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ABSTRACT

The performance of a composite electrolyte composed of a samarium doped ceria (SDC) and a binary
eutectic carbonate melt phase has been examined. This material shows higher ionic conductivity than
pure SDC in intermediate temperature region. SDC with different morphologies is obtained by co-
precipitation, sol-gel and glycine-nitrate combustion preparation techniques. A tri-layer single cell is
prepared with a cost-effective co-pressing and co-sintering technique. It is found that the surface prop-
erties of SDC and the electrolyte thickness have a great influence on the fuel cell performance. When
the co-precipitated SDC is used as the electrolyte component and CO,/0, gas mixture is adopted as the
cathode oxidant gas, a fuel cell with an excellent performance is obtained, which has a peak power output
of 1704 mW cm~2 at a current density of 3000 mA cm~2 at 650 °C. The influence of cathode atmosphere is
examined with conductivity measurement and fuel cell performance test. The results support the concept
of 02~ [H*/CO32~ ternary conduction.
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1. Introduction

Conventional solid oxide fuel cell (SOFC) uses yttria stabilized
zirconia (YSZ) as electrolyte and operates at high temperatures
(800-1000°C) to achieve a sufficient ionic conductivity [1]. How-
ever, there are many disadvantages of high temperature operation,
such as insufficient long-term stability, high manufacture cost, and
difficulty in materials selection. To develop a cost-effective and
marketable intermediate temperature (IT) SOFC, much research
effort has been focused on the exploration of novel electrolyte
materials with high ionic conductivity in IT region (500-800°C)
[2].

In recent years, oxide ion conductor, such as doped zirconia,
ceria and perovskite type oxide have been explored extensively;
meanwhile, proton conductors is also of great interest for academia
[3-6]. Various film-preparation techniques, such as slurry coating,
screen printing and tape casting have been examined to limit the
ohmic loss through reducing the thickness of the electrolyte layer
[7-10]. These efforts accelerate the development of ITSOFCs. How-
ever, insufficient ionic conductivity, electronic conduction, poor
stability and high manufacturing cost still limit the application
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of ITSOFCs. Recently, salt-ceria-composite electrolytes (SCCEs) are
found to be binary ionic (0%~ /H*) conductors with an overall ionic
conductivity of around 0.1Scm~1 at 600°C in air [11]. In our pre-
vious work, when CO, /0, gas mixture was used as the cathode gas
instead of air, it showed a great enhancing effect. To understand this
effect, an 02~ /H*/CO32~ ternary ionic conduction mechanism was
proposed for the composite electrolyte [12]. In this work, Sm doped
CeO, (SDC) and Li/Na carbonates are used to make up the compos-
ite electrolyte. The effects of the SDC morphology and structure
are examined. The influence of cathode gas is discussed further to
validate the concept of ternary ionic conduction in SCCE.

2. Experimental
2.1. Preparation of composite electrolyte

SDC powder with a composition Ceg gSmg,01.g was prepared by
three methods: (A) glycine-nitrate combustion (GN), (B) oxalate-
co-precipitation (OC) and (C) sol-gel process (SG) [13-15]. LiCO3
and Na,CO3 with a mol ratio of 1:1 were mixed thoroughly by
ball milling for 4h and heated at 600°C in air for 1h to form a
binary eutectic salt. The eutectic salt and SDC were mixed with a
weight ratio of 3:7, and then ground with an agate mortar. The
material was calcined at 650°C in air for 1h to form a composite
electrolyte. The corresponding composite electrolytes are labeled
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as GNCE, OCCE and SGCE, respectively. The composite electrolyte
powder was pressed at 300 MPa into a cylindrical pellet with a
diameter of 13 mm and thickness of 1 mm using a uniaxial die-
pressing technique. The green pellets were then sintered at 650°C
for 1h. Silver electrodes were subsequently prepared by painting
silver paste onto either sides of the pellet for conductivity test. The
pellet was sintered at 700°C for 4 h afterwards.

2.2. Characterization

The powder X-ray diffraction (XRD) patterns were recorded at
room temperature using a D/max 2500 v/pc instrument (Rigaku
Corp. Japan) with CuKa radiation, 40kV and 200 mA. The mor-
phology of powders and the microstructure of sintered pellets
were observed with a PHILIPS XL 30 scanning electron microscope
(SEM). The phase transition behavior of the composite was mea-
sured by PerkinElmer Diamond TG/DTA in air with a heating rate of
4°Cmin~!.Nitrogen adsorption/desorption experiments were per-
formed with a Quantachrome Autosorb-1 analyzer at —196 °C. The
specific surface area of each sample was calculated by the multiple
points Brunauer-Emmett-Teller method. The electrical conductiv-
ity of the pellet was measured in air by A.C. impedance spectroscopy
in a temperature range of 300-650°C using an electrochemical
workstation, CHI660B, made by Cheng Hua Corp. in China, in a
frequency range from 1 Hz to 100 kHz with a bias voltage of 5 mV.

2.3. Fuel cell test

The anode material was a mixture of NiO (50 vol.%) and the SCCE
(50vol.%). The cathode was made with mixing the SCCE (50 vol.%)
and the lithiated NiO powder (50vol.%) prepared by solid-state
reaction of LiOH and NiO at 700 °C for 3 h [16]. A tri-layer single cell
structure was made by a modified co-pressing technique, see Fig. 1.
(a) The anode support was formed first by a uniaxial die-pressing
technique. The electrolyte was then fed as a layer of powder on
the support with the aid of a 60 mesh sieve as shown in the fig-
ure. (b) With 30 MPa pressure applied, a thin layer of electrolyte
was formed on the top of the support. (c) The cathode layer was
formed on the top of the electrolyte in the same way. (d) The tri-
layer pellet was finally pressed at 300 MPa. The green pellet was
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Table 1

Crystallite sizes in (11 1) direction of different SDC samples investigated.
Sample GN o]@ SG
Crystal size (nm) 30.5 25.8 173

sintered at 650 °C for 1 h. The final pellet has a diameter of 13 mm.
The thickness of the anode is 0.5 mm, while that of the cathode is
0.25 mm. The thickness of the electrolyte varied in order to inves-
tigate the effect of the thickness. The thickness of each layer was
measured with an optical microscope. Silver paste was coated after-
wards on each side to act as the current collector followed with
700°C thermal treatment. A homemade setup was used for the per-
formance measurement of the single cell. The fuel cell was tested
in a temperature range of 450-650 °C under atmospheric pressure.
Hydrogen and CO,/0; (1:1 in vol.%) gas mixture were used as the
fuel and oxidant, respectively. The gas flow rates in both sides were
100 ml min~! (STP). The fuel cell I-V characteristics were measured
by the SM-102 fuel cell tester made by San Mu Corp. China.

3. Results
3.1. Property of composite electrolyte

The powder XRD patterns of SDC prepared by the described
techniques and the corresponding composite electrolytes are pre-
sented in Fig. 2. All the patterns show only the characteristics of
the cubic fluorite phase, which is in good agreement with JCPDS
file 34-394. The mean crystallite sizes of the SDC samples are listed
in Table 1. The crystallite sizes of SDC are 30.5nm, 25.8 nm and
17.3 nm for GN, OC and SG samples, respectively.

The SEM micrographs of the SDC powder prepared by the tech-
niques described above are given in Fig. 3(a-c). The SDC (GN)
presents a highly porous foam-like structure. SDC particles with
arod-like shape can be found in the SDC (OC) sample; whereas the
SDC (SG) consists of aggregates with attachments and sintering.
The SEM photos of the corresponding SCCE powders are shown in
Fig. 3(d-f). It shows that the surfaces of the SDC particles are cov-
ered with amorphous carbonates. Clear interfaces in the OCCE and
SGCE can be seen. For the GNCE, the foam-like morphology cannot
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Fig. 1. The modified co-pressing process for tri-layer single cell.
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Fig. 2. XRD patterns of SDC prepared by different methods and corresponding com-
posites. (a) GN; (b) OC; (c) SG; (d) GNCE; (e) OCCE; (f) SGCE; (g) JCPDS file 34-394.
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Table 2

BET surface area of different SDC and SCCE investigated.
Sample GN/GNCE OC/OCCE SG/SGCE
BET (m?g!) 22.05/2.24 15.18/2.16 2.95/1.53

be distinguished, but a homogenous surface without a clear inter-
face is observed. The BET surface area of SDC and their composites
are listed in Table 2. The SDC (GN) has the highest surface area,
22.5m? g 1; whereas SDC (SG) has the lowest surface area, only
2.9m? g-1. After incorporation of carbonates, the surface areas of
the three samples are all lower than 2.3 m2g~1.

The cross-sections of the SCCE pellets after sintering at 650°C
are presented in Fig. 4. [t is interesting to note that the morphology
of SCCEs in the pellets is different from those in the powders. The
GNCE presents a porous structure without clear interface, whereas
the consecutive interfaces can be observed clearly in OCCE. In SGCE,
the SDC aggregates are covered by a carbonate layer showing a
core-shell structure. The DTA curves of the SCCEs are depicted in
Fig. 5. Each curve has only one endothermic event attributed to the
melting of the eutectic salt in the temperature range of 450-500 °C.
There exist slight shifts in the peak positions between the three
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Fig. 4. SEM images of cross-section of composite electrolyte pellet sintered at 650 °C. (a) GNCE; (b) OCCE; (c) SGCE.
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Fig. 5. DTA curves of composite electrolytes. (a) SGCE; (b) OCCE; (c) GNCE.

samples. The peak temperatures of the three curves locate at 492,
493 and 494 °C for SGCE, OCCE and GNCE, respectively.

The conductivity measured by the A.C. (CMAC) impedance tech-
nique versus temperature curves of the SDC and SCCE samples are
plotted in Fig. 6. CMAC values of the SDC sample vary from 10~ to
10~2Scm~! in the temperature range of 300-650 °C, while those of
the SCCE samples vary from 10~4 to 10~! Scm~! in the same tem-
perature range. The CMAC values of the SCCEs are around 1 order
of magnitude higher than that of the SDC sample. The CMAC values
of composite electrolyte above melting point appear in the order:
SGCE > OCCE > GNCE.

3.2. Tri-layer and the performance of single cell

I-V and I-P curves at 650 °C with a 0.5 mm thick SCCE and with
the CO, /0, gas mixture as the oxidant are illustrated in Fig. 7. Here,
the maximum output power densities of the single cells are 1266,
1121 and 607 mW cm~2 for OCCE, SGCE and GNCE as the electrolyte,
respectively. Single cell with OCCE shows the best performance.
Fig. 8 gives the I-V-P characteristics of the single cell measured
with 0.25 mm thick OCCE electrolyte as a function of temperature.
The open-circuit voltages (OCV) are 1.13,1.10, 1.10, 1.07 and 1.06 V
at 650, 600, 550, 500, and 450 °C, respectively. The maximum out-
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Fig. 6. The conductivity measured by impedance technique of different electrolytes.
(@) SGCE; (m) OCCE; (a) GNCE; (O) SDC.
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Fig. 8. Performance of single cell with 0.25 mm thickness OCCE at different temper-
atures in H,/0,-CO, atmosphere. (M, 0) 650 °C; (®, O) 600°C; (a, A) 550°C; (*, i)
500°C; (4, 0)450°C.

put appeared at 650°C and reached 1704 mW cm~2 at a current
density of 3000 mA cm~2. It should be noted that, after the fuel cell
was operated for 30 min, water was condensed in both outlet gas
streams and CO, was detected by GC in the anode outlet gas.

The influence of cathode gas on the OCV and the maximum
power density of a single cell in air and CO,/0, are compared in
Fig. 9. Above the melting point (493 °C), the fuel cell shows higher
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Fig. 9. The influence of cathode gas on the OCV and maximum power density with
OCCE in air and 0,-CO; mixed gas, (W, () O,-CO, mixed gas, and (a, A) air.
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Fig. 10. The conductivity measured by A.C. (CMAC) impedance technique and D.C.
conductivity (DCC) results of OCCE in different cathode gases as a function of tem-
perature. (M, 0J) O,-CO; mixed gas and (A, A) air.

power output with CO,/0, mixed gas than with air, whereas, below
the melting point, air is more favored. The single cell with the same
component shows higher OCV with mixed gas than with air. For
the V-I characteristics in Fig. 8, the linear section in the central
region reflects the internal resistance (IR) loss caused mainly by
electrolyte, from which the resistance and thus D.C. conductivity
(DCC) of the electrolyte can be calculated [17]. The DCC and CMAC
of OCCE with air and mixed gas are compared in Fig. 10. The CMAC
of OCCE is higher than its DCC, while the DCC gets closer to the
CMAC with the increase of temperature. Both the CMAC and DCC
with mixed gas are higher than those with air, whereas it shows
the opposite trend below the melting point.

4. Discussion
4.1. Fabrication of a single cell

The ohmic loss of the electrolyte layer can be suppressed by
reducing its thickness [18]. To achieve the goal, several wet film-
preparation techniques such as screen printing and slurry coating
have been explored. The anode has been usually used as the support
simultaneously, on which the thin electrolyte and cathode lay-
ers are coated, respectively. For the conventional yttria stabilized
zirconia (YSZ) electrolyte, Ni/YSZ anode and LaxSry_xMnO3_s/YSZ
cathode, heat treatment above 1300 °C has been applied after each
coating for the densification of the electrolyte and improvement
of the contact between layers. These techniques based on wet and
high temperature treating processes are generally cost intensive,
and also introduce polarization losses due to the high temperature
destruction of the electrode microstructures. Such techniques often
employ organic additives which pollute the environment. Here, we
introduce a modified dry pressing technique without using organic
additives. Different from previous literature, a fragmentation and
filling process with the aid of a sieve were employed. This technique
helps to fabricate the electrolyte and the cathode layers as thin
as 250 pm, while in literature normally 500 wm was obtained for
the two layers with a co-pressing technique [19,20]. The tri-layer
structure was prepared by one step co-pressing process, which was
superior to the multistep coating processes. The molten carbonate
fills in the pores of SDC matrix thus forms a gas-tight electrolyte
layer. This is proved by the high OCV (>1V) in Fig. 8. Molten car-
bonate simultaneously improves the contact between electrodes

and electrolyte which limit the contact resistance. The low calcina-
tion temperature of the materials protects the porous structure of
the electrodes which facilitates gas diffusion and minimizes polar-
ization losses.

4.2. The composite electrolyte

The XRD patterns of all the SDC samples examined show a
similar pure and well crystallized fluorite structure. However, the
three preparation techniques produced SDC with distinctly differ-
ent surface properties. In GN process, the combustion of the organic
additive results in a production of gas and a porous structure with
a large specific surface area [21]. OC technique produces perfect
crystals with moderate surface area, while the aggregation of fine
particles in SG route gives the smallest surface area among the three
samples.

After incorporation of the carbonate, the composite electrolytes
show an exactly same diffraction pattern as that of the pure SDC,
and there are no diffraction peaks of carbonates, indicating that the
carbonates exist in an amorphous form. This was also reported by
other authors [22]. The DTA peak position and the CMAC values
of the three composite materials show a same order: SG>0C>GN
which indicates some dependence of the property of the composite
on the structure of the SDC substrates. The structure of the solid
oxide phase influences the thermal and ionic conduction prop-
erty of the molten carbonate. Such effects has been found in many
molten salts, such as alkali nitrates [23], and alkali binary carbon-
ate [24], coexisting with oxide powders such as LiAlO,, ZrO,, MgO,
Al,03, and SiO, [23-26]. This has been explained as the interfacial
effect or interaction between the two phases. It has been demon-
strated that the ionic conduction within dual-phase composites
depends on the quantity, distribution, and structure of the solid
matrix. The high surface area oxide phase presents a tortuous path
for both ionic conduction and diffusion in the dual-phase material,
which often has a negative effect[25]. The endothermic peakin DTA
shifts toward lower temperatures with the increase of the specific
surface area of the solid oxide particles. It should be noted that
most of the solid substrates reported are insulators. However, in
this work, an ionic conductor, SDC, is employed as the solid matrix.
The foam-like GN with the highest BET surface area shows the low-
est CMAC and endothermic peak temperature of GNCE. On the other
hand, SG with lowest BET surface area has the highest CMAC and
endothermic peak temperature of SGCE. These results demonstrate
that the solid ionic conductors have the same influences on the
thermal and conductive properties of composite materials as the
insulators.

From Fig. 7, it is found that the single cell with OCCE shows
the best performance, which has a maximum power output of
1266 mW cm~2 at 2.4 Acm~2. Compared to the results of CMAC, it
seems that there is some conflict. However, it should be noted that
all the ions, e.g. M* (M =Li, Na), CO3%~ and 0%~ in SCCE contribute
to the CMAC [27]. The Li*/Na* cations are non-consumed-supplied
mobile ions and are blocked in fuel cell operation atmosphere. In
order to get the sense of the effective conductivity, the DCC value is
obtained through direct measurement of the fuel cell I-V character-
istics [17]. The contribution of the mobile ions (H*, 02~ and CO32")
in H,/CO,-0, atmosphere can be characterized directly by the DCC.
The DCC of OCCE, SGCE and GNCE are 0.13,0.10 and 0.06 Scm™~! at
650 °C, respectively, which is consistent with the trend of fuel cell
performances. The difference can be attributed to the influence of
SDC structure on the interfacial effect [28]. In previously published
works, many facts proved that the interfacial conduction in SCCE is
the dominant process [29,30]. The fuel cell performance is greatly
improved by increasing the interfacial area. It was found that a high
interface area and consecutive dual-phase structure are crucial to
the interfacial ionic conduction [31]. Here, the foam-like SDC (GN)
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may distort the interfacial conduction path and limit the continuity
of the molten carbonate phase [28]. For SDC (SG), the aggregation
destroys the consecutive phase of SDC, which decreases the inter-
facial conduction area. The SDC (OC) sample shows perfect crystals
with moderate specific surface area. In Fig. 4(c), the consecutive
interface can be observed clearly in OCCE. The incorporation of
30wt¥% carbonate makes the two phases have similar volume and
maximizes the interface area and keeps the consecutive structure
of each phase in the composite material [12].

When the thickness of OCCE layer is decreased to 250 wm, the
maximum power density of single cell is 1704 mW cm~2 at a cur-
rent density of 3 Acm~2. The fuel cell shows a high OCV (>1.06V),
which proves the gas-tight structure of OCCE and free of elec-
tron conduction. This excellent and reproducible performance is
attributed to super-ionic conduction and compatible electrodes.
Recently, Li and Sun tested the stability of the H,/CO,-05 fuel cell
with SCCE for 200 h [32]. A stable OCV and V-I performance was
reported.

The influence of cathode atmosphere on fuel cell and SCCE was
demonstrated in Figs. 9 and 10. The OCV with mixed gas is higher
than with air, which is supposed to be the effect of the CO, and
0, partial pressures. The single cell exports higher power density
with mixed gas than with air above the melting point, while air as
the cathode gas gives better result below the melting point. This
is consistent with the results of CMAC and DCC measurements as
shown in Fig. 10. When air is used as the cathode gas, H*/0%~ binary
conduction happens along the interface and in SDC phase, which
has already been proved by electrolysis of water, gas concentration
cells and fuel cell studies [17,33]. However, the conduction of CO32~
is blocked in these cases because of no external resource for CO32".
When CO,-0, mixture is used, higher power density, CMAC and
DCC of SCCE is obtained compared with air. CO, in cathode gas may
stimulate the CO32~ conduction in molten carbonate bulk phase as
in molten carbonate fuel cell and promote H*/0%~ conduction by
interaction between ions along the interface [34,35]. Recently, the
promotion effect of CO32~ on 02~ conduction in solid inorganic
membranes was elaborated both with experiments and theoretical
modeling [36,37]. The ternary ionic conduction hypothesis is also
consistent with the experiment fact that water was condensed in
the outlet gas of cathode and anode and CO, was detected by GC in
the anode outlet gas. Above the melting point, with the increase of
temperature, the DCC of SCCE gets closer to the CMAC which is due
to the increase of the ternary 02~ /H*/C0O32~ conduction. However,
below the melting point, the freezing of carbonate limits the car-
bonate conduction, and leads to the poor CMAC and DCC of SCCE
and fuel cell performance.

5. Conclusion

A composite electrolyte based on SDC and (Li/Na),CO3 eutectic
salt was used as the electrolyte for the intermediate temperature
fuel cell. This material has a much higher ionic conductivity than
pure SDCin the temperature range higher than the melting point of
the carbonate phase. Three techniques, i.e. glycine-nitrate combus-
tion (GN), oxalate-co-precipitation (OC) and sol-gel method (SG)
were employed in the synthesis of SDC with different morpholo-
gies. It was found that the SDC prepared with different method
has different surface property which decides the thermal and ionic
transport behavior of SCCE. The OCCE with rod-like SDC particle
shows the best performance which has a moderate crystallite size
and surface area. It favors the formation of consecutive interface
and dual-phase for the ionic conduction.

A co-pressing and co-sintering process is employed to prepare
the single cell. With such a cost-effective fabrication process, the

performance of the single cell is greatly improved by decreasing the
thickness of SCCE layer. When CO,/0, gas mixture was used as the
cathode oxidant gas, the single cell with OCCE exhibits an excel-
lent performance with a peak power output of 1700 mW cm~2 at a
current density of 3000 mA cm~2 at 650 °C. The CMAC, DCC of SCCE
and fuel cell performance prove the enhancing effect of CO, which
stimulates the CO32~ conduction and promotes the conduction of
other mobile ions. Such intermediate temperature fuel cell with
SCCE has the combination of the good features of SOFC/MCFC and
is very promising for further research.
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