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ABSTRACT

Phase evolution, structure, thermal property, morphology, electrical property and reactivity of a
perovskite-type cathode system, Lag75Sr025 Mng.gs_xCoxNig 050345 (0.1 <x <0.3), are reported. The sam-
ples are synthesized using metal acetates by the Pechini method. A perovskite-type phase is formed after
calcination at ~700°C and a rhombohedral symmetry of R — 3¢ space group is stabilized at ~1100°C. An
increase in x decreases the unit cell volume linearly, accompanying with a linear decrease in bond lengths
and tilt angle. The differential thermal analysis suggests the phase stabilization for a temperature range,
50-1100°C. The thermo-gravimetric, thermal expansion, and electrical and ionic conductivities studies
suggest presence of a Jahn-Teller transition at ~260-290 °C. The samples with x=0.1 mol exhibit electri-
cal conductivity of ~55S cm~! at ~600 °C, activation energy of ~0.13 eV, coefficient of thermal expansion
of ~12 x 10%°C-1, crystallite size of ~45nm, Brunauer-Emmett-Teller (BET) surface area of 1.26 m2 g~!
and average particle size of ~0.9 wm. A fairly high ionic conductivity, 5-9 x 1072 Scm~! makes the sam-
ple with x=0.1 mole suitable for intermediate-temperature solid oxide fuel cell cathode applications. The

experimental results are discussed with the help of the defect models proposed for La;_xSryMnOs3.s.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Intermediate-temperature solid oxide fuel cells (IT-SOFCs) oper-
ating at 600-800°C, are the most efficient way of generating
electricity due to internal reforming of hydrocarbon fuels, high
quality by-product heat for co-generation, low level of pollu-
tants, high energy conversion efficiency and electrical power of
multi-mega Watt. The low temperature operation reduces not
only the challenges regarding the materials’ compatibility but
also the manufacturing cost by using relatively inexpensive metal
components for inter-connector, current collector, heat exchanger
and structure components. A reduction in unit cell thickness to
micro-level also enhances thermal shock resistance and reduces
thermal mass, consequently reducing the start up and turn off
time of the device [1-3]. It requires a new highly catalytic active
cathode in place of the traditionally applied cathode, La;_,Sry
MnOs3,5 (LSM, x=0.2-0.3 mol), which exhibits a low oxygen self-
diffusion coefficient (D*) ~10~ cm?2s-! at 900°C. A number of
cathodes, derived from the highly catalytic active Sr2* doped
LaM'O3_s (M’=Co, Fe or Ni), has already been investigated in
the past [2]. Some of the cathodes are, LaggSrg4 CogoFeggO3
(LSCF) [4], Lag gSro2 CoggNig103 (LSCN) [5], LaggSro.2 FepgNig103
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(LSFN) [5], (LaggSro2)o9s FeogsCup0203 (LSFCu) [6], LaggSro.
C00_5G30_403 (LSCG) [7] and Ba0,55r0_5 C00_8F60_203 (BSCF) [8] The
LSCF exhibited several superior properties, namely high electri-
cal conductivity (o) ~330Scm~! at 600°C, high D* ~10~7 cm? s~!
at 800°C, theoretical density (o) ~6.36gcm™3, relative density
(p) ~89%, rhombohedral structure and no reaction with elec-
trolytes [2,4,9]. However, the coefficient of thermal expansion
(o) ~15.3 x 10-6°C-1 of LSCF was higher than those of IT-SOFC
electrolytes, e.g. scandia-stabilized zirconia (ScSZ), Ceg9Gdg101.95
(CGO) and LapgSrg; GaggMgp203 (LSGM) [2]. An attempt was
also made to increase the catalytic activity of LSM (Sr?* con-
tent=0.16, 0.4 or 0.5 mol) by doping FeZ*, Co?* or Ni2* (<0.4mol)
in the Mn-site [9-13]. The doping decreased the electrical con-
ductivity of LSM; however, the coefficient of thermal expansion
was increased for Co%*-doping, and left invariant for Fe?*- and
Ni2*-doping. The doping also largely reduced the interfacial polar-
ization resistance between the doped LSM and an electrolyte,
and consequently enhanced the power density [12,13]. Carter
et al. [9] noticed that a co-doping of Co2* (0.12mol) and Nij2*
(0.4mol) is very effective in increasing the catalytic activity of
Lag5Srg5Mn0Os3, as the D* of LSM was enhanced approximately 6
orders of magnitude at 900 °C due to formation of additional oxygen
vacancies.

In the present paper, an effect of co-doping of Co?* and Ni2* in
Mn-site of a commonly used composition of the LSM, Lag 755r¢.25
MnOs;, is reported for IT-SOFC application via studying the phase
evolution, structure, oxygen stoichiometry, thermal expansion,
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morphology, electrical properties and reactivity. The Ni2* concen-
tration is fixed to 0.05 mole and Co?* content is varied from 0.1 to
0.3 mol for increasing ionic conductivity and maintaining a thermal
expansion coefficient comparable to those of IT-SOFC electrolytes
[2,3]. The experimental results are discussed in the light of defect
models proposed for LSM.

2. Experimental

Lag 7551025 Mng g95_xCoxNig 950345 (0.1 <x <0.3) is prepared by
the Pechini method [14] using commercially available Aldrich
chemicals, lanthanum (IlI) acetate hydrate (99.9%), strontium
acetate hydrate (97%), manganese (II) acetate tetrahydrate (99%),
cobalt (II) acetate tetrahydrate (99%) and nickel (II) acetate tetrahy-
drate (99%). Metal salts were dissolved in distilled water under
stirring as per their hydrolysis constants (p*K;) in the following
order: Sr2* (13.8), La3* (10.7), Mn2* (10.6), Co?* (9.7), and Ni2* (9.4)
for controlling the hydrolysis-condensation reactions [15]. This led
to a clear solution (100 ml) of 0.3 M. Ethylene glycol (C;HgO,, 99%,
Aldrich; an esterification agent) and then citric acid (CgHgO7, 99.5%,
Aldrich; a chelating agent), both with mass equals to the total mass
of cations available, were added drop-wise under stirring. The solu-
tion was continuously stirred at ~80°C to obtain polymeric resin.
The resin was dried at ~150°C for 8 h to remove the solvent. It was
then pre-calcined at ~450°C for 1h to burn out organic compo-
nents and finally calcined at ~1100°C for 2 h to produce ceramic
oxide in powder form.

A solid electrolyte, namely YSZ (TG-8Y, BET surface area (S)
14m2g-', Tosoh, Japan), ScSZ (10Sc1CeSZ, S~14m2g~!, Daichi
Kigenso Kagaku Kogyo, Japan) or CGO (S~10-14m?2g~!, Rhodia,
USA) was thoroughly mixed with the cathode powder in an equal
weight proportion to form a composite. The composite was then
sintered at ~1100°C for 48 h for the reactivity study. Powder sam-
ples were pressed at ~392 MPa to form pellets of diameter ~11 mm
and thickness ~1 mm for morphology and electrical property stud-
ies. Rectangular bars of dimension, ~5 mm x 5 mm x 20 mm, were
prepared for thermal expansion behavior. The pellets and bars were
sintered at ~1100°C for 2 h in air.

ARigaku X-ray diffractometer (D/Max, Japan) was used to record
a diffractogram in a range of 20-80° with a step of 0.01° and
a scan speed of 2°min~!. A Rietveld analysis program, MAUD
[16], was then applied for structural analysis using the full-profile
fitting method. A program Diamond [17] was used to calculate
bond lengths and bond angle. The crystallite size (D) was cal-
culated at 260 ~46.8° (the highest single peak of the perovskite
phase with rhombohedral symmetry) using the Scherrer formula,
D=0.941/B cos(8), where X is the wavelength of the X-ray source
(1.54056 A) and B is the full width at half maxima. A Micromerit-
ics pycnometer (Accupye 1330, USA) was used for measuring the
density (om) of the powder sample. FT-IR spectra of the powder
samples (in the KBr pellets) were recorded from 370-1000cm™!
by a Bruker Fourier-transform infrared spectrometer (TENSOR 27,
Germany, resolution 2cm~1) equipped with a KBr beam split-
ter. Differential thermal analysis-thermo-gravimetry (DTA-TG) was
carried on the powder sample at a rate of 5°Cmin~! by a Setaram
TG-DTA unit (TGA-92, France). Thermal expansion was recorded
using a MAC Science dilatometer (TD5000S, Japan) at a rate of
10°Cmin~! and subsequently the coefficient of thermal expan-
sion («) was evaluated from the slope. A Hitachi scanning electron
microscope (S-4200, Japan) was used for the morphology study. The
BET surface area of powder was determined using a Micromeritics
ASAP 2010 surface area analyzer (USA).

Electrical conductivity of a sintered pellet was measured using
the van der Pauw four probe dc method. Contact points of platinum
(Pt) on the pellet were made using the ion sputtering method. A
silver paste was applied between Pt contact and Pt wire and sub-

sequently heated to ~970°C to ensure proper contact. A constant
dc current of 1 mA was applied using a Keithley 224 current source
meter and resulted voltage drop was measured by an Iwatsu digital
meter (SC-7401, Japan). Ionic conductivity of a pellet was deter-
mined from the bulk resistance, an intercept at the real axis of
Z'-7" complex plot recorded from 1 MHz to 1 kHz using a HP 4284A
impedance analyzer. Platinum coated by the ion sputtering method
was used as a blocking electrode. All experiments were performed
in air.

3. Results and discussion

3.1. Phase evolution

Fig. 1 shows DTA-TG curves of dried polymeric gel for Lag 75Srg 25
Mng g5Cog; Niggs03.+s indicating evolution of perovskite phase
with increasing temperature. The curves are similar to those of
sol-gel derived LSM (x=0.3 [18] or 0.15 [19]), which were explained
using the mass and FT-IR spectroscopies. Thus, the observed
endothermic and exothermic peaks along with the weight losses
for Lag 7551025 Mng g5C0og1Nig 050345 can be explained as follows.
A small and broad endothermic peak at ~150°C, marked by A
and accompanied by a weight loss of ~3% is a consequence of the
loss of the residual adsorbed and hydrated water. Some prominent
exothermic peaks at ~293, ~380 and ~597 °C, marked by B, C and
D, respectively, and associated with a huge weight loss of ~34% are
due to the decomposition-oxidation of the metal chelates and the
evolved gases, and reaction of the decomposed chelates. Exother-
mic peaks, E and F appeared at ~675 and ~860 °C, respectively, are
most probably due to formation of a phase as no significant weight
loss is observed after ~900°C.

Fig. 2 shows XRD patterns of the dried, pre-calcined and cal-
cined samples of Lag 75Srg 25 Mng g5C0g1Nig0503+5. An amorphous
nature is noticed for dried and pre-calcined samples probably due
to presence of an intermediate oxyhydroxy carbonate phase [18].
A perovskite phase is developed at ~700°C and identical to the
rhombohedral LaMnOs,; (space group R - 3¢, 167; a=b=5.6109(5),
c=13.619(1) A; number of formula units in the unit cell, Z=6; unit
cell volume, V=371.31A3; p;,=6.49 gcm=3; JCPDS 85-2219). The
rhombohedral nature was distinguished by a doublet of the main
perovskite peak in the 26 region, 32.3-32.8°, which is more favor-
able for a perovskite of form A3*B3*03 with larger Aions and smaller
Bions [4]. A further increase in calcination temperature to ~1100°C
improves the rhombohedral symmetry as obvious by a splitting
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Fig. 1. DTA-TG curves of Lag75Srg25 Mngg5C0g1Nig0s5 O3.s.
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Fig. 2. XRD patterns of Lag 75Sr0.25 Mng g5C0g 1 Nig.0503+5 dried at 150 °C, pre-calcined
at 450°C, calcined at 700°C, and calcined at 1100 °C.

in the hexagonal reflection peaks and an increase in intensities of
hexagonal peaks relative to the main peak.

3.2. Structure

Fig. 3 shows X-ray diffractograms of Lag75Srg2s5
Mngg5_xCoxNigg503+5 (0.1<x<0.3). An X-ray diffractogram
of Lag75Srg25 MnOs,s prepared identically is also included for a
direct comparison. Despite of co-doping at the Mn-site with var-
ious concentrations, the rhombohedral nature of LSM is retained
[18-21]. The XRD pattern is also found similar to that for Lag7Srg 3
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Fig. 3. X-ray diffractograms of Lag75Sro25 Mnggs_xCoxNig503+5 (x=0.1-0.3 mol)
and Lag 7551025 MnOs.s.

200.0

é L

% 100.0F

g
LSMCN ) 1 L n ) (] B [ LT

[ i ey T b p " ]
it il il i et | bt A |
40.0 60.0 80.0

2 -Theta [degrees]

Fig. 4. Rietveld refined profiles of Lag75Sro25 MnggsC0o1Nigs03+s. The solid line
is the calculated intensity and the plus is the observed intensity (the background
was not subtracted). The short vertical lines show the possible Bragg reflections.
The bottom corresponds to the difference between the observed and calculated
intensities.

Coy_;Mn;03.5 (0<z<1) [22]. In order to determine crystallo-
graphic parameters of Lag75Srg 25 Mnggs_xCoxNig 050344, the XRD
data were refined using the MAUD. The Wyckoff positions used for
the atoms of rhombohedral Lag 75Srg 25 Mng g5_xCoxNig 0503+, are
La/Sr (6a: 0, 0, 0.25), Mn/Co/Ni (6b: 0, 0, 0) and O (18e: ~0.450,
0, 0.25) [22]. The (La/Sr)- and (Mn/Co/Ni)-sites occupancies were
maintained at fixed values consistent with the nominal stoi-
chiometry. Fig. 4 shows a typical Rietveld plot for the sample with
x=0.1 mole. The observed and calculated intensity profiles are well
matched, which is obvious by their difference as shown in the
bottom of the figure. The values of refinement parameters, Rexp
and Ry, as shown in Table 1, are also close to each other indicating
good quality of the profile fittings. The structural parameters of
La0.755r0,25 Mno.gs_xcoxNi0.0so?,ﬂg (0] §X§0.3) along with those
of the rhombohedral LaMnOs,s [21] are shown in the Table 1
for direct comparison. For the sample with x=0.1mol, lattice
constant a is low and c is high as compared to those of pure
LaMnOs, resulting in a decreased unit cell volume. An increase in
x reduces the volume linearly due to a linear decrease in lattice
constants. Consequently, this increases the theoretical density
linearly. The measured density is noted almost invariant with
increasing x, therefore relative density is almost same for all values
of x. These observations are similar to those observed for LSCF [4]
and Co%*-doped LSM [10,22]. The compositional variation of V can
be explained in the light of the defect models [23,24], as discussed
below.

The pure and Sr?* doped LaMnO3, 5 are well known for its appar-
ent oxygen excess at the oxidizing conditions [23,24]. According
to the defect models [23,24], pure LaMnOs,; changes into La3*;_,
Mn3*;_, Mn#";_, O3 for maintaining charge neutrality. This can be
written in the Kroger-Vink notation as [23],

2Laf, + 2Mnf,, + 60% + 10,(gas) - 2La?,

+3VI, + Mnyp® + 305 + 3LaZ, + Mnyp® + Vi, +405. (1)
The lower index signifies the La-, Mn- and O-sites. The upper
index indicates the charge compared to the normal charge of the
LaMnOs3,5 without defects showing that (z) is neutral, (") is —1 and
(*)is +1. Thus, MnZ,  and Mny,* denote Mn3* and Mn*" sitting on
Mn-sites with a net charge of zero and +1, respectively. 07 denotes
02~ ions on oxygen sites with zero net charge. The Sr2* substitution
in La-site leads to a charge deficiency compensated in part by the
oxidation of Mn3* to Mn** and in part by the formation of oxygen
vacancies (Vp**), that is,

SI‘;_a = Mnpmp*® + 2Vp*°. (2)
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Table 1

Lattice constants (a and c), unit cell volume (V), theoretical density (o, ), measured density (om ), relative density (p), bond lengths (La-O and Mn-0), tilt angle (), refinement
parameters (Rexp and Ry,) and crystallite size (D) of Lag.755r0.25 Mng.gs_x CoxNig 050345 (0.1 <x <0.3) and rhombohedral LaMnOs. Number in parenthesis is statistical error of

the last significant digit. The V' is cell volume calculated from the Radaelli equation.

Parameters LaMnOs Lag755r0.25 Mg 95-xCoxNi0.0503+5

x=0.1 x=0.2 x=0.3
a(A) 5.5280(1) 5.5066(1) 5.49910(9) 5.48945(8)
c(A) 13.3404(3) 13.3481(5) 13.3225(3) 13.3051(5)
V(A3) 353.05 350.52(2) 348.90(1) 347.22(1)
Vv (A3) - 350.54 348.93 347.27
P (gem=3) 6.53 6.57 6.61
pm (gcm—3) - 5.90 5.90 5.89
P - 0.90 0.90 0.89
La-0(1) (A) 3x 2.496(5) 2.5000(55) 2.5021(27) 2.5032(55)
La-0(2) (A) 6x 2.750(2) 2.7460(25) 2.7407(25) 2.7362(25)
La-0(3) (A) 3x 3.032(3) 3.0066(55) 2.9970(27) 2.9863(27)
(La-0) 2.757 2.750 2.745 2.740
Mn-0 (A) 6x 1.963(3) 1.9566(7) 1.9529(7) 1.9491(7)
o) 9.89 7.44 7.28 7.12
Rexp (%) - 20.6 18.98 18.15
Ry (%) - 755 6.54 6.06
D (nm) - 26 24 23

For a low SrZ* content and at a reduced temperature, Mn**
dominates, while at a high Sr?* content and sufficiently high tem-
peratures the oxygen vacancies dominate.

Mizusaki et al. [24] assumed vacancy excluding spaces (VES)
around the metal vacancies and Srj,. The volume of VES around
the metal vacancy was equal to 9 unit cells of the pseudo-cubic
perovskite-type LSM, and that around St} , to 3 unit cells. The defect
equilibrium was expressed as,

%oz( gas) + La?, — LaMnO; + 2V{, + La%, + 6ir*, (3)

where Laf, was considered to be outside the VES. The h* is a hole
which stays on the nonbonding oxygen level formed by La-site
vacancies. It is either itinerant or trapped randomly throughout
the crystal and different from the p-type carrier contributing the
p-type conduction. The h* was dependent on the number of metal
vacancy rather than the Sr2* content and mean Mn valence. They
also showed a charge disproportion in Mn2*, Mn3* and Mn**. Tai
et al. [4] proposed charge disproportion, ionic compensation and
preferential electronic compensation mechanisms to explain the
structural, thermal, and electrical properties of LSCF. According to
them, trivalent cations (M3*, M = Co or Fe) transform to the high and
low valence cations as, 2 M3* « M2* + M**, which is a reversible pro-
cess. Similarly, two M#* ions can form M3* ions. The concentration
of M2*, M3*, and M** was also found dependent on the Sr2* content
and ambient temperature. An electro-neutrality condition similar
to Eq. (2) was considered for the ionic compensation phenomenon.
A transformation from Fe3* to Fe4* was noted more preferential
than Co3* to Co**. Huang et al. [ 5] suggested a charge transfer mech-
anism, M3* + Ni3* « Ni2* + M#* for LSCN. Carter et al. [9] put forward
an electro-neutrality condition similar to Eq. (2) for co-doped LSM.
Thus, the volume contraction for Lag 75Srg 25 Mng g5_x CoxNig 9503+
with increasing x is due to the transformation of trivalent cations of
large ionic radii (Mn, 0.64A; Co, 0.61A; and Ni, 0.6A) to tetrava-
lent cations of small ionic radii (Mn, 0.53A; Co, 0.53A; and Ni,
0.48 A) along with a small fraction of divalent cations (Mn, 0.83 A;
Co, 0.74A; and Ni, 0.69 A) [25].

The composition dependent V study is also corroborative to
the bond lengths, La—-O and Mn-O studies. Table 1 depicts the
bonds lengths of Lag75Srg25 Mngg5_xCoxNig 050345 (0.1 <x<0.3)
and rhombohedral LaMnOs,s [21]. The La-O(1) of Lag75Srg2s
Mngg5_x CoxNigg503.s for all values of x is found slightly higher
than that of LaMnOs. However, La-0(2), La-0O(3), average La-O

((La-0)) and Mn-0 of samples with x = 0.1 mol are lower than those
of LaMnOs. Anincrease in x decreases the value of La-0(2), La-0(3),
(La-0) and Mn-O linearly consequently decreasing the volume.
This suggests that the co-doping decreases the mean ionic radius
of Mn-site. However, owing to a large ionic radius of Sr2* (1.44A)
relative to that of La3* (1.36 A), the La-O(1) is higher than that of
LaMnOj3 [25].

Radaelli et al. have been shown using an expression,
V' ~Z(2Mn - 0cosw)? that the unit cell volume, V' is directly
proportional to the Mn-0O and tilt angle (w) [26]. The w also
represents the distortion of the MnOg octahedra with respect to
the cubic phase (w=0°) [21]. The tilt angle is therefore calcu-
lated using an expression, w = (180° — Opn-o0-mn )/2, where Oyvin-o-mn
is the bond angle. Subsequently, V' is computed for Lag75Srg 25
Mnyg g5_x CoxNig 50345 (0.1 <x <0.3) and presented in Table 1. The
compositional variations of w and V' are found identical to the
V-x variation. A linear decrease in w is also noted with increas-
ing x suggesting a decrease in structural distortion. The crystallite
size (D) is also decreased linearly with increasing x well support-
ing the bond lengths versus x study. The V-x study is further
supported by the spectroscopy study, which has been discussed
below.

A change in volume of LaMnO3 perovskite is associated to
the deformation of LaO;; and MnOg polyhedra via variations
of their bond lengths and bond/tilt angle [26-30]. The Mn-0
was found inversely proportional to the high-frequency stretch-
ing mode and the La-O was proportional to the bending mode.
Hence, in order to correlate the observed bond-lengths with the
stretching and bending modes, the infrared spectroscopy study is
carried out for La0‘755r0,25 Ml’l(),95_x COxNi0,05O3+5 (X= 0.1-0.3 ITlOl)
and presented in Fig. 5. The FT-IR spectra of Lag75Srg>2s
Mng g5_xCoxNig 05035 are similar to those of rhombohedral per-
voskites: pure [27-29] and doped LaMnOs,s [30]. Therefore, an
irreducible representation for the optical mode can be represented
as: L opt = I'Raman * IR + L nactive * I "Acoustic- [ Raman =A1g +4Eg cor-
responds to Raman active modes. I'g,=3A,, +5E, indicates IR
active modes. I'pactive (=2A1y +3Azg) and INacoustic (=Azu +Eu) are
acoustic and inactive modes, respectively. Similarly, the site sym-
metry can be represented as, La/Sr (D3), Mn/Co/Ni (Cs;), and O
(C3). Thus, eight IR active modes can be available for Lag75Srg25
Mng g5_xCoxNig 0503.5. The observed vibrational bands and possi-
ble assignments of Lag 75Srg25 Mng g5_xCoxNig 95035 with respect
to rhombohedral LaMnOj3 are shown in Table 2. Some noteworthy
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Fig. 5. FT-IR spectra of Lag 7551025 Mnggs5_xCoxNig 050345 (0.1 <x <0.3).

features observed with increasing x, and related to the bond lengths
are as follows.

(i) The peak position of high frequency stretching E,-A,, mode
pair for Lag75Srg25 MnggsCog1 Nig 50345 is higher than that
of pure LaMnOs. The wave number of stretching mode pair
is remained invariant for x=0.1 and 0.2 mole and slightly up-
shifted for x=0.3 mol. This indicates a decrease in Mn-0 and
hence a decrease in cell volume, as observed earlier.

(ii) A split in peak position of the mid frequency bending E,-Ay,
mode pair is noticed. It is probably due to a large lattice distor-
tion by Sr2* having a larger ionic radius than La3* as observed by
the La-0O(1) bond length study and also predicted by Mizusaki
et al. [24,30].

3.3. Thermal properties

The oxygen stoichiometry (3+§) of a perovskite system
is determined qualitatively by TG [4]. For LSM, oxygen non-
stoichiometry (§) was decreased with increasing temperature
and x, and decreasing oxygen partial pressure [18,23,24]. The
defect reaction can be expressed with increasing temperature as
4Mnf, +4e” — 4Mny, by increasing the oxygen vacancies via
20§ — 2Vp** + 0y(gas) + 4e~ [24]. The oxygen atom removed
from the lattice, left a net positive charge of 2+. The value of § was
calculated to be zero for Sr2* concentration greater than 0.329 mol
[24]. Mori et al. [31] observed a linear volume expansion with
increasing temperature for LSM. For LSCF, a decrease in oxygen
stoichiometry was accompanied with an increase in the thermal
expansion and the seebeck coefficient, and a decrease in the
electronic conductivity [4]. An increase in the seebeck coefficient
indicated a reduction in the carrier concentration and the site
occupancy. The oxygen stoichiometry is therefore determined for
Lag 7551025 Mngg5_xCoxNig 0503+5 (x=0.1-0.3 mol) and shown in

Table 2
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Fig. 6. DTA-TG curves of Lag75Sro.25 Mnggs_xCoxNig0503+5 (0.1 <x <0.3).

Fig. 6 along with the DTA curves. No exothermic and endothermic
peaks are observed in the DTA curves suggesting a stabilization
of rhombohedral phase for the temperature regime, 50-1100°C.
The TG is increased from 100 to ~105 in region I (25-260°C), then
to ~107 in region II (300-1100°C), confirming the excess oxygen
content of the system. This also indicates a large increase in oxygen
vacancies in region I and its invariance in region II [9]. A change
in slopes is observed in a temperature region 260-290 °C probably
due to the Jahn-Teller structural transition as observed earlier for
the nearly stoichiometric LaMnOs,4 [32]. It is also worth mention-
ing that the TG increases with increasing x, suggesting an increase
in oxygen vacancies. This provides easy pathways for oxygen ion
motion as observed by ionic conductivity-temperature study
discussed later. This also suggestes that the volume expansion with
increasing temperature is the highest for x=0.3 mole as observed
by the thermal expansion study (Fig. 7). The thermal expansion
increases linearly with increasing temperature in both the regions,
I and II. As mentioned earlier, it is due to a gradual decrease
in § between the cations and the oxygen, and consequently an
increase in oxygen vacancies. Owing to a large amount of oxygen
vacancies, the region Il possesses a slope higher than that in the
region I. Moreover, the value of slope is increased with increasing
x. Therefore, coefficient of thermal expansion computed from the
slope of thermal expansion curve for region Il and showed as an
inset in Fig. 7, is the highest for x=0.3 mol.

3.4. Morphology

Fig. 8 shows SEM micrographs for fractured surface of
Lag 7551925 Mngg5_xCoxNip503+5 (x=0.1-0.3 mol). Particles are
found almost spherical for all values of x. The average particle size is
calculated to be ~967,~690 and ~530 nm for x=0.1,0.2 and 0.3 mol,
respectively. The average size of particles is decreased with increas-
ing x due to a decrease in crystallite size, which is in good agreement
with the study reported by Kuharuangrong et al. [10] for Co%*-doped

Observed vibrational bands (in cm~!) and possible assignments of Lag75Sr025 Mnggs_xCoxNigos03.5 with respect to those of rhombohedral LaMnOj3. Superscript, a-c

corresponds to ref. [27-29], respectively. LDC, lattice dynamical calculated value.

Mode LaMnOs Lag75Sr0.25 Mng o5 xCoxNi.0503+5

LDC? Exp. x=0.1 x=0.2 x=03
Eu-Ayy stretching 642 5862, 608P, 603¢ 611 611 613
E, bending 357 3952, 395P, 405¢ 408 408 408
A, bending 357 3952, 395P, 405¢ 398 398 398
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Fig. 7. Thermal expansion curves of Lag75Sro25 Mng.gs_xCoxNig0503:+s (0.1 <x <0.3).
Inset, coefficient of thermal expansion (c) with x.

LSM. The average particle size (d) of powder is also calculated using
an expression, d = 6/p, S[19]. The BET surface area (S) is determined
to be ~1.26 m2 g~! for x=0.1 mol resulting in average particle size
~730nm, which is close to the value determined using the SEM.

3.5. Electrical properties

Fig. 9 shows temperature dependence of electrical conductiv-
ity (O') of La0,75Sr0.25Mn0_95,x COxNi0.0503+5 (X=0.] -0.3 mol) The
electrical conductivity is increased linearly with increasing temper-
ature in region II and obeyed the relation, o = (0o /kT)exp(—Ea/kT),
for the adiabatic small polaron hopping mechanism as observed
earlier for the pure [19,24] and doped [10,11] LSM. The notation,
0, is a pre-exponential factor containing the terms such as the
carrier concentration and the average distance between the Mn
ions. The E, is the activation energy for small-polaron conduc-
tion and other notations have their usual meanings. The values
of o for x=0.1-0.3mol are found close to each other at high
temperatures most probably due to an influence of the LaCoO;
[10]. At high temperature ~1000°C, Lag gSrg,Co03 exhibits fairly
high electronic conductivity (~1000Scm~! [4]) due to electrons
as predominant charge carriers, while LaggSrg,MnO3 possesses
high electronic conductivity (~190Scm~! [24]) due to holes. An
increase in x decreases the electrical conductivity at ~600°C. The
Ea-value, calculated from the slope of the log 6T — 1/T variation in
the region Il and shown in the Fig. 9, is increased with increas-
ing x. The sample with x=0.1 mol exhibits the optimal values of
electrical conductivity (ogggec ~55Scm~1) and activation energy
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Fig. 9. LogoT versus 1/T plots for Lag 7551025 Mng.gs5_xCoxNig 050345 (0.1 <x <0.3).

(Ea ~0.13 eV). The value of electrical conductivity for x=0.1 mol is
also found lower than that for the LSM with Sr2* content=0.2 mol
(0600°c ~180Scm~" [24]). This can be explained on the basis of
Mizusaki’s defect model [24]. A co-doping of Co2* and Ni?* at the
Mn-site of LSM forms extra cation vacancies. With the formation
of cation vacancies, a nonbonding oxygen 2p level is formed by the
oxide ions around the vacancies. The formed level is narrow and the
mobility of electrons in this level is low. The conductive eg(1) level
and the low mobility tr¢(|) level of Mn are very close to each other
and lower than the nonbonding level. This nonbonding level serves
as a hole-trap reducing the electronic conductivity with increasing
x. A reduction in the available sites of Mn3* for hole hopping can
also be attributed for a decrease in electrical conductivity of doped
LSM [10,11].

The co-doping provides more oxygen vacancies for maintaining
the charge neutrality by decreasing the electronic charge carri-
ers [4,9]. As suggested by the temperature dependent TG study
(Fig. 6), one may expect a large increase in ionic conductivity in
region I and then almost invariance for region II. Fig. 10 shows
ionic conductivity (oj,,) versus temperature curves of Lag 755rg.25
Mng g5_xCoxNig 050344 for x=0.1-0.3 mole. The trend of log ojo, —
1/T variations supports well that of the TG - temperature curves.
It is also obvious that an increase in x increases the ionic conduc-
tivity in the region II. This is probably due to a large increase in
oxygen vacancies by relatively less redox stable Co ions as com-
pared to the Mn ions [9]. Thus, one can expect a high catalytic
activity for the sample with x=0.3 mol possessing fairly high ionic

Fig. 8. SEM micrographs for fractured surface of Lag 7551025 Mng.gs-xCoxNig 050345 (0.1 <x <0.3). Bar, 2 pm.



R.K. Gupta et al. / Journal of Power Sources 187 (2009) 371-377 377

S —
08 : Region - | T
L A Al J
A H
0.8 A 4
L A ° ; |
10k : -
L o © ° o Qi A ]
12k L 5 i
— B Region -l
£ r u o) E
S 14} i
@, L
5
G 16 - .
> L |
S a8t . .
L Lao 758 Ty 25Mn0 95—xC0xN|0 0503+s A
20F m x=0.1mole B 1
I o 02 1
22 A 03 .
2.4 " 1 n 1 n 1 " 1 " 1 "
05 1.0 15 2.0 25 3.0 35
10%T [K]

Fig. 10. Logarithm of ionic conductivity (oje,) versus 1/T plots for Lag7sSro2s
Mng.g5_x COxNi,0503+5 (0.1 <x<0.3).

T T T T
<<>> <O, Present phase
* % YSZ[JCPDS 30-1468]
& *
* &
© 'l Q & OF * ® * ©
A "

¥ %, ScSZ[33]
*

Intensity [a.u.]

v V¥, CGO [JCPDS 75-0161]

) AR

T T T T T T T

20 30 40 50 60 70 80
20 [Degree]

Fig. 11. XRD patterns of composites containing Lag75Sro 25 Mng.g5C0g1 Nig.0503+5 and
an electrolyte, YSZ, ScSZ or CGO, and sintered at 1100 °C for 48 h.

conductivity in region Il and comparable to that of LSCF [9]. The
sample with x=0.1 mole exhibits a sufficiently high ionic conduc-
tivity, 5-9 x 1072 Scm~!, making it suitable as a cathode for IT-SOFC
application.

3.6. Reactivity

Fig. 11 shows X-ray diffractograms of composites along with the
reflection peaks of Lag75Srg25 Mnggs5Cog1Nigo503+s, YSZ [JCPDS
30-1468], ScSZ [33] and CGO [JCPDS 75-0161] for direct compar-
ison. The XRD patterns of the composites show no new reflection
peaks apart from the reflection peaks of the constituent phases.
This infers the absence of a secondary phase as a consequence of
any reaction between the cathode and solid electrolyte.

4. Conclusions

A rhombohedral perovskite-type system, Lag 75 Srga5 Mnggs_x
CoxNig g503+5 With x=0.1-0.3 mol, was synthesized using metal
acetates by the Pechini method. A decrease in unit cell volume,
bond lengths, tilt angle and crystallite/particle size was observed
with increasing x, accompanying with an increase in wave number

of stretching mode pair. The TG, coefficient of thermal expansion
and ionic conductivity were increased, while electrical conductiv-
ity was decreased with increasing x. The samples with x=0.1 mol
exhibited electrical conductivity ~55Scm~! at 600°C, activation
energy ~0.13 eV, coefficient of thermal expansion ~12 x 106 °C-1
and sufficiently high ionic conductivity 5-9 x 10-2Scm~?, mak-
ing it suitable as a cathode for IT-SOFC application. The reactivity
between the cathode and solid electrolytes was found negligible.
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