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A general electrochemical impedance spectroscopy �EIS� modeling approach by directly solving a one-dimensional transient
model based on physical conservation laws was applied for simulating EIS spectra of an anode-supported solid oxide fuel cell
�SOFC� button cell consisting of Ni–yttria-stabilized zirconia �Ni–scandia-stabilized zirconia �ScSZ��ScSZ�lanthanum strontium
manganate �LSM�–ScSZ multiple layers. The transient SOFC model has been solved for imposed sinusoidal voltage perturbations
at different frequencies. The results have then been transformed into EIS spectra. Six parameters had to be tuned �three for the
cathode and three for the anode� and have been estimated using data from a symmetric cathode cell and from a button cell. The
experimental and simulated EIS spectra were in good agreement for a range of temperatures �750–850°C�, of feed compositions
�mixture of H2/H2O/N2�, and of oxidants �air and oxygen�. This approach can help in interpreting EIS spectra, as illustrated by
identifying the contribution of transport limitation.
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Fuel cell electrochemical systems are usually complex and are
governed by coupled physicochemical processes such as chemical
and electrochemical reactions, charge transport, and mass
transport.1,2 Because polarization curves can only provide a general
description of the cell performance, electrochemical impedance
spectroscopy �EIS� has become widely used in fuel cell research and
development because it involves a relatively simple electrical mea-
surement that gives detailed information about the fuel cell system,
from mass-transport properties, chemical reaction rates, and dielec-
tric properties to defects, microstructure, compositional influences,
etc.3 In this dynamic technique, usually a voltage perturbation is
applied to a system and the amplitude and phase shift of the result-
ing current response are measured. Measurements can be conducted
over a wide range of frequencies, resulting in the construction of
impedance spectra.4

Most of the experimental data from EIS measurements have been
interpreted using the equivalent-circuit model for its convenience,
and detailed system information could be obtained from fitting the
experimental data to the parameters of the equivalent-circuit
elements.5 Although the approach is useful and quite powerful, it
often has limitations such as:

1. The approach can lead to ambiguities in data interpretations
because the equivalent circuits are seldom unique except for only
the simplest circuits. An equivalent circuit involving several circuit
elements could often be rearranged in various configurations while
still yielding the same impedance.

2. Detailed physical and chemical processes in the system cannot
be predicted by equivalent-circuit models. For instance, the effects
of current distributions and concentration distributions cannot be
taken into account when interpreting data from equivalent-circuit
models.

3. The measured system could only be approximated by circuit
elements when assuming linear response of the system. The imped-
ance is supposed to be independent of the amplitude of the applied
signals. However, the electrochemical system could be highly non-
linear, especially for sinusoidal perturbations with high amplitudes.
It was suggested that nonlinear EIS �NLEIS� measurements have
several potential advantages.6 For example, NLEIS better isolates
the nonlinearities of specific physical processes and may offer im-
proved measurement resolution.

To investigate solid oxide fuel cell �SOFC� electrode reaction
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kinetics, Miterdorfer and Gauckler7-9 used a state-space model
�SSM�, which is widely used in control theory for solving complex
differential equations. Bieberle and Gauckler5 studied in depth el-
ementary electrochemical reactions in SOFC anode by both experi-
mental and SSM approaches. To simulate the electrochemical im-
pedance spectra, the models were solved directly through the SSM
approach. Bessler10 presented a computational method for simulat-
ing EIS spectra based on transient numerical simulations of the re-
action system. The impedance was then calculated in the time do-
main from the simulated periodic response of the system,
maintaining its full nonlinear response. This method has been fur-
ther validated by detailed modeling studies on SOFC EIS spectra
achieved from gas-transport processes.11 Gewies et al.12 also applied
this method on Ni/yttria-stabilized zirconia �YSZ� cermet anodes.
Zhu and Kee13 developed a time-accurate model to analyze EIS
spectra in anode-supported button cells with internal methane re-
forming. This model represented significant advantages regarding
physical conservation laws, porous media transport within the elec-
trode, and heterogeneous chemistry reactions mechanisms, all of
those being solved in the time domain. However, the spatial varia-
tions of ion and electron transport throughout the electrode struc-
tures were not considered.

In this paper, a general approach for EIS spectra simulation is
applied by solving a comprehensive set of coupled transient models
based on physical conservation laws. This simulation approach is
illustrated by considering a transient model of an anode-supported
SOFC button cell consisting of Ni–YSZ�Ni–scandia-stabilized zirco-
nia �ScSZ��ScSZ�LSM–ScSZ multiple layers. The simulation results
of the EIS spectra were then compared to the measured EIS spectra
under various conditions to prove the validity of both the transient
model and the EIS simulation approach.

Experimental

Testing cell.— The anode-supported SOFC button cell used in
this study consisted of a Ni/YSZ anode support layer �680 �m�, a
Ni/ScSZ anode active interlayer �15 �m�, a ScSZ thin-film electro-
lyte layer �20 �m�, and a lanthanum strontium manganate �LSM�/
ScSZ cathode layer �15 �m�.14,15 Except for the cathode layer,
which had a diameter of 1.4 cm, all other layers had a diameter of
2.6 cm.

Commercial NiO �Inco Ltd., Canada� was used with 8 mol %
powder �Tosoh, Japan� for preparing the support layer and with
SaSZ �Zr0.89Sc0.1Ce0.01O2−x, Daiichi Kigenso Kagaku Kogyo, Ja-
pan� for the anode active layer. The ratio of the mixtures �NiO–YSZ
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and NiO–ScSZ� was 50 wt % NiO and 50 wt % stabilized zirconia.
The ScSZ powder was also used to prepare the electrolyte film.

The slurries for the tape-casting process were prepared by a ball-
milling process that included two steps. In the first step, all the
above-mentioned ceramic powders were homogenized in a planetary
mill for 2 h with dispersant in a mixture of methyl ethyl ketone and
ethanol. To form sufficient porosity in the anode support and active
layers, rice starch was added as a pore former to the mixture of
NiO–YSZ and NiO–ScSZ with 40 wt % of each powders. Polyvinyl
butyral and a mixture of polyethylene glycol and dibutyl o-phthalate
were added as binder and plasticizer, respectively. The whole mix-
ture was then milled for another 2 h.

Prior to tape casting, the slurries were vacuum pumped for about
2 min in order to remove the air. The ScSZ film was cast first onto
the glass plate by a “doctor blade” method and allowed to dry in air
for several minutes; the anode functional and active layers were
prepared similarly. After drying overnight at room temperature, the
multilayer green tape was detached and cosintered at 1400°C in air
for 4 h.

The LSM �Inframat Advanced Materials, USA� and ScSZ pow-
ders in a mass ratio of 50:50 were mixed in a planetary mill with
ethanol for 3 h to ensure random distribution of each phase. The
dried mixture was subsequently ground in an agate mortar with ethyl
cellulose and terpineol to prepare the paste, which was screen-
printed onto the sintered ScSZ layer and sintered at 1200°C for 3 h
to form the cathode.

Test setup and EIS measurement apparatus.— Figure 1 shows
the in-house-built SOFC test station used for EIS measurement. The
cell was located between two alumina tubes. Pt wires were used as
voltage and current probe. A Pt mesh was used as cathode current
collector and was fixed to the porous cathode with platinum paste. A
porous Ni felt, which has a diameter of 1.4 cm and a thickness of
1.7 mm, was used as anode current collector and was fixed to the
anode support layer with platinum paste. Before testing, the anode
was fully reduced at 850°C in a H2/N2/H2O mixture. During the
reduction step, the H2 and N2 flow rates were set at 10 and 40 sccm,
respectively. H2 or H2–N2 mixtures humidified at room temperature
�30°C, i.e., 4% H2O� were used as fuel, and oxygen or air was used
as oxidant. The flow rate of fuel and oxidant were both kept at
50 sccm.
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The EIS spectra were observed with a four-probe technique using
an Electrochemical Workstation �IM6e, Zahner-Elektrik GmbH,
Germany� over a temperature range of 700 to 850°C with an ampli-
tude of 10 mV over a frequency range of 0.1 Hz to 100 kHz. The
tests performed for model calibration and validation involved vary-
ing certain cell operating conditions. The following tests were car-
ried out: �i� variable cell temperature 750, 800, and 850°C�, �ii�
variable oxidant �oxygen and air�, and �iii� variable N2 dilution �N2
content in the dry fuel mixture: 0, 20, 40, 60, and 80%�

After the tests, the cell was fractured and its surface, cross sec-
tion, and elemental distribution were characterized by scanning elec-
tronic microscope �SEM� and energy-dispersive spectrometer �EDS�
using an electron probe microanalyzer �JSM-6460, JEOL, Japan�.
The actual thickness of the cell components was also determined
using SEM together with EDS. The porosity and tortuosity of the
porous anode layer before and after the cell tests were determined
using mercury porosimetry �AutoPore IV 9510, Micromeritics,
USA� and image analysis.9

EIS Spectra Simulation

General approach.— For an isothermal electrochemical system,
the general approach for electrochemical impedance spectra simula-
tion is shown in Fig. 2. The approach is based on combining tran-
sient modeling, EIS simulation, parameter estimation, and experi-
mental validation. Because it is the most common in EIS
measurements, the voltage perturbation was considered sinusoidal.
Note that the charge balance, mass balance, energy balance, and
momentum balance can be incorporated into the transient physico-
chemical model. However, because the EIS measurements were car-
ried out in this paper in an SOFC button cell, only the charge and
mass balances were considered here. Once the transient model was
solved, its results were converted into EIS spectra, which were then
compared to the EIS spectra obtained experimentally. The model
was first calibrated for a given set of experimental conditions by
varying some model parameters, as described in the model calibra-
tion section. Once calibrated, the model was then validated for a
wider range of operating conditions, and finally sensitivity analysis
was performed to better understand the influence of the parameters
that were tuned during the calibration step and to isolate those that
would need particular attention.

Figure 1. Schematic of the apparatus used
to conduct EIS measurements.
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Transient SOFC positive-electrolyte-negative structure (PEN)
model formulation.— Model assumptions and model geome-
try.— The model is based on physical conservation laws and can be
solved in different dimensions. In order to simplify the calculation,
the physicochemical model is derived in a one-dimensional �1D�
computing domain as shown in Fig. 3 to represent a button cell. The
reactant gas mixtures are approximated as ideal gases, thus gas-
mixture physical properties such as specific viscosity, density, etc.,
can be easily estimated for any mixed-gas compositions. The reac-
tion active sites are assumed to be uniformly distributed in the elec-
trode, and the two conducting phases, electronic and ionic, were
considered to be continuous and homogeneous. Because the reaction
zone may spread into the anode support layer, especially if the active
layer is relatively thin, the governing equations for the anode-
supported layer were the same as that of the anode active layer. The
temperature is considered uniform throughout the cell; thus, the
model is assumed to be isothermal. The convection flux is negligible
in the porous electrode compared to species diffusion, and thus pres-
sure gradient within the porous electrode is neglected.

With the above assumptions and model geometry, an SOFC tran-
sient model is formulated using charge balance and mass balance
together with electrochemical reaction kinetics as described in the
following sections.

Governing equations.— Most of the steady-state forms of the gov-
erning equations have been presented in detail in previous
papers.14,16,17 Here, only the transient forms of the governing equa-
tions are presented.

For the electrodes, the effects of double-layer capacitance should
be considered, and the charge-balance equations are formulated as

Figure 2. Simulation approach of EIS.

Figure 3. Illustration of simplified 1D model geometry of SOFC button cell.
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��CdlSact�Vi − Vj��
�t

+ � �− �eff � Vi� = Q �1�

where t is time, Cdl is the specific interface double-layer capacitance
between electronic and ionic conductor phases, Q is the transfer
current source, Vi and Vj denote the electric potential of the two
conductor phases, �eff is the effective electronic or ionic conductiv-
ity, and Sact is the active surface area per unit volume defined as the
contact area of different types of particles. This parameter has been
formulated by some researchers using the particle coordination num-
ber in binary random packing of spheres, together with percolation
theory given as16,18,19

Sact = � sin2 �rel
2 ntnelnioZelZioPelPio/Z �2�

where rel is the mean radius of the electronic conductor particle, � is
the contact angle between two different particles and is set as 15° in
this paper, nt is the total number of particles per unit volume, nel and
nio are the fraction number of electronic conductor and ionic con-
ductor particles, respectively, Zel and Zio are the coordination num-
bers of electron and ion conductor particles, and Pel and Pio are the
whole range connection probabilities of the same kind particles. The
model formulation and the methods to calculate the parameters can
be found in the literature.18,19 In this paper, the calculated value of
Sact in the anode support layer, active layer, and cathode layer are
6.55, 9.83, and 6.55 � 104 m2 m−3, respectively.

The governing equations for the electrode charge balances are
summarized as follows.

Ionic charge at the cathode

��Cdl,caSact,ca�Vion,ca − Velec,ca��
�t

− � ��ion,ca
eff � Vion,ca� = Qion,ca

= − i0,caSact,ca� cO2

TPB

cO2

bulk exp��neF�Velec,ca − Vion,ca − Vref,ca�
RT

�
− exp�−

�1 − ��neF�Velec,ca − Vion,ca − Vref,ca�
RT

�	 �3�

Electronic charge at the cathode

��Cdl,caSact,ca�Velec,ca − Vion,ca��
�t

+ � �− �elec,ca
eff � Velec,ca�

= Qelec,ca = − Qion,ca �4�

Ionic charge at the anode

��Cdl,anSact,an�Vion,an − Velec,an��
�t

− � ��ion,an
eff � Vion,an� = Qion,an

= i0,anSact,an� cH2

TPB

cH2

bulk exp��neF�Velec,an − Vion,an − Vref,an�
RT

�
−

cH2O
TPB

cH2O
bulk exp�−

�1 − ��neF�Velec,an − Vion,an − Vref,an�
RT

�	 �5�

Electronic charge at the anode

��Cdl,anSact,an�Velec,an − Vion,an��
�t

+ � �− �elec,an � Velec,an�

= Qelec,an = − Qion,an �6�
The expression for the anode exchange current density �both an-

ode support layer and anode active layer� is formulated as

i0,an =
�anRT

3F

 cH2

cref,H2

�exp
−
Eact,an

RT
��pO2,an�0.133 �7�

where io,an is the anodic exchange current density, cref,H2
is the hy-

drogen concentration in the reference case, and p is the oxygen
O2,an
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partial pressure at the anode. For the support layer we kept the
values found in Nagata et al.,20 that is, Eact,an = 120,000 J mol−1 and
�an = 6.17 � 1011 �−1 m−2. For the active layer, Eact,an is kept con-
stant at 120,000 J mol−1 and �an is treated as an adjustable para-
meter to fit the experimental data. The pO2,an is the oxygen partial
pressure at the anode assumed at equilibrium with H2 and H2O and
is thus calculated as

pO2,an = 
 pH2O

Keq,H2
pH2

�2

�8�

where Keq,H2
is the equilibrium constant of hydrogen oxidation re-

action.
The cathode exchange current density is expressed as the expres-

sion found in Costamagna et al.18

i0,ca =
�caRT

4F
exp
−

Eact,ca

RT
��pO2,ca�0.25 �9�

where io,ca is the cathode exchange current density and pO2,ca is the
oxygen partial pressure at the cathode. Eact,ca is kept constant at
130,000 J/mol while �ca is also treated as an adjustable parameter,
similar to �an.

For the electrolyte layer, there are no current sources or sinks.
Consequently, the electrolyte charge balance equation is written as

��− �ion,electrolyte
eff � Vion� = 0 �10�

where �electrolyte
eff is the effective ionic conductivity of the electrolyte

and Vion is the local ionic potential.
Vref is the local relative potential difference between the elec-

tronic and ionic conductors at a reference state. By setting Vref,an to
zero, the cathode reference potential Vref,ca becomes the local open-
circuit voltage and can be formulated as

Vref,ca = Vop + Vref,an=0 = Vop,th − 	leak

= E0 −
RT

2F
ln
 pO2,ca

0.5 pH2,an

pH2O,an
� − 	leak �11�

where Vop denotes the actual cell open-circuit voltage, Vop,th is the
theoretical open-circuit voltage, E0 is the standard cell potential, and
pH2,an and pH2O,an are the partial pressures of hydrogen and water at
the anode, respectively. 	leak is the leak overpotential, kept constant
here at 0.03 V.

The mass balance in porous electrode can be formulated as

��
�wi�
�t

+ � �Ji� = Ri �12�

where 
 is the porosity, � is the density of the gas mixture, and wi is
the mass fraction of species i. Ji denotes the mass diffusion flux of
species i. Ri is the reaction rate of species i, which could be formu-
lated as

Ji = MiNi �13�

where Mi is the molecular weight of species i. Ni is the mole diffu-
sion flux of species i.

It is generally agreed that one of the most convenient approaches
for modeling the combined free molecular diffusion and Knudsen
diffusion flux is the dusty-gas model, which is a modified form of
the Maxwell–Stefan diffusion equations.

The dusty-gas model was formulated as follows while neglecting
the pressure gradient in the porous electrode,21 and the implicit re-
lationship between the species mole fraction and molar diffusion
fluxes was provided
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− c � xi = �
j=1,i�j

n 
 xjNi − xiNj

Dij
eff � +

Ni

Dkn,i
eff , i = 1,2,3 . . . ,n

�14�

where the effective molecular diffusion coefficients Dij
eff and the ef-

fective Knudsen diffusion coefficients Dkn,i
eff can be calculated by

considering the porous material property as22

Dij
eff =




�
Dij =

0.00101T1.75
 1

Mi
+

1

Mj
�1/2

P�Vi
1/3 + Vj

1/3�2 �15�

Dkn,i
eff =




�
Dkn,i = 97.0


r̄

�
 T

Mi
�16�

where 
 denotes the electrode porosity and � denotes the tortuosity
factor. V is the diffusion volume, and r̄ denotes the average pore
radius.

Equation 14 can be formulated as the explicit relationship be-
tween species model fractions and molar fluxes using matrix
notation23

�Ni� = − c�B�−1��xi� = − c�D̃���xi� = 
− c�
j=1

n

D̃ij � xj� �17�

where the elements of square matrix �B� can be formulated as

Bij = � 1

Dkn,i
eff + �

k=1

n
xk

Dik
eff , j = i

−
xi

Dij
eff , j � i� i, j = 1,2,3 . . . ,n �18�

The �D̃� is the inverse of the matrix �B�, and the elements of �D̃�
can be treated as the effective multicomponent diffusivity according
to the dimension of its unit.

Then, by substituting Eq. 17 into Eq. 12, we can get

��
�wi�
�t

+ � 
− cMi�
j=1

n

D̃ij � xj�
=

��
�wi�
�t

+ � 
− �wi�
j=1

n

D̃ij � xj� = Ri �19�

The equations for electrode mass balances can be summarized as
follows:

Mass balance at the anode

��
an�anwH2
�

�t
+ � 
− �wH2�

j=1

n

�D̃H2,j � xj�� =
− itrans,anSact,anMH2

2F

�20�

��
an�anwH2O�

�t
+ � 
− �wH2O�

j=1

n

�D̃H2O,j � xj��
=

− itrans,anSact,anMH2O

2F
�21�

For binary H2/H2O systems, Eq. 21 is not needed and the water
concentration is simply found from the hydrogen mass fraction. For
ternary �H2/H2O/N2� systems, Eq. 21 must be solved. The nitrogen
concentration is then determined from the mass fraction of all com-
ponents �see Eq. 22�
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�
i

wi = 1 �22�

Mass balance at the cathode

��
ca�cawO2
�

�t
+ � 
− �wO2�

j=1

n

�D̃O2,j � xO2
�� =

itrans,caSact,caMO2

4F

�23�
The nitrogen concentration in cathode is also determined from

the mass fraction of all components �see Eq. 22�.

Boundary conditions.— In order to solve the system of coupled
partial-differential equations of charge and mass balances in the time
domain, the boundary conditions are specified in Table I.

The boundary condition “insulation” means that the partial de-
rivative of the variable at the boundary is zero and there is no flux
through the boundary. Note that the difference between Vcell,ca and
Vcell,an is the cell voltage used in the calculation. Here, we chose
Vcell,an = 0. Vcell,ca can be divided into a stationary part, Vst, and a
transient part, Vp sin�t�, as shown in following equation

Vcell,ca = Vst + Vp sin�t� �24�
The stationary part denotes the bias voltage used in the EIS mea-

surements, and the transient part denotes the sinusoidal perturbation
in voltage in which  and Vp are the angle frequency and amplitude
of perturbation signals, respectively.

Transient symmetric cathode cell model.— To solve the model
for the full button cell, six parameters need to be tuned, three for the
anode ��an, �an, and Cdl,an� and three for the cathode ��ca, �ca, and
Cdl,ca�. Instead of fitting six parameters at once, it is possible to
independently fit the three cathode parameters using a symmetric
cathode cell. The preparation method and the measurement of the
symmetric cathode cell have been discussed in detail in one of our
previous papers.14 Once the cathode parameters have been deter-
mined, only three parameters �the anode ones� need to be fitted
using the full button cell model. For the symmetric cathode cell, the
governing equations for charge and mass balances are the same as
those for the cathode in the transient button cell model. The only
difference is the model geometry, shown in Fig. 4.

Transient model solution and EIS spectra synthesis.— The gov-
erning partial-differential equations were computationally solved us-
ing the finite element software Comsol Multiphysics, version 3.2.

Table I. Boundary conditions.

Ionic charge Electronic charge Mass balance

��ca/cc Insulation Vcell,ca wO2,ca,bulk, wN2,ca,bulk
a

��ca/elec Continuity Insulation Insulation
��elec/an�act Continuity Insulation Insulation
��an�act/an�sp Continuity Continuity Continuity
��an�sp/ac Insulation Vcell,an wH2,an,bulk, wH2O,an,bulk,

wN2,an,bulk
a

a wi,bulk are the mass fractions of species i in the fuel or air channel.

Figure 4. Model geometry for the symmetric cathode cell.
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For a given set of bias voltage, perturbation amplitude, and fre-
quency for the input voltage �see Eq. 24�, the model was run for
several periods just like the experimental measurements of the EIS.
If the EIS measurements are carried out at the open-circuit state,
Vcell,ca represents the cell open-circuit voltage. Usually, after about
10 periods, a steady oscillating solution of current density was
achieved. Because the perturbation voltage was sinusoidal, the re-
sponse current density icell was also a periodic function.

For a general analytical expression, icell can be expanded into a
Fourier series without considering the contribution of the numerical
noise-to-current density signals as discussed in detail by Bessler11

and Zhu and Kee,13 as seen in Eq. 25

icell = ist + �
k=1

�

ip,k sin�kt − �� �25�

where � is the phase shift angle from imposed perturbation voltage
to current density response, ist is the stationary part of current den-
sity, and ip,k are the measures of the electrochemical system nonlin-
earities.

In this study, for both experiment and simulation, the perturba-
tion voltage was set to a small value �10 mV� such that a linear
current density response was obtained. In this case, only ip,1 is the
nonzero component of the current density transient response. By
writing ip,1 as ip, the cell current density is formulated as

icell = ist + ip sin�t − �� �26�

Multiplying Eq. 26 by sin�t� and cos�t�, then integrating over
a full period �, results in

ip cos � =
2

�
�

0

�

icell sin�t�dt �27�

ip sin � =
2

�
�

0

�

icell cos�t�dt �28�

From the two equations shown in Eq. 27 and 28, ip and � can
then be determined.

Using complex notation to write the impedance response in
terms of a real and an imaginary component, results in

Z =
Vcell

icell
=

Vp exp�jt�
ip exp�jt − j��

= Zreal + Zimag =
Vp

ip
cos � + j

Vp

ip
sin �

�29�
Finally, in order to generate Nyquist and Bode plots, the calcu-

lations must be performed over a range of frequencies to calculate
the corresponding impedance, as is done for the experimental mea-
surements. However, the frequency f used in the experimental mea-
surements must be converted to the angle frequency according to
 = 2�f .

For a mesh grid number equal to 76 �a number deemed sufficient
to model the cell behavior correctly�, time step equal to 1

20 period,
time span equal to 15 periods, and the number of frequency points
equal to 31, the total calculation time for a whole EIS spectra is
around 30 min on a small computation workstation �Intel Xeon
3.2 GHz, 4GB memory�.

The simulation approach could involve charge balance, mass bal-
ance, momentum balance, and energy balance, and the transient
model could be solved for different geometries and different dimen-
sions. As a result, the proposed approach can be thought of as a
comprehensive emulator to the EIS experiment, as the working prin-
ciples of the simulation and the experiment are almost the same.
However, this method quickly becomes computationally intensive as
higher dimension models and/or addition of energy/mass balances
are considered.
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Results and Discussion

Model parameters.— Table II lists the conductivities of ionic
and electronic conductors as well as the equivalent conductivity of
the electrolyte layer �i.e., when the whole conductivity of the cell is
reduced to that of the electrolyte layer�, which was determined by
EIS spectra at open-circuit state.

Because some parameters could not be determined directly from
experiments or from published data, a tuning process was necessary
for estimating these parameters, as described in the next section.
This tuning, or calibration, where some parameters were allowed to
vary, was performed for a limited number of experiments �calibra-
tion sets�. Once determined, these parameters were not allowed to be
changed when comparing the results from the simulation with those
of all remaining experiments �validation set�.

Model calibration.— Model calibration for cathode parameters
using symmetric cell.— The symmetric-cell experiments were car-
ried out with air at atmospheric pressure and at temperatures of 750,
800, and 850°C. The EIS spectra at all three temperatures were
measured experimentally and simulated at open-circuit state with an
amplitude of 10 mV over the frequency range 0.1 Hz to 100 kHz.
The tuned parameters for the cathode are shown in the first column
of Table III. This table also shows the value of the tuned parameters
for the cathode and values reported in the literature. Using the tuned
values, the EIS spectra for the symmetric cell at three temperatures
are shown in Fig. 5. It was possible to obtain a good fit at 800 and
850°C, but the fit was less satisfactory at 750°C. A possible reason

Table II. Material conductivities.

Parameter Value

ScSZ conductivity �S m−1� 6.92 � 104 exp�−80488/T�a

YSZ conductivity �S m−1� 3.34 � 104 exp�−10300/T�b

LSM conductivity �S m−1� 4.2 � 107 exp�−1150/T�/Tb

Ni conductivity �S m−1� 3.27 � 106 − 1065.3Tc

Equivalent ionic conductivity
of electrolyte

layer �S m−1�

0.002T − 1.4483a

Porosity of cathode and anode support
layer and anode active layer

0.364d

Mean pore diameter of cathode
and anode support layer ��m�

0.46d

Mean pore diameter of anode
active layer ��m�

0.31d

a Determined experimentally.
b Ref. 24.
c Ref. 25.
d Ref. 14.

Table III. Tuned parameters.

Parameters Value Values in literature

Cathode �using symmetric cell�
�ca in Eq. 7 ��−1 m−2� 6.1 � 1010 1.05 � 1010a

Cathode tortuosity 3 2.5–3b

Cdl,ca�F m−2� 27 0.05–27.4c

Anode �using button cell�
�an in Eq. 6 ��−1 m−2� 3.2 � 1012 6.17 � 1011a

Anode tortuosity 8.5 2.0–10b

Cdl,an�F m−2� 27 0.1–27.4c

a Ref. 20.
b Ref. 26.
c Ref. 13 and 27-29.
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is a processes such as surface diffusion that is not taken into account
in the model and that might become more important at lower tem-
peratures.
Model calibration based on button cell experimental data.— The
operating conditions for the experiments used for calibrating the
model are listed in Table IV. The EIS spectra at three temperatures
�750, 800, and 850°C� were calculated and measured experimentally
at open-circuit state with an amplitude of 10 mV over the frequency
range 0.1 Hz to 100 kHz. The anode-model parameters that were
tuned to match the measured EIS data for the calibration experi-
ments are shown in Table III. Figure 6a shows that the simulated
Nyquist impedance spectra agreed well with the experimental data.
In the Bode impedance representations shown in Fig. 6b and c, good
agreement between the simulated and experimental data was also
found.

However, there still exist some deviations at both ends of the
frequency range. The biggest difference occurs at high frequency
where an inductive behavior, due to the lead,3 was observed in the
experiments. Because the model did not take into account any lead-
related phenomena, the simulation results did not show any induc-
tive behavior at high frequency. This is different from results we
reported previously17 that were incorrect because of a mathematical
treatment that was not fully appropriate. Simulating EIS spectra in-
volves the integration of a function dependent on current density
over one period �Eq. 27 and 28�. It turned out that, depending on the
initial guess, the number of periods to reach a steady solution can
vary greatly. In our previously reported results, this problem was
overlooked. We did not start with good initial guesses and we did
the integration after 10 periods, which was too short to reach a
steady solution at high frequency. This issue has now been resolved,
first by choosing the initial guess with more care and by making sure
that a steady solution was reached. Note that good initial guesses
can significantly reduce the number of required periods, the latter
being also dependent on the frequency; it takes more periods to
reach a steady solution as the frequency increases. Also, a small,

Figure 5. EIS spectra for the symmetric cell. Comparison between experi-
mental and simulated data using tuned parameters for the cathode. H2/H2O
�95.8/4.2%� fuel.

Table IV. Operating conditions for the calibration experiments.

Parameters Value

Pressure, p �Pa� 101325
Temperature, T �°C� 750/800/850
Fuel composition 95.8% H2 and 4.2% H2O
Oxidant composition 21% O and 79% N .
2 2
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low-frequency semicircle is shown in the Nyquist plot, probably due
to diffusion limitation in the gas chamber as well as diffusion limi-
tation of the nickel felt, which eventually affected the gas diffusion
from the gas chamber to the anode surface. The effect of the nickel
felt could eventually be indirectly deduced from Fig. 5 �symmetric
cathode EIS spectra� where we did not use the porous nickel felt and
for which the low-frequency semicircle was not as obvious. How-
ever, because the low-frequency semicircle is small and the experi-
ments in this paper are more focused on the PEN itself, we have
neglected the effects of diffusion limitations in the gas chamber and
in the nickel felt.

Figure 7 shows the simulated and experimental EIS results at
different temperatures �750, 800, and 850°C�. The simulated results
and experimental data agreed well for all temperatures considered
here. This figure obviously shows that the cell temperature affects
fuel cell resistance; as expected, both high- and low-frequency re-
sistances increase with decreasing temperature. This is not only be-
cause lower temperatures decrease the ionic conductivity of the
electrolyte, but also because they increase the reaction activation
and species transport resistances.

A useful aspect of simulating EIS spectra is that it is possible to
artificially isolate some phenomena, such as concentration effect on
Figure 6. Experimental and simulated im-
pedance of SOFC button cell: �a� Nyquist
plot and �b� and �c� Bode plots.
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Figure 7. EIS spectra at different temperatures using H2 fuel and air oxidant.
Constant H O concentration of 4.2%.
2
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the EIS spectra. Figure 8 compares EIS spectra between the case
where all phenomena are taken into consideration and cases where
mass-transport limitations at the anode or cathode are eliminated.
This is done by setting the source terms in the mass balances to zero
�Eq. 20-22 for the anode and Eq. 22 and 23 for the cathode�. Figure
8 shows that removing the source term at the cathode has no effect
on the EIS spectra, which means that there is no mass-transport
limitation at the cathode. This could be expected because of the thin
cathode considered here. Figure 8 clearly shows the impact of mass-
transport limitation on the EIS spectra, particularly at low frequen-
cies. In this case it can be concluded that mass-transport limitation at
the anode contributes to the impedance for frequencies below
251 Hz and that at frequencies below 39.8 Hz the impedance is
solely due to transport limitation at the anode.

The transient model in this paper not only could be used to
simulate the EIS spectra but also could be used to simulate the cell
steady-state polarization curves as shown in Fig. 9. The cell steady-
state performance at three temperatures �750, 800, and 850°C� were
calculated and measured experimentally for the conditions shown in
Table IV and parameters given in Table III. The steady-state polar-
ization curves in Fig. 6 also show good agreement with the experi-

Figure 8. EIS spectra with or without anodic or cathodic mass-transport
limitation. H2/H2O �95.8/4.2%� fuel, air oxidant, 800°C, and open-circuit
voltage.

Figure 9. Polarization curves at different temperatures using H2 fuel and air
oxidant. Constant H O concentration of 4.2%.
2
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mental results. The cell open-circuit voltages have been calibrated
using a tuning leak overpotential parameter, whose value was found
to be about 0.03 V in our experiments. The operating temperatures
obviously affect the fuel cell performance, which is consistent with
what was determined from the EIS spectra �see Fig. 5�.

Electrochemical system response.— Figure 10 gives more de-
tails on the simulated dynamic response of the SOFC electrochemi-
cal system for different perturbation voltage frequencies. The H2
mole fraction refers to that at the anode/electrolyte layer as deter-
mined by the model. The response current density amplitude in-
creases with increasing frequency. Because the impedance ampli-
tude decreases with increasing frequencies �see Fig. 6b�, the
amplitude of the current density, which is inversely proportional to
that of the impedance, increases with increasing frequencies. The
larger cell impedance at lower frequencies is mainly due to the
relatively larger mass-transfer resistance. The reason for this effect
can be explained by examining the variation in H2 concentration at
different frequencies, as shown in Fig. 10. At higher frequencies, the
H2 concentration at the anode/electrolyte interface shows small am-
plitude changes and stays around its steady-state value, while at
lower frequencies the amplitude of the H2 concentration increases.
At 0.1 Hz, the H2 concentration amplitude is about 5% of its steady-
state value, which leads to larger mass-transfer resistance. From the
simulation results, it can also been seen that the phase angle remains
around zero at 0.1 Hz, and increases for a frequency of 10 Hz. At
1000 Hz the phase angle is nearly 45° �approximately determined
from the displacement of voltage curves and current density curves
along the x axis�. The above observations about phase angle at dif-
ferent frequencies can also be seen in Fig. 6c.

Sensitivity analysis.— It is difficult to estimate the effects of
each model parameter on the model outcomes, and simulated im-
pedance spectra, in general, do not show a simple dependence on a
single parameter. Sensitivity analysis can be used to interpret these
complex interdependences. Figure 11 shows the sensitivity analysis
of the impedance magnitude and phase angle on the tuned para-
meters at three frequencies �0.1, 10, and 1000 Hz� when the tuned
parameters were decreased by 10% from their original value �see
Table III�.
Magnitude sensitivity.— The anode tortuosity has a negligible effect
on the magnitude at high frequencies because at these conditions,
the impedance is weakly influenced by mass transport. However,
because of the thick anode, the effect of anode tortuosity becomes
apparent as the frequency decreases. A decrease in anode tortuosity
facilitates mass transport, thus the decrease in impedance magnitude
seen in Fig. 11a for a 10% decrease in anode tortuosity. Note that the
effect of cathode tortuosity on the magnitude is negligible because
the cathode is thin �15 �m�, and transport limitations are thus neg-
ligible. The exchange current density is proportional to that of �
shown in Fig. 11 �see Eq. 6 and 7�, and thus any relative change in
� is representative of changes in exchange current density. Figure 11
therefore indicates that changes in exchange current density have no
apparent effect on the impedance magnitude at high frequencies, but
have a noticeable influence at lower frequencies, especially for the
cathode exchange current density. Also, reducing the exchange cur-
rent density increases the impedance magnitude. At the lowest fre-
quency �0.1 Hz� the double-layer capacitance of both anode and
cathode has no effect on the magnitude. At the cathode, Cdl shows
some effect on the magnitude only at high frequencies. At the anode,
there appears to be an intermediate frequency at which the anode
double-layer capacitance has more effect on the magnitude.
Phase-angle sensitivity.— At low frequency �0.1 Hz�, the phase
angle is insensitive to any of the tune parameters. At 10 Hz, changes
in �an, �ca, and Cdl have little to no effect on the phase angle. At this
frequency only changes of �ca and �an significantly affect the phase
angle. Note that at 10 Hz a decrease in both �ca and �an results in a
decrease in phase angle, while at 1000 Hz a decrease in any of the
tuned parameters results in an increase in phase angle. At high fre-
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quencies, the tortuosities have little impact on the phase angle. Fig-
ure. 11b also shows that at 1000 Hz, changes in cathode-related
tuned parameters have more effect on the phase angle than anode-
related parameters.

Model validation and discussion for extended operating condi-
tions.— Effect of oxidant composition.— The cell polarization resis-
tance can be effectively reduced by using pure oxygen as oxidant
instead of air. Figure 12 illustrates the modeling and experimental
EIS spectra at different temperatures when pure O2 is used as oxi-
dant. For comparison, the experimental EIS spectra for air as oxi-
dant at 800°C is also depicted in Fig. 12. It can be observed from
Fig. 12 that the modeling results agree well with the experimental
data at 850 and 800°C but somewhat underestimate the cell polar-
ization resistance at 750°C, especially at lower frequencies. The cell
polarization at 800°C is lower with pure O2 than with air. Because
the cathode layer is thin �15 �m�, the cathode polarization resis-
tance is primarily dominated by activation processes rather than dif-
fusion processes.

Effect of fuel composition (mixtures of H2/H2O/N2).— Figure 13
shows the experimental and simulated EIS spectra for various mix-
tures of H2/H2O/N2 at 800 and 850°C. In all cases, the water con-
tent was kept constant at 4.2%. Experiments with large amounts of
N2 in the fuel are only carried out for model validation in this study,
because such conditions are not encountered in actual SOFC opera-
tion. The simulated EIS spectra agreed well with the experimental
spectra for most concentrations at both 850 and 800°C, except to-
ward the lower frequencies. However, discrepancies are more no-
table for the lowest H2 concentration.

In general, for a given temperature, the polarization resistance
decreases as the bulk partial pressure of hydrogen increases. This
trend agrees well with what is observed in Fig. 13 for both simulated
and experimental results. It is also clear from Fig. 13 that the lower-
frequency impedances increase as the H2 content decreases, espe-
cially at 800°C, and that the higher-frequency impedances vary little
with different H2 content. The main difference between the EIS
spectra at various H2 concentrations should be primarily related to
increasing transport limitation as the H concentration decreases.
Figure 10. Transient numerical simula-
tion of the dynamics of SOFC electro-
chemical system for different voltage-
frequency perturbations using H2 fuel and
air oxidant at 800°C. Constant H2O con-
centration of 4.2%.
2
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Figure 11. Sensitivity analysis for �a� magnitude and �b� phase angle on the
tuned model parameters using H2 fuel and air oxidant at 800°C. Constant
H O concentration of 4.2%.
2
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Therefore, the portion of the curves where the lines diverge from
each other should be representative of transport limitation. This is
consistent with the discussion about Fig. 8, which must be compared
to Fig. 13a �same operating temperature�. In Fig. 8 it was deduced

Figure 12. Simulated and experimental EIS spectra using O2 as oxidant at
750, 800, and 850°C. Constant H2O concentration of 4.2%.

Figure 13. Simulated and experimental EIS spectra for various H2/H2O/N2
fuel mixtures at �a� 800 and �b� 850°C. Constant H O concentration of 4.2%.
2
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that mass-transport limitation at the anode begins to contribute to the
impedance for a real part of the impedance above around
0.5 � cm2. Figure 13a shows that this value of 0.5 also corresponds
to the real part of the impedance at which the curves start diverging.
Note, however, that the frequency corresponding to 0.5 � cm2 var-
ies with hydrogen concentration; the lower the hydrogen concentra-
tion; the higher the corresponding frequency at 0.5 � cm2, as seen
in Fig. 14. In other words, the points on the EIS spectra are moving
clockwise as the concentration of hydrogen decreases. This is ex-
plained by the fact that at low frequencies, the contribution of trans-
port phenomena to the impedance dominates. As the hydrogen con-
centration decreases, transport limitation becomes more and more
important and, therefore, transport contribution to the impedance is
seen at higher frequencies.

Conclusions

A general approach for EIS by solving in the time domain a
comprehensive coupled transient model based on physical conserva-
tion laws was applied. The transient SOFC model was calibrated and
validated in the case of humidified water at temperatures between
750 and 850°C using experimental EIS spectra, yielding good
agreement between simulated and experimental results. In total, six
parameters had to be tuned ��, �, and Cdl at the cathode and at the
anode�. The cathode parameters were tuned independently using the
data from a symmetric cathode cell. The remaining anode para-
meters were then tuned using the data from a button cell. The model
was further validated experimentally for extended operating condi-
tions by changing oxidant and anode feed gas composition. The
validation results showed that the simulated EIS spectra agreed well
with the experimental results for a wide range of operating condi-
tions. Closer examination of the dynamic response revealed that the
amplitude of hydrogen concentration at the anode/electrolyte inter-
face increased at lower frequencies, explaining the increasing mass-
transfer resistance observed at low frequencies. Simulating EIS
spectra can be useful in interpreting the data. For example, it was
possible to isolate the frequency range where mass transport was
dominant; it was observed that the frequency range over which
mass-transport limitation dominates increases as the hydrogen con-
centration decreases. Finally, sensitivity analysis of the impedance
�magnitude and phase angle� on the tuned parameters was per-
formed at three frequencies �0.1, 10, and 1000 Hz�.

The proposed approach can represent a valuable tool to interpret
EIS spectra and to build a direct relationship between two of the
most import experimental techniques in electrochemical character-
ization: steady-state polarization curves and EIS spectra.

Figure 14. Frequency corresponding to 0.5 � cm2 �curves start to diverge�
as a function of hydrogen concentration at 800°C. Constant H2O concentra-
tion of 4.2%.
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List of Symbols

C concentration, mol m−3

C specific double-layer capacitance, F m−2

D diffusion coefficient, m2 s−1

E activation energy, J mol−1

F frequency, Hz
i current density, A m−2

i0 exchange current density, A m−2

Mi molecular weight of species i, kg/mol
P pressure, Pa
Q source term of charge-balance equations, A m−3

R gas constant, 8.314 J mol−1 K−1

Ri source term of mass-balance equations, kg m−3 s−1

Sact active surface area per unit volume, m2 m−3

t time, s
T temperature, K
V electric potential or cell voltage, V

Vi,Vj diffusion volume
wi mass fraction of species i

Greek letters

� transfer coefficient
� tuning parameter, �−1 m−2


 porosity
	 overpotential, V
� density, kg m−3

� conductivity, S m−1

� tortuosity
 angle frequency, rad s−1

Superscripts

eff effective

Subscripts

ac anode chamber
act activation/active
an anode

avg average
bulk bulk phase

ca cathode
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cc cathode chamber
elec electronic
inter interface

ion ionic
kn Knudsen
sp support
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