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A comprehensive micromodel to predict the electrochemical performance of porous
composite LSM-YSZ cathodes in solid oxide fuel cells (SOFCs) is developed. The ran-
dom packing sphere model is used to estimate the cathode microstructural properties
required for the micromodel. The micromodel developed takes into account the com-
plex interdependency among the mass transport, electron and ion transports, and the
electrochemical reaction, and can be used for optimization of the microstructure of po-
rous LSM-YSZ composite cathodes. It is shown that the electrochemical performance
of these cathodes depends on the microstructural variables of the cathode porosity,
thickness, particle size ratio, and size and volume fraction of LSM particles. The effect
of these microstructural variables on the cathode total resistance, as the objective
function to achieve the optimum microstructure for the cathode, is studied through
computer simulation. The results indicated that for a LSM-YSZ cathode operated at the
average temperature of 1073.15 K, bulk oxygen partial pressure of 0.21 atm, and total
current density of 5000 Am�2, and constrained to the minimum value of 1 lm for the
size of LSM particles and 0.25 for the cathode porosity, the optimum microstructure is
obtained at the particle size ratio of unity, LSM particle size of 1 lm and volume frac-
tion of 0.413, porosity of 0.25, and thickness of 60 lm. The cathode total resistance
corresponding to the cathode optimized is estimated to be 0.291 X cm2. VVC 2011
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Introduction

A solid oxide fuel cell (SOFC) is a device to generate
electrical energy from chemical energy of a fossil or renew-
able fuel through electrochemical reactions.1,2 Since the elec-
trochemical reactions take place at the active sites of the an-
ode and cathode, as electrodes of an SOFC, the improvement
of the electrochemical performance of electrodes plays an
important role to improve the electrical performance of the
SOFC. To improve the electrochemical performance of elec-

trodes, in addition to the use of materials with a high cata-
lytic activity,3–7 the electrodes can be fabricated with a com-
posite structure with extended active sites for electrochemi-
cal reactions.8–10

A composite electrode is made of three phases; electron
conducting particles to transport electrons, ion conducting
particles to transport oxygen ions, and pores to transport
reactant gases. This is in contrast with a noncomposite elec-
trode, which is made of two phases of electron conducting
particles and pores, that the electrochemical reactions can
only take place at the interface of the electrode and electro-
lyte. In a composite electrode, the electrochemical reactions
take place throughout its body, where three phases of elec-
tron conducting particles, ion conducting particles, and pores
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are present. The performance of composite electrodes is
strongly dependent on the microstructure of the electrode.
The microstructure affects significantly the activation polar-
ization due to the change of the active sites for electrochemi-
cal reactions, the ohmic polarization due to the change of
the effective electronic and ionic resistivities, and the con-
centration polarization due to the change of the electrode
pore size.

Some experimental studies investigated the effect of the
microstructure of composite electrodes on the electrochemi-
cal performance.11–16 These studies are limited to a small
number of microstructures tested at some specific operating
conditions, and cannot be used to determine the optimum
microstructure. Similarly, the mathematical models devel-
oped are also limited to a small range of microstructural var-
iables and not suitable for a comprehensive optimization.
For example, Costamagna et al.17 and Nicolella et al.18

neglected the effect of the concentration polarization; thus,
their models are limited to thin electrodes with relatively
large electron and ion conducting particles sizes. Kenney
and Karan19 considered the concentration polarization in
their cathode model; but neglected the Knudsen diffusion
effect in oxygen transport to the cathode reaction sites. Chen
et al.16 and Kenney and Karan19 modeled the overall oxygen
reduction reaction in cathode using elementary reactions;20,21

however, due to the lack of data for the rate of elementary
reactions, the validity of the overall reaction rates obtained
is limited to a narrow range of the cathode microstructural
variables.

In this study, a micromodel to predict the electrochemical
performance of porous composite cathodes with various
microstructural characteristics is developed. The cathode
considered contains lanthanum strontium manganate (LSM)
with the chemical composition of (La0.8Sr0.2)0.98MnO3, as
the electron conductor, and yttria-stabilized zirconia (YSZ)
particles with the chemical composition of
(ZrO2)0.92(Y2O3)0.08, as the ion conductor. This type of cath-
ode is widely used for SOFCs and available commer-
cially.22,23 The micromodel developed takes into account the
complex interdependency among the mass transport, electron
and ion transports and the electrochemical reaction, and
applied to optimize the microstructure of the cathode by a
set of constraints dictated by the fabrication and operational
parameters. Using this model, the effect of the microstruc-
tural variables on the minimization of the cathode total re-
sistance, as the objective function to achieve the optimum
microstructure, is investigated through computer simulation.
Although we considered the total resistance as the objective
function of optimization, the maximization of the power den-
sity, which is essential for portable applications of SOFCs,24

and minimization of the exergy destruction25,26 can be con-
sidered to optimize the cathode microstructure.

Microstructure Modeling

To predict the electrochemical performance of porous
composite cathodes, a detailed micromodeling is required.
The micromodeling starts with the microstructure modeling
through which the cathode microstructural properties includ-
ing the electrochemical active area per unit volume, average

size of pores, tortuosity, and effective LSM and YSZ resis-
tivities are estimated.

Different methods with various degrees of complexity are
suggested in the literature for microstructure modeling of the
porous composite electrodes.27–38 Among them, the random
packing sphere method is selected in this study due to its
simplicity and low computational cost, even for small size
particles. This method is applicable for the electrodes that
their electron and ion conducting particles remain almost
spherical during the sintering process; and loses its validity
when the contact angle between particles is large. Several
researcher reported that the average contact angle would be
almost 30� after the sintering of SOFC’s electrodes.16,17,35,36

According to the SEM (scanning electron microscope) pic-
ture reported by Chen et al.,16 for such an electrode the par-
ticles are almost spherical after the sintering process. Hence,
for modeling the microstructure, the electrode can be
assumed to be a random packing of spheres and the particle
coordination number and percolation theories are used to
estimate the electrode microstructural properties. Before
starting the microstructure modeling using the random pack-
ing sphere method, three clusters of A, B, and C for ion and
electron conducting particles are introduced. These clusters
for the ion conducting particles are schematically demon-
strated in Figure 1. For cluster A, the ion conducting par-
ticles are stretched from the electrolyte to the current collec-
tor. Therefore, oxygen ions can flow along the electrode and
participate in the electrochemical reaction from the electro-
lyte to the current collector. For cluster B, the ion conduct-
ing particles are connected to the electrolyte, but not
stretched to the current collector; therefore, oxygen ions can
flow along the electrode and participate in the electrochemi-
cal reaction from the electrolyte to the last ion conducting
particle of the chain. For cluster C, the ion conducting par-
ticles are not connected to the electrolyte and completely
insulated with electron conducting particles. It is therefore
impossible for oxygen ions to flow along these particles and
participate in the electrochemical reactions. There is a
threshold in the volume fraction of both electron and ion
conducting particles under which the particles form only

Figure 1. Schematic of a porous composite electrode.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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clusters B and C in an electrode. The cluster A is formed
above this threshold that is called the percolation threshold
for cluster A. Indeed, the clusters B and C turn into cluster
A and their numbers reduce when the volume fraction of the
electron/ion conducting particles exceeds the percolation
threshold. In this study, it is assumed that the volume frac-
tion of both electron and ion conducting particles are beyond
the percolation thresholds, thus the effect of the cluster B on
the microstructural properties of the electrode is negligible.

Electrochemical active area per unit volume

To determine the electrochemical active area per unit vol-
ume of the porous composite electrode (after the sintering
process), ATPB, it is assumed that the electron and ion con-
ducting particles are both mono-sized spheres distributed uni-
formly in the electrode. In these conditions, ATPB is obtained
using the statistical analysis of binary powder mixtures based
on the theory of particle coordination number in the random
packing of spheres and percolation theory, as Eq. 1.17,32

ATPB ¼ p
4
sin2

hc
2

� �
d2i

� �
ðntnelÞZel�ioPelPio di ¼ minðdel; dioÞ

(1)

The number fraction of electron conducting particles, nel, the
total number of particles per unit volume of the electrode, nt,
and the average number of ion conducting particles in contact
with an electron conducting particle, Zel-io, are determined
from Eqs. 2–4, respectively.37

nel ¼ uela
3

1� uel þ uela3
a ¼ dio

del

� �
(2)

nt
1� e

1
6
pd3elðnel þ ð1� nelÞa3Þ

(3)

Zel�io ¼ Zel
ð1� nelÞZio

Z
(4)

Bouvard and Lange37 determined that the overall average
number of contacts per particle, Z, is exactly 6 for the binary
random packing of spheres. They also obtained the following
equations for Zel, and Zio

Zel ¼ 3þ Z � 3

nel þ ð1� nelÞa2 (5)

Zio ¼ 3þ ðZ � 3Þa2
nel þ ð1� nelÞa2 (6)

In Eq. 1, the probability of cluster A of electron and ion
conducting particles, Pel and Pio, are estimated from Eqs. 7
and 8, respectively.32,39,40

Pel ¼ 1� 4:236� Zel�el
2:472

� �2:5
" #0:4

ð0:154\a\6:464Þ (7)

Pio ¼ 1� 4:236� Zio�io
2:472

� �2:5
" #0:4

ð0:154\a\6:464Þ (8)

where, Zel–el, and Zio–io, are determined as follows32

Zel�el ¼ Znel
nel þ ð1� nelÞa2 (9)

Zio�io ¼ Zð1� nelÞa2
nel þ ð1� nelÞa2 (10)

To form cluster A for both electron and ion conducting
particles, the volume fraction of electron conducting particles,
uel, should be limited to the percolation threshold of the
electron (Pel ¼ 0) and ion (Pio ¼ 0) conducting particles. After
solving Eq. 7 for Pel ¼ 0 and Eq. 8 for Pio ¼ 0, the range of the
volume fraction of electron conducting particles to form
cluster A is obtained

1

2:4aþ 1
\uel\

1
a
2:4þ 1

ð0:154\a\6:464Þ (11)

Average diameter of pores and tortuosity

To estimate the average diameter of pores, dpores, it is
assumed that the pores are cylindrical, stretched from the
current collector to the electrolyte with an average tortuosity
of s. Kenney et al.38 showed in their computer modeling that
more than 99% of the pores of an electrode are open from
the current collector to the electrolyte. Therefore, all pores
can be assumed to be open and the average diameter of the
pores can be estimated as follows

4� Vpores

Apores

¼ 4�
p
4
d2poressdNpores

pdporessdNpores

¼ dpores (12)

Assuming that the surface area of the solid part of a porous
electrode does not change significantly in the sintering
process, the left side of Eq. 12 can be developed as follows

4� Vpores

Apores

¼ 4� Vpores

Vsolid

� Vsolid

Apores

� 4� e
1� e

� Vsolid

Asolid

� 4� e
1� e

�
p
6
d3elnel þ p

6
d3ionio

pd2elnel þ pd2ionio
¼ 2

3

e
1� e

� � del

uel þ 1�uel

a

� �
(13)

Therefore

dpores � 2

3

e
1� e

� � del

uel þ 1�uel

a

� � (14)

The average tortuosity is estimated from the following
equation

e ¼ Vpores

Vpores þ Vsolid

¼
p
4
d2poressdNpores

WLd
(15)

or

s ¼ e
p
4
d2pores

Npores

WL

(16)
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In Eq. 16, Npores/WL denotes the number of pores per unit area
of the porous electrode and can be estimated with the number
of solid particles per unit area as follows

Npores

WL
� n

2=3
t (17)

After substituting Eq. 17 into Eq. 16, the average tortuosity for
a porous composite electrode is obtained as follows

s � e
p
4
d2poresn

2=3
t

(18)

LSM and YSZ effective resistivities

The effective resistivity of the LSM and YSZ particles in
a porous composite cathode for the particle contact angles
usual for SOFCs can be estimated on the basis of the charac-
teristics of the pure material and percolation theory, from the
following eqaution36

Reff
i ¼

R0
i

½ð1� eÞuiPi�1:5
; i 2 fLSM;YSZg (19)

The pure electronic resistivity of LSM with the chemical
composition of La0.8Sr0.2MnO3, and the pure ionic resistivity
of YSZ with the chemical composition of (ZrO2)0.92(Y2O3)0.08,
as a function of temperature, can be estimated from Eqs. 20
and 21, respectively.19

R0
LSM ¼ 5:618� 10�9Ts exp

16; 600

RuTs

� �
(20)

R0
YSZ ¼ 1:263� 10�9Ts exp

111; 000

RuTs

� �
(21)

Micromodeling of porous LSM-YSZ cathodes

The micromodel of the composite cathode developed in
this study is a steady-state one-dimensional model in the
thickness direction of the cathode (x direction in Figure 1).
It is assumed that the ionic conductivity of LSM and elec-
tronic conductivity of YSZ particles are negligible. The cath-
ode layer considered is the functional layer and the effect of
the current collector layer that may contain only LSM par-
ticles and pores is not taken into account.

On the basis of the Kirchhoff’s circuit law, the electronic
and ionic local current densities along the LSM and YSZ
conductors are obtained from Eqs. 22 and 23, respectively.17

diLSMðxÞ
dx

¼ �ATPBinðxÞ iLSMð0Þ ¼ itot (22)

diYSZðxÞ
dx

¼ ATPBinðxÞ iYSZð0Þ ¼ 0 (23)

To solve these differential equations, the transfer current
density per unit of electrochemical active area, in(x), should be
determined for the oxygen reduction reaction

O2 þ 4e�! 
kf

kb

2O2� (R1)

For this purpose, the charge transfer between the electron and
ion conductors is assumed to be the rate determining step of
reaction R1, and the effect of the adsorption and dissociation
of oxygen molecules on the electrocatalytic surface of the
cathode is assumed to be negligible in this study.17 The
reaction order of unity is also assumed for this reaction in the
presence of the LSM and YSZ particles.

The local rate of the forward and backward reactions can
be expressed as follows

#fðxÞ ¼ kfðxÞCO2
ðxÞ (24)

#bðxÞ ¼ kbðxÞ (25)

Where kf(x) and kb(x) denote the forward and backward
reaction rates, respectively, and can be estimated from the
transition state theory41

kfðxÞ ¼ AfTs exp
�DgfðxÞ
RuTs

� �
(26)

kbðxÞ ¼ AbTs exp
�DgbðxÞ
RuTs

� �
(27)

In these equations, Dgf (x), and Dgb (x) are the actual standard
Gibbs function of activation for the forward and backward
reactions, respectively. These two parameters can be expressed
in terms of the equilibrium standard Gibbs function of
activation and the energy change of electron for the cathode
polarized from the equilibrium to a desired voltage42 (the
absolute value of the voltages are considered in this study)

kfðxÞ ¼ AfTs exp
�Dg�f þ 4FbðE�O2

� VðxÞÞ
RuTs

 !
(28)

kbðxÞ ¼ AbTs exp
�Dg�b þ 4Fð1� bÞðE�O2

� VðxÞÞ
RuTs

 !
(29)

The transfer current density per unit of electrochemical active
area is then obtained from the transfer current densities of the
forward and backward reactions4

inðxÞ ¼ 4FkfðxÞCO2
ðxÞ � 4FkbðxÞ

¼ 4FCO2
ðxÞAfTs exp

�Dg�f
RuTs

� �
exp

4FbðE�O2
�VðxÞÞ

RuTs

 !

� 4FAbTs exp
�Dg�b
RuTs

� �
exp

�4Fð1� bÞðE�O2
�VðxÞÞ

RuTs

 !
ð30Þ

At equilibrium, in(x) ¼ 0, V(x) ¼ Erev, and CO2
(x) ¼ CO2

(0).
Therefore, the exchange current density of cathode, i0,C, can be
determined from Eq. 30 as follows
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i0;C ¼ 4FCO2
ð0ÞAfTs exp

�Dg�f
RuTs

� �
exp

4FbðE�O2
� Erev;O2

Þ
RuTs

 !

¼ 4FFAbTs expð�Dg
�
b

RuTs
Þ exp �4Fð1� bÞðE�O2

� Erev;O2
Þ

RuTs

 !
ð31Þ

After determining the cathode exchange current density, Eq.
30 can be simplified as follows

inðxÞ
i0;C
¼ CO2

ðxÞ
CO2
ð0Þ exp

4FbgCðxÞ
RuTs

� �
� exp

�4Fð1� bÞgCðxÞ
RuTs

� �� �
(32)

In Eq. 32, gC(x) ¼ Erev � V(x) is the local cathode
polarization. The reversible voltage, Erev, is obtained from
the Nernst relation for reaction R1

Erev;O2
¼ E

�
O2
þ RuTs

4F
ln
CO2
ð0Þ

CC

(33)

After substituting Eq. 33 into Eq. 31, the cathode exchange
current density is simplified as

i0;C ¼ 4FAfTsCC

CO2
ð0Þ

CC

� �1�b
exp

�Dg�f
RuTs

� �
(34)

If it is assumed that the transfer coefficient, b, is equal to 0.542

and air is treated as an ideal gas, (CO2
¼ pO2

/(RuTs)), Eqs. 32
and 34 can be expressed as follows

inðxÞ ¼ i0;C
po2ðxÞ
po2ð0Þ

exp
2FgCðxÞ
RuTs

� �
� exp

�2FgCðxÞ
RuTs

� �� �
(35)

i0;C ¼ 4FAfpC
Ru

pO2
ð0Þ

pC

� �0:5

exp
�Dg�f
RuTs

� �
(36)

Different values for the equilibrium standard Gibbs function of
activation, Dg

�
f , for the LSM-YSZ cathodes, ranging from 100

to 200 kJ mol�1, are reported in the literature.43 This wide
range may be related to different LSM chemical compositions
employed to fabricate the cathodes by various researchers. In
this study, the value of 120 kJ/mol, reported by Co et al.,43 for
Dg

�
f , and the value of 3 � 108 for 4FAfpC/Ru are chosen for the

(La0.8Sr0.2)0.98MnO3-(ZrO2)0.92(Y2O3)0.08 cathode operated
close to the atmospheric pressure.

According to Eqs. 35 and 36, the exchange current density
is constant at a given temperature and bulk oxygen partial
pressure; however, the local transfer current density is a
function of the cathode local polarization, gC(x), and local
oxygen partial pressure, pO2

(x). To determine the cathode
local polarization, we start from Eq. 3717

gCðxÞ ¼ Erev;O2
� VðxÞ ¼ Erev;O2

� ðVYSZðxÞ � VLSMðxÞÞ
(37)

Using Ohm’s law in Eqs. 38 and 39,17 the first derivative of
gC(x) is expressed as Eq. 40

dVLSMðxÞ
dx

¼ �Reff
LSMielðxÞ (38)

dVYSZðxÞ
dx

¼ �Reff
YSZiioðxÞ (39)

dgCðxÞ
dx

¼� VYSZðxÞ
dx

�VLSMðxÞ
dx

� �
¼ Reff

YSZiYSZðxÞ�Reff
LSMiLSMðxÞ ð40Þ

Using Kirchhoff’s circuit law in Eqs. 22 and 23, the second
derivative of gC(x) establishes a relation between the local
cathode polarization and the local transfer current density

d2gCðxÞ
dx2

¼ Reff
YSZ

diYSZðxÞ
dx

� Reff
LSM

diLSMðxÞ
dx

¼ ðReff
YSZ þ Reff

LSMÞATPBinðxÞ ð41Þ

To obtain the local oxygen partial pressure, the dusty gas
model (DGM) is used.44–46 The DGM includes the Stefan-
Maxwell diffusion equation and takes into account the
Knudsen diffusion. Using the DGM and considering that only
oxygen is consumed in cathode, the following equation is
obtained for the local partial pressure of oxygen

dpO2
ðxÞ

dx
¼ �RuTs

1

Deff
K;O2

þ 1

Deff
O2�N2

 !
1� pO2

ðxÞ
pC

� �
_n00O2
ðxÞ

(42)

In this equation, the effective ordinary and Knudsen diffusion
coefficients are obtained from Eqs. 4347 and 44,48 respec-
tively.

Deff
O2�N2

¼ 0:0101325

V
1=3
a;O2
þ V

1=3
a;N2

� �2 1

MWO2

þ 1

MWN2

� �0:5T1:75
s

pC

eC
sC

� �

(43)

Deff
K;O2
¼ 48:5 dpores

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Ts

MWO2

s
eC
sC

� �
(44)

Where the atomic diffusion volume, Va, of O2 and N2 is 16.3
and 18.5 cm3, respectively.47

In Eq. 42, the rate of the oxygen flux in x direction, _n
00
O2

(x), is determined from the mass transfer equation as follows

d _n00O2
ðxÞ

dx
¼ 1

4F

diLSMðxÞ
dx

¼ �ATPBinðxÞ
4F

(45)

According to Eqs. 41, 42, and 45, the local cathode
polarization and oxygen partial pressure are both function of
the local transfer current density. Therefore, the system of
equations 46 should be solved to determine the local transfer
current density, cathode polarization, partial pressure of
oxygen, and rate of oxygen flux.
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d2gCðxÞ
dx2

¼ ðReff
YSZ þ Reff

LSMÞATPBinðxÞ

dpO2
ðxÞ

dx
¼ �RuTs

1

Deff
k;O2

þ 1

Deff
O2�N2

 !
1� pO2

ðxÞ
pC

� �
_n00O2

d _n00O2

dx
¼ �ATPBinðxÞ

4F

inðxÞ ¼ i0;C
pO2
ðxÞ

pO2
ð0Þ exp

4FbgCðxÞ
RuT Ts

� ��

� exp
�4Fð1� bÞgCðxÞ

RuT Ts

� ��

ð46Þ

8>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>:
At x ¼ 0 dgC=dx ¼ �Reff

LSMitot; pO2
¼ pO2

ð0Þ; _n00O2
¼ itot=4F

At x ¼ dc dgC=dx ¼ Reff
YSZitot

After solving the system of equations, the local current
densities along the LSM and YSZ particles in x direction are
determined from Eqs. 22 and 23, respectively.

The cathode total polarization and total resistance are
determined from Eqs. 47 and 48, respectively.16

gC;tot ¼
Reff
LSMR

eff
YSZ

Reff
LSM þ Reff

YSZ

gCð0Þ
Reff
YSZ

þ itotdC þ gCðdCÞ
Reff
LSM

� �
(47)

RC;tot ¼
gC;tot
itot

(48)

Validation of the model

We simulated the cathode samples fabricated by Kim
et al.11,12 and Barbucci et al.15 using a computer code devel-
oped based on our model. Kim et al.11,12 reported valuable
experimental results to correlate the cathode total resistance
to the weight fraction of the YSZ particles. Their experi-
ments were conducted for the cathode samples with the
thickness of 40 lm and average LSM and YSZ particles
size of 1 lm and 0.25 lm, respectively, operated at the

temperature of 1223.15 K and bulk oxygen partial pressure
of 0.2 atm. While they did not provide any value for the po-
rosity and average contact angle between the LSM and YSZ
particles, we used 0.33 following Smith et al.49 and 60�

from Chen et al.,16 respectively. The computer simulation
results for Kim et al.’s cathode samples are obtained and
shown in Figure 2. The computer simulation could predict
the total resistance of their cathode samples with the LSM
volume fraction, uLSM, of 0.69 and 0.79 with the relative
error of 4.6% and 2.0%, respectively. However, a significant
difference is seen for the cathode with the LSM volume
fraction of 0.89 that is close to the percolation threshold of
the YSZ particles. Near the percolation threshold, the effect
of the cluster B of YSZ particles on the cathode microstruc-
tural properties is significant. Since, we did not consider the
effect of cluster B particles, our model will not be applicable
near and beyond the percolation thresholds.

Barbucci et al.15 reported some experimental results to
correlate the total resistance of the porous LSM-YSZ cath-
ode to the cathode thickness. We simulated their cathode
samples (dLSM ¼ 0.3 lm, dYSZ ¼ 0.3 lm, uLSM ¼ 0.5, e ¼
0.4, Ts ¼ 1073.15 K, pO2

(0) ¼ 0.21 atm) and compared to
their experimental results in Figure 3. A good agreement
between the computer simulation and experimental results
were obtained for the cathode thickness at which the mini-
mum cathode total resistance is obtained (�45–50 lm). The
relative error of �15% were also obtained that may be due
to the difference between the chemical composition of the
LSM used to fabricate the cathodes, (La0.75Sr0.25)0.95MnO3,
and that used in our computer code, (La0.8Sr0.2)0.98MnO3.

Results and Discussion

Cathode microstructural properties

The effect of the volume fraction of electron conducting
particles, uel, at different particle size ratios, a, and sizes of
the electron conducting particles, del, on the electrochemical
active area per unit volume of the porous composite elec-
trode, ATPB, is shown in Figure 4. The electrochemical active

Figure 2. The results of the computer simulation and
experiment for the cathode samples fabri-
cated by Kim et al.11,12

Figure 3. The results of the computer simulation and
experiment for the cathode samples fabri-
cated by Barbucci et al.15
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area per unit volume is maximized at the average volume
fraction of the electron and ion conducting particles at perco-
lation thresholds, i.e., uel ¼ (3.38a þ 2.4)/(2.4a2 þ 6.76a þ
2.4), and increases when the particle size ratio approaches
unity (a ¼ 1) or the size of the electron conducting particles
decreases. The electrochemical active area decreases consid-
erably at the percolation threshold of the electron or ion con-
ducting particles; thus, it is expected that the activation
polarization increases significantly at percolation thresholds.
As a general results, the maximum electrochemical active
area is obtained when the size and volume fraction of elec-
tron and ion conducting particles are identical.

The effect of the volume fraction of electron conducting
particles at different particle size ratios and electron conduct-
ing particle sizes, on the average electrode pore size is
shown in Figure 5. As seen in this figure, with an increase
in the volume fraction of electron conducting particles, the
pore size decreases if the value of particle size ratio is
greater than unity (a [ 1), and increases if this value is
smaller than unity (a \ 1). For the particle size ratio of
unity (a ¼ 1), the average pore size remains constant
throughout the entire range of the volume fraction of elec-
tron conducting particles. This result is consistent with the
computer modeling result reported by Kenney et al.38 For
the particle size ratio of unity, the pore size decreases line-
arly with a decrease in the size of the particles. Although
decreasing the size of the particles leads to an increase in
the electrochemical active area of the electrode, and conse-
quently decreasing the activation polarization, this may in-
hibit the gas transport from the bulk to the active sites of the
electrode and increase the concentration polarization.

The effect of the LSM volume fraction at different particle
size ratios and temperature of 1073.15 K on the effective
electronic resistivity of LSM with the chemical composition
of La0.8Sr0.2MnO3, and ionic resistivity of YSZ with the
chemical composition of (ZrO2)0.92(Y2O3)0.08, is shown in
Figure 6. For a given particle size ratio, the effective resis-

tivities of LSM and YSZ are independent of the LSM parti-
cle size. A sudden jump in the effective LSM and YSZ
resistivities is seen near their corresponding percolation
threshold. This sudden jump is due to the assumption that
the effect of cluster B particles is not taken into account in
the microstructure modeling. The effective resistivity of YZS
is greater than that of LSM by several orders of magnitude.
The lower the YSZ resistivity, the lower the ohmic polariza-
tion; hence, the effective resistivity of YZS may play an im-
portant role to determine the optimum microstructure of the
cathode. The resistivity of YSZ can decrease with a decrease
in the LSM volume fraction or an increase in the particle
size ratio. Since the increase of the particle size ratio or
decrease of the LSM volume fraction may lead to a decrease

Figure 4. The effect of the volume fraction of electron
conducting particles at different particle size
ratios and sizes of the electron conducting
particles, on the electrochemical active area
per unit volume.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 5. The effect of the volume fraction of electron
conducting particles at different particle size
ratios and electron conducting particle sizes
on the average pore size.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 6. The effect of the LSM volume fraction at dif-
ferent particle size ratios on the effective
LSM and YSZ resistivities (the contact angle
between the percolated LSM or YSZ particles
is 30�).
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in the electrochemical active area and consequently an
increase in the activation polarization, the final effect of the
microstructural variables on the cathode performance should
be determined through a detailed micromodeling.

Optimum microstructure of the LSM-YSZ cathode

According to the model developed, for the given cathode
operating conditions, the electrochemical performance of the
porous composite cathode is dependent on the microstruc-
tural variables of the porosity, thickness, particle size ratio,
and LSM particle size and volume fraction. It should be
noted that for a random packing of spherical particles with a
given size, the porosity would be within a certain range.
However, the porosity can increase if a pore former is used
to fabricate the cathode or decrease if the duration or tem-
perature of the sintering process increases through which the
contact angle between particles reduces. In these conditions,
the porosity will be an independent microstructural variable.
The goal is to determine the value of the independent micro-
structural variables at which the minimum total resistance of
the porous (La0.8Sr0.2)0.98MnO3-(ZrO2)0.92(Y2O3)0.08 compos-
ite cathode is obtained. The range of these variables and
operating conditions of the cathode used for the optimization
process is listed in Table 1.

The effect of the LSM volume fraction on the cathode
total resistance is shown in Figure 7. As seen, with an
increase in the volume fraction of LSM, the cathode total re-
sistance decreases to a certain value and then increases.
Therefore, there is an optimum LSM volume fraction at
which the cathode total resistance is minimized. Our studies
in the range investigated (see Table 1) confirm that there is
always such an optimum LSM volume fraction that mini-
mizes the cathode total resistance. For the particle size ratios
greater than unity, this optimum volume fraction is
not expected to be among the LSM volume fractions in
the range of (3.38a þ 2.4)/(2.4a2 þ 6.76a þ 2.4) and 1/
(a/2.4þ1), because as shown in Figures 4–6, with an
increase in the volume fraction of LSM in this range, the
electrochemical active area and pore size decrease and the
effective resistivity of YSZ increases and accordingly all three
activation, concentration, and ohmic polarizations increases.
This would be valid for the particle size ratios less than unity
if the pore size is not too small to inhibit the oxygen transport
from the bulk to the active sites of the cathode.

The effect of the particle size ratio on the cathode total re-
sistance is also shown in Figure 7. Among the optimum
LSM volume fraction obtained at different particle size

ratios, the one obtained at the particle size ratio of unity pro-
vides the lowest cathode total resistance. Indeed, for a cath-
ode microstructure with the optimum LSM volume fraction,
the optimum particle size ratio is equal to 1. This result can
be generalized in the range of the cathode microstructural
variables and operating conditions listed in Table 1.

The optimum LSM volume fraction for a cathode with the
particle size ratio of unity is obtained as a function of the
LSM particle size at different cathode thicknesses, porosities,
temperatures, bulk oxygen partial pressures, and current den-
sities, and shown in Figure 8. As the LSM particle size
increases, the optimum LSM volume fraction increases rap-
idly for LSM particle sizes less than �0.2 lm, where the
contribution of the concentration polarization to determine
the cathode total resistance is significant, and increases line-
arly with a slight slope for LSM particle sizes greater than
�0.5 lm, where the contribution of the activation and ohmic
polarizations are more significant. In the range of the cath-
ode microstructure investigated, the optimum LSM volume
fraction increases if the cathode thickness or total current
density decreases. For the LSM particle sizes greater than
�0.8 lm, the lower the porosity, the higher the optimum
LSM volume fraction. For the LSM particle sizes greater
than �0.3 lm, the optimum LSM volume fraction decreases
if the cathode temperature reduces. The bulk partial pressure
of oxygen does not affect the optimum LSM volume fraction
if the average size of the LSM particles is greater than �0.5
lm.

For the particle size ratio of unity, the pore size is not a
function of the LSM volume fraction (see Figure 5), the
minimum effective resistivity of YSZ and maximum effec-
tive resistivity of LSM are achieved at the LSM volume
fraction at percolation threshold of LSM, i.e., uLSM ¼ 0.294
(see Figure 6), and the maximum electrochemical active area
occurs at the LSM volume fraction corresponding to the av-
erage percolation thresholds of the LSM and YSZ, i.e., uLSM

¼ 0.5 (see Figure 4). Therefore, at the particle size ratio of
unity, the concentration polarization does not change with

Table 1. The Range of the Cathode Microstructural
Variables and Operating Conditions in the

Optimization Process

Item Range

Porosity 0.15–0.5
Thickness, lm 10–125
LSM particle size, lm 0.01–3.0
Particle size ratio 0.154–6.464
Volume fraction of LSM particles 1/(2.4a þ 1)�1/(a/2.4 þ 1)
Temperature, K 973.15–1173.15
Bulk oxygen partial pressure, atm 0.05–0.21
Total current density, A/m2 0–10,000

Figure 7. The effect of the LSM volume fraction at dif-
ferent LSM particle sizes and particle size
ratios on the cathode total resistance.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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the LSM volume fraction; the ohmic polarization is mini-
mized at the LSM volume fraction of 0.294 because the effec-
tive resistivity of YSZ is much higher than that of LSM; and
the activation polarization is minimized at the LSM volume
fraction of 0.5. Hence, the optimum LSM volume fraction
should lie between 0.294 and 0.5 for the particle size ratio of
unity. This result is consistent with the results obtained from
the mathematical modeling in Figure 8.

The effect of the LSM particle size on the cathode total re-
sistance for a cathode with the optimum LSM volume fraction
and particle size ratio of unity is obtained at different cathode
thicknesses, porosities, temperatures, bulk oxygen partial pres-
sures, and current densities, and shown in Figure 9. As seen
in this figure, with a decrease in the LSM particle size, the
cathode total resistance decreases to a certain value and then
increases. Therefore, there is an optimum size for the LSM

Figure 8. The effect of the LSM particle size on the optimum LSM volume fraction at different cathode (a) thick-
nesses, (b) porosities, (c) temperatures, (d) bulk oxygen partial pressures, and (e) current densities.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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particles at which the cathode total resistance is minimized. It
is noted that for the particle size ratio of unity, with a
decrease in the LSM particle size, the cathode activation
polarization decreases due to the increase in the electrochemi-
cal active area, the cathode concentration polarization
increases due to the decrease in the average pore size, and the
ohmic polarization remain constant because the effective re-

sistivity of the LSM and YSZ are not a function of the size of
particles. Since the contribution of the activation polarization
in the cathode total resistance is greater than that of the con-
centration polarization for the LSM particles larger than the
optimum size, the cathode total resistance decreases with a
decrease in the LSM particle size. In contrast, for the LSM
particles smaller than the optimum size, the contribution of

Figure 9. The effect of the LSM particle size on the cathode total resistance at different cathode (a) thicknesses,
(b) porosities, (c) temperatures, (d) bulk oxygen partial pressures, and (e) current densities.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the concentration polarization is greater than that of the acti-
vation polarization; hence, the cathode total resistance
increases with a decrease in the size of the LSM particles.

As shown in Figure 9, the optimum size of the LSM par-
ticles is usually smaller than 0.2 lm. Although using the
LSM particles in the range of the optimum size leads to a
decrease in the total resistance, the cathode may be vulnera-
ble to degradation due to an extensive grain growth of the
particles during the sintering process or operation.50,51 The
grain growth significantly reduces the active area per unit
volume and leads to an increase in the cathode total resist-
ance. This necessitates the optimum LSM particle size to be
selected by durability analysis rather than the electrochemi-
cal performance analysis presented in this article. To prevent
an extensive grain growth, a minimum size of 1 lm is cho-
sen for the LSM particles, and applied as a constraint in the
optimization process.

The effect of the cathode thickness on the total resistance
with the optimum LSM volume fraction, particle size ratio
of unity, and the optimum size of the LSM particles con-
strained to a minimum value of 1 lm, is obtained at differ-
ent cathode porosities and shown in Figure 10. As seen in
this figure, with an increase in the cathode thickness, the
total resistance decreases to a certain value and then
increases linearly with a slight slope. Therefore, there is an
optimum value for the cathode thickness at which the cath-
ode total resistance is minimized. The trend that is seen
from the prediction of our model is consistent with the ex-
perimental results reported by Barbucci et al.15 This trend
also makes sense physically because for thin cathodes (e.g.,
\10 lm) the activation polarization increases significantly
due to the insufficient active sites for the electrochemical
reaction R1. For thick cathodes (e.g., [100 lm), the contri-
bution of ohmic and concentration polarizations become sig-
nificant due to the increase in the mass and charge transport
length.

By connecting the optimum cathode thicknesses at differ-
ent cathode porosities, the dashed curve shown in Figure 10
is obtained. The minimum value of this curve, where the
gradient of the cathode total resistance is zero, determines

the optimum cathode porosity and thickness; and conse-
quently, the optimum microstructure of the cathode. For a
cathode operated at the average temperature of 1073.15 K,
bulk oxygen partial pressure of 0.21 atm, and total current
density of 5000 Am�2, and with the minimum LSM particle
size of 1 lm, the optimum cathode microstructure is
obtained at the particle size ratio of unity, LSM volume frac-
tion of 0.416, LSM particle size of 1 lm, thickness of 50
lm, and porosity of 0.2. The cathode total resistance corre-
sponding to this optimum microstructure is predicted to be
�0.285 X cm2. If the optimum porosity of 0.2 is not achiev-
able, the minimum possible porosity can be considered as
another constraint in the optimization process.

For the optimum cathode microstructure obtained, the
temperature, total current density, and bulk oxygen partial
pressure were assumed to be uniform throughout the cath-
ode. Since a distribution of these parameters is expected in
the cathode, we investigated the cathode operation with the
optimized microstructure at the range of the operating condi-
tions listed in Table 1. We predicted a sudden jump in the
local cathode resistance due to the limitation of the oxygen
transport to the reaction active sites, at the local current den-
sity values greater than 7000 Am�2, when the local tempera-
ture and bulk oxygen partial pressure are 973.15 K and 0.05
atm, respectively. To prevent such a sudden jump, a con-
straint for one of the microstructural variables can be consid-
ered in the optimization process. If the minimum cathode
porosity of 0.25 is considered as another constraint of the
optimization process, the new optimum cathode microstruc-
ture is obtained at the particle size ratio of unity, LSM vol-
ume fraction of 0.413, LSM particle size of 1 lm, cathode
thickness of 60 lm, and porosity of 0.25. No sudden jump
in the local cathode resistance is predicted for this new cath-
ode microstructure in the range of the cathode local operat-
ing conditions listed in Table 1. The cathode total resistance
of �0.291 X cm2 is also predicted for the new optimized
microstructure. It should be noted that for a random packing
of spherical particles with a given size, the porosity may not
be less than a certain value if the average contact angle

Figure 10. The effect of the cathode thickness at
different porosities on the cathode total
resistance.

Figure 11. The distribution of the local current density
and oxygen partial pressure along the thick-
ness of the cathode with the microstructure
optimized.
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between particles is not increased in the sintering process. In
such a situation, if the optimum porosity is not achievable,
the minimum possible porosity for the cathode should be
considered as a constraint in the optimization process.

Distribution of the current density, oxygen partial
pressure, and cathode polarization

The distribution of the local current density along the
thickness of the cathode with the microstructure optimized is
shown in Figure 11. As seen in this figure, more than 50%
of the electric current is consumed within 20% of the cath-
ode thickness near the cathode/electrolyte interface. It
means, more than 50% of the electrochemical reaction R1
takes place within 20% of the cathode near the cathode/elec-
trolyte interface. Figure 11 also shows that only 10% of the
electric current is consumed within 25% of the cathode
thickness near the cathode/current collector interface.

The distribution of the local oxygen partial pressure along
the thickness of the cathode with the optimized microstruc-
ture is shown in Figure 11. As seen, the local oxygen partial
pressure decreases linearly with a slight slope along the cath-
ode thickness. The oxygen partial pressure decreases only
about 8% at the cathode/electrolyte interface with respect to
the bulk oxygen partial pressure.

The distribution of the local cathode polarization along
the thickness of the cathode with the microstructure opti-
mized is shown in Figure 12. The local cathode polarization
increases approximately as a parabolic function along the
cathode thickness. The increase of the local cathode polar-
ization is negligible at the cathode/current collector interface,
and maximum at the cathode/electrolyte interface.

Conclusions

A new model to predict the electrochemical performance
of the porous composite cathode was developed and applied
to optimize the microstructure of the LSM-YSZ cathode by
a set of constraints. The model developed indicated that the
electrochemical performance of the cathode is dependent on
the measurable microstructural variables of the porosity,

thickness, particle size ratio, and size and volume fraction of
the LSM particles. Our studies in the range of the cathode
microstructural variables and operating conditions investi-
gated confirmed that there is always an optimum LSM volume
fraction at which the cathode total resistance is minimized.
Among the optimum LSM volume fraction obtained at differ-
ent particle size ratios, the one obtained at the particle size ra-
tio of unity always provides the lowest total resistance. For
any cathode microstructure with the optimum LSM volume
fraction and particle size ratio of unity, there is an optimum
LSM particle size at which the cathode total resistance is
minimized. Since the optimum size of the LSM particles does
not usually exceed 0.2 lm, a constraint was considered for the
minimum size of the LSM particles. For any cathode micro-
structure with the optimum LSM volume fraction, particle
size ratio of unity, and the LSM particles constrained to a
minimum value of 1 lm, there is an optimum cathode thick-
ness at which the cathode total resistance is minimized.
Among the optimum cathode thicknesses obtained at different
porosities, the one that provides the lowest total resistance
determines the optimum microstructure.

For the porous (La0.8Sr0.2)0.98MnO3-(ZrO2)0.92(Y2O3)0.08
composite cathode operated at the average temperature of
1073.15 K, bulk oxygen partial pressure of 0.21 atm, and
total current density of 5000 A/m2, and constrained to the
minimum value of 1 lm for the size of the LSM particles
and 0.25 for the cathode porosity, the optimum cathode
microstructure was obtained at the LSM volume fraction of
0.413, particle size ratio of unity, LSM particle size of 1
lm, porosity of 0.25, and thickness of 60 lm. The total re-
sistance corresponding to this optimum cathode microstruc-
ture was predicted to be �0.291 X cm2. For this optimum
cathode, more than 50% of the oxygen reduction reaction
takes place within 20% of the cathode thickness near the
cathode/electrolyte interface, where the oxygen partial pres-
sure reduces 8% with respect to the bulk oxygen partial
pressure, and only 10% of the reaction occurs within 25% of
the cathode thickness near the cathode/current collector
interface.
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Notation

ATPB ¼ electrochemical active area per unit volume of electrode,
m2/m3

A ¼ area (m2) / coefficient of reaction rate constant, m/s K or mol/
m2. s. K

C ¼ concentration, mol/m3

d ¼ diameter, m
D ¼ diffusivity, m2/s
E� ¼ standard voltage, V

Erev ¼ reversible voltage, V
F ¼ Faraday’s constant, C/mol
g ¼ molar Gibbs free energy, J/mol
i ¼ current density, A/m2

i0 ¼ exchange current density, A/m2

in ¼ transfer current density per unit of electrochemical active area,
A/m2

k ¼ reaction rate constant, m/s or mol/m2.s

Figure 12. The distribution of the local cathode polar-
ization along the thickness of the cathode
with the microstructure optimized.
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L ¼ length of electrode, m
Mw ¼ molecular weight, kg/kmol
nW ¼ number fraction of electron or ion conducting particles
_n
00
O2
¼ rate of oxygen flux, mol/m2.s

Npores ¼ number of pores in an electrode
nt ¼ total number of particles per unit volume of electrode, 1/m3

p ¼ pressure, Pa
P ¼ cluster probability of ion or electron conducting particle
R ¼ resistivity, X m

RC,tot ¼ cathode total resistance, X m2

Ru ¼ universal gas constant, J/mol. K
T ¼ temperature, K
V ¼ volume, m3 / voltage, V
W ¼ width of electrode, m
x ¼ spatial coordinate along the cathode thickness
Z ¼ overall average number of contact to a particle

Zel ¼ average number of contacts of both electron and ion
conducting particles to an electron conducting particle

Zio ¼ average number of contacts of both electron and ion
conducting particles to an ion conducting particle

Zel-–el ¼ average number of electron conducting particles in contact
with an electron conducting particle

Zel-io ¼ average number of ion conducting particles in contact with an
electron conducting particle

Zio-–io ¼ average number of ion conducting particles in contact with an
ion conducting particle

Greek letters

a ¼ particle size ratio, dio/del
b ¼ transfer coefficient
d ¼ electrode thickness, m
e ¼ porosity
g ¼ polarization, V
W ¼ rate of reaction, mol/m2 s
u ¼ volume fraction of electron or ion conducting particle
yc ¼ contact angle between an electron and ion conducting particle,

rad
s ¼ tortuosity

Subscripts

b ¼ backward reaction
C ¼ cathode
el ¼ electron conducting particle
f ¼ forward reaction
io ¼ ion conducting particle
K ¼ Knudsen diffusion
s ¼ solid part of an electrode

tot ¼ total

Superscripts

0 ¼ pure material
eff ¼ effective
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