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Abstract Perovskite-type Cd-doped LaCoO; materials were
synthesized by a simple solution-based combustion process.
The synthesized materials were characterized by powder X-
ray diffraction (XRD), scanning electron microscopy (SEM),
diffuse reflectance (DR) in the UV-VIS, and magnetic
property measurements. The parent LaCoO; compound
showed spin-glass transition at low temperatures, and with
progressive Cd doping, showed transition to paramagnetic
ordering. The changes in magnetic properties of the materials
are correlated to the changes in structural features resulting
from the Rietveld structural refinement of the materials.

Keywords Oxides - Combustion synthesis -
X-ray diffraction - Spin transition

1 Introduction

Perovskite type (ABO;) cobaltate oxides have attracted
interest for many years because of their excellent magnetic,
electrical conductivity, catalytic activity, electrochemical,
and other properties [1-5]. ABO;3 perovskite oxides have
been extensively studied by several researchers as they
have applications in catalytic oxidation and combustion,
automobile exhaust purification, and sewage treatment.
They have also been used in production of environmental
catalysts and gas sensors [6—8]. Several methods for
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synthesis of Perovskite type (ABOj3) cobaltate oxides have
been reported in the literature [9—14].

Among transition-metal oxides with the perovskite
structure ABOj, the compound LaCoOj; is of particular
interest because it shows a spin-state transition as a function
of temperature. LaCoO;5 is a nonmagnetic insulator in its
ground state. Partial substitution of the trivalent La®" site by
divalent metal ions; for example, Ca**, Ba®', or Sr*',
results in a change in the oxidation state of Co metal ions,
the creation of oxygen vacancies, or both, in order to
maintain the charge neutrality of the compound [15-17].
Thus, doped rare-earth cobaltate materials have the poten-
tial to exhibit “mixed conductivity” (i.e. a combination of
electronic and ionic conductivity). These mixed conductiv-
ity materials have been proven to increase the performance
of solid oxide fuel cells (SOFC) and therefore have
technological importance [7]. The ratio of Co®*/Co*" is an
important factor in magnetic phase transition in cobaltates.

Studies on M?" substituted LaCoO; (where M=Ca, Sr,
or Ba) have been reported in the literature [18-20]. Cd is
also a divalent metal atom similar to Ca, Ba, and Sr, and
Cd-doped materials can exhibit interesting physical phe-
nomenon. Cd-doped LaMnOj; samples were recently shown
to exhibit metal-insulator transition properties in addition to
the giant magnetoresistance (i.e. >85% drop in resistance at
a low magnetic field of 1 Tesla) [21]. We have been
motivated to study the effect on the physical properties of
LaCoO; perovskites due to substitution of Cd**. Such an
approach of study, i.e., establishing a structure—property
relationship in La;_(CdyCoO; materials, has not been
reported so far.

2 Experimental

La;_Cd,CoO3 (0<x<0.2) compounds were prepared by
dissolving stoichiometric amounts of metal nitrates in a
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minimum amount of water in a Pyrex dish. A calculated
amount of fuel glycine was added. A detailed procedure for
calculating the metal nitrates to fuel ratio has been
described elsewhere [22, 23]. The resulting aqueous
solution was introduced into a muffle furnace maintained
at 400°C. The mixture boiled, followed by frothing, and
ignited with evolution of a large amount of gases. The
mixture ignited and caught fire to give a voluminous
combustion product. Assuming complete combustion, the
general equation for the formation of samples can be
proposed as follows:

(1 — x)La(N03)3+xCd(NO3)2+C0(N03)3+C2H5N02 —
La;_xCdyCoO;3 + CO; + H,0(g) + Na(g)

(1)

The phase purity and crystal structure were examined by a
Bruker X-ray diffractometer with a nickel filter using Cu
K radiation. For Rietveld refinement, data were collected
at a scan rate of 0.5°/min with a 0.02°step size for 20 from
10° to 100°. The data were refined using the Rietveld
analysis program, FullProf [24]. The morphology of the
powder was examined using a JEOL JSM-840A scanning
electron microscope fitted with an energy dispersive X-ray
analyzer (EDX). The magnetization measurements were
performed using a SQUID magnetometer in the temperature
range 2.5-300 K with a static applied field of 1,000 Oe.
Diffuse reflectance spectra were recorded in the wavelength
range 250-2,500 nm using a Varian Associated Cary 500
double beam spectrophotometer. Compressed polytetra-
fluoroethylene (PTFE) was used for standard calibration
(100% reflectance). The ratio of the Co®"/Co*" concen-
trations was determined by iodometric titration for all the
samples [25].

3 Results and discussion
3.1 Structure

Powder XRD patterns of combustion synthesized La;_,
Cd,Co0O3 (0<x<0.2) perovskite cobaltates are shown in
Fig. 1. All the samples crystallize in single phase, and the
product oxide could be indexed in a rhombohedral
symmetry having the lattice parameters a=5.438A and c=
13.084 A (hexagonal setting) with space group R-3¢ (No.
167). The structural parameters are refined by the Rietveld
method using the FullProf program [24]. In Fig. 2,
observed, calculated, and difference XRD patterns of the
typical refined XRD patterns of (a) LaCoO; and (b)
Lay gCdy,Co0O; compounds are given. There is a good
agreement between observed and calculated patterns. The
refined structural parameters, selected bond lengths, and
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Fig. 1 Powder XRD patterns of (La;,Cd )CoO; materials

bond angles are summarized for all the samples in Table 1.
We tried to synthesize the samples with x>0.2, but the
impurity CdO was observed in these phases. We have
therefore focused on doping levels of only up to 20% Cd
substitution into LaCoOs;. The reduction in the lattice
parameter leading to unit-volume reduction is due to the
substitutional effect of replacing La®" (1.36A) ions with
similar sized Cd** (1.31A) ions [26].

3.2 Microstructure study

To further understand the structural features of La;_,
CdyCo0O3; (0<x<0.2) samples, SEM was performed
(Fig. 3). Figures 3(a) and b show typical SEM images of
parent and 20% Cd-doped LaCoO3 samples. The micro-
structure showed the particles are sub-micron size and
agglomerated, or already connected to each other, resulting
in an open or porous structure. EDX in combination with
SEM showed the materials synthesized have homogeneous
composition.

3.3 Magnetic-property measurements

Figure 4 shows the magnetic susceptibility as a function of
temperature for the undoped and various Cd-doped sam-
ples. A broad peak at about 75 K followed by a decrease in
the susceptibility in the 30<T<75 K range for the undoped
sample is observed. A sharp Curie-like increase in the
magnetic susceptibility in the 5<T<30 K range is indica-
tive of the presence of paramagnetic defects or impurities.
The overall shape is consistent with the previous reports for
the undoped samples. As more Cd is doped into LaCoOs,
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the Curie-like contribution at low temperatures increases.
The broad peak could not be observed for x>5%.

3.3.1 Discussion

The susceptibility vs. T profiles in the low T regime below
35 K have been fitted to a Curie-Weiss law of form C/(T+0),
where C is the Curie constant (inset of Fig. 4). The inset
shows that the Curie constant C increases linearly with
dopant concentration. A linear fit has been done and is
shown by a solid-line in the figure. The slope of the fit is
about 0.024, representing the increase in the Curie constant

20(%)

for each percentage of Cd. Applying the well-known relation
for Curie constant:

Curie constant C = Nag® u5S(S + 1) /3Kg (2)

where N, is the Avogadro’s constant, g is the Lande g factor,
ug is the Bohr magneton, and Kp is the Boltzmann constant,
one obtains a spin S value of about 3/2 for each Cd*" at the
La site.

The presence of a Cd*" ion at the La®" site is expected to
produce a hole with S=1/2 to the canted antiferromagentic
system. If the hole remains free and does not interact with
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Table 1 Reitveld refined structural parameters for La; ,Cd,CoO3; (0<x<0.2) perovskites.

LaCoO3 La().(;s Cd0.05C003
Rhombohedral Re-167

Compounds
Crystal System Space group

Lag.go Cdo.10C003 Laggs Cdo.15C003 Lag o Cdy20C003

Lattice parameters

a=b (A) 5.438(3) 5.436(2)
¢ (A) 13.084(4) 13.082(3)
Cell volume (A% 335.042(4) 334.731(4)
La/Cd 6a

X 0.0000 0.0000

y 0.0000 0.0000

z 0.2500 0.2500
Co 6b

0.0000 0.0000
0.0000 0.0000

z 0.0000 0.0000
0, 18e

x 0.4551(2) 0.4568(1)
y 0.0000 0.0000

z 0.2500 0.2500
R-factors (%)

Rp 3.98 4.54

Rup 5.68 5.79
Rirage 2.01 1.97

Rg 2.05 2.14
Bond lengths (A)

Co-0 1.9267(2) 1.9251(3)
Bond angles (°)

Co-O-Co 165.440(4) 165.987(3)

5.435(3) 5.433(2) 5.434(6)
13.084(4) 13.082(5) 13.086(6)
334.706(2) 334.426(5) 334.692(8)
0.0000 0.0000 0.0000
0.0000 0.0000 0.0000
0.2500 0.2500 0.2500
0.0000 0.0000 0.0000
0.0000 0.0000 0.0000
0.0000 0.0000 0.0000
0.4580(7) 0.4549(5) 0.4537(2)
0.0000 0.0000 0.0000
0.2500 0.2500 0.2500
4.63 437 4.78

5.86 5.55 6.16

3.68 2.95 5.08

3.76 3.49 4.78
1.9242(2) 1.9247(4) 1.9240(6)
166.374(5) 165.380(6) 164.995(5)

the cobalt spins that are anti-ferromagnetically aligned, it is
expected to add a Curie-like behavior to the magnetic
susceptibility of the parent systems. The main graph in
Fig. 3 indeed showed an increase in the Curie contribution in
magnetic susceptibility with dopant concentrations at low
temperatures. However, from the analysis of the Curie
constant vs. Cd concentrations, the value of the free spin
S=3/2 is about three times higher than the S=1/2 expected
for each Cd. In other words, it suggests that each Cd is
responsible for three spins instead of one spin.

If one considers a picture where Cd is not replacing the
La and instead is responsible for creating a vacancy at the
La" site, the formula becomes slightly non-stoichiometric
and can be viewed as La;_,0,Co03 (0—vacancy) and the
deficiency in each of the La’" ions will introduce three
effective free spins to the system. This effective spin
supposedly contributes to the magnetic properties and is
responsible for the increase in the Curie-like behavior at
low temperatures.

The substitution of Cd>" into LaCoOj5 introduces a cation
charge deficiency in the system which can be compensated

@ Springer

by a) creation of mixed valency (Co’ *—~Co*"), b) creation of
oxygen vacancies, and c) an ionic radii effect at A site
leading to creation of a vacancy at La site. .In addition, a
combination of a) and b) is also possible, as demonstrated
in SrFeO;_, materials synthesized in air [27]. Authors of
literature on Lag 7—,0,Sry3C0o0O5; materials showed that, in
general, the samples are oxygen substoichiometric, and the
portion of substoichiometric O, increases with increasing
La-deficiency and creation of vacancies at La sites, leading
to a gradual decrease of the unit cell volume and accounts
for the observed spin-glass to paramagnetic and ferromag-
netic magnetic behavior as a result of the progressive
increase in deficiency [28]. The observed magnetic proper-
ties in our samples (S=3/2), attributed to the effective spins
of a vacancy created at the La’" site, are consistent with
such observations.

Rietveld refinement showed that with progressive Cd
doping, the length of the Co-O bond showed a decreasing
trend. The bond length decreased from 1.9267A at x=0 to
1.9240A at x=0.2. The Co-O-Co bond angle remains
almost constant (Table 1). The structural parameters
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Fig. 3 Scanning electron micrographs of (a) LaCoO;, and (b) 20%
Cd doped LaCoO3 materials

obtained for the parent compound are consistent with the
literature [29]. The parent compound exhibits a spin-glass
behavior at low temperature which originates due to the
competition between the ferromagnetic (Co>*—O—Co*")
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Fig. 4 Magnetic susceptibility (x) vs. temperature at a magnetic field
of 1,000 Oe for (La, Cd)CoO; materials (inset figure shows the plot of
Curie constant for various Cd substituted LaCoO; materials)

and the antiferromagnetic (Co®>*—O—Co*" and Co*"—O—
Co*") interactions [28]. Chemical titrations showed the
portion of Co*" increased from 3.5% at 0% doping to
14.9% at 20% Cd doping. With increasing Cd doping, the
contribution of effective spins at the La’" vacancy is more
pronounced, leading to the observed paramagnetic behavior.

3.4 UV-vis diffuse reflectance spectroscopy

Recently it was shown that nanocrystals of LaCoOj
materials have promise for their catalytic behavior, decreas-
ing the decomposition temperature up to 130°C and
improving the burning rate [30]. Also, it was shown that
perovskite type oxides exhibit higher photocatalytic activity
compared to the currently standard TiO, materials under
visible radiation [31]. One reason for TiO,’s low efficiency
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Fig. 5 (a) Diffuse reflectance spectra and (b) Plot of F(R.,) vs. E(eV)
for the estimation of the optical absorption edge energy of (La, Cd)
Co0; perovskite materials
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in utilizing the solar spectrum is the wide band gap of 3.2 eV,
and accordingly, low band gap materials are preferred. In this
regard, it is relevant to explore Cd-doped LaCoOj; perovsk-
ties for such applications by determining the optical band-
gap of the materials. To measure the optical band gap of
La;_,Cd,CoO;5 (0<x<0.2), DR measurements were carried
out (Fig. 5). Figure 5(a) shows the diffuse reflectance spectra
of La;_Cd,CoO3 (0<x<0.2) samples in the UV-vis-NIR
range. The diffuse reflectance data was used to calculate the
absorption coefficient from the Kubelka-Munk [32, 33]
(KM) function defined as:

1«Rm):a/9:(1—Rmf/2Rm

(3)
where R, = Rsample/RPTCO

Here « is the absorption coefficient, S is the scattering
coefficient, and F(R.) is the KM function. The energy
dependence of the material in the UV-vis-NIR was further
explored. The energy dependence of semiconductors near the
absorption edge is expressed as:

aE = K(E — E,)" (4)

Here E is the incident photon energy (hv), E, is the optical
absorption edge energy, K is a constant, and the exponent 1
is dependent on the type of optical transition as a result of
photon absorption [34]. The exponent 1 is assigned a value
of 1/2, 3/2, 2, and 3 for direct allowed, direct forbidden,
indirect allowed, and indirect forbidden transition, respec-
tively [35].

For the diffused reflectance spectra, the KM function can
be used instead of « for estimation of the optical absorption
edge energy [34]. It was observed that a plot of F(R,.) E vs.
E was linear near the edge for direct allowed transition (n=
1/2). The intercept of the line on the abscissa (F(R.,) E=0)
gave the value of the optical absorption edge energy. The
values determined for the parent compound are in agree-
ment with literature values [36]. The corresponding values
for the Cd substituted samples (0.05, 0.1, 0.15 and 0.2) are
2.55+0.2, 2.94+0.2, 2.75+0.2, and 2.53+0.2 eV respec-
tively. Figure 5(b) shows the plot of the same. The changes
are indicative of the creation of energy states within the
band gap of the material, and with increasing Cd doping the
doped states broaden in to a band overlapping with the O
2p band [37]. The low band gap values indicate these
materials can have higher photocatalytic activity compared
to the TiO, standard materials which have poor photo-
catalytic efficiency due to their wide band gaps (~3.2 eV)
[38]. The diffuse reflectance spectra for direct band gap
orthorhombic (3) Ta,Os prepared by heating Ta metal in
air, are also recorded for comparison [39]. The value of
optical absorption edge energy for the indirect allowed
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transition for Ta,Os was found to be 4.0+£0.2 eV, which is
consistent with those seen for the (3-Ta,Os reported [40].
The low band-gap of the materials can be attractive for
photo catalytic applications due to the favorable band-
structure of these perovskite oxides.

4 Conclusions

We have successfully synthesized novel (La, Cd)CoO;
materials by a simple solution-based combustion process,
and determined the structural parameters and extent of
solid-solubility by detailed Rietveld structural refinement.
The magnetic property studies show that with progressive
Cd doping, the cobaltite undergoes phase transition from
spin-glass to paramagnetic behavior which could be due to
the contribution of the effective spins of vacancies at La**
sites. Optical property measurements showed that the high
optical band-gap nature of the parent compound transition
to narrow band-gap materials (~2.5 e¢V) and position them
for potential photocatalytic applications.
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