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In this study, sol-gel technique was used to synthesize the cathode
Ce.7S13Fe0.9110.04C00.0603.5 (CSFIC) perovskite material and it
was then tested for its characteristic application in solid oxide fuel
cell. The textural properties were tested using Raman spectroscopy
and Fourier transform infrared spectroscopy. The crystal structure
was tested using X-ray diffraction and the morphology and
microstructure were examined using scanning electron microscopy
and high resolution transmission electron microscopy. The power
density and current density were measured with a Nuvant™
potentiostat and galvanostat from Fiaxell SOFC Technologies
connected to the cell setup. These properties were tested for their
potential application in low temperature solid oxide fuel cells from
300 to 500°C. It exhibited a current density of 772.35 mA/cm” and
a power density of 455.49 mW/cm®.

Introduction

Power generation has been diversified over the last decade by the discovery of alternative
sources of power such as solid oxide fuel cells (SOFCs) (1). Solid oxide fuel cell
technology has several interesting features, such as proficient and adept generation
processes and low to zero toxic emissions (2). SOFCs have higher energy conversion
efficiencies and can be combined with heat generation to produce electricity (3). These
have been used to generate power in residential and commercial buildings, large-size
stationary power facilities, auxiliary power batteries for transportation vehicles and
mobile applications (4,5).

In recent times great efforts have been made to reduce the cell operational
temperature to reduce high cost of production and improving balance in the plant
component materials; hence, the research drive to develop SOFCs for low-intermediate
temperatures between 300-600°C (6). The performance of low-temperature SOFC can be
improved by decreasing the electrolyte thickness and by introducing alternative electrode
materials that can perform better, with high ionic and electronic conductivity under
reducing and oxidative conditions (7-11), and also by introducing materials with high
catalytic activity for fuel oxidation and developing methods to minimize energy losses in
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the system (12-15). Other benefits for reducing SOFC operational temperature includes
the use of metal supported fuel cells which are beneficial because of their minimal cost,
excellent thermal conductivity, superior power conversion, improved feasibility, and
quicker start-up time (16,17).

In this study, composites of porous nickel oxide and samarium doped ceria were
used as cermet anode. The mixture contained a high volume fraction of Ni oxide because
it improves the electronic percolation path and expands the electrocatalytic active region
in the electrode (18,19). Doped ceria was also used as an electrolyte because it is
compatible with the cermet anode; it has been researched to have high conductivity,
mixed proton and oxygen ionic conductivity at low temperatures between 300 and 600°C
(20,21). Platinum group metals such as iridium were used in this study to produce the
cathode material. The use of this material as part of an electrode material is limited, and it
has been shown by Huerta et al that the electrochemical properties of iridium oxide on
yttrium-stabilized zirconia (YSZ) are suitable for SOFC applications in the temperature
range 573-873 K (22). Iridium was used to synthesize Cey7SmgsFepolr04C00.0603-s,
nanocomposite as a cathode material for low temperature SOFC. The perovskite
nanocomposite was prepared by the novel sol-gel method; this technique is a relatively
simple method that can be easily modified to synthesize complex metal oxide
formulations. The perovskite was further calcined at 800—1000°C and the electrochemical
performance was investigated using humidified hydrogen and air as gases for the system.

Experimental Methods

Synthesis of Nanocrystalline Materials

Cerium (II) acetylacetonate hydrate, (99.9 % purity), iron(IIl) acetylacetonate
(97% purity), samarium (III) acetylacetonate hydrate (99.9%), cobalt (II) acetylacetonate
hydrate (99 % purity), and Pluronic F-127 were purchased from Sigma-Aldrich (Pty) Ltd,
South Africa. Iridium (III) acetyl acetonate hydrate was purchased from Alfa Aesar UK.
These chemicals were used without further purification.

In this synthesis, 1.2102 g of cerium (III) acetylacetonate hydrate, 1.1820 g of
iron (III) acetylacetonate hydrate, 0.5640 g of samarium (III) acetylacetonate hydrate,
0.0930 g of cobalt (II) acetylacetonate hydrate and 0.0758 g of iridium (II)
acetylacetonate hydrate were weighed and added into a mixture of 15 mL of deionized
water and 50 mL of ethanol. 4.00 g of Pluronic F-127 was added to the mixture and then
sonicated for 30 mins in an ultrasound bath (UMC 20, 50 kHz). The solution formed was
then placed on a hot plate and heated to 80°C and stirred at 180 rpm for 30 mins. The
samples were then dried for 24 hours in an oven at 200°C and then calcined in a muffle
furnace (Kittec Squadro 1350) at a heating rate of 2°C/min for 12 hours, to final
temperatures of 800°C, 900°C, and 1000°C.

Synthesis of Electrolyte

To synthesize the electrolyte, 0.200 g of samarium (III) acetylacetonate and 0.534
g of cerium (III) acetylacetonate were mixed with a solution of ethanol (50 mL) and
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deionized water (15 mL) in an ultrasound bath. After 30 mins, the solution was heated on
a hotplate, while stirring, for 20 mins (120 rpm at 80°C). Samples were then calcined at
850°C for 5 hours at 2°C/min in a muffle furnace. The samarium doped ceria (SDC)
material formed was hand mixed with sodium carbonate (Na,COs3) in a mass ratio of
60:40% to form SDC/Na,COj; electrolyte.

Characterization

The structural properties of the perovskite nanocomposite were characterized
using high resolution transmission electron microscopy (HR-TEM), powder X-ray
diffraction (XRD) and infrared spectroscopy. The morphology was characterized using
scanning electron microscopy (SEM). The XRD patterns were obtained using Siemens
D8 Advance diffractometer with a CuKa radiation source operating at 40 kV and a
wavelength of 1.5412 A. The XRD diffractogram was recorded from 20° = 26 < 90° at
a scan speed of 2°/min. The mean crystallite size ‘D’ was calculated using Scherer
equation (23):

D= 0.94/Bcos0 [1]

where: 4 is the X-ray wavelength (1.5405 A), B is the full width at half maximum of the
diffraction line and @ is the diffraction angle.

During the HR-TEM analysis, small amounts of the sample were dispersed in
ethanol and then shook in an ultrasound bath, then drop-dried onto a carbon coated
copper TEM grid, and examined on a JOEL 2100 HRTEM (200 kV accelerating voltage,
beam current of 110 zA4 and a current density of 2.4 pA/cm?). For the SEM observations,

powders were placed onto carbon tape coated aluminum stubs and gold coated on a
ZEISS FEGSEM Ultra Plus. Infrared spectra were analyzed on a Perkin Elmer 1200
FTIR.

Single Cell Fabrication

The cathode cells were prepared by forming the materials with a 20-ton press and
a 1.3 cm die kit. 0.1535 g of the CSFIC material was placed into the die kit mold and 15
tons of pressure was then applied using a 20-ton press. 0.2100 g of SDC/Na,CO3; was
used to prepare the electrolyte using the same method. 0.4500 g of NiO-SDC was used to
make the anode using the same method. The electrolyte was sandwiched between the
cathode and the anode. The discs had a total active area of 1.327 cm?®. The cathode,
electrolyte and anode discs were then heat-treated at 1050°C for 2 hours at a heating rate
of 5°C/min. The electrolyte was estimated to be 0.02 cm thick, the cathode was 0.015 cm
thick and the anode was 0.03 cm thick.

Electrochemical Performance Test

To analyze the electrochemical properties, the electrolyte disc was sandwiched
between the anode and cathode discs and then placed in the open flange test set-up from
Fiaxell SOFC Technologies™. This set-up was designed for the cell sizes, and platinum
meshes were used as contact components, to act as combined current collector and gas
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distributor. The test-bed was placed in a Kittec Squadro muffle furnace and linked to
appropriate gas tight fittings for the delivery of humidified air and hydrogen (~ 4-20%
water) gas to the cell. The wire of the mesh was connected to a Nuvant™ Powerstat 05
potentiostat and galvanostat where the current and voltage from the cells were measured.
The polarization curves were recorded between 300°C - 500°C.

Results and Discussion

Powder XRD Analysis

Figure 1 shows the XRD diffractogram of CSFIC cathode material calcined at
800°C, 900°C, and 1000°C. These exhibited 3 phases, namely cerium oxide (cerianite)
structure, iron samarium oxide (FeSmO,) structure and iron oxide (Fe;Os;) hematite
structure with peaks observed at 26 values of 28.54°, 33.09°, 47.49°, 56.36°, 59.24°,
63.14, 69.49°, 76.65°, 79.26°, 88.54°, 95.63° indexed to 111, 200, 220, 311, 222, 301,
331, 420, 422, and 532, respectively. The average lattice parameter a is 5.41 A for the
predominant CeO, phase and the Bravais lattice is a face centered cubic unit cell. The
calculations are shown in Equation 2 to 4. This was calculated with full proof suite

software (24).
Lattice parameter = /2 X sin® x Vh? + k? + 1 2]

where: A = wavelength of the instrument, 6 = 2 theta value/2. The mass of the unit cell for
all samples was 1.3443 x 10* g, and this was calculated using the following equation:

(4atoms)(MolarMass) 10 5Mg
[ ] [3]

6.02x10%% atoms fmol g

Mass of Unit Cell (M)=
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Figure 1. The XRD diffractogram of CSIFC cathode calcined at (a) 1000°C, (b) 900°C
and (c) 800°C.
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The volume density of the unit cell was 7.41g/cm’, and the following equation was used
to calculate this value:

mass (unit cell)
- [4]

Volume Density = —
Volume (unit cell)

Volume of unit cell was calculated to be 1.5984 x 10% cm® (from v = a? where a =
4R [V2)

With increasing calcination temperature, the peaks of the diffractogram become
sharper, the peak intensities increased, and then decreased from the lowest 26 values to
the highest 26 values. 111 peak was the most intense peak which results from an increase
in temperature increases the intensity of the XRD peak. Table I shows the full width at
half maximum (FMWH), crystallite sizes and the average particle sizes. This revealed
that samples calcined at 1000°C exhibited larger crystallite size and the sample calcined
at 800°C exhibited the smaller crystallite size. This can be confirmed on the HRTEM
micrograph which showed smaller particles at 800°C. Recently it has been written that
111 active peak is the least active surface for the removal of oxygen (25) and the
presence of the 111 plane proofs the presence of Ce’* in these materials (26). The
presence of Ce’™ in fluorite ceria structure produces oxygen vacancies to sustain
electrostatic stability as shown in Equation 5 (27):

4Ce** + 0% — 4Ce** + 2e7/[1+ 20, — 2Ce** + 203 + [ 4 20, [5]

where [-] represents an empty position (anion-vacant site) originating from the removal of
O from the lattice.

Table I. The Crystallite size, and Average particle size of CSIFC cathode calcined at (a)
800°C, (b) 900°C, and (c) 1000°C.

Calcination Temperature Crystallite Size Average Particle
cO) (nm) Size (nm)
800 19.80 * 0.63 20.04
900 37.50 £ 1.25 39.05
1000 46.85 £2.24 49.88

FTIR Analysis

Figure 2 shows representative absorbance peaks at 1489.03 cm™ for the 1000°C
calcined sample and 1472.02 cm™ for 900°C calcined sample, which are attributed to C =
O bonds from carbonate impurities for samarium doped ceria oxide (28). Vibrational
bands at 1035.11 cm™ were visible for the samples calcined at 1000°C, 1036.11 cm™
were visible for the 900°C, 1095.02 ¢cm™ and 1014.08 cm™ were visible for 800°C. These
bands are assigned to the metal (M) to oxygen bond vibration, caused by the M-O-M
stretching vibration. The variations in the peaks mentioned above are also as a result of
the difference in distances between metal to oxygen bond (M-O-M).
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Figure 1. The FTIR spectra of CSFIC cathode calcined at (a) 1000°C, (b) 900°C and (c)
800°C.

Peaks were also evident at the lower region of the spectrum (424.05 cm™, 425.11
cm’™!, 428.10 cm'l) for the samples calcined at 1000°C, 900°C and 800°C, respectively,
indicating the formation of spinel metals of common characteristic spinel structures. This
is produced by metal~oxygen vibrations in the tetrahedral sites and the peaks observed at
582.04 cm™, 547.07 cm™ and 535.07 cm™ for 1000°C, 900°C and 800°C respectively are
vibrations in the octahedral sites (29,30). According to Waldron (28), the vibration of a
unit cell of cubic spinels can be constructed in the tetrahedral (A) sites and octahedral (B)
sites. The change in band positions for the different samples is expected because of
difference in the M'— O,— distances for the tetrahedral and octahedral sites. The
deduction is also confirmed by XRD analysis (30).

SEM Observations

The SEM observations in Figure 3 show morphology of the perovskite material
revealing different particles sizes, the sizes of the particles increased with increasing
calcination temperature as shown by the XRD diffractogram calculations. It is assumed
that the nanoparticles are arranged in agglomerate formation. The use of surfactant in
preparing the perovskite increases the agglomeration separation of the particles and
controls the pore spaces. The pore spaces were observed to decrease as the calcination
temperature decreased. These pore spaces allow the diffusion of gases through the
electrodes. The gases move faster with bigger pore sizes which enhance the performance
of the cathode material. This corroborates with the HRTEM micrograph which revealed
smaller particle sizes as the calcination temperature decreased.
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Figure 3. The SEM morphology of CSFIC cathode calcined at (a) 1000°C, (b) 900°C and
(c) 800°C.

Figure 4 shows the energy-dispersive X-ray spectroscopy (EDX) analysis of the
powders. The EDX analysis identified the individual metal components within the
samples and the color maps were done using EDX mapping. From the elemental
mapping, a uniform distribution of the metals was shown with no obvious concentration
of a particular metal within a specific area. The corresponding weight percentage analysis
using SEM-EDX is presented in Table II. This confirmed that the metals were present
and the ratios were within reasonable and expected ranges, as seen by the small
deviations between the measured weight and the theoretical weight.

Figure 4. The EDX analysis of the CSFIC cathode calcined at 1000°C.

Table II. The SEM-EDX analysis results from the CSFIC cathode calcined at 1000°C.

Element Measured (Wt %) Theoretical (Wt %)
Ce 45.70 43.68
Sr 10.50 11.01
Fe 17.20 20.08
Ir 1.50 1.57
Co 2.00 2.30
(0) 22.70 20.29
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Figure 5. Imaging of the CSFIC cathode calcined at 1000°C by EDX mapping.

HRTEM Observations

The nanoparticles were observed by HRTEM, and representative images are
shown in Figure 6. The microstructure showed slight differences, specifically, irregular
shapes and the samples calcined at 800°C showed smaller crystalline shapes. The
measured lattice distance between the fringes was 0.134 nm indexed to (400), 0.380 nm
indexed to (211) and 0.125 nm indexed to (331) for 800°C-1000°C samples, respectively.

Figure 6. HRTEM micrograph of CSFIC cathode calcined at (a) 1000°C, (b) 900°C and
(c) 800°C.

These distances are linked to the XRD as Fe;Os (magnetite) and CeO; (fluorite)
structures. The presence of CeO, fluorite structure in the HRTEM observations, correlate
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with the XRD analysis which indicates the samples have some concentration of oxygen
vacancies on the surface. The selected area electron diffraction patterns did not show too
many significant differences between the samples.

Electrochemical Properties

Polarization Curves. The polarization curves for the CSFIC cathode calcined from
800-1000°C are shown in Figure 7. The results for the analysis were obtained using
humidified hydrogen and humidified air (20% water) at temperature intervals of 300-
500°C. The OCV values (Figure 8) of the tested cells show a decrease in trend when
measured from 300-500°C which was stable at 0.87 V for more than 15 hours for all
samples calcined at 500°C. This value does not correspond with the thermodynamic
values calculated using Nernst equation. The difference can be attributed to the cell
assembly and cell structural composition. The crossover of gases through the electrolyte
and this is as a result of using cold powder compacting temperature which could leave
residual pores and result in leakage through any connected pores present.

The polarization curves showed a linear fall in voltage as the current densities
increased which resulted from the resistance to current flow within the button cell. When
current increases, the voltage drop increases as a result of kinetic and ohmic losses within
the cell. The power density also increased as the calcination temperatures increased. This
can be linked to the structural differences revealed by XRD, HRTEM and Infrared
spectroscopy. The presence of a greater amount of oxygen vacancies, and Ce®” within the
material framework can allow for improved oxygen reduction kinetics and maybe one of
the main reasons for the improved power density at 1000°C.

Figure 7. The polarization curve of CSFIC cathode calcined at (a) 1000°C (b) 900°C and
(c) 800°C.
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Figure 8. The Open Cell Voltage of CSFIC cathode calcined at 800°C measured at 500°C
for 15 hours.

Conclusions

A novel cathode material, CSFIC, was synthesized and characterised using X-ray
diffraction, Fourier transform infrared spectroscopy, scanning electron microscopy, high
resolution transmission electron microscopy, and tested as an SOFC electrode. FTIR
spectra revealed that the cathode material contains spinel metals such as iridium and iron
oxides. The increase in temperature caused a shift in bands assigned to metal (M) to
oxygen bond vibration, caused by the M-O-M stretching vibration. The variations in the
peaks are also as a result of the difference in distances between metal to oxygen bond (M-
O-M). XRD analysis confirmed the existence of minor phases of iridium and iron oxides,
and corroborates with the FTIR results and supported the notion concerning the presence
of Ce’™ and oxygen vacancies within the samples. HRTEM analysis revealed the samples
had irregular shaped crystallites with differing phase structures as the calcination
temperature was increased. SEM observations showed all samples consisted of porous
agglomerates. The polarisation curve shows that the sample calcined at 1000°C produced
the highest power density of 455.49 mW/cm® and a current density of 772.35 mA/cm®
when measured at 500°C.
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