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ABSTRACT

Nanocrystalline powders of Ba0.55r0.5CoxFel-x-yNiy03-6 (x=0.4; y=0.05. 0.1, 0.15 and 0.2) have been syn-
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thesized by sol-gel process. The gel precursors obtained was calcined at various temperatures and the phase
evolution was studied by XRD analysis. From the result of X-ray diffraction (XRD) patterns, it is found that a well crystalline cubic per-
ovskite Ba0.55r0.5CoxFel-x-yNiy03-6 (BSCFNi) was obtained by calcining the precursor at 1000 oC for 4 hrs. Morphological analysis
of the samples was done by scanning electron microscope (SEM). TGA results showed the lattice oxygen loss of the product was about
~2 % in its original weight in the temperature range 40-900 oC. In addition, AC impedance data revealed the better electrochemical
performance of BSCFNi measured in the frequency range of 0.1 Hz to 1 MHz in relation to their potential use as intermediate tempera-
ture (700-800 oC) SOFC cathode. An emphasis is made on the effect of Ni doping on these properties.

1. INTRODUCTION

A key obstacle to reduced temperature operation of SOFC
is the poor activity of traditional cathode materials, like
LSM, for electrochemical reduction of oxygen in the tem-
perature range of 600-800 °C [1-2]. However, mixed ionic
and electronic conductors (MIEC) attract much attention as
cathodes due to their unique ability to improve SOFC per-
formance which depends on the oxygen incorporation reac-
tion. MIEC material also plays the role of catalyst in the re-
duction of oxygen. Mixed ionic-electronic conductivity and
a significant open porosity of MIEC material enable oxygen
reduction not only on the surface but also in the entire vol-
ume of the electrode.

Various transition metals have been investigated on the B-site
of perovskite type oxides (ABO,) as replacements for traditional
high temperature cathode materials like LSM. Among the cobalt
based materials, BSCF, LSCF, SSC and PBC have been actively
reported as candidate materials for IT-SOFC cathodes [3-6].
Perovskite BSCF is a new material with high catalytic activity,
which means that oxygen atoms can be reduced as ions as ef-
ficient as possible i.e., good oxygen reduction reaction, and it
shows an excellent performance as cathode with ceria electro-
lyte in low and intermediate temperature range. Cobalt and iron
based perovskites seems interesting due to their high catalytic
activities [7-9].

General trend of oxygen permeation through ceramic mem-
branes was first investigated by Teraoka et al., about two
decades ago, based on doped SrCoO, ; oxides with the com-
position of Ln,_A Co, B0, - (Ln- La Pr Nd, Sm, Gd; A= Sr,
Ca, Ba; B Mn Cr Fe Co N1 Cu) [10-12]. Oxygen diffusion
coefficients in the perovskite-type compounds increases
in the sequence Cr<Fe<Co, [13, 14] which may imply that
in the next of the series Ni has higher diffusion coefficient
[15].

In the present work, the emphasis is put on Ni doped BSCF
perovskite i.e.,, Ba ,Sr,.Co ,Fe, N0, s for intermediate tem-
perature (700- 800 "C) appllcatlon as cathode of SOFC. BSCFNi
perovskite were synthesized to be used as cathode materi-
als for intermediate temperature SOFCs using sol-gel citrate
method. The level of Ni substitution for Fe in BSCFNi was var-
ied to study the structural characteristics and AC impedance
spectroscopy.

2. EXPERIMENTAL

The samples of Ba,,Sr .Co Fe“leyO s (BSCFNi) pow-
ders were prepared usmg sol-gel citrate method. In this
method, stoichiometric amount of nitrate salts of Barium
[Ba(NO,),]; Strontium [Sr(NO,),]; Cobalt [Co(NO,),.6H20];

Iron [Fe(NO,),.9H,0]; and Nickel [Ni(NO,),.6H,0] were dis-
solved in double distilled water and stirred it for 6 hours
till the complete salts gets dissolved. Citric acid is added
to the above solutions in the ratio of 1:1 and stirred for
3 hours till homogeneous solutions are obtained. The pH
of the above solution is adjusted to 7 by adding ammonia
solution and heated 8 hours at 85 °C until the sol change
into gel. The gel formed is heated at 120 °C for 14 hrs, to
result in the formation of the black precursor powder of
BSCFNi. To increase the homogeneity of the powder, it was
subjected to calcinations at 1000°C for 4 hrs, and followed
by grinding in an agate mortar. Green pellets of BSCFNi,
having a diameter of 13 mm and thickness of ~2 mm, were
prepared by pressing the powder uniaxially at a pressure
of 10 N/m?.

X-ray diffraction (Philips X-PERT PRO with Cu-Ka radiation)
analysis was carried out on the product obtained for phase
purity and structural confirmation. Morphology of the pel-
let sintered at 1000°C was observed with a scanning electron
microscope. The change in weight loss of BSCFNi sample was
measured by thermogravimetric analysis (STA449, Netzsch,
Germany) in the temperature range of 30-900°C in nitrogen at-
mosphere.

The electrochemical behaviour of the BSCFNi for varying Ni
content was evaluated with electrochemical impedance spec-
troscopy (EIS). Impedance spectra were measured in the fre-
quency range of 0.1 Hz to 1 MHz and at signal amplitude of 10
mV at 50°C temperature intervals from 300°C to 800°C under an
open circuit state for a symmetrical cell with Gadolinium doped
Ceria (GDC, purchased from Cottor International, Mumbai, In-
dia) electrolytes.

3. RESULTS and DISCUSSION

3.1. X-ray Diffraction Studies

The XRD patterns of the powders of Ba, Sr,.Co Fe, N0
(x=0.4; 0.05 <y < 0.2) calcined at 1000°C for dlfferent con—
centrations of Ni as dopant are shown in fig 1. It has been
reported that the synthesis of the sample through citric
route forms undesired secondary phases of Barium and
Strontium due to the poor distribution of the alkaline-earth
metal (for example, Sr?*) in the solution caused by the rela-
tively weak chelation between Sr?* and carboxylate ligands
[16-18]. However, these undesired secondary phases can be
removed by calcining at 1000°C. Thus, the synthesized pow-
ders were calcined at 1000°C to increase the homogeneity
of the powder.
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Fig.1.The XRD patterns of the Ba, Sr, CoFe, NiO,,
(x=0.4; 0.05 <y < 0.2) calcined at 1000°C for 4 hrs

The peaks of the XRD patterns of Ba, Sr, .Co Fe, Ni 0, (x=0.4;
0.05 <y < 0.2) are indexed on the basis of a cubic perovskite
phase with the space group Pm3m (221) [19]. The lattice con-
stants for the individual compositions were determined by least
square programme, using the XRD pattern.

The crystallite size of the calcined powder is calculated using the
Debye-Scherrer equation, Dx = 0.93A/Bcos6, where A=1.54178
A° is the wavelength of the X-rays, 0 is the diffraction angle and
B is full width half maxima (FWHM) [20]. The average crystallite
size of the sample powders obtained from the Scherrer formula
is 50 nm. Table-1 list the lattice parameters, X-ray densities, rel-
ative densities and porosity of Ba, Sr; Co Fe, NiO,8 (x=0.4;
0.05 <y <0.2) samples. The percentage porosity of the samples
were measured using the equation, % Porosity = [(p, - pexp) /p,]
* 100, where px is the X-ray density and p__ is the bulk density
of the sample. It is observed from the tabfe-l, that the lattice
parameter ‘a’ and porosity increases with increase in Ni content
which is also an evident from the XRD result shown in fig.1, as
the peaks of BSCFNi shifts towards lower degree as a function of
‘y’ value showing lattice expansion.

Table-1: Room temperature XRD data for Ba, Sr  Cox

Fe  Ni O, (x=0.4;0.05<y<0.2)
Sample cNoin c %g;[lt;g:nt §érr?§,iw % Porosity
- | Ca) (gm/ cm?)
BSCFNi05 0.05 3.960 5.820 20.58
BSCFNi10 0.1 3.969 5.785 21.15
BSCFNi15 0.15 3.976 5.758 23.65
BSCFNi20 0.2 3.981 5.740 25.71

The increase in the lattice parameter or expansion of the lat-
tice could be explained as follows: the ionic radii of Nin+ are
smaller than those of Fen+ with the same valence (r,,+=0.79
A, r,+=0.74 A, r..,.=0.73 A, ry,,=0.62 A), so the equivalent sub-
stitution of Ni for Fe cannot bring about this variation of lattice
parameter ‘@’ This implies that Ni ions in BSCFNi materials may
take the Ni’** state rather than the Ni4+ state, and the Ni** ions
replace parts of Fe* ions leading to expansion of the lattice. The
incorporation of Ni leads to the decrease of average valence of
B-site elements in the perovskite; this may be compensated by
the formation of oxygen vacancies and thereby maintaining the
electrical neutrality condition. The formation of oxygen vacan-
cies or oxygen loss in the sample can be confirmed by TGA.

3.2. SEM Analysis

Figure 2(a-d) shows the SEM micrograph taken on the pellets
of Ba,Sr,Co Fe, Ni sintered at 1000 °C. The micrograph sug-
gests that the material comprises of polycrystalline microstruc-
ture and the grains are homogeneously distributed throughout
the fracture surface. The presence of highly porous particles
with a nano-metric grain size, varying between 1 to 2 pm, is ob-
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served in the morphology obtained in this work, which resem-
bled the typical cathode structure for SOFC.
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Fig.2. SEM micrograph of Bao_SSro_sCoxFel_x_yNiy03_8 (x=0.4;
0.05 <y < 0.2) pellets sintered at 1000°C

3.3. Thermogravimetric Analysis

TGA results shown in fig. 3 gives the lattice oxygen loss of the
product, which is obtained about ~2.107% for BSCFNi10 and
~2.263% for BSCFNi15 in its original weight in the tempera-
ture range of 40-900°C. This loss may have come on account of
maintaining the overall electrical neutrality of the sample, as
the Ni doping decreases the average valence of B-site elements
in the perovskite. It can also be observed from the fig. 3 that
there is know further oxygen loss takes place after 900°C. The
TGA result obtained for B::lO_SSrO_SCOXFe1_X_yNiyO3_E showed about
~2% lattice oxygen loss of the product in its original weight in
the temperature range of 40-900 °C [21]. The observed weight
loss during heating is due to the loss of oxygen from the lattice,
which results in the formation of oxygen vacancies and the va-
lence change of the metal ion [22].
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Fig.3. TGA graph showing weight % loss for BSCFNi10 and
BSCFNi15 samples

3.4. A.C. Impedance Measurement

The impedance spectra, shown in fig. 4 and 5, is measured for
a symmetrical cell with Gadolinium doped Ceria (GDC) electro-
lytes i.e., BSCFNi/GDC/BSCFNi under an open circuit voltage
(OCV) in the frequency range of 0.1 Hz to 1 MHz.
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Fig.4. AC Impedance spectra of the Ba, Sr, CoFe, Niy03_8
(x=0.4; 0.05 <y <0.2) at 700 °C
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Figure-5: AC Impedance spectra of the Ba, Sr, CoFe, =
Ni O, (x=0.4; 0.05 <y < 0.2) at 800 °C

The area specific cathode resistance (ASR) is calculated as a
characteristic measure for the MIEC cathode performance. The
ASR values of the BSCFNi measured for varying Ni concentra-
tion at 700 and 800 °C are shown in table-2. It is observed from
the table that the ASR values decreases with increase in Ni con-
centration, except for y=0.2. In this work, the BSCFNi10 and
BSCFNi15 electrode sintered at 1000 °C has the ASR values 0.43
Q-cm2 and 0.29 Q-cm2 at 700 °C which is comparable to 0.26
Q-cm2 obtained for Ba,Sr,.Co,,Fe O,  and 0.18 Q-cm2 for

0.8 3-8

Ba, Sr ,Co0. Fe , Zn 50, (BSCZF05) at 700 °C. The ASR val-
ues of BSCFNi10 and BSCFNil5 electrode obtained at 800 °C
are 0.08 Q-cm2 & 0.04 Q-cm2 respectively which is better than
the BSCZF05-SDC composite electrode having ASR value of 0.09
Q-cm2 at 700 °C [23] and is also comparable to the ASR values of
Ba, Sr,.Co,Fe .0, (0.032 Q-cm2, sample sintered at 900 °C)

0.2 3-8

obtained at 700 °C [24].

Table-2: ASR values for Ba, Sr, Co Fe, Niy03_5(x=0.4; 0.05
<y < 0.2) measured at 700 °C and 800 3¢,

ASR (Q-cm?)
Sample Ni conc. 700 °C 800 °C
BSCFNiO5 0.05 6.60 0.72
BSCFNi10 0.10 0.43 0.08
BSCFNi15 0.15 0.29 0.04
BSCFNi20 0.20 0.75 0.14

The ASR values mainly depend on particle size, sintering tem-
perature and microstructure of the sample. The lowest ASR val-
ues were obtained for BSCFNi10 and BSCFNi15. The lower val-
ues of ASR for BSCFNi cathode is due to cathode microstructure
being more porous as shown in table-1, as a result of which gas
diffusion phenomenon is enhanced to facilitate better oxygen
reduction [25]. The oxygen reduction behaviour could also be
explained in terms of the lattice expansion. The lattice expan-
sion of the samples of BSCFNi increases with increase in the
nickel concentration which results in the formation of oxygen
vacancies as the larger Ni** (0.74 A) cation replaces the smaller
Fe** (0.73 A) cation at the B-site of ABO, perovskite structure.
The loss of oxygen in the lattice can be seen in TGA result. It
is known that the oxygen vacancies on the electrode surface or
in the electrode provide the reaction site for the reduction of
molecular oxygen and the pass way for the diffusion of reduced
oxygen ions [26-28]. Thereby changes the resistance of oxygen
adsorption or desorption and the oxygen ions diffusion in the
electrode to good extent; higher the oxygen vacancies concen-
tration of a cathode material lower is their ASR. The increase
in the ASR for BSCFNi20 (y=0.2) could be due to the Ni dopant
concentration exceeding a certain value called percolation limit,
at which electronic conduction becomes predominant [29].

4. CONCLUSION

Ba, Sr,.Co Fe, NiyOS_S(BSCFNi; x=0.4; 0.05 <y < 0.2) perovs-
kite oxides were prepared using sol-gel citrate method and ex-
amined as a new IT-SOFC cathode material. The samples were
calcined at 1000°C to remove any secondary phases to yield
well crystallized BSCFNi powders. The effect of Nickel doping
on the microstructure, oxygen loss and ASR was investigated
and it was found that Ni doping concentration of x= 0.1and 0.15
has the lowest area specific resistance measured at 700 and
800°C. Thus the BSCFNi with optimum Nickel doping level can
be a good candidate as cathodes for intermediate temperature
SOFCs application.
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