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Abstract

Ternary oxides, RCoOs(s) (R =La, Nd, Sm Eu, Gd, Th, Dy and Ho), have been prepared by citrate-nitrate gel combustion route and characterized
by X-ray diffraction analysis. Heat capacities of these compounds have been measured in the temperature range from 130 to 850 K using a heat flux
type differential scanning calorimeter. Heat capacity versus temperature plots for these compounds indicated broad humps in the temperature range
from 450 to 780 K suggesting electronic transitions in these compounds accompanied by large entropy increments. The transition temperatures

showed increasing trend with decrease in ionic radii of the lanthanide ion.
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1. Introduction

Ternary oxides of rare-earth and transition metals are impor-
tant because of their electrical, magnetic and catalytic properties.
Some of the RMO3 (R =lanthanide elements, M =transition
metal) compounds are used as electrode materials for magne-
tohydrodynamics (MHD) generators [1], fuel cells [2] and as
catalysts for oxidation of CO [3]. The cobalt containing per-
ovskites, RCoOs3, are used as precursors of the catalyst for
the partial oxidation of methane to synthesis gas [4]. These
perovskites offer high activity and selectivity in the catalytic
process. Heterojunctions of RMO3/SnO- are also being explored
as gas sensors [5,6]. Tsuyoshi et al. [7] have discussed the gas
sensing mechanism of rare-earth cobaltites from conductivity
data. Moon et al. [8] have discussed the thermoelectric behavior
of RCoO3-type perovskite oxides. NdCoO3(s) and GdCoOs3(s)
show high Seebeck coefficients in the vicinity of room tempera-
ture and hence expected to have unique thermoelectric properties
[8]. The authors [8] have evaluated the electrical conductiv-
ity, Seebeck coefficients and thermal conductivities of partially
Ca-doped RCoOs3(s) oxides as a function of temperature.
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The successful use of these oxide materials in technical
processes is in many respects limited by the knowledge of
their thermodynamic stability. The phase transition tempera-
tures and the nature of phase transitions are also important
in many respects. Raccah and Goodenough [9] have studied
the first-order localized-electron to collective-electron transition
in LaCoOg3(s) using structural, calorimetric, magnetic, elec-
trical conductivity and thermal conductivity data. They have
reported a first-order transition at 1210 K, a higher order transi-
tion in the temperature interval 398 < 7' (K) < 648, another higher
order transition at about 923 K. Bhide et al. [10,11] have car-
ried out Mdssbauer studies of the high-spin—-low-spin equilibria
and the localized-collective electron transition in LaCoO3(s) in
the 4.2-1200 K temperature range and reported that cobalt ion
exist predominantly in the low-spin Co'!' state at low temper-
atures which transforms partially to high-spin Co3* ions up to
200 K. At high temperatures, the population of Co®* decreases
and completely disappears at the localized-collective-electron
transition temperature at 1210K [10,11]. Rajoria et al. [12]
have studied the spin state equilibria and localized versus col-
lective d-electron behavior in NdCoO3(s) and GdCoQO3(s) by
magnetic susceptibility and Mdssbauer measurements and con-
cluded that the first-order transition occurs around 1000 K. Bose
et al. [13] have studied the spin-state equilibria in the RCoO3(s)
system from °°Co NMR in the temperature range 110-550 K
and confirmed the coexistence of the high-spin—low-spin state.
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Bortolome et al. [14] have measured the low-temperature spe-
cific heat of NdCoO3(s) in the 200mK to 5K temperature
range and revealed the magnetic ordering on Nd ions. Stglen
et al. [15,16] have discussed the energetics of spin transition
in LaCoO3(s) from heat capacity data measured in the tem-
perature range from 13 to 1000 K by adiabatic calorimetry.
The authors [15,16] have reported a spin transition between
20 and 100K and another transition in the vicinity of 530 K.
Abbate et al. [17] have studied the spin-state transition using
high-resolution soft X-ray-absorption spectroscopy and X-ray
photoelectron spectroscopy. The authors [17] have confirmed
that the low-spin to high-spin transition in LaCoOj3(s) occurs in
the region 400 < T (K) <650. Ravindran et al. [18] have stud-
ied the electronic structure of the Sr-substituted LaCoO3(s) by
a series of generalized-gradient-corrected, full-potential, spin-
density-functional band structure calculations. The authors [18]
have accounted for the spin-state transition from a diamagnetic
state to a paramagnetic state at 100 K and from semiconduc-
tor to metal transition above ~500 K. Nekrasov et al. [19] have
studied the influence of rare-earth ion radii on the low-spin to
intermediate-spin state transition in LaCoO3(s) and HoCoOj3(s)
by first-principle calculations of electronic structure and mag-
netic states. They have observed that the low-spin to intermediate
spin state transition temperature increases with increase in rare-
earth ionic radii. A survey of all the above-mentioned literature
suggests that a systematic study on RCoQOj3(s) is required for
thorough understanding for the nature of spin state transition.
In our opinion, heat capacity measurements on RCoO3(s) from
near zero to high temperature will clearly reveal the energetics
of spin state transition, give accurate transition temperatures and
describe the order of transition. However, a complete set of heat
capacity data for all the RCoOs is not available in the literature.
This study aims at measurement of heat capacities of RCoO3(s)
(R=La, Nd, Sm Eu, Gd, Tb, Dy and Ho) in the temperature
range from 130 to 850 K and determination of their transition
temperatures from heat capacity versus temperature curves.

2. Experimental

2.1. Material preparation

Ternary oxides, RCoO3(s) (R=La, Nd, Sm Eu, Gd, Th, Dy
and Ho), have been prepared by citrate—nitrate gel combustion
route. Preheated R203(s) (LEICO Industries Inc., USA, 0.999
mass fraction) and Co304(s) (0.999 mass fraction) with stoichio-
metric ratios were dissolved in 4-5 M HNOj3. Excess amount of
citric acid (E. Merck, India, 0.999 mass fractions) was added
to the solution. Then pH of the solution was adjusted to 6-7 by
adding liquor ammonia. This solution was heated at 450K, a
viscous gel was formed which was further dried, crushed, pel-
letised using a steel die at a pressure of 100 MPa and heated
at 1425 K in a platinum crucible for 120 h with two intermedi-
ate grindings. The products were identified by X-ray diffraction
analysis using DIANO powder diffractometer with Cu Ka radi-
ation (A =1.5406 A) with Ni-filter and graphite monochromator.
The diffraction patterns show that the products obtained are
LaCo03(s), NdCoOj3(s), SmCo03(s), EuCoO3(s), GdCoO3(s),

ThCo03(s), DyCoO3(s) and HoCoO3(s) (see supplementary
information for the obtained X-ray diffraction patterns as shown
in Fig. 1 and the relative intensities of six strongest peaks with
their corresponding values of interplanar spacing (d) as listed in
Table 1). No detectable impurity phases were observed in the
X-ray diffraction pattern. The prepared samples were stored in
a desiccator for heat capacity measurements.

Chemical analysis of all the samples was carried out in
order to confirm the purity of the samples. A known amount
of RCoO3(s) sample was dissolved in concentrated HCI under
hot condition. This solution was heated on a hot plate at ~100 °C
to near dryness, followed by addition of 4 M HNO3 and heating
to near dryness. This process was repeated for three to four times
to ensure complete removal of chloride. The solution was made
up to aknown volume by 1 M HNO3 and analysed by total reflec-
tion X-ray fluorescence (TXRF) spectroscopic method using
rare-earth and cobalt standard solutions. The rare-earth to cobalt
metal ratio obtained from TXRF analysis was found to be the
same as the formula ratio indicating that the compounds are
stoichiometric with respect to metals. The TXRF analysis also
revealed that Al- and Si-bearing impurities are absent.

2.2. Measurement of heat capacity using differential
scanning calorimetry

The heat flux DSC (Model: DSC 131) supplied by M/s.
SETARAM instrumentations, France, was used to measure the
heat capacities of all the samples. The transducer of DSC
131 has been designed using the technology of the plate-
shaped DSC rods made of chromel-constantan. It is arranged
in a small furnace with a metal resistor of low-thermal iner-
tia so as to produce high heating and cooling rates, thereby
providing for high-speed experiments. The transducer also pos-
sesses very good sensitivity over the whole temperature range
(100-950K). The temperature calibration of the calorimeter
was carried out in the present study by the phase transition
temperature of National Institute of Standards and Technol-
ogy (NIST) reference materials (mercury: Ty =234.316 K;
gallium: Tfs=302.914K; indium: Ty,s=429.748K; tin:
Trus =505.078 K; lead: Tyys=600.600K) and AR grade sam-
ples (n-pentane: Trys = 140.490K; cyclohexane: Tfys =190.0K;
280.1K; deionised water: Tfys =273.160 K; potassium nitrate:
Trus = 400.850 K; silver sulfate: Tfys = 703.150 K; potassium sul-
fate: Trys =856.150 K). Heat calibration of the calorimeter was
carried out by using the enthalpies of transition of the above-
mentioned materials. For the determination of heat capacity,
NIST synthetic sapphire (SRM 720) in the powder form was
used as the reference material. Heat capacity of all the oxides
were determined by the classical three-step method in the con-
tinuous heating mode in two different temperature ranges: (i)
130 < T (K) <320 and (ii) 300 < T (K) <860. Heat flow as a
function of temperature was measured in the first temperature
range at a heating rate of 5 K min—1 with high purity helium as
a carrier gas with a flow rate of 2dm?3h~1. For the second tem-
perature range, high purity argon was used as a carrier gas with
the same flow rate as that of helium and same heating rate. Two
flat bottom aluminum crucibles of identical masses of capacity
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10~* dm3 with covering lids were used as containers for sample
and reference materials. About 300-350 mg of the sample was
used for the heat capacity measurements.

In DSC 131, heat capacity of the sample under investigation
can be calculated by a simple comparison of the heat flow rates
in three runs as illustrated in the literature [20]. The expression
used for the calculation of heat capacity of the sample is given
as

HF —HF M,
Cp(T)sampIe — ( sample bIank) ( ref

C,(T
HFref - HFbIank ) p( )ref
@

where HFpjank, HFref and HFsample represent heat flow during
first, second and third runs, respectively, C;,(T)sample and Cp(T)ret
the heat capacities of sample and reference material, whereas
Msample and Myef represent the masses of sample and reference,
respectively. In order to check the accuracy of the measurements
the heat capacities of Fe, O3 (mass fraction 0.998) and NiO (mass
fraction 0.999) were measured in the temperature range from
120 to 850 K and values were found to be within +1.5% of the
literature values [21].

Msample

3. Results and discussion

The heat capacity data for RCoO3(s) (R =La, Nd, Sm Eu, Gd,
Th, Dy and Ho) obtained in the present study at selected temper-
atures are given in the supplementary data files. The variation
of heat capacity as a function of temperature is shown in Fig. 1.
It is evident from Fig. 1 that for all the compounds there is a
broad hump in the heat capacity versus temperature plot. These
broad humps in the heat capacity versus temperature plots sug-
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Fig. 1. Variation of heat capacities of RCoO3(s) as a function of temperature.

gest that these compounds undergo electronic transitions in a
broad range of temperature. The excess heat capacity (AexcCp,m)
accompanied by transition can be estimated by subtracting the
lattice contribution to the total isobaric heat capacity. The lattice
heat capacities of RCoO3(s) can be best approximated by the
sum of the lattice heat capacities of constituent oxides (R2O3
and Co,03) in their stoichiometric molar ratios as proposed
by Stelen et al. [15,16]. However, Co203(s) is a high-pressure
phase and its lattice heat capacity is not available in the litera-
ture. Hence, the lattice heat capacity of Fe,O3(s) [22] has been
taken as an alternative to Co,03(s). The lattice heat capacities
of R203(s) have been taken from the literature [23-25]. Fur-
ther, we have neglected the dilational contribution of R203(s)
and Co,03(s) in this calculation. Hence, the excess heat capac-
ity calculated by this method is an approximation which may
introduce an error of 3-4%. The variation of excess heat capac-
ity (AexcCp,m) as a function of temperature for LaCoOg3(s) is
shown in Fig. 2. The excess entropy (AexcSm) due to electronic
transition can be calculated by integrating the area under the
curve of (AexcCp,m/T) versus T. For all the other RCoOg3(s) sim-
ilar procedure is followed. The transition temperature is obtained
by observing the maximum value of excess heat capacity. The
excess entropies and the transition temperatures for RCoO3(s)
estimated by this method are given in the supplementary data
file (Table 3). The maximum values of excess heat capacity
are observed at 554, 610, 619, 673, 675, 735 and 741K for
LaCo03(s), NdCoOj3(s), SmCo03(s), EuCoOs3(s), GdCoO3(s),
ThCo03(s) and DyCoOj3(s), respectively. Though a broad hump
was observed for HoCoOs(s), its transition temperature could
not be ascertained because of incomplete tail in the heat capac-
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Fig. 2. Variation of excess heat capacity (Aexc Cp,m) as a function of temperature

for LaCoO3(s).



28 A. Patil et al. / Thermochimica Acta 465 (2007) 25-29

800 T T T T T T T I T T

750

700

650

Tirs (K)

600

550

| 1
57 58 59 60 61 62 63 64 65 66 67

500 1 1 | | 1 |

Atomic number of R

Fig. 3. Variation of transition temperature (7ys) as a function of atomic number
of R in RCoO3(s).

ity plot obtained in the experimental temperature range. The
plot of transition temperatures (Tys) for the above compounds
as a function of atomic number of R is shown in Fig. 3. It can be
seen from the figure that, to a good approximation, the transition
temperature increases linearly with increase in atomic number
of R. The increase in transition temperature across the series is
due to the fact that at room temperature all the cobalt ions are in
the low-spin state and with increase in temperature, the excited
state becomes more and more populated. However, across the
series with smaller rare-earth ions, the stability of low spin state
of Co-ion increases due to increase in the crystal-field energy
splitting value and hence the transition temperature increases.

Stglen et al. [15,16] have prepared LaCoOj3(s) and measured
the heat capacity from 13 to 1000 K using adiabatic calorimetric
technique. The heat capacity data obtained in this study are in
good agreement (within £2%) with those of Stglen et al. [16] in
the temperature range from 300 to 850 K. However, the transi-
tion temperature of LaCoO3(s) obtained in this study (554 K) is
higher than the value observed (530 K) by Stalen et al. [15,16].
The difference in the heat capacity maxima may be due to the
fact that the measurement by Stglen et al. [15,16] is by adiabatic
calorimetry which involves equilibrium measurement at discrete
temperatures where as the present study involves measurement
of heat capacity by DSC in a continuous heating mode. Other
conditions like sample preparation, annealing temperature and
impurity content may be the reason for the discrepancy in the
transition temperature.

The origin of broad hump in the heat capacity plot for
LaCoO3(s) is due to electronic transition as described by Stalen
et al. [15,16]. LaCoOg3(s) is a semiconductor and nonmagnetic

at absolute zero temperature. As the temperature is increased,
two different broad transitions have been observed by Stalen et
al. [15]; one in the temperature range of 20 < 7'(K) < 100 and the
other in the temperature range of 450 <7 (K)<600. The low-
temperature transition is established as a spin transition, where
as the higher temperature transition is a semiconductor to metal
transition. As inferred by Abbate et al. [17], the low-spin (LS)
state of Co®* is stable below 400K and the low-spin to high-
spin (HS) transition occurs in the region 400 < T (K)<650. In
the present study, the saturation of spin excitations is observed at
650 K for LaCoQ3(s). The excess entropy calculated from 130
to 850 K is due to the sum of various transitions taking place in
RCoO3(s) from low spin (LS) state to high-spin (HS) state via a
stabilized intermediate spin (IS) state as explained by Stolen et
al. [15], Abbate et al. [17], Ravindran et al. [18] and Nekrasov
etal. [19].

The heat capacity data for other compounds are not reported
in the literature for comparison. The broad heat capacity hump
observed for RCoO3 (R=Nd, Sm Eu, Gd, Th, Dy and Ho)
could be due to dominant magnetic interactions and interac-
tions between magnetic and electronic transitions. However, for
LaCoOs(s) it is due to electronic transition. Thus, substantial
entropy effect will be expected for RCoO3(s) (R=Nd, Sm Eu,
Gd, Th, Dy and Ho).

A complete set of heat capacity data in the entire tempera-
ture range from near absolute zero to ~1000 K or above will be
helpful in describing fully the nature of transitions in RCoO3(s)
(R=La, Nd, Sm Eu, Gd, Th, Dy and Ho) compounds.
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