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In the present work, cost-effective nanocomposite electrolyte (Ba-SDC) oxide is developed for
efficient low-temperature solid oxide fuel cells (LTSOFCs). Analysis has shown that dual phase
conduction of O (oxygen ions) and H" (protons) plays a significant role in the development of
advanced LTSOFCs. Comparatively high proton ion conductivity (0.19 s/cm) for LTSOFCs was
achieved at low temperature (460 °C). In this article, the ionic conduction behaviour of LTSOFCs
is explained by carrying out electrochemical impedance spectroscopy measurements. Further, the
phase and structure analysis are investigated by X-ray diffraction and scanning electron microscopy
techniques. Finally, we achieved an ionic transport number of the composite electrolyte for
LTSOFECs as high as 0.95 and energy and power density of 90% and 550 mW/cm?, respectively,
after sintering the composite electrolyte at 800 °C for 4 h, which is promising. Our current effort
toward the development of an efficient, green, low-temperature solid oxide fuel cell with the
incorporation of high proton conductivity composite electrolyte may open frontiers in the fields of
energy and fuel cell technology. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4934940]

At the present time, global energy demand is ever increas-
ing to fulfil the basic needs of the rapidly growing population.
Currently, the world is facing energy crises due to the soaring
development of industries, rapid urbanization, and unexpected
population growth. These energy demands are predicted to
increase by roughly 50% in the time frame of 2005 to 2030 as
the world population is almost doubling every 35 years,
although the rate of increase differs in different countries.'”

Nowadays, researchers and scientists are facing the great
challenge of developing sustainable and environmentally
friendly energy resources.” In order to overcome the global
shortage of heat and power, fuel cells and hydrogen are seen
as promising possible alternatives.* The overall electrochemi-
cal conversion efficiency of fuel cells is 80%, which is much
higher than that of other power plants, which have an effi-
ciency of around 40%.> Among the various types of fuel cells,
solid oxide fuel cells (SOFCs) are of particular interest due to
their fuel flexibility and higher efficiency, and they are consid-
ered as promising power-generation devices.®’ In general, a
fuel cell consists of three layers, where the electrodes (anode
and cathode) are porous and the electrolyte is dense. Among
these three layers, the electrolyte is the most important layer
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of the fuel cell since its ionic conductivity plays a key role in
the overall fuel cell performance. The high operating tempera-
ture (800—1000°C) of the yttrium stabilized zirconia (YSZ)
electrolyte required to achieve high oxygen ion conductivity
in the fuel cell is the main limitation of conventional SOFCs.
Hence, for FC products to gain commercial success, the fore-
most aim is to maintain a lower operating temperature without
compromising the efficiency of the device.®

The main reason for the higher operating temperature is
to increase the number of oxygen ions by the reduction pro-
cess in the cathode of the SOFC and to transport the oxygen
ions through an ion-conducting electrolyte. However, at
lower temperatures, the efficiency of the SOFC may be lim-
ited because of its poor oxygen-ion conductivity. In order to
resolve this challenge, a possible solution is to develop high
oxygen-ion conductivities by using nanocomposite electro-
lytes instead of pure materials, e.g., Gadolinium doped ceria
(GDC), Yttrium stabilized zirconium (YSZ), Samarium
doped ceria (SDC), etc., in the fuel cell.

Proton conductors are very attractive due to their higher
efficiency, low activation energy, and higher fuel utilization
factor. Researchers have investigated various approaches to
synthesize and enhance both proton and ion conductivity in
fuel cells at the same time, for example, Zhao et al 2 Elleuch
explored an oxalate co-precipitation process,'® Richter used

© 2015 AIP Publishing LLC
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a solid state reaction method,11 Zhu et al. used a wet chemi-
cal method,'” many researchers have used co-precipitation
methods,”_15 and so on.

Although many researchers have developed proton and
oxygen ion conductors, few of them have developed mixed
ions (oxygen ions and proton ions) in electrolyte materials.
Jacquin and colleagues developed proton-conducting
BaCe9Y.10,.95 ceramic oxide and achieved a conductivity
of BCeYO of up to 1.2 x 107 s/cm at 500 °C."® Medvedev
and colleagues used the solution combustion synthesis
method to obtain nanosized powders of CepgSmg,0, 5«
BaCeo_gSm0.203_5.17 Single ion conductor-based electrolytes
have not been completely successful, however, in reducing
the operating temperature to a lower level.

Another attempt was made by Zhu et al.,'> who intro-
duced the NANCOFC (nanocomposites for advanced fuel
cells, www.nanocofc.com) approach, whereby co-ions or
hybrid ions were introduced, which not only enhanced the
ionic conductivity but was also succeeded in low-
temperature SOFCs (LTSOFCs) and was evidently far better
than the conventional electrolytes. Therefore, interest in the
development of hybrid ion conductors has increased notice-
ably among the scientific community.'>'*

In our current work, a two-phase barium-based electro-
lyte with high ionic conductivity is developed by the wet
chemical method and shows a promising trend for
LTSOFCs. The barium-based nanocomposites showing high
hybrid oxygen and proton (O*/H") conductivity at low tem-
peratures have been discovered.

The nanocomposite electrolytes (Ba-SDC, i.e., samaria
doped ceria—barium, etc.) are synthesized by the wet chemi-
cal method. The stoichiometric molar ratios of the chemicals
Ba (NOs),, Sm (NOs3); x 6H,0 (Sigma-Aldrich, USA), and
Ce (NO3); x 6H,O (Sigma-Aldrich, USA) were used to syn-
thesize the Ba-SDC nanocomposite electrolyte material. The
first solution of Ce gSm,0,_ is prepared in DI water, and
later, a solution of Ba (NOj), is added drop wise to the for-
mer one. The most favourable molar ratio of
Ce:Sm:Ba=4:1:1 was selected for preparing a 0.1 mol 17"
solution. The as-prepared powder was dried in the oven at a
temperature of 110 °C for 1 h, and this homogeneous powder
was then sintered at 800 °C for 4 h in air. Finally, the synthe-
sized powder was ground for 20 min using a manual milling
apparatus.

A solid state reaction was observed during the preparation
of nanocomposite electrodes for the fuel cell. For a single-
layer fuel cell, Li,CO5 (Sigma-Aldrich, USA), CuCO3; x Cu
(OH), (Sigma-Aldrich, USA), NiCOj; x 2Ni(OH), x 6H,O
(Sigma-Aldrich, USA), and Zn (NOs3), x 6H,0, in an appro-
priate molar ratio of 1:2:5:5, were ground together before sin-
tering at 800 °C for 4 h in air. In the last step, the Li Cu Ni Zn
O (LCNZ) and electrolyte powder were again ground very
thoroughly to avoid any non-homogeneity in the prepared
material.

A pellet of pure electrolyte powder with a diameter of
13 mm and thickness of 1 mm was made to measure the con-
ductivity of the prepared composite material. In order to pre-
pare laboratory button cells, after sintering, the obtained
powders were uniaxially pressed into pellets in the symmet-
rical order of anode (LCNZ and Ba-SDC)/electrolyte (Ba-
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SDC)/cathode (LCNZ and Ba-SDC). The LCZN (electrode)
and Ba-SDC (electrolyte) were mixed at a ratio of 50 vol. %
for the preparation of both the anode and the cathode. The
pellets were pressed under a pressure of 280 kg-cm ™~ using a
mechanical hydraulic press machine. In the last step, the as-
prepared pellets were sintered at 650°C for 1 h to remove
any impurities and defects from the final products. Further
electrical measurements of the as-prepared fuel cell were
carried out by applying the silver paste on both sides of the
cell as the current collector.

DC conductivities were measured by a digital micro-
ohmmeter (KD 2531, China) in a hydrogen and air atmos-
phere. The conductivity was calculated with the following
formula:

o =L/RA,

where ¢ is the conductivity, L is the thickness of the pellet,
R is the internal resistance, and A is the area of the cell. The
active area of the pellet is assumed to be 0.64 cm”.

The X-ray diffraction (XRD) pattern of the sintered
BSDC (electrolyte) was recorded by an X-ray diffractometer
(Rigaku D/Max-2500, Tokyo, Japan) with Cu K, radiation
(A=1.5418 10\) at room temperature with a current of 30 mA
and voltage of 35kV. The phase and structure of the BCDS
were determined by means of JCPDs cards. The crystallite
size (Dp) was calculated by Scherrer’s equation

Dy = 0.894/Cos 0,

where 1 and f are the wavelength and full-width at half-
maximum (FWHM), respectively.

In order to get an insight into the morphology of nano-
structure samples, the scanning electron microscopy (SEM,
Philips XL-30) was used.'**°

The performance of the fuel cell is executed in the tem-
perature range of 400-600 °C. The electrochemical measure-
ments of the cell are made with hydrogen gas as fuel. The
gas flow rate is adjusted with the help of a gas flow meter
and set at 100ml min~" at atmospheric pressure. The fuel
cell pellets are fixed in a stainless steel fuel cell device and
later sealed with the silicon paste. After the application of
load resistance, the values of voltage, current, and open cir-
cuit voltage (OCV) are adjusted and measured with the help
of a fuel cell testing instrument (SM-102, Tianjin, China).
The evaluation of the performance of the cell is further
assessed by comparing the IV and IP characteristics curves
in the temperature range of 400—-600 °C.

In order to study the ionic behaviour and transport
mechanism, the electrochemical impedance spectroscopy
(EIS) was carried out by implementing VersaSTAT 2273
(Princeton Applied Research, USA) in a hydrogen and air
atmosphere. For the EIS data, the frequency ranged from
0.01Hz to 1MHz under 10mV. The obtained data were
simulated with software (Z SimpWin, Princeton Applied
Research, USA) to draw the appropriate equivalent circuit
for the cell.

Thermal expansion was measured with a pushrod dila-
tometer (402 C, Netzsch, Germany). This dilatometer was
equipped with a SiC furnace, which was able to operate
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between room temperature and 1600 °C. In this dilatometer,
a vacuum-tight system allows measurements to be carried
out in pure inert or oxidizing atmospheres, as well as under
vacuum. Some primary parameters were set, for example,
fused silica, sapphire, tungsten, platinum, and so on, for
length calibration. The standard was used to compare the
results of the expansion of the specimen and the temperature
range of the measurement. Further, the data were analyzed
by MS-Windows Thermal Analysis. The software includes
semi-automatic routines for correction of the sample holder
expansion, as well as onset and peak temperatures, and com-
putation of the expansion coefficients, rate of expansion,
inflection points, and so on.

In the thermal expansion analysis of the sample (Ba-
SDC) measured in air, three steps were detected at 286, 440,
and 590°C (extrapolated onsets). The sample had continu-
ally expanded over the entire temperature range for better
accuracy of the results. When the same sample was meas-
ured in a Varigon atmosphere, however, two steps were
observed at 277 and 432°C (extrapolated onsets). In this
case, the sample had expanded to a maximum at 634 °C with
an expansion rate of 0.7%.

The structure of the Ba-SDC nanocomposites is deter-
mined from the XRD pattern by means of JCPDs cards.
Figure 1(a) describes the XRD profile of the composite Ba-
SDC powder. The chemical composition of composite elec-
trolyte sintered at 800 °C is also determined by XRD analy-
sis. The structure of the as-prepared Ba-SDC shows two
phases. Samarium-doped ceria-oxide and barium-doped
samarium-oxide are found to be cubic in structure and shape
due to the presence of peaks [(111) at 28.51] and [(320) at
29.32] for samarium doped ceria-oxide and barium doped
samarium-oxide, respectively.

The particle size of each phase was calculated with the
help of Scherrer’s equation, from which the average particle
sizes were estimated to lie in the range of 47-78 nm. The
crystal lattice was found to be slightly larger due to the
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FIG. 1. (a) X-Ray diffraction pattern for BaSDC-carbonate composite elec-
trolyte (b) SEM images of BaSDC-carbonate (c) Thermal expansion of sam-
ple (BaSDC-carbonate) measured in air and Varigon.
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exchange of smaller Sm™? ions (radius=0.102nm with
coordination number 7) for larger Ba’" jons (radi-
us =0.138 nm with coordination number 7). This may be
attributed to the formation of the grain boundaries present in
the Ba-SDC nanocomposite samples.

The microstructure analysis of the surfaces of the nano-
composite electrolyte Ba-SDC oxide powder was performed
using SEM, and the respective results are displayed in Figure
1(b). The SEM image in Figure 1(b) shows that the material
comprises homogenous agglomerates and the particle size is
in the range of 60—100nm. This range of particle size and
fine morphology of nanocomposite electrolyte Ba-SDC ox-
ide can be obtained by fine tuning the sintering temperature,
a skilled preparation technique, and an appropriate time as
well.

The dense surface of the Ba-SDC oxide nanocomposite
electrolyte had smaller grains at multiple junctions, and this
conglomeration formed the larger grains on the surface.
High temperature calcinations led to excessive agglomera-
tion and grain growth due to their large volume fraction of
high-energy inter-crystalline regions without a diffusion bar-
rier. Consequently, no pores are present on the surface of the
samples, which is beneficial for the rapid transportation of
protons, oxygen, and carbonate ions within the cell. The
interfacial region between the Ba-oxide and samarium-
doped ceria plays a key role in the overall material conduc-
tivity and the cell performance. Recently, it has been found
that the conductivity and fuel cell performance are enhanced
due to the improvement of the surface morphology, interfa-
cial resistance, and smaller particle size. All of the above
mentioned factors facilitate the transportation of protons, ox-
ygen, and carbonate ions transportation.

Figure 1(c) shows the thermal expansion and values for
the coefficient of thermal expansion (Tref. =200 °C) of a co-
doped ceria sample. The measurements are done in both air
and Varigon atmospheres. Thermal expansion of the sample
(Ba-SDC) was measured in air, and three steps were detected
at 286, 440, and 590 °C (extrapolated onsets). The sample
had expanded over the entire temperature range. Thermal
expansion of the sample (Ba-SDC) measured in Varigon
atmosphere showed two steps at 277 and 432 °C (extrapo-
lated onsets). It can be seen that sample expands up to a
maximum at 634 °C with an expansion rate of 0.7%, which
leads to a very slight decrease in sample length until the end
of the measurement. The density of the electrolyte was meas-
ured using  Helium-pycnometry  (AccuPyc 1340,
Micromeritics, USA). The density of the prepared sample
was estimated to be 90% higher due to the existence of the
porous structure of material and the appropriate sintering
conditions at 800°C for 4 h. However, the ionic transport
number of the composite electrolyte is as high as 0.95. This
ionic transport number (t;) was found to be almost equal to 1,
which reveals the fractional contribution of ionic conductiv-
ity to the overall conductivity.

Figures 2(a) and 2(b) illustrate the ionic conductivity of
the Ba-SDC electrolytes at various temperatures. The ionic
conductivity of the sintered Ba-SDC sample was measured by
the two-probe AC method. Figure 2(a) shows the higher
proton ionic conductivity of 0.19s/cm at 600°C compared
with conventional proton conductors in hydrogen atmosphere.
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An oxygen ionic conductivity of 0.015s/cm at 600°C was
recorded, which is far greater than that of conventional SDC
and GDC electrolytes in ambient air atmosphere at the same
temperature. In this type of fuel cell, the protons are gener-
ated on the anode side and move through the composite
electrolyte towards the cathode of the cell to react with
oxygen from the air, while oxygen ions move towards the
anode side and pass through the composite electrolyte for
oxidation. In our designed SOFC experiment, however, the
proton conductivity/carrier is dominant at higher tempera-
ture and shows an isotropic effect. Therefore, it is fair to
say, that the addition of BaO increased the proton carrier in
this electrolyte.

EIS is usually measured by applying an AC potential to
an electrochemical cell and then measuring the current
through the cell. The AC impedance spectroscopy of the
solid ionic conductors showed three major contributions: a
high frequency arc for the bulk, an intermediate frequency
for the grain boundaries, and a low frequency for the elec-
trode behaviour. The impedance spectra of the Ba-SDC com-
posite electrolyte in hydrogen and in air atmosphere are
shown in Figures 2(c) and 2(d), respectively, at different
temperatures in the range of 400-550°C and a frequency
range of 0.1 to 10 MHz under 10 mV.

The impedance spectrum of the fuel cell was measured
under open-circuit conditions. In order to find the internal
resistances of the fuel cell, experimental data were simulated
with Z SimpWin software, and the relevant equivalent circuit
was drawn for a single-phase fuel cell. The equivalent circuit
contains various impedance elements representing the
involved reaction steps, and the LQR parameters were found
from it. L is the inductance, which indicates the effect of the
stainless steel testing device and connecting cables, Q is the
quality factor, and R is the resistance of the ions, electrons,
and so on. The overall resistance of the cell decreases with

increasing temperature, as can be observed in Figures 2(c)
and 2(d).

The fuel cell performance with natural gas and hydrogen
gas for the measurement of I-V (current-voltage) and I-P
(current-power) densities is depicted in Figures 3(a) and
3(b), respectively. The maximum obtained power density for
SOFC is 550 mW/cm?” at 550 °C. Lower OCVs indicate that
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FIG. 3. (a) I-V/I-P characteristics of single cell at different temperatures
with CHy. (b) I-V/I-P characteristics of single cell at different temperatures
with H,.
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the electrolyte is not gas-tight at temperatures lower than the
melting point of the carbonate phase. Above the melting
point, the molten carbonate phase has a good wettability to
the SDC surface and fills in the pores; thus, a gas-tight elec-
trolyte forms. This is proved by the high OCV, which is
above the melting point.?""*

In addition, the carbonates in the composite electrolyte
became molten at 500—600 °C and formed a relatively dense
electrolyte layer, preventing gas crossover. However, when
the operating temperature decreased to 450 °C, the carbo-
nates became solid and formed an amount of residual pores
in the composite electrolyte, leading to lower OCVs.*'>*
These results are in agreement with the observations (see
Figure 3(b)).

Finally, it was found that this material can work equally
well with both natural gas and hydrogen gas without com-
promising the performance of the fuel cell. It was observed
that the above mentioned nanocomposite electrolytes were
quite stable in the aggressive fuel cell environment. It was
also proved that the incorporation of the Ba-SDC electrolyte
significantly enhanced the performance of the fuel cell at
low temperatures. Such an enhancement is mainly due to the
high proton conductivity of the electrolyte; however, the pro-
ton charge carriers can decrease the interfacial resistance of
the overall electrolyte/electrode of the cell. Therefore, hybrid
ion conductors for LT-SOFC are considered a more attrac-
tive candidate nowadays.

We synthesized high-performance Ba-SDC dense po-
rous nanocomposite electrolyte. The existence of nanosized
crystallites in the as-prepared electrolyte was observed by
XRD and SEM. The presence of nanoparticles in the per-
ceived electrolyte allowed the thickness of the electrolyte to
be decreased in the device, which helped to lower the operat-
ing temperature and improved the working conditions of the
fuel cell. Our work indicates a reasonably high power density
of 550 mW/cm? at 550°C for the low-temperature fuel cell
and proton conductivity of 0.19 s/cm at 600 °C, which is the
best reported value of the hybrid ion conductivity (H/O*")
so far.

All of the above discussed results clearly evidence the
far superior properties of the nanocomposite approach for
the preparation of high proton/oxygen ion conducting oxides
for LTSOFCs.
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