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Abstract

Electrolyte-supported solid oxide fuel cells (NiO-1Ce10ScZr|1Ce10ScZr|LSM-1Ce10ScZr) were prepared in this study. The effects of co-
sintering temperatures of cathode and anode with electrolyte and the additions of metal oxide (Bi2O3 and CeO2) in the anode on the
microstructures and electrochemical properties were investigated. The carbon deposition behaviors of the anode with added CeO2 were also
evaluated. Results indicated that the maximum power density (Pmax) initially increased from 0.28 W/cm2 (1150 1C) to 0.35 W/cm2 (1250 1C),
and then decreased to 0.33 W/cm2 (1300 1C) with the increase in co-sintering temperature from 1150 1C to 1300 1C. The variation tendency of
Pmax was attributed to a complex combination of the bond strength increase of the interfaces and the densification of the electrodes with the
increase of the co-sintering temperature. Adding proper CeO2 in the anode effectively improved the electrochemical properties of the ZrO2 doped
with Sc2O3 electrolyte-supported single cells. This phenomenon could be related to the increase of the dimension of three-phase boundary. The
Pmax of the SSZ electrolyte-supported single cell with the anode mixed with 1.0 wt% CeO2 could reach 0.42 W/cm2. The mixture of 1.0 wt%
CeO2 in the anode could also effectively suppress the carbon deposition of CH4 on the anode surface.
& 2014 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Current research efforts are focused on solid oxide fuel cells
(SOFCs) because of their high efficiency and significant
environmental benefits [1,2]. Among the various cell struc-
tures, the electrolyte-supported SOFC (ESC) is well known
because of its high stability during thermal cycle and oxida-
tion–reduction cycle [3]. The electrolyte material for ESC
should have pure ionic conductivity and chemical stability in
oxidizing and reducing atmospheres. The 8.0 mol% yttrium-
stabilized zirconia (8YSZ) is the most commonly used
electrolyte for ESC [4]. However, the ionic conductivity of

this ceramic is not sufficiently high for utilization at operating
temperatures.
Compared with YSZ electrolyte, ZrO2 doped with Sc2O3

(SSZ) electrolyte displays higher oxygen ionic conductivity,
but these two electrolytes show good chemical compatibility
and similar thermal expansion coefficients [5–7]. The cubic
phase in the SSZ system has the highest ionic conductivity, so
it is suitable for use as a solid electrolyte for SOFCs [8].
However, the cubic phase is not stabilized at lower tempera-
tures (below 650 1C), which has been causing an abrupt
decrease in ionic conductivity during cooling in this SSZ
system [9–11]. The SSZ system has the highest ionic
conductivity among the zirconia-based solid electrolytes, but
it cannot be extensively adopted because of its undesirable
phase instabilities.
To suppress an undesirable phase transition, most studies

have focused on the doping level of the SSZ system from
8 mol% to 12 mol% Sc2O3, where the cubic phase is the main
phase. Additional dopants, such as Al2O3 [8,12], Yb2O3 [13],
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and CeO2 [5,9,11], are effective in reducing or prohibiting this
undesirable phase transition. Based on the overall investiga-
tions of the electrical properties and long-term stability of SSZ
system materials, ZrO2 co-doped with 1 mol% CeO2 and
10 mol% Sc2O3 (1Ce10ScZr) is an optimal candidate electro-
lyte material for SOFCs. However, few reports on full cells
with 1Ce10ScZr electrolyte are available.

In the present study, electrolyte-supported SOFCs (NiO-
1Ce10ScZr|1Ce10ScZr|LSM-1Ce10ScZr) were developed.
The effects of the co-sintering temperatures of the cathode
and anode with electrolyte and the additions of metal oxide
(Bi2O3 and CeO2) in the anode on the microstructures and
electrochemical properties were discussed.

2. Materials and methods

The original powders of 1Ce10ScZr (99.9%; D50=0.5 mm)
and NiO (99.9%; D50=0.8 mm) were purchased from Qingdao
Tianrao Industry Co. Ltd., China and Tongxiang Tianyuan
Chemical Co., Ltd., China, respectively. La0.8Sr0.2Mn1.1O3�δ

(LSM) was synthesized through combined citric acid and
EDTA complexing method and calcined at 800 1C for 5 h to
obtain a pure perovskite phase. The starting materials consisted
of lanthanum(III) nitrate [La(NO3)3; 99.5%], strontium nitrate
[Sr(NO3)2; 99.5%], manganese nitrate [Mn(NO3)4; 99.5%],
crylic acid (99.5%), and ethylenediamine tetraacetic acid
(99.5%), which were supplied by Sinopharm Chemical
Reagent Co. Ltd., Shanghai, China. The metal oxide additives
of CeO2 (D50=20 nm; 99.99%) and Bi2O3 (D50=20 nm;
99.99%) in the anode were obtained from Aladdin Chemical
Reagent Co., Ltd., Shanghai, China.

1Ce10ScZr powder (0.7 g) was pressed into pellets with
diameter of 22.5 mm and thickness of 0.65 mm. The pellets
were sintered at 1500 1C in an open air for 5 h. NiO and
1Ce10ScZr powders with weight ratio of 1:1 were mixed by
ball milling. Proper amount of binder and solvent were added
into the mixed powder to make anode slurry. The slurry was
silkscreened on one side of the 1Ce10ScZr electrolyte pellets.
Similarly, LSM and 1Ce10ScZr powders were mixed by ball
milling with weight ratio of 1:1 to make the cathode slurry.
The cathode slurry was silkscreened on the other side of the

electrolytes. Full cells were then fired at a temperature of
1150 1C to 1300 1C for 2 h. The cathode active area was 1 cm2

after sintering. To investigate the effects of oxide additives on
the microstructures and electrochemical properties of the cells,
CeO2 and Bi2O3 powders with designated substitution ratios
for NiO were added in the anode. The microstructures of the
cells were investigated using FESEM (Hitachi S-4800).
An SOFC single-cell pellet was attached on the ceramic tube.

Silver wires with a diameter of 0.5 mm were attached to the
anode and cathode as current leading wires. Hydrogen with 3%
H2O was fed through the ceramic tube to the anode side of the
SOFC single cell with a flow rate of 100 sccm. Air was used as
the oxidant to the cathode side with a flow rate of 300 sccm. The
I–V properties of the single cells were measured using Solartron
SI 1287 electrochemical interface at 800 1C. Electrochemical
impedance spectra (EIS) measurements were carried out using the
electrochemical interface with a 1260B frequency response
analyzer at 800 1C. The EIS of the full cells were obtained in a
frequency range of 100 kHz to 10 mHz, with an AC amplitude of
10 mV under open circuit condition.
To measure the carbon deposition behaviors of the anode,

anode slurries with different percentages of CeO2 additives
were silkscreened and fired on the 1Ce10ScZr electrolyte via
the same method. The half cells were then exposed to CH4

atmosphere for 30 min with a flow rate of 25 sccm. Then, they
were cooled to room temperature with N2 protection. The
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Fig. 1. I–V and I–P curves of SSZ electrolyte-supported SOFCs with anode
and cathode co-sintered with electrolyte at temperatures of 1150 1C to 1300 1C.

Table 1
Electrochemical properties of SSZ electrolyte-supported SOFCs at 800 1C.

ESCs Pmax

(W/cm2)
ASR
(Ω cm2)

Rs

(Ω)
Rp

(Ω)
Rp–Rs

(Ω)

Co-sintered at 1150 1C 0.28 1.61 0.8 2.23 1.43
Co-sintered at 1200 1C 0.31 1.28 / / /
Co-sintered at 1250 1C 0.35 1.09 0.6 2.05 1.45
Co-sintered at 1300 1C 0.33 1.13 0.5 2.18 1.68
Added with 0.5% CeO2 0.36 0.95 0.57 1.95 1.38
Added with 1.0% CeO2 0.42 0.88 0.55 1.24 0.69
Added with 1.5% CeO2 0.37 0.96 0.55 1.4 0.85
Added with 1.0% Bi2O3 0.29 1.43 0.68 3.4 2.72

0.0 0.5 1.0 1.5 2.0 2.5
0.0

0.5

1.0

1.5

2.0

 1150 oC
 1250 oC
 1300 oC

Z im
ag

. (Ω
)

Zreal (Ω)

Fig. 2. EIS curves of SSZ electrolyte-supported SOFCs with anode and
cathode co-sintered with electrolyte at 1150 1C to 1300 1C.
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