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A transient two-phase mass transport model for liquid feed direct methanol fuel cells (DMEFCs) 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
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.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Because of its promising virtues for powering portable electronic
devices, the direct methanol fuel cell (DMFC) has been extensively
studied over the past decade, most of them focused on the fuel cell
steady-state behaviors. As a matter of fact, the transient behaviors
of the fuel cell associated with the change in operating conditions,
such as system start-up, shut-down, sudden changes in the power
level are also important and need to be investigated. A change in
the cell operation conditions may result in the changes in the cell
temperature and the reactant concentrations at the electrode sur-
face, which eventually determine the overall transient response of
the cell. A better understanding of the fuel cell dynamic charac-
teristics under the transient operation conditions is thus essential,
which enables the engineers to better design and control the fuel
cell system. With this purpose, some experimental investigations
of the DMFC dynamic operating characteristics have been reported.
A widely used experimental method is to make a step change in
the input parameter to the DMFC, such as the methanol feed con-
centration or the current density, and to study the response of the
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cell voltage. For instance, Sundmacher and co-workers studied the
dynamic response of a DMFC with a step change in the methanol
feed concentration [1,2]. Other researchers also investigated the
dynamic behaviors of the DMFC by making a step change in the cell
current density [3-5]. In response to the change in the cell current
density, the cell voltage usually exhibited an overshoot behavior.
Argyropoulos et al. [3,4] also studied the DMFC's response to the
consecutive change in the current density in addition to the single
step change in the current density. In addition, Kallo et al. [5] stud-
ied the cell voltage response of a gas feed DMFC to a step change
in the cell current density. They also investigated the effects of the
double layer capacitance (DLC), the formation/removal of CO poi-
son on Pt catalyst at the anode, and the methanol crossover on
the cell voltage response. Besides above-mentioned works, in-situ
flow visualization studies [6] were also conducted to investigate the
transient behaviors of two-phase flow in the flow field of the DMFC
and its effect on the cell performance. It should be mentioned that
electrochemical impedance spectroscopy (EIS) can also be used to
study the dynamic cell behavior. Although EIS can cover a wide
time range as well as monitoring of most processes occurring in
the fuel cell, the quantitative interpretation and EIS modeling of
the complete DMFC have not been achieved yet.

In addition to experimental efforts, mathematical modeling can
be very useful in understanding both the steady-state and the
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Nomenclature
1) thickness of porous layer (m)
Ajg interfacial specific area between liquid and gas £ porosity of porous medium
phase (m2 m—3) n overpotential (V)
As specific surface area of the active reaction sites K ionic conductivity of membrane (-1 m™1)
(mZm™3) m viscosity (kgm~1s-1)
C molar concentration (mol m—3) 6c contact angle (°)
CacL double layer capacitance of anode catalyst layer Oco surface coverage of CO species on the anode Pt cat-
(Cm~2) alysts
CecL double layer capacitance of anode catalyst layer P density (kgm3)
(Cm2) o interfacial tension (Nm~1)
D diffusivity (m2s-1)
F Faraday constant (96,478 Cmol~1) Superscripts
i+ proton current vector in the catalyst layer (Am~2) eff effective value
I proton current vector in the membrane (Am~2) in inlet condition
el cell current density (Am~2) ref reference value
Ipara parasitic current resulting from methanol crossover sat saturated value
(Am—2)
Jo exchange current density (A m~—2) Subscripts
Jja anode current density (Am~3) A anode
Je cathode current density (Am~3) ACL anode catalyst layer
ka1 reaction rate constant for anode reaction step 1 ADL anode diffusion layer
(molm—2s-1) C cathode
ki reaction rate constant for anode reaction step 2 CCL cathode catalyst layer
(molm—2s-1) (DL cathode diffusion layer
ke condensation rate (molatm~1!s~1 m~3) G gas phase
ke evaporation rate (1atm~1s-1) L liquid phase
ky Henry’s law constant (Pa) Mem membrane
ke relative permeability M methanol
K permeability of porous material (m?2) MV methanol vapor
m source term in mass conservation equation A water
(kgem—3s-1) WY water vapor
M molecular weight (kg mol~1)
ng electro-osmotic drag coefficient
N vector flux of species (molm—2s-1)
Pe capillary pressure (Pa) dynamic behaviors of the DMFC. Most of the existing DMFC models
Pg gas phase pressure (Pa) are restricted to steady-state condition [7-20], and the transient
2 liquid phase pressur]e (P?) models for DMFCs are scarce. Sundmacher et al. [21] developed a
R gas constant (Jmol ™" K™7) ) ) model to study the voltage response to a change in the methanol
R source gerr? In species  conservation equation feed concentration. The results revealed that the voltage under-
- gmolm—. s7) . 3 1 went an overshoot in response to a step change in the methanol
R mterfaaal species transfer r.ate (molm™ s~ )2 ; feed concentration. Schultz et al. [22] also studied the voltage
Ry react{on rate of anode rea“%on step 1 (mol m—z 5_1) response to a step change in the methanol feed concentration.
Ry react'lon rate Ofanf’de reactlonzstepZ (molm™s™") Their one-dimensional, multi-component mass transport model
Reontact Qhrmc conta;t resistance (2m*) was developed based on the Maxwell-Stefan equation. The model-
5 liquid saturation based analysis revealed that the cell voltage overshoot was resulted
7: tempgrature (K) 1 from the different time responses of the anode and cathode overpo-
Ug veloqty vector of gds phase (ms™) 1 tentials to the change in the methanol concentration. In addition to
w velocity vectory of hq}l%d phase (ms™) the studies with a step change in the methanol feed concentration,
Vo thermodynamic equilibrium voltage (V) other researchers also developed mathematical models to study
Veell cell vgltage V) L . the dynamic voltage response of the DMFC to a change in the cell
X coordmatel, m, or mole fraction in liquid solution current density. For instance, Krewer and Sundmacher [23] numer-
(mol rpol— ) . . . ically revealed that the methanol crossover is the dominating factor
y coordinate, m, or mole fraction in gas mixture

r
o

67
¢

(molmol~-1)

Greek letters

surface concentration of Pt (mol m—2)
gas-void fraction (1 —s)

anode transfer coefficient at anode
cathode transfer coefficient at cathode

that causes the cathode overpotential overshoot and then the cell
voltage overshoot. This result is consistent with the experimental
study by Kallo et al. [5]. More recently, Krewer et al. [24] presented
another model to investigate the voltage response to a change in
the cell current density, and showed that the anode reaction mech-
anism was the main physicochemical phenomena that cause the
anode overpotential overshoot, hence the cell voltage overshoot.
However, this result was somewhat contradictory to their earlier
study [23]. It is also worth mentioning that a few transient models
for studying the start-up process of passive DMFCs have also been
reported [25,26].
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Fig. 1. Schematic of the model domain. Roman numerals refer to the boundaries of
the modeling geometries.

Our literature review indicates that most previous transient
transport models for DMFCs [23,24,27] assume that the transport
of methanol through the anode diffusion layer, catalyst layer and
the membrane is fast enough and can be treated as a quasi-steady
process. This assumption is questionable as the mass transport of
species is usually much slower than the charge processes and elec-
trochemical processes at the electrode [27]. Also, we found that the
interpretations to the voltage overshoot behavior by different mod-
els are contradictory. Motivated by addressing these problems, in
this work we developed a transient, two-dimensional, two-phase
mass transport model for DMFCs, in which the assumption of
quasi-steady mass transport is eliminated. With this model, var-
ious processes that affect the DMFC transient operating behaviors
are numerically studied.

2. Formulation

Consider a two-dimensional physical domain, as sketched in
Fig. 1, which represents the typical geometry of a membrane elec-
trode assembly (MEA) that consists of anode diffusion layer (ADL),
an anode catalyst layer (ACL), a membrane (MEM), a cathode cat-
alyst layer (CCL), and a cathode diffusion layer (CDL). The MEA is
sandwiched between two parallel flow field plates. Since both chan-
nel width and rib width in the parallel flow-field are symmetrical
with respect to their middle points, only a half-rib width and a
half-channel width need to be considered to save the computing
cost.

2.1. Anode porous region

In the anode porous region (the anode diffusion and catalyst
layers), we are interested in four major variables, including lig-
uid methanol concentration (Cy;), methanol vapor concentration
(Cmg), liquid saturation and liquid pressure (p;). The general gov-
erning equations corresponding to each of these variables are given
by

d .
Cw, &(‘%‘IJCM,I) =—V Ny, + Ry, (1)
0 .
Cv,g = &[8(1 —Sl,a)CM,g] =—-V -Npmg+Rmg (2)
0 k d .
Sla: &[pge(l—sl’a)]:v- ,ogKMii <%V-sl,a+v-pl) +riga (3)

d k .
Pra: &(plgsl,a) =V. (leﬁr: Y 'pl,a> +11 5 (4)

where Ny and Ny are both vectors, representing the trans-
port flux of methanol and methanol vapor in the anode electrode,
respectively. Taking into account the main transport mechanism
of methanol, namely, the molecular diffusion, macroscopic con-
vection and electro-osmotic drag, the overall flux of methanol and
methanol vapor can be, respectively, calculated from

Co, 1) — Dggflv -Cml ADL

M= - DT Y Lo ®)
M — Dy Ve M,l+nd,WXM?

and

Nug = Cum glig — Dif gV - Cu g (6)

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

(PR3 — Pmv)
RT
where pSMa{, denotes the saturation pressure of methanol vapor. Note
that the interfacial transfer of methanol between the phases is

finally embodied in the general source terms on the right-hand
sides of Egs. (1)-(4).

RM :A,ghlgs(l —S) (7)

2.2. Cathode porous region

The two-phase mass transport behaviors in the cathode porous
region (the cathode diffusion and catalyst layer) are related to four
major variables, i.e., oxygen concentration (Cop, ¢), water vapor con-
centration (Cwv,), liquid saturation (s;) and gas pressure (pg). The
governing equations of conservation corresponding to the four vari-
ables are, respectively, given by:

0 .
Coyg: g[S(l —$1,c)Co,,gl ==V -No, ¢ +Ro, ¢ (8)
d .
Cwv,g : &[8(1 —51,c)Cwv,gl = =V -Nwv,g + Ro, ¢ (9)
d k d .
Sic: &(m«?sl,a):V- [PlKj: : (—%VSL#V 'Pg,c)} +my . (10)

0 k .
DPg,c: E[Pgsﬂ = Sl,c)] =V. (PgKrg Y 'pg,c) + Mg c (11)
Hg

where No, ¢ and Nwy ¢ are both vectors, denoting the transport flux
of gas oxygen and water vapor in the cathode porous region, which
can be obtained from:

Nig = Ci,gﬁg - Difgfv -G 1:02,WV (12)

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

&SPy

k (ywvpg — Piy) YwvPg < P
Ru = eé"(’;lzos)wv gowy e = fwy (13)
chywv(yvag - P\S,?/ﬁ/) YwvDg > P\S,?,i/

where p33t, and ywy denote the saturation pressure of water vapor
and mole fraction of water vapor in the cathode gas phase, respec-
tively. Note that the interfacial transfer of water between the phases
is 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

Relative permeabilities

Effective diffusion coefficients of species [18]

General generation rate of mass in liquid phase

General generation rate of mass in gas phase

Mole generation rate of species

Pe = pg — pi = 0 cos Oc(e/K)°>J(s)

1(s) = { 1.417(1 —s) — 2.120(1 — s)% + 1.263(1 —s)> 0 < 6 < 90°
1.417s — 2.120s% + 1.263s3 90° < O < 180°

ky=s> Liquid

krg = (1 —s)3 Gas

Diefgf =D; 4e5(1-5)"> i:0,, WV, MV

Dy 15515 ADL
(e +éen)
Deff — ACL
o [6/(Dyp,1812513) + en/(Dmnen'2)]
Dy ne! MEM
; —M,0Rw — MRy ADL
1y, = j - -
2 —(Mi,0 + MM)éiF — My, oRw — MyRy  ACL
—Mp,oRw CDL
e = je b\ _
Mio ( 55 GFSCC]> My,0Rw CCL
MHzon MyRm ADL
m =
817 Mo, 2 o — My,oRw — MyRw  ACL
anon CDL
m = ~
gc= IVIO2 4F =F 1\/](02 6F(S = MHZORW CCL
o RW cDL
s WV,c = RW ccL
—RM R Rw ADL
3 _ ~M > — __W
Ry, = 75%" Ry’ Ryv,a = { Ry Rwv,a {Rw ACL

2.3. Membrane

Unlike in the anode and cathode electrode, in the membrane,
only transport of liquid phases (dissolved methanol and liquid
water) needs to be considered as the membrane is usually regarded
as a gas insulator. The mass conservation of dissolved methanol is
described by:

d
g(gmemCMeOH) =-V- Ny (14)

with Ny denoting the vector flux of methanol in the membrane.
Generally, transport of methanol through the membrane depends
on molecular diffusion, electro-osmotic drag and convection, and
the last one is usually negligible. Accordingly, the flux of methanol
in the membrane is given by

I
Np = —DerfN - VCMeoH + nd,M 5 (15)

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

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

N n I L1 K Aplc a
W= T H0F ~ MH 0 //Ll Smem

(16)

Up to this point, we have presented all the governing equations
that describe the dynamic two-phase mass transport processes
in a DMFC. To make the above governing equations closed, some
constitutive correlations and definitions are needed. These include
capillary pressure, relative permeability for both gas and liquid
phase, effective diffusion coefficients for each species and the
source terms. All these correlations and associated nomenclatures
are clearly listed in Table 1.

2.4. Boundary conditions

As indicated in Fig. 1, the computational domain is enclosed
by six boundaries. The boundary conditions at each boundary are
described 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:

Cmi=Ch Gy =C,, s=1,p =pP (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:
ICm _ ICmv ds apl _
x0T 0T % T
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:

99
ay
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:

9Co, dCwy ds g

ox =0, ox =0.5% =0 % =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:

Co, = cg,“z ,Cwy =Cin

0 (18)

=0 ¢:Cu1, Cuv, S, i, Co,» Cwv, Dg (19)

7S=Oapg:pign (21)
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The conditions at the interfaces between those functional lay-
ers in the ‘sandwiched’ cell are given based on the principle that
the continuity and mass/species flux balance are required at each
interface to satisfy the general mass and species conservation of the
entire cell. The more details can be found elsewhere [18].

2.5. Electrochemical kinetics

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

CH30H + Pt — CH30H,q5—>CO,4s + 4H™ + de~ (1)

The second step is a combination of two consecutive reactions:
(a) water adsorbs electrochemically to the ruthenium catalyst in
a reversible reaction to form OH,q4s, a proton and an electron, (b)
the formed OH,q, the reacts irreversibly with CO,q4s to form carbon
dioxide, proton and electron. In these two consecutive reactions,
the reaction (b) is assumed to be the rate-determining step, while
the reaction (a) is assumed always in quasi-equilibrium. Simply, the
overall reaction of the second step is described by:

CO,4s + H,0™R2¢0, 4 2HT +2e~ + Pt 2)

Since both the reactions steps are irreversible electrochemical
reactions, their rate expressions are formulated in the form of Tafel
kinetics. To consider the effect of the adsorption and desorption of
species to the platinum catalyst surface, the rate expressions also
contain a term to account for the influence of the surface cover-
age of the platinum catalyst with adsorbed CO. The details are as
follows.

G o 1 F
Ry = Kay iﬁio”m—eco)exp( o na) (22)
C RT
MeOH
Ry = kap0co ex aof (23)
2 = Ka2bco p(RT T)a)

where 6o represents the surface coverage of platinum catalyst
with adsorbed CO species. Note that the overpotential 1, in Egs.
(22) and (23) is the absolute difference between the real potential
and the thermodynamic-equilibrium potential of MOR which are
referenced to a standard hydrogen electrode (SHE).

The overall balance of ¢q is then given by:

dfco _
a —fR ey

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

r

. G F
Ja = (4FAQ Ky Me"“(l—eco)exp(““ na)

f
Cll\-ZeOH RT
F
H2FA ka0 exp (S22 (25)

with 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

. ) Co, /kn,0 acF

_ £ 2 ,0y c

Je =Aso, ar )P ( RT "c) (26)
2

where Co, represents oxygen concentration in the gas pores. The
term ky o, denotes the Henry factor to capture the effect of dissolv-
ing process. The overpotential 7 in Eq. (26) represents the absolute

difference between the real potential and the thermodynamic-
equilibrium potential of ORR which are also referenced to a SHE.

In addition to the ORR, a second undesired reaction also takes
place in the CCL, i.e., methanol crossover to the cathode is electro-
oxidized. This parasitic reaction is usually very fast so that the
methanol crossover is immediately and entirely consumed in the
cathode. Notice that this parasitic reaction ultimately results in the
cathode mixed overpotential.

2.6. Cell current density and cell voltage

The equivalent circuit for a DMFC can usually be simpli-
fied to a series connection of the membrane resistance and two
capacitor/resistance parallel circuits corresponding to the dou-
ble layer capacitance and the charge transfer resistance for the
anode and cathode, respectively. Under dynamic operations, the
charging/discharging process of the DLC may occur, accompa-
nying the dynamic variation in the electrode potential. If true,
part of the current will be used to charge the DLC or released
from the DLC. Consequently, the dynamic cell current density
satisfies

dna JJ aqifadxdy
CACLE = lcell — We+ W02 (27)

where Cac represents the DLC of the anode electrode. Note the first
term on the left-hand side of the Eq. (27) represents the current
required for charging/discharging of the DLC, which will vanish at
the steady-state operation.

As mentioned earlier, methanol may permeate through the
membrane to the cathode. Usually, the ‘parasitic’ current density
is used to represent the rate of methanol crossover because this
part of current cannot be used to do work. On the DMFC cathode, it
is assumed that both the cell current and the ‘parasitic’ current are
entirely consumed by the ORR. With taking into account the impact
of the double layer capacitance in the cathode electrode, the overall
dynamic current balance is thus given by:

ffCCLJCdX dy (28)

d
CCCL% = Icell + Ipara - m
c r

with Ipara denoting the ‘parasitic’ current density, which can be
determined by:

(We+Wr)/2
6F [, / NmImem/ccLdx
(We +W;)/2
In summary, for a given dynamic cell current density, the
dynamic anode overpotential can be determined from Eq. (27),

while the dynamic cathode overpotential can be obtained from Eq.
(28). Finally, the dynamic cell voltage can be obtained from

(29)

Ipara =

1)
Veell = Vo — a — N — Icenl (RContact + rr;{em) (30)

where Vj, Rcontact and « denote the thermodynamic equilibrium
voltage of a DMFC, the contact resistance and the proton conduc-
tivity of the membrane, respectively.

3. Results and discussion

The above described governing equations for the cell geometric
dimensions and operating parameters listed in Table 2 subjected
to the boundary conditions, along with the constitutive relations
shown in Table 1 and the physicochemical properties listed in
Table 3, are solved numerically using a self-written code, which was
developed based on the SIMPLE algorithm with the finite-volume-
method. 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 Sadl 3.0x 104 m
Anode catalyst layer thickness Sacl 02x107* m
Membrane thickness Omem 1.8 x 104 m
Cathode diffusion layer thickness Sedl 26x1074 m
Cathode catalyst layer thickness Scal 0.2 x10% m
Channel width We 1.0x 1073 m

Rib width wr 1.0 x 1073 m
Operation temperature T 333.15 K
Anode inlet pressure p{" 1.013 x 10° Pa
Cathode inlet pressure p;g“ 1.013 x 10° Pa

Inlet methanol concentration at anode Cl‘\;[‘ 500 molm—3
Inlet methanol vapor concentration Cll\]/l1V Cﬁ/‘?\‘/ mol m—3
Inlet oxygen concentration at cathode Cg; 7.35 molm—3
Inlet water vapor concentration at anode CWV C\Slf;{/ molm—3
Inlet water vapor concentration at cathode C\‘,‘\}V 0 molm—3
Inlet liquid saturation at anode g 1 -

Inlet liquid saturation at cathode sin 0 -

from our steady-state DMFC model developed earlier [30,31], which
have proved to be competent in predicting the steady-state mass
transport behaviors in a liquid DMFC.
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3.1. Dynamic behavior of the cell voltage

Fig. 2 shows the time-dependent behavior of the cell voltage in
response to the step changes in current density from 100, 75 or
50mAcm—2 to a constant value of 10mA cm—2. As seen from this
figure, in response to each change in current density the cell volt-
age sharply rises to a temporarily higher value and then gradually
lowers to a stable value. Such a behavior has been termed as the
voltage overshoot resulting from a dynamic load change. Also, it is
found that a larger step change in the cell current leads to stronger
overshoot behavior in the cell voltage. With respect to the time
characteristic of the dynamic voltage response, it takes over 30 s for
the cell voltage to reach a new steady-state for all the cases studied,
closer to that observed experimentally [23], but six times longer
than that predicted by other models [23,24,27], in which the mass
transport processes were assumed to be sufficiently fast such that
the processes can be treated as a quasi-steady-state. Apparently,
this assumption of fast mass transport can result in a significant
error in predicting the cell dynamic behavior. The time charac-
teristic of the mass transport processes will be discussed later.
Fig. 3 also presents the voltage overshoot behaviors in response to
other four step changes in current density from 60 to 10 mA cm~2,
from 70 to 20mA cm~2, from 80 to 30 mAcm~2, and from 90 to

Table 3
Physicochemical properties
Parameters Symbols Value Unit Ref.
Porosity, permeability

ADL Eadl Kadl 0.7,2.0 x 1012 -, m2 [33]

ACL Eacts Kacl 0.3,1.0x 10-14 -, m2

MEM €mem, Kmem 0.3,2.0x 1018 - m?

CCL £l Keal 0.3,1.0x 10~ -, m2

CDL ecdl Keal 0.7,2.0 x 1012 -, m? [33]
Nafion volume fraction in ACL ENacl 0.4 -

MeOH in water Dy (= DAEE =R m2s! [14]

MeOH in Nafion DuN 4.9 x 1010 [2436(1/333 -1/T) m?s! [34]

Methanol vapor Dug —6.954 x 1076 +4.5986 m2s! [14]

x 10-8T+9.4979 x 10~ 1172
Diffusivities
1.823
0, in gas Do, .4 1.775 x 107> ( i m2s-1 [14]
Water vapor i D 256 x 105 (I ) 251
por in gas wv.g .56 x (307‘]5) m* s [14]
Viscosity of gas phase g 2.03x 10> kgm-1s-1 [36]
Viscosity of liquid phase m 4.05 x 10~ kg m~1s-1 [35]
Electro-osmotic drag coefficients of water and 14, H,0 2.5 - [37]
methanol Ry 14d,H,0XM - [37]
Reaction rate constant for anode reaction step 1 kaq 1.6x 1073 molm—2s-1 [1]
Reaction rate constant for anode reaction step 1 Kao 8.0x 10> molm—2s-! [1]
Condensation rate constant for water ke 5.0 x 10> molatm~!s~! cm—3 [13]
Evaporation rate constant for water ke 5.0x 103 atm~1s-! [13]
Henry law constant for oxygen ki, 0, e(=666/T+14.1) jR/T = [38]
Henry law constant for methanol kv 0.096e0-04511(T -273) atm [14]
Double layer capacitance of ACL CacL 1827 Cm—2 [23]
Double layer capacitance of CCL CecL 907 Cm2 [23]
Surface concentration of Pt catalyst I'p; 0.11 mol m—2 [1]
Interfacial transfer rate constant for methanol hig 0.001 m2s—! [16]
Specific interfacial area between liquid and gas Aqg 10° m! [16]
Specific surface area of anode catalyst As 5000 m!
Proton conductivity in membrane K 7.3¢l1268(1/298 -1/1)] Q1m-! [34]
The saturation pressure of water vapor loglopm —2.1794+0.02953(T— 273) — 9.1837 atm [39]
x 1075(T—273)3 +1.4454 x 10~7(T—273)3

The saturation pressure of methanol vapor pf\;‘l{/ Ky mXw1 atm [14]
Thermodynamic voltage Vo 1.21 \ [14]
Transfer coefficient of anode reaction step 1 a1 0.5 - [1]
Transfer coefficient of anode reaction step 2 ) 0.5 - [1]
Transfer coefficient of cathode o 1.0 - [18]
Cathode exchange current density A\,,Cj{fgz 114 x 103 Am—3 [18]
Anode reference concentration Cﬁf 1000 mol m—3 [1]
Cathode reference concentration cref 0.52 molm—3 [18]

0y
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Fig. 2. Dynamic behavior of the cell voltage in response to the current density
change from (a) 100 to 10mA cm~—2, (b) 75 to 10mA cm~2, and (c) 50 to 10mA cm~2.

40mA cm—2. Note that in all the cases, the decrement in current
density is kept the same as 50 mA cm~2. Interestingly, the voltage
overshoot becomes weaker with increasing the initial current den-
sity. This result is qualitatively consistent with the experimental
findings [23].

In order to clarify the dominant factor that causes the voltage
overshoot in response to a change in current density, the time-
dependent behaviors of both the anode and cathode overpotentials
are plotted in Fig. 4. Clearly, in response to the decrease in cur-
rent density, the anode overpotential drops suddenly from a higher
level to a lower level for all the cases studied, due primarily to the
decrease in the charge transfer resistance of the anode electrode
reaction. Unlike the anode overpotential, the cathode overpoten-
tial shows a significant undershooting, which is believed to be the
main reason that results in the cell voltage overshoot. Also, it can be
found that it takes about 30 s for the anode overpotential to reach
a new steady-state, whereas it takes almost 60s for the cathode
overpotential to reach a new steady-state after the current den-
sity changes. The different time characteristics imply the different
physicochemical processes occurring in each electrode. In the fol-
lowing, we discuss about the effects of different physicochemical
processes on the cell dynamic operation characteristics.
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Fig. 3. Dynamic behavior of the cell voltage in response to the current density
change of (a) 60 to 10 mA cm=2, (b) 70 to 20 mA cm~—2, (c) 80 to 30 mA cm~2, and (d)
90 to 40mAcm—2,
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Fig. 4. Dynamic behaviors of (a) anode overpotential and (b) cathode overpotential
in response to the change in current density.

3.2. The impact of the double layer capacitance

To make clear the influence of the double layer capacitance, we
compare (a) the model that takes account the impact of the DLC
and (b) the model that ignores the impact of the DLC. The results
are shown in Fig. 5. Clearly, the voltage overshoot becomes weaker
with the consideration of DLC. This result suggests that the DLC can
smoothen the change in voltage in response to the change in cell
current. Also, it is noticed that the impact of the DLC is transitory,
which only reacts on the dynamic voltage within a few seconds after
the current density changes because the DLC charging/discharging
process is generally very fast.

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

As indicated in Eq. (25), the adsorbed CO species on the Pt cat-
alyst, Oco, known as catalyst poisoning, is closely related to the
kinetics of MOR and thus may play a role on the anode performance
as the current density changes. Fig. 6 shows the time-dependent
variation of f¢g in response to the changes in current density. Nor-
mally, Oco is relatively small when the fuel cell discharges at a
stably high current density. As the current density suddenly drops,
there are more free Pt catalyst sites than needed for the complete
methanol oxidation, so methanol adsorption and the dehydro-
genation step become prevailing, which consequently results in an
increase in 0cq. Clearly, as seen from Fig. 6, the surface coverage
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Fig.5. Dynamic behaviors of the anode overpotential, the cathode overpotential and
the cell voltage in response to the change in current density from 100 to 10 mA cm~2.
Case A: with the double layer capacitance; Case B: without the double layer capac-
itance.

of CO species on Pt catalyst increases from around 0.44 to around
0.84 when the current density drops from 100 to 10 mA cm~2. With
respect to the time characteristic of the catalyst poisoning process,
it takes over 60s for 6o to reach a new steady-state. However, it
is noticed that although there has been large variation in ¢ after
the current density changes, the anode overpotential exhibits a rel-
atively constant value for the case without consideration of double
layer capacitance, as shown in Fig. 5. This indicates that the anode
overpotential is relatively insensitive to the change in surface cov-
erage of CO species on Pt catalyst in the ACL. This result is consistent
with the work by Krewer and Sundmacher [23].

3.4. Mass transport of methanol in the DMFC

Another important parameter that may influence the kinetics
of the anode electrode reaction is the methanol concentration in
the ACL. Fig. 7 shows the time-dependent variations in methanol
concentration and gas void fraction in the ACL in response to the
changes in current density. As the current density is suddenly
decreased, the demand of the methanol for electro-oxidation is
decreased, thus breaking the original balance of methanol in the
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Fig. 6. Dynamic behavior of the CO surface coverage (6¢g) in the ACL in response to
the change in current density.

400 ©
0.144 [ %
——100mA em®to 10 mAem® |-350 £
¢ 013 ---- 75mAcm’to 10 mAcm® | ~
I 0124~ —mem BOmAcmZto 10 mAcm? 300 O
Q I <
< 250 £
c 0114 L =
= 8
2 0.10 F200 &
g & [ k=
= 0094 150 g
© L c
g 0.08 - L100 8
@ | o]
5 -
0.07 4 r g
r @
Om T T T T T T D §
0 30 60 S0 120 150 180
Time/s

Fig. 7. Dynamic behaviors of the methanol concentration and gas void fraction in
the ACL in response to the change in current density.

anode electrode. Consequently, the methanol begins to accumu-
late in the ACL until it reaches a new steady-state, as can be seen
in the Fig. 7. Finally, the methanol concentration in the ACL reaches
the same steady-state value because the final current densities for
all cases studied are the same. Generally, it takes over 90s for the
methanol concentration in the ACL to reach a new steady-state,
showing that the mass transport of methanol is sluggish in the liq-
uid feed DMFC. It should be pointed out that although the methanol
concentration in the ACL is greatly changed after the current den-
sity drops, it does not show a significant influence on the anode
overpotential, probably because the kinetics of the anodic MOR
is insensitive to methanol concentration once it exceeds a certain
value [14,32]. Similar to the methanol transport, the transport of
the gas in the ACL is also relatively slow. As shown in the figure,
it takes approximate 60s for the gas void faction in the ACL to
reach a new steady-state. To have a deeper understanding of the
dynamic characteristics of the methanol transport in the DMFC,
the time-dependent variations in methanol concentration in dif-
ferent regions inside the cell are displayed in Fig. 8. The methanol
concentrations at six representative regions inside the DMFC are
probed, i.e.: the middle points of the ADL, the ACL and the mem-
brane under the midlines of the channel and the rib. As can be seen
from Fig. 8, the methanol concentration in each region increases in
response to the sudden drop in current density. In particular, the
variation in methanol concentration in the ACL is much steeper and
larger than in the other regions. Generally, it takes about 45 s for the
methanol concentration under the midline of the channel to reach
a new steady-state, as shown in Fig. 8a. In contrast, almost 3 min
is needed for the methanol concentration under the midline of the
rib to reach a new steady-state, as shown in Fig. 8b. The longer
response of the methanol concentration in the regions under the
rib is resulted from the large transfer resistance and longer trans-
fer distance for the methanol in those regions. The evolution of
the methanol concentration profile across the membrane electrode
assembly under the centerline of the channel is displayed in Fig. 9.
As can be seen from this figure, the methanol concentration in the
ACL and its adjacent regions responds very fast within the first sec-
ond after the current density drops, whereas in other regions far
away from the ACL the methanol concentration remains almost
the same. This hysteresis is attributed to the slow diffusion of the
methanol through the ADL and the MEM.

The variations in the methanol concentration in the ACL and
in the MEM can significantly influence the flux of methanol per-
meation through the membrane to the cathode. Fig. 10 shows the
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time-dependent behavior of the methanol crossover in response
to current density changes. Note that flux of methanol crossover is
expressed in terms of the ‘parasitic’ current density. As can be seen,
the flux of methanol crossover gradually increases in response to
the drop in current density. It takes over 90 s for the flux of methanol
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Fig. 9. Dynamic evolution of the methanol concentration profiles through the MEA
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from 100 to 10 mA cm~2.
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Fig. 10. Dynamic behavior of the methanol crossover in response to the change in
current density.

crossover to reach a new steady-state. The time characteristics of
the methanol crossover are obviously in the same time range as the
methanol concentration increase in the ACL. As concluded earlier,
the dynamic methanol crossover results in the dynamic response of
cathode mixed overpotential, which has proved to be the dominant
reason that results in the cell voltage overshoot behavior.

3.5. Mass transport of oxygen and water in the CCL

Both the oxygen concentration and water saturation in the CCL
change with the current density, which in turn may affect the cath-
ode performance. Fig. 11 shows the time-dependent variations in
oxygen concentration and liquid saturation in the CCLin response to
the changes in current density. As can be seen, the oxygen concen-
tration increases to a relatively higher value within a few seconds
resulting from the sudden decrease in the current density. Then, it
gradually decreases and reaches a steady-state. The whole process
takes over 90s. With respect to the liquid saturation in the CCL, it
gradually decreases to a new steady-state in response to the cur-
rent density drop. Although both the oxygen concentration and the
liquid saturation in the CCL change with a sudden drop in current
density, the variation is relatively small for operating conditions
considered. However, it should be mentioned that the liquid sat-
uration in the CCL may have a significant impact on the cathode
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Fig. 11. Dynamic behaviors of the oxygen concentration and liquid water saturation
in the CCL in response to the change in current density.
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performance wherever the water flooding is becoming serious in
the DMFC cathode electrode.

4. Conclusions

A transient, two-dimensional, two-phase mass transport model
is developed to investigate the dynamic operating behavior of a liq-
uid feed DMFC. Various processes that may affect the cell operating
dynamics are studied. The numerical results show that the transient
voltage exhibits a significant overshoot in response to a sudden
change in current. The degree of the overshoot depends on the mag-
nitude of the change in current density and the value of the initial
current density. It is found that the methanol permeation through
the membrane to the cathode results in a strong cathode overpo-
tential overshoot, which is the predominated reason that leads to
the voltage overshoot behavior. In contrast, the anode overpotential
is found to be insensitive to the change in methanol concentration
and CO surface coverage in the ACL. The effect of double layer capac-
itance on the cell dynamic operation is also studied and the results
show that the DLC can smoothen the change in voltage in response
to the change in cell current. The dynamic response of mass trans-
port to a change in current density is found to be rather slow. In
particular, it is shown that the slow mass transport of methanol is
one of the key factors that influence the cell dynamic operation.
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