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a b s t r a c t

A transient two-phase mass transport model for liquid feed direct methanol fuel cells (DMFCs) is devel-
oped. With this model, various processes that affect the DMFC transient behaviors are numerically studied.
The results show that the cell voltage exhibits an overshoot behavior in response to a sudden change in
the current density. The magnitude of the overshoot depends on the magnitudes of the change in the
cell current density and the initial current density. It is found that the dynamic change in the methanol
permeation through the membrane to the cathode results in a strong cathode overpotential overshoot,
which is believed to be the predominant factor that leads to the cell voltage overshoot. In contrast, the
ass transport
ransient
odel

anode overpotential is relatively insensitive to the changes in the methanol concentration as well as CO
surface coverage in the anode catalyst layer. Moreover, the effect of the double layer capacitance (DLC)
on the cell dynamic behavior is studied and the results show that the DLC can smoothen the change in
the cell voltage in response to a change in the cell current density. Furthermore, the dynamic response of
mass transport to a change in the cell current density is found to be rather slow. In particular, it is shown
that the slow response in the mass transport of methanol is one of the key factors that influence the cell
dynamic operation.
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. Introduction

Because of its promising virtues for powering portable electronic
evices, the direct methanol fuel cell (DMFC) has been extensively
tudied over the past decade, most of them focused on the fuel cell
teady-state behaviors. As a matter of fact, the transient behaviors
f the fuel cell associated with the change in operating conditions,
uch as system start-up, shut-down, sudden changes in the power
evel are also important and need to be investigated. A change in
he cell operation conditions may result in the changes in the cell
emperature and the reactant concentrations at the electrode sur-
ace, which eventually determine the overall transient response of
he cell. A better understanding of the fuel cell dynamic charac-
eristics under the transient operation conditions is thus essential,
hich enables the engineers to better design and control the fuel

ell system. With this purpose, some experimental investigations

f the DMFC dynamic operating characteristics have been reported.
widely used experimental method is to make a step change in

he input parameter to the DMFC, such as the methanol feed con-
entration or the current density, and to study the response of the

∗ Corresponding author. Tel.: +852 2358 8647; fax: +852 2358 1543.
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ell voltage. For instance, Sundmacher and co-workers studied the
ynamic response of a DMFC with a step change in the methanol
eed concentration [1,2]. Other researchers also investigated the
ynamic behaviors of the DMFC by making a step change in the cell
urrent density [3–5]. In response to the change in the cell current
ensity, the cell voltage usually exhibited an overshoot behavior.
rgyropoulos et al. [3,4] also studied the DMFC’s response to the
onsecutive change in the current density in addition to the single
tep change in the current density. In addition, Kallo et al. [5] stud-
ed the cell voltage response of a gas feed DMFC to a step change
n the cell current density. They also investigated the effects of the
ouble layer capacitance (DLC), the formation/removal of CO poi-
on on Pt catalyst at the anode, and the methanol crossover on
he cell voltage response. Besides above-mentioned works, in-situ
ow visualization studies [6] were also conducted to investigate the
ransient behaviors of two-phase flow in the flow field of the DMFC
nd its effect on the cell performance. It should be mentioned that
lectrochemical impedance spectroscopy (EIS) can also be used to
tudy the dynamic cell behavior. Although EIS can cover a wide

ime range as well as monitoring of most processes occurring in
he fuel cell, the quantitative interpretation and EIS modeling of
he complete DMFC have not been achieved yet.

In addition to experimental efforts, mathematical modeling can
e very useful in understanding both the steady-state and the

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:yangww@ust.hk
mailto:metzhao@ust.hk
dx.doi.org/10.1016/j.jpowsour.2008.07.052
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Nomenclature

Alg interfacial specific area between liquid and gas
phase (m2 m−3)

As specific surface area of the active reaction sites
(m2 m−3)

C molar concentration (mol m−3)
CACL double layer capacitance of anode catalyst layer

(C m−2)
CCCL double layer capacitance of anode catalyst layer

(C m−2)
D diffusivity (m2 s−1)
F Faraday constant (96,478 C mol−1)
i+ proton current vector in the catalyst layer (A m−2)
I proton current vector in the membrane (A m−2)
Icell cell current density (A m−2)
IPara parasitic current resulting from methanol crossover

(A m−2)
j0 exchange current density (A m−2)
ja anode current density (A m−3)
jc cathode current density (A m−3)
ka1 reaction rate constant for anode reaction step 1

(mol m−2 s−1)
ka2 reaction rate constant for anode reaction step 2

(mol m−2 s−1)
kc condensation rate (mol atm−1 s−1 m−3)
ke evaporation rate (1 atm−1 s−1)
kH Henry’s law constant (Pa)
kr relative permeability
K permeability of porous material (m2)
ṁ source term in mass conservation equation

(kg m−3 s−1)
M molecular weight (kg mol−1)
nd electro-osmotic drag coefficient
N vector flux of species (mol m−2 s−1)
pc capillary pressure (Pa)
pg gas phase pressure (Pa)
pl liquid phase pressure (Pa)
R gas constant (J mol−1 K−1)
Ṙ source term in species conservation equation

(mol m−3 s−1)
R̃ interfacial species transfer rate (mol m−3 s−1)
R1 reaction rate of anode reaction step 1 (mol m−2 s−1)
R2 reaction rate of anode reaction step 2 (mol m−2 s−1)
RContact Ohmic contact resistance (�m2)
s liquid saturation
T temperature (K)
�ug velocity vector of gas phase (m s−1)
�ul velocity vector of liquid phase (m s−1)
V0 thermodynamic equilibrium voltage (V)
Vcell cell voltage (V)
x coordinate, m, or mole fraction in liquid solution

(mol mol−1)
y coordinate, m, or mole fraction in gas mixture

(mol mol−1)

Greek letters
� surface concentration of Pt (mol m−2)
˛ gas-void fraction (1 − s)
˛a anode transfer coefficient at anode
˛c cathode transfer coefficient at cathode

ı thickness of porous layer (m)
ε porosity of porous medium
� overpotential (V)
� ionic conductivity of membrane (�−1 m−1)
� viscosity (kg m−1 s−1)
�c contact angle (◦)
�CO surface coverage of CO species on the anode Pt cat-

alysts
	 density (kg m−3)

 interfacial tension (N m−1)

Superscripts
eff effective value
in inlet condition
ref reference value
sat saturated value

Subscripts
A anode
ACL anode catalyst layer
ADL anode diffusion layer
C cathode
CCL cathode catalyst layer
CDL cathode diffusion layer
G gas phase
L liquid phase
Mem membrane
M methanol
MV methanol vapor
W water
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WV water vapor

ynamic behaviors of the DMFC. Most of the existing DMFC models
re restricted to steady-state condition [7–20], and the transient
odels for DMFCs are scarce. Sundmacher et al. [21] developed a
odel to study the voltage response to a change in the methanol

eed concentration. The results revealed that the voltage under-
ent an overshoot in response to a step change in the methanol

eed concentration. Schultz et al. [22] also studied the voltage
esponse to a step change in the methanol feed concentration.
heir one-dimensional, multi-component mass transport model
as developed based on the Maxwell–Stefan equation. The model-
ased analysis revealed that the cell voltage overshoot was resulted
rom the different time responses of the anode and cathode overpo-
entials to the change in the methanol concentration. In addition to
he studies with a step change in the methanol feed concentration,
ther researchers also developed mathematical models to study
he dynamic voltage response of the DMFC to a change in the cell
urrent density. For instance, Krewer and Sundmacher [23] numer-
cally revealed that the methanol crossover is the dominating factor
hat causes the cathode overpotential overshoot and then the cell
oltage overshoot. This result is consistent with the experimental
tudy by Kallo et al. [5]. More recently, Krewer et al. [24] presented
nother model to investigate the voltage response to a change in
he cell current density, and showed that the anode reaction mech-
nism was the main physicochemical phenomena that cause the
node overpotential overshoot, hence the cell voltage overshoot.

owever, this result was somewhat contradictory to their earlier

tudy [23]. It is also worth mentioning that a few transient models
or studying the start-up process of passive DMFCs have also been
eported [25,26].
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where psat and yWV denote the saturation pressure of water vapor
ig. 1. Schematic of the model domain. Roman numerals refer to the boundaries of
he modeling geometries.

Our literature review indicates that most previous transient
ransport models for DMFCs [23,24,27] assume that the transport
f methanol through the anode diffusion layer, catalyst layer and
he membrane is fast enough and can be treated as a quasi-steady
rocess. This assumption is questionable as the mass transport of
pecies is usually much slower than the charge processes and elec-
rochemical processes at the electrode [27]. Also, we found that the
nterpretations to the voltage overshoot behavior by different mod-
ls are contradictory. Motivated by addressing these problems, in
his work we developed a transient, two-dimensional, two-phase

ass transport model for DMFCs, in which the assumption of
uasi-steady mass transport is eliminated. With this model, var-
ous processes that affect the DMFC transient operating behaviors
re numerically studied.

. Formulation

Consider a two-dimensional physical domain, as sketched in
ig. 1, which represents the typical geometry of a membrane elec-
rode assembly (MEA) that consists of anode diffusion layer (ADL),
n anode catalyst layer (ACL), a membrane (MEM), a cathode cat-
lyst layer (CCL), and a cathode diffusion layer (CDL). The MEA is
andwiched between two parallel flow field plates. Since both chan-
el width and rib width in the parallel flow-field are symmetrical
ith respect to their middle points, only a half-rib width and a
alf-channel width need to be considered to save the computing
ost.

.1. Anode porous region

In the anode porous region (the anode diffusion and catalyst
ayers), we are interested in four major variables, including liq-
id methanol concentration (CM,l), methanol vapor concentration
CM,g), liquid saturation and liquid pressure (pl). The general gov-
rning equations corresponding to each of these variables are given
y

M,l :
∂

∂t
(εsl,aCM,l) = −∇ · NM,l + ṘM,l (1)

∂

M,g =

∂t
[ε(1 − sl,a)CM,g] = −∇ · NM,g + ṘM,g (2)

l,a :
∂

∂t
[	gε(1−sl,a)]=∇ ·

[
	gK

krg

�g

(
dpc

ds
∇ · sl,a+∇ · pl

)]
+ṁg,a (3)

a
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l,a :
∂

∂t
(	lεsl,a) = ∇ ·

(
	lK

krl

�l
· ∇ · pl,a

)
+ ṁl,a (4)

here NM,l and NM,g are both vectors, representing the trans-
ort flux of methanol and methanol vapor in the anode electrode,
espectively. Taking into account the main transport mechanism
f methanol, namely, the molecular diffusion, macroscopic con-
ection and electro-osmotic drag, the overall flux of methanol and
ethanol vapor can be, respectively, calculated from

M,l =
{

CM,l �ul − Deff
M,l∇ · CM,l ADL

CM,l �ul − Deff
M,l∇ · CM,l + nd,wxM

i+
F

ACL
(5)

nd

M,g = CM,g �ug − Deff
M,g∇ · CM,g (6)

To account for the effect of methanol evaporation and conden-
ation, the interfacial transfer rate of methanol between the liquid
nd gas phase is given by:

˜M = Alghlgs(1 − s)
(psat

MV − pMV)
RT

(7)

here psat
MV denotes the saturation pressure of methanol vapor. Note

hat the interfacial transfer of methanol between the phases is
nally embodied in the general source terms on the right-hand
ides of Eqs. (1)–(4).

.2. Cathode porous region

The two-phase mass transport behaviors in the cathode porous
egion (the cathode diffusion and catalyst layer) are related to four
ajor variables, i.e., oxygen concentration (CO2,g), water vapor con-

entration (CWV,g), liquid saturation (sl) and gas pressure (pg). The
overning equations of conservation corresponding to the four vari-
bles are, respectively, given by:

O2,g :
∂

∂t
[ε(1 − sl,c)CO2,g] = −∇ · NO2,g + ṘO2,g (8)

WV,g :
∂

∂t
[ε(1 − sl,c)CWV,g] = −∇ · NWV,g + ṘO2,g (9)

l,c :
∂

∂t
(	lεsl,a)=∇ ·

[
	lK

krl

�l
·
(

−dpc

ds
∇sl,c+∇ · pg,c

)]
+ ṁl,c (10)

g,c :
∂

∂t
[	gε(1 − sl,c)] = ∇ ·

(
	gK

krg

�g
· ∇ · pg,c

)
+ ṁg,c (11)

here NO2,g and NWV,g are both vectors, denoting the transport flux
f gas oxygen and water vapor in the cathode porous region, which
an be obtained from:

i,g = Ci,g �ug − Deff
i,g∇ · Ci,g i : O2, WV (12)

To consider the effect of water evaporation and condensation,
he interfacial transfer rate of water between the liquid and gas
hase is given by [28,29]:

˜w =

⎧⎨
⎩

ke
εs	l

MH2O
(yWVpg − psat

WV) yWVpg < psat
WV

kc
ε(1 − s)yWV

RT
(yWVpg − psat

WV) yWVpg > psat
WV

(13)
WV
nd mole fraction of water vapor in the cathode gas phase, respec-
ively. Note that the interfacial transfer of water between the phases
s embodied in the source terms on the right-hand sides of Eqs.
8)–(11).
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Table 1
Constitutive relations

Parameters Expressions

Capillary pressure pc = pg − pl = 
 cos �c(ε/K)0.5J(s)

J(s) =
{

1.417(1 − s) − 2.120(1 − s)2 + 1.263(1 − s)3 0 < �c ≤ 90◦

1.417s − 2.120s2 + 1.263s3 90◦ < �c < 180◦

Relative permeabilities krl = s3 Liquid
krg = (1 − s)3 Gas

Effective diffusion coefficients of species [18] Deff
i,g

= Di,gε1.5(1 − s)1.5 i : O2, WV, MV

Deff
M =

⎧⎨
⎩

DM,lε
1.5s1.5 ADL

(ε + εN)
[ε/(DM,lε1.5s1.5) + εN/(DM,NεN

1.5)]
ACL

DM,Nε1.5 MEM

General generation rate of mass in liquid phase ṁl,a =
{

−MH2OR̃W − MMR̃M ADL

−(MH2O + MM)
ja
6F

− MH2OR̃W − MMR̃M ACL

ṁl,c =

{
−MH2OR̃W CDL

MH2O

(
jc
2F

− Ip

6Fıccl

)
− MH2OR̃W CCL

General generation rate of mass in gas phase ṁg,a =
{

MH2OR̃W − MMR̃M ADL

MCO2

ja
6F

− MH2OR̃W − MMR̃M ACL

ṁg,c =
{

MH2OR̃W CDL

−MO2

jc
4F

+ MCO2

Ip

6Fıccl
− MH2OR̃W CCL

Mole generation rate of species ṘO2
=
{

0
jc , ṘWV,c =

{
R̃W CDL
R̃ CCL

2
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.3. Membrane

Unlike in the anode and cathode electrode, in the membrane,
nly transport of liquid phases (dissolved methanol and liquid
ater) needs to be considered as the membrane is usually regarded

s a gas insulator. The mass conservation of dissolved methanol is
escribed by:

∂

∂t
(εmemCMeOH) = −∇ · NM (14)

ith NM denoting the vector flux of methanol in the membrane.
enerally, transport of methanol through the membrane depends
n molecular diffusion, electro-osmotic drag and convection, and
he last one is usually negligible. Accordingly, the flux of methanol
n the membrane is given by

M = −Deff
M,N · ∇CMeOH + nd,M

I
F

(15)

With respect to the water transport through the membrane, the
ux due to the molecular diffusion can be ignored if the membrane

s in equilibrium with liquid water on the both sides. Hence, the
ux of water across the membrane (NW) is given by:

W = nd,H2O
I
F

− 	l

MH2O

K

�l

�pl,c−a

ımem
(16)

Up to this point, we have presented all the governing equations
hat describe the dynamic two-phase mass transport processes
n a DMFC. To make the above governing equations closed, some

onstitutive correlations and definitions are needed. These include
apillary pressure, relative permeability for both gas and liquid
hase, effective diffusion coefficients for each species and the
ource terms. All these correlations and associated nomenclatures
re clearly listed in Table 1.
−
4F

W

ṘM,l =
{

−R̃M

− ja
6F

− R̃M
, ṘMV,a =

{
R̃M
R̃M

, ṘWV,a =
{

R̃W ADL
R̃W ACL

.4. Boundary conditions

As indicated in Fig. 1, the computational domain is enclosed
y six boundaries. The boundary conditions at each boundary are
escribed below.

Boundary 1: This boundary represents the inlet of reactant sup-
ply at the anode, at which the concentration of liquid methanol,
the concentrations of methanol vapor, liquid-phase pressure and
liquid saturation are all specified to be inlet conditions:

CM,l = C in
M, CMV = C in

MV, s = 1, pl = pin
l (17)

Boundary 2: This boundary is the interface between anode diffu-
sion layer and the anode rib collector, which is an impermeable
wall. Accordingly, all the fluxes in the x direction are zero at this
boundary:

∂CM

∂x
= 0,

∂CMV

∂x
= 0,

∂s

∂x
= 0,

∂pl

∂x
= 0 (18)

Boundaries 3 and 6: These two boundaries are symmetrical, respec-
tively, with respect to the middle point of rib width and the middle
point of channel width. Hence, the gradients of all the variables in
y direction are set to zero:

∂

∂y
= 0  : CM,l, CMV, s, pl, CO2 , CWV, pg (19)

Boundary 4: Similar to Boundary 2, Boundary 4 represents the
interface between cathode diffusion layer and the cathode rib col-
lector, at which all the fluxes in the x direction are zero:

∂CO2

∂x
= 0,

∂CWV

∂x
= 0,

∂s

∂x
= 0,

∂pg

∂x
= 0 (20)
Boundary 5: This boundary represents the inlet of oxygen supply
and outlet of water removal at the cathode, at which the following
boundary conditions are specified:

CO2 = C in
O2

, CWV = C in
WV, s = 0, pg = pin

g (21)
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W.W. Yang, T.S. Zhao / Journal of

The conditions at the interfaces between those functional lay-
rs in the ‘sandwiched’ cell are given based on the principle that
he continuity and mass/species flux balance are required at each
nterface to satisfy the general mass and species conservation of the
ntire cell. The more details can be found elsewhere [18].

.5. Electrochemical kinetics

On the DMFC anode, a simplified two-step reaction mechanism
s used to describe the electrochemical oxidation of methanol at
he platinum-ruthenium catalysts in the anode [1]. In the first
rreversible step, methanol is adsorbed electrochemically to the
latinum catalyst, forming strongly adsorbed carbon monoxide,
our protons and four electrons.

H3OH + Pt → CH3OHads
R1−→COads + 4H+ + 4e− (1)

The second step is a combination of two consecutive reactions:
a) water adsorbs electrochemically to the ruthenium catalyst in
reversible reaction to form OHads, a proton and an electron, (b)

he formed OHads the reacts irreversibly with COads to form carbon
ioxide, proton and electron. In these two consecutive reactions,
he reaction (b) is assumed to be the rate-determining step, while
he reaction (a) is assumed always in quasi-equilibrium. Simply, the
verall reaction of the second step is described by:

Oads + H2O
Ru,R 2−→ CO2 + 2H+ + 2e− + Pt (2)

Since both the reactions steps are irreversible electrochemical
eactions, their rate expressions are formulated in the form of Tafel
inetics. To consider the effect of the adsorption and desorption of
pecies to the platinum catalyst surface, the rate expressions also
ontain a term to account for the influence of the surface cover-
ge of the platinum catalyst with adsorbed CO. The details are as
ollows.

1 = ka1
CMeOH

Cref
MeOH

(1 − �CO) exp
(

˛a1F

RT
�a

)
(22)

2 = ka2�CO exp
(

˛a2F

RT
�a

)
(23)

here �CO represents the surface coverage of platinum catalyst
ith adsorbed CO species. Note that the overpotential �a in Eqs.

22) and (23) is the absolute difference between the real potential
nd the thermodynamic-equilibrium potential of MOR which are
eferenced to a standard hydrogen electrode (SHE).

The overall balance of �CO is then given by:

d�CO

dt
= R1 − R2 (24)

Taking into account the current generated in both reaction steps,
he kinetics of the anodic reductive reaction can be expressed by

a = (4FAs)ka1
CMeOH

Cref
MeOH

(1 − �CO) exp
(

˛a1F

RT
�a

)

+(2FAs)ka2�CO exp
(

˛a2F

RT
�a

)
(25)

ith As denoting the specific surface area of active reaction sites.
On the DMFC cathode, the kinetics of oxygen reduction reaction

ORR) can be described by first-order Tafel expression

= A jref

(
CO2 /kH,O2

)
exp
(

˛cF
�
)

(26)
c s 0,O2 Cref
O2

RT c

here CO2 represents oxygen concentration in the gas pores. The
erm kH,O2 denotes the Henry factor to capture the effect of dissolv-
ng process. The overpotential �c in Eq. (26) represents the absolute

t
s
T
d
m
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ifference between the real potential and the thermodynamic-
quilibrium potential of ORR which are also referenced to a SHE.

In addition to the ORR, a second undesired reaction also takes
lace in the CCL, i.e., methanol crossover to the cathode is electro-
xidized. This parasitic reaction is usually very fast so that the
ethanol crossover is immediately and entirely consumed in the

athode. Notice that this parasitic reaction ultimately results in the
athode mixed overpotential.

.6. Cell current density and cell voltage

The equivalent circuit for a DMFC can usually be simpli-
ed to a series connection of the membrane resistance and two
apacitor/resistance parallel circuits corresponding to the dou-
le layer capacitance and the charge transfer resistance for the
node and cathode, respectively. Under dynamic operations, the
harging/discharging process of the DLC may occur, accompa-
ying the dynamic variation in the electrode potential. If true,
art of the current will be used to charge the DLC or released
rom the DLC. Consequently, the dynamic cell current density
atisfies

ACL
d�a

dt
= Icell −

∫∫
ACL

jadxdy

(Wc + Wr)/2
(27)

here CACL represents the DLC of the anode electrode. Note the first
erm on the left-hand side of the Eq. (27) represents the current
equired for charging/discharging of the DLC, which will vanish at
he steady-state operation.

As mentioned earlier, methanol may permeate through the
embrane to the cathode. Usually, the ‘parasitic’ current density

s used to represent the rate of methanol crossover because this
art of current cannot be used to do work. On the DMFC cathode, it

s assumed that both the cell current and the ‘parasitic’ current are
ntirely consumed by the ORR. With taking into account the impact
f the double layer capacitance in the cathode electrode, the overall
ynamic current balance is thus given by:

CCL
d�c

dt
= Icell + Ipara −

∫∫
CCL

jcdx dy

(Wc + Wr)/2
(28)

ith Ipara denoting the ‘parasitic’ current density, which can be
etermined by:

para =
6F
∫ (Wc+Wr)/2

0
NM|MEM/CCLdx

(Wc + Wr)/2
(29)

In summary, for a given dynamic cell current density, the
ynamic anode overpotential can be determined from Eq. (27),
hile the dynamic cathode overpotential can be obtained from Eq.

28). Finally, the dynamic cell voltage can be obtained from

Cell = V0 − �a − �c − ICell

(
RContact + ımem

�

)
(30)

here V0, RContact and � denote the thermodynamic equilibrium
oltage of a DMFC, the contact resistance and the proton conduc-
ivity of the membrane, respectively.

. Results and discussion

The above described governing equations for the cell geometric
imensions and operating parameters listed in Table 2 subjected

o the boundary conditions, along with the constitutive relations
hown in Table 1 and the physicochemical properties listed in
able 3, are solved numerically using a self-written code, which was
eveloped based on the SIMPLE algorithm with the finite-volume-
ethod. Note that the present transient DMFC model is extended
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Table 2
Cell geometric dimensions and operating parameters

Parameters Symbols Value Unit

Anode diffusion layer thickness ıadl 3.0 × 10−4 m
Anode catalyst layer thickness ıacl 0.2 × 10−4 m
Membrane thickness ımem 1.8 × 10−4 m
Cathode diffusion layer thickness ıcdl 2.6 × 10−4 m
Cathode catalyst layer thickness ıccl 0.2 × 10−4 m
Channel width wc 1.0 × 10−3 m
Rib width wr 1.0 × 10−3 m
Operation temperature T 333.15 K
Anode inlet pressure pin

l
1.013 × 105 Pa

Cathode inlet pressure pin
g 1.013 × 105 Pa

Inlet methanol concentration at anode Cin
M 500 mol m−3

Inlet methanol vapor concentration Cin
MV Csat

MV mol m−3

Inlet oxygen concentration at cathode Cin
O2

7.35 mol m−3

Inlet water vapor concentration at anode Cin
WV Csat

WV mol m−3

I in −3

I
I

f
h
t

3

r
5
fi
a
l
v
f
o
c
t
c
t
t
t
t
e
teristic of the mass transport processes will be discussed later.

T
P

P

P

N

D

V
V

E
m

R
R
C
E
H
H
D
D
S
I
S
S
P
T

T
T
T
T
T
C

A
C

nlet water vapor concentration at cathode CWV 0 mol m
nlet liquid saturation at anode sin 1 –
nlet liquid saturation at cathode sin 0 –
rom our steady-state DMFC model developed earlier [30,31], which
ave proved to be competent in predicting the steady-state mass
ransport behaviors in a liquid DMFC.

F
o
f

able 3
hysicochemical properties

arameters Symbols Value

orosity, permeability
ADL εadl, Kadl 0.7, 2
ACL εacl, Kacl 0.3, 1
MEM εmem, Kmem 0.3, 2
CCL εccl, Kccl 0.3, 1
CDL εcdl, Kcdl 0.7, 2

afion volume fraction in ACL εN,acl 0.4
MeOH in water DM,l 10−5.

MeOH in Nafion DM,N 4.9 ×
Methanol vapor DM,g −6.95

× 10−
iffusivities

O2 in gas DO2,g 1.775

Water vapor in gas Dwv,g 2.56 ×
iscosity of gas phase �g 2.03 ×
iscosity of liquid phase �l 4.05 ×
lectro-osmotic drag coefficients of water and
ethanol

nd,H2O 2.5
dd,M nd,H2

eaction rate constant for anode reaction step 1 ka1 1.6 ×
eaction rate constant for anode reaction step 1 ka2 8.0 ×
ondensation rate constant for water kc 5.0 ×
vaporation rate constant for water ke 5.0 ×
enry law constant for oxygen kH,O2

e(−66

enry law constant for methanol kH,M 0.096
ouble layer capacitance of ACL CACL 1827
ouble layer capacitance of CCL CCCL 907
urface concentration of Pt catalyst � Pt 0.11
nterfacial transfer rate constant for methanol h1g 0.001
pecific interfacial area between liquid and gas A1g 105

pecific surface area of anode catalyst As 5000
roton conductivity in membrane � 7.3e[1

he saturation pressure of water vapor log10psat
WV −2.17

× 10−
he saturation pressure of methanol vapor psat

MV kH,Mx
hermodynamic voltage V0 1.21
ransfer coefficient of anode reaction step 1 ˛a1 0.5
ransfer coefficient of anode reaction step 2 ˛a2 0.5
ransfer coefficient of cathode ˛c 1.0
athode exchange current density Av,cjref

0,O2
1.14 ×

node reference concentration Cref
M 1000

athode reference concentration Cref
O2

0.52
r Sources 185 (2008) 1131–1140

.1. Dynamic behavior of the cell voltage

Fig. 2 shows the time-dependent behavior of the cell voltage in
esponse to the step changes in current density from 100, 75 or
0 mA cm−2 to a constant value of 10 mA cm−2. As seen from this
gure, in response to each change in current density the cell volt-
ge sharply rises to a temporarily higher value and then gradually
owers to a stable value. Such a behavior has been termed as the
oltage overshoot resulting from a dynamic load change. Also, it is
ound that a larger step change in the cell current leads to stronger
vershoot behavior in the cell voltage. With respect to the time
haracteristic of the dynamic voltage response, it takes over 30 s for
he cell voltage to reach a new steady-state for all the cases studied,
loser to that observed experimentally [23], but six times longer
han that predicted by other models [23,24,27], in which the mass
ransport processes were assumed to be sufficiently fast such that
he processes can be treated as a quasi-steady-state. Apparently,
his assumption of fast mass transport can result in a significant
rror in predicting the cell dynamic behavior. The time charac-
ig. 3 also presents the voltage overshoot behaviors in response to
ther four step changes in current density from 60 to 10 mA cm−2,
rom 70 to 20 mA cm−2, from 80 to 30 mA cm−2, and from 90 to

Unit Ref.

.0 × 10−12 –, m2 [33]

.0 × 10−14 –, m2

.0 × 10−18 –, m2

.0 × 10−14 –, m2

.0 × 10−12 –, m2 [33]

–
4163 − 999.778/T m2 s−1 [14]
10−10 e[2436(1/333 − 1/T) m2 s−1 [34]
4 × 10−6 + 4.5986
8T + 9.4979 × 10−11T2

m2 s−1 [14]

× 10−5
(

T
273.15

)1.823
m2 s−1 [14]

10−5
(

T
307.15

)2.334
m2 s−1 [14]

10−5 kg m−1 s−1 [36]
10−4 kg m−1s−1 [35]

– [37]

OxM – [37]

10−3 mol m−2 s−1 [1]
10−5 mol m−2 s−1 [1]
10−5 mol atm−1 s−1 cm−3 [13]
10−3 atm−1 s−1 [13]
6/T + 14.1)/R/T – [38]
e0.04511(T − 273) atm [14]

C m−2 [23]
C m−2 [23]
mol m−2 [1]
m2 s−1 [16]
m−1 [16]
m−1

268(1/298 − 1/T)] �−1 m−1 [34]
94 + 0.02953(T − 273) − 9.1837
5(T − 273)3 + 1.4454 × 10−7(T − 273)3

atm [39]

M,l atm [14]
V [14]
– [1]
– [1]
– [18]

103 A m−3 [18]

mol m−3 [1]
mol m−3 [18]
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ig. 2. Dynamic behavior of the cell voltage in response to the current density
hange from (a) 100 to 10 mA cm−2, (b) 75 to 10 mA cm−2, and (c) 50 to 10 mA cm−2.

0 mA cm−2. Note that in all the cases, the decrement in current
ensity is kept the same as 50 mA cm−2. Interestingly, the voltage
vershoot becomes weaker with increasing the initial current den-
ity. This result is qualitatively consistent with the experimental
ndings [23].

In order to clarify the dominant factor that causes the voltage
vershoot in response to a change in current density, the time-
ependent behaviors of both the anode and cathode overpotentials
re plotted in Fig. 4. Clearly, in response to the decrease in cur-
ent density, the anode overpotential drops suddenly from a higher
evel to a lower level for all the cases studied, due primarily to the
ecrease in the charge transfer resistance of the anode electrode
eaction. Unlike the anode overpotential, the cathode overpoten-
ial shows a significant undershooting, which is believed to be the

ain reason that results in the cell voltage overshoot. Also, it can be
ound that it takes about 30 s for the anode overpotential to reach

new steady-state, whereas it takes almost 60 s for the cathode
verpotential to reach a new steady-state after the current den-

ity changes. The different time characteristics imply the different
hysicochemical processes occurring in each electrode. In the fol-

owing, we discuss about the effects of different physicochemical
rocesses on the cell dynamic operation characteristics.

ig. 3. Dynamic behavior of the cell voltage in response to the current density
hange of (a) 60 to 10 mA cm−2, (b) 70 to 20 mA cm−2, (c) 80 to 30 mA cm−2, and (d)
0 to 40 mA cm−2.
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ig. 4. Dynamic behaviors of (a) anode overpotential and (b) cathode overpotential
n response to the change in current density.

.2. The impact of the double layer capacitance

To make clear the influence of the double layer capacitance, we
ompare (a) the model that takes account the impact of the DLC
nd (b) the model that ignores the impact of the DLC. The results
re shown in Fig. 5. Clearly, the voltage overshoot becomes weaker
ith the consideration of DLC. This result suggests that the DLC can

moothen the change in voltage in response to the change in cell
urrent. Also, it is noticed that the impact of the DLC is transitory,
hich only reacts on the dynamic voltage within a few seconds after

he current density changes because the DLC charging/discharging
rocess is generally very fast.

.3. Surface coverage of CO on the Pt catalyst in the ACL

As indicated in Eq. (25), the adsorbed CO species on the Pt cat-
lyst, �CO, known as catalyst poisoning, is closely related to the
inetics of MOR and thus may play a role on the anode performance
s the current density changes. Fig. 6 shows the time-dependent
ariation of �CO in response to the changes in current density. Nor-
ally, �CO is relatively small when the fuel cell discharges at a
tably high current density. As the current density suddenly drops,
here are more free Pt catalyst sites than needed for the complete

ethanol oxidation, so methanol adsorption and the dehydro-
enation step become prevailing, which consequently results in an
ncrease in �CO. Clearly, as seen from Fig. 6, the surface coverage
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ig. 5. Dynamic behaviors of the anode overpotential, the cathode overpotential and
he cell voltage in response to the change in current density from 100 to 10 mA cm−2.
ase A: with the double layer capacitance; Case B: without the double layer capac-

tance.

f CO species on Pt catalyst increases from around 0.44 to around
.84 when the current density drops from 100 to 10 mA cm−2. With
espect to the time characteristic of the catalyst poisoning process,
t takes over 60 s for �CO to reach a new steady-state. However, it
s noticed that although there has been large variation in �CO after
he current density changes, the anode overpotential exhibits a rel-
tively constant value for the case without consideration of double
ayer capacitance, as shown in Fig. 5. This indicates that the anode
verpotential is relatively insensitive to the change in surface cov-
rage of CO species on Pt catalyst in the ACL. This result is consistent
ith the work by Krewer and Sundmacher [23].

.4. Mass transport of methanol in the DMFC

Another important parameter that may influence the kinetics
f the anode electrode reaction is the methanol concentration in

he ACL. Fig. 7 shows the time-dependent variations in methanol
oncentration and gas void fraction in the ACL in response to the
hanges in current density. As the current density is suddenly
ecreased, the demand of the methanol for electro-oxidation is
ecreased, thus breaking the original balance of methanol in the

ig. 6. Dynamic behavior of the CO surface coverage (�CO) in the ACL in response to
he change in current density.
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ig. 7. Dynamic behaviors of the methanol concentration and gas void fraction in
he ACL in response to the change in current density.

node electrode. Consequently, the methanol begins to accumu-
ate in the ACL until it reaches a new steady-state, as can be seen
n the Fig. 7. Finally, the methanol concentration in the ACL reaches
he same steady-state value because the final current densities for
ll cases studied are the same. Generally, it takes over 90 s for the
ethanol concentration in the ACL to reach a new steady-state,

howing that the mass transport of methanol is sluggish in the liq-
id feed DMFC. It should be pointed out that although the methanol
oncentration in the ACL is greatly changed after the current den-
ity drops, it does not show a significant influence on the anode
verpotential, probably because the kinetics of the anodic MOR
s insensitive to methanol concentration once it exceeds a certain
alue [14,32]. Similar to the methanol transport, the transport of
he gas in the ACL is also relatively slow. As shown in the figure,
t takes approximate 60 s for the gas void faction in the ACL to
each a new steady-state. To have a deeper understanding of the
ynamic characteristics of the methanol transport in the DMFC,
he time-dependent variations in methanol concentration in dif-
erent regions inside the cell are displayed in Fig. 8. The methanol
oncentrations at six representative regions inside the DMFC are
robed, i.e.: the middle points of the ADL, the ACL and the mem-
rane under the midlines of the channel and the rib. As can be seen
rom Fig. 8, the methanol concentration in each region increases in
esponse to the sudden drop in current density. In particular, the
ariation in methanol concentration in the ACL is much steeper and
arger than in the other regions. Generally, it takes about 45 s for the

ethanol concentration under the midline of the channel to reach
new steady-state, as shown in Fig. 8a. In contrast, almost 3 min

s needed for the methanol concentration under the midline of the
ib to reach a new steady-state, as shown in Fig. 8b. The longer
esponse of the methanol concentration in the regions under the
ib is resulted from the large transfer resistance and longer trans-
er distance for the methanol in those regions. The evolution of
he methanol concentration profile across the membrane electrode
ssembly under the centerline of the channel is displayed in Fig. 9.
s can be seen from this figure, the methanol concentration in the
CL and its adjacent regions responds very fast within the first sec-
nd after the current density drops, whereas in other regions far
way from the ACL the methanol concentration remains almost
he same. This hysteresis is attributed to the slow diffusion of the
ethanol through the ADL and the MEM.
The variations in the methanol concentration in the ACL and

n the MEM can significantly influence the flux of methanol per-
eation through the membrane to the cathode. Fig. 10 shows the
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ig. 8. Dynamic behavior of the methanol concentration in anode electrode and
embrane in response to the change in current density from 100 to 10 mA cm−2.
ime-dependent behavior of the methanol crossover in response
o current density changes. Note that flux of methanol crossover is
xpressed in terms of the ‘parasitic’ current density. As can be seen,
he flux of methanol crossover gradually increases in response to
he drop in current density. It takes over 90 s for the flux of methanol

ig. 9. Dynamic evolution of the methanol concentration profiles through the MEA
nder the centerline of the channel in response to the change in current density
rom 100 to 10 mA cm−2.
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ig. 10. Dynamic behavior of the methanol crossover in response to the change in
urrent density.

rossover to reach a new steady-state. The time characteristics of
he methanol crossover are obviously in the same time range as the

ethanol concentration increase in the ACL. As concluded earlier,
he dynamic methanol crossover results in the dynamic response of
athode mixed overpotential, which has proved to be the dominant
eason that results in the cell voltage overshoot behavior.

.5. Mass transport of oxygen and water in the CCL

Both the oxygen concentration and water saturation in the CCL
hange with the current density, which in turn may affect the cath-
de performance. Fig. 11 shows the time-dependent variations in
xygen concentration and liquid saturation in the CCL in response to
he changes in current density. As can be seen, the oxygen concen-
ration increases to a relatively higher value within a few seconds
esulting from the sudden decrease in the current density. Then, it
radually decreases and reaches a steady-state. The whole process
akes over 90 s. With respect to the liquid saturation in the CCL, it
radually decreases to a new steady-state in response to the cur-
ent density drop. Although both the oxygen concentration and the

iquid saturation in the CCL change with a sudden drop in current
ensity, the variation is relatively small for operating conditions
onsidered. However, it should be mentioned that the liquid sat-
ration in the CCL may have a significant impact on the cathode

ig. 11. Dynamic behaviors of the oxygen concentration and liquid water saturation
n the CCL in response to the change in current density.
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erformance wherever the water flooding is becoming serious in
he DMFC cathode electrode.

. Conclusions

A transient, two-dimensional, two-phase mass transport model
s developed to investigate the dynamic operating behavior of a liq-
id feed DMFC. Various processes that may affect the cell operating
ynamics are studied. The numerical results show that the transient
oltage exhibits a significant overshoot in response to a sudden
hange in current. The degree of the overshoot depends on the mag-
itude of the change in current density and the value of the initial
urrent density. It is found that the methanol permeation through
he membrane to the cathode results in a strong cathode overpo-
ential overshoot, which is the predominated reason that leads to
he voltage overshoot behavior. In contrast, the anode overpotential
s found to be insensitive to the change in methanol concentration
nd CO surface coverage in the ACL. The effect of double layer capac-
tance on the cell dynamic operation is also studied and the results
how that the DLC can smoothen the change in voltage in response
o the change in cell current. The dynamic response of mass trans-
ort to a change in current density is found to be rather slow. In
articular, it is shown that the slow mass transport of methanol is
ne of the key factors that influence the cell dynamic operation.
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