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a b s t r a c t

The formation enthalpies and heat capacities of orthorhombic rare earth titanates, RE2TiO5 (RE¼La, Nd

and Gd), have been studied by high temperature differential scanning calorimetry (300–1473 K) and

oxide-melt solution calorimetry. The RE2TiO5 samples are stable in enthalpy with respect to their

oxides and the pyrochlore RE2Ti2O7 phase. The general trend that has been demonstrated in other

RE-ternary systems; decreasing thermodynamic stability with decreasing RA/RB was found to be valid

for the RE2TiO5, and their enthalpies of formation from oxides become more negative with increasing

RE3þ ionic radius.

& 2012 Elsevier Inc. All rights reserved.

1. Introduction

Rare earth titanates have interesting structural and physical
properties which promote broad applications in engineering
[1–5]. For example, the pyrochlore phase shows potential for
use as solid electrolytes, mixed ionic/electronic conducting elec-
trodes [6–9], catalysts [10], ferroelectric/dielectric device compo-
nents [11], and is a promising material for use as a nuclear waste
form ceramic [12–16]. In these compounds, the Ti4þ is in six-fold
coordination with oxygen, forming a corner-sharing octahedral
framework, and the larger lanthanide elements occupy the voids
in the framework. However, La2Ti2O7 does not have the pyro-
chlore structure, forming a perovskite-related phase, and the
La–Ti–O ternary system shows many homologous polymorphs
with different compositions [17]. Additional rare earth titanates
with orthorhombic structure and RE2TiO5 composition have been
reported [18]. In this system, the Ti4þ is five-coordinated with
oxygen forming an off-center square pyramid, and the neighbor-
ing polyhedra are corner-shared, forming a chain along the c-axis
(Fig. 1). The coordination number of larger lanthanide elements,
RE3þ , is 7 and is lower than in any of the other ternary
compounds in the RE–Ti–O ternary systems. Even though this
kind of geometry is rare in nature, all light lanthanide titanates
from La to Dy (including Y) with RE2TiO5 composition maintain it

up to 1573 K. At higher temperatures, the medium-sized lantha-
nides, RE¼Gd, Tb, Dy, Ho, and Y, exhibit hexagonal structures
[19,20]. Although the phase relations, pressure-induced structural
transformations, and magnetic and electrical properties of the
lanthanide titanates have been widely studied [19–22], available
thermodynamic data are still incomplete. In this study, the heat
capacity (Cp), the heat content between room temperature
(298 K) and 975 K, and the formation enthalpy of RE2TiO5 (where
RE¼La, Nd and Gd) were measured and are reported.

2. Experimental

2.1. Sample synthesis and characterization

The rare earth titanates were synthesized by solid state reaction
from a mixture of RE2O3 (Alfa Aesar, mass fraction purity 0.9999) and
TiO2 (Alfa Aesar, mass fraction purity 0.9995) powders. The precursor
materials were dried overnight at 1273 K. The required amounts were
weighed and ground together in an agate mortar. The powders were
then manually pressed into pellets with a diameter of 7 mm, and
fired at 1573 K in air for 96 h. The pellets were then reground, re-
compacted, and fired for 36 h at 1573 K twice. The heating and
cooling rates were 10 K min�1 for each step. The resulting ceramics
were analyzed by powder X-ray diffraction (XRD) and electron probe
micro-analysis (EPMA). The XRD was performed using a Bruker D8
Advance diffractometer (Bruker, Madison, WI) with CuKa1 radiation
and a rotating sample holder. The operating parameters were 40 kV
and 40 mA, with a 2y step size of 0.011 and 3 s/step. LaB6 (NIST 660a)
[23] was used as a standard for the cell parameter determination.
The structure refinements were carried out by the Rietveld method
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using the FullProf program in the Winplotr platform [24]. In the
current work the atomic displacement parameters were fixed. A
Cameca SX-100 electron microprobe (Cameca, ID) was used for
chemical analysis. Energy dispersive spectroscopy, backscattered
electron imaging (BSE) and characteristic x-ray dot mapping were
used for characterization of sample homogeneity. Wavelength dis-
persive spectroscopy (WDS) was used for quantitative chemical
analysis.

2.2. Calorimetry

2.2.1. Heat capacity measurements

The heat capacity, Cp, of RE2TiO5 was measured between 300 and
1473 K utilizing a Netzsch high temperature differential scanning
calorimeter, DSC 404 (Netzsch, Selb, Germany) [25], operated in
continuous mode. Temperature calibration was done in the heating
direction using the melting of Sn, Ag and Au standards in alumina
crucibles. Single crystal Al2O3 was used as a sensitivity calibrant. The
Cp,m equation of a-Al2O3 provided by NIST was used for the standard
[26]. The errors in heat capacity were estimated by running ZrO2

(99.978%, Alfa-Aesar) powder and comparing with tabulated data
[27]. The estimated accuracy in heat capacity is 2–5% with the
highest error at high temperature. The measurements were carried
out by continuous heating at 10 K/min and using 10 min isothermal
holds at 300 and 1473 K in the heating direction. The RE2TiO5

powders were ground lightly, and then put into a sample crucible
tightly to ensure good thermal contact. About 50 mg of RE2TiO5 was
used for each measurement. On the reference side, an empty
reference crucible was in place.

2.2.2. Transposed temperature drop calorimetry (TTD)

Transposed temperature drop calorimetry (TTD) was used a
custom-built Tian–Calvet twin calorimeter at 975 K. Details of the
equipment, calibration and experimental procedure are described
elsewhere [28,29]. These references also discuss appropriate
calibration procedures. In the TTD experiment, a pelletized
powdered sample (�5 mg) is dropped into a hot calorimeter in
the absence of solvent. The heat effect measured is equal to the
heat content of the sample, DH¼

R T
298 CP dT , if no phase transfor-

mation or decomposition occurs.

2.2.3. High-temperature oxide melt solution calorimetry

High-temperature oxide melt solution calorimetry was
performed in a custom-built Tian–Calvet twin calorimeter at
1083 K. Details of the equipment calibration and experimental

procedure are described elsewhere [28,29]. Pelletized samples
(�10 mg) were dropped into a platinum crucible containing 20 g
of sodium molybdate (3Na2O �4MoO3) solvent. Oxygen gas was
flushed through the calorimeter assembly and bubbled through
the solvent in order to enhance the dissolution. The drop solution
enthalpy value for the end member oxides (TiO2, La2O3, Nd2O3

and Gd2O3) are a necessary component of the thermochemical
cycle. Since more than one polymorphic form is possible, the
sesquioxides of Nd and Gd and the TiO2 were dried at 1373 K for
12 h and stabilized in the hexagonal (A, P3m1), cubic (C, Ia3,
bixbyite type) and the rutile forms, respectively. Since La2O3 is
highly hygroscopic, the materials were dried and stabilized inside
an argon-filled glove box at 1373 K for 12 h in the hexagonal
(A, P3m1) form. Then, the La2O3 samples were weighted in the
glovebox and dropped into the calorimeter from sealed vials to
minimize exposure to the environment.

3. Results and discussion

The measured XRD patterns confirmed that the synthesized
La2TiO5, Nd2TiO5 and Gd2TiO5 are orthorhombic, and they refined
well with space group Pnam (Fig. 2). No additional phases were
indicated by the XRD measurements. The lattice parameters,
atomic coordinates and fitting results are listed in Table 1. The
structural parameters of La2TiO5, Nd2TiO5 and Gd2TiO5 are in
good agreement with those of La2TiO5and Nd2TiO5 [22] and
Gd2TiO5 [19].

The chemical compositions of the samples were measured by
EPMA and the results are listed in Table 2. For each sample,
between 11 and 16 points were analyzed, and the compositions

Fig. 1. Schematic crystal structure of orthorhombic La2TiO5 with space group

Pnam (ICSD #28277).

Fig. 2. X-ray diffraction pattern and Rietveld refinement results of the XRD

patterns of La2TiO5, Nd2TiO5 and Gd2TiO5 samples.
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