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Abstract—Effects of operation parameters on impedance responses are characterized to study electrochemical reac-
tions of an anode-supported solid oxide fuel cell (SOFC) in an air blowing operation. The anode-supported SOFC, which
consists of Ni-yttrium stabilized zirconia (YSZ) support/Ni-YSZ anode functional layer/YSZ electrolyte/gadolinium

doped ceria (GDC) interlayer/La, St ,Co,,Fe, O

3-8

-GDC cathode, is fabricated by a tape casting and co-firing pro-

cess. To investigate the electrochemical response on impedances, an equivalent circuit is modeled with five elements
and fitted by the complex nonlinear least square (CNLS) method. Based on the impedance spectra with the operation
parameters, two among five elements are clarified to be concerned with anodic reactions and another two concerned
with gas diffusion reactions in electrodes. It is difficult to clarify one among five elements with the results here. The
clarified elements may be used to study the effects of materials and processes for SOFC with impedance responses,
which will be helpful to improve the performance and reliability.
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INTRODUCTION

Fuel cells, which convert chemical energy such as hydrogen, meth-
anol, ethanol, formic acid, and methane, into electric energy, have
several potential advantages over direct combustion devices, includ-
ing higher efficiency, lower/zero emissions, and higher power den-
sity. Although more than seven types of fuel cells have appeared,
solid oxide fuel cells (SOFCs) are believed to be the most promis-
ing future component of energy generation systems [ 1-3]. Their high-
temperature operation above 700 °C accelerates electrochemical
oxidation of fuel with non-precious materials and produces high-
quality heat as a byproduct for cogeneration. The development of low-
cost materials and fabrication processes is the key technical chal-
lenge facing SOFCs [4-6]. The anode-supported design for SOFCs
has been extensively investigated due to its ease of fabrication, robust-
ness, and high electrochemical performance [7-11]. The parameters,
such as composition and thickness of an anode functional layer [12-
15], cathode materials, and GDC interlayer [16-21], have been stud-
ied for anode-supported SOFCs. For the state-of-the-art in anode-
supported SOFCs (ASCs) operating at 700-800 °C, the anode - sup-
ported SOFC consists of Ni-YSZ support, Ni-YSZ anode functional
layer, YSZ electrolyte, Gd-doped ceria (GDC)-based interlayer, and
Lay, ¢Sr,,Coy,Fe, 0,5 (LSCF) - GDC composite cathode [22-31].

Several electrochemical reactions, such as charge transfer at elec-
trodes, gas-coupled reactions, and gas diffusion reactions, occur in
anode-supported SOFCs, and those reactions are concerned with
the parameters such as the properties of materials, processes for fab-
rications, operation conditions, etc [32-34]. To characterize the cor-
relations between the parameters (materials properties, processes,
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operation conditions, etc.) and fuel cell performance, one of the most
important and promising methods is electrochemical impedance
spectroscopy (EIS). Electrochemical impedances are the overlapped
spectra from several electrochemical reactions in response to AC
voltage perturbation, and the vague nature of the impedance responses
makes it difficult to break the measured impedance values down
into the corresponding electrochemical reactions. EIS has been widely
used for performance evaluation and degradation diagnosis, and is
helpful to improve and optimize the fuel cell performance. How-
ever, recently, many researchers have proposed electrochemical equiv-
alent circuit models (ECM) in order to investigate the electrochemical
reactions for ASCs, and the proposed ECMs are well matched with
their experimental data [32-38]. Schichlein introduced the distribu-
tion of relaxation time (DRT) method to deconvolute the electro-
chemical impedance spectra of SOFCs [38]. Schichlein suggested
that the measured data from EIS are overlapped spectra with each
electrochemical reaction, which has a different relaxation time con-
stant. An equivalent circuit model composed of five RQ (resistance
and constant phase element) impedance elements connected in series
(an inductor, resistor, and five elements) was also suggested [33-
39]. With the help of proper impedance models, mass diffusion and
charge transfer contributions to the whole polarization can be isolated
[40-42].

The aim of this paper is to identify contributions of cell compo-
nents on the cell resistance to accelerate SOFC commercialization.
To understand and improve fuel cell performance with electrochemi-
cal reactions, in this study, the current-voltage characteristics and
impedances of an anode-supported SOFC in an air blowing system
are measured and characterized with various conditions, including
flow rate, temperature, partial pressure, air blowing rate, and so on.
The impedances of SOFC are characterized by a complex nonlin-
ear least square (CNLS) fitting with the equivalent circuit devel-
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Fig. 1. Process for fabrication of Anode supported SOFC.

oped with five RQ in series. The fitted results are compared with
the measured data, and the five elements are studied to clarify electro-
chemical events by varying operation parameters. To investigate
the parameter dependence of each single polarization process, a series
of impedance measurements is carried out in which only one cell
parameter at a time is varied.

EXPERIMENTAL PROCEDURES

The anode-supported SOFC was fabricated by a co-firing pro-
cess with three thin layers of support, anode and electrolyte as shown
in Fig. 1. The shurry for porous support consisted of NiO (0.4 pm,
Kojundo Chemical Lab., Japan), 8 mol% Y,O;-stabilized ZrO, (YSZ,
TZ8Y, Tosoh, Japan), graphite as a pore former (Carbonix, Korea),
and binder. The starting materials were mixed and ball-milled with
zirconia balls (diameter=10 mm and 5 mm) for 48 h. To prepare
the anode functional layer, NiO and YSZ powders in a 6 : 4 weight
ratio were mixed and ball milled with binder and solvent. The YSZ
electrolyte tape was prepared with YSZ powder and binder. The
support, anode, and electrolyte tape layers were laminated with 40
MPa at 80 °C for 10 min. The laminated tapes, consisting of an NiO-
YSZ support layer, an NiO-YSZ anode functional layer (AFL), and
a'YSZ electrolyte, were 25 cm*25 cm. They were co-fired at 700 °C
for 2 h to burn out the binder, organic additives, and pore formers.
Subsequently, the laminated tapes were sintered at 1,370 °C for 3 h.
The GDC interlayer of —1 um was formed on YSZ electrolyte via
an aerosol deposition method. The anode-supported cells, Ni-YSZ
support (—900 um)/Ni-YSZ AFL (-15 pum)/YSZ (—10 um)/GDC,
were cut by water jet method into circles with diameters of 2.6 cm
from a sintered plate. A composite paste with La, ¢Sr, ,Co,,Fe)s0;_s
(LSCF, Seimi Chemicals, Japan) and GDC (Anan Kasei, Japan) in
a 6:4 weight ratio as a cathode electrode was screen printed on
the GDC interlayer of the co-fired cell. Subsequently, a paste with
LSCF was screen printed on the LSCF - GDC composite cathode
to improve the current collection. The cathode active area was 1 cnr’.
The fabricated cell was assembled and sealed with Cerama bond™
571 from AREMCO to measure the current-voltage characteristics
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and impedances in an alumina jig. The Pt paste and mesh were used
for current collecting. The cell was heated to 800 °C in 9 h, and anode
reduction was performed with 200 ccmin™ of 97% H, - 3% H,0
for 3 h. The current-voltage characteristics of the anode-supported
SOFC were tested with 200 ccmin™ of 97% H, - 3% H,O and 1,000
ccmin™ of air at 800 °C, 750 °C, and 700 °C with electronic load of
KIKUSUI PLZ-30F. After obtaining the electrochemical perfor-
mance at 700 °C, the cells were reheated to 750 °C. The impedances
of the SOFC were measured at the over-potential from 0 to 0.7 V.
To study the effects of fuel and oxidant on the anode and cathode
electrode, the flow rate of H, was varied from 50 to 300 ccmin™'
and the flow rate of blowing air was controlled from 250 to 2,000
cemin”'. The effects of the H, and O, partial pressure on imped-
ance spectra were also characterized. The impedance measurements
were carried out with a Biologic SP300 in the frequency range from
100 kHz to 0.1 Hz with applied AC voltage amplitude of 100 mV.
After electrochemical measurements were taken, the microstruc-
tures of the SOFC were characterized via scanning electron micros-
copy using a JSM-6480LV.

RESULTS AND DISCUSSION
The cross-sectional images of anode-supported SOFCs are shown

in Fig. 2, and a good adhesion between all layers is observed. ASC
consists of a —900 pm NiO-YSZ support layer, a 15 um NiO-YSZ

n BBBB 18 45 SEI

Fig. 2. Cross-sectional Image of anode supported SOFC.
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Fig. 4. Current-voltage characteristics of the anode supported
SOFC.

layer as an anode functional layer (AFL), a —10 um YSZ electrolyte,
a GDC interlayer, and a cathode layer. The schematic diagram of a
measurement jig for air blowing system is shown in Fig. 3. An anode
fuel flows parallel with the anode support and is diffused vertically
into a porous anode support and an anode functional layer. The air
is supplied as a blowing type.

The power densities of the ASC at 0.9 V are 0.68 Wem 2, 0.51
Wem?, and 0.34 Wem ™ at 800 °C, 750 °C, and 700 °C, respectively,
as shown in Fig. 4. The fuel cell performance is good enough to
study impedance analysis. The impedance spectra as a function of
over-potential from 0V to 0.7 V at 750 °C are shown in Fig. 5. The
impedance values decrease and re-increase with increasing over-
potential as shown in Fig. 5(a). The high frequency intercept of im-
pedance spectra represents the ohmic resistance of ASC. The low
frequency intercept of impedance spectra shows the area specific
resistance (ASR) of the SOFC, and the slope of the current-voltage
curve at each potential is identical to the ASR measured by imped-
ance measurements. At near open circuit voltage, the activation polar-
ization is dominant, and the contribution of activation polarization
decreases with increasing over-potential. Therefore, the ASR value
at the high over-potential is much lower than that at open circuit
voltage. As shown in Fig. 4, the decrease of the slope in the current-

1543
0.20
9.9 + 00V
=01V
0.16 |- 402V
@ 0.14 .03V
o-0.4V
@ 012 100 Hz
£ 1000 Hz 0.5V
= 010 * 406V
S T 10 Hz
~ 0.08 | = S0TV
e 10000 Hz | /
' 2 N | ‘l /-' 1Hz
0.04 Y .. a:;.';'!Jﬂo._ Lttt ./
0.02 \\. e ’\// 0.1 Hz
K -
0.00 - .
o 0.1 0.2 0.3 0.4
Z' (ohm-cm?)
() Cole-cole plot
0.06
+ 00V
0.05 01V
402V
N .03V
E 0.04 o0 - 004V
- § o a o085V
4E= 0.03 | =t * Sttt 406V
:C_" _.\.n:_zgn teaaet?t .-;:‘. STV
N 002 ;% T L] a®
h 2 K E..'E"‘ET..'U. .--..-L‘
" "Coolgd 'li | P LT
0.01 5,0 afollasileRdg faaee?
P UPe YL LT R
oZadg®
000 laaiti®® J i |
1.00E-01 1.00E+00 1.00E+01 1.00E+02 1.00E+03 1.00E+04 1.00E+05
Frequency (Hz)
(b) Bode plot

Fig. 5. Impedance spectra as a function of over-potential (0-0.7 V).
(a) Cole-cole plot, (b) Bode plot.

voltage curve is observed with the over-potential ranging from 0 V
to 0.4 V. However, with increase of the over-potential from 0.5 V
to 0.7V, the ASRs increase. When the impedance is plotted with a
frequency in Fig. 5(b), the semi-circle at high frequency range (100-
1,000 Hz) decreases with increasing over-potential. However, the
semi-circle at low frequency range (0.1-10 Hz) decreases with in-
crease of the over-potential from 0V to 0.4V, and it re-increases
with increase of the over-potential from 0.5 V to 0.7 V. This phe-
nomenon shows that the mass transfer polarization is decreased and
re-increased with over-potential [39], which means that the mass
transfer limit exhibits at over-potential higher than 0.5 V in this study.

The impedance spectra with H, flow rate at OCV are shown in
Fig. 6(a) and (b). The low frequency intercepts (ASRs) with vari-
ous H, flow rate exhibit similar values as shown in Fig. 6(a). How-
ever, the different overlapped impedance spectra are observed in a
Bode plot of Fig. 6(b). With the higher H, flow rate, the charge trans-
fer and gas diffusion reaction might be enhanced, which results in
lowered impedance. However, here, H, flow rate in the range of 30
to 200 ccmin! is ineffective on the total impedances. Even though
ASRs exhibit similar values, the impedances show the different re-
sponses with frequencies. With a higher H, flow rate over 150 ccmin™,
two vertexes are observed at —1,000 Hz and 1-10 Hz. With a lower
H, flow rate of less than 100 ccmin™, three vertexes are observed
at —1,000 Hz, 1-10 Hz, and —0.1 Hz. It shows that with decreasing
H, flow rate, the overlapped spectra can be clearly separated. The
impedances with the H, flow rate can be helpful to distinguish the
physical events, which correlate that the charge transfer, charge trans-
fer coupled with gas diffusion, and mass transfer.

By controlling the amount of H, and N,, the partial pressure of
H, was controlled. The flow rate of mixed fuel was maintained at

Korean J. Chem. Eng.(Vol. 29, No. 11)
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Fig. 6. Impedance spectra as a function of H, flow rate (200, 150,
100, 50, and 30 cemin™). (a) Cole-cole plot, (b) Bode plot.
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Fig. 7. Impedance spectra as a function of H, and N, ratio (200 : 0,
150 : 50, 100 : 100, 50 : 150, and 30 : 170 ccmin™). (a) Cole-
cole plot, (b) Bode plot.

200 ccmin™, and the ratio of H, to (H,+N,) was varied. The imped-
ances are with the partial pressure of H, at OCV shown in Fig. 7.
As shown in Fig. 7(b), the imaginary part at the high frequency range
of 100-1,000 Hz has similar values, and those at the low frequency
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range of —1 Hz increase with decreasing H, partial pressure. This
might mean that the polarization increases at lower H, partial pres-
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Fig. 10. Impedance spectra as a function of P, (4.2%, 12.2%,
30.8%, and 46.6%). (a) Cole-cole plot, (b) Bode plot.

sure due to the fuel gas diffusion into the AFL, which needs to be
further studied with varying the parameters. Figs. 8 and 9 show the
impedance spectra at OCV with air flow rate and oxygen partial
pressure. The air flow rate has no effect on the impedance spectra.
However, the increment of the O, partial pressure reduces the im-
pedance value of the ASC. With increasing H,O partial pressure,
the impedance values at OCV decrease as shown in Fig. 10. The
imaginary parts at both frequency ranges of 100-1,000 Hz and 1-10
Hz decrease with increasing H,O partial pressure. The H,O partial
pressure might affect the charge transfer polarization at the high
frequency range and the mass transfer polarization at the low fre-
quency range. With the results with various operation conditions in
the air blowing system, the anode-supported SOFC shows the incre-
ment in fuel cell performance with increasing partial pressure of
H,, O,, and H,O. The air flow rate has no effect on the impedance at
open circuit voltage and 750 °C. The total impedance is not changed
with the H, flow rate, but the vertexes are changed with the H, flow
rate.

A single SOFC consists of two porous electrodes (anode and cath-
ode, respectively) and an oxide ion conducting ceramic material as
the solid electrolyte. Based on ECM circuit, we were able to obtain
the best fitting result by employing five RQ elements as shown in

A
L RO vV Y Vv
Yy Y
N T

-l L

Fig. 11. Equivalent circuit.

Fig. 11, which suggests that the spectra are the result of a complex
interplay between several competing reactions, including the reac-
tions of electro-catalytic activation, ion conduction, mass transfer,
and gas diffusion-coupled reactions with operation conditions [39].
Fig. 11 shows the proposed circuit model, in which an inductor and
a resistor (R0) are connected with five R elements in series. RO is
from the ohmic resistance of the electrolyte, electrodes, and the con-
nection wires; L is the inductance, which is attributed to the plati-
num current-voltage probes or the heating elements of the furnace
used to heat up the sample. R elements correspond to the gas diffu-
sion coupled with the charge transfer reaction and ionic transport,
the oxygen surface exchange kinetics and oxygen ion diffusivity at
cathode, and to the gas diffusion reaction [39], which will be clari-
fied. Fig. 12 shows the change of R values with the over-potential
at each temperature with 200 ccmin™ of 97% H, - 4.2% H,0 and
1,500 ccmin™' of air. RO show similar values with the over-poten-
tial, and R1, R2, and R3 decrease with the over-potential. R4 de-
creases dramatically at 0.2 V of the over-potential, and R5 increase
dramatically from 0.4 V of the over potential at 800 °C, from 0.5 V
of the over-potential at 750 °C, and from 0.6 V of the over-poten-
tial at 700 °C. The mass transfer limitation occurs at lower over-
potential and temperature, which results in higher impedance val-
ues. Figs. 14-17 show the fitted results with variation of the param-
eters. With increasing H,O partial pressure, R1, R2, R3, and R5 de-
crease. R2, R3, R4, and RS are reciprocally proportional to the H,
partial pressure, and R4 is reciprocally proportional to the air partial
pressure. In terms of H, flow rate, R2, R3, and R4 are proportional,
while RS is inversely proportional to H, flow rate. With the air flow
rate, the polarization values are not changed.

The fitted polarizations results are shown in Table 1. Each of the
proposed equivalent circuit elements is possibly associated with
separate electrochemical events occurring in the fuel cell. It should
be, however, noted that in analyzing impedance spectra using a fitting
method, it is usually difficult to relate each of the elements to an
actual physical event, since EIS is not a stand-alone test. An indi-
rect, but effective way to glean further information on connecting
the elements to an actual physical event is changing operation con-
ditions and monitoring possible changes in R values. In this study,
RO is the ohmic resistance, and it is not changed with the change
of fuel and oxidant supply. However, the R2 and R3 values are af-
fected by the H, flow, which means that R2 and R3 are concerned
with the anodic reactions. RS, as shown in Fig. 15 and 17, decreases
dramatically with increasing H, flow rate, which means that R5 is
related to the gas diffusion reaction in anode. R4 decreases with
increasing air flow rate, which corresponds to the cathode mass limi-
tation. It is difficult to clarify R1 with fuel and oxidants parameters,
here. Leonide et al. also demonstrate an equivalent circuit of the
anode-supported SOFC, which has five impedance elements con-
nected in series by distribution of relaxation time [35,36,39.43]. They

Korean J. Chem. Eng.(Vol. 29, No. 11)



1546 J.H. Kim et al.

0.14

0.12

0.10

0.08

0.06

ASR (ohm-cm?)

0.04

0.02

0.00

0 0.2 0.4 0.6 0.8
-Bias voltage (V)
(a) 800°C

0.10

0.08

0.06

0.04

ASR (ohm-cm?)

0.02

0.00

0 0.2 0.4 0.6 0.8
-Bias voltage (V)
(b) 750 °C
0.20

0.18
0.16
0.14
0.12
0.10
0.08

ASR (ohm-cm?)

0.06

0.04
0.02

0.00

0 0.2 0.4 0.6 0.8
-Bias voltage (V)
(c) 700 °C
Fig. 12. Polarization elements with over-potential (a) 800 °C (b)
750 °C, and (c) 700 °C.

November, 2012

ASR (ohm-cm?)
°© o o o
o (=) (=] —
-+~ [=)] [+5] o

e

(=

N
T

0.00 . . . .

Pr0 (%)

Fig. 13. Polarization elements with P,, ,.

0.18

0.16 g

0.14 -E\

. RO
012 | — —

0.10

0.08

0.06

ASR (ohm-cm?)

0.04

0.02

0.00

0.1 0.3 0.5 0.7 0.9
H>/(H>+N,)
Fig. 14. Polarization elements with H,/(H,+N,).

report that the resistor RO represents the ohmic resistance, while
the resistors R1, R2, and R3 are associated with charge transfer reac-
tions at the electrode, which include the gas diffusion coupled with
the charge transfer reaction and ionic transport and the oxygen surface
exchange kinetics and oxygen ion diffusion at cathode. R1, R2, and
R3 respond sensitively to a disturbance in the high frequency range
of 0.5-10 kHz. R4 and RS are related to mass transfer at the elec-
trode, responsive to a signal in the low frequency range of 1-100 Hz.
Several recent studies also adopted a similar circuit model based
on multiple impedance elements connected in series to describe meas-
ured impedance spectra [39,43].

In this work, five elements are suggested and tried to clarify the
physical events on impedance responses by varying operation param-
eters. Two elements are concerned with anodic reaction of the gas
diffusion coupled with the charge transfer reaction and ionic trans-
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port. Another two elements are concerned with anode and cathode
mass transfer reaction, respectively. However, one element is not
easy to clarify. This work shows similar results in clarifying the ele-
ments of ECM, which means that the electrochemical diagnosis
process comprises measuring, modeling with ECM, fitting, and inter-
pretation is acceptable to use SOFC performance diagnosis [39].
The physical meaning of each element in this work may be very
useful to find and develop the effects of materials and processes
for SOFC, and the degradation mechanism can be analyzed to use
the change of each element.

CONCLUSIONS

An anode-supported SOFC, consisting of an Ni-YSZ support/
Ni-YSZ anode functional layer/YSA electrolyte/GDC interlayer/
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Fig. 17. Polarization elements with Air flow rate.

Table 1. Summary of fitted five elements with operation param-
eters

Over-potential P,, P, P, Airflowrate H,flowrate

RO
RI
R2
R3
R4
R5 = J

\
\
\

—
D e
- > o>

LSCF-GDC cathode, was prepared by a co-firing process and an
aerosol deposition method. Anode-supported SOFCs were charac-
terized as a function of operation conditions. In an air blowing sys-
tem, the anode-supported SOFC shows an increment in fuel cell
performance with increasing of H, partial pressure, increasing air
partial pressure, and decreasing H,O partial pressure. The air flow
rate has no effect on impedance at 750 °C. The total impedance is
not changed with the H, flow rate, but the vertexes are changed with
the H, flow rate. To investigate the electrochemical response to imped-
ances, the equivalent circuit is modeled and fitted by CNLS method.
The five elements in equivalent circuit model are characterized. Two
elements are concerned with the anodic reactions, while another
two elements are related to the gas diffusion reaction in the elec-
trode. One element among five is not easy to clarify. Each equiva-
lent circuit element could show more than one reaction, and much
work is needed to clarify the relationship among the electrochemi-
cal process, measurement variables, and their contribution to the
impedance spectra of SOFCs. The results of this work may be used
to develop the materials and process for SOFC by using the mean-
ing of the elements in equivalent circuit model.
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