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Abstract

The cathode/electrolyte interface in anode-supported solid oxide fuel cells (SOFCs) with Ni–8 mol% yttria-stabilized zirconia (YSZ) anode,
thin YSZ electrolyte and La0.8Sr0.2Mn1.1O3−δ (LSM)–YSZ composite cathode was modified by dispersed (CeO2)0.01–(Sc2O3)0.10–(ZrO2)0.89
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1Ce10ScZr) electrolyte. The two electrolytes were co-fired into a dense and continuous electrolyte film. By this method, the electrode
olarization resistance, specifically the charge transfer resistance of oxygen ions, was greatly reduced. The modified cell achieved a higher
erformance than the unmodified one, especially at the lower operation temperatures. The decrease of electrode polarization resistance can
e ascribed to the accelerated surface oxygen exchange rate from 1Ce10ScZr electrolyte at the cathode/electrolyte interface.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Solid oxide fuel cell (SOFC) provides a highly efficient
nd environmentally friendly power generation system. In
ecent years, enormous research efforts are orientated to
he intermediate-temperature SOFC (IT-SOFC, operated
t 650–800 ◦C) [1–5] in order to meet various applica-
ion requirements. Among various cell structures, the
node-supported SOFC with a thin YSZ electrolyte and an
SM–YSZ composite cathode achieves a leading develop-
ent [6–9]. In the intermediate-temperature range, however,

he cathode overpotential grows significantly and becomes
he main issue affecting the cell performance [6,8,9].

Some highly active cathode materials, such as
a0.6Sr0.4CoO3−δ (LSC) [5,10] and La0.8Sr0.2FeO3−δ

LSF) [11], are applied as alternatives of the LSM–YSZ
omposite cathode. A buffer layer of a doped ceria elec-
rolyte is usually required to avoid the deleterious reactions
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[5,10–12]. Unfortunately, solid-state reactions can also
occur between the ceria interlayer and the YSZ electrolyte
during co-firing at above 1300 ◦C [13,14]. On the other
hand, a doped ceria electrolyte shows a different thermal
expansion coefficient from the YSZ electrolyte, and it is
fragile against various mechanical stresses. Therefore, the
LSM–YSZ composite cathode is still the preferential choice
for the YSZ electrolyte until now.

The cathode/electrolyte interface is also an important ori-
gin of internal efficiency loss for anode-supported SOFC
[6,15–19]. To optimize the interface, introducing a thin
interlayer with higher oxygen ionic conductivity, such as a
doped ceria electrolyte, could greatly reduce the electrode
impedance [20–22]. On the other hand, besides adopting
the LSM–YSZ composite cathode, the three-phase-boundary
length (TPBL) for oxygen reduction can be extended through
sintering individual YSZ particles on a thick YSZ membrane
for pure LSM cathode [23,24].

Compared with the YSZ electrolyte, the (CeO2)0.01–
(Sc2O3)0.10–(ZrO2)0.89 (1Ce10ScZr) electrolyte displays
much higher oxygen ionic conductivity [25,26] and the two
378-7753/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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electrolytes show good chemical compatibility and similar
thermal expansion coefficients. In this paper, the 1Ce10ScZr
electrolyte particles were implanted onto the surface of YSZ
thin film to optimize the cathode/electrolyte interface. The
structure and electrochemical performance of the anode-
supported SOFC were investigated.

2. Experimental

Sc2O3 was supplied from Rare-Chem Hi-Tech Corpora-
tion of China. (CeO2)0.01–(Sc2O3)0.10–(ZrO2)0.89 electrolyte
powder, with an average particle size of about 0.5 �m, was
prepared by the co-precipitating method, and calcined at
600 ◦C for 2 h. La0.8Sr0.2Mn1.1O3−δ (LSM) was synthesized
through a combined citrate and EDTA complexing method,
and calcined at 1100 ◦C for 2 h to get a pure perovskite phase.
The 8 mol% yttria-stabilized zirconia (YSZ, Tosoh Corpora-
tion, Japan) and nickel oxide (NiO, J.T. Baker Corporation,
American) were used without further purification.

YSZ thin film supported on NiO–YSZ (50:50, wt.%) sub-
strate was fabricated by the tape-casting method with suitable
organic binders, and then made into green bodies of 25 mm
diameter. The 1Ce10ScZr particles were dry-coated directly
onto the green YSZ film surface, in which the particles were
spread on the surface through wiping with a soft plastic film.
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Fig. 1. Optical micrographs of the green electrolyte film surface: (a) before
modification and (b) after 1Ce10ScZr modification.

pressed. Fig. 2 displays the SEM micrograph of the cross-
section of the modified cell. The electrolyte film is dense
and continuous without any pinholes or cracks. Owing to the
good chemical compatibility and the similar thermal expan-
sion coefficients, the two electrolytes are sintered together
very well. As a result, it is difficult to discriminate 1Ce10ScZr
grains at cathode/electrolyte interface from the YSZ elec-
trolyte layer. This is different from the obvious interface
between ceria buffer layer (or interlayer) and YSZ thin film by
a two-step sintering process [11]. The modification of cath-
ode/electrolyte interface with 1Ce10ScZr does not destroy
the structure of the YSZ electrolyte layer, and a good gas
tightness characteristic is kept.

3.2. EIS analysis

Fig. 3 displays the EIS spectra of the cells measured at
650 ◦C under open circuit conditions. The high frequency
arc, ranging from 50 kHz to 50 Hz, is obviously suppressed
after the 1Ce10ScZr modification. The arc in this frequency
range depends mainly on the charge transfer processes of
t last, about 0.2 mg cm−2 of 1Ce10ScZr electrolyte was left
n the YSZ surface. After pressed under 94 MPa, the green
ssembly was co-fired at 1400 ◦C for 2 h. The anode substrate
nd the densed YSZ electrolyte layer were 700 and 15 �m in
hickness, respectively. The LSM–YSZ (50:50, wt.%) com-
osite cathode was applied onto the electrolyte film by the
creen-printing method, and fired at 1200 ◦C for 2 h. The cath-
de was about 0.50 cm2 in area and about 50 �m in thickness.

To test cell performance, H2 mixed with water vapor
3 vol.%) and pure O2 were fed into the anode and the cathode
t a flow rate of 100 ml min−1, respectively. The two-probe
lectrochemical impedance spectra (EIS) were measured in
he frequency range of 50 kHz to 0.1 Hz with the amplitude
f 10 mV under open circuit condition.

The electrolyte surface morphology was examined by
ptical microscopy (OM, Keyence-VK8510) before firing.
he modified cell was also observed by scanning electron
icroscopy (XL-30) after cell test.

. Results and discussion

.1. Structure of electrolyte layer

Fig. 1 gives the OM graphs of the green electrolyte film
urfaces with and without 1Ce10ScZr modification. The
nmodified YSZ film exhibits a smooth surface (Fig. 1a).
fter the dry coating of 1Ce10ScZr, the YSZ film surface

s partially covered with some white 1Ce10ScZr particles
Fig. 1b), which are tightly combined with the YSZ layer after



308 Z. Wang et al. / Journal of Power Sources 156 (2006) 306–310

Fig. 2. SEM graph of the cross-section of the 1Ce10ScZr modified cell.

oxide ions from the LSM–YSZ composite cathode to the
YSZ electrolyte [9]. Generally speaking, the exchange cur-
rent density at the cathode/electrolyte interface is in propor-
tion to the ionic conductivity of the applied electrolyte [25].
The oxygen ionic conductivity of scandia-stabilized zirco-
nia electrolyte is about two to three times of that of YSZ in
the intermediate-temperature range [26,27]. Therefore, the
1Ce10ScZr modification on YSZ film surface promotes the
charge transfer processes. Another possible reason may be
related to the small quantity of CeO2 in the 1Ce10ScZr elec-
trolyte. Steel reported that doping with larger redox cation can
enhance the injection of oxide ions into solid electrolyte [28].
Especially, the Ce4+/Ce3+ redox reaction is favored at surface
sites. So, CeO2 in 1Ce10ScZr electrolyte may also improve
the surface oxygen exchange rate of electrolyte layer.

Fig. 3 also shows the similar ohmic resistances between
the modified cell and the unmodified one. It can be deduced
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Fig. 4. Electrochemical impedance model. L, inductor; R0, ohmic resistance;
R1, resistance of high frequency arc; CPE1, constant phase element of high
frequency arc; R2, resistance of low frequency arc; CPE2, constant phase
element of low frequency arc.

that no deleterious interfacial reaction takes place between the
1Ce10ScZr grains and the YSZ electrolyte layer during the
co-firing at 1400 ◦C. Though the doping cations in the two
zirconia electrolytes might diffuse into each other at high
temperature, the ionic conductivity of Y2O3–Sc2O3–ZrO2
system is still much higher than that of the YSZ elec-
trolyte [29,30]. Accordingly, the deleterious reaction, which
often occurs between the doped ceria and the YSZ elec-
trolyte film during co-firing [13,14], does not occur in our
experiments.

Leng et al. proposed an equivalent circuit to quantita-
tively evaluate the EIS spectra [9], as illustrated in Fig. 4.
Inductor L, at high frequency range, is originated from
metal current collectors and leads. Resistance R0, inter-
cept on real axis at high frequency region, represents the
total ohmic resistance. The arc (R1, CPE1) at high fre-
quency range reflects the charge transfer of oxide ions.
And the semicircle (R2, CPE2) at low frequency range
is mostly influenced by the oxygen dissociative adsorp-
tion and/or surface diffusion of oxygen species at the
LSM–YSZ surface. The impedances from H2 electrochem-
ical oxidation at anode and from YSZ grain boundary are
neglected considering the small and unaltered impedance
sizes of these processes. The EIS spectra were simulated by
a complex non-linear least-square (CNLS) fitting program
according to the equivalent circuit. The fitted parameters
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ig. 3. Electrochemical impedance spectra of the single cells with and with-
ut the 1Ce10ScZr modification. The spectra were measured at 650 ◦C and
nder open circuit conditions.
nd their error% of the standard cell at 650 and 800 ◦C
re taken as examples in Table 1. R1, the charge trans-
er resistance, is given in Fig. 5 as a function of temper-
ture. At 800 ◦C, R1 decreases from 0.24 � cm2 for the
nmodified cell to 0.18 � cm2 for the 1Ce10ScZr modi-
ed one. At 650 ◦C, R1 significantly decreases from 0.82 to
.38 � cm2 after modification. So, the modification effec-

able 1
mpedance parameters evaluated by CNLS program for the unmodified cell
t 650 and 800 ◦C

arameters 650 ◦C 800 ◦C

Value Error% Value Error%

(H) 1.1E−6 0.22 1.1E−6 0.47

0 (� cm2) 0.21 0.32 0.11 2.3

1 (� cm2) 0.34 2.1 0.23 3.8
PE1-T 0.019 2.4 0.036 7.4
PE1-P 0.43 1.1 0.47 1.5

2 (� cm2) 0.82 0.86 0.24 3.6
PE2-T 0.018 2.27 0.045 2.9
PE2-P 0.33 0.40 0.22 1.6
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Fig. 5. Temperature dependence of R1 and R2 of the cells with and without
the 1Ce10ScZr modification.

tively reduced the charge transfer resistance, especially at
lower temperatures. R2, the surface diffusion resistance is
also shown in Fig. 5. No significant decrease of R2 is observed
after the 1Ce10ScZr modification at cathode/electrolyte
interface.

F
1

3.3. Cell performance

Fig. 6 displays the output performance of the cells with
and without 1Ce10ScZr modification. The two cells display
the similar open circuit voltage of about 1.12 V at 800 ◦C,
nearly equal to the theoretical value. This indicates the good
gas tightness of the YSZ electrolyte layer after the 1Ce10ScZr
modification, which is consistent with the SEM observations
in Fig. 2. At 800 ◦C, the modified cell gives a power den-
sity of 1.32 W cm−2 at 0.7 V and a maximum power density
of 1.53 W cm−2, and whereas the corresponding values are
1.17 and 1.41 W cm−2 for the unmodified cell. At 650 ◦C, the
modified cell shows a power density of 0.53 W cm−2 at 0.7 V,
which is 40% higher than the 0.38 W cm−2 for the unmodi-
fied one. The performance improvement is more significant
at lower temperature, which is consistent with the decrease
of charge transfer resistance after the modification.

4. Conclusions

The 1Ce10ScZr modification at the cathode/electrolyte
interface reduced the charge transfer resistance of oxide ions
from the LSM–YSZ composite cathode surface to the YSZ
electrolyte surface, which was mainly attributed to the faster
surface oxygen exchange rate of 1Ce10ScZr grains than the
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ig. 6. Output performance of the single cells with and without the
Ce10ScZr modification: (a) unmodified cell and (b) modified cell.
SZ electrolyte film. The modification improved cell perfor-
ance, especially at the lower temperatures. The 1Ce10ScZr
odification at cathode/electrolyte interface provides a new,

imple and cost-effective approach to improve the cell per-
ormance. At last, the modification is helpful to understand
he electrochemical essence at electrode/electrode interface
f SOFC.
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