1/2

	

dJ

ds

×
�l

(
�gY

H2O
l − �gY

H2O
g

)
(
�lY

H2O
l − �lYH2O + �gYH2O − �gY

H2O
g

)2
∇YH2O (5)

Now, water transport equation can be derived by plugging Eq.
5) into Eq. (1) as follows:

 ·
(
���uYH2O

)
= ∇ ·

[
�Dcapill∇YH2O

]
+ SH2O (6)

here capillary diffusivity is

capill = 1
�

(
YH2O

l − YH2O
g

) �g�l�
∣∣cos(
)

∣∣ (Kε)1/2

	

dJ

ds

×
�l

(
�gY

H2O
l − �gY

H2O
g

)
(
�lY

H2O
l − �lYH2O + �gYH2O − �gY

H2O
g

)2
(7)
Capillary diffusivity shown above is a complex function of mate-
ial properties (porosity, permeability, and contact angle), species
omposition, and liquid saturation.
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2.2. Two-phase methanol transport and the relationship with CO2

Assuming the vapor-liquid equilibrium of methanol in the
anode, the methanol concentration can be related by Henry’s law
as follows:

cMeOH
l = cMeOH

g kMeOH
H

where

kMeOH
H = 160.0

101.235
exp
[

4210
(

1
T

− 1
298.15

)]
R

T
(8)

Two-phase mixture of methanol mass fraction can be expressed
as the following by the multi-phase mixture model [21].

�YMeOH = �lY
MeOH
l s + �gY

MeOH
g (1 − s)

where

⎧⎪⎨
⎪⎩
�YMeOH = cMeOHMMeOH

�lY
MeOH
l = cMeOH

l MMeOH

�gYMeOH
g = cMeOH

g MMeOH

(9)

In order to solve methanol governing equation the above Eq. (8)
is converted in term of methanol mass fraction using Eq. (9) as

YMeOH = �l

�

(
s + 1 − s

kH

)
YMeOH

l (10)

Now, the species equation (Eq. (1)) which has three variables of
methanol (YMeOH, YMeOH

l , YMeOH
g ) is summarized as the following

equation with a single variable (YMeOH), which is mathematically
easy to solve.

∇ ·
(
��uYMeOH

l

)
= ∇ ·

[
�l

(
DMeOH

l,eff +
DMeOH

g,eff

kH

)
∇ · YMeOH

l

]

− ∇ ·
[(
YMeOH

l − YMeOH
g

)�jl]+ SMeOH (11)

Examining the above methanol transport equation, left term is
advection term which is dominant in the channel flow region. The
first term on the right hand side expresses the molecular diffusion
which is conducted by both liquid-phase and gas-phase. Therefore,
the two-phase molecular diffusivity can be defined as follows [20]:

DMeOH
mol = �l

�

(
DMeOH

l,eff +
DMeOH

g,eff

kH

)

= �l

�

(
DMeOH

l sn + DMeOH
g (1 − s)n

kH

)
εn (12)

Two-phase molecular diffusivity of methanol is a strong func-
tion of liquid saturation, and porosity as shown in Fig. 3. The second
term on the right hand side of Eq. (11) represents capillary diffusion
of methanol, which is difficult to deal with as it is. We  transform
this term to a unified diffusive term as follows: First, combining Eq.
(5) and Eq. (7), liquid phase flux becomes,

jl = �Dcapill

YH2O
l − YH2O

g

∇YH2O (13)

Therefore, methanol capillary term becomes,

SMeOH
capill = −∇ ·

[(
YMeOH

l − YMeOH
g

)�jl] = ∇ ·
[
YMeOH

l

(
�l

�gkH
− 1

)
�jl
]

= −∇ ·
[
YMeOH

(
1 − �l

)
�Dcapill ∇YH2O

]

l �gkH YH2O

l − YH2O
g

= ∇ ·
[
�∇DMeOH

capill Y
MeOH
l

]
(14)
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ig. 3. Molecular diffusivity of methanol in gas diffusion layer according to CO2 level
nd  porosity of gas diffusion layer.

Methanol capillary diffusivity in the above equation is expressed
s:

DMeOH
capill = Dcapill 

where   =
(

1 − �l

�gkH

)
YMeOH

l

YH2O
l − YH2O

g

(15)

In the above equation, CO2 level affects liquid phase capillary
iffusivity (Dcapill) whereas cell temperature and methanol concen-
ration strongly affects methanol capillary factor ( ). Fig. 4 shows
hat the methanol capillary factor becomes large when the liquid
ixture is highly concentrated and temperature is low. However,
ven though methanol capillary factor is high, methanol capillary
iffusivity may  remain low if the cell operates at very low flow stoi-
hiometry. This is because liquid phase diffusivity becomes very

ig. 4. Methanol capillary factor according to temperature and methanol concen-
ration.
Acta 134 (2014) 35–48

low under such a gaseous condition (or high CO2 level environ-
ment). In contrast, there will be no methanol capillary diffusion also
if the porous media is filled with pure liquid. Finally, the methanol
transport equation becomes,

∇ ·
(
��uYMeOH

l

)
= ∇ ·

[
�DMeOH

eff ∇ · YMeOH
l

]
+ SMeOH (16)

The effective methanol diffusivity in the above equation is,

DMeOH
eff = DMeOH

mol + DMeOH
capill (17)

It is important to identify which transport physics dominates
in fuel delivery in order to control fuel delivery and optimize
the anode design under given operational condition. For example,
under ultra-low anode flow rate condition, the anode becomes very
gaseous and fuel delivery is dominated by molecular diffusion.

2.3. Net water transfer coefficient (˛)

In order to express water transport through the membrane, the
net water transport coefficient (�) was  introduced [22]. This coef-
ficient consists of electro-osmosis drag, diffusion and hydraulic
permeation as shown in Eq. (18). Positive � value means water
in the anode is being lost by the cathode whereas negative � value
indicates water on the cathode side moves to the anode side.

 ̨ = NH2O
mem

F

i
= (NH2O

mem,EOD + NH2O
mem,diff + NH2O

mem,pl)
F

i

= nH2O
d + ˛mem,diff + ˛mem,pl

where

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

nH2O
d = NH2O

m,EOD
F

i

˛m,diff = NH2O
m,diff

F

i
= DH2O

mem

(
�mem

EWmem

)(
�a − �c

ımem

)
F

i

˛m,pl = NH2O
m,pl

F

i
=
(
�lKmem

Ml�l

)  (
pl,a − pl,c

ımem

)
F

i

(18)

2.4. MOR  and ORR

When methanol concentration is high it is believed that
methanol oxidation reaction (MOR) is 0th order whereas MOR
becomes 1st order as the methanol concentration approaches the
depletion limit. Eq. (19) proposed by Meyers and Newman [23–25]
is used to capture MOR  transition from 0th order to 1st order in this
study.

ja = asi0,a

⎛
⎝ cMeOH

acl exp(
˛aF

RT
�a)

cMeOH
acl + ka exp(

˛aF

RT
�a)

⎞
⎠

where �a = �s − �e − E0
a

(19)

Note ka is a reaction constant to smoothly fit the MOR  transition
from 0th order to 1st order, which is 0.2 in this study.

Oxygen reduction reaction (ORR) in the cathode is expressed as
Eq. (20) which is based on Tafel equation. Note (1-s)n is multiplied
to consider flooding effect in the cathode.

jc = asi0,c

(
cO2

ccl

cO2
ref

)
(1 − s)n exp

(
−˛cF

RT
�c

)
where �c = �s − �e − E0

c

(20)
2.5. Crossover current

Instead of participating in MOR, some amount of methanol in
the anode permeates the membrane by electro-osmosis drag or



S. Jung et al. / Electrochimica Acta 134 (2014) 35–48 41

F
s

d
(

a
c
t
d

2

b
a
s
s
t
C
f
a

3

3

f
c
m
a
t
a
a
i
f
c
a
b

Fig. 6. Liquid saturation distribution in the anode: (a) Conventional DMFC, (b) CO2

breathing DMFC (Tcell = 333 K, i = 150 mA cm−2, a = 3.0, c = 3.0).
ig. 5. Void fraction in the anode channel according to anode stoichiometry and CO2

urface removal rate (Tcell = 333 K, i = 150 mA  cm−2).

iffusion and produces crossover current (ixover) as shown in Eq.
21) [18].

ixover = 6FNMeOH
mem

where NMeOH
mem = ixover

6F
= nMeOH

d
i

F
+ DMeOH

mem
cMeOH

acl

ımem

(21)

Electro-osmosis drag coefficient of methanol shown in the
bove equation is found by nMeOH

d = nH2O
d

(
cMeOH

l /cH2O
l

)
. The

rossover current (ixover) forms mixed potential which degrades
he cell performance. In addition, the fuel efficiency of the cell
eteriorates since crossovered methanol is wasted away.

.6. CO2 surface removal

In reality, CO2 removal amount through the surface film can
e controlled by the material properties of the surface film such
s porosity, permeability, and hydrophobicity. Instead, the present
tudy simulates CO2 surface removal amount by applying a CO2
pecies sink in the surface film. When this removal amount is zero,
he model represents a conventional DMFC which removes all of
O2 gas through the outlet port, whereas 100% amount of CO2 sur-

ace removal represents the ideal CO2 breathing DMFC which has
 pure liquid flow in the anode channel.

. Result and Discussion

.1. CO2 removal and pressure drop

In a conventional DMFC, produced CO2 accumulates and void
raction increases in the channel direction. This two-phase flow
auses a large pressure drop in the channel. The present multi-D
odel described here applies a homogeneous flow model in the

node flow channel. When CO2 is directly removed to the ambient
hrough the surface film, CO2 accumulation is reduced and aver-
ge liquid saturation increases. Channel void fraction according to
node flow stoichiometry and CO2 removal amount are presented
n Fig. 5. When CO2 surface removal rate is large, channel void

raction becomes relatively uniform compared to the conventional
ell. Fig. 6 and Fig. 7 show the liquid saturation distribution in the
node. Liquid saturation in the anode gas diffusion layer of the CO2
reathing cell is very uniform compared to the conventional cell.

Fig. 7. Liquid saturation distribution in the anode (cross-section E in Fig. 2): (a)
Conventional DMFC, (b) CO2 breathing DMFC (Tcell = 333 K, i = 150 mA cm−2, a = 3.0,
c = 3.0).
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Fig. 8. Comparison of relative pressure drop according to average void fraction in
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(see Eq. (15)). When the cell operates at high temperature
he anode channel due to CO2 surface removal. (Tcell = 333 K, i = 150 mA  cm−2, a = 3.0,
c = 3.0).

y avoiding strong two-phase flow in the channel, pressure drop in
he channel can be significantly reduced as shown in Fig. 8. It is esti-

ated that the CO2 breathing cell which completely removes CO2
hrough the surface film requires only 10% of the pumping power of
he conventional DMFC, which contributes to improving the new
ower throughput. In addition, reduced pumping power leads to
maller pump and reduced manufacturing cost.

.2. Role of CO2 in water management

Conventional cell shows gradually decreasing liquid saturation
long the channel whereas the CO2 breathing cell shows very
niform liquid saturation in the GDL since CO2 is not accumulated
see Fig. 6 and Fig. 7). In other words, the CO2 breathing cell has a
etter anode than the conventional cell. In both cases, the region
nder the anode land is gaseous (low liquid saturation) since CO2
emoval from the anode catalyst layer is blocked there. On the
ontrary, the region under the cathode land is quite wet (high liq-
id saturation) since water removal from cathode catalyst layer

s blocked by the cathode land. Therefore, water back-diffusion
trongly occurs under the land region, which leads to a lower local
ater transfer coefficient value there. Fig. 7 shows saturation dis-

ribution in a different view. Overall, the CO2 breathing cell shows
niformly wetter anode porous media compared to the conven-
ional cell since CO2 surface removal occurs uniformly everywhere
n the surface film, which implies that the CO2 breathing cell has
ore uniform and larger water transfer coefficient than the con-

entional cell. Local water transfer coefficients of both cells are
resented in Fig. 9. Conventional cell shows a large water trans-
er coefficient value at the inlet region where the anode is very wet
nd cathode is dry. In contrast, the CO2 breathing cell shows rela-
ively uniform distribution of water transfer coefficient value due
o minimal CO accumulation. This means more water is lost to
2
he cathode than in the conventional cell. In both cells, the water
ransfer coefficient is low under the land region due to gaseous
nvironment in the anode and wet environment in the cathode.
Fig. 9. Local water transfer coefficient distribution in the membrane: (a) Conven-
tional DMFC, (b) CO2 breathing DMFC (Tcell = 333 K, i = 150 mA cm−2, a = 3.0, c = 3.0).

As the operating current density increases, the anode becomes
more gaseous due to the large amount of CO2 production by MOR
in the anode catalyst layer as shown in Fig. 10(a) and, definitely,
CO2 level decreases as CO2 surface removal increases. Fig. 10(b)
shows that the water transfer coefficient becomes large as CO2 level
decreases or CO2 surface removal increases. This simply implies
that maintaining high CO2 level helps to reduce the water transfer
coefficient.

3.3. Role of CO2 in methanol transport

Controlling methanol transport is important for steady oper-
ation of a DMFC. Too much methanol supply results in severe
methanol crossover which degrades both cell performance and fuel
efficiency. In contrast, the cell may  shut down if too little methanol
is delivered to the catalyst layer. As discussed, methanol is trans-
ported by molecular diffusion and capillary diffusion in the anode.
CO2 plays an important role for both two-phase transport mecha-
nisms, depending on the cell operating condition such as flow rate,
temperature and methanol concentration. Effective methanol dif-
fusivity, consisting of two-phase molecular diffusivity and capillary
diffusivity, expresses methanol delivery capability in anode porous
media.

Methanol diffusivity analysis in the anode is shown in Fig. 11
according to cell temperature and CO2 surface removal rate.
CO2 level affects the capillary diffusivity (see Eq. (7)) and
cell temperature strongly affects methanol capillary factor
(Tcell = 333 K) without CO2 surface removal (conventional DMFC),
two-phase molecular diffusion is the dominant mechanism of
methanol transport as shown in Fig. 11(a). Capillary diffusion
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Fig. 10. (a) CO2 level according to current density, (b) water transfer coefficient according to CO2 level. (Tcell = 333 K, i = 150 mA cm−2, a = 3.0, c = 3.0).
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ig. 11. Methanol diffusivity distribution in the anode channel direction: (a) Con
Tcell = 333 K, i = 150 mA cm−2, a = 3.0, c = 3.0) (c) Conventional DMFC (Tcell = 313 K,
a = 3.0, c = 3.0).

s strong only at the inlet region and rapidly decreases since

he anode becomes gaseous due to CO2 accumulation (low
iquid phase capillary diffusivity) and methanol concentration
ecreases in the channel direction by methanol consumption, i.e.,
ethanol capillary factor decreases. As vapor/liquid molecular
nal DMFC (Tcell = 333 K, i = 150 mA cm−2, a = 3.0, c = 3.0) (b) CO2 breathing DMFC
 mA cm−2, a = 3.0, c = 3.0) (d) CO2 breathing DMFC (Tcell = 313 K, i = 150 mA  cm−2,

diffusivity of methanol becomes high at high temperature and

two-phase molecular diffusivity of methanol is high under gaseous
environment (see Fig. 3), two-phase molecular diffusivity of
methanol increases in the channel direction and becomes the
dominant mechanism of methanol transport. In the case of the CO2



44 S. Jung et al. / Electrochimica Acta 134 (2014) 35–48

F
(

b
m
t
i
l
t
l
m
i
t
b
a
t
c
d

b
m
s
w
s
b
t
n
e
w
p

ig. 12. Methanol concentration distribution (Section E), (left) conventional cell,
right) CO2 breathing cell (Tcell = 333 K, i = 150 mA  cm−2, a = 3.0, c = 3.0).

reathing cell operating at high temperature (Fig. 11(b)), two-phase
olecular diffusivity remains almost uniform in the channel direc-

ion due to CO2 surface removal. Although liquid saturation level
s uniform in the channel direction, methanol capillary diffusivity
inearly decreases because methanol concentration decreases due
o methanol consumption by MOR. When the cell temperature is
ow (Tcell = 313 K), methanol molecular diffusivity decreases but

ethanol capillary diffusivity increases. Overall effective diffusiv-
ty is slightly reduced compared to the high temperature case in
he conventional cell (see Fig. 11(c)). Methanol capillary diffusion
ecomes dominant in the CO2 breathing cell at low temperature
s shown in Fig. 11(d). Methanol concentration distributions in
he anode of both cells operating under the base condition are
ompared in Fig. 12. As both cells have similar effective methanol
iffusivity, methanol concentration distributions are similar also.

CO2 contributes to improving methanol molecular diffusion
ut prohibits methanol capillary diffusion. Although two-phase
olecular diffusivity and capillary diffusivity of methanol are

ignificantly affected by CO2 level, effective methanol diffusivity
hich is the sum of both diffusivities, does not vary so much as

hown in Fig. 11. This implies that anode performance of the CO2
reathing DMFC should be not so different from that of conven-
ional DMFCs. If there is no CO2 in the anode porous media, there is

o methanol capillary transport since liquid saturation is uniform
verywhere and molecular diffusion occurs solely in liquid-phase,
hich is very low. Therefore, net methanol transport will be very
oor. In that sense, maintaining some level of CO2 inside the anode
Fig. 13. (a) Local current density, (b) local crossover current density distribution in
the  conventional DMFC (Tcell = 333 K, i = 150 mA cm−2, a = 3.0, c = 3.0).

porous media is necessary for facilitating fuel transport. Even the
CO2 breathing DMFC, which has almost pure liquid flow in the
anode channel, has a significant level of CO2 inside the anode porous
media, which enables the CO2 breathing DMFC to have similar
anode performance to the conventional DMFC.

3.4. Current density and methanol crossover

When the cathode condition is the same, methanol concen-
tration distribution strongly affects current density and crossover
current density distribution for both of the cells. As shown in Fig. 12,
both cells have similar distribution of methanol concentration since
they have similar effective methanol diffusivity. Current density
and crossover current density distribution of the conventional cell
operating under base condition are presented in Fig. 13(a) and
13(b). Since the CO2 breathing cell shows similar result with the
conventional cell, its figures are neglected here. Calculation results
show that current density is high under the land region rather than
under the channel region. This is because stoichiometry is large
enough. Excessive amount of methanol, especially under the chan-
nel region, negatively acts by increasing methanol crossover, which
leads to large anode overpotential and lower current density. As
methanol concentration under the channel region is high, crossover
current density is high there.

3.5. DMFC system efficiency
Cell voltage profiles are plotted according to operating temper-
atures in Fig. 14. The conventional cell and the CO2 breathing cell
didn’t have significant difference each other. This result was antic-
ipated from the overall effective methanol diffusivity discussed
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ig. 14. Voltage profiles acquired from the simulation (2 M,  a = 3.0, c = 3.0).

n the simulation section. In low current regime, lower tempera-
ure (313 K) is better for cell performance than higher temperature
333 K). When the cell operates at low current, methanol concen-
ration near the anode catalyst layer becomes high since methanol
onsumption is low. This high methanol concentration leads to high
ethanol crossover. In addition, if the cell temperature is high,
ethanol diffusivity of the membrane becomes large. Therefore,

rossover current density becomes large and cell voltage drops a
it.

The advantage of the CO2 breathing DMFC does not come from
he cell performance itself. As the required anode pressure of the
O2 breathing DMFC is lower than that of the conventional cell, the
echanical efficiency is improved. The reversible thermodynamic

fficiency of DMFC is defined as follows [26]:

rev = �g

�h
= −nFE

0

�h
= 0.97 (at 25◦C,1 atm) (22)

However, actual voltage is much lower than this reversible volt-
ge because of several voltage losses like ohmic loss, concentration
oss and activation loss. Considering those voltage losses, the voltaic
fficiency is expressed as follows:

voltaic = Vcell

E0
(23)

In order to include fuel loss due to methanol crossover, fuel
fficiency is defined as follows:

fuel = I

I + Ixover
(24)

Part of power generated by the cell is used for driving the system
uch as fuel pumping and air blowing. So we define the mechanical
fficiency as follows:

mech = Welec − Wa − Wc

Welec⎧⎪⎨Welec = I · V (cell power output)
where ⎪⎩Wa = �pauaAa (fuel pumping power)

Wc = �pcucAc (air pumping power)
(25)
Acta 134 (2014) 35–48 45

Finally, the total energy efficiency of a DMFC can be expressed
by

 = revvoltaicfuelmech (26)

Fig. 15(a) shows the net power throughput according to the CO2
removal amount. Although the cell polarization curve of the CO2
breathing DMFC is similar to that of the conventional DMFC, cell
performance is improved by saving pumping power required for
fuel supply. Total energy efficiency according to CO2 removal is
presented in Fig. 15(b).

4. Experimental

Experiment was conducted to confirm the theoretical conclu-
sion acquired from the simulation. Two different types of cells
were prepared to compare the effect of CO2 removal. One is the
conventional DMFC and the other is the CO2 breathing DMFC.
Membrane-electrode assemblies (MEA) were fabricated using a
combination of decal-transfer, direct-coating and hot-pressing
methods. Commercial unsupported PtRu black (HiSPECTM 6000,
Pt:Ru = 1:1 atomic ratio, Alfa Aesar) was  used as anode catalyst,
while commercial carbon-supported Pt (72.1 wt.% Pt on high sur-
face area carbon, Tanaka, Kikinzoku Kogyo, K.K. Japan) was  used as
cathode catalyst. Catalysts (PtRu black or Pt/C) was  mixed with di-
ionized water, iso-propanol and ionomer solution (5 wt.% Nafion
dispersion, 1100 EW,  Dupont) using magnetic stirring and ultra-
sonication to form a catalyst ink. To obtain anode catalyst layers,
the PtRu black catalyst ink was  then coated onto the surface of
decal (Teflon sheet) using spraying method with the aid of spray-
ing gun (Iwata, Japan). The anode catalyst layer was transferred
from the decal onto Nafion 212 membrane (Ion Power, Inc.) by
hot-pressing at 398 K under 100 atm for 3 min. To obtain cathode
catalyst layer, the Pt/C catalyst ink was coated directly onto another
side of Nafion 212 membrane using spraying method. The PtRu and
Pt catalyst loadings were ∼8.5 and ∼3.2 mg  cm−2 in the anode and
cathode catalyst layers, respectively. The contents of dry Nafion
ionomer in the anode and cathode catalyst layers were ∼27 wt.%
and ∼18 wt.%, respectively. 10wt% wet-proofed TGPH-90 carbon
paper with micro-porous layer (MPL) and carbon cloth with MPL
were used as anode and cathode diffusion media, respectively. To
form a whole MEA, the anode and cathode diffusion media were
hot-pressed together with the Nafion membrane with the anode
and cathode catalyst layers at 398 K under 50 atm for 1.5 min. The
active electrode area was  5 cm2.

Fig. 16 shows the setup for the CO2 breathing DMFC and the
conventional DMFC. MEA  were mounted between two  identical
Au-coated copper flow plates with single-path serpentine chan-
nels. The copper plates were also used as current collectors. For
CO2 breathing DMFC, a porous PTFE membrane with a thickness
of 250 �m (M-R710 with a pore size of 0.8 �m and a porosity of
70%, FluoroTechniques Membrane Product, Inc.) was  put between
the anode copper plate and end plate with an open window in
order to vent the CO2 gas produced during DMFC operation from
the anode flow channel into ambient atmosphere. When the open
window was  sealed with a plastic block, since CO2 cannot be vented
through porous PTFE membrane, the cell can be considered as a
conventional DMFC. A digital pump (Series I digital pump, LabAl-
linace) with a range of 0.01-10 ml  min−1 was used to deliver and
control flow rate of aqueous methanol solution, while a digital
mass flow controller (Omega Engineering, Inc) was used to measure

and control flow rate of breathing-grade air. A digital temperature
controller was used to control the electrical heater on the cell to
maintain desired cell temperature. The cell temperature was set as
313 K.
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Fig. 15. Power throughput and sys

For cell performance measurement, 2 M methanol solution was
ed into the anode inlet at a flow rate of 0.12 ml  min−1 (i.e. at a fuel
toichiometry of 3@150 mA  cm−2), while dry air with ambient pres-
ure was fed into the cathode inlet at a flow rate of 67.9 ml  min−1

i.e. at an air stoichiometry of 5@150 mA  cm−2). Quick-scan cell

erformances were obtained by an Arbin testing system in a gal-
anodynamic mode with a scan rate of 10 mA  s−1, while the
teady-state performances were obtained by an Arbin testing sys-
em in a galvanostatic mode with a current density of 150 mA cm−2.

ig. 16. Experimental setup for the present study: (a) CO2 breathing DMFC (with CO2

enting window is open), (b) Conventional DMFC (CO2 venting window is blocked).
ficiency according to CO2 removal.

Anode polarization curves were obtained by an Arbin testing
system in a galvanodynamic mode with a scan rate of 10 mA  s−1.
Fully humidified hydrogen at a flow rate of 100 sccm was  fed
into the cathode, while 2 M methanol solution was  fed into the
anode at a flow rate of 0.12 ml  min−1 (i.e. at a fuel stoichiometry of
3@150 mA cm−2).

For the measurement of methanol crossover, dry N2 at a flow
rate of 100 sccm was fed into the cathode, while 2 M methanol solu-
tion was fed into the anode at a flow rate of 0.12 ml min−1 (i.e. at
a fuel stoichiometry of 3@150 mA  cm−2). When a positive voltage
was swept, the current obtained at N2-fed cathode corresponded to
the oxidation current of the total crossover methanol. The limiting
current density was  considered as the methanol crossover through
the membrane from the anode to the cathode.

As shown in Fig. 16 (a), in the case of the CO2 breathing DMFC,
since the CO2 produced from the methanol oxidation at the anode
during the operation was vented through the porous PTFE mem-
brane from the anode flow channels to ambient atmosphere, little
gas bubble was observed in the tubing at the anode outlet. However,
if the open window for CO2 venting was  blocked, as shown in Fig. 16
(b), CO2 cannot be vented through the porous PTFE membrane,
and then CO2 had to be removed by methanol flow via two-phase
flow in the anode flow channels. CO2 gas bubbles can be observed
continuously in the tubing at the anode outlet.

Fig. 17 (a) and Fig. 17 (b) show a comparison of quick-scan and
steady-state cell performance between the CO2 breathing DMFC
and the conventional DMFC, respectively. With regard to quick-
scan cell performance, a cell voltage of 0.409 V at 150 mA  cm−2 was
achieved at 313 K in the case of the CO2 breathing DMFC, slightly
lower than that in the case of the conventional DMFC. The peak
power density of the CO2 breathing DMFC was  72 mW cm−2, which
was ∼8.3% lower than 78 mW cm−2 peak power density of the
conventional DMFC. For 2 hour steady-state operation, when the
cells were discharged at 150 mA  cm−2 at 313 K, the CO2 breathing
DMFC achieved the same performance with an average cell volt-
age of 0. 416 V as the conventional one. When 2 M methanol was
fed into the anode at a flow rate with a fuel stoichiometry of 3 at
150 mA cm−2, the methanol crossover of the CO2 breathing DMFC

was 234 mA  cm−2 at 313 K, slightly lower than that of the con-
ventional one (i.e. 243 mA  cm−2), as shown in Fig. 17 (c). Anode
overpotential according to current density of the CO2 breathing
DMFC was  almost the same as that of the conventional one. For
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ig. 17. Experiment result comparing the CO2 breathing DMFC with the convention
nd  power density, (b) Steady-state cell voltage (i = 150 mA cm−2), (c) Methanol cro

xample, as shown in Fig. 17(d), at 313 K, the anode overpotential
t 150 mA  cm−2 was 0.406 and 0.407 V for the CO2 breathing and
he conventional DMFCs, respectively, which showed only 1 mV
ifference between both two cases. The negligible difference in the
teady-state cell performance and anode overpotentials between
wo cases demonstrated that CO2 can be vented through the porous

embrane from the anode flow channels to the ambient atmo-
phere without scarifying any cell performance.

. Conclusion

Fundamental analysis about two-phase water and methanol
ransport in a DMFC was conducted with multi-D DMFC model
ocusing on the role of CO2 in mass transfer. As CO2 level decreases,
he net water transfer coefficient increases since CO2 level controls
apillary diffusivity and low CO2 level builds wet condition in the

node, which drives much more water flux to the cathode side. The
O2 breathing DMFC has uniformly wet anode porous media since
O2 does not accumulate in the channel direction, which results

n a larger water transfer coefficient than the conventional DMFC.
FC (2 M,  �a = 3.0@150 mA cm−2, �c = 5.0@150 mA cm−2, Tcell = 313 K): (a) Cell voltage
r (�a = 3.0@150 mA cm−2), (d) Anode polarization curves (�a = 3.0@150 mA cm−2).

Methanol transport in a DMFC is carried out by two-phase molec-
ular diffusion and methanol capillary diffusion. It is found that
CO2 level controls molecular diffusion and capillary diffusion of
methanol. When CO2 level is high, two-phase molecular diffusion
is enhanced while methanol capillary diffusion is suppressed. How-
ever, it is also found that CO2 surface removal does not have as much
effect on the methanol transport because the sum of molecular dif-
fusivity and capillary diffusivity (the effective methanol diffusivity)
is maintained at constant level. Therefore, the calculation result
shows that the cell performances of the conventional cell and CO2
breathing cell are not so much different each other. Improvement
of the net energy efficiency came from the increased mechanical
efficiency due to lowered anode pressure drop.

In order to confirm the theoretical finding, experiment was
conducted to observe performance difference between the con-
ventional and the CO2 breathing DMFCs. As predicted from the

simulation result, two cells didn’t show significant performance
difference each other although the cell dimension and the operat-
ing condition of the experiment were a bit different from that of
the simulation case.
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As the present model is a steady-state, volume-averaging model,
t has limitation of capturing the dynamic phenomena such as
ubble formation, coalescence and removal process. This bubble
ynamics affects the cell performance especially under very low
ow stoichiometry condition, which is rather obscure to express
ith a volume-averaging method using local liquid saturation. In

he case of the CO2 breathing DMFC, however, is free of being in
rouble with bubbles since CO2 bubbles emerged from the surface
f GDL are immediately removed through the surface film. In the
ase of the conventional DMFC, a transient model which can capture
he bubble dynamics should be developed in the future.
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