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Abstract

The cathode catalyst layer (CL), due to sluggish oxygen reduction reaction and several transport losses therein, plays an important role in the
overall performance of polymer electrolyte fuel cells (PEFCs). The relative volume fractions of the constituent phases, i.e. the electronic, electrolyte
and void phases, of the cathode CL need to be selected appropriately in order to achieve an optimal balance between oxygen diffusion and proton
conduction. In this work, the influence of electrolyte and void phase fractions of the cathode CL on the cell performance is investigated based on
a pore-level description of species and charge transport through a random CL microstructure via the direct numerical simulation (DNS) model.
Additionally, the effects of inlet relative humidity and net water transport from the anode on the cathode performance have been studied which
indicate the interdependence between the CL composition and the cell operating conditions. The results indicate that the low humidity operation
benefits the performance by enhancing the oxygen transport especially under high current densities. Finally, the DNS model predicts the volume
fractions of 0.4 and 0.26 for the void and electrolyte phases, respectively, as the optimal composition of the catalyst layer for the best performance.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The catalyst layer (CL), being the host to several competing
transport mechanisms, plays a crucial role in the overall perfor-
mance of a polymer electrolyte fuel cell (PEFC). In the anode
CL, the hydrogen oxidation reaction (HOR) produces protons
and electrons, while the oxygen reduction reaction (ORR) takes
place in the cathode CL, thus producing water and waste heat.
Despite significant progress, the major performance limitation in
a PEFC comes from the cathode catalyst layer owing to the slug-
gish kinetics of the ORR as well as several mass transfer losses
involving species and charge transport. Of special importance is
the involvement of water transport in the cathode CL, acting as
the watershed accumulating water due to ORR as well as migra-
tion from the anode side via electro-osmotic drag, and therefore
holds the key to the overall performance of the PEFCs. Good
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proton conductivity requires hydration of the electrolyte phase,
typically Nafion®, while excess liquid water tends to block the
open pores resulting in reduced oxygen diffusion to the active
reaction sites. The composition of the cathode CL, in terms of the
relative volume fractions of its constituent components, plays a
crucial role in maintaining a delicate balance between oxygen
diffusion and proton conduction. It is, therefore, imperative to
investigate the interdependence between the various transport
modes and the relative composition of the constituent phases in
the cathode CL for optimum performance of the PEFC.
Among the several computational modeling approaches
reported in the literature, the CL is either treated as an infinitely
thin interface or a macrohomogeneous porous layer. Based on
the theory of volume averaging, the electrode-specific models
can be further distinguished as film model, homogeneous model
and agglomerate model. Springer and Gottesfeld [1], Perry et al.
[2] and Eikerling and Kornyshev [3] provided several analyti-
cal and numerical solutions for the cathode catalyst layer under
various conditions. Furthermore, the water transport within the
cathode CL has been modeled at various levels of complexi-
ties. Notable works within the computational fuel cell dynamics
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(CFCD) framework include Wang and co-workers [4-6], Bern-
ing et al. [7] and Mazumder and Cole [8]. Wang [9] provided
a comprehensive overview of the various catalyst layer mod-
els. Recently, a few CL-specific models [10-15] investigated
the optimization of the cathode CLs of PEFCs in order to deter-
mine the optimal Pt loading, Nafion® content and CL thickness
by assuming either uniformly distributed or functionally graded
Nafion® contents and Pt loadings. However, all the above-
mentioned models are based on the macroscopic description and
do not address localized, pore-scale phenomena. Additionally,
most of the electrode-specific models [10-15] are 1-D models.
Furthermore, no model has been attempted to study CL opti-
mization based on pore-level description of species and charge
transport.

In the current work, a pore-scale model for oxygen, water
vapor and proton transport through a three-dimensional, random
catalyst layer microstructure is presented. This model builds
upon our direct numerical simulation (DNS) model, developed
in Refs. [16-18]. The primary focus of the present work is to
investigate the effect of the catalyst layer composition on the cell
performance based on the pore-level description of the underly-
ing transport processes and find the optimum volume fractions
of the constituent phases in order to achieve the best perfor-
mance. Special emphasis is also given on elucidating the effects
of inlet humidity and net water transport from the anode on the
cell performance through a detailed pore-scale description of the
various modes of water transport in the single phase through the
cathode catalyst layer.

2. DNS model

The primary idea behind the DNS model is to solve point-
wise accurate conservation equations for species and charge
transport directly on the catalyst layer porous structure, which
obviates the application of any effective transport properties via
Bruggeman-type correlations, otherwise employed in the macro-
homogeneous CL models. The DN'S model, therefore, comprises
of two steps: (1) the CL structure generation and (2) solution of
the transport equations directly on the structure.

2.1. Catalyst layer structure generation

For the ORR to occur, the cathode catalyst layer consists of
three phases: (1) the electronic phase i.e. Pt catalyst particles
supported on carbon for electron conduction; (2) the electrolyte
phase for proton transport; and (3) pores for oxygen and product
water transport. Gottesfeld and Zawodzinski [19] provided a
good overview of the catalyst layer structure and functions. In
the present work, the CL is assumed to be a two-phase, porous
structure consisting of a mixed electronic/electrolyte phase i.e.
the solid phase and the void phase and this assumption will
be justified later. Henceforth, the mixed electronic/electrolyte
phase will be referred to as simply the electrolyte phase in the
rest of this paper.

A purely disordered “random” CL structure, bound by the
first statistical moment, i.e. porosity, is computer generated by
employing a random number generator. The idea of numeri-

cal reconstruction relies on the fact that an arbitrarily complex
porous structure can be defined by a discrete binary phase func-
tion, Z(r), where each point, 7, within the 3-D space either
belongs to the void phase or the solid phase, and is given by
[20]:

Sy J0
(r)= )

For a homogeneous porous medium, the porosity, ¢, is con-
stant and is defined as the statistical average of the phase function
[20]:

if 7in the void phase
(1)

if #in the soild phase

e = (Z(r) 2

where angular bracket refers to statistical average. Physically,
the porosity is the probability that a point is in the pore space.
For a homogeneous and isotropic porous medium, “pure dis-
order” implies that there is no correlation between two points
at a distance 7 in the same phase. The numerical reconstruc-
tion, therefore, consists of generating a uniform distribution of
random numbers within the interval [0,1] for each elementary
unit, referred to as “voxel”, within the 3-D space and finally
thresholding the distribution w.r.t. porosity so that a voxel with
a random number below ¢ belongs to the pore space [20]. This
simple reconstruction rule is employed in this study and a ran-
dom CL microstructure is generated with nominal porosity of
0.36 and is shown in Fig. 1.

The pore/solid phase is further distinguished as “trans-
port” and “dead” phase. The basic idea is that a pore phase
voxel surrounded by solid phase-only voxels does not take
part in species transport and hence in the electrochemical
reaction and can, therefore, be treated as a “dead” pore and
similarly for the electrolyte phase. However, the phase connec-
tivity is checked by repeatedly scanning the generated structure
from the membrane—CL interface to the CL-GDL interface
and vice-versa for the electrolyte and void phases, respec-
tively as elaborated in our recent work [17]. This procedure of
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B Transport pore Transport electrolyte

Dead pore [l Dead electrolyte

Fig. 1. 3-D random catalyst layer microstructure with nominal porosity of 0.36.



G. Wang et al. / Electrochimica Acta 52 (2007) 6367-6377 6369

phase connectivity therefore ensures more than just 6-neighbor-
connectivity for different phases. The interface between the
“transport” pore and the “transport” electrolyte phases is referred
to as the electrochemically active area. The impact of voxel reso-
lution in the microstructure generation which translates directly
into the number of computational cells used in the present study
is elaborated in terms of the variation of resulting “transport”
pore volume fraction with varying nominal porosity for differ-
ent resolutions in the predecessor DNS model work in [17]. It
has been observed that above a nominal porosity of 0.35, the
variation of the transport pore volume fraction with increased
computational unit cell resolution beyond 40 x 20 x 20 cells in
the thickness (x) and span-wise (y—z) directions, respectively, is
negligible [17]. Since, the transport pore volume fraction and the
resulting electrochemically active area are the key parameters in
subsequent transport calculations, the current CL microstructure
with 40 x 20 x 20 unit cells can be considered adequate. Fur-
thermore, the subsequent DNS calculations are based on one
realization of the random structure generation process with the
afore-mentioned unit cell resolution. In this paper, the focus
is on the applicability of the DNS model in the optimization
of the CL composition for improved performance. In order to
obtain statistical influence of the reconstruction on transport
phenomena, it is indeed imperative to consider several realiza-
tions of the generated structure. Such an investigation with an
enhanced microstructure reconstruction method, with two sta-
tistical moments as inputs as described in our recent work [18],
is currently underway and is envisioned to reveal some statis-
tics of the pore-path and proton-path tortuosity of the PEFC CL
structure fabricated using the catalyst coated membrane (CCM)
and catalyzed diffusion medium (CDM) methods.

2.2. Transport processes and model assumptions

The key processes considered in the present study are: (1)
oxygen and water vapor diffusion through the “transport” pore
phase, (2) proton transport through the “transport” electrolyte
phase, and (3) ORR at the electrochemically active interface.

It is important to describe the water transport mechanisms
considered in the present study. Membrane hydration is ensured
via the supply of externally humidified fuel and oxidant streams
to the PEFC. Water is transported from the anode through the
membrane by the electro-osmotic drag, expressed by:

1
Nw,drag = ngNy+ = ng X F 3

The electro-osmotic drag coefficient, ng, denotes the number
of water molecules carried by each proton (H*) across the mem-
brane as current is passed and varies in a wide range depending
on different degrees of membrane hydration according to the
experimental measurements by Zawodzinski et al. [21]. In the
present study, a constant drag coefficient of unity is used because
the water content of interest ranges from zero to 14 for a partially
hydrated membrane. The water generation in the cathode CL
due to ORR results in water back diffusion to the anode across
the membrane owing to the concentration gradient. At higher
current densities, the excessive water produced at the cathode

is removed via evaporation by the under-saturated air stream,
and the removal rate can be controlled by adjusting the inlet air
humidity and flow rate through the flow field.

The primary assumptions made in the current DNS model
are: (1) isothermal and steady state operation; (2) negligible O,
diffusion resistance through the polymer electrolyte film cover-
ing Pt sites due to the small thickness of the film (~5nm) and
existence of thermodynamic equilibrium at the reaction inter-
face between the oxygen concentration in the gas phase and that
dissolved in the electrolyte phase; (3) uniform electronic phase
potential since the electrode is very thin and its electronic con-
ductivity is very high and hence the electron transport is not
considered. The ionic conductivity of the mixed phase is thus
adjusted using Bruggeman correction to take into account the
effect of the electronic phase volume fraction as follows [18]:

1.5 1.5
e e
= = 4
“ K0<Se+85) KO<1_8g> @

where k¢ is the intrinsic conductivity of the electrolyte phase, &,
&s and &g, are the electrolyte phase, electronic phase and gas pore
volume fractions, respectively; (4) water is in the gas phase even
if water vapor concentration slightly exceeds the saturation value
corresponding to the cell operation temperature (i.e. slight over-
saturation is allowed); and (5) water in the electrolyte phase is in
equilibrium with the water vapor, thus only the water transport
through the gas phase is considered and water electro-osmotic
drag through the electrolyte phase in the CL is neglected.

2.3. Governing equations

The conservation equations for the transport of proton, O»
and water, respectively, can be expressed as follows [18]:

V- (keVe) + 11/ J8(x — Xinterface)ds = 0 ®)
r
V. (D(%) Veo,) + a/ L5(x — Xinterface)ds = 0 (6)
2 r 4F
V. (Dlg-lzovcl-hO) + a/]" #5()6 — Xinterface)ds = 0 @)

where a represents the specific interfacial area and is defined as
the interfacial surface area where the reaction occurs per unit
volume of the catalyst layer, s is the non-dimensional interface,
I" represents the interfacial surface over which the surface inte-
gral is taken, 6(x — Xinterface) 18 @ delta function which is zero
everywhere but unity at the interface where the reaction occurs.
The second term in the above equations, therefore, represents
a source/sink term at the catalyzed interface where the electro-
chemical reaction takes place. It is important to note that the
transfer current density, j, is negative for the electrolyte phase
potential equation.

Based on the single-domain approach, the above governing
equations are extended to be valid for the entire computational
domain by introducing a discrete phase function. The phase
function, f, at each elementary cell center (i,j,k), is defined as
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follows [18]:

“transport” pores

“transport” electrolytes

JG j k)= ®)

N = O

“dead” pores
3  “dead” electrolytes

With this phase function, the proton conductivity, oxygen
diffusivity and water vapor diffusivity can be recast in a discrete
fashion as [18]:

Ke X [, . k) X [2 = f j. k)] x [3 = f(, j, k)]

K@, j, k) =

2
)
Do, (i, j, k)
D, x [1 = f(i, j. O] x [2 = f(, j. OIx[3 = fG. j k)]
h 6
(10
DHzO(i’ jv k)
_ DIg—IZOX[l - f(l’ j, k)] X [2 - f(l’ jv k)]X[3 - f(l, j’ k)]
B 6
(11)

The phase function is chosen such that the species diffusivity
and proton conductivity identically go to zero in “dead” pore and
“dead” electrolyte cells, respectively. Details about the discrete
forms of the source/sink terms in the conservation equations,
Egs. (5)—(7), in terms of the phase function and electrochemi-
cal reaction at the active interface can be found in [18]. Due to
the slow kinetics of the ORR, the transfer current at the elec-
trochemically active interface is expressed by Tafel kinetics as
[18]:

. L co+ 1,4,k aF
J =g exp | el )| (Afem?) (12)
Coz,ref

It should be noted that the electrochemically active interface
is between the electrolyte cell (i,j,k) and the pore cell (i+1, j,k)
and is schematically illustrated in Fig. 2. The cathode overpoten-
tial, n, is expressed in terms of the electrolyte phase potential,
@e(i,j,k), in the kinetic expression since both the open-circuit
potential, Uy, and the electronic phase potential, ¢, are constant.
However, it is worth mentioning that iy represents the modified
exchange current density after expressing the overpotential, 1,

Gas

/ Phase

Electrolyte
Phase

(i+1.,i,k)

Fig. 2. Schematic of the transfer current between two adjacent cells with a
catalyzed interface.

in terms of phase potential and open circuit potential as given
by:

n=¢s—¢e— Up (13)
2.4. Boundary conditions

At the membrane—CL interface (i.e. the left boundary) and
at the CL-GDL interface (i.e. at the right boundary), one layer
of electrolyte-only and pore-only cells are added to the compu-
tational domain, respectively, for ease of implementation of the
boundary conditions. In the y and z directions, symmetry bound-
ary conditions are applied. In summary, the boundary conditions
are as follows [18]:

y=0, y=y, z=0, z=7z,

0 0 0
CO, -0, CH,O0 —0, De -0 (14)
on on on

x = 0 (i.e. membrane—CL inteface),

dco,

aCHZO _ _Nw,net 8¢e
on

, —k— =1 (15)
on Dy,0 on

’

x = xt, (i.e. CL-GDL interface),

ope
5 =0 (16)

€0, = €0,,0s CH,0 = CH,0,0»

The oxygen concentration at the CL-GDL interface is evalu-
ated using the oxygen concentration in the gas channel and duly
adjusting it with respect to the diffusion resistance through the
GDL. The oxygen concentration in the gas channel is assumed
constant, thus representative of a physically large stoichiometric
flow rate. The oxygen concentration at the CL-GDL interface
is given by [18]:

I x AXgDL

g eff
4F x DOZ’GDL

€0,,0 = €Oy, inlet — (17)
The oxygen concentration profile through the GDL is

assumed linear and D(g)’:féDL is the effective diffusion coeffi-

cient of oxygen adjusted with respect to the GDL porosity, egpL

and tortuosity, tgpL and is given by:

£GDL

TGDL

geff g
Dg, 6ot = Do, X

(18)

The GDL tortuosity is selected such that the diffusion resis-
tance in the GDL is adequate to produce the resulting oxygen
concentration at the CL-GDL interface and corresponding lim-
iting current density typically observed.

At the membrane—CL interface, a net water transport coef-
ficient, «, is employed, which takes into account the net water
flux across the membrane due to the electro-osmotic drag and
back diffusion effects, and can be expressed as:

Nw,net =oX F = Nw,drag — Nw,dif (19)
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where Ny, ,qif 1S the water flux through the membrane due to back
diffusion from the cathode side to the anode side. In the present
study, « is assumed to be constant although it depends on a
number of parameters including the cell temperature, humidity
conditions at anode and cathode inlets, to name a few. Thus the
boundary condition at the membrane—CL interface is given by:

aCH20 _Nw,nel
|x:0 =

dx Dfyo

(20)

At the CL-GDL interface, water vapor concentration is cal-
culated from the concentration of water vapor at the channel
inlet with correction for diffusion resistance in the GDL and is
given by [18]:

AXgpL

g, eff
H,0,GDL

CH20|x:xL = CH,0,inlet + Nw|x:xL : (21)

Similar to the boundary condition treatment for oxygen trans-
port, linear water vapor profile in the GDL and constant water
vapor concentration in the gas channel are assumed. The effec-
tive diffusion coefficient of water vapor in the gas phase through
the GDL is evaluated similarly as the oxygen diffusion coeffi-
cient given by Eq. (18). The water flux through the GDL is the
sum of the net flux across the membrane and the water production
rate in the catalyst layer and can be expressed as:

1
Nwlx:xL = Ny net + Nw,prod = (¢4 0.5) x f (22)

From the inlet relative humidity, RH, water vapor concentration
of the humidified air at the channel inlet is calculated by:

t
CH,0,intlet = RH X cjj,0 (23)

where cfj‘zto is the saturation concentration of water at the cell

operating temperature.
2.5. Input parameters

The species diffusivity, D?, is calculated from the specified
inlet pressure, p, and temperature, 7, as [22]:

7\32
D¢ = DE, (po) () (24)
AP Ty

In the present study, the reference pressure, py, is taken as
1 atm and the reference temperature, Ty as 273 K.

Based on the experimental correlation by Springer et al. [23],
the proton conductivity in the electrolyte phase is given by:

1 1
=1 12 —_—— = .005139A — 0.0032
Ke,0(A) OOeXp[ 68 (303 Tﬂ (0.0051391 — 0.00326)

(25)
where the water content in the membrane phase, A, depends on

the water activity, a, in the gas phase according to the following
experimental data fit:

forO<a<1

forO0 <a<3

B { 0.043 + 17.81a — 39.854% + 36.0a>
(26)

14+ 1.4a—1)

Table 1
Model input parameters
Parameter Value
Reference intrinsic oxygen diffusivity, D%z, (m?/s) 1.8 x 1073
Reference intrinsic water vapor diffusivity, Dlg»lzo, (mz/s) 1.1x1073
Pressure at the channel inlet, p (kPa) 150
Operating temperature, T (°C) 80
Thickness of the GDL, AXgpr, (um) 300
Porosity of the GDL, egpL. 0.4
Tortuosity of the GDL, 7gpL 4
Nominal porosity of the catalyst layer, &g 0.36
Electrolyte volume fraction in the catalyst layer, &¢ 0.3
The water activity, a, is defined as:
CH,0
= st (27)
‘H,0

The saturation pressure of water vapor is only a function of
temperature, which has been formulated by Springer et al. [23]
as:

log,o P = —2.1794 + 0.02953(T — 273.15)
—9.1837 x 107>(T — 273.115)*
+1.4454 x 107(T — 273.15)° (28)

where pressure is in bar. Substituting Eq. (26) into Eq. (25),
the dependence of proton conductivity on water activity can be
calculated. Thus the proton conductivity of the electrolyte phase
varies with the water concentration in the catalyst layer.

Other relevant model input parameters used in the current
study are summarized in Table 1.

2.6. Numerical methodology

The conservation equations, Eqs. (5)—(7), are discretized
using a finite volume approach [24] and solved using the com-
mercial CFD software Fluent® [25]. The user defined function
(UDF) capability in Fluent® [25] is deployed to customize
the source terms and to solve the set of governing equations
within the generic framework of scalar transport equations. In
the present study, for the (10 um x 5 wm x 5 wm) random CL
structure, the number of cells within the computational domain
in the x, y and z directions were taken as 40 x 20 x 20, respec-
tively, as mentioned earlier and were found to be sufficient for a
realistic description of the microstructure [17]. Convergence was
considered achieved when the relative error between two con-
secutive iterations reached 1076 for each scalar field. A typical
simulation for a particular current density, on a DELL PC with
Pentium 4 processor, 1 GB RAM, 2.79 GHz processor speed,
takes approximately 20 min to converge.

3. Results and discussion
3.1. Predicted polarization curve

The simulated polarization curve with air as the oxidant at
100% inlet relative humidity with inlet pressure of 150 kPa and
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Fig. 3. Polarization curve predicted by the DNS calculation.

cell temperature of 80 °C is shown in Fig. 3. In the present study,
the “polarization curve” refers to the cathode overpotential ver-
sus current density curve, thereby differing from the standard
cell voltage versus current density description otherwise used
popularly in the fuel cell literature. As a general trend, the pre-
dicted cathode polarization curve depicts a fast drop in the small
current density region controlled by the ORR kinetics followed
by a linear voltage drop in the mixed control regime and finally
at higher current densities (>1.5 Alcm?), the mass transport lim-
itation appears with a fast voltage drop resulting from oxygen
depletion. Overall, Fig. 3 demonstrates that the current pore-
scale DNS model is able to capture the general trend of the fuel
cell performance curve on a random CL microstructure. In the
present study, one realization of the generated.

3.2. Effect of inlet air humidity on performance

Fig. 4 exhibits the predicted polarization curves with air as
the oxidant for inlet relative humidity of 5%, 50% and 100%.

-0.3

—a8—— RH=100%
—-—4—-— RH=50%
---h------ RH=5%
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o
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Fig. 4. Polarization curves for various inlet humidity.

RH=100%

Fig. 5. 3-D oxygen concentration contours at 1.5 A/cm? for inlet air humidity
of 100%, 50% and 5%.

As can be observed, within the kinetic control regime the cath-
ode performance is very similar for different inlet humidity. The
only factor influencing the kinetic loss is the oxygen concen-
tration inside the catalyst layer. It can be estimated using Eq.
(17) that the oxygen concentrations at the CL-GDL interface
are 7.5mol/m?, 9.2mol/m? and 10.7 mol/m*® for 100%, 50%,
and 5% inlet air humidity, respectively. These differences in
oxygen concentration bring about only minor variations in the
kinetic loss. With Tafel slope of 70 mV/dec, for 100% inlet rel-
ative humidity, the kinetic loss is only 10 mV higher than that
for 5% inlet RH.

It can also be observed that lower inlet humidity tends
to extend the ohmic control regime, thereby postponing the
onset of mass transport limitation. This is the salient advan-
tage of low-humidity operation, which is further illustrated
by the oxygen concentration filed at 1.5 A/cm? in Fig. 5. At
100% RH, the oxygen concentration near the membrane—CL
interface is as low as 0.2mol/m> and the region is about
to be depleted of oxygen. Correspondingly, the polarization
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curve exhibits a sharp drop at a current density greater than
1.5 A/em?.

However, the striking disadvantage of low-humidity oper-
ation is the larger voltage loss in the ohmic control regime.
This is due to the lower proton conductivity associated with the
partially hydrated electrolyte phase, leading to increased pro-
tonic resistance. At 100% RH, the electrolyte phase remains
fully humidified with saturated water vapor concentration of
15.9mol/m? at 80°C throughout the CL. In comparison, the
water vapor concentration fields at 50% and 5% RH are shown in
Fig. 6 at 0.5 A/cm?. It can be observed that at 50% RH the water
vapor concentration is still maintained at around 10 mol/m?
while it becomes extremely low for 5% RH, thus causing a sig-
nificant increase in ohmic loss. This can be further illustrated
with the variations in reaction current and overpotential distri-
butions with inlet RH as shown in Fig. 7. It can be found that the
reaction zone shifts closer to the membrane—CL interface with
lower RH. Apparently, this is due to poorer proton conductivity
or higher ohmic resistance in the electrolyte phase and results
in a much lower surface overpotential at the back end i.e. closer
to the CL-GDL interface of the CL, making the overpotential
distribution more non-uniform. In order to compensate for the
lower reaction current produced near the back end of the catalyst
layer, the front end, i.e. closer to the membrane—CL interface,
must provide higher reaction current as the average current den-
sity is fixed. This leads to a higher surface overpotential needed
at the front end of the layer, representing a higher total voltage
loss of the cathode under low-humidity operation.

Overall, 50% appears to be the optimal relative humidity for
the catalyst layer configuration modeled here. It has a large

RH=50%

Fig. 6. 3-D water vapor concentration contours at 0.5 A/cm? for inlet air humid-
ity of 50% and 5%.

ohmic control range at the minimum expense of kinetic loss.
It should be noted that since the present model only consid-
ers water transport in the gas phase, the salient advantage of
low-humidity operation to alleviate cathode flooding cannot be
demonstrated.

3.3. Effect of net water transport coefficient (o)

In the present DNS model, the net water flux through the
polymer membrane to the cathode catalyst layer is estimated
using the net water transport coefficient, «, as expressed by Eq.
(19). The value of this coefficient reflects the contribution of
water transferred from the anode to the cathode. It depends on the
humidity condition on the anode side. Low value of « indicates
strong back diffusion from the cathode, which means a relatively
dry condition in the anode. When « is close to its maximum
value, 1.0, it implies that the water flux due to electro-osmotic
drag is dominant and the back diffusion is negligible. Therefore,
by studying the effect of the net water transport coefficient, we
can understand the influence of anode gas humidification on the
cathode catalyst layer performance.

Two scenarios with net water transport coefficient of 0.2 and
0, are investigated at two different cathode inlet humidity con-
ditions, e.g. 50% and 5% RH. Fig. 8 shows the polarization
curves of the cathode pertaining to the afore-mentioned operat-
ing conditions. It can be found that for 50% RH, the value of «
has negligible influence on the cathode voltage loss. The greatest
difference of about 15 mV occurs at 1.5 A/cm?. At operating cur-
rent densities greater than 1.5 A/cm?, the cathode performance
hardly changes, which indicates that the cathode side is already
sufficiently humidified due to the large water production rate
even if there is no water transport from the anode. However,
with the cathode inlet humidity of 5%, the value of o becomes
significantly important especially at large current densities. The
possible explanation is that the cathode is largely dry and hence
any water supply from the anode is beneficial in increasing the
proton conductivity of the electrolyte phase. To unveil the differ-
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Fig. 7. Overpotential and reaction current distributions for different inlet air
humidity.
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Fig. 8. Polarization curves with different net water transport coefficients at inlet
humidity of 50% and 5%.

ent behaviors caused by the gas humidification, the water activity
and proton conductivity distributions at 2.3 A/cm? are shown in
Fig. 9.

Fig. 9 shows that both at 50% and 5% RH, the increase in
the water activity with the value of « from 0 to 0.2 is the same
because they are at the same operating current density which
leads to the same net water flux from the anode and water produc-
tion rate in the cathode. But at the cathode inlet humidity of 50%,
the water activity already reaches unity (i.e. saturation) every-
where with « equal to zero. This explains why further increase
of the water activity with a higher value of « (i.e. «=0.2) does
not increase the proton conductivity further since the electrolyte
phase is already fully humidified. On the other hand, at 5% RH,
not only the proton conductivity is much lower, but also the
difference in the conductivity under different net water fluxes
is much larger. The effect of net water transport coefficient is
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Fig. 9. Cross-section averaged water activity and proton conductivity distribu-
tions across the catalyst layer thickness at 2.3 A/cm? for different net water
transport coefficients.
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Fig. 10. Local reaction current and overpotential distributions across the thick-
ness of the catalyst layer for different net water transport coefficients.

further illustrated in Fig. 10, which exhibits the reaction current
and overpotential distributions. For the inlet humidity of 50%,
the reaction current and overpotential distributions remain unal-
tered by the value of «.. But for the cathode inlet humidity of 5%,
due to the higher oxygen concentration, the reaction zone tends
to be mainly concentrated toward the front end of the catalyst
layeri.e. closer to the membrane—CL interface. The correspond-
ing oxygen concentration fields are shown in Fig. 11 to provide
further evidence.

In summary, the DNS results clearly show that at 5% RH
there is a considerable increase in the cathode voltage loss as «
is reduced to zero. Again, this is due to the lower water activity
thus leading to the lower proton conductivity of the electrolyte
phase. The lower proton conductivity would push the reaction
zone to the front end, consuming more oxygen there. The larger
consumption rate of oxygen, in turn, reduces the oxygen concen-
tration there, which eventually requires a larger overpotential to
drive the reaction. It can be observed that the difference in the
reaction rate near the membrane—CL interface, shown in Fig. 10,
is closely correlated to the difference in the local oxygen con-
centration shown in Fig. 11, which leads to higher total cathode
voltage loss with « being zero. This study clearly suggests that
at low cathode inlet RH, restraining the back diffusion of water
to the anode side is important and can significantly improve the
cathode performance with the better-hydrated electrolyte phase.

3.4. Optimization of the catalyst layer composition

In order to investigate the effect of electrode composition on
cathode performance, a series of simulations with various com-
binations of pore and electrolyte volume fractions are carried out
and the predicted polarization curves are presented in Fig. 12.
It can be observed that the greater the pore volume fraction, the
larger the mass transport limiting current density. This is quite
obvious, since the oxygen transfer to the active reaction sites
would benefit from a large number of open pores available for
transport.
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Fig. 11. 3-D oxygen concentration contours at 2.3 A/cm? under various combi-
nations of inlet humidity and net water transport coefficient.

Fig. 13 shows the oxygen concentration distributions in the
catalyst layer microstructure with different pore volume frac-
tions corresponding to that described in Fig. 12. The operating
current density is 2.3 A/cm?, corresponding to the mass transport
limiting regime. It can be seen that with the same consumption
rate, the oxygen concentration gradient is relatively smaller with
pore volume fraction of 0.6. When the porosity is decreased
further thereby increasing the relative volume fractions of the
electrolyte and electronic phases, the oxygen concentration gra-
dient becomes steeper. At porosities of 0.34 and 0.36, the oxygen
concentration gradient becomes steep enough that the pores in
the vicinity of the membrane are depleted with oxygen, thus
leading to a dramatic increase in the voltage loss at high cur-
rent densities, as shown in Fig. 12. It can also be found from
Fig. 12 that as the porosity is slightly decreased from 0.36 to
0.34, the performance of the catalyst layer becomes worse over
awider range of current densities. This is because as the porosity
approaches the percolation threshold (approximately 0.3), both
the effective porosity and active interfacial area reduce drasti-
cally leading to significant decline in the electrode performance
[17].
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Fig. 12. Polarizations curves for different void and electrolyte volume fractions.

Fig. 14 shows the cross-section averaged distribution of
“transport” pore volume fraction along the CL thickness.
Horizontal lines indicate the corresponding average nominal
porosities in consistency with that considered in Fig. 12. At the
porosity of 0.6, it is evident that the “transport” pores are dis-
tributed randomly around the nominal porosity, indicating that
there are few “dead” pores. As the porosity decreases, the dif-
ference between “transport” pore volume fraction and nominal
porosity becomes larger, as expected. At porosity of 0.34, the
relative fraction of “transport” pores becomes very small. Obvi-
ously, such a small effective porosity not only causes hindered
oxygen transport but also leads to reduced electrochemically
active interfacial area. More importantly, since the microstruc-
ture is generated purely randomly, Fig. 14 shows that at porosity
of 0.34 there are effectively no “transport” pores in the region
close to the membrane although the nominal porosity is greater
than the percolation threshold. It renders oxygen to be inacces-
sible to the region close to the membrane and leads to oxygen
depletion-like situation otherwise occurring at large current den-
sities. The combined effect of these two factors might lead to
severe decline in cathode performance at small low porosities.

Therefore, the pore volume fraction should be kept large
enough to avoid the percolation effect. However, when the poros-
ity is increased from 0.4 to 0.6 at the expense of reducing
electrolyte/electronic phase volume fractions, the polarization
curve does not show improved performance except that the
ohmic control regime is slightly extended. In contrast, the volt-
age loss in the ohmic control regime increases due to the lower
electrolyte phase volume fraction. In order to obtain optimal
composition of the cathode catalyst layer for best performance,
detailed predictions are presented in Fig. 15 for different com-
binations of pore and electrolyte volume fractions.

Fig. 15 shows the local reaction current and overpotential
distributions at current density of 0.5 A/cm?. As explained ear-
lier, with pore and electrolyte phase volume fractions of 0.34
and 0.32, respectively, the resulting small amount of “transport”
pores make the region near the membrane almost inaccessible
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Fig. 13. 3-D oxygen concentration contours at various pore and electrolyte volume fractions in the transport limited regime.

to oxygen. The increased loss is then due to the ionic current
passing through the region close to the membrane—CL interface
without reaction; the resistance being much lower to pass current
through the electronic phase after the charge transfer reaction.
As the porosity is increased, from 0.36 to 0.4, there is marginal
performance improvement, which is due to the larger reaction
area available with porosity of 0.4. With pore volume fraction
of 0.6, Fig. 15 shows that the reaction is mainly concentrated
in the vicinity of the membrane—CL interface, which indicates
significant decrease in proton conductivity. This is once again

02

Local "transport” pore volume fraction

XIX,

Fig. 14. Local “transport” pore distributions related to different porosities. The
straight lines indicate the corresponding nominal porosity.

due to the reduced electrolyte volume fraction to 0.2, which is
typically used in the design of the conventional catalyst layers.

In summary, by assuming a sufficiently large electronic
conductivity of the Pt/C phase and a fixed electronic phase
volume fraction, it is important to select an appropriate pore
to electrolyte phase volume fraction ratio in order to achieve
the best performance of the cathode CL. In general, both the
pore and electrolyte phase volume fractions should be larger
than the percolation threshold. With this constraint, further
increase in the pore and electrolyte phase volume fractions will
relax the mass transport limitation and reduce the ohmic drop,
respectively. Hence, there exists an optimal CL composition
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Fig. 15. Reaction current and overpotential distributions across the catalyst layer
thickness at 0.5 A/cm? for various pore and electrolyte volume fractions.
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for the best performance. According to the present DNS model
calculations, the optimal CL compositions could be evaluated
as 0.4 and 0.26 for the pore and electrolyte phase volume
fractions, respectively. In comparison, the traditional CL design
with the electrolyte volume fraction of 0.2 results in higher ionic
resistance, while a relatively large porosity does not benefit
the cathode performance much, other than slightly delaying the
mass transport control regime.

4. Conclusions

The PEFC cathode CL requires a delicate balance between
oxygen diffusion and proton conduction for higher cell perfor-
mance, which entails careful optimization of the CL composition
in terms of its constituent phase volume fractions. This study
investigates the influence of the electrolyte and void phase
fractions on the electrode performance as well as the interde-
pendence between the CL composition and the cell operating
conditions. In this regard, a direct numerical simulation (DNS)
model is developed which solves point-wise accurate charge and
species transport equations on a random, purely disordered cat-
alyst layer microstructure. The influence of the inlet RH and the
net water transport from the anode, on the cathode performance
is elucidated which indicates the dependence of the operating
conditions on the CL composition. Finally, the DNS model pre-
dicts an optimum composition of the catalyst layer with pore
volume fraction of 0.4 and electrolyte volume fraction of 0.26
for the best performance. The present DNS model, therefore,
underscores its viability as a fast screening tool for the design
and development of high-performance catalyst layers using a
systematic science-based approach.
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Appendix A

specific interfacial area (cm?/cm?)
local concentration of species i (mol/m>)
diffusion coefficient of species i (m3/s)
phase function for the single domain approach
Faraday’s constant (96,487 C/mol)
molar flux of species i (mol/m? s)
current density (Alcm?)
reaction current density (A/cm?)
ng electro-osmotic drag coefficient
pressure (Pa)
universal gas constant (8.314 J/mol K)
H relative humidity
source term in the governing equations
absolute temperature (K)
x coordinate (m)
y coordinate (m)
z coordinate (p.m)

~N ST o 9

NS RN 0TS

Greek letters

o net water transport coefficient

[e S cathodic transfer coefficient

&k volume fraction of phase, k, in the catalyst layer
Px electrical potential in phase k (V)

K electrolyte conductivity (S/m)

A membrane water content (mol HyO/mol SO37)

Subscripts and superscripts

e electrolyte phase

eff effective

g gas phase

GDL  gas diffusion layer
inlet gas channel inlet

L catalyst layer thickness
net net value

(0} oxygen

prod  water production in the cathode catalyst layer
ref reference value

sat saturation of water
w water
0 boundary value at the CL-GDL interface or ini-

tial/intrinsic value
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