Crystal structure refinement of Co-doped lanthanum chromites
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Results of crystal structure refinements and phase quantification for samples of Co-doped lanthanum
chromites with nominal composition LaCr;_,Co,05, for x=0.00, 0.10, 0.20, and 0.30, prepared by
combustion synthesis are presented. The resulting powders were characterized by scanning electron
microscopy and X-ray diffraction (XRD). The XRD patterns were obtained with Cu K« radiation
for non-doped lanthanum chromite sample and additionally with Cr K« radiation for Co-doped
lanthanum chromites samples, in order to enhance the signal from scattering. Rietveld analysis of
XRD data showed that the studied samples presented the lanthanum chromite with an orthorhombic
structure (Pnma), except for the composition with x=0.30, in which the space group was found to

be R3c. © 2008 International Centre for Diffraction Data. [DOI: 10.1154/1.2903501]
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I. INTRODUCTION

Doped lanthanum chromites are used in high-
temperature solid oxide fuel cells as interconnect material,
because of their refractory nature, corrosion resistance (sta-
bility during the fuel cell operation), and the possibility of
doping to improve (p-type) electronic conductivity (Minh,
1993; Badwal 2001; Fergus, 2004; Hrovat et al., 1995).
Naray-Szabo (1943) and Wold and Ward (1954) are the first
to report on the crystalline structure of lanthanum chromite
(LaCrO3). The authors propose a perovskite-type cubic

structure, space group Pm3m, with lattice parameter of ap-
proximately 3.90 A. By means of neutron diffraction, Khat-
tak and Cox (1977) observed that at room temperature,
LaCrO;5 has an orthorhombic structure, space group Pnma,
with lattice parameters 5.475, 7.754, and 5.513 A (see Figure
1). Several other authors refer to LaCrO; as a compound
presenting a distorted perovskite-type structure at room tem-
perature (Taguchi er al., 1995; Taguchi et al., 1999; Sakai
et al., 1996; Oikawa et al., 2000; Hashimoto et al., 2000).
Substitutions at A sites, B sites, or both, can result in
strongly enhanced electrical properties and compatibility
with other cell components, concerning thermal expansion
properties. This is the case of Ca-doped, Sr-doped, Mg-
doped (Mori et al., 1997), and Ni-doped (Berger ef al., 2001)
LaCrOs;, for instance. These doping atoms are also used to
reduce densification times, densification temperatures, or
both, because of its high stability (Simner et al., 1999). The
doping of LaCrO; with a lower-valence ion influences not
only the properties of the material, in many ways, but also
the phase transformation. For instance, the orthorhombic-
rhombohedral transformation of doped LaCrO; depends on
the specific doping atoms. Strontium substitution lowers the
transformation temperature, stabilizing the rhombohedral
structure at room temperature (Mori et al., 1997), but nickel
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and calcium substitution raises the transformation tempera-
ture (Tolochko et al., 1987). Magnesium substitution, on the
other hand, does not affect the orthorhombic-rhombohedral
transformation temperature (Srilomsak et al., 1989). The pur-
pose of this work is to report the influence of the Co-doping
in stabilizing the rhombohedral structure at room tempera-
ture. The Co-doped LaCrO; powders studied in this work
were synthesized using the combustion synthesis technique
in air (Setz et al., 2006).

Figure 1. (Color online) Structure of orthorhombic LaCrO; (space group
Pnma, distorted perovskite-type).
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Il. EXPERIMENTAL
A. Samples

Among the many synthesis techniques for LaCrO5, com-
bustion synthesis was chosen because it consists of a rela-
tively simple and fast method (Setz et al., 2006). For the
synthesis of Co-doped LaCrO;, the following reagents were
used:  chromium(II)  nitrate(II)  nonahydrate = P.A.
[Cr(NO3);3-9H,0] (99%, Aldrich, Saint Louis, Missouri),
lanthanum(IIT) nitrate hexahydrate P.A. (La(NO;);-6H,0)
(99.99%, Aldrich, Saint Louis, Missouri), cobalt(I) nitrate
hexahydrate P.A. [Co(NO;),-6H,0] (98%, Vetec Quimica,
Rio de Janeiro, Brazil), and Urea P.A. [(NH,),CO] (Nuclear,
Séo Paulo, Brazil). The solutions were prepared according to
stoichiometric compositions LaCr;_,Co,03, for x=0.00,
0.10, 0.20, and 0.30. For the synthesis, the nitrates were sto-
ichiometrically mixed in water and urea. Next, the mixture
was slowly warmed up and evaporation of water occurred
until the beginning of the reaction, which occurred quickly,
with vapor release. The synthesis was carried through in a
hot blanket. The molar ratio of urea to lanthanum nitrate
used in all compositions was 4:1, and the studied composi-
tions with their respective symbols are presented in Table I.

B. Scanning electron microscopy, X-ray diffraction,
and refinement

Morphological analysis by SEM was performed on the
resulting powders at the condition they were obtained using a
Philips XL30 electron microscopy. Part of the powders were
also ground in an agate mortar and sieved in a #325 mesh
(45 wm aperture) and then characterized by XRD. XRD

TABLE I. Studied compositions and respective symbols.

Symbol Nominal composition
LC LaCrO,

LCCol0 LaCr( 9oCo0q.1003

LCCo020 LaCrg 49C0003

LCCo30 LaCrg 79C03003
LC LaCrO,
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Figure 2. Scanning electron microscopy of samples (a)
LC, (b) LCCo10, (c) LCC020, and (d) LCCo30.

measurements were performed using a Rigaku DMAX dif-
fractometer with Cu Ka radiation (1.5406 A) for sample
LaCrO; (LC) and also CrKa radiation (2.2897 A) for
LaCr,_,Co,0; (Co-doped) samples. Anomalous X-ray scat-
tering was used in order to enhance the contrast between Cr
and Co atoms. The diffraction data were obtained from 20 to
120°286 at 0.02° steps for sample LC and from 30 to 130°26
at 0.02° steps for Co-doped samples, using %° divergence
slit, 0.3 mm receiving slit, 40 kV, and 30 mA. The instru-
mental broadening was obtained from fitting to data of stan-
dard Al,O; sample [NIST standard reference material 676
(NIST, 2005)].

The Rietveld refinements were performed using the pro-
gram GSAS (Larson and Von Dreele, 2000) with the interface
EXPGUI (Toby, 2001). The peak profile function was modeled
using a convolution of the Thompson-Cox-Hastings pseudo-
Voigt function (Thompson ef al., 1987) with the asymmetry
correction described by Finger et al. (1994) to account for
the asymmetry attributable to axial divergence. In order to
account for the anisotropy in the half-width of the reflec-
tions, the bi-dimensional model described by Larson and Von
Dreele (2000) was used for crystallite size and the model
described by Stephens (1999) was used for anisotropic strain.
The background was fitted by shifted Chebyschev function
(Larson and Von Dreele, 2000) with eight terms. The initial
crystal structure data for the refinements of LaCrO; were the
models reported by Tezuka et al. (1998) for the rhombohe-
dral phase and by Taguchi ez al. (1999) for the orthorhombic
and rhombohedral phases. Constraints were applied to the
cations Co** and Cr** during the refinements in order for the
position and isotropic atom displacement parameters to stay
the same. For the refinement of the occupation factor, a con-
straint was applied to keep the sum of the occupancies equal
to 1.0. The oxygen anions were constrained to all have the
same isotropic atomic displacement parameter.

lll. RESULTS AND DISCUSSION
A. Scanning electron microscopy

Figure 2 shows scanning electron micrographs of the
samples. The powders present an aspect of porous flocks;
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Figure 3. X-ray diffraction pattern for the samples with the Rietveld-fitted pattern and the difference plot: (a) LC, (b) LCCo10, (¢) LCCo020, and (d) LCCo30.

i.e., surfaces with the appearance of sponges. As a general
remark, the observed shape was similar for all studied
samples, namely, sponges constituted by extremely fine par-
ticles of submicrometric (or nanometric) dimensions, with
irregular shapes and fragile aspects, meaning easy desegre-
gation, with several holes attributable to significant gas re-
lease during the combustion reaction. With the increase in
the concentration of cobalt, for the samples of the series
LaCr;_,Co,0;, the tendency for preferred orientation in the
formation of the sponge can be observed, as demonstrated in
Figures 2(c) and 2(d) for samples LCCo020 (x=0.2) and
LCCo030 (x=0.3), respectively. This can be associated to the
presence of cobalt nitrate in the combustion reaction, which
in larger quantities, causes the release of larger amounts of
heat, observed during the sample preparation procedures.

B. X-ray diffraction and refinement

X-ray patterns recorded for non-doped (LC) and doped
(LaCr;_,Co0,03) lanthanum chromite samples are shown in
Figure 3. The XRD pattern for the LC sample shows two
phases: a LaCrO; phase crystallized in an orthorhombic sym-
metry [Pnma—PDF 33-701 (ICDD, 2005)] and a small
amount of LaCrO,4 [P2,/n—PDF 49-1710 (ICDD, 2005)].
For the samples of LaCr,_,Co,05 series, except for LCCo030,
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XRD patterns show reflections corresponding to orthorhom-
bic lanthanum chromite. It is an indication that their crystal
structures are similar to that in the LC sample, i.e., Pnma
symmetry, with slight differences in lattice parameters. In
LCCo030 the doped LaCrOj; crystallized in a different struc-

ture, namely, thombohedral symmetry [Rgc—PDF 33-702
(ICDD, 2005)], indicating that this phase is stable at room
temperature with 30% cobalt substitution. Small amounts of
LaCrO, and CrO, [P4,/mnm—PDF 84-1818 (ICDD, 2005)]
phases were observed in LCCo10 and LCCo030 samples, re-
spectively.

Table II presents the results for phase quantification for
LC and LaCr;_,Co,0O5 series samples. The quantity of lan-
thanum chromite phase (Pnma) is greater than 90% for all
samples and reached 100% for the LCCo020 sample. Table III
presents the refined crystal structure parameters and reliabil-
ity factors of the Rietveld analysis; plots of diffraction data
and their Rietveld fits are given in Figures 3(a)-3(d) for the
non-doped and doped LaCrO5. With the substitution of Cr by
Co atom on the B site of the perovskite structure, a decrease
of lattice parameters a, b, and c, and, consequently, a reduc-
tion in the unit cell volume is observed.

Figure 4 shows a linear dependence between the volume
cell (divided by Z) and the dopant concentration, for the
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TABLE II. Results for phase quantification for LC and LaCr,_,Co,0O; series
samples.

Sample Phases wt%
LC Non-doped LaCrO3 92.15(8)
LaCrO4 7.85(12)
LCCol0 Doped LaCrO3 91.99(9)
LaCrO4 8.01(11)

LCCo020 Doped LaCrO3 100
LCCo30 Doped LaCrO3 91.67(9)
CrO2 8.33(10)

LaCr,;_,Co,0; series, obeying Vegard’s law (Dentun and
Ashcroft, 1991). The volume shrinks by 1.5% as a result of
Co substitution, for the doping range studied. This behavior
is explained by the exchange of the Cr** ion (radius 0.615 A)
with the Co®* ion (smaller radius 0.545 A) at the B site of the
perovskite structure [values for radii obtained from Shannon
(1976)]. This difference between the ionic radii can also ex-
plain the orthorhombic and rhombohedral structures found. It
is well known that the crystal structures of ABO; perovskites
are related to the Goldschmidt tolerance factor defined as
t=(R4+Ro)/2"*(R+Ry), Ry, Rp, and Rq being the ionic
radii for A, B, and oxygen atoms, respectively. In general, a
purely cubic structure presents t=1, but for LaCrO; and
LaCoO0s3, t is equal to 0.903 and 0.937, respectively, which
indicates that they should have crystal structures slightly dis-
torted from the cubic one, as observed. Values of ¢ slightly
less than 1 lead to rhombohedral unit cells, and orthorhombic
cells are observed for ¢ significantly smaller than 1. From this
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Figure 4. V/Z (cell volume/number of formula units) in the unit cell X Co
concentration.

experiment, the rhombohedral to orthorhombic phase transi-
tion ¢t value at room temperature seems to be located at
x~0.3 for this series.

IV. CONCLUSION

Combustion reaction is a suitable method for the produc-
tion of cobalt-doped lanthanum chromite. Powder X-ray dif-
fraction, followed by Rietveld analysis, was essential in ob-
taining structural information of the materials including
lattice parameters, composition, and mainly the quantitative

TABLE III. Refined crystal structure parameters and the reliability factors in Rietveld analysis for the non-doped and doped LaCrOs;.

Sample—phase,

space group Site Occ.  x y z Uy, (A) Z (A3 Composition Ry(%), RH(%), x*
LC—non-doped  La** 4(c) 0.01818(10)  1/4 0.00412(23)  0.0066(1)  234.81 LaCrOs, 8.37, 2.96, 1.281
Orthorhombic Cr’* 4(b) 0 0 1/2 0.0039(2) 4
Pnma 0> 4(c) 0.4904(12) 1/4 -0.0616(15) 0.0121(4)

0% 8(d) —0.2729(15) 0.5354(8) 0.7291(15) 0.0122(11)
a=5.4800(1), b=7.7631(2), ¢=5.5195(1)
LCCol0—doped  La®* 4(c) 0.01704(9)  1/4 0.00282(25)  0.0067(1)  233.67  LaCryeCopoOs  2.00, 1.98, 1.384
Orthorhombic Cr’* 4(b) 0.9 0 0 1/2 0.0027(2) 4
Pnma Co’** 4(b) 0.1 0 0 1/2 0.0027(2)

0> 4(c) 0.4983(8) 1/4 ~0.0647(8)  0.0111(2)

0% 8(d) —-0.2768(9) 0.5327(4) 0.7245(8) 0.0086(6)
a=5.4709(1), b=7.7510(1), ¢=5.5115(1)
LCCo020—doped La** 4(c) 0.01530(11) 1/4 0.00320(26) 0.0064(1) 232.51 LaCrg g9C00 2003 2.12, 1.50, 1.447
Orthorhombic Cr’* 4(b) 0.8 0 0 1/2 0.0043(2) 4
Pnma Co’* 4(b) 0.2 0 0 1/2 0.0043(2)

0> 4(c) 0.4951(10) 1/4 —-0.0662(8) 0.0113(2)

0% 8(d) —-0.2829(9) 0.5291(5) 0.7202(5) 0.0090(7)
a=5.4633(1), b=7.7402(1), ¢=5.5050(1)
LCCo30—doped  La* 6(a) 0 0 1/4 0.0065(1) 11561  LaCryCops0s  2.03, 1.54, 1370
Rhombohedric Cr’* 6(b) 0.7 0 0 0 0.0037(1) 2
Ric Co™6(b) 03 0 0 0 0.0037(1)

0% 18(e) 0.1935(4) 0.3065(4) 1/4 0.0122(1)

a=5.44371(1), a=115.61(1)°
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analysis of the phases present in the samples. The studied
compounds of Co-doped LaCrO; (LaCr;_,Co,05) presented
100% of the desired phase for LCC020 sample. The LCCo30
sample presented 91.7% of the composition LaCry 70Cog 3003
with a rhombohedral crystal structure and space group sym-

metry R3c, indicating that this rhombohedral phase is stable
at room temperature with 30% cobalt substitution.
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