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a b s t r a c t

La0.7Ca0.3CrO3 (LCC)–Ce0.8Gd0.2O1.9 (GDC) composites have been investigated as symmetrical electrodes
for solid-oxide fuel cells (SOFCs) on La0.9Sr0.1Ga0.8Mg0.2O3−ı (LSGM) electrolyte, where there is no inter-
layer between anode and electrolyte. LCC oxide is chemically compatible with GDC and LSGM electrolyte
at temperatures up to 1200 ◦C. The electrical conductivity of the LCC–GDC composites decreases with
increasing GDC content. The best electrical conductivities of 18.64 S cm−1 in air and 1.86 S cm−1 in H2 at

◦
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850 C are achieved for an 80 wt% LCC–20 wt% GDC (LCC–GDC20) composite. The thermal expansion coef-
ficients of the LCC–GDC composites increase with increasing GDC content, and are very close to that of the
LSGM electrolyte. A cell with a 0.3 mm thick LSGM electrolyte and LCC–GDC20 symmetrical electrodes
displays the highest electrochemical performance. The maximum power density is 573 mW cm−2 in dry
H2 and 333 mW cm−2 in humidified commercial city gas containing H2S at 900 ◦C, respectively. These
results suggest that the LCC–GDC20 composite can potentially serve as an electrode for symmetrical

d com
ity gas SOFCs operated on H2 an

. Introduction

Solid-oxide fuel cells (SOFCs) are electrochemical devices that
onvert chemical energy directly into electrical energy with high
fficiency and low pollution emissions. Therefore, SOFCs have
ttracted growing attention for studies on numerous types of
nergy generating devices [1]. An SOFC is designed as a sandwich
tructure of anode/electrolyte/cathode, in which porous electrodes
re adhered to a dense electrolyte [2]. The anode and cathode
perate separately in reducing and oxidizing environments, and
ence different catalytic activities required. For both anodes and
athodes, however, some common properties are desired, such as
igh electronic conductivity, partial oxide ion conductivity, good
lectrochemical performance, and compatibility of the thermal
xpansion coefficient (TEC) with that of the electrolyte. Recently, it
as been demonstrated that it is feasible to use the same material

or both anode and cathode [3–10]. Bastidas et al. [5] investigated
he use of the perovskite oxide La0.75Sr0.25Cr0.5Mn0.5O3 (LSCM) as

ymmetrical electrodes for an LSCM/YSZ/LSCM fuel cell, and max-
mum power densities of 300 mW cm−2 and 230 mW cm−2 were
chieved using wet H2 and wet CH4 at 900 ◦C, respectively. Jiang et
l. [7] obtained 275 mW cm−2 and 246 mW cm−2 at 850 and 800 ◦C,

∗ Corresponding author. Tel.: +86 431 88499039; fax: +86 431 88498000.
E-mail addresses: hly@mail.jlu.edu.cn, hetm@jlu.edu.cn (T. He).
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mercial city gas containing H2S.
© 2010 Elsevier B.V. All rights reserved.

respectively, under pure H2 using an LSCM–YSZ/YSZ/LSCM–YSZ
symmetrical fuel cell. The idea of symmetrical fuel cells could
greatly simplify the manufacturing process [3,4]. In this way, elec-
trodes could be dealt with under the same conditions, which would
dramatically reduce the cost of fuel cell manufacture.

Unlike common single electrodes, symmetrical electrodes must
simultaneously satisfy the requirements of anode and cathode. It is
well known that Ni/YSZ cermet is the most commonly used anode
material in SOFCs. However, this anode suffers from carbon deposi-
tion when using hydrocarbon fuels [11,12]. In a high-temperature
oxidizing environment, the Ni is readily oxidized to NiO, which has
little catalytic activity and significant volume expansion [13]. On
the opposite side of the electrolyte, Sr-doped LaMnO3 (LSM) is the
typical cathode material for SOFCs. However, an LSM cathode is
unstable in a reducing atmosphere [14,15]. Therefore, as mentioned
above, the conventional electrodes are not suitable for use as sym-
metrical electrodes due to their various defects. It is highly desirable
to develop new symmetrical electrodes for application in SOFCs.

LaCrO3-based perovskite oxides have been investigated as
alternative anode materials for application in hydrocarbon-fueled
SOFCs due to their low activity towards carbon deposition [16]. It
has been reported that the product of substitution of the A-site in

LaCrO3 by Ca showed catalytic activity for CH4 and had low activity
toward carbon deposition [17]. Recently, La0.7Ca0.3CrO3 (LCC) per-
ovskite oxide has been demonstrated to be potentially useful as a
cathode material for SOFCs [18]. However, LaCrO3-based anodes
generally show poor catalytic activity for anode oxidation reac-

dx.doi.org/10.1016/j.jpowsour.2010.07.035
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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tively. For composite electrodes, the phase reaction between the
electrode components is generally deleterious for practical appli-
cation in SOFCs. To evaluate the chemical compatibility between
LCC and GDC, the phase reaction of LCC with electrolytes with
different GDC contents was investigated by sintering mixtures of
Y. Zhang et al. / Journal of P

ions, low ionic conductivity under anodic conditions, and weak
dherence to solid electrolytes [19]. In order to improve the per-
ormances of such anodes, one of the effective ways is to introduce
n electrolyte component into the anode to form a composite anode
20–22], the electrochemical activity of which could be enhanced
y increasing the number of triple-phase boundary sites. In addi-
ion, the introduction of electrolyte forms a mixed ionic–electronic
onductor, such that the oxygen ionic conductivity of the anodes
ill be significantly enhanced. Moreover, the thermal expansion

ompatibility of the anode with the electrolyte might also be
mproved. The advantage of this type of composite material is that
he reaction region will be extended from the interface between
lectrode and electrolyte to the overall electrode [23]. It was noted
hat, for a LaGaO3-based SOFC, an interlayer had to be introduced
t the anode/electrolyte interface to prevent the interfacial reac-
ion when using a nickel-containing anode [24,25]. However, the
nclusion of the interlayer will undoubtedly increase the interfacial
esistance and the difficulty of fabrication. In this regard, the devel-
pment of alternative anode materials is needed to eliminate the
nterlayer limitation.

In the work described in this paper, La0.7Ca0.3CrO3
LCC)–Ce0.8Gd0.2O1.9 (GDC) composites have been inves-
igated as symmetrical electrodes for use in SOFCs on
a0.9Sr0.1Ga0.8Mg0.2O3−ı (LSGM) electrolyte without using an
nterlayer at the anode/electrolyte interface. The feasibility of
CC–GDC composites as symmetrical electrodes has been assessed
n detail, including with regard to electrical conductivity, chemical
ompatibility, TEC, and electrochemical performance. The single-
ell performances of LCC–GDC symmetrical electrodes have also
een tested under dry H2 and humidified commercial city gas
ontaining H2S (3% H2O).

. Experimental

.1. Preparation of samples and symmetrical fuel cells

La0.9Sr0.1Ga0.8Mg0.2O3−ı (LSGM) powder was synthesized by
he glycine–nitrate process (GNP) [26]. Dense LSGM pellets of
3 mm in diameter were prepared by uniaxial pressing of LSGM
owder at 220 MPa and subsequently sintering at 1450 ◦C for 10 h

n air. LSGM electrolyte substrates with a fixed thickness of 0.3 mm
ere obtained by wet grinding of the sintered pellets with water-
roof abrasive paper.

La0.7Ca0.3CrO3 (LCC) and Ce0.8Gd0.2O1.9 (GDC) were also syn-
hesized by the GNP. Stoichiometric amounts of La(NO3)3·6H2O,
a(NO3)2·4H2O, and Cr(NO3)3·9H2O were dissolved in deionized
ater. Glycine was added in a 1.57:1 molar ratio of glycine

o nitrate. Similarly, stoichiometric amounts of Ce(NO3)3·6H2O
nd Gd2O3 were dissolved in nitric acid and 1 mol of glycine
as added per mole of nitrate. The mixtures were heated until

pontaneous combustion occurred to afford the precursors. The
recursor powder was ground in an agate mortar for 30 min. The
CC precursor was then calcined at 1100 ◦C for 10 h, while the
DC precursor was calcined at 650 ◦C for 2 h to remove resid-
al organic matter and to ensure a single-phase composition.
he mixture of the calcined LCC and GDC powders was ground
ith ethanol for 2 h to form composites with 20, 30, and 40 wt%
DC (hereinafter referred to as LCC–GDC20, LCC–GDC30, and
CC–GDC40). The well-mixed composites were uniaxially pressed
nto pellets (˚13 mm × (0.7 ± 0.1) mm) at 220 MPa and cylinders
˚6 mm × (6 ± 0.2) mm) at 170 MPa for electrical conductivity and

hermal expansion measurements. The pellets and cylinders were
ubsequently sintered at 1200 ◦C for 2 h in air at a heating rate of
◦C min−1. For cell fabrication, a composite electrode slurry was
repared by mixing the composites with the binder. The slurry of
CC–GDC composite electrode material was then screen-painted on
Sources 196 (2011) 76–83 77

either side of the LSGM pellets. After drying, the electrodes were
sintered at 1200 ◦C for 2 h in air at a heating rate of 2 ◦C min−1. Sil-
ver paste was painted onto both electrodes as current collector and
baked at 110 ◦C for 1 h. The LSGM electrolyte pellet was sealed onto
an alumina tube with silver paste to make a single symmetrical cell.

2.2. Characterization

The phase composition of the synthesized powders and the
chemical compatibility between LCC, GDC, and LSGM were assessed
by X-ray diffraction (XRD) analysis on an X-ray diffractometer
(Rigaku-D-Max �A system; Cu-K� radiation, � = 0.15418 nm), with
a step size of 0.02◦ and a scanning range of 20–80◦ at room tem-
perature. Electrical conductivity measurements were performed by
the van der Pauw method over the temperature range from 300 to
850 ◦C in air and H2 environments. TECs of samples were measured
using a dilatometer (Netzsch DIL 402C) with an Al2O3 reference
over the range from 30 to 1000 ◦C. A heating rate of 5 ◦C min−1

and an air flow rate of 60 mL min−1 were adopted during these
measurements. Single-cell performances of the symmetrical elec-
trodes were tested using an electrochemical workstation (CHI604C)
with dry hydrogen and humidified commercial city gas contain-
ing H2S (3% H2O) as fuels and ambient air as oxidant at various
temperatures. Microstructures of the electrodes exposed to H2 and
commercial city gas were observed after cell testing with scanning
electron microscopy (SEM) (JEOL JSM-6480LV). Elemental analyses
were determined with energy dispersive X-ray spectroscopy (EDS,
EDAX CDU) by EDAX ZAF Quantification [27].

3. Results and discussion

3.1. XRD analysis

Fig. 1(a) and (b) shows the XRD patterns of LCC and GDC powders
calcined at 1100 ◦C for 10 h and at 650 ◦C for 2 h, respectively. The
samples of nominal composition LCC and GDC were confirmed to be
single phases by XRD, i.e., the single-phase LCC and GDC oxides had
an orthorhombic perovskite and a cubic fluorite structure, respec-
Fig. 1. XRD patterns of (a) LCC powders calcined at 1100 ◦C for 10 h, (b) GDC powders
calcined at 650 ◦C for 2 h, (c) LCC–GDC20 powders, (d) LCC–GDC30 powders, and (e)
LCC–GDC40 powders sintered at 1200 ◦C for 2 h.
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ig. 2. XRD patterns of (a) LSGM powders sintered at 1450 ◦C for 10 h, (b) LCC pow-
ers calcined at 1100 ◦C for 10 h, and (c) LCC–LSGM powders sintered at 1200 ◦C for
h.

he two powders. Fig. 1(c)–(e) shows the XRD patterns of the
CC–GDC20/30/40 composite powders sintered at 1200 ◦C for 2 h.
s can be seen, the LCC–GDC20/30/40 composite oxides were phys-

cal mixtures of LCC and GDC oxides. No impurity peaks and no
hifts of the XRD peaks in the patterns were detected. This indi-
ated that there was no chemical reaction between the LCC and
DC oxides under sintering at 1200 ◦C for 2 h, regardless of the GDC
ontent in this range, suggesting that the LCC material had good
hemical compatibility with the GDC electrolyte. This result is in
ood agreement with that reported previously in a study of LCC
nd ReO1.5-doped CeO2 composite interconnections [28,29]. The
hemical compatibility between LCC and LSGM was also evaluated
y sintering mixtures of the two powders in a weight ratio of 1:1,
nd the resultant XRD patterns are shown in Fig. 2. Evidently, there
as no significant reaction between LCC and LSGM. This indicates

hat LCC is chemically compatible with LSGM electrolyte.

.2. Electrical conductivity
The overall conductivities of the LCC–GDC composites were
etermined by the van der Pauw method in the temperature range
00–850 ◦C in air and in H2. Fig. 3 shows the temperature depen-

ig. 3. Temperature dependence of the electrical conductivity of the LCC–GDC sam-
les with different GDC contents in air.
Sources 196 (2011) 76–83

dences of the electrical conductivities of LCC–GDC samples with
different GDC contents measured in air. The electrical conductivity
of each LCC–GDC sample gradually increased with increasing tem-
perature, corresponding to semiconductor-like behavior. Similar
behavior has been described for undoped and doped LaCrO3 oxides
as p-type semiconductors [18,29,31,32], in which the electronic
conduction in the samples proceeds by the small-polaron mech-
anism through the transport of electron holes. Meanwhile, GDC is
an ionic conductor, in which oxygen ion conduction is achieved
through the hopping of oxygen vacancies [20,33]. The oxygen ionic
conductivity of GDC is obviously lower than the electronic conduc-
tivity of LCC [34]. Therefore, the overall conductivity of LCC–GDC
composites is dominated by the LCC electronic conductivity. No
conduction mechanism transformation was detected in the tem-
perature range from 300 to 850 ◦C. Arrhenius plots displayed a
strictly linear relationship, indicating a small-polaron thermally
activated mechanism. The electrical conductivity behavior obeyed
the following equation:

� = A

T
exp

(
− Ea

kT

)
(1)

where A is the pre-exponential constant, k is the Boltzmann con-
stant, T is the absolute temperature, and Ea is activation energy
of the electrical conductivity. The activation energy Ea was calcu-
lated from the slope of the curve of ln(�T) vs 1000/T, as shown in
Fig. 3, which yielded values of 14.5, 13.1, and 12.7 kJ mol−1 for the
LCC–GDC20, LCC–GDC30, and LCC–GDC40 samples, respectively,
in the temperature range 300–850 ◦C. The activation energy, Ea, of
the electrical conductivity for undoped and doped LaCrO3 has been
reported to be in the range 10–20 kJ mol−1 [18]. The data obtained
in this study fall within this reported range. In addition, the elec-
trical conductivities of the LCC–GDC composites decreased with
increasing GDC content. As stated above, the conductivity of the
LCC–GDC composites could be mainly attributed to the LCC elec-
tronic conductivity. GDC seemed to act just like an insulator in the
composites. Addition of the GDC phase destroyed the consecutive
LCC electronic conductive phase. Thus, the more GDC was added,
the lower the electrical conductivity became. Among the studied
compositions, the LCC–GDC20 sample exhibited the best electrical
conductivity of 18.6 S cm−1 at 850 ◦C in air.

For LCC–GDC composites, the respective contributions of LCC
and GDC were responsible for the electrical conductivity behavior.
We will discuss the contributions of LCC to the electrical con-
ductivity behavior. The contribution of GDC will be discussed in
detail in the following paragraphs. Fig. 4 shows the temperature
dependences of the electrical conductivities of LCC–GDC samples
with different GDC contents measured in H2 (100 mL min−1). It
can be seen from Fig. 4 that the electrical conductivity of each
LCC–GDC sample was significantly reduced in H2 as compared to
the value in air. This was mainly due to the reduction of Cr4+ to Cr3+

accompanying the formation of an oxygen vacancy (ı). The elec-
troneutrality relationship for calcium-doped lanthanum chromites
can be expressed by Eq. (2) [29]:

La1−xCax(Cr3+)1−x(Cr4+)xO3 ↔La1−xCax(Cr3+)1−x+2ı(Cr4+)x−2ıO3−ı

+
(

ı

2

)
O2(g) (2)

This process is highly sensitive to the temperature and oxygen
partial pressure [29,35]. Similar to the trends in the conductivity
behavior seen in air, the electrical conductivity decreased in H2

with increasing GDC content. The LCC–GDC20 sample displayed the
highest electrical conductivity of 1.86 S cm−1 at 850 ◦C in H2. The
plots of ln(�T) vs 1/T in Fig. 4 clearly do not show a linear relation-
ship in the investigated temperature range. Instead, the electrical
conductivity behavior has two components, i.e., there are two dif-
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ig. 4. Temperature dependence of the electrical conductivity of the LCC–GDC sam-
les with different GDC contents in H2.

erent linear Arrhenius electrical conductivity behaviors in the
igh- and low-temperature ranges, which correspond to the change

n the oxygen vacancy and electron hole concentrations. For the
CC–GDC20/30 samples, Arrhenius electrical conductivity behav-
or with curvature appeared at around 600 ◦C. For the LCC–GDC40
ample, however, curvature of the Arrhenius electrical conductivity
ehavior appeared at around 450 ◦C. At temperatures higher than
00 ◦C for LCC–GDC20/30 and 450 ◦C for LCC–GDC40, the slopes
f the electrical conductivity behavior were reduced compared to
hose in the low-temperature range, which meant that the activa-
ion energies of the samples diminished at temperatures above 600
or 450) ◦C. The different electrical conductivities in air and in H2
an be attributed to different compensation mechanisms, i.e., elec-
ronic hole and oxygen vacancy compensation. This indicated that
he conduction activation energy was also different. The specific
ata for the conduction activation energy are shown in Fig. 4. It is
ell known that for LaCrO3-based perovskite oxides there is a non-

toichiometry at the oxygen sites at low oxygen partial pressures
f 10−8–10−18 atm [36,37]. Under a reducing atmosphere, charge
ompensation through Cr4+ being reduced to Cr3+ occurs by the for-
ation of oxygen vacancies as described in Eq. (3), according to the

efect reaction written in the Kröger–Vink notation:

Cr
•
Cr + O×

O ↔ 2Cr×
Cr + V

••
O + 1

2
O2(g) (3)

here Cr
•
Cr is a Cr4+ ion at the Cr-site in the LCC, Cr×

Cr is a Cr3+

on at the Cr-site, O×
O is an O2− ion in the lattice, and V

••
O is an

xygen vacancy in the lattice. As mentioned above, LaCrO3-based
xide is a p-type semiconductor, in which electrical conduc-
ion is mainly mediated by a small-polaron hopping mechanism
long the Cr4+–O2−–Cr3+ network. The electrical conduction of
CC proceeds through the transport of electron holes localized
t Cr sites (i.e., Cr

•
Cr) [38]. The formation of oxygen vacancies

n a reducing atmosphere simultaneously decreases the concen-
ration of Cr

•
Cr, thus resulting in a reduction in the electrical

onductivity as the concentration of small polarons is decreased.
he curvature of the Arrhenius electrical conductivity behavior
t around 600 (or 450) ◦C for LCC–GDC20/30 and LCC–GDC40 can
hus be partially attributed to an order–disorder transition of the

xygen vacancies. This is supported by the chemical diffusion
oefficient results for Ca-doped LaCrO3 reported by Yasuda and
ishinuma [39], which confirmed that the oxygen vacancies were

andomly distributed. A similar curvature of the Arrhenius electri-
al conductivity behavior in H2 has also been reported by another
Fig. 5. Thermal expansion curves of LCC–GDC composites and the selected materials
over temperature range 30–1000 ◦C in air.

author in relation to La0.7Ca0.3Cr0.95Zn0.05O3−ı interconnect
ing material [40].

As noted above, two factors are expected to contribute to the
electrical conductivity behavior in LCC–GDC composites, although
that of LCC makes the major contribution. The other contribution to
the electrical conductivity behavior for LCC–GDC composites comes
from the GDC. Under a reducing atmosphere at high temperature,
GDC is a mixed ionic–electronic conductor due to the presence of
some electronic conductivity through reduction of Ce4+ to Ce3+ [34].
The electroneutrality relationship can be written as:

2Ce×
Ce + O×

O ↔ 2Ce′
Ce + V

••
O + 1

2
O2(g) (4)

where Ce×
Ce is a Ce4+ ion in a Ce-site in GDC, and Ce′

Ce is a Ce3+ ion
in a Ce-site. Therefore, the increase in the electrical conductivity
of the samples in the high-temperature range stemmed partially
from the contribution of the GDC. Previous investigations have
demonstrated that curvature of plots of ln(�T) vs 1/T for GDC
appears at around 585 ◦C under reducing conductions, whereupon
short-range order appears among the disordered vacancies [41].
The presence of short-range order increases the effective Ea, thus
leading to curvature in the plots of ln(�T) vs 1/T above the stated
temperatures for LCC–GDC. Steele [42] reported that the conductiv-
ity behavior of a GDC sample displayed a curvature at 450 ◦C, above
which temperature the (Gd′

Ce − V
••
O ) defect complex was essentially

dissociated, while below it the defect complex was trapped. On
increasing the GDC content from 20% to 40%, the curvature tem-
perature of the plots of ln(�T) vs 1/T decreased from 600 to 450 ◦C.
This was probably due to the conductivity behavior of GDC compo-
nent, which became increasingly significant with increasing GDC
content.

3.3. Thermal expansion behavior

The TECs of the electrolyte and electrode should be as sim-
ilar as possible so as to minimize thermal stresses between the
cell components. The linear TECs of the LCC–GDC composites were
determined by means of a dilatometer over the temperature range
30–1000 ◦C. Fig. 5 shows the thermal expansion curves of the
LCC–GDC composites in the temperature range 30–1000 ◦C in air.

For comparison, the thermal expansion curves of the LCC, LSGM,
and GDC materials are also shown in Fig. 5. The specific linear TECs
of the samples are listed in Table 1. The TECs of the LCC–GDC com-
posites are seen to increase with increasing GDC content. The TECs
of the LCC and GDC samples were determined as 9.93 × 10−6 K−1



80 Y. Zhang et al. / Journal of Power Sources 196 (2011) 76–83

Table 1
Average thermal expansion coefficients of the LCC–GDC
composites and the selected materials between 30 and
1000 ◦C in air.

Sample TEC (×10−6 K−1)

LCC 9.93
LCC–GDC20 10.1
LCC–GDC30 10.4
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LCC–GDC40 10.8
LSGM 11.5
GDC 12.4

Mori et al. [30] reported a value of 9.7 × 10−6 K−1 between 50
nd 1000 ◦C) and 12.4 × 10−6 K−1, respectively, in the temperature
ange 30–1000 ◦C in air. The upward trend in the TECs in LCC–GDC
omposites of 10.1 × 10−6 K−1 to 10.8 × 10−6 K−1 with increasing
DC content can be attributed to the higher TEC of GDC. It can be
een from Table 1 and Fig. 5 that the TECs of the LCC–GDC samples
ere close to that of the LSGM electrolyte (11.5 × 10−6 K−1), show-

ng good TEC compatibility between the two materials. As shown in
ig. 5, there was no curvature in the thermal expansion plots, sug-
esting that no structural transformation occurred in the LCC–GDC
omposites in the measured temperature range.

.4. Electrochemical performance

The I–V and I–P characteristics of the LCC–GDC/LSGM/LCC–GDC
ymmetrical cells were tested under dry H2 and humidified com-
ercial city gas containing H2S (3% H2O) fuels with ambient air

s oxidant at different temperatures. For H2 fuel, a flow rate of
00 mL min−1 was adopted, while for humidified commercial city
as (3% H2O) fuel the flow rate was 50 mL min−1. The composi-
ion of the commercial city gas and the concentration of impurity
ases therein have been described previously [43]. The basis of the
ity gas is hydrogen (59.6%), methane (22.1%), carbon monoxide
9.3%), and nitrogen (3.4%), and the main impurities are ammonia
∼12 ppm) and H2S (∼5 ppm). Table 2 shows the maximum power
ensities of symmetrical fuel cells with various configurations.
ig. 6(a)–(c) shows cell voltage and power density as a function
f current density for LCC–GDC/LSGM/LCC–GDC symmetrical cells
ith different GDC contents. As can be seen, the performances of

he symmetrical cells were enhanced with increasing temperature.
he LCC–GDC20/LSGM/LCC–GDC20 cell always occupied the top
osition, with maximum power densities of 387 and 573 mW cm−2

t 850 and 900 ◦C, respectively. This result was consistent with
he electrical conductivities of the LCC–GDC composites. The
erformances of the cells with composite electrodes generally
ecreased in the order: LCC–GDC20 > LCC–GDC30 > LCC–GDC40.
he decrease in cell performance with increasing GDC content
an be attributed to the decrease in electrical conductivity. The
pen-circuit voltage for the LCC–GDC20/LSGM/LCC–GDC20 cell
as slightly lower than those for the other cells. This may have

een a result of gas leakage from the cell seal. The cell performance
ight have been further enhanced by improving the cell seal.

herefore, from a comprehensive review of its performance, we
onclude that the LCC–GDC20/LSGM/LCC–GDC20 cell shows excel-
ent prospects. To examine the anode performance in a complex
ydrocarbon fuel, the symmetrical cell performance was tested in
ommercial city gas containing H2S (3% H2O). Fig. 7 shows cell
oltage and power density as a function of current density for the
CC–GDC/LSGM/LCC–GDC symmetrical cell measured when using

umidified commercial city gas containing H2S (3% H2O) as fuel
nd ambient air as oxidant at different temperatures. The maxi-
um power densities of the cells were 333, 285, and 280 mW cm−2

t 900 ◦C for GDC contents of 20%, 30%, and 40%, respectively.
he I–V and I–P curves of the LCC–GDC30/LSGM/LCC–GDC30 cell
Fig. 6. Electrochemical performance data of the LCC–GDC/LSGM/LCC–GDC symmet-
rical cells using dry H2 as fuel and ambient air as oxidant in the temperature range
from 800 to 900 ◦C for various GDC contents: (a) 20%, (b) 30%, and (c) 40%.

are not shown in Fig. 7 because of their similarity to those of
the LCC–GDC40/LSGM/LCC–GDC40 cell, for example, the maximum
power density of 285 mW cm−2 at 900 ◦C. To examine the stabil-
ity of the LCC–GDC20 anode, a potentiostatic test was carried out
in commercial city gas containing H2S for 20 h. Fig. 8 shows the
electrochemical stability of the LCC–GDC20/LSGM/LCC–GDC20 cell
measured using humidified commercial city gas containing H2S (3%

H2O) as fuel over a test period of 20 h. The current density of the
cell decreased significantly in the first 0.5 h due to the fuel switch-
ing from H2 to city gas. The system subsequently entered into a
relatively stable state, after which there was only a small decrease
in the ensuing 19.5 h, suggesting that the LCC–GDC20 composite
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Table 2
Summary of maximum power densities of some symmetrical cells with different electrodes and electrolytes under various fuel conditions.

Cathode/electrolyte/anode Thickness of
electrolyte (mm)

Temperature
(◦C)

Pmax (mW cm−2) Ref.

H2 5%H2 CH4 City gas

LSCM–(50% YSZ:50%
CGO)/YSZ/LSCM–(50%
YSZ:50% CGO)

0.18 950 400 ∼120 [3]

YSZ–CeO2(1:1)/YSZ/YSZ–CeO2(1:1) 1.21 950 140 <50 [4]
LSCM/YSZ/LSCM 0.2 900 300 170 230 [5]
LSCM/YSZ/LSCM 0.25 950 546 326 347 [6]
LSCM–YSZ/YSZ/LSCM–YSZ 0.05 850 275 [7]

800 246
LSSM/ScSZ/LSSM 0.3 900 310 130 [8]

850 220 100
LCC/YSZ/LCC 1–2 950 110 25 [9]
LSTF/YSZ/LSTF 1–2 950 100 ∼40
LCC–YSZ(1:1)/YSZ/LCC–YSZ(1:1) 2 950 110 <30 [10]
LSTF60:YSZ:CeO2/YSZ/LSTF60:YSZ:CeO2 1 950 <100 <40 ∼40 [46]
LCC–YSZ(1:1)/YSZ/LCC–YSZ(1:1) 0.35 850 92.1 [47]
PCCM/YSZ/PCCM 0.37 950 250 <150 160 [48]
LCC–GDC20/LSGM/LCC–GDC20 0.3 900 573 333 This work
LCC–GDC30/LSGM/LCC–GDC40 0.3 900 481 285
LCC–GDC40/LSGM/LCC–GDC40 0.3 900

LSCM: (La0.75Sr0.25)Cr0.5Mn0.5O3−ı; CGO(GDC): Ce0.8Gd0.2O2−ı; LSSM: La0.8Sr0.2Sc0.2Mn0

LSGM: La0.9Sr0.1Ga0.8Mg0.2O3−ı; LSTF60: La4Sr8Ti6Fe6O38−ı; PCCM: Pr0.7Ca0.3Cr0.6Mn0.4O3

Fig. 7. Voltage and power density as a function of current density for the single-
cell with LCC–GDC20 and LCC–GDC40 symmetrical electrodes using the humidified
commercial city gas containing H2S (3% H2O) as fuel and ambient air as oxidant at
900 ◦C. Flow rate of the city gas is 50 mL min−1.

Fig. 8. Electrochemical stability test curve for LCC–GDC20/LSGM/LCC–GDC20 sym-
metrical cell using the humidified commercial city gas containing H2S (3% H2O) as
fuel and ambient air as oxidant at 850 ◦C.
476 280

.8O3; ScSZ: (Sc2O3)0.1(ZrO2)0.9; LCC: La0.7Ca0.3CrO3−ı; LSTF: La4Sr8Ti12−xFexO38−ı;
−ı .

could be a potentially stable anode. In addition, the power density
of the cell continuously fluctuated up and down throughout the test
period. This could be attributed to the direct use of commercial city
gas supplied via the gas main, such that the gas flow was unsteady
due to the absence of a pressure-relief device.

SEM and EDS techniques were used to characterize the
LCC–GDC40 electrode surfaces after cell testing. Fig. 9(a) and (c)
shows the surface morphology of the electrodes after the exposure
to H2 and commercial city gas containing H2S at 900 ◦C. No signifi-
cant differences in the SEM micrographs of electrode surfaces were
seen with the effect of exposure to H2 and city gas containing H2S.
Comparing the surface SEM micrograph of the electrode exposed
to city gas containing H2S with that exposed to H2, there was no
contamination occurring on the electrode surface. Fig. 9(b) and (d)
shows the elemental components of the electrodes after the expo-
sure to H2 and commercial city gas containing H2S at 900 ◦C. It can
be seen from Fig. 9(b) and (d), the carbon content in the electrode
exposed to city gas containing H2S was very close to that exposed
to H2, suggesting that there is no significant carbon deposition on
the electrode after exposure to commercial city gas containing H2S.
Interestingly, no sulfur component was detected by EDS on the elec-
trode surface after exposure to commercial city gas containing H2S.
This was most likely due to GDC being used as catalyst in this study.
Zeng et al. [44] reported that the H2S concentration could be signif-
icantly reduced from 10,000 ppm to less than 10 ppm at 850 ◦C and
to near 1 ppm at 700 ◦C in the product gas when used ceria as sor-
bent for high-temperature gas desulfurization. And the removal of
H2S to sub-parts per million levels was achieved at very short (mil-
lisecond) contact times [45]. Therefore, no sulfur was deposited on
the LCC–GDC electrode. The preliminary results indicated that no
obvious carbon and sulfur poisoning were observed for the reaction
in humidified commercial city gas on LCC–GDC composite anodes.
Further studies are needed to assess the long-team stability of per-
formance of SOFCs in city gas containing H2S.

The maximum power densities of some symmetrical cells with
different electrodes and electrolytes under various fuel conditions

are summarized in Table 2. Compared with the performances
of the symmetrical cells described in the literature, the cells
with LCC–GDC electrodes exhibited higher output characteris-
tics. Besides the LSGM electrolyte used, the composite electrodes
provided percolation paths for electrons, oxygen ions, and gas;
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ig. 9. SEM micrographs and EDS spectra of the LCC–GDC40 electrode surfaces:
ommercial city gas containing H2S at 900 ◦C.

mproved ionic and electronic conductivities; and promoted oxy-
en surface exchange, oxygen diffusion, and interfacial transport,
hereby resulting in clearly improved performances of the sym-

etrical cells. Therefore, LCC–GDC could be used as an alternative
lectrode material in SOFCs.

. Conclusions

LCC–GDC composites as symmetrical electrodes have been
ssessed for LSGM electrolyte SOFCs without using an interlayer at
he anode/electrolyte interface. LCC displayed good chemical com-
atibility with GDC and LSGM at temperatures up to 1200 ◦C. The
ECs of the LCC–GDC composites increased from 10.1 × 10−6 K−1

o 10.8 × 10−6 K−1 on increasing the GDC content from 20% to
0%, showing thermal compatibility with the LSGM electrolyte

n the temperature range 30–1000 ◦C. The LCC–GDC20 sample
isplayed the highest electrical conductivities of 18.64 S cm−1

n air and 1.86 S cm−1 in H2 at 850 ◦C. Cell performances with
he symmetrical electrodes decreased with increasing GDC con-
ent due to the decrease in conductivity. The maximum power
ensities attained with the LCC–GDC/LSGM/LCC–GDC symmetri-

al cells were 573, 481, and 476 mW cm−2 at 900 ◦C in H2 fuel
ith GDC contents of 20%, 30%, and 40%, respectively. For the

CC–GDC20/LSGM/LCC–GDC20 cell, a maximum power density of
33 mW cm−2 at 900 ◦C was achieved using humidified commercial
ity gas containing H2S (3% H2O). No obvious carbon deposition and

[

d (b) after testing in H2 at 900 ◦C, and (c) and (d) after testing in the humidified

sulfur poisoning were observed in city gas over a period of 20 h. The
LCC–GDC20 composite showed high electrical conductivity, good
thermal expansion compatibility with LSGM electrolyte, and per-
tinent electrochemical performance, hence it is recommended as a
promising symmetrical electrode material for use in SOFCs.
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Núñez, Electrochim. Acta 52 (2006) 278–284.
[7] S.P. Jiang, L. Zhang, Y. Zhang, J. Mater. Chem. 17 (2007) 2627–2635.
[8] Y. Zheng, C. Zhang, R. Ran, R. Cai, Z. Shao, D. Farrusseng, Acta Mater. 57 (2009)
1165–1175.
[9] J.C. Ruiz-Morales, J. Canales-Vázquez, H. Lincke, J. Peña-Martínez, D. Marrero-

López, D. Pérez-Coll, J.T.S. Irvine, P. Núñez, Bol. Soc. Esp. Ceram. V 47 (2008)
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