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Abstract: Most of the voltage losses of proton exchange membrane fuel cells (PEMFC) are
due to the sluggish kinetics of oxygen reduction on the cathode and the low oxygen
diffusion rate inside the flooded cathode. To simulate the transient flooding in the cathode
of a PEMFC, a transient model was developed. This model includes the material
conservation of oxygen, vapor, water inside the gas diffusion layer (GDL) and
micro-porous layer (MPL), and the electrode kinetics in the cathode catalyst layer (CL).
The variation of hydrophobicity of each layer generated a wicking effect that moves water
from one layer to the other. Since the GDL, MPL, and CL are made of composite materials
with different hydrophilic and hydrophobic properties, a linear function of saturation was
used to calculate the wetting contact angle of these composite materials. The balance
among capillary force, gas/liquid pressure, and velocity of water in each layer was
considered. Therefore, the dynamic behavior of PEMFC, with saturation transportation
taken into account, was obtained in this study. A step change of the cell voltage was used to
illustrate the transient phenomena of output current, water movement, and diffusion of
oxygen and water vapor across the entire cathode.
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1. Introduction

The cathode of either proton exchange membrane fuel cell (PEMFC) or direct methanol fuel cell
(DMFC) is a porous structure with platinum dispersed on carbon materials as the catalyst. Oxygen
reduction reactions (ORR) take place on these cathodes and water is produced. In high current density
regions, the cathode performance is limited by the diffusion of oxygen inside the cathode. The
diffusion coefficient of oxygen in air (around 0.2 cm?™) is five orders of magnitude higher than that in
water (around 0.5 x 10 cm?™). Thus, accumulated water inside the cathode significantly slows down
the diffusion rate of oxygen and the cathode current is limited. A dry cathode seemingly is preferred for
efficient transport of oxygen. However, a completely dry cathode is detrimental, because proton
transport in the cathode needs the ionic conducting polymer to be saturated with water. In a bone-dry
cathode, protons cannot migrate through the cathode and the ORR stops.

Low operating temperature (~60 <C) of PEMFCs reduces the evaporation rate of water on the
cathode surface. This results in serious cathode flooding in certain circumstances and it is one of the
major causes of power losses in PEMFCs. A portion of the water in the cathode is carried from the
anode by electro-osmosis drag rather than electrochemically produced inside the cathode. Water
flooding or drying of the cathode may take place in the cathode, depending on the evaporation rate of
water and the influences of capillary force. A delicate balance of water in the cathode is crucial to have
a high performance cathode. The water balance in the cathode is influenced by the hydrophobicity,
porosity, and structure of the cathode. Several different approaches and models were proposed to
manage the water in PEMFCs, such as new designs of gas channels [1-3], gas diffusion layers (GDL) [4-6],
membranes [7—10], and single cell [11-18]. Using a micro-porous layer (MPL) to adjust the hydrophobicity of
the electrode and to enhance the electrode performance has been widely adopted [19-20].

Steady-state modeling of PEM fuel cells has been extensively studied. Biyikoglu et al. summarized
various fuel cell models [21]. Modeling in recent years has focused on the water flooding of the
cathode. The fraction of the volume of the void occupied by water, saturation (s), is introduced to
represent the amount of water in the porous electrode. Flooding of the cathode was incorporated into
the model by Baschuk and Li [22]. An equivalent circuit was proposed to represent the resistance of
various processes occurring inside the cathode. The resistance of ORR reactions in the flooded region
is higher than the ORR resistance of the non-flooded region. This is due to fact that oxygen diffusivity
in gas phase is 4-5 orders of magnitude higher than the oxygen diffusivity in the flooded electrode.
Lately, the capillary effects on water flow in the porous media were taking into consideration by Weber
and Newman [19], Pasaogullari et al. [20], and Udell [23]. They proposed steady-state models of the
electrode with a three-phase region where air, water, and porous electrode co-existed. The difference of
contact angles in GDL, MPL, and catalyst layer (CL) produces capillary effects that induce wicking
water from one region to another. The hydrophobicity of each layer inside the electrode has significant
influence on the flooding behavior of the cathode.

Calculations of capillary pressure reported in the literature can be classified into two
methods [23-25]. They are the Leverette function [23-24] and curvature radius methods [25]. For a
hydrophilic medium (6, < 90°), the value of Leverette function decreases with increasing degree of
water saturation. The value of the Leverette function is adversely influenced for hydrophobic
medium (&, > 90°). For a hydrophilic material, a zero capillary pressure is reached when the value of
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water saturation is 1.0. For a hydrophobic material, a zero capillary pressure occurs when the value of
water saturation is 0.0. Leverette function is only used for a single component, not for a composite component.

The dynamic behavior of water transport in PEM fuel cells posts a complicated modeling problem.
It has to encounter a three-phase transport phenomenon within a porous multi-layer medium, and the
capillary force balance among three phases. Yan et al. [26] and Chen et al. [27] developed
a two-dimensional model. They calculated the transient response of a section of the MEA and flow
channel during the start up of the fuel cell. Wang, Y. and Wang, C-Y. extended the dynamic modeling
into a three-dimensional model utilizing commercial software [28]. Their result concluded that water
transport process has the slowest response to a step change among the double charging, the gas
transport in GDL, and the hydration of membrane. Shimpalee et al. used commercial software to model
a PEM fuel cell with three-dimensional serpentine flow channels [29]. Distributions of local current
density on the MEA surface were calculated. In most, but not all transient studies of PEM fuel cells,
the capillary effect was neglected.

In this study, we propose a model that describes the transport phenomenon of liquid water inside the
porous cathode. The capillary effects on the dynamic behavior of water transport are included. A
modified capillary equation similar to the Leverette function was used to model the capillary behavior
in a composite material such as GDL, MPL, and CL layers. The effects of capillary force on water
movement were also considered. The following section describes the physical model and numerical
method we used.

2. Proposed Model
2.1. Physical Model

This model simulates following four components of the cathode side of a PEM fuel cell as shown in
Figure 1. These components are (i) the GDL, (ii) the MPL, (iii) the CL of the cathode, and (iv) the
membrane (MEM). As shown in Figure 1, the Xg, Xp, Xc, and Xy are the distances measured from the
cathode surface to the interface between (i) GDL/MPL, (ii) MPL/CL of cathode, (iii) CL/MEM, and (iv)
MEM/CL of anode, respectively. The GDL is carbon cloth or carbon paper composed of carbon fiber
and various amount of PTFE. The hydrophobicity of this layer is depended on the amount of PTFE and
the surface condition of the carbon material. The pore dimension of GDL is around 30 um. The MPL is
made of a mixture of carbon powder and PTFE with pore dimension of 1 um or less. The CL is made
of a mixture of ionic conducting polymer (such as Nafion) and platinum catalyst that is dispersed on
carbon powder. The pore dimension of CL is around 200 nm. Depending on the amount of PTFE and
ionic conducting polymer used in each layer, the contact angle and degree of hydrophobic property are
different among individual layers. The volume fractions of solid, liquid, and gas in each layer can be
defined by porosity and water saturation (S). The porosity is the volume fraction of void of porous
medium. The S value is zero for a bone-dry medium and is equal to 1 for a completely water-filled medium.

Our model considers three species: oxygen, water vapor, and liquid water. The nitrogen in the air is
balanced with the gases just mentioned. The charge balance is made for the electrical current flew in
the solid phase and the ionic current flew in the liquid phase. The dynamics of water transport behavior
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in a multi-layer, composite, porous medium is complicated. To simplify the modeling effort, the
following assumptions were made.

(1) This is a one-dimensional model. It only considers the variation across the electrode.

(2) The temperature across the electrode is assumed to be constant.

(3) The properties of a given layer are assumed to be constant throughout the entire layer. These
properties include contact angle, porosity, ionic conductivity in the liquid phase, electrical
conductivity in the solid phase, exchange current density, and charge transfer coefficient in
the CL, etc.

(4) The oxygen outside the electrode is assumed to be uniform and its molar fraction is 0.21.

(5) The water saturation is constant at 1.0 in the membrane.

Figure 1. Components considered in this model. They are gas diffusion layer,
micro-porous layer, catalyst layer, and membrane.

Micro-porous layer (MPL) Catalyst layer (CL)

......................

2.2. Gas Diffusion Layer (GDL)

The GDL is made of carbon fiber and PTFE. Oxygen diffuses through this layer to the MPL. The
material balance of oxygen in the gas phase is given by Equation 1, where Y is the molar fraction of
oxygen in the gas phase. The g is the porosity, or fraction of the void space of the GDL. The
accumulation of oxygen in the GDL is balanced by the diffusion of oxygen. It was assumed that only
the portion of void not occupied by the water is available for oxygen diffusion in the gas phase. The
diffusion rate of oxygen in the water filled portion is insignificant as compared to the diffusion rate of
oxygen in the gas phase. S is the degree of saturation: the volume fraction of the void that was filled
with water.

PsgdY, P 0 15 oY,
o 2 @a-9)D, 1)
RT ot RT ox [( )" Dige ox

The initial and boundary conditions for Equation 1 are:
1.C. Y, =V, att=0 @)
B.C1Y, =Y, atx=0 3)
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, oY, _ oy, _
B.C.2 (1—5)“’DLQG&1:(1—:~‘,)15Dllgpa—xl at X = Xg 4)

This model assumes that the oxygen concentration at the interface between the gas channel and
GDL is constant. In other words, Y1t=0 = Y1x=0 = 0.21. Boundary condition (4) defines the continuity
of molar flux of oxygen at the interface between GDL and MPL. D,y is the apparent diffusion
coefficient of oxygen in the gas phase of GDL. It is calculated from the diffusion coefficient of oxygen
in the gas phase Djg4 as shown in Equation 5, where ez and tg are the porosity and tortuosity
of GDL, respectively.

&
Dl,gG = T_G D1,g (5)

G
The material balance of water vapor in the GDL is given in Equation 6, where Y, is the molar
fraction of water in the gas phase. The amount of water vapor in this layer, represented by the
expression on the left-hand side of Equation 6, is balanced by the diffusion of water vapor and the
evaporation rate of water, where K, is the evaporation constant. y;*(T') is the saturated molar fraction

of water vapor at temperature of T.

Pe, &Y, P 9 . o, sa
RT atzzRTax[(l_S)lsngGaxz}er,GS[Yz (r)-v,] ©)

The initial and boundary conditions for Equation 6 are:

1.C. Y, =Y, , att=0 (7)
B.C1Y,=Y,,, atx=0 (8)

. oY, , oY _
B.C.2 (1—3)15D2,ge(3_)(22(1—5)15D2,9P52 at X = Xg 9)

where Djg4c is the apparent diffusion coefficient of water vapor in the gas phase of GDL. It is
calculated from the diffusion coefficient of water vapor in the gas phase, D, 4 by an equation similar to
Equations 5, 7 and 8 assume a constant concentration of water vapor (Y2t=0 = Y2x=0) at the surface of
GDL. Boundary condition (9) defines the continuity of molar flux of water vapor at the interface
between GDL and MPL.

The accumulation of liquid water contained inside the porous GDL is attributed to the water flow
due to capillary force, and the condensation rate of water vapor as described by Equation 10,

oS oS sat m
fo o, Tl = —K, ;S[(T)~ YZ]Z2 (10)

where u is the velocity of the water inside pores of GDL. The m, and p, are the molecular weight and
density of water, respectively. The initial and boundary conditions for Equation 10 are:

I.C. S=S,, att=0 (11)
B.C.1S=S§,, atx=0 (12)
B.C2u,=u, at X = Xg (13)
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Equation 11 and 12 assume constant saturation at the surface of GDL (S;=o = Sx=0 = 0.1). Boundary
condition (13) assumes a continuity of velocity of water flow at the interface between GDL and MPL.
The velocity of water in Equation 10 and 13 is proportional to the gradient of liquid pressure (P)).

_SKeo P,

u, =
? u - oX

(14)
As expressed in Equation 14, the liquid pressure is the difference between gas pressure (Pg) and

capillary pressure (P¢). Pg is assumed constant in our model. Capillary pressure could be expressed as a
function of surface tension (o), wetting contact angle of GDL (6, ), porosity, permeability of

GDL (K ¢ ), and saturation.

P.G

b
P,=P,—PR =o-c030WG-(KgG J F(S) (15)
where F(S) is the Leverette function expressed in the following:

F(S) =

1.417(1- 8)—2.120(1- S)* +1.263(1- S)°, if cosO,, >0J (16

1.4175-2.1208% +1.263S°, if cosf,, <0

The GDL as well as MPL and CL are all composite material that are made of a mixture of carbon
powder and poly-tetrafluoro-ethylene (PTFE). Weber et al. [25] used the curvature radius method for a
composite material. By this method, the contact angle on the surface of a composite material is a

function of these two materials. In this study, we proposed that the contact angle on the surface of a
composite material (6, ), called the wetting contact angle, is expressed as

0, =cos(cosd,. +S(cosb,, —Cosb..)) (17)

where 6., is the contact angle on the surface of carbon and &, is the contact angle on the surface of
GDL. As shown on Equation 17, it is obvious that the value of 6,. linearly increases as the

saturation increases.

The current flow inside the GDL is purely electrical conducting current of the carbon fiber
(solid phase). Based on the charge conservation, the potential gradient of the solid phase of the
diffusion layer (dg/cX) is a constant, where ¢ is the potential at the solid phase and K is the
electrical conductivity of the solid phase in the GDL.

g((l—eG)Kee am]:O (18)
OX Tg OX
Corresponding boundary conditions are:

B.C1l ¢ =4¢,,,() atx=0 (19)

(1-¢&6)K 09, _ (L—¢p)Kep 09,
T oX Tp oX

B.C.2 at X = Xg (20)
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The electric potential at the surface of GDL (¢, ,_,) is the applied potential on the cathode and it is

assumed to be a function of time. Boundary condition (20) defines the continuity of electrical current
flow at the interface between GDL and MPL.

2.3. Micro-Porous Layer (MPL)

The mathematical model of MPL is similar to that of GDL using Equation 1 to Equation 20,
although the values of parameters for MPL are different from those for GDL.

2.4. Catalyst Layer (CL)

In the catalyst layer, the mass conservation equation of oxygen is similar to the equations used for
GDL (Equation 1) and equations used for MPL. The ORR in the CL generates water. An additional
term of oxygen consumption (ie/4F) is included in the mass conservation equation. The “i¢” is defined
as the electrochemical current produced per unit volume of the CL. The mass conservation of oxygen
in CL could be written as below,

Pg oY, P 0 15 oY, i
— = 1-S)°D + = 21
RT ot RTax[( ) 1gcax} 4F @)
The initial and boundary conditions for Equation 21 are:
I.C. Y, =Y., att=0 (22)
oY, oY,

BC1 (1=S)*Dygp = (-8)"Dy et atx = Xp (23)

Y
BC26—:0 atx =Xc (24)

OX

Boundary condition (24) assumes that no oxygen diffuses through the interface between CL and
MEM. A Tafel equation is used for the ORR by Equation 25. The parameter “a” is the active surface
area per unit volume of porous electrode. The b, i, and E,cy, are the Tafel slope, exchanging current
density, and open circuit voltage of ORR, respectively. The oxygen concentration at the surface of
GDL (Y1x=0) is used as the reference concentration of oxygen.

i, =(1- S)Y i aexp[ @} (25)

1,x=0 b

The “i,” is the ionic current flow through the liquid phase in the CL and proton is the main charge

carrier. Only the electric current flows through the GDL and MPL. No ionic current flows through
these layers. In the CL, the electric current is converted into ionic current due to an electrochemical

reaction at the catalyst surface. All the electric current is converted into ionic current at the interface
between CL/MEM. Only ionic current flows through the membrane. The value of i, at point “X” is

equal to the integration of i, from the interface between MPL/CL (x = Xp) to point “X ” inside CL. It
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reaches the maximum at the interface between CL/MEM (x = x¢) and is equal to zero at the interface
between MPL/CL (X = xp).

i = J i dx (26)

The sum of the ionic current and electronic current is constant and must be equal to the total current (i, ).

The accumulation of liquid water in CL (& J5/t) is balanced among the following processes and
governed by Equation 27.

(1) The water flow due to capillary force (u; 2S/2x),

(2) The evaporation/condensation of water (Koc S [Y2"* — Y2 1),

(3) Migration of water due to electro-osmosis drag (4 i; &5/2x) my/(2F py)), and
(4) Water generated due to electrochemical reaction (i. my/(2F p2)).

aS ﬂ, sat ‘e
2

The initial and boundary conditions for Equation 27 are:

I.C.S=S,, att=0 (28)
B.C1lu,=u, atXx = Xp (29)
B.C2S=5,, at X = Xc (30)

An initial value of S is assumed at time zero. Boundary condition (29) defines the continuity of
velocity of water flow at the interface between MPL/CL. Boundary condition (30) assumes a constant
value of S at the interface between CL/MEM. The electrochemical current flowing through the
catalyst/liquid interface is balanced by the current flow inside the solid phase as given by the
following equation.

i (1_‘9C)Kec a¢e +i =0 (31)
OX )

Tc OX

The boundary conditions for Equation 31 are:

(1_8P)Kep a¢e _ (1_gC)KeC a¢e
Tp OX Tc OX

B.C.1

atx = Xp (32)

BC28¢ =0 atx =X¢ (33)
OX

Boundary condition (32) defines the continuity at the interface between MPL/CL. Boundary
condition (33) assumes that no electrical current flows through the interface between CL/MEM. 1t is
also balanced by the current flow inside the liquid phase (AdX[SKic (da/X)]), as given by

the equation below.
Q(—S At %J ~i,=0 (34)
OX OX

[
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The boundary conditions for Equation 34 are:

B.C.1 %:O atx = xp (35)
OX

B.C2 ¢ =0 atx=xc (36)

3. Numerical Method

A finite volume method (FVM) [30] was used to solve the nonlinear differential equations
mentioned above with initial and boundary conditions. However, for the quantity of saturation in
Equation 10 and Equation 27 we used the volume of fluid (VOF) method [31] to approximate the free
surface of water saturation. A one-dimensional grid along the x-axis was constructed for the numerical
calculation. Coarse grids were used in the GDL, and fine grids were used in the MPL and the CL. The
essential concept is to use a donor-acceptor flux approximation in VOF method. The scale variables,
such as Yy, Y2, ¢, ¢. and S, were the properties at the cell center. The vector variables, such as
velocities were at the interface between cell (i, j) and cell (i +1, j).

Table 1. Transport and kinetic property values and simulation conditions.

Parameter Value
Temperature T 338K
Pressure of gas phase P 1.013 x 10°g cm™s™
Active surface area per unit volume of porous electrode a 22x10°cm®
Tafel slope of ORR b 0.06 V decade™
Oxygen diffusion coefficient in gas phase Dig4 0.18 cm?s™
Water vapor in gas phase Do 0.2cm?s*
Open cell voltage Eocv 115V
Exchange current density of oxygen reduction reaction io 1.0 x 10"A cm?
Pressure of gas phase P, 1.013 x 10°g cm™s™
Saturationat x =0 Sy=0 0.1
Saturation at X = X, Sy = xc 1.0
Distance measured from the cathode surface to the
. Xc 0.038 cm
interface between CL and membrane
Distance measured from the cathode surface to the
. Xg 0.03cm
interface between GDL and MPL
Distance measured from the cathode surface to the
. Xp 0.035 cm
interface between MPL and CL of cathode
Molar fraction of oxygen in gas phase at cathode surface Yix=0 0.21
Molar fraction of water vapor in gas phase at interface stat 0.1
Molar fraction of water vapor in gas phase at cathode surface Yox=0 0.01
Electro-osmosis drag, moles of water per mole of H* A 25
Contact angle of carbon 0. 45°

Electro-osmosis drag, moles of water per mole of H* A 2.5
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The simulation parameters used in the study are shown in Table 1 and 2. The calculation procedure
through a time increment consisted of three steps as follows:

(1) Initial saturation, S, defining saturation region was given by initial and boundary conditions,

S=0.latx=0and S=1.0atx=1.0. This value was used to calculate water velocity u,.
(2) Used finite volume method to compute Y1, Y2, 4., and ¢ by the initial and boundary conditions

as well as the initial value of saturation.
(3) Finally, the saturation was updated to give a new distribution of saturation by new values of uy, i,

Yo, and ie. The above three steps were repeated to advance the solution to the next time interval.

Table 2. Structural property values and simulation conditions.

Parameter value
GDL properties
Electrical conductivity in solid phase Kea 1.82Scm?
Permeability Ko 1.0 x 10 cm?
Evaporation coefficient of water in gas phase Kog 5x 10°mol cm®s™
Porosity £ 0.75
Contact angle (e 120°
Tortuosity TG 2.75
MPL properties
Electrical conductivity in solid phase Kep 1.98 Scm?
Permeability Kpp 1.0 x 10™ cm?
Evaporation coefficient of water in gas phase Kap 5x 10°mol cm®s™
Porosity gp 0.6
Contact angle Orp 140°
Tortuosity Tp 3.0
CL properties
Electrical conductivity in solid phase Kec 1.98Scm*
Permeability Kpc 1.0 x 10 cm?
Evaporation coefficient of water in gas phase Kac 5x 10°mol cm®s™
lonic conductivity in liquid phase Kic 0.06 Scm™
Porosity £c 0.5
Contact angle Orc 135°
Tortuosity Tc 3.0
Membrane properties
Permeability Kowm 1.0 x 10 cm?
Wetting contact angle Oum 80°
Porosity Em 0.5
Tortuosity Tp 3.0

4. Results and Discussion

The results present here are divided into three sections: first is the overall behavior of the cathode,
second is the behavior at the middle of the catalyst layer, and third is the behavior across the
entire cathode.



Energies 2010, 3 930

4.1. Overall Behavior

The calculated result of cathode potential versus current density is shown on Figure 2. The
calculation was carried out with a slow linear sweep of potential (0.1 mV s™). We used slow potential
sweeping to ensure a steady state result. Experimental data from Qi and Kaufman [32] are also plotted
in this diagram for comparison. A reasonable agreement is obtained.

Figure 2. Polarization curve, electrode potential versus current density curve. The A is
experimental data from reference [32] and the line is calculated results of this model.
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Figure 3. Current response during a step change of potential from 0.9 V to 0.4 V. Dashed
line represents potential change and solid line is current response.
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Before running the step change of cathode potential, all variables were computed to their steady-state
values by holding the potential at 0.9 V for 500 seconds. A step change of cathode potential was then
made. The dynamic response of the current density for a step cathode potential change from 0.9 V
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to 0.4 V is plotted as a function of time in Figure 3. The current density increases sharply as the
electrode potential is switched from 0.9 V to 0.4 V and it gradually approaches steady state after 320 seconds.

4.2. Dynamic Behavior in the Middle of the CL

The dynamic behavior in the middle of the CL is given in the following section. The x coordination
at this location was 0.5 x (X, + Xc). The water transport behavior in the CL is balanced by a complicated
interaction among (i) the capillary force, (ii) evaporation/condensation, (iii) electro-osmosis drag, and (iv)
electrochemical reaction. The following shows our calculated results.

The variation of saturation versus time is shown on Figure 4. As the potential makes a step change
from 0.9 V to 0.4 V, the water saturation quickly rises from 0.48 to 0.54 then it gradually reaches to
steady state, as shown by the solid line in Figure 5. Water starts to produce as the cathode potential is
switched from 0.9 V to 0.4 V, which triggers the electrode reaction. Water accumulated in the CL
causes the increase in water saturation. It rapidly reaches steady state due to water movement that is
balanced by the capillary force, the generation of water, the electro-osmosis, and the water evaporation
inside the CL. The movement of water is relatively fast in the CL because the layer thickness is
around 30 um.

Figure 4. Response of local current density and saturation in the middle of the catalyst
layer during a step change of potential from 0.9 V to 0.4 V. Solid line represents the
saturation response and dashed line is the local current density response.
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The local current density in the middle of the CL is also plotted as a function of time in Figure 4 as
the dashed line. The local current density (i) was defined as the local current at a given point per unit
volume. It is heavily dependent on the porosity and surface area of the CL. These properties are fixed
in our calculations. The change of local current density is mainly due to the variation of oxygen
concentration and water saturation in the electrode. The local current sharply increases as the potential
makes a step change. It quickly rises from 19 A cmto a new current density of 220 A cm™ and then
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gradually reaches a steady state value. Because the porous cathode has a very large active surface area
(a=2.2 x 10° cm™, Table 1), the value of local current density shown on Figure 4 is much larger than
the value of current density shown on Figure 2. It is apparent that the distribution of local current
density is mainly determined by the molar flux of oxygen diffusion, which is to be further elaborated
on in the next section.

The response of oxygen concentration in the middle of the CL when the potential makes a step
change is shown in Figure 5 as a solid line. Oxygen is consumed by electrochemical reduction, and its
concentration drops quickly from 0.21 to almost 0.1. The oxygen concentration in the middle of the CL
IS maintained at a very low level and oxygen continues to diffuse from the GDL to the CL. The
response of the molar fraction of water is also shown in Figure 5 as the dashed line. The molar fraction
of water vapor increases in response to the potential change and reaches a steady state value as the rate
of diffusion is balanced by the rate of evaporation.

Figure 5. Response of molar fraction of oxygen and water vapor in the middle of the
catalyst layer during a step change of potential from 0.9 V to 0.4 V. Solid line represents
the oxygen molar fraction and dashed line is the vapor molar fraction.
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The dynamic responses of water velocity and evaporation rate are plotted in Figure 6. The negative
value of water velocity means the water is moving from the CL toward the MPL and GDL. The
response of water velocity first increases (more negative) and then decreases with this step potential.
The water velocity increases when the rate of oxygen reduction increases. With excessive amounts of
water generated at the middle of the CL, the generated water is moved from the CL toward the MPL
and GDL. The water is counter balanced by the forces among water movement, evaporation, and
migration. The flow field in the CL, MPL and GDL is dominated by the hydrophobic property and the
distribution of water saturation in these layers. When excessive amounts of water are suddenly
produced, the water pressure pushes the water from a high-pressure region toward low-pressure region.
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The modeling result shows that water velocity increases with an increasing gradient of liquid pressure.
An excessive amount of water in the CL also causes an upsurge in the evaporation rate of water. As
shown in equation [27], the water evaporation/condensation ratio is given as K¢ S [Y2™ — Y, ]. Asurge
of the saturation (Figure 4) causes a rapid rise of evaporation rate at the initial stage of step potential
change. A higher evaporation rate causes a higher molar fraction of vapor in the gas phase (Y;) as
shown in Figure 5. Eventually, the evaporation rate is gradually reduced to a steady state value.

Figure 6. Response of water velocity and evaporation rate to a step potential change
from 0.9 V to 0.4 V. Solid line is the water velocity and dashed line is the evaporation rate.
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4.3. Changes across the Entire Cathode

The distributions of five variables across the entire cathode are given in this section. These variables
are molar fraction of oxygen (Y1), water saturation (S), velocity of water (uy), molar fraction of water
vapor (), and evaporation rate of water. Figures 7-11 are the distribution curves of these variables at
different durations after a step potential change from 0.9 V to 0.4 V.

The distributions of local molar fraction of oxygen () at different times after the potential step
change are given in Figure 7. The Y; is plotted against the dimensionless variable X. The x is
measured from the surface of GDL to the CL and is normalized by cathode length, xc. The distribution
of Y1 has three distinguishing sections due to different hydrophobic properties (or contact angle) in
these layers. There x value of GDLis 0 < x <0.79, MPL is 0.79 < x < 0.92, and CL is 0.92 < x < 1.0.
The CL has a high level of saturation due to low contact angle or its hydrophobic nature. As the
potential makes a step change from 0.9 V to 0.4 V, the electrode suffers large voltage loss due to low
oxygen concentration. Concentration gradient of oxygen is built up in the cathode. It is higher in the
MPL than in the GDL because the MPL has lower porosity than GDL. The oxygen is diffused
throughout the entire CL. This implies that at 0.4 V, the utilization of catalyst is relative uniform. The
distribution curve of Y; significantly changes during the first 25 seconds. This is corresponding to the
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sudden current surge right after the potential step as shown in Figure 3. The distribution curve
gradually reaches a steady state profile.

Figure 7. Distribution profile of oxygen molar fraction during a step change of potential
from0.9Vto0.4V.
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Figure 8 illustrates the distribution of water saturation at different times across the entire cathode
after the potential stepped from 0.9 V to 0.4 V. The distribution of saturation also has three
distinguishing sections due to different hydrophobic properties in these layers. The CL has a high level
of saturation due to low contact angle or its hydrophilic nature. Before running the step change, the
cathode potential is held at 0.9 V. A small amount of water is produced at this potential. As the
potential makes a step change, water generated in this layer is pushed through the MPL and the GDL.
This causes an increase of saturation in these two layers. The time needed to build a steady state
distribution of the saturation is almost 320 seconds. As the potential stepped to 0.4 V, the saturation
inside the CL instantaneously jumped to higher saturation values. A maximum value of saturation
exists at the middle of CL. The distribution curve of water saturation inside CL is a convex shape. The
water is moving toward the MPL by the capillary force and it is also being evaporated into vapor phase.
The saturation inside the MPL also increased quickly during the beginning of step potential change
(25 seconds). It gradually reaches a new steady state after 400 seconds. The behavior of water transport
inside the GDL is like the wave propagation through a multi-layer medium. The saturation near the
interface between GDL and MPL is steadily increased and it reaches a steady state value
after 400 seconds. However, the saturation at the surface of GDL (>_< = 0) remains unchanged even after
200 seconds. The MPL is hydrophobic and the capillary force of MPL is retarded the water movement
toward the GDL.
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Figure 8. Distribution profile of water saturation during a step change of potential
from0.9V1t004V.
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The propagation of water velocity along the dimensionless variable x at different times is shown in
Figure 9. The velocity of water is dominated by the hydrophobic property of these layers in the cathode.
Because the membrane is very hydrophilic, the resistance of water transport from CL to membrane is
low. The water moves from the CL to membrane when the water velocity is positive; whereas the water
moves from CL to MPL, or from MPL to GDL when the velocity is negative. The cathode is a porous
electrode and is made of a mixture of carbon powder and PTFE. At a given time, the water velocity in
the cathode has positive velocity in one region and negative velocity in the other region. The transport
problem of liquid water becomes complicated. Bernardi and Verbrugge [33] found that the direction of
the water flow inside the GDL, CL and membrane depends on operating current density. In our model,
the water velocity is not only dependent on the current density, but also on the contact angle and water
saturation of each layer in the cathode.

Figure 10 is a plot of water vapor molar fraction (Y2) versus dimensionless x at different time after
a potential step change from 0.9 V to 0.4 V. When the potential is kept at 0.9 V (for 500 seconds and
water vapor at the interface of GDL and gas channel be set 0.01 in our model), the water vapor molar
fraction in the MPL and GDL is lower than 0.01. This is because of that very little amount of water is
produced at 0.9 V. When the potential stepped to 0.4 V, the Y is increased due to increasing of water
saturation in the cathode. When the electrode potential is stepped to a low value of 0.4 V, an excessive
amount of water will causes the movement of water from high saturation to low saturation in the GDL.
Most of the pores in the MPL and the GDL are filled with water, resulting in a high evaporation
rate of water.



Energies 2010, 3 936

Figure 9. Distribution profile of water velocity during a step change of potential
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Figure 10. Distribution profile of water vapor molar fraction during a step change of
potential from 0.9 Vt0 0.4 V.
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Figure 11 illustrates the evaporation rate of water across the entire cathode after a potential step
from 0.9 V to 0.4 V. The water saturation, vapor pressure, and evaporation rate are interrelated. Clearly,
the evaporation rate is increased after the potential changes to 0.4 V. The water produced in the CL
moves toward MPL and GDL and it causes the pores of each layer to be highly saturated with water.
High saturation enhances the evaporation rate of water. There is a similarity between the dynamic
behaviors of saturation (Figure 9) and those of evaporation rate (Figure 12). When the water movement
reaches a steady state condition, the variation of the evaporation rate diminishes.
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Figure 11. Distribution profile of evaporation rate during a step change of potential
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5. Conclusions

We have developed a transient model to describe the dynamic behavior of oxygen, water vapor,
water saturation, and local current density inside the cathode of DMFC or PEMFC. This model uses
the wetting contact angle to calculate the contact angle on the surface of a composite material. It also
adopts the VOF and FVM numerical procedure to overcome the problem of discontinue interface of
water saturation in a porous cathode comprised GDL, MPL, and CL. From this study, we have
developed the equation of saturation transport and solved the problem of discontinue-transport
interface between different layers. Meantime, we can predict the dynamic behavior of water
propagation inside the cathode by this transient model. The dynamic behavior of current density of a
potential step change is calculated. A new steady state is reached after 320 seconds. The dynamic
behaviors at the middle of CL and that across the entire cathode are reported here. A good
understanding of flooding behavior during the step change of potential is illustrated in this work.
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