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ABSTRACT: Different perovskite-based materials are proposed as cathode materials for solid oxide
fuel cells (SOFCs) working at low temperatures (~600 °C). In this research work, a set of perovskite
cathode materials, such as Sm;xCexC00s.5, Sm1«CexMn0Os.5 Gd1.xCexCo0s.s and Gdi«CexMnOs.;
(x = 0.1-0.2) were prepared for SOFC applications by co-precipitation method with sodium
hydroxide solution as the precipitating agent. The precipitated hydroxides were calcined at 300, 600,
750, 900, and 1100 °C /2 hours in the air using a thermolyne furnace. The calcined powder particles
were characterized by XRD, FT-IR, Particle Size, SEM, and EDAX techniques. XRD patterns revealed
the presence of orthorhombic primitive phases in the samples. Crystallite sizes of the materials
were also determined with XRD method. The presence of M-O bond was confirmed by FT-IR spectroscopy.
Particle size analysis proved the presence of samples in the range of 247-976 nm. However, the SEM
images revealed the presence of nano-sized particles. The atomic percentage of elements present
in the materials was measured by EDAX. Pellets of cathode samples were made and sintered at high
temperatures. The conductivity values of the specimens were measured with electrochemical
impedance spectroscopy at different temperatures. The cathode specimen, GdixCexC00s.s (x=0.1
and 0.2) exhibited better electronic conductivity than other samples. It was found that the prepared cathode
samples are stable at moderate temperatures and suitable for Low-Temperature Solid Oxide Fuel
Cell (LTSOFC) application.
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INTRODUCTION

Solid oxide fuel cells get research interest due to high
energy conversion, low polluting emissions, and high
choices of fuels. High temperature over 800 °C is required
to maintain high oxygen — ionic conductivity in high-
temperature solid oxide fuel cell [1]. Polarization

resistance of cathode is the main contributor to overall cell
resistance at intermediate operating temperature. Novel
cathode materials are needed with high catalytic activities
to enhance the generation rate of oxygen ions and
to decrease the operating temperature [2]. The important
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peculiarities of novel cathode materials are high rate of
oxygen diffusion through the rapid diffusion of oxygen,
high electronic conductivity, a high catalytic activity
for the reduction of oxygen and a suitable thermal
expansion coefficient to assure chemical and mechanical
compatibility between electrode and electrolyte materials [3].
The cathodes are meant to provide high reaction rate
for multistep Oxygen Reduction Reaction (ORR) which
involves three phases such as, a) Electrode surface path:
The oxygen species adsorbed on the surface of the cathode
migrate along the electrode surface through TPB followed
by complete ionization and ionic transfer to the electrolyte;
b) Electrode bulk path: As the previous one, initially
oxygen species will be adsorbed on the cathode surface;
however in this case the species are locally dissociated,
ionized and then incorporated into the bulk electrode.
The transfer of oxide ions occurs through bulk electrode
followed by ionization and ionic transfer to electrolyte; c)
Electrolyte surface path: The oxygen species adsorbed
on the electrolyte surface. It is similar to electrode surface
path way unless partial ionization is accomplished by the
electrolyte. Due to the smaller surface area and low ionic
conductivity of most of the electrolytes, this pathway
is less favored and not taken enough attention among
the research groups. In most of the cases, the electrochemical
reactions occur in the immediate neighboring TPBs via
any one of these above three path ways. Perovskite type
(ABOs, A = La and other rare earth metals, Ca, Sr, Ba etc.;
B =Mn, Fe, Co, Ni etc.) complex oxides are widely studied
for application in SOFC due to their mixed oxygen ionic
and electrical conductivities [4]. Cobaltites and
manganites have better electro-catalytic activities for
oxygen reduction reaction as well as higher electronic
conductivities than other electrode materials [5].
Manganite based perovskite oxides such as Laj-xSrxMnOs.
s (LSM) have been used widely as cathode materials
for solid oxide fuel cells. These manganite based materials
have relatively good stability at high temperature, however
during long annealing times, pyrochlores (La2Zr,07)
are reported to form at the boundary between LSM and yttria
stabilized zirconia (YSZ). Therefore, better electrode
materials that are non reactive with adjoining electrolyte
are required [6]. To date, however, LSM-based composites
(> 800 °C) and LaogSro.4Coo.2Fep g3 (LSCF) (< 750 °C)
still remain the most widely used cathodes for SOFC
development; the adoption of alternative cathode materials

464

Reni M.L & Nesaraj A.S.

Vol. 40, No. 2, 2021

is hindered by their unproven long-term stability and
limited compatibility with electrolyte/other  cell
components, especially at high temperatures required for
cell fabrication. In our search for alternate cathode
materials which can perform equally well without any
reported problems, we have studied the physico-chemical
and electrical properties of Smi.CexC0Oszs5 Sms.
«LexM n03..3, Gdl.xCex0003..3 and Gdl.xCeXM NnOs.s (X =0.1
and 0.2). Various synthesis processes, such as sol-gel, gel-
combustion, solid state reaction, etc. are reported to
synthesize cathode materials for solid oxide fuel cells.
It was known that chemical precipitation is the best method
for synthesizing particles with uniform particle size [7].
Hence, we adopted simple chemical precipitation method
to synthesize all these materials. Then, the prepared
materials were systematically characterized by XRD,
FTIR, Particle Size, SEM and EDAX techniques.
The electrochemical characteristics of the above materials
were studied by high temperature electrochemical impedance
spectroscopy technique. The obtained results were presented
and discussed in-order to use them in real SOFCs
as alternate cathode materials.

EXPERIMENTAL SECTION
Preparation of SOFC cathode nanoparticles by chemical
precipitation

There are various solution synthesis routes (e.g.
co-precipitation,  hydrothermal,  sol-gel,  solution
polymerization, solution combustion etc.) that have been
used to prepare fine mixed oxide powders in narrow
particle size distribution [8]. Co-precipitation is one of
these routes that uses less expensive starting materials
and produces phase pure oxide ceramic powders [9]. In the
present study, SmixCexC0Oss5 SmixCexMnOss, Gdi-
xCexC003.5, Gd1-xCexMn0Os5, (x = 0.1 and 0.2) powders
have been synthesized by co-precipitation route.

Appropriate quantities of Gd203/Sm,03 were dissolved
in minimum amount of dilute nitric acid solution and made
upto 100ml with distilled water. Calculated amount of
nitrate salts (cerium nitrate and manganese nitrate/cobalt
nitrate) were taken and dissolved in 100ml distilled water
in volumetric standard flask. The required quantity
of NaOH was taken and dissolved in water in 100 mL
volumetric standard flaks and which was used
as the precipitating solution. The aqueous nitrate solutions
(Sm(N03)3/Gd(N03)3, CG(NOg)g and CO(NOg)z/ Mn(N03)2)
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Fig.1: Schematic representation of the synthesis of alternate cathode materials by chemical precipitation method for SOFC.

were added drop wise in sequence to the sodium hydroxide
solution with constant stirring with the help of magnetic
stirrer and the pH was maintained above 12 by the addition
of sodium hydroxide pellets during stirring. It was reported
that the pH of reacting solution should be more than 12
during the course of reaction for the complex precipitation[10].
The mixture was stirred well for about 2hours. The resultant
precipitate was filtered and washed thoroughly with
water/ethanol mixture (9:1 v/v) and dried at 333K overnight.
Then, the powdery precipitate was calcined at 300, 450,
600. 900 and 1100 °C for 2 hours each in air to get
the phase pure material. The calcined powder was ground
well with pestle and mortar and subjected for further
characterization. Fig. 1 shows the schematic representation
of the synthesis of alternate cathode materials by chemical
precipitation process.

Characterization of the samples

The heat treated powder was characterized by
Shimadzu XRD 6000 X-ray diffractometer at a scan speed
of 5 degrees minute’? using CuKo. radiation. The lattice
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parameters were calculated by least square fitting method
using DOS computer programming. The theoretical
density of the powders was calculated with the obtained
XRD data. The crystallite sizes of the powder were
calculated by Scherrer’s formula. Bruker IFS 66V FT-IR
spectrometer was employed to record the FTIR spectra of
alternate cathode materials in the range of 4000-400cm.
The particle size of the powder was measured suing
Malvern particles size analyzer suing triple distilled water
as medium. EDAX analysis was performed with JEOL
model JSM-6360 to find out the percentage of elements
present in the samples. The surface morphology of the
particles was studied by means of JEOL Model JSM-6360
scanning electron microscope. The prepared powders were
pressed (at 3000psi) into circular specimens (8mm
diameter X 1.5mm thickness) with addition of binder
(Heraues VV006). Then, the pressed specimens were sintered
at 750° C for 5 hours in air. The electronic conductivity
of these sintered specimens was obtained using two
probe  A.C. impedance  spectroscopy. Before
measurements, the specimen was pressed between two
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Fig. 2: XRD patterns obtained on doped cathode nanopatrticles prepared by chemical precipitation method for
SOFC (A) Smo.9Ceo.1C00z-5, (B) Smo.sCe0.2C003-5, (C) Smo.sCe0.1MNO3z.-s, (D) Smo.sCeo.2Mn0Os3.4, (E) Gdo.9sCe0.1C003.6,
(F) Gdo.sCe0.2C00s3.-5, (G) Gdo.sCeo.1MnOs-sand (H) Gdo.sCeo.2MnOs-s .

golden foils. The measurements were made at 100 -750° C
in air using Solatron 1260 frequency response analyzer
combined with Solatron 1296 Electrochemical Interface (ECI).
The standard condition followed to do the impedance
measurements are voltage of 1.3V and the frequency
range of 42Hz to 5kHz. The current collectors were
made up of gold mesh and the current leads were platinum
wires.

RESULTS AND DISCUSSION
XRD studies obtained on SOFC cathode powders

The XRD patterns of the cathode nanoparticles
prepared by the chemical precipitation method for SOFC
are shown in Fig. 2 (A-H). The XRD patterns of the heat
treated powders reveal the formation of well-crystallined
single phase materials. The XRD patterns of Sm;.

466

xCexCo0035, SM1xCexMnOs;,  Gdi.xCexCo0Oszs and
Gd1xCexMnOs5 were matched with the standard data
for 25-1071, 25-074, 25-1057 and 25-0337 respectively
and a little shift in peak position is observed in the diffraction
pattern with respect to pure compounds GdCoOs,
GdMnOs;, SmCo0z; and SmMnOs. XRD analysis of all
these samples samples suggests that they had a single
phase without detectible amount of impurity after firing
at 1100 °C in air for 2 hours. The crystallographic
parameters obtained on the doped cathode nanoparticles
for SOFC are given in Table 1. The perovskite type
orthorhombic structure of (Gd/Sm)(Co/Mn)Os remains
unchanged in the range of cerium substitution in all
the samples. No extra peak has been observed
in the diffraction pattern indicating the complete solubility
of cerium in (Gd/Sm)(Co/Mn)Os; perovskite phase
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Table 1: Crystallographic parameters obtained on alternate cathode nanoparticles for SOFC.

4 Sample Crystal structure Unit cell lattice parameters (A) Unit cell volume (A3) Crystallite Size (nm)\
SMp.¢Cep1C0035 Orthorhombic a= 5.2809; b= 54317; c= 7.5535 216.6 11.15
Smp.gCe;2C0035 Orthorhombic a=5.2597; b= 5.4384; c= 7.5596 216.2 11.10
SmogCeq1MnOs5 Orthorhombic a= 5.4040; b = 5.8063; c = 7.5012 235.3 13.54
SmosCe.MnOss Orthorhombic a= 5.3709; b=5.8351;c= 7.3345 229.86 14.26
Gdo.9Ce0.1C003.5 Orthorhombic a= 5.2481; b= 5.3551;c= 7.3851 207.55 8.87
Gdo.sCey2C003.5 Orthorhombic a= 5.2058; b = 5.4175; c = 7.4060 208.87 6.48
Gdo.9sCer.1Mn0Oy.5 Orthorhombic a= 5.3374; b= 5.8031; c= 7.5079 232.54 5.82

\_ GdosCer.Mn0O3.5 Orthorhombic a= 5.3568; b = 5.9769; c = 7.4953 239.98 9.25 )

in the experimental range of substitution. As the ionic
radius of Ce** is higher compared to Gd** and Sm*,
an increase in cell volume is expected [11]. The crystallite
size values were calculated by Scherrer’s equation and
reported.

FT-IR studies obtained on SOFC cathode powders

Figs. 3 (A-H) show the FTIR spectra obtained on doped
cathode nanoparticles prepared by chemical precipitation
method for SOFC. The broad peaks which are appeared
at around 3400 cm™ are related to the O-H stretching
vibration of H,O in the samples [12]. According to the
standard FT-IR spectra, peaks appeared at around 800-900 cm*
as well as the shoulder peaks that appear around
1400 — 1500 cm™ are attributed to Ce-O vibration mode. These
peaks are seen in the all prepared sample since cerium
is present all samples [13, 14]. Fig. 3 (E, F, G and H)
has shown peaks at 400 to 550 cm™ which may be due to
Gd-O bond [15, 16] and Fig. 3 (A, B, C and D) has shown
a peaks at about 480-530cm* which may be due to Sm-O
bond [17, 18]. The peaks appeared at 525-578, 660-670 cm
and 720-755 cmin Fig. 3 (A,B,E and F) may be due to
the stretching vibrations of the Co-O bond [19-21].
The peaks at 600-667 cm™ in Fig. 3 [C, D, G and H] may
be due to Mn-O bond [22]. The peak at about 2300 cm!
may be due to Co-O/Mn-O bonds. The presence of
perovskite phase is confirmed which is

Particle size measurements obtained on SOFC cathode powders

The prepared cathode samples (SmoeCep1C00s.s,
Smo_8C80,2COO3.5, Smo,gceo,anOg,.s, Smo_gceo,zMnO:g.g,
GdogCEoAlCOOs-a, Gdo,sCGo,zCOOg.a, Gdo.9Cep1Mn0Os.; and
GdosCeo2MnOs.5) were subjected to particle size
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measurements using Malvern particle size analyzer with triple
distilled water as medium. For all the measurements,
the samples were sonicated in triple distilled water before
subjecting them for particle size measurements. The particle
size distribution curves obtained on alternate cathode
materials prepared by chemical precipitation method
are shown in Fig. 4 (A-H). The size in nanometer is considered
as x-axis and the intensity (%) of the nano particles
is considered as y-axis in all the graphical representations.

From the particle characteristics data, it was understood
that the average particle size of alternate cathode samples
prepared by prepared chemical precipitation method
reported in the range of 247-976 nm. The presence
of bigger size particles may be due to the high temperature
treatment [23]. However, we found that an increase
in the heat treatment temperature resulted in improved
crystallinity as reported in the literature [24].

Scanning Electron Microscopic (SEM) studies of SOFC
cathode powders

The SEM photographs obtained on SOFC cathode
powers are shown in Fig. 5 (A-H). From the SEM studies,
it was found that the particles are homogeneous with
the presence of highly porous structure with particle size
in nm range. The presence of large sized particles in the samples
may be due to the agglomeration during high temperature
treatment. Also, the micrographs reveal the fluffy nature
of the samples. In all the samples, well defined fine grains
are uniformly distributed.

EDAX analysis

Fig. 6 (A — H) display the Energy Dispersive Analysis
X-ray microanalysis (EDAX) spectra of the nanocrystalline

467



Iran. J. Chem. Chem. Eng.

Reni M.L & Nesaraj A.S.

Vol. 40, No. 2, 2021

016 | & Ga-0 LE
018 | T Co - O i
A -
~ ox2|“%e-© il
S a1
g 02| J & ,i{
s oz VA o ~n | 2 "§|
£ \ = i 1 E
E o 3 é | |
- L
§ 0.28 5 i . *E
(= 0.30 |
% |
0.32 o~ X5
4000 3000 2000 1000
Wavenumbers (cm™)
110
° Gd-0 G
= Mn- O -
— 100 ; 1
S ACe-0O L7 N 3
o 90 _/ =1
5 A 7§ |
E 1\-’/ = !
1 i
@ 80 g 2
c - z
o E =
— a -
70 JIN
-5¥
60 &
4000 3000 2000 1000
Wavenumbers (cm?)
4 H
A A
/ I\
. % |
| | % |
v a |
a !
(]
",
£
= 3%
&
2000 1000

Wavenumbers (cm™)

Fig. 3: FT-IR spectra obtained on doped cathode nanoparticles prepared by chemical precipitation method for
SOFC (A) Smo.9Ce0.1C00z-5, (B) Smo.sCe0.2C003-5, (C) Smo.oCe0.1MNO3z.-5, (D) Smo.sCe0.2Mn0O3.5, (E) Gdo.oCe0.1C003.5,
(F) Gdo.sCe0.2C003.-5, (G) Gdo.sCeo.1MnOs-sand (H) Gdo.sCeo.2MnO3-s.
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materials (Smo.9Cep.1C0035, Smg sCep2C003.5,

Smo.9Ceo.1Mn0O3.5, SmosCer2Mn0O3z5, GdooeCer.1C003.5,
Gdo_gCEo_zCOOs.a, Gdo,gceo,anO:g.g and Gdo,sceo,zMnO}
5) prepared by chemical precipitation method. EDAX
spectra of the samples show peaks for the elements Sm/Gd,
Ce, Co/Mn and O only and not for any other impurities
in the samples. The elemental composition data obtained
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on nanocrystalline materials by EDAX analysis is given
in Table 2. The data confirmed the presence of appropriate
elements in all the samples.

Electrical conductivity studies

The perovskite structures doped with transition metal
oxides of Fe, Co, Mn, etc. are well known for their mixed
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Fig. 4: Particle size patterns obtained on doped cathode nanoparticles prepared by chemical precipitation method for
SOFC (A) Smo.9Ceo.1C00z-, (B) SMo.sCe0.2C003-5, (C) Smo.sCe0.1MNO3z.5, (D) Smo.sCe02Mn0Os.5 (E) Gdo.9Ce0.1C003-5,
(F) Gdo.sCe0.2C003.5, (G) Gdo.sCeo.1MnOs.sand (H) Gdo.sCeo2MnO3-s.
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Fig. 5: SEM photographs obtained on doped cathode nanoparticles prepared by chemical precipitation method
for SOFC (A) Smo.9Ce0.1C00z.5, (B) Smo.sCe0.2C003.5, (C) Smo.sCe0.tMNO3z.5, (D) Smo.sCe0.2Mn0O3z.-5, (E) Gdo.oCe0.1C003.5,
(F) Gdo.sCe0.2C003-5, (G) Gdo.sCe01Mn0Os-sand (H) Gdo.sCeo2Mn0Os-5.

ionic and electronic conductivity properties [25].
Sufficient electrical conductivity is the major parameter
for better performance of cathode material. The SOFC
cathode  materials such as  SmgoCe1C003.5,
Smo_gce()zCOOg.a, Smo,gCEO,an03.5, Smo,SCEO,zMI’IO&&
Gdo.9Ce0.1C003-5, GdosCep.2C003.5, Gdo9Ceo1MnO3.5 and
GdosCeo2Mn0Os.; were subjected electrical conductivity
measurements as mentioned below. The prepared
powders were pressed (at 3000 psi) into disk type
specimens (8 mm diameter x 1.5 mm thickness)
with addition of binder.

Then, the pressed specimens were sintered at 800 °C
for 5 hours in air. Both sides of the pellets were coated
with silver paste before subjecting the samples for
electrical conductivity measurements. Fig. 7 (A-H)
show the AC impedance spectra obtained for alternate
cathode specimens at different temperatures. The
frequency range for all the spectra was found to be less
than 200kHz. From the plots, it was noted that as
the temperature is increased, the time constants of
the relaxations resulting from the individual polarizations
are reduced and the arcs are shifted to higher
frequencies as reported in literature [26]. Because of
this, the conductivity of the sintered tends to increase
with increase in temperature. This behavior is consistent
with small polaron conduction (localized electronic
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carriers having a thermally activated mobility).
The increase is much more pronounced for samples
with higher densities, i.e., when sintering temperature is
higher [27, 28]. From the impedance plots,
the individual resistance R; can be converted
to conductivity, o; using the equation o;= L/SRi, where ‘L’
is the sample thickness and ‘S’ the electrode area of
the sample surface. The conductivity values for all
the cathode specimens were calculated and reported
in Table 3.

It is clear from the electrochemical characterization
that the electrical conductivity gradually improves with
the increase of temperature, which primarily reflects
the property of electronic conduction of the perovskite based
materials. Among the samples studied, GdosCeo2C003-5
resulted in better performance and resulted in optimal
conductivity value. This may be due to good sintering
of the materials than other samples. Another possible
explanation could be due to surface diffusion mechanism
and this is related to the perfect microstructure of the
material. Another reason could be due to optimized surface
phenomenon in the perovskite lattice [29]. However, the
sintering temperature and other relevant physico-chemical
parameters need to be further optimized for considering
the proposed materials as alternative cathodes for
LTSOFC application.
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Fig. 6: EDAX spectra obtained on doped cathode nanoparticles prepared by chemical precipitation method for
SOFC (A) Smo.9Ceo.1C00z-4, (B) SMo.sCe0.2C003-5, (C) SmMo.9Ce0.1Mn03.5,(D) Smo.sCeo.2Mn0Os3.4, (E) Gdo.9Ce0.1C003.4,
(F) Gdo.sCe0.2C00s3-5, (G) Gdo.sCeo.1MNO3-5 (H) Gdo.sMnCeo.2C00s3-5.
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Table 2: Elemental composition data obtained on alternate cathode materials for SOFC.
Sample Elements Atomic weight percentage
O 26.01
SmgoCer.1C003.5 gg 2043322
Sm 49.35
0 24.18
SMoaCe2C003: gg 205.;1496
Sm 49.27
O 19.43
SmooCer1MnOs.; '\(/;IS 2080237
Sm 52.27
6] 23.02
SmggCe2Mn0Oss '\é: 2078734
Sm 48.41
0 24.61
G sCe01C00; 5 gg 203?6563
Gd 51.80
(e} 20.21
GdosCep2C003.5 gg 2077120
Gd 51.97
0 20.28
GdosCeo1MN0s.5 '\élg Zééole
Gd 55.38
o 26.58
GdosCeo,MnOss '\é': 20376490
- Gd 49.92 )
Table 3: Electrical properties obtained on sintered doped cathode specimens for SOFC.
Sample Temperature (° C) Electrical Conductivity (Sm™)
100 5.0339 x10™
Smo.9Cer1C003 ;5 200 2.00019 x 10°®
300 4.75x 10°
100 4.99x10°
Smo_aCEO.zCOO}ﬁ 200 6.2762 x 107
300 6.89 x 103
100 7.426 x 10*
S sCeosMNOs5 200 8.889 x 10°
300 6.68 x1072
100 1.06566 x 10
S Ceo,MNOs5 200 1.2586 x 107
300 6.4935 x102
100 1.956 x 103
Gdo.9sCe0.1C003.5 200 4.355 x 107
300 1.29 x107?
100 1.586 x 102
GdosCe02C003.5 200 1.05 x 10
300 7.918 x 10!
100 42x10*
Gdp9Ceo1Mn0Os.5 200 23x1073
300 2.6 x107?
100 3.8 x10*
GdosCeo2Mn0O3.; 200 5.235 x10°
\ 300 3.4 x10?2
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Fig. 7: AC impedance spectra obtained on sintered doped cathode specimen at different temperatures - (A) Smo.9Ce.1C00s3.,
(B) Smo.sCe0.2C003-5, (C) Smo.9Ce0.1MN0O3.5,(D) Smo.sCeo.2Mn0Os3-5, (E) Gdo.oCe0.1C003-5, (F) Gdo.sCe0.2C003-6,
(G) Gdo.sCe0.1MN0O3.5 (H) GdosMnCeo.2C00s-5.
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CONCLUSIONS

The chemical precipitation process can be effectively
used for the preparation of phase pure alternate cathode
materials for SOFC such as SmixCexCo00ss Smi-
xCexMn0s.5, Gd1xCexCo0s.5, and Gd1xCexMnOs.5 (x = 0.1
0.2) using cheap chemicals. The powder XRD data obtained
on doped cathode nanoparticles is in good agreement with
the standard reported JCPDS data. All the samples have an
orthorhombic crystal structure. FT-IR spectra confirmed
the presence of metal-oxygen bond in all the samples. Particle
size measurements have shown the particles in the range of
247-976 nm. The presence of microparticles may be due to
the agglomeration of smaller particles at high temperatures.
SEM data have shown the presence of grains in the range
of 200-500nm. SEM pictures have shown the fluffy-like
behavior in all the samples. EDAX data has provided an idea
about the atomic weight percentage of the elements
present in the samples. The alternate cathode specimens
have shown an increase in conductivity concerning temperature.
The cathode specimen, GdosCep2C003.5 resulted in better
performance. Hence, this may be a good choice of cathode
for SOFC application.
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