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Herein, the Sr2Fe1.5Mo0.5O6 (SFM) precursor solution is infiltrated into a tri-layered “porous
La0.9Sr0.1Ga0.8Mg0.2O3 (LSGM)/dense LSGM/porous LSGM” skeleton to form both SFM/LSGM symmetrical fuel
cells and functional fuel cells by adopting an ultra-fast and time-saving procedure. The heating/cooling rate
when fabricating is fixed at 200 °C/min. Thanks to the unique cell structure with high thermal shock resistance
and matched thermal expansion coefficients (TEC) between SFM and LSGM, no SFM/LSGM interfacial detach-
ment is detected. The polarization resistances (Rp) of SFM/LSGM composite cathode and anode at 650 °C are
0.27 Ω·cm2 and 0.235 Ω·cm2, respectively. These values are even smaller than those of the cells fabricated
with traditional method. From scanning electron microscope (SEM), a more homogenous distribution of SFM
is identified in the ultra-fast fabricated SFM/LSGM composite, therefore leading to the enhanced performance.
This study also strengthens the evidence that SFM can be used as high performance symmetrical electrode ma-
terial both running in H2 and CH4. When using H2 as fuel, the maximum power density of “SFM-LSGM/LSGM/
LSGM-SFM” functional fuel cell at 700 °C is 880 mW cm−2. By using CH4 as fuel, the maximum power densities
at 850 and 900 °C are 146 and 306 mW cm−2, respectively.

© 2017 Published by Elsevier B.V.
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1. Introduction

Solid oxide fuel cell (SOFC) is one of most efficient power generation
system that can convert chemical energy directly into electricity [1–4].
However, the high price and poor stability caused by its high operating
temperature largely hinder its application. Reducing the operating tem-
perature from800 to 1000 °C to 500–700 °C is therefore highlymotivated
[5,6]. Consequently, development of electrodes which operated at low
temperature is of great importance [7–9].

Infiltrated electrodes are widely recognized to show excellent per-
formance even in the low temperature range [10–12]. A typical fabrica-
tion process (anode or cathode) is as follows: firstly, the precursor
aterials for Energy Conversion,
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an), srwang@cumt.edu.cn
solution of catalyst is infiltrated into the porous ion-conductive skele-
ton; then, the crystallization of catalyst is achieved by high temperature
calcination at 700–900 °C for 2–4 h. One infiltration/calcination cycle
normally yields a catalyst loading of 1–5wt%.Multiply infiltration/calci-
nation cycles are needed to increase the optimal loading to 20–40 wt%
[13–15]. As indicated, such a fabrication process is time-consuming,
which can hardly be adopted for large-scale application.

In our prior research, an integrated tri-layer structure of “porous
LSGM/dense LSGM/porous LSGM” skeleton using for infiltrating was
invented [14–16]. Impressively, we found that the quick quenching
(with heating/cooling rates of 10 °C/min) has no detrimental influence
on themicrostructure of the infiltrated electrodewhen the TEC between
the electrode catalyst and the LSGMskeleton are similar [15]. For further
decreasing the fabrication time and increasing efficiency, the feasibility
of ultra-fast fabrication of infiltrated SFM/LSGM electrode directly used
for symmetrical solid oxide fuel cell is evaluated in this study. The
heating/cooling rate is 200 °C/min. The preparation time of one infiltra-
tion/calcination cycle consumed is about 10 min in this study. Symmet-
rical solid oxide fuel cells are receiving great attention recently [17–19].
In recent years, SFM was found to be an alternative new electrode
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material for symmetric SOFCs showing excellent performances and also
has similar TECwith LSGM [20,21]. It is therefore interesting andmean-
ingful to investigate the performances of symmetrical fuel cells using
SFM as electrode material in this study.

2. Experimental

The tri-layer structured “porous LSGM/dense LSGM/porous LSGM”
skeletonwas fabricated by a traditional “tape-casting/laminating/co-fir-
ing” technique [14–16]. All chemical agents were purchased from
Sinopharm Chemical Reagent Co., Ltd. (China), and analytical reagents
were used in this study. The SFM precursor solution was prepared by
dissolving (NH4)6Mo7O24.4H2O (0.28 g), Sr(NO3)2 (1.32 g) and
Fe(NO3)2·9H2O (1.89 g) in an citric acid (CA: 3.65 g) solution (30 ml)
with amolar ratio betweenMn+ and CA of 1:2 (Mn+ is the total concen-
tration of metal ions). Then, ammonia solution (10 ml) containing
Fig. 1. (a–e) SEM imageof the blank porous LSGM/dense LSGM/porous LSGM skeletonused for f
SEM image of the SFM/LSGM anode (c); SEM image of SFM/LSGM cathode fabricated with trad
Ethylene Diamine Tetraacetic Acid (EDTA: 4.8 g) was added until a
molar ratio between EDTA and metal ions of 1:1 was reached. The pre-
cursor solution was finally heating on a hot plate until a molar concen-
tration of 0.2 mol L−1 was obtained.

A vertical tube furnace was used for heating. The temperature of the
furnace was set at 850 °C. The “porous LSGM/dense LSGM/porous
LSGM” skeleton was dipped into the above SFM precursor solution for
1 min and then was drawn out. With the aid of a stainless steel hook,
the skeletonwith infiltrate was quickly pulled into the furnace for calci-
nation and then was quickly fetched out of the furnace for cooling. The
heating/cooling rate adopted here is 200 °C/min, which is 20 times
faster than those reported in literature [22–24]. The LSGMskeleton infil-
trated with catalyst was weighed before and after each impregnation/
calcination cycle to estimate the loading of the impregnated SFM. One
infiltration/calcination cycle yielded an average SFM loading of 1 wt%.
The infiltration/calcination process was repeated for 20 times to yield
unctional fuel cells and conductivities of SFM (a); SEM imageof the SFM/LSGMcathode (b);
itional method (d,e).



Fig. 2. (a–f) XRD patterns of the SFM powders calcined at 850 °C for 2 h and treated in H2 atmosphere at different temperatures; conductivities of SFM in air and H2 atmospheres (a);
impedance measurements of the blank “porous LSGM/dense LSGM/porous LSGM” symmetrical fuel cell (b); EIS of the SFM/LSGM cathodes (c) and anodes (d) at temperatures of 600–
700 °C; EIS of the SFM/LSGM anodes during six redox cycles at 600 °C (e); comparison of ohmic resistances of symmetrical cathode and anode fuel cells at different temperatures (f).
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a final loading of 21 wt%. Prior to the testing, the holding time at 850 °C
for 2 h in muffle furnace is needed for achieving crystallization of SFM.
As indicated, the whole process is highly automated and can be easily
adopted for large-scale application.

The microstructure of SFM/LSGM composite electrode was exam-
ined by the field emission scanning electron microscope (FESEM-
4800). For electrochemical characterization, silver mesh was applied
on the electrode surface using silver paste as binder for current
collecting and silver wires were used as the voltage and current leads.
Impedance measurement of the symmetrical fuel cells was performed
in static air (or hydrogen) with an IM6 Electrochemical Workstation
(ZAHNER, Germany) with a frequency ranged from 0.1 Hz to 100 kHz
with amplitude of 20 mV. As for symmetrical fuel cells investigated
here, the effective surface area is 0.785 cm2. When testing, static air
and high purity H2 (99.999%) with flowing rate of 40 sccm were used
as oxidant and fuel, respectively.
3. Result and discussion

Fig. 1a shows the SEM image of the blank “porous LSGM/dense
LSGM/porous LSGM” skeleton used for single cells. The thicknesses of
cathode, anode and electrolyte are 300, 25 and 18 μm, respectively.
From the embedded image in Fig. 1a, we can also find that the LSGM
electrolyte prepared in this study is dense. SEM images in Fig. 1b,c pro-
vide insights into the morphologies of both SFM/LSGM composite cath-
ode (Fig. 1b) and SFM/LSGM composite anode (Fig. 1c). Nanometer
sized SFM particles are uniformly coated on the LSGM skeleton. Most
probably, the tri-layer structured “porous/dense/porous” skeleton
used for infiltrating is outstanding for high resistance to thermal
shock. No SFM/LSGM interfacial detachment is detected in this study.
Furthermore, the morphologies of SFM in both air and hydrogen atmo-
sphere revealed in Fig. 1b,c are almost identical, verifying that SFM is
stable in both air and hydrogen [20]. For comparison, the SEM images



Fig. 3. (a,b) Cell voltages and power densities versus current densities of “SFM-LSGM/
LSGM/LSGM-SFM” single cell at different temperatures (a: H2; b: CH4).
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of SFM/LSGM composite electrode fabricated with traditional infiltrat-
ing/calcination procedure are also shown in Fig. 1d,e. However, LSGM
skeleton coated with inhomogeneous infiltrate can be easily visualized.
When using the traditional fabrication method, condensation of SFM
precursor solution in the skeleton was occurring as the firing tempera-
ture increasing. Owing to the none-uniform pore structure of LSGM
skeleton mainly caused by poor fabrication technique which can hardly
be controlled in the experiment, part of pores (mainly large pores, as in-
dicated in Fig. 1e) in the LSGMskeletonwithweak capillary force cannot
be soaked with SFM precursor solution in the final stage of condensa-
tion, therefore leading to an inhomogeneous distribution of infiltrate
in the skeleton. On the contrary, when firing very quickly, the SFM pre-
cursor solution burned out instantly, thus insuring a much more ho-
mogenous distribution of infiltrate.

From XRD patterns indicated in Fig. 2a, SFM emerges as the main
phase. A little amount of SrMoO4 can also be detected. When reduced
at high temperature, SrMoO4 is transferred to perovskite-type oxide
SrMoO3. Mainly owing to the similar XRD characteristic peaks between
SrMoO3 and SFM, SrMoO3 is not visible in the XRD patterns. As indicted,
when operating at low temperature in reduced atmosphere, SFM is con-
sidered to be stable. Comparedwith thewidely used Co-based electrode
materials, the conductivities of SFM (density: 98%) are much lower,
which showed in Fig. 2a. Impedance measurements of the “porous
LSGM/dense LSGM/porous LSGM” symmetrical fuel cell are presented
in Fig. 2b, showing very large Rohm. However, when using SFM as cat-
alyst which preserving low conductivity, much lower Rp of both the
SFM/LSGM cathode and anode in the temperature range of 600–
700 °C are shown in Fig. 2c,d. Analyzing from Nyquist and Bode plots
in Fig. 2c,d, the oxygen-exchange reaction and charge transfer reaction
on SFM surfaces dominates the cathode and anode kinetics, respectively
[25,26].

The Rp of both cathode and anode at 650 °C (0.27 Ω·cm2 and
0.235 Ω·cm2, respectively) fabricated by our modified procedure are
smaller than those fabricated by traditional method. This finding is en-
lightening. As for the real application, fuel cells with large size are ur-
gently required. The inhomogeneous distribution of infiltrate in the
fuel cells with large size may lead to ugly performance. The research
in this study probably provides a solution. Fig. 2e compares the Electro-
chemical Impedance Spectroscopy (EIS) of symmetrical fuel cells in H2

atmosphere at 600 °C during six redox cycles. Prior to the redox cycling,
the Rohm and Rp of the SFM/LSGM composite anode are 0.715 Ω·cm2

and 0.46 Ω·cm2. After 6 redox cycles, the Rohm and Rp are
0.63 Ω·cm2 and 0.42 Ω·cm2, indicating fairly stable performances. The
Rohm of symmetrical cathode and anode fuel cells at 600 °C are as
large as 0.727 Ω·cm2 and 1.414 Ω·cm2 (electrolyte thickness: 40 μm),
as revealed in Fig. 2f. We can expect that the Rohm can be reduced by
decreasing the thickness of electrodes, using new electrode material
with high conductivity or increasing SFM loading (21 wt% is not the op-
timal loading) [27]. Fig. 2f further compares the Rohm of such symmet-
rical electrode fuel cells. The Rohm of cathode in the temperature range
investigated are much smaller than those of the anode. This is reason-
able because the conductivity of SFM in air is much higher than that in
hydrogen atmosphere. Also shown in Fig. 3f are the catalytic activities
of SFM towards oxygen reduction and hydrogen oxidation. The SFM/
LSGM composite anode shows amuch smaller Rp with lower activation
energy.

Plots of cell voltages and power densities versus current densities of
the symmetrical functional fuel cell are shown in Fig. 3a.When using H2

as fuel and air as oxidant, the maximum power densities recorded are
880, 359 and 236 mW cm−2 at 700, 650 and 600 °C, respectively. The
performances of single cells investigated here are higher than those of
the previously reported symmetrical SOFCs. For example, when using
La0.6Sr0.4Fe0.9Sc0.1O3, PrBa0.8Ca0.2Mn2O5 and La0.9Ca0.1Fe0.9Nb0.1O3 as
electrodes, the maximum power densities are only 320, 502 and
204 mW cm−2 at 700 °C, respectively [26,28,29]. The performance of
the symmetrical functional fuel cell when operated in CH4 (3%H2O) is
also shown in Fig. 3b. The open circuit voltages (OCV) at 850 °C and
900 °C are 0.9 V and 0.75 V, while the maximum power densities are
146 and 306mWcm−2 respectively. The lowOCV indicates that the cat-
alytic property of SFM for methane oxidation is still limited. Similar low
OCV values can also be found in fuel cells when using SFM,
La0.75Sr0.25Cr0.5Mn0.5O3 and Sr2FeNb0.2Mo0.8O6 as anodes [30–32]. The
sudden change of CV curves at 0.7V ismost probably attributed to a spe-
cial activation process or the structural instability of SFM at high
temperature.

Notably, the fuel cells investigated have small diameters of 1 cm. The
feasibility of fast preparation of large cells at such fast heating/cooling
rates is under investigation now. Furthermore, the fast preparation of
electrolyte and metal supported fuel cells with high mechanical
strength is also under consideration.
4. Conclusion

The feasibility of fast preparation of SFM/LSGM composite electrode
has been carefully evaluated in this study. No interfacial detachment is
found between SFM and the LSGM skeleton. Both the SFM/LSGM com-
posite cathode and composite anode fabricated with this method
showed robust and extraordinary electrochemical performances. The
maximum power densities of single cell when using H2 as fuel are as
high as 880, 359 and 236mWcm−2 at 700, 650 and 600 °C, respectively.
When using CH4 as fuel, the maximum power densities are 146 and
306 mW cm−2 at 850 °C and 900 °C, respectively.
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