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� 3D numerical model of SOFC consid-
ering Cr poisoning on the cathode are
developed.

� Simulation results reveal micro-scale
phenomena inside the complex
porous electrodes.

� Developed model reproduces trends
of Cr poisoning reported in experi-
mental studies.

� Cr poisoning increases not only acti-
vation overpotential but also ohmic
loss.
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a b s t r a c t

A three-dimensional numerical model of a single solid oxide fuel cell (SOFC) considering chromium
poisoning on the cathode side has been developed to investigate the evolution of the SOFC performance
over long-term operation. The degradation model applied in the simulation describes the loss of the
cathode electrochemical activity as a decrease in the active triple-phase boundary (TPB) length. The
calculations are conducted for two types of cell: lanthanum strontium manganite (LSM)/yttria-stabilized
zirconia (YSZ)/Ni-YSZ and LSM-YSZ/YSZ/Ni-YSZ. Their electrode microstructures are acquired by imaging
with a focused ion beam scanning-electron microscope (FIB-SEM). The simulation results qualitatively
reproduce the trends of chromium poisoning reported in the literature. It has been revealed that the
performance degradation by chromium is primarily due to an increase in the cathode activation over-
potential. In addition, in the LSM-YSZ composite cathode, TPBs in the vicinity of the cathodeeelectrolyte
interface preferentially deteriorate, shifting the active reaction site towards the cathode surface. This also
results in an increase in the cathode ohmic loss associated with oxide ion conduction through the YSZ
phase. The effects of the cell temperature, the partial pressure of steam at the chromium source, the
cathode microstructure, and the cathode thickness on chromium poisoning are also discussed.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

The performance degradation of solid oxide fuel cells (SOFCs)
hi).
due to impurities is a critical issue that must be overcome for the
commercialization of SOFC systems. Chromium, which is contained
in the alloy separators and flow channel walls of SOFC systems,
causes severe degradation in SOFC cathodes [1]. A number of
experimental studies [2e9] and a thermodynamic analysis [10]
have led to the proposal of the following two main reactions for
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chromium poisoning in lanthanum strontium manganite/yttria-
stabilized zirconia (LSM-YSZ) cathodes.

2CrO2ðOHÞ2 gð Þ þ 6e�/Cr2O3ðsÞ þ 2H2Oþ 3O2� (1)

ðLa0:8Sr0:2ÞMnO3

þ 0:1CrO3 gð Þ/1:1ðLa0:8Sr0:2Þ0:909ðMn0:909Cr0:091ÞO3 (2)

Eq. (1) is an electrochemical reaction, where gaseous chromium
in the supplied air is electrochemically reduced near the active
reaction sites to form solid chromium oxide (III), covering up the
reaction sites at which the electrochemical reduction reaction of
oxygen can occur [9]. On the other hand, Eq. (2) is a chemical re-
action, where chromium replaces manganese atoms in the B-site of
the perovskite LSM crystal [10], which may reduce the electronic
conductivity within the phase.

Konysheva et al. [5,6] reported the distribution of chromium in
an LSM-YSZ composite cathode after exposure to chromium-
containing air as observed by an energy-dispersive X-ray (EDX)
mapping. Under open-circuit voltage (OCV) conditions, chromium
was distributed randomly in the entire cathode, whereas under a
current load of 200 mA cm�2, chromium was detected in the vi-
cinity of the cathodeeelectrolyte interface. In addition, the increase
in the activation overpotential under a current load was signifi-
cantly larger than that under OCV conditions. Horita et al. [9] re-
ported a similar tendency in an LSM cathode; chromium deposition
mainly occurred near the triple-phase boundary (TPB) region under
a current load while a uniform chromium distribution was
observed under OCV conditions. Most of the degradation in the
cathode was found to be due to an increase in the activation
overpotential, although a slight increase in the ohmic resistance
was also observed. These findings indicate that the main factor
causing degradation by chromium is not the chemical reaction
between LSM and chromium but the electrochemical reaction of
chromium oxide at the TPBs. In this case, higher activation over-
potential may promote the deposition of chromium.

The deposited chromium oxide may block the diffusion path-
ways of reactant gas species to the electrode reaction sites, i.e, TPBs,
and decrease the local exchange current density. Nakajo et al. [11]
proposed a model that considers the decrease in the local ex-
change current density as a decrease in the TPB length owing to the
electrochemical reaction of chromium oxide in LSM-YSZ composite
cathodes. In this model, the relative decrease in the TPB density is a
function of the cathode activation overpotential. They applied this
model to a one-dimensional (1D) macroscale simulation and
investigated the changes in overall performance over 12,000 h of
exposure to chromium.

To improve understanding of the chromium degradation in
SOFC cathodes, microscale simulation using actual microstructure
data for porous electrodes is useful. Recent developments in to-
mography techniques, such as imaging with a focused ion beam
scanning electron microscope (FIB-SEM) and X-ray computed to-
mography (CT), enable us to directly observe and virtually recon-
struct electrode microstructures, which can be used in microscale
simulations. Numerical simulation is an effective approach not only
for calculating the overall system performance but also for
analyzing microscale phenomena inside complex porous elec-
trodes. Because the microstructure of the electrodes has a signifi-
cant effect on the cell performance, researchers have been
investigating the relationships between the electrode microstruc-
ture and the electrochemical performance through experimental
and numerical approaches [12e18].

In this study, a three-dimensional (3D) numerical model of an
SOFC considering chromium poisoning on the cathode side has
been developed to investigate the evolution of the SOFC perfor-
mance over long-term operation. As a model for the chromium
poisoning in LSM and LSM-YSZ composite cathodes, an empirical
relationship proposed by Nakajo et al. [11] is applied. The elec-
trode microstructures are acquired by FIB-SEM imaging. The time
evolution of the cathode electrochemical performances, such as
the activation overpotential and ohmic loss, is investigated. Also,
the effects of the cell temperature, the partial pressure of steam at
the chromium source, the cathode microstructure, and the cath-
ode thickness on chromium poisoning are discussed.

2. 3D microstructural data of electrodes

To conduct the microscale simulation, we acquired 3D data of
actual electrode microstructures using an FIB-SEM. Since Kony-
sheva et al. [5] reported that the chromium-induced degradation
on LSM cathodes was faster than that on LSM-YSZ composite
cathodes, we prepared not only an LSM cathode but also an LSM-
YSZ composite cathode for comparative purposes. Commercial
LSM and LSM-YSZ inks (Fuel Cell Materials, U.S.A.) were painted
and sintered on YSZ disks (Tosoh, Japan) at 1150 �C for 5 h. The
sintered cathodes were impregnated with epoxy resin (Struers,
Denmark) under vacuum so that the pores could be distinguished
from the solid phases in SEM imaging. In the FIB-SEM imaging, a
cross-sectional surface was first exposed by FIB milling, which
was then imaged by SEM using an in-lens secondary electron
detector. After the SEM imaging, the surface was milled by an FIB
with an increment of 10 nm orders so that a new surface was
exposed for the subsequent SEM imaging. By repeating such FIB
milling and SEM imaging, a series of 2D SEM images was obtained.
More details of the FIB-SEM imaging can be found elsewhere [15].
Regions were selected for microstructural analysis and were
subjected to the following image processing using Avizo software
(FEI, U.S.A.): (i) alignment of the stack of images, (ii) noise
reduction, and (iii) segmentation. More details can be found
elsewhere [19,20]. Then, the 3D porous microstructure was
virtually reconstructed, from which various microstructural pa-
rameters were quantified. For the Ni-YSZ anode, the results re-
ported by Kishimoto et al. [17] were used. Quantification of the
electrode microstructures was performed using the methods
proposed by Iwai et al. [15]. Table 1 summarizes the microstruc-
tural parameters of the LSM cathode, LSM-YSZ composite cathode,
and Ni-YSZ composite anode.

3. Numerical model

The simulation is based on the finite volume method (FVM),
where the conservation of electrons, ions, and gas species is
considered. The electrochemical reaction is assumed to take place
only at the TPBs. In this model, the local transport coefficients in
each grid Geff ;local

i are evaluated as

Geff ;local
i ¼ V local

i Gbulk
i ; (3)

where Vi is the volume fraction of phase i in the grid. Details of the
model were reported by Kishimoto et al. [16,17].

3.1. Calculation domains

The calculation domains in this study are LSM/YSZ/Ni-YSZ and
LSM-YSZ/YSZ/Ni-YSZ single cells (Fig. 1). The x axis in Fig. 1 corre-
sponds to the thickness direction of the cell. The anode and cathode
have the 3D reconstructed microstructures obtained by FIB-SEM
imaging, while the electrolyte is assumed to be a flat plate with a



Table 1
Microstructural parameters of the electrodes used for the calculation domain.

Volume fraction Average particle size Tortuosity factor TPB density

[%] [mm] [�]

LSM
LSM 64.3 3.08 1.43 1.55 [mm mm�2]
Pore 35.7 1.83 2.22

LSM-YSZ
LSM 36.1 1.13 16.2 4.35 [mm mm�3]
YSZ 33.9 0.81 4.13
Pore 30.0 0.90 2.74

Ni-YSZ [17]
Ni 34.2 1.60 4.91 2.00 [mm mm�3]
YSZ 29.7 1.16 7.93
Pore 36.1 1.32 3.48

Fig. 1. Schematic image of the calculation domains. (a) LSM/YSZ/Ni-YSZ and (b) LSM-
YSZ/YSZ/Ni-YSZ.

Table 2
Grid system information.

Grid size [nm] Number of grids

X Y Z X Y Z

LSM/YSZ/Ni-YSZ Cathode 275 278 249 59 69 41
Electrolyte 29 28
Anode 277 65

LSM-YSZ/YSZ/Ni-YSZ Cathode 109 108 194 105 73 36
Electrolyte 29 28
Anode 109 105
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thickness of 8 mm. Themicrostructure is divided into grid elements,
each of which contains a number of image voxels obtained from the
FIB-SEM imaging. Table 2 summarizes information on the grid
systems used in the numerical simulation. Using the sub-grid-scale
(SGS) model developed by Kishimoto et al. [16,17], conservation of
the phase volume is considered in each grid element, on the basis of
which the effective transport coefficients of each chemical species
are evaluated. In the composite electrode microstructure, TPBs are
distributed within the entire 3D cathode structure, while in the
LSM cathode they exist only on the 2D LSMeYSZ interface. The
temperature is assumed to be constant and uniform in the whole of
the calculation domains.
3.2. Gas diffusion

The conservation of gas species i is expressed using the molar
flux Ni and source term si as

V$Ni ¼ si: (4)

The dusty-gas model is used to evaluate the gas diffusion flux in
the porous electrodes [21]:

Ni

Deff
i;K

þ
Xn

j¼1;jsi

XjNi � XiNj

Deff
ij

¼ �Pt
RT

VXi �
Xi

RT

0
@1þ KPt

mDeff
i;K

1
AVPt ; (5)

where Xi and Pi are the molar fraction and partial pressure of gas
species i, respectively, and Pt is the total pressure. m and K are the
mixture viscosity and permeability, respectively. Deff

i;K and Deff
ij are

the effective Knudsen diffusion coefficients and the effective binary
diffusion coefficients [17], respectively. Assuming that the total
pressure gradient is negligible, the second term of the right-hand
side is ignored in this study.

The source term si is given by the electrochemical reaction at
TPBs as follows:

Cathode side

sO2
¼ ict

4F
; sN2

¼ 0; (6)

Anode side

sH2
¼ �ict

2F
; sH2O ¼ ict

2F
; (7)

where F is the Faraday constant and ict is the charge-transfer cur-
rent density associated with the electrochemical reaction in the
electrodes.
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3.3. Electron and ion diffusion

The conservation of electrons and ions is expressed using elec-
trochemical potentials as

V$

 
seffe�

F
V~me�

!
¼ �ict; (8)

V$

 
seffo2�

2F
V~mo2�

!
¼ ict; (9)

where ~me� and ~mo2� are the electrochemical potential of electrons
and oxide ions, respectively. seffe� and seffo2� are the effective electronic
and ionic conductivity, respectively. In this model, both LSM and
YSZ are considered to be mixed conductors, while Ni is considered
to be a pure electron conductor. The bulk conductivities are given as
follows:

LSM phase [22,23]

se� ¼ 4:2� 107

T
exp

��1200
T

�
; (10)

so2� ¼ 4:0� 10�6; (11)

YSZ phase [24,25]

se� ¼ max

0
BBBBBBB@

1:31� 109exp
��4:52� 104

T

��
PO2;YSZ

101325

��1
4

2:35� 104exp
��1:94� 104

T

��
PO2;YSZ

101325

�1
4

1
CCCCCCCA
;

(12)

so2� ¼ 3:40� 10�4exp
��10350

T

�
; (13)

Ni phase [26,27]

se� ¼ 3:27� 106 � 1065:3T ; (14)

where PO2;YSZ is the local partial pressure of oxygen in the YSZ
phase and can be estimated from the electrochemical potentials as
follows by assuming local thermodynamic equilibrium:

~mo2� � 2~me� ¼ 1
2
RT ln

PO2;YSZ

105
: (15)
3.4. Electrochemical reaction

The charge transfer current density ict, which is associated with
oxygen reduction in the cathode or hydrogen oxidation in the
anode, is evaluated by the following ButlereVolmer-type equation:

Cathode side [28]

ict ¼ i0;catlTPB

�
exp

�
2:0F
RT

hact;cat

�
� exp

�
� 2:0F

RT
hact;cat

��
;

(16)

Anode side [29]
ict ¼ i0;anolTPB

�
exp

�
2:0F
RT

hact;ano

�
� exp

�
� F
RT

hact;ano

��
;

(17)

where lTPB is the TPB density, i0;cat and i0;ano are the exchange
current density per unit TPB length for the cathode and anode,
respectively, and hact is the local activation overpotential. For i0;cat
and i0;ano, the following empirical formulas are used:

Cathode side [18]

i0;cat ¼ 2:14� 105P0:376O2
exp

��29200
T

�
; (18)

Anode side [30]

i0;ano ¼ 31:4P�0:03
H2

P0:4H2O exp
�
� 18300

T

�
; (19)

The activation overpotential hact is expressed as follows:
Cathode side

hact;cat ¼ � 1
2F

 
2m
�
e� � m

�
O2� þ 1

2
RTln

PinO2

105

!
� hcon;cat; (20)

Anode side

hact;ano ¼ 1
2F

 
m
�
O2� � 2m

�
e� � DG0

H2O � RTln
PinH2O

PinH2

!
� hcon;ano;

(21)

where Pini is the bulk partial pressure of species i on the electrode
surface and hcon is the concentration overpotential. The concen-
tration overpotential, hcon is expressed as follows:

Cathode side

hcon;cat ¼
RT
4F

ln
PO2

PinO2

; (22)

Anode side

hcon;ano ¼ RT
2F

ln
PinH2

PH2

PH2O

PinH2O

: (23)

3.5. Model of degradation by chromium

3.5.1. Partial pressure of chromium vapor
Various chromium compounds can be volatilized from the

chromium source, such as Cr2O3, in the presence of steam at
elevated temperatures. From the results of thermodynamic anal-
ysis, CrO2(OH)2 is considered to have the largest partial pressure
in equilibrium with Cr2O3, which can be determined from the
partial pressure of steam at the chromium source PH2O;Cr source and
the temperature as reported in Hilpert et al. [31]. Therefore, we
derived an approximate equation for PCrO2ðOHÞ2 as a function of
PH2O; Cr source and T with an Arrhenius-type formula by fitting the
reported values using the least-squares method as follows:

PCrO2ðOHÞ2 ¼ 2:26� 10�2 P0:992H2O; Cr sourceexp
��6:70� 104

RT

�
:

(24)

The thermodynamic data of the gaseous species used in the
calculation by Hilpert et al. are obtained from the databases



Fig. 2. Flowchart of the chromium poisoning simulation.

Table 3
Boundary conditions.

Parameter Cathode surface (x ¼ 0) Anode surface (x ¼ LTotal)

PO2 PO2
¼ PinO2

e

PN2 PN2
¼ PinN2

e

PH2
e PH2

¼ PinH2

PH2O e PH2O ¼ PinH2O
~me� ~me� ¼ 0 ~me� ¼ VtF
~mO2� d~mO2�

dX ¼ 0 d~mO2�
dX ¼ 0
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provided by Eddinghaus [32]. In this study, PH2O; Cr source and T
on the cathode side are assumed to be constant and uniform.
Therefore, PCrO2ðOHÞ2 is also assumed to be constant and uniform.
Table 4
Calculation conditions.

Microstructure Cathode thickness [mm]

Case 1 LSM-YSZ 11.4
Case 2 LSM-YSZ 11.4
Case 3 LSM-YSZ 11.4
Case 4 LSM-YSZ 11.4
Case 5 LSM 16.2
Case 6 LSM 16.2
Case 7 LSM-YSZ 7.0
Case 8 LSM-YSZ 13.0
3.5.2. Kinetic model of chromium poisoning
For the simulation of chromium poisoning in SOFC cathodes, a

kinetic model is required to evaluate the chromium deposition as
a function of local chemical and electrochemical properties, such
as temperature, chromium vapor pressure and activation over-
potential. Understanding of the elementary reaction steps in the
overall chromium reduction reaction is necessary for the accurate
kinetic model; however, to the authors’ knowledge, there is no
study to reveal them. On the other hand, Nakajo et al. [11] pro-
posed a simple model of chromium poisoning by simplifying the
deposition reaction into a single electrochemically-driven pro-
cess. In their study, 1D degradation simulation of a single anode-
supported cell considering chromium poisoning was conducted
and compared with the experimental results of anode-supported
cell stack that was operated over 3000 h by de Haart et al. [33].
Although the results obtained by the model did not show perfect
agreement in terms of the cell performance drop, the trend of the
degradation was qualitatively reproduced. In this study, we
applied this model directly to the 3D numerical simulation relying
on this reproducibility, and investigated how the degradation
proceeds inside the real cathode microstructure obtained by FIB-
SEM.

In the proposed degradationmodel, chromium oxide is assumed
to be deposited at TPBs through the electrochemical reaction
expressed by Eq. (1). From this reaction, the chromium oxide
deposited on TPBs reduces the local exchange current density.
Other species of chromiumvapor, such as CrO3, are ignored because
of their smaller partial pressure than that of CrO2(OH)2. For
instance, the thermodynamic calculation by Chen et al. [8] indicates
that the partial pressure of CrO3 is less than 2% of that of
CrO2(OH)2 at 900 �C (PCrO3

¼ 1:4� 10�3,
PCrO2ðOHÞ2 ¼ 9:2� 10�2 Pa).

The charge-transfer current density associated with the above
chromium oxide deposition reaction iD is evaluated from the
following ButlereVolmer-type equation:

iD ¼ i0;Dx
0:5
CrO2ðOHÞ2x

0:5
H2O;Cr source2sinh

�
F

2RT
hact;cat

�
; (25)

where xi is the molar fraction of species i. This indicates that higher
chromium and steam vapor pressures, a lower temperature, and a
higher activation overpotential cause faster degradation. In accor-
dance with the results of Horita et al. [9], i0;D is defined as 6.74
A m�2. Since the contribution of the charge-transfer current asso-
ciated with the chromium deposition reaction iD to the total
charge-transfer current at TPBs ict, is no more than 0.00002%, iD is
neglected in the calculation of the electrochemical potentials (Eqs.
(8) and (9)) and is only used to obtain the relative decrease in the
TPB density explained below.

Also, we ignored chromium diffusion and assumed uniform
partial pressure of CrO2(OH)2 within the entire cathode. For
Temp. [oC] Molar fraction of steam at chromium source

850 2.6% (wet)
750
850 0.1% (dry)
750
850 2.6% (wet)
750
800
800



Fig. 3. Time evolution of (a) voltage losses of the single cell and (b) cathode activation
overpotential and ohmic loss.
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confirming the validity of this assumption, we performed pre-
liminary simple diffusion calculation considering both molecular
diffusion and Knudsen diffusion following the report by Fei et al.
[34]. Under the activation overpotential of 0.3 V, the difference of
the partial pressure of CrO2(OH)2 between the cathode surface and
the cathode-electrolyte interface is found to be ca. 0.3% at most in
our calculation condition described later. Additionally, the con-
sumption rate of chromium was no more than 4% of supply rate in
our calculation condition These show that the assumption of uni-
form partial pressure of CrO2(OH)2 is reasonable under the simu-
lation conditions in this study.

Nakajo et al. [11] modeled the degradation of local electro-
chemical activity due to chromium oxide deposition as a decrease
in the TPB density as follows:

1
ATPB

vATPB

vt
¼ � MCr2O3

6FrCr2O3
hTPB

iD; (26)

where hTPB is the maximum height of chromium oxide deposition,
when the electrochemical reaction no longer proceeds at the TPBs
and was set to 35 nm. This value was chosen from Konysheva et al.
[6].MCr2O3

and rCr2O3
is molecular weight and density of chromium

oxide, respectively. Since Nakajo et al. assumed that the TPB had
some width, they adopted TPB area ATPB. Even though the rela-
tionship between the chromium deposition rate

MCr2O3
6FrCr2O3

iD and the
relative decrease in ATPB is complex, Nakajo et al. assumed that the
relative decrease in ATPB is inverse proportional to hTPB to obtain Eq.
(26). Since ATPB is the product of lTPB and a certain constant width of
TPB, eq. (26) can also be rewritten as follows to explicitly describe
the relative decrease of lTPB.

1
lTPB

vlTPB
vt

¼ � MCr2O3

6FrCr2O3
hTPB

iD; (27)

The reverse reaction is not allowed in this model. Eq. (27) can be
integrated to obtain

lTPBðtÞ ¼ lTPBð0Þexp
0
@�

Zt
0

MCr2O3

6FrCr2O3
hTPB

iDdt

1
A; (28)

which is then discretized as follows:
lTPBðtnÞ ¼ lTPBðtn�1Þexp
 

� MCr2O3

6FrCr2O3
hTPB

i0;Dx
0:5
CrO2ðOHÞ2x

0:5
H2O;Cr source2 sinh

�Fhact;catðtn�1Þ
2RT

�
Dt

!
: (29)
In this study, lTPBðtnÞ is calculated explicitly with a time span of
Dt ¼ 250 h, using lTPBðtn�1Þ and hact;catðtn�1Þ by assuming that the
transport of the gas, electrons, and ions is in the steady state while
chromium poisoning proceeds with time.

3.6. Procedure of numerical simulation

The numerical simulation of chromium poisoning is conducted
as follows, as also shown in Fig. 2:

(i) Set the initial lTPB.
(ii) Conduct the 3D simulation.
(iii) Obtain local activation overpotentials in all grids.
(iv) Calculate the local relative decrease in the TPB density with
Eq. (29) and update the TPB density.

(v) Repeat the steps (ii) - (iv) until the time reaches the
maximum value ðtmax ¼ 1500 hÞ.

The boundary conditions for the simulation are shown in
Table 3. Here LTotal is the total cell thickness in the x direction and Vt
is the terminal voltage. LTotal is 42.2 for the LSM cathode and
30.8 mm for the LSM-YSZ composite cathode.

4. Results and discussion

4.1. Degradation of electrochemical performance

Table 4 shows the calculation conditions in this study. All



Fig. 4. Time evolution of (a) 1D average TPB density, (a’) normalized TPB density lTPB(t)/lTPB(t ¼ 0), (b) 1D average charge-transfer current density, and (b’) normalized charge-
transfer current density ict(t)/ict(t ¼ 0).
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calculations were conducted under a 200 mA cm�2 current load
with an anode gas of 97% H2e3% H2O and a cathode gas of 21%
O2e79% N2. In Cases 1e4, the simulation was conducted for the
LSM-YSZ composite cathode with different cell temperatures (750
and 850 �C) and molar fractions of steam at the chromium source
(0.1 and 2.6%). These results were used to investigate the effects of
temperature as well as the partial pressure of CrO2(OH)2 in the
cathode gas. In Cases 5 and 6, the simulationwas conducted for the
LSM cathode at different temperatures (750 and 850 �C) with a wet
chromium source. By comparing the results of Cases 1 and 2 with
those of Cases 5 and 6, the effects of the microstructure were
investigated. In Cases 7 and 8, the simulationwas conducted for the
LSM-YSZ composite cathode with different thicknesses (7.0 and
13 mm) to investigate the effect of thickness.

In this subsection, simulation results for the LSM-YSZ composite
cathode with a steam molar fraction of 2.6% and a wet chromium
source at 850 �C (Case 1) are discussed. Fig. 3 shows the evolution of
the voltage losses in the cell. It is found that the degradation due to
chromium is mainly caused by an increase in the cathode activation
overpotential, which is consistent with the experimental results in
the literature [2e9]. Also, a slight increase in the cathode ohmic loss
is observed. No degradation is found in the anode performance
under these conditions, which indicates that the changes on the
cathode side have no significant effect on the anode side. Concen-
tration overpotential, which is included as “Others” in the figure, is
negligible before and after chromium poisoning. As chromium
poisoning continues, the cathode ohmic loss linearly increases,
whereas the cathode activation overpotential increases
exponentially.

To further understand these trends, the distribution of the 1D
average active TPB density and the charge-transfer current density
within the cathode are respectively shown in Fig. 4(a) and (b). Here,
the TPB density and charge transfer current density at a given time
are normalized by those under the initial conditions (t ¼ 0), whose
distributions are shown in Fig. 4(a’) and (b’), respectively. Fig. 5
shows the 3D distribution of the normalized TPB density and
charge-transfer current density. Under the initial conditions
without poisoning, since the resistance of the ion conduction is
larger than that of the electron conduction, the electrode reaction
takes place near the cathodeeelectrolyte interface. In this situation,
the local activation overpotential also appears to be high near the
interface, yielding a larger iD. Therefore, as chromium poisoning
continues, TPBs preferentially deteriorate from the cath-
odeeelectrolyte interface side. This gives a theoretical explanation
of the degradation trends found in several experimental studies in
the literature, where more chromium was found in the vicinity of
the cathodeeelectrolyte interface. Also, as described in Eq. (16), the
decrease in the TPB density near the interface increases activation
overpotential there, and in spite of high resistance of ion conduc-
tion, the electrode reaction can take place even at the surface side.
This elongates the ionic transport pathways within the cathode,
resulting in an increase in the ohmic loss in the cathode.



Fig. 5. 3D distribution of (a) normalized TPB density lTPB(t)/lTPB(t ¼ 0) and (b) charge-transfer current density ict.
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4.2. Comparison with experimental studies

The relative decrease in the TPB density strongly depends on
PH2O;Cr source because iD and PCrO2ðOHÞ2 are affected by PH2O;Cr source as
described in Eqs. (24) and (25). However, since steam is merely a
minor impurity on the cathode side, the effects of steam on chro-
mium poisoning were ignored in most studies. In addition, the
relative decrease in the TPB density also depends on the initial TPB
density and distribution. These factors preclude us from quantita-
tive comparison with the experimental studies in the literature.
Nevertheless, common trends exist in the dependence of the per-
formance degradation rate on the cell temperature, the partial
pressure of steam at the chromium source, the cathode
microstructure, and the cathode thickness. In this study, we
attempted to reproduce these trends of chromium poisoning using
the proposed numerical model.

4.2.1. Effects of cell temperature
Taniguchi et al. [2] and Bentzen et al. [7] reported that a higher

temperature prevents performance degradation in LSM-YSZ com-
posite cathodes. By comparing the overpotentials in Cases 1 and 2
in Fig. 6, it was found that our simulation results can reproduce this
tendency. One of the reasons for this is that the higher temperature
increases i0;cat, which in turn decreases the local activation over-
potential within the cathode, similar to the situationwhere the TPB
density was increased in the previous subsection. Although a



Fig. 6. Cathode activation overpotentials in LSM and LSM-YSZ composite cathodes at
750 and 800 �C.

Fig. 7. (a) Cathode activation overpotential as a function of time. (b) Normalized TPB
density lTPB(t ¼ 1000)/lTPB(t ¼ 0).
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higher temperature also results in a higher PCrO2ðOHÞ2 and may
promote degradation due to chromium, the effect of the increase in
i0;cat is larger than that of the increase in PCrO2ðOHÞ2 . From the
simulation results, the relative increase in the activation over-
potential over 1000 h, (hact;cat(t ¼ 1000)- hact;cat(t ¼ 0))/
hact;cat(t ¼ 0), at 850 �C is 80% of that at 750 �C.

4.2.2. Effects of partial pressure of steam at chromium source
Bentzen et al. [7] and Chen et al. [8] reported that a higher

PH2O;Cr source causes more severe degradation. Possible reasons for
this are the fact that a higher PH2O;Cr source increases PCrO2ðOHÞ2 and at
the same time promotes the chromium oxide deposition reaction
as can be seen from Eq. (25). By comparing the overpotentials in
Cases 1 and 3 and in Cases 2 and 4 in Fig. 6, it was found that our
simulation can reproduce this trend. Under the dry conditions, the
relative increase in the activation overpotential was smaller than
that under the wet conditions, the former being only 5.4 and 3.8%/
1000 h in the LSM-YSZ composite cathode at 750 and 850 �C the
letter being 290 and 230%/1000 h, respectively. Under practical
conditions, where the cathode-side gas is ambient air, the molar
fraction of steam can easily exceed 2.4%. Therefore, measures need
to be taken to keep the humidity of the cathode air as low as
possible to prevent chromium poisoning.

4.2.3. Effects of cathode microstructure
Konysheva et al. [6] reported that LSM-YSZ composite cathodes

had higher tolerance to chromium poisoning than LSM cathodes.
By comparing the overpotentials in Cases 1 and 5 in Fig. 6, it was
found that our simulation reproduce this phenomenon. Since the
activation overpotential can be reduced by a larger TPB density in
the composite cathodes, the relative decrease in the TPB density in
the LSM-YSZ composite cathodes is lower than that in the LSM
cathodes. This implies that a cathode with a finer microstructure
and a larger TPB density can further increase the tolerance of the
electrodes to chromium poisoning. In other words, at a certain
current density, the initial activation overpotentials determine the
relative decrease in the TPB density because they reflect the initial
TPB density in the microstructure.

4.2.4. Effects of cathode thickness
Konysheva et al. [6] also reported that in LSM-YSZ composite

cathodes, the relative increase in the activation overpotential was
larger in a thinner cathode. By comparing the overpotentials in
Cases 7 and 8 in Fig. 7(a), it was found that the trends in experi-
ments are also reproduced in the simulation results. A possible
reason for the larger degradation in the thinner cathode is that
active TPBs still remain even after 1000 h of operation in the case of
a thicker LSM-YSZ composite cathode as shown in Fig. 7(b). The
mechanism of this phenomenon can be explained as follows.

Chromium poisoning progresses faster in the vicinity of the
cathodeeelectrolyte interface because of the higher local activation
overpotential, and the electrochemically active region expands to
the cathode surface to reduce the total activation overpotential. If
this occurs, chromium poisoning begins to occur even in the surface
region because of the electrochemical reaction there, which further
reduces the TPB density. Once the area of chromium poisoning
reaches the surface region, there is no other way to reduce the total
activation overpotential, resulting in a rapid drop in performance of
the LSM-YSZ composite cathodes. Because the total TPB density is
larger in a thicker LSM-YSZ composite cathode, it takes longer for
all the TPBs to be completely deactivated by chromium poisoning,
which results in higher tolerance. This also implies that in planar
SOFCs with chromium as an impurity, thinner parts lose their
electrochemical activity more quickly, causing local decreases in
temperature. Non-uniformity of the cathode thickness should also
be avoided from the viewpoint of chromium poisoning.
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5. Conclusions

A 3D numerical model of a single SOFC cell considering chro-
mium poisoning on the cathode side has been developed to
investigate the evolution of the SOFC performance over long-term
operation. The calculation domain consisted of an actual elec-
trode microstructure obtained using an FIB-SEM. The simulation
results revealed that the degradation by chromium is mainly
caused by an increase in the cathode activation overpotential due to
a decrease in the TPB length. In addition, in LSM-YSZ composite
cathodes, TPBs near the cathodeeelectrolyte interface are prefer-
entially deteriorated by chromium since the relative decrease in the
TPB density increases with the higher local activation over-
potential. This expands the active reaction region towards the
cathode surface, also resulting in an increase in the ohmic loss.
Furthermore, our simulation reproduced the trends of chromium
poisoning observed in experiments in the literature: (i) a higher
temperature prevents degradation because it increases the ex-
change current density per unit TPB length and reduces the local
activation overpotential, (ii) a higher partial pressure of steam at
the chromium source causes faster degradation because chromium
vapor formation is promoted at a higher steam concentration, (iii)
LSM cathodes have lower tolerance to chromium than LSM-YSZ
composite cathodes because the initial activation overpotential is
larger in LSM cathodes than in LSM-YSZ composite cathodes, (iv)
thicker LSM-YSZ composite cathodes have higher tolerance to
chromium poisoning because they have larger active TPBs even
after chromium poisoning. More quantitative validation of the
proposed model will be possible when the effects of various
operation conditions of SOFC systems on rate of chromium
poisoning are clearly understood through more elaborate experi-
ments. This will enable the more reliable prediction of SOFC per-
formance in long-term operation and should be attempted as
future works.
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