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Abstract

The effect of composition on the structure of the new solid oxide fuel cell
(SOFC) perovskite (Laj_ySry)(Crp.gs5Fen.05C00.05Nip.05)O03—s is studied using
x-ray diffractometry, pycnometry, and Fourier-transform infrared and Raman
spectroscopy. Samples were synthesized using the Pechini method via doping
the La site with Sr*t, to a composition with x = 0-0.4 mole fraction,
and at the Cr site with 0.05 mol of Co**, Fe2T and Ni**, and the structural
results were compared with those for orthorhombic LaCrOs;. The samples
were orthorhombic perovskite of the Pnma space group. A second phase,
monoclinic SrCrOy4, was also observed, whose content increased linearly with
increasing x. A large decrease in the lattice and hence volume was observed
for the sample with x = 0.1, which was accompanied by a sharp decrease in
the Cr—O bond length, tilt angle and crystallite size. The structural parameters
were almost invariant for x = 0.1-0.4, probably due to an increase in content of
the high valence cations of smaller ionic radii, as suggested by an increase in the
intensity of the defect band (~515 cm™!, IR). The octahedral CrOg stretching,
bending and tilting modes were found shifted accordingly. A mechanism
employing a partial-charge model was proposed to explain the results.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Owing to excellent oxidation, sulfidation and carburization resistances; stability in terms of
dimension, microstructure, chemistry and phase; high electronic and thermal conductivity; and
comparable coefficient of thermal expansion (CTE) to the adjacent components, Sr>* doped
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LaCrO; (LSC) perovskite has been extensively applied as an inter-connector coating material,
along with its application as cathode and anode in solid oxide fuel cells (SOFCs) operating
at 1000 °C. In order to improve its air sinterability and electrical conductivity at intermediate
temperature (IT, =500-700°C) of operation, several approaches have been applied, such as
(i) preparation of highly reactive ultrafine powders, (ii) introducing nonstoichiometry in Cr,
and (iii) doping of cations at La and/or Cr sites. For reviews on the subject, see [1-5]. The
co-doping of transition metals into Cr sites was also noted as beneficial in improving the
sinterability and electrical conductivity [4—-8]. The Pechini method [9], which offers high
homogeneity, low temperature processing and high compositional flexibility via control of the
processing variables, was also found better than the solid state reaction method for improving
the air sinterability [7].

Pure LaCrOj is orthorhombic (space group: Pnma, 62; number of formula units in
the unit cell, Z = 4) at room temperature and transforms to rhombohedral phase (space
group: R3c, 167, Z = 6) at ~255°C as observed using x-ray diffraction [10-12],
neutron powder diffraction [12, 13], convergent-beam electron diffraction [14] and vibrational
spectroscopy [15-18]. Doped LaCrO; arrests the structure: orthorhombic or rhombohedral
or both, at room temperature, strongly depending on the dopant, its molar concentration and
synthesis route [1, 6-8, 12, 19-24].

In the present paper, the effect of the composition on the structure of the novel perovskite
system (La;_, Sr,)(Crggs5Feg05C00.05Nig.05)O3_s5 (abbreviated as LSCFC'N) is investigated.
The La site was doped with Sr>* with composition x = 0-0.4 mole fraction and the Cr site was
co-doped with 0.05 mol of Co**, Fe>* and Ni>*, using the Pechini method in order to increase
the electrical conductivity and air sinterability without affecting the CTE of LaCrO; as well
as to make it compatible with stainless steel, a metallic inter-connector/current collector for
intermediate temperature solid oxide fuel cell (IT-SOFC) applications. The advantage of the
system is that the composition of doped cations can be tailored to obtain a desired property.
The aim of the present work is to explore the structure of the LSCFC'N with x using x-
ray diffractometry (XRD), pycnometry, and Fourier-transform infrared (FT-IR) and Raman
spectroscopy. The Scherrer formula was used for crystallite size calculation. The relative
density was evaluated using theoretical and measured values of densities. Structural results
were compared with those for orthorhombic LaCrOs. A mechanism employing a partial-charge
model was proposed to explain the results.

2. Experimental details

(Laj_,Sr,)(Crg.85Fe0.05C00.05Nig.05)03_s (LSCFC'N) was prepared using the Pechini method.
Commercially available starting precursors: La(NO3)3-xH,0 (99.9%, Aldrich), Sr(NO3),
(99%, Aldrich), Cr(NO3)3-9H,0 (99%, Acros), (CH3CO,),Fe (95%, Acros), Co(NOs),-6H,0
(99%, Aldrich) and Ni(NOs),-6H,0 (99%, Acros) in molar weight proportion were dissolved
in distilled water to get 0.3 M (40 ml) clear sol by stirring at room temperature for 2 h. The
salts were dissolved as per their hydrolysis constants (pK,,) in the following order: Sr** (13.8),
La** (10.7), Fe** (9.5), Co** (9.7), Ni** (9.4) and Cr’" (4.4) in order to control hydrolysis—
condensation reactions [25]. Ethylene glycol (C;HgO,, 99%, Aldrich) of mass equal to the total
mass of cations available was then added dropwise under stirring for improving the solubility
and later esterification. Finally, chelating material, citric acid (C¢HgO7, 99.5%, Aldrich) of
mass the same as the ethylene glycol, was added dropwise under stirring. The sol was stirred
at ~50°C for 24 h and then left stirring at ~70 °C to get homogeneous polymeric resin. The
residual resin was then dried at ~150 °C for 48 h, pre-calcined at ~450 °C for 30 min, calcined
at ~900 °C for 2 h and finally sintered at ~1100 °C for 2 h to get ultrafine perovskite powder.
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A Rigaku x-ray diffractometer (D/Max 2500/K, Japan) with step 0.02°, scan speed
3° min~! and range 20°-80° was used for phase identification of the powder sample. Structural
analysis of the LSCFC'N was performed by the full-profile fitting method using a Rietveld
analysis program: MAUD [26]. For the sample with x = 0.1, Rietveld refinement was
performed for the orthorhombic perovskite phase and then the SrCrO,4 phase was introduced
and refined again. For the samples with x = 0.2-0.4, the refinement was carried out for both
the phases together. A program, Diamond [27], was used to calculate bond lengths and bond
angles. The Scherrer formula: D = 0.941/f cos(6), where A = 1.54056 A and 8 = full
width at half-maxima, was used to calculate the average crystallite size (D) at 20 ~ 32.5°
(main perovskite peak). The density (o) of the powder sample was measured using an
Accupye 1330 Pycnometer (Micrometrics, USA). A Fourier-transform infrared spectrometer
(Shimadzu, Prestige21, Japan, resolution 4 cm ™), equipped with a KBr beam splitter, was used
to record IR spectra of the sample (in the KBr pellet) in the range of 400-1000 cm™'. A Jobin
Yvon T64000 triple Raman spectrometer equipped with an Ar™ ion laser source of wavelength
514.5 nm was employed for collecting the Raman spectra in the range 50-1000 cm~' for
100 s (10 s x 10) in the backscattering geometry. The laser power at the polished surface
of the dark pellet was kept at ~2 mW using a 50x objective lens and spot area of ~25 um
in order to minimize the overheating effect. The spectra were analysed quantitatively using
PSD [28] and OPUS [29]. PSD offers Fourier self-deconvolution of complex spectra via
interactive apodization and a deconvolution function, while OPUS combines curve fitting and
deconvolution. The deconvolution function consists of Lorentz and Gauss functions. All
experiments were performed in the open atmosphere at room temperature.

3. Results and discussion

3.1. X-ray diffractometry and pycnometry

Figure 1 shows x-ray diffractograms of the (La;_,Sr,)(CrggsFeg05C00.05Nig0s5)O3—s
(LSCFC'N) for x = 0-0.4. Reflection peaks of orthorhombic LaCrO; perovskite (space group:
Pnma, 62; a = 5.476(1), b = 7.752(2), ¢ = 5.512(1) A; cell volume = 233.98 A’;
theoretical density = 6.78 g cm>; JCPDS: 83-1327; [12]) have also been drawn for direct
comparison. The orthorhombic phase was distinguished by a characteristic orthorhombic weak
peak at 260 ~ 25.6° due to the (111) plane and the strongest peak at 20 ~ 32.5° due to the (121)
plane with shoulders by (002) and (200) planes. A rhombohedral perovskite system exhibits a
strong doublet of nearly equal intensities at 20 ~ 32.3°-32.8° [19]. Monoclinic StCrOy4 (P2;/c
space group, 14; a = 7.0897(4), b = 7.3939(4), ¢ = 6.7553(6) A cell volume = 344.76 AS;
density = 3.92 g cm—3; JCPDS 35-0743), marked by asterisks in the XRD pattern, was noticed
as a second phase for the samples with x > 0.1, which is common in the Sr** doped LaCrOs
samples prepared by sol-gel method and/or sintered below 1400 °C [7, 20, 23]. This is most
probably due to a large difference in the hydrolysis rates of Sr>* and Cr** ions, where anions
also play a key role [25].

The XRD data were then refined using MAUD in order to collect crystallographic
parameters of the LSCFC'N with increasing x. For x > 0.1, Rietveld refinement was
performed for the biphasic system of orthorhombic perovskite and SrCrO4 with the help of
the crystallographic parameters of orthorhombic LaCrO; of Pnma space group (table 1) [12]
and monoclinic SrCrOy4 of P2 /c space group (table 2) [30], respectively. Subsequently, weight
fractions of the phases were obtained. The site occupancies were kept at fixed values consistent
with the nominal stoichiometry. It is also worth pointing out that the B factor for the Cr atom
of LaCrOs is negative. According to Khattak and Cox [12], it is probably an experimental
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Figure 1. X-ray diffractograms of (Laj_,Sry) (Crg.85Fe.05C00.05Nig.05)O03—s for x = 0-0.4.

artefact resulting from the low value of the scattering amplitude for Cr and the data only
extend to a sin@/A value of 0.34. They also mentioned that it could arise from deficiencies
in the model such as the neglect of anisotropic terms. However, the negative B factor of
Cr does not affect the refinement significantly and hence the structural results, as observed
earlier for the orthorhombic LaCrO; [13] and Lag 75Sr(25CrO5 [24] including the LSCFC'N.
Figures 2(a) and (b) show final Rietveld plots for the LSCFC'N with x = 0 exhibiting a single
perovskite phase and the x = 0.4 sample containing mixed phases, respectively. The observed
and calculated intensity profiles were well matched, which is obvious from their difference as
shown at the bottom of the figures 2(a) and (b). The composition dependent crystallographic
parameters and the refinement parameters (S and R) for the LSCFC'N are listed in table 1. The
R values were found close to each other for all values of x. The values of the goodness of fit
(S) were also found close to each other for x = 0.1-0.4. These indicate good quality of the
profile fittings. However, the value of S for x = 0 is found higher than those for x = 0.1-0.4
probably due to an unknown phase exhibiting a small peak at 20 ~ 35.7° and marked by an
arrow in the figure 2(a). Table 3 shows the values of the lattice parameters for the SrCrO,4 phase
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Figure 2. Rietveld refined profiles of the (Laj_,Sry)(Crg.g5Fe.0sC00.05Nig.05)O03—s with x = 0
(a) and 0.4 (b). The solid line is calculated intensity and the plus is observed intensity (the
background was not subtracted). The short vertical lines show the possible Bragg reflections. The
bottom corresponds to the difference between observed and calculated intensities. An arrow in (a)
corresponds to an unknown phase.

determined from the samples with x = 0.1-0.4, which became closer to the reported values
of the pure SrCrOy4 for x = 0.3 and 0.4 probably due to high amount of the impurity phase.
Figure 3 shows lattice constants (a, b and ¢) and cell volume (V') of the LSCFC'N with x. One
can note an increase in the volume of LSCFC'N (x = 0) with respect to LaCrO;. However,
substitution of La** by Sr** (x = 0.1-0.4) sharply decreased the volume of LSCFC'N by
decreasing the lattice constants, though the ionic radius of Sr** (1.44 A) was larger than that
of La** (1.36A). For x > 0.1, the volume was almost invariant. These results are similar to
those observed earlier for several doped and co-doped LaCrOj; systems [5-8, 21, 22] as well
as La]_xSI"XCOO.QFe(),gO3 (LSCF), La]_xSI'XCOO.gNiO.]O3 (LSCN) and La]_xsereo.gNi0,103
(LSFN) [31, 32], and can be explained in terms of the ionic radius and mixed valence states of
transition metal ions, which has been discussed below.

Substitution of a lower valence ion at La and/ or Cr sites of LaCrO3 results in a charge-
compensating transition of Cr’* to Cr** ions [1]. The greater charge density of the Cr*t
favours the contraction of the Cr—O bonds and decrease of the unit cell volume. Mori et al [7]
found that doping of Co and/or Al ions into Cr sites of the Lag ¢St ;CrO; transforms trivalent
cations into tetravalent cations of small ionic radii. Doping of Co and/or Ni ions into Cr sites
of Lag g5S1(.15CrO3 also transforms some of the Cr’" ions into Cr** of smaller ionic radius [8].
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Figure 3. Lattice constants (a, b and c¢) and cell volume pure orthorhombic LaCrO3; and
(La]_X SI‘X)(Cl‘o,gsF60,05C00,05Ni(),05)03_5 (x = 0—0.4). The line guides the eye.

Table 1.

Wyckoff notation, lattice constants (a, b and c¢), fractional atomic coordinates (x,

y and z), atomic displacement factor (Bijs,) and refinement parameters (goodness of fit, S and
R factor) for the orthorhombic perovskite systems of Pnma space group: LaCrOsz [12] and
(Laj—Sry)(Cro.g5Fen.05C00.05Nig.05)03-s (x = 0-0.4). Numbers in parentheses are statistical
errors of the last significant digit. (Note: Wyckoff notation of atoms. La/Sr: 4c¢ (x, 0.25, z), Cr/(Fe—
Co-Ni): 4b (0, 0, 0.5), O1: 4c (x, 0.25, z) and O2: 8d (x, y, 2).)

(Laj xSty )(Cro.85Fe0.05C00.05Ni0.05) O35

Atom Parameters LaCrOs3 x=0 x =0.1 x =02 x =03 x =04
a(A) 5.476(1)  5.485(1) 5.4616(7) 5.4632(5) 5.4610(6)  5.4605(6)
b (A) 7.752(2)  7.775(1)  7.767(1)  7.7686(9)  7.7684(1)  7.7695(1)
c (A 5.512(1)  5.514(1)  5.5045(6) 5.5072(5)  5.5055(7)  5.5052(6)

La X 0.0196(4) 0.0172(6) 0.0130(5) 0.0090(7)  0.0143(6)  0.006(1)
z —0.0046(5) 0.0174(5) 0.003(3) 0.000(2) —0.001(2) —0.000(2)
Biso (Z\Z) 0.1(1) 3.3(1) 3.94(7) 0.10(5) 0.22(6) 0.04(3)

Cr Biso (Az) —-0.4(1) 2.8(1) 2.9(1) 2.7(1) 0.4(1) 0.7(1)

01 X 0.4935(6) 0.438(1) 0.496(2) 0.484(4) 0.454(3) 0.494(7)
z 0.0676(4) 0.214(1)  0.02(1) 0.013(1) 0.074(6) 0.036(6)
Biso (Z\z) 0.1(1) 3.0(2) 0.2(1) 0.32(8) 0.41(8) 0.5(2)

02 X 0.2265 0.203(5)  0.25(1) 0.219(4) 0.189(3) 0.211(6)
y 0.5338 0.497(4)  0.550(5) 0.444(2) 0.533(5) 0.551(5)
z 0.2265(3) 0.269(7)  0.26(1) 0.261(6) 0.262(4) 0.25(1)
Biso (Z\z) 0.3(1) 1.9(5) 2.4(2) 2.1(3) 0.2(1) 0.6(9)
S (%) — 45.6 36.0 252 23.2 22.8
R (%) — 159 12.6 11.7 12.5 12.6

Liu et al [21] showed through XPS study that introduction of Sr>* in the La sites enhances the
transformation of Cr** to Cr®" of smaller ionic radius. Tai ef al [31] successfully proposed for
the LSCEF that the trivalent cations (M?+, M = Co or Fe) transform to the high and low valence
cations as 2M>+ & M?* 4+ M**, which is a reversible process. Similarly, two M** ions can
form M>3* ions. It was also shown that the concentration of M?>*, M3+ and M** depends on the
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Table 2. Wyckoff notation, fractional atomic coordinates (x, y and z) and atomic displacement
factor (Bijso) for SrCrO4 (monoclinic; space group: P2;/c, 14) [30].

Atom  Wyckoff notation ~ x y z Biso (Az)
Sr 4e 0.1024  0.3561  0.7694  3.0(5)
Cr 4e 0.5973  0.3156  0.8060  2.9(5)
(0] de 0.7264  0.3521  0.6001  5.9(5)
02 4e 0.4577  0.5287 0.7504  5.9(5)
03 de 0.7868  0.3884  0.9585  5.9(5)
04 4e 0.5023  0.1826  0.8435 5.9(5)

Table 3. Lattice constants (a, b, ¢ and ) and unit cell volume (V) of monoclinic SrCrO4 phase
observed in the samples of (Laj_, Sry)(Cro.g5Fep.05C00.05Nip.05)O3-5 with x = 0.1-0.4. Reported
values of lattice parameters for the pure SrCrO4 are also shown. Numbers in parentheses are
statistical errors of the last significant digit.

X a (A) b (A) c(A) Angle (deg) V (AS) Reference

Pure  7.0897(4) 7.3939(4) 6.7553(6) 103.197(5) 34476 JCPDS 35-0743
Pure  7.07(3) 7.33(6) 6.73(3) 103.9(6) 338.56  [30]

0.1 6.990(2) 7.529(2) 6.700(2) 104.30(2) 341.68  This work

0.2 6.991(2) 7.539(2) 6.707(2) 104.33(2) 34249  This work

0.3 7.044(2) 7.468(2) 6.760(2) 104.41(5) 34442  This work

0.4 7.098(1) 7.401(1) 6.770(1) 103.27(1) 346.15  This work

Sr** concentration and ambient temperature. According to Huang ez al [32], a charge transfer
takes place for the LSCN and LSFN in the following way: M3 + Ni*™ « Ni*™ 4+ M**. This
mechanism can also be utilized to explain the compositional variation of the cell volume for the
LSCFC'N. Thus, an increase in volume with respect to pure LaCrO3 is most probably due to
larger ionic radii of doped cations: Fe?* (0.78 A), Co?* (0.74 A) and Ni** (0.69 A) compared
to that of Cr ions (34, 0.61 A; 4+, 0.55 A), while the invariance in the volume for x > 0.1
can be attributed to the transformation of some of transition metal ions into their higher valence
states of smaller ionic radii (Cr®*, 0.44 A; Fe**, 0.64 A; Co**t, 0.54 A; Ni*t, 0.56 A). This
study is further supported by the bond length determination, discussed below.

Figure 4 shows the measured (pp,), theoretical (og) and relative (0 = pm/pm) densities
versus x plots for the LSCFC'N. These variations are found similar to those observed for the
LSCF with increasing x [31]. The theoretical density was found decreased almost linearly with
increasing x due to a linear decrease in the formula weight of the LSCFC'N. For the x > 0.2,
pm and hence p deviated greatly from the trend of py,. Since the weight faction (y) of the low
density SrCrOy is relatively high for x > 0.2, as evidenced in the inset of figure 4 showing a
linear increase of the second phase with increasing x, one may guess it to be one of the causes
for the large deviation. This can be verified tentatively by considering the total theoretical
density (pr) of the sample as pr = (1 — y)pm + yp1 and determining the pseudo-relative
density (p’) using the relation p’ = pp/pt, where p; (=3.92 g cm™3) is the theoretical density
of the SrCrOy. The values of p’ for x = 0.2-0.4 were varied from 0.92 to 0.94 and comparable
to that for x = 0 and 0.1 (~0.91), which is in agreement with the above mentioned conjecture.

Any volumetric change in LaCrO; perovskite is due to the deformation of LaOj;
and CrOg polyhedra by changing bond lengths (La—O and Cr—O) and bond angle
(Cr—0—Cr) [13, 16, 17, 24]. The average bond lengths, (La—QO) and (Cr—O), of the
LSCFC'N, evaluated using Diamond for x = 0—0.4, are plotted in figure 5. Average
bond lengths of pure orthorhombic LaCrO; are also included in figure 5 for direct
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comparison [12, 13]. For the LSCFC'N with x = 0, co-doping of a small fraction of Fe’*, Co**
and Ni** into Cr sites greatly increased (Cr—O) and slightly decreased (La—O) as expected,
leading to an increased volume with respect to pure LaCrOs. For x = 0.1, (Cr—O) was greatly
decreased and (La—O) was slightly increased with respect to the values for x = 0, indicating
a decrease in the volume. Further increase in x led to bond lengths and, hence, volume being
almost invariant. These observations are further supported by variation of the average crystallite
size (D) with x, which is shown in figure 6. The crystallite size was greatly decreased for
x = 0.1 and then decreased insignificantly for higher values of x, as expected due to a large
decrease in the Cr—O bond length for x = 0.1 and then almost invariance of the bond lengths
for the higher x. The average bond angle ((Cr—O—Cr)), determined by Diamond, was used to
calculate the tilt angle (@) with the help of expression w = (180° — (Cr—O—Cr))/2. The tilt
angle (w) represents the distortion of the CrOg with respect to the cubic phase (w = 0°) and
its compositional variation was found identical to the V—x plot [24, 33]. Figure 5 shows the
tilt angle versus x variation of the LSCFC'N, which is also almost identical to the V—x plot
(figure 3), indicating a decrease in the orthorhombic distortion for x = 0.1, which remained
almost invariant for higher x. These observations are further supported by spectroscopy studies,
which have been discussed in section 3.2.

The compositional variation of the structural parameters and formation of the impurity
phase can be explained using the partial-charge model [25, 34, 35]. According to this model,
water present in the solution solvates the metal cation (M*", where z is charge) and anion
(X~ = NO;3). Thisresults in the formation of strong acid, HNO3 (pK, = —1.3) in the sol along
with hydrolysis of cations in the form of aqua [M(OH)x]*", hydroxo [M(OH)N]N 9% or
aqua-hydroxo [M(OH), (OH,)y_;, 19+, where N(=6) is the coordination number of water
molecules covalently bound to the cation and /4 is the molar ratio of hydrolysis. The anion
complexes with the solvated metal cation if §(X) > —1 or x(X7) < x[M(OH,)y_ 1t <
x (H20), where § and x correspond to the electronegativity and the partial charge, respectively
for the fully coordinated cations and pH is less than 7. Since x (NO3y) = 2.76 > x(H,0) =
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Figure 6. Crystallite size of (Laj_,Sry)(Crg.g5Fe.05C00.05Nig.05)O3—s with x = 0-0.4. The line
guides the eye.

2.49, one can expect electron transfer from the sol to the NO;. This increases the charge
negativity of the NOJ giving rise to more ionic M*"—NOjJ bonds. As Sr?t s less acidic
than La’* [25], one can expect a slight decrease in acidity or a slight increase in the pH
of the sol with increasing x, and hence a decrease in ionic bonding. An application of low
temperature heat treatment promotes the metal citrate complex formation by chelating the
metal ions in solution with pH dependent citric acid [36-38]. Hence, a better complexation is
achieved with increasing x. The hydroxyl groups of ethylene glycol get attached with terminal
carboxyl groups of metal citrate resulting in a homogeneous three-dimensional network of La®*
polymer—Sr** polymer—Cr** polymer—Fe?* polymer—Co?* polymer—Ni** polymer along with
a small amount of impurity network, Sr** polymer—Cr** polymer. The impurity network gets
formed probably due to the large ionic radius and high polarizability of the Sr**, where the
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Figure 7. FT-IR spectra of (La;_,Sry)(Crg.g5Fe0.05C00.05Nig.05)03_s with x = 0-0.4. Asterisk:
SrCrOy4 phase.

hydrolysis rates of Sr>* and Cr** also play a vital role [25, 38]. The homogeneity of polymer
resin increases with increasing x, which in turn improves the morphology of the particles after
pyrolysis as reported [39] and also observed in the D versus x variation (figure 6), which is
identical to the V—x variation. An increase in the Sr>* content also promotes forming more
impurity network, which increases the second phase amount.

3.2. FT-IR and Raman spectroscopy

Figures 7 and 8 show IR and Raman spectra, respectively, of the (La;_, Sr,)(Cr.gsFeo.05C00.05
Nig.05)O03_s (LSCFC'N) with x = 0-0.4. Owing to the resemblance with FT-IR and Raman
spectra of pure orthorhombic LaCrO; [15-18] and LaMnOs [15, 16, 33, 40—43], and the
well established fact that the atomic vibrations are almost the same for RMO;3; (R: rare
earth element; M: transition metal) [15, 16, 33, 40, 42], the irreducible representation of
the optical modes is presented as I'opy = I'Raman + 'R + Dinactive + Dacoustic» With Raman
active modes (24), I'raman = 7Ag + 5Big + 7By + 5B3g; IR active modes (25), I'r =
9By + 7Boy + 9Bj3,; inactive modes (8), [Npactive = 8Ay and acoustic modes (3), I'acousic =
By + Boy + Bay. Similarly, the site symmetry of an orthorhombic LaCrO3 based system can
be represented as La(Cs), Sr(Cj), O1(Cs) and O2(C;). Modes are also assigned on the basis

10
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of lattice dynamical calculations (LDC) [33, 40, 41] and observed values for orthorhombic
LaMnOs; [15, 16, 33, 40, 41], which are shown in table 4 as well as in figures 7 and 8. The
high frequency Cr-O stretching vibration region consists of IR active modes: By, (apical), B3,
(in-plane) and By, (in-plane oxygen vibration), and Raman active modes: B3, (out of phase,
breathing), By, (in phase) and A, (in phase). In the mid-frequency region, bending and titling
modes exist due to deformation of octahedral CrOg. The IR active bending modes are B3, (in
plane), By, (apical), B3, (apical) and By, (in-plane oxygen vibration). Similarly, Raman active
Ag mode corresponds to CrOg octahedral out-of-phase bending. Raman active tilt modes, A
and B, correspond to in-phase and out-of-phase CrOg y rotational distortions, respectively.
Low frequency Raman active lattice modes, namely, A,, B3, and A, involving mixed vibrations
of La and Ol atoms along z, y and x axes, respectively, exist due to relative motion of CrOg
against the surrounding La/Sr cage.

It is obvious from the figures that the bands are broad most probably due to loss of
degeneracy upon lowering of the symmetry of the octahedron and the increase of the unit cell
to more than one ABOj3 unit [15, 16]. The doping-induced disorder due to the changed mass,
charge, and lattice parameters broadens the bands too. However, reduction in orthorhombic
distortion reduced the intensity and/or number of bands [42, 43]. One can also note that almost
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Table 4.
(Laj—xSry) (Cro.g5Fe0.05C00.05Ni.05) O3 -5

Observed vibrational bands in (cm~!) and possible assignments for

with respect to LaCrOs

[15-18] and LaMnOs

(Raman [33, 40], IR [41]). Superscripts a—d correspond to [15-18], respectively. Note: notation: s,
strong; m, medium; w, weak; sp, sharp; sh, shoulder; b, broad relative intensity.

(Lal —x er)
LaMnOs3 (Cro.85C00.05Fe0.05Ni0.05) O35
LaCrO3
Mode Exp. LDC Exp. x=0 x =0.1-04
IR (400-1000 cm ™)
Bay/apical oxy. vib.—stretching 621 sh 625 640 s,b 640 sh 644-641 sh
B3, /in-plane oxy. vib.—stretching 594s,b 580 630?, 606° s 606s, b 612-615s,b
By /in-plane oxy. vib.—stretching 574 sh 577 580%s,b, 585,573°sh  582sh 585-586 sh
B3, /in-plane oxy. vib.—bending ~ 510m,b 521  493°sh 513w,b  514-517m,b
By /apical oxy. vib.—bending 469 sh 495 471¢sh — —
B3, /apical oxy. vib.—bending 455 sh 443 446° sh 449 sh 449-445 sh
Bou/in-plane oxy. vib.—bending ~ 416s,b 412 425%s,b,407° sp,425°s 413 sp,b  419-415b
Raman (50-1000 cm™!)

Bj3g/out-of-phase stretching — 692  719°s 716's 716-715 sh
By /in-phase stretching 611 669 675 695¢ sh 671 sh 694-700s, b
Ay /in-phase stretching —_ 582 590¢,581%s 590 m 575-586 w
Ay /out-of-phase bending 493 480  441¢,4274 s 436 m 471-476 w
Ay /in-phase y rotations—tilt 257 246 279°w 274 m 268-271w
Bg/out-of-phase y rotations—tilt ~— 254 252¢,253%b,s 237w 258-256 w
Ay /Lattice vibration (z) 198 162 174, 1724 s 175s —
Bjg/Lattice vibration (y) — 158 150, 1499 § 150's 157-160 s
Ag /Lattice vibration (x) 140 81  71°sh (—196°C) T7s 78-79 s

all LaCrO; bands appeared distinctively in the spectra of the LSCFC’N with x = 0. The spectra
of the LSCFC'N for x = 0.1-0.4 were also found almost identical in nature resulting in the
band positions being almost invariant. It is also worth mentioning that the bending modes of
pure perovskite phase and the second phase fall into the same domain of wavenumber. Some
noteworthy features observed with increasing x are as follows; they have been explained on the
basis of reported observations [33, 40—-43].

(i) In the high frequency stretching vibration region, B3, (in-plane, IR) and B3, (out-of-phase,
Raman) modes were prominent, while By, (apical, IR) and By, (out-of-phase, Raman)
modes were at the shoulders. However, substitution of La’>* by Sr** (x = 0.1-0.4) made
these modes almost equal in intensity with greatly upshifted B3, (IR) and By, (Raman)
modes. This corresponds to a decrease of Cr—O bond length. Initially, the band positions
of B3, and By, for the LSCFC'N (x = 0) were lower than those for pure LaCrO3 indicating
a large Cr—O bond length for sample with x = 0.

(ii) The bending modes, By, (in plane, IR) and A, (out of phase, Raman) were decreased
initially for x = 0 with respect to pure LaCrOs3, then increased for higher values of x,
indicating an initial decrease and then an increase in the La—O bond length as the shift in

bending mode is proportional to the La—O bond length.

(iii) The tilting mode, Ay (in phase, Raman) at ~274 cm~! for x = 0 was decreased to
268 cm~! for x = 0.1, which remained almost constant for higher x. Since the tilt mode
is proportional to the tilt angle (w) and inversely proportional to the ionic radius of the La
site, one can expect a decrease in w and an increase in ionic radius of the La site.
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Figure 9. IR intensity and area of the defect band for (La;_, Sr,)(Crg g5Fen.05C00.05Nig.05)O3—s
with x = 0-0.4. The line guides the eye.

(iv) The charge replacement of La’" via doping with Sr*>* strengthened the force constant

between CrOg and La as observed from the higher value of the lattice mode, B3g(y), for
x = 0.1-0.4 with respect to the undoped system (x = 0).

(v) The mid-frequency IR active bending mode B3, (in plane) at ~515 cm™' was assigned as
a defect band by Kuznetsova et al [44] due to distortion in the CrOg octahedra by the high
valence cations. The IR intensity and area of defect band were increased with increasing
x, as shown in figure 9. This was also confirmed by the existence of additional peaks in
the high frequency region (>750 cm™') of Raman spectra [17]. This results in structural
rearrangement and stacking disordering in the perovskite phase [17, 44]. This supports
well our finding that the structural parameters are almost invariant for x > 0.1 due to an
increase in the number of high valence cations.

The presence of the second phase, SrCrO, (site symmetry, C;), was confirmed from the
following SrCrO,4 characteristic bands. Cr—O stretching mode, v3, IR: ~925 (925), ~912
(912), 883 (890); Raman: ~927 (929), ~914 (915), ~864 (866 cm™!). Cr—O stretching mode,
vi, IR: ~847 (843). O—Cr—O bending mode, v4, IR: ~428 (434), ~408 (408); Raman: ~395
(~395 cm™1). 0O—Cr—0 bending mode, v,, IR: (344); Raman: ~340 (~340 cm™1). The data
in parentheses refer to the reported IR [45] and Raman [46] bands of SrCrOy. Figure 10 shows
IR and Raman intensities of SrCrO,4 bands: v; (IR) and v; (Raman) with increasing x. The
intensities of the bands increased linearly with increasing x, indicating a linear increase in the
amount of the second phase, which is in good agreement with the XRD study (figure 4).

4. Conclusions

A new perovskite system, (La;_, Sry)(Crg gsFeg.0sCo.05Nig.05)O3—s, was prepared via doping
at the La site with Sr>" to a concentration x = 0-0.4 mole fraction and at the Cr site with
0.05 mol of Fe’*, Co*" and Ni**, using the Pechini method. The advantage of the system
is that the composition of doped cations can be tailored to obtain a desired property. X-
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Figure 10. IR and Raman intensity of the stretching bands due to SrCrO4 observed in
(Laj—,Sry)(Cro.85Fe(.05C00.05Nip.05)O03—5 with x = 0.2-0.4. The line guides the eye.

ray diffractometry, pycnometry, and Fourier-transform infrared and Raman spectroscopy were
employed for structural study and the results were compared with those for orthorhombic
LaCrO;. Samples exhibited orthorhombic perovskite structure with Pnma space group along
with a second phase, monoclinic SrCrOy4, which increased in content with increasing x. A large
lattice and hence volume contraction was noticed for x = 0.1, which was accompanied by a
sharp decrease in the bond lengths, tilt angle and crystallite size due to the transformation of
some transition metal ions into their higher valence states of smaller ionic radii, as supported
by the presence of a defect band (~515 cm ™', IR). For x = 0.1-0.4, the structural parameters
were almost invariant. The structural results were corroborative with the shift of the octahedral
CrOg stretching, bending and tilting bands. A mechanism employing a partial-charge model
was proposed to explain the results.
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