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h i g h l i g h t s

� Enhanced electrochemical performance of SrMoO3 by electrolyte incorporating.
� SrMoO3/GDC composite exhibits the lowest polarization resistance.
� SMOe60GDC composite electrode shows optimized anode performance.
� Perfect chemical compatibility of SrMoO3 with YSZ, LSGM and GDC electrolytes.
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a b s t r a c t

Perovskite-type SrMoO3 (SMO) is composited with commonly used electrolytes Y0.08Zr0.92O2 (YSZ),
La0.8Sr0.2Ga0.8Mg0.2O3 (LSGM) and Gd0.1Ce0.9O2 (GDC) to form dual-phase materials, which are
characterized as potential anode materials for solid oxide fuel cells. Introduction of any of the elec-
trolytes YSZ, LSGM and GDC can remarkably enhance the electrochemical performance of SrMoO3.
The polarization resistance of the composite anode in a symmetrical cell decreases in the sequence of
SMOeLSGM, SMOeYSZ and SMOeGDC. The content of GDC in SMOexGDC composite anode has a
considerable effect on the catalytic activity of the electrode. The SMOe60GDC composite shows the
lowest polarization resistance of 0.107 U cm2 at 850 �C. With SMOe60GDC composite as anode, the
maximum power densities of 584, 452 and 257 mW cm�2 are achieved at 900, 850 and 800 �C,
respectively, for LSGM electrolyte supported cell with La0.58Sr0.4Co0.2Fe0.8O3 as cathode. The cell
exhibits considerably stable performance under a constant voltage of 0.71 V at 800 �C in a short-term
cycle test.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Solid oxide fuel cells (SOFCs) have been recognized as promising
energy generation devices, which convert chemical energy of fuel
directly into electricity with high efficiency and fuel flexibility [1].
The high operating temperature allows for the utilization of a va-
riety of different fuels, such as hydrogen, syngas, natural gas, bio-
gas, or even solid carbon [2,3]. The traditional nickel-based
cermet anode is capable of providing excellent power output

using H2 and CO fuels. However, it suffers from many problems,
which can lead to cell performance degradation during long-term
operation, such as Ni coarsening, poor redox stability, and deacti-
vation by carbon deposition/sulfur poisoning when hydrocarbons
are directly utilized [4e6]. Therefore, alternative anode materials
with strong structural stability and good tolerance to carbon
deposition/sulfur poisoning are urgently in demand.

Recent years, perovskite oxides have beenwidely investigated as
potential anode materials and displayed promising performance.
Most of these anodes are mixed conductors, which could yield su-
perior kinetics reactions for hydrogen oxidation. In the reports on
such anodes, La and Y doped SrTiO3materials exhibit high electrical
conductivity in fuel atmosphere and good dimensional stability,
however, the electrocatalytic activity is not sufficient to serve as an
alternative anode compared to nickel-based cermet [7e9]. Hence,
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various extra modifications are attempted to improve the anode
performance, such as decoratingwith CeO2, Ni and Pd nanoparticles
[10,11]. La0.75Sr0.25Cr0.5Mn0.5O3 (LSCM) is another attractive anode
material, which performs excellent redox stability in both oxidizing
and reducing atmosphere and shows high resistance to carbon
deposition when using hydrocarbon as fuel [12,13]. Many efforts
were devoted to improving its electronic conductivity and electro-
ecatalytic activity for efficient application at intermediate temper-
atures [14e16]. Recent years, double perovskite Sr2MMoO6 (M¼Mg,
Mn, Fe, Co, Ni) materials drawmuch attention because of their good
cell performance and strong sulfur and carbon deposition resistance
[17e19]. To cater the requirements of practical application, many
properties need to be further enhanced in terms of electrical con-
ductivity, catalytic activity and redox stability [20e22].

Scheelite-type SrMoO4 is an insulating impurity commonly
observed in preparation process of double perovskite materials,
which, fortunately, can easily be converted to a good electronic
conductive phase SrMoO3 under anode atmosphere [23]. The
SrMoO3 oxide with perovskite structure exhibits one of the highest
electrical conductivity values (~104 S cm�1) at room temperature
[24]. With its high electronic conductivity and good structural
stability in reducing atmosphere, SrMoO3 has been proved to be a
potential anode material for SOFCs [25e28]. However, this material
possesses very low oxygen-ion conductivity [26] and poor catalytic
activity towards fuel oxidation, which will limit the electrode per-
formance in fuel cell.

An approach to overcome these problems is to substitute Mo
with aliovalent transition metal elements (like Fe, Cr and Co)
[26e28]. Incorporation with electrolyte materials is another
effective way to enhance the ionic conductivity and catalytic
activity of perovskite anode. Several composite anode materials,
such as La0.2Sr0.8TiO3eGd0.2Ce0.8O2�d, LSCM/(Gd,Ce)O2�d and
Sr0.92Y0.08TiO3�deSm0.2Ce0.8O2�d, have been reported to show
remarkably improved electrochemical properties with the addi-
tion of electrolyte component [29e31]. The anode performance
of SrMoO3-yttria-stabilized zirconia composite was also further
enhanced by impregnating Gd0.2Ce0.8O2 electrolyte [32].

In the present work, different electrolytes Y0.08Zr0.92O2 (YSZ),
La0.8Sr0.2Ga0.8Mg0.2O3 (LSGM) and Gd0.1Ce0.9O2 (GDC) are incor-
porated into SrMoO3, respectively, to improve its electrochemical
performance. The effects of electrolyte species and electrolyte/
SrMoO3 ratio on the electrochemical performance of the SrMoO3-
based composite anode were investigated with symmetrical and
single cells.

2. Experimental

2.1. Materials preparation

Scheelite-type oxides SrMoO4 (SMO) powder was synthesized
as precursor for SrMoO3 perovskite by a citric-nitrate combustion
process using Sr(NO3)2 (99.9%, Sinopharm), (NH4)6Mo7O24$4H2O
(99.9%, Sinopharm) as starting materials while the citric acid
monohydrate (C6H8O7$H2O, Guangdong Xilong) as the chelating
agent. The molar ratio between the total amount of metal ions and
citric acid monohydrate was 1:2. The obtained solution was heated
in water bath at 80 �C to form a gel and then the obtained gel was
slowly heated in an oven until self-combustion occurred at 250 �C.
The combustion product was ground and subsequently calcined at
800 �C for 6 h with an intermediate stay at 400 �C for 2 h to remove
the organic residues and obtain the single phase simultaneously.
Corresponding LSGM, GDC, La0.4Ce0.6O2 (LDC) and La0.58Sr0.4Co0.2-
Fe0.8O3 (LSCF) powders were also synthesized by the same method.
The latter two powders were applied as buffer layer and cathode
materials in single-cell preparation, respectively.

The SrMoO4 powder was mixed with 50 wt. % YSZ (TZ-8Y, Tosoh
Corporation), LSGM (calcined at 1400 �C for 8 h) and GDC (calcined
at 650 �C for 6 h) electrolyte powders to form the composite anodes
SMOeYSZ, SMOeLSGM and SMOeGDC, respectively. The
SMOexGDC composites with different percentages of GDC powder
(x ¼ 40, 50, 60, 70 wt. %) were prepared and referred to as
SMOe40GDC, SMOe50GDC, SMOe60GDC, and SMOe70GDC,
respectively. The SrMoO3/electrolyte composite anodes were
reduced in situ at 850 �C in H2 for 4 h during cell test before data
collection.

2.2. Cell fabrication

The LSGM pellets of 19 mm diameter were sintered at 1450 �C
for 8 h and then polished to a thickness of 400 mm. LDC was pasted
on the electrolyte and sintered at 1400 �C for 2 h, which was
employed as buffer layer between the anode and the electrolyte to
prevent the interdiffusion of ionic species [33]. The electrode
slurries were prepared by homogeneously mixing the electrode
powders with a-terpineol solution of 6 wt. % ethylene cellulose in a
weight ratio of 2:1. For symmetrical cells, the composite slurries
were screen-printed on both sides of LDC coated LSGM electrolyte
symmetrically with an active area of 0.5 cm2, followed by calcining
at 1200 �C for 2 h. The cell performance of the SMOexGDC com-
posites anode was tested with the cell configuration of
SMOexGDCjLDCjLSGMjLSCF. SMOexGDC composite anodes were
screen-printed on the LDC layer and then sintered at 1200 �C for
2 h. The LSCF, which was synthesized at 1000 �C for 6 h, was finally
applied as cathode by screen-printing on the other side of LSGM
and firing at 1050 �C for 2 h. Ag paste was used as the current
collector, which was painted as grid on both sides of the calcined
cells and fired at 700 �C for 0.5 h. Then the obtained cells were
sealed on an alumina tube using a ceramic-based material
(Cerama-bond 552-VFG, Aremco). The humidified H2 was fed as
fuel to the anode side with a flow rate of 40 ml min�1 and air was
conducted to the cathode side at a flow rate of 100 ml min�1 as
oxidant. Before fuel cell performance testing, the anode was
reduced at 850 �C for 4 h to get SrMoO3/electrolyte composite
electrode.

2.3. Characterization

Phase composition and crystal structure of the samples were
identified by X-ray diffraction (XRD, Rigaku TTRІІІ) with CuKa ra-
diation. To examine the chemical compatibility of SMO with YSZ,
LSGM and GDC electrolytes, the SrMoO4 powder was mixed uni-
formly with electrolyte powders in 1:1mass ratio, and then pressed
and calcined at 1250 �C for 6 h in air. The calcined pellets were
crushed and examined by XRD. The scanning electron microscope
(SEM, LEO-1450) was used to observe the microstructure of the
cells. The Impedance measurement of the symmetrical cells and
single-cells was performed on Solartron 1260 impedance gain/
phase analyzer in combinationwith 1287 electrochemical interface
in the 0.1e106 Hz frequency range with perturbation amplitude of
10 mV. The VeI (voltageecurrent) curves were recorded in the
range of 800e900 �C by using a Solartron 1287 Electrochemical
interface controlled by CorrWare software.

3. Results and discussions

3.1. Structural and chemical characterization

The SrMoO4 powders are synthesized through a citric-nitrate
combustion process with a post heat-treatment at 800 �C in air.
Fig. 1 displays the XRD pattern and particle morphology of the
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