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Abstract

The Gibbs energy of formation of SrThO3(s) has been determined using e.m.f. and manometric techniques. In the

e.m.f. method, two fluoride cells have been constructed to determine DfG0
mðSrThO3; s; T Þ using CaF2(s) as a solid

electrolyte. The cells used are:

ð�ÞO2ðgÞ;Pt=SrOðsÞ þ SrF2ðsÞ==CaF2==ðSrThO3ðsÞ þ ThO2ðsÞ þ SrF2ðsÞ=Pt;O2ðgÞðþÞ; ðIÞ

ð�ÞO2ðgÞ;Pt=SrThO3ðsÞ þ SrF2ðsÞ þ ThO2ðsÞ==CaF2ðsÞ==CaOðsÞ þ CaF2ðsÞ=Pt;O2ðgÞðþÞ: ðIIÞ

The observed e.m.f. values are represented by following respective expressions:

E ðVÞ � 0:0001 ¼ 0:0998þ 3:254� 10�5T ðKÞ; ðCell IÞ

E ðVÞ � 0:0001 ¼ 0:0285� 6:37� 10�5T ðKÞ: ðCell IIÞ

From the measured e.m.f. values of the cells and the DfG0
mðT Þ values from the literature, DfG0

mðSrThO3; s; T Þ have been
calculated and are respectively given as

DfG0
mðSrThO3; s; T Þ � 10 kJmol�1 ¼ �1829:2þ 0:2735T ðKÞ ð9786 T ðKÞ6 1154Þ; ðCell IÞ

DfG0ðSrThO3; s; T Þ � 20 kJmol�1 ¼ �1853:5þ 0:2867T ðKÞ ð10086 T ðKÞ6 1168Þ: ðCell IIÞ

In the manometric technique, equilibrium CO2(g) pressures are measured over the three phase mixture:

fSrThO3ðsÞ þ SrCO3ðsÞ þ ThO2ðsÞg using a mercury manometer from 1075 to 1197 K. The corresponding Gibbs en-

ergy as a function of temperature is given by

DfG0
mðSrThO3; s; T ÞðkJmol�1Þ � 14 ¼ �1865:4þ 0:3086T ðKÞ:

� 2003 Published by Elsevier Science B.V.

1. Introduction

Thorium based nuclear fuels have been used in the

early 1960 itself in nuclear reactors. Compared to ura-

nium or plutonium based fuels, thorium based fuels offer

a superior stability under irradiation, but the repro-

cessing of irradiated, thorium based fuel is more com-

plicated due to high energy c-radiation from the

daughter products of U-232 [1]. Due to availability of

uranium, and technological difficulties of the back end

of thorium fuel cycle, interest on thorium based fuels has

waned. However, in late 1990 there was a renewed in-

terest in Europe and Russia in thorium as a carrier for

burning excess plutonium in nuclear reactors [2]. The

relative high abundance of thorium in India makes
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thorium fuel cycle attractive for Indian nuclear power

programme. An advanced heavy water reactor (AHWR)

is being developed at BARC, India with an aim of uti-

lizing thorium for power generation [3,4]. It is self-

sustaining in U-233. For smooth and safe operation of

AHWR, it is important to examine the chemical reac-

tions of the fuel matrix with fission products. Low-

density compounds SrThO3(s) and BaThO3(s) might be

formed in an operating AHWR due to the interaction of

oxides of fission products barium and strontium with

thoria fuel. These low-density compounds could be re-

sponsible for the swelling of the fuel pins. The thermo-

dynamic stability of these compounds is important to

predict their behavior in AHWR fuel. For this objective,

we have carried out measurements to determine the

DfG0
mðSrThO3; s; T Þ values for these materials using

e.m.f. and static manometric techniques.

2. Experimental

SrThO3(s) was prepared by the sol–gel method

through citrate–nitrate gel combustion route. The com-

pound obtained was identified as SrThO3(s) by X-ray

diffraction (XRD) analysis. The X-ray pattern was taken

on a Diano X-ray diffractometer using CuKa radiations.

The XRD pattern of the compound agreed well with

that reported by Naray-Szabo [5] and Purohit et al. [6].

The observed XRD patterns for SrThO3(s) is given in

Fig. 1. The XRD data of the compound could be in-

dexed in a monoclinic unit cell with lattice parameters

a ¼ 631:94 pm, b ¼ 324:01 pm, c ¼ 492:83 pm and

b ¼ 117:385�.
Two separate three phase mixtures: fSrThO3ðsÞþ

ThO2ðsÞþSrF2ðsÞg, fSrThO3ðsÞþSrCO3ðsÞþThO2ðsÞg
and two separate, two-phase mixtures: fSrOðsÞþ
SrF2ðsÞg, fCaOðsÞþCaF2ðsÞg were prepared and made

into separate pellets under a pressure of 10 MPa. These

pellets were used for the e.m.f. and manometric mea-

surements.

2.1. E.m.f. technique

Solid fluoride electrolyte cell has been set up suc-

cessfully in our laboratory for the study of Sr–Th–O

system and is shown in Fig. 2. The defect structure of an

ionic solid is responsible for the transport of anionic

charge. F� ion has the smallest size and lowest charge;

fluorides can be expected to be good conductors.

CaF2(s) electrolyte is used for measuring directly the

high-temperature thermodynamic properties of com-

pounds of highly electropositive metal like thorium. The

investigation of thorium system with oxide electrolytes

would be difficult on account of extremely low equilib-

rium oxygen pressures involved [7]. However, calcium

fluoride electrolyte can be successfully used to measure

meaningful e.m.f.s in Sr–Th–O system. The cells con-

structed for measurement of DfG0
mðSrThO3; s; T Þ value

were

ð�ÞO2ðgÞ;Pt=SrOðsÞ þ SrF2ðsÞ==CaF2==ðSrThO3ðsÞ
þ ThO2ðsÞ þ SrF2ðsÞ=Pt;O2ðgÞðþÞ; ðCell IÞ

Fig. 1. The XRD pattern of SrThO3(s). Intensity (I) is plotted

against 2h.

Fig. 2. Fluoride cell assembly. A: reference pellet, B: sample

pellet, C: solid electrolyte (CaF2), D: pressing alumina tube

(hole at the bottom), E: quartz holder, F: alumina cup with hole

at the centre, G: platinum wire with end platinum disc (above

the electrolyte), H: platinum wire with end platinum disc (below

the electrolyte), I: stainless steel spring, J: outer quartz tube, K:

chromel alumel thermocouple, L: gas inlet and M: gas outlet.
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ð�ÞO2ðgÞ;Pt=SrThO3ðsÞ þ SrF2ðsÞ þ ThO2ðsÞ
==CaF2ðsÞ==CaOðsÞ þ CaF2ðsÞ=Pt;O2ðgÞðþÞ: ðCell IIÞ

fSrOðsÞ þ SrF2ðsÞg and fCaOðsÞ þ CaF2ðsÞg were used

as reference electrodes (A) for cell (I) and (II) respec-

tively. The three phase mixture: fSrThO3ðsÞþThO2ðsÞþ
SrF2ðsÞg was used as sample electrode (B). CaF2(s) solid

electrolyte (C) was used in the form of single crystal (10

mm dia and 3 mm thickness). High purity, low surface

area and transparent, CaF2(s) single crystal was ob-

tained from Solon Technologies, Inc., USA. The two

parallel surfaces of this solid electrolyte were polished.

The sample and reference electrodes were kept pressing

against the two polished surface of the CaF2 crystal by

an alumina tube (D) and a quartz holder (E). It is a

single compartment cell. Two electrodes (A & B) were

placed on opposite surfaces of electrolyte CaF2 (C) and

were kept inside an alumina cup (F) with a hole at the

centre. For electrical contact, electrodes were kept in

contact with bottom platinum disc of the platinum wires

(G & H). First platinum disc (G) was holding tightly on

the outer bottom surface of the alumina tube (D) by

taking out the Pt wire through bottom hole of the alu-

mina tube (D). First electrode (A) was kept below this Pt

disc (G). This electrode was pressed against the outer

electrolyte (C) surface by means of alumina tube (D).

Second Pt disc (H) was holding tightly on the inner

surface of the alumina cup (F) by taking out the Pt wire

through both the holes of the alumina cup (F) and

quartz holder (E). The second electrode was kept on this

Pt disc. This electrode was pressed against the inner

surface of CaF2 electrolyte by means of quartz holder

(E). This quartz holder was held in position by three

stainless steel springs (I) at the cold end of the cell. Good

electrode contact was important for generation of ther-

modynamic data. To minimize contact problem, the

interfacial contact was improved by using electrodes and

electrolytes with pre-polished smooth surfaces and by

using springs to hold the cell tightly together. The cell

was housed in a quartz tube (J) using an O-ring seal.

This arrangement had provisions for inserting thermo-

couple (K) for measuring cell temperature and for gas

inlet (L) and out let (M). The two electrodes were flu-

shed with high purity oxygen, free from hydrogen and

moisture. The presence of moisture in the surrounding

atmosphere can change the electrolytic properties of

CaF2. Water reacts with fluorides at high temperatures

to produce HF(g). The hydrogen fluoride so produced

attacks the cell container material and may also become

a source of fluoride transfer from one electrode to other.

Reaction of the electrolyte and/or electrode material

with moisture may cause the growth of an insulating

oxide layer which may subsequently affect the electro-

lyte–electrode contact or may modify the electrochemi-

cal reactions at the electrolyte–electrode interface, giving

rise to mixed potentials. Hence, high purity oxygen gas

(hydrogen less than 1 ppm, moisture less than 5 ppm)

from the cylinder was allowed to pass through four

successive traps (BTS catalyst (oxidized Cu based cat-

alyst), silica gel, molecular shieves and magnesium

perchlorate traps) for the removal of traces of H2(g)

and H2O(g). Two electrodes and electrolyte were kept

in the isothermal temperature zone of a Kanthal wire-

wound furnace. Additionally a cylindrical stainless steel

tube of 6 mm thickness and 120 mm length was placed

in theconstant temperature zone of the furnace to fur-

ther enhance the uniformity of the temperature in the

zone. The cell temperature was controlled using a PID

temperature controller. The stainless steel tube was

grounded to avoid any AC pickup by e.m.f. signal. The

cell temperature was measured using a pre-calibrated

K-type thermocouple. The error in the temperature

measurement was �1 K. The e.m.f. of the cell was

measured using a high impedance Keithly model-614

electrometer.

The reversibility of electrolyte with reference and

sample electrodes and absence of mixed potentials are

important for the thermodynamic measurements. It

was checked by passing a small current through the

cells (I) and (II). The recorded e.m.f.s were decreased in

the presence external current source and after removing

it, e.m.f.s were back to the original value. The e.m.f.s

of cells (I) and (II) were checked to be unaffected by

time, temperature cycling, and gas flow rates and was

reproducible from run to run. During the measure-

ments, it was found that fluoride cell was sluggish in

the operation. This might be due to the type of the

oxide phase mixtures. Long equilibration time was re-

quired for single measurement. After the experiments

XRD pattern of the sample and reference pallets were

taken. No new peak was observed. This confirmed the

absence of reaction between the electrode and the

electrolyte.

2.2. Manometric method

This method was discussed in our earlier paper [8].

The equilibrium CO2(g) pressures over the three phase

mixture fSrThO3ðsÞ þ SrCO3ðsÞ þ ThO2ðsÞg were mea-

sured using a mercury manometer. An all-metal ultra-

high vacuum system was evacuated and tested for leak

tightness for several days before actual pressure mea-

surements. The three phase mixture was heated by a

Kanthal wire-wound furnace and the temperature of the

sample was measured by a pre-calibrated chromel–alu-

mel thermocouple (�1 K). The error in the measurement
of pressure was (�0.06 kPa). The CO2(g) over the three

phase mixture fSrThO3ðsÞ þ SrCO3ðsÞ þ ThO2ðsÞg at

constant temperature was measured using a manometer.

The pressures were recorded as a function of tempera-

ture only at equilibrium.
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3. Results

3.1. E.m.f. technique

Prior to the e.m.f. measurements, fluoride cell as-

sembly (Fig. 2) has been standardized using FeðsÞþ
FeF2ðsÞ and NiðsÞ þNiF2ðsÞ as reference and sample

electrode, respectively. The standard cell can be given as

Pt; ðFeðsÞ þ FeF2ðsÞÞ=CaF2ðsÞ=NiðsÞ þNiF2ðsÞ;Pt:

The e.m.f.s generated in this cell is due to the reaction:

NiF2ðsÞ þ FeðsÞ ¼ FeF2ðsÞ þNiðsÞ: ð1Þ

E.m.f. values obtained from the cell are given in

Table 1 and were expressed by a linear expression using

the least square method as

E ðVÞ � 0:0005 ¼ 0:3397þ 3:211� 10�5T ðKÞ: ð2Þ

The uncertainty quoted in reaction (2), is the standard

deviation in the least squares fitting. The Gibbs free

energy change of reaction (1) has been calculated from

Eq. (2) and is given as

DrG0ðT Þ � 0:1 kJmol�1 ¼ �65:6þ 0:0062T ðKÞ: ð3Þ

The DfG0ðNiF2; s; T Þ has been calculated using Eq. (3)

and DfG0ðFeF2; s; T Þ from Belov and Trusov [9]. The

DfG0ðNiF2; s; T Þ determined in this study matches ex-

cellently with that of literature [10]. This shows that the

present e.m.f. cell assembly generates reliable thermo-

dynamic data.

3.1.1. Cell (I)

In this cell, as SrF2(s) is more stable than ThF4(s),

SrF2(s) with its coexisting SrO is taken as anode. In this

particular case SrF2ðsÞ þ SrOðsÞ is more stable than

ðSrThO3ðsÞ þ ThO2ðsÞ þ SrF2ðsÞÞ. The fluorine poten-

tial in equilibrium with ðSrThO3ðsÞþThO2ðsÞþSrF2ðsÞÞ
is more than that of ðSrF2ðsÞþSrOðsÞÞ.

The cell reactions at anode and cathode can be given

as

SrOðsÞ þ 2F� ¼ SrF2ðsÞ þ 1=2O2ðgÞ þ 2e�; ðat anodeÞ
ð4Þ

SrF2ðsÞ þ ThO2 þ 1=2O2ðgÞ þ 2e�

¼ SrThO3ðsÞ þ 2F�; ðat cathodeÞ ð5Þ

The net cell reaction is

SrOðsÞ þ ThO2ðsÞ ¼ SrThO3ðsÞ: ð6Þ

The overall cell reaction is a process of transfer of one

mole of SrO(s) from the pure state (anode) to the het-

erogeneous mixture (cathode). E.m.f.s generated as a

function of temperature are given in Table 2 and were

fitted using least squares method and can be represented

as

E ðVÞ � 0:0001 ¼ 0:0998þ 3:254� 10�5T ðKÞ: ð7Þ

Computation of DfG0ðSrThO3; s; T Þ from Eq. (6) re-

quires reliable Gibbs energy values for SrO(s) and

ThO2(s). When reliable DfG0ðT Þ values for required

compounds are not available from a single source, more

than one data sources have been used. Using the fol-

lowing Gibbs energy values from the literature [10,11]:

DfG0ðSrO; s; T Þ ¼ �592:1þ 0:1020T ðKÞ; ð8Þ

DfG0ðThO2;; s; T Þ ¼ �1217:8þ 0:1778T ðKÞ ð9Þ

and e.m.f. values from Eq. (7), DfG0ðSrThO3; s; T Þ has
been calculated and given as

Table 1

E.m.f. as a function of temperature for cell: Pt=FeðsÞþ
FeF2ðsÞ==CaF2==NiðsÞ þNiF2ðsÞ=Pt

T (K) E (V)

880 0.3676

914 0.3697

967 0.3710

980 0.3708

991 0.3724

1002 0.3713

1006 0.3717

1012 0.3724

1017 0.3725

1032 0.3724

1042 0.3730

1096 0.3753

Table 2

E.m.f. as a function of temperature for cell (I): ð�ÞO2ðgÞ;
Pt=SrOðsÞþSrF2ðsÞ==CaF2==ðSrThO3ðsÞþThO2ðsÞþSrF2ðsÞ=
Pt;O2ðgÞðþÞ and for cell (II): O2ðgÞ;Pt=SrThO3ðsÞþSrF2ðsÞþ
ThO2ðsÞ==CaF2ðsÞ==CaOðsÞþCaF2ðsÞ=Pt;O2ðgÞðþÞ
CELL (I) CELL (II)

T (K) E (V) T (K) E (V)

978 0.1316 1008 0.0221

1005 0.1325 1038 0.0219

1026 0.1331 1045 0.0218

1028 0.1332 1066 0.0217

1055 0.1341 1077 0.0216

1082 0.1350 1098 0.0215

1109 0.1359 1114 0.0214

1127 0.1364 1120 0.0213

1130 0.1365 1143 0.0212

1149 0.1372 1168 0.0211

1154 0.1373
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DfG0
mðSrThO3; s; T Þ � 10 kJmol�1

¼ �1829:2þ 0:2735T ðKÞ ð9786 T ðKÞ6 1154Þ:
ð10Þ

3.1.2. Cell (II)

The fluorine potential over sample electrode:

ðSrThO3ðsÞ þ ThO2ðsÞ þ SrF2ðsÞÞ is less than that over

the reference electrode: ðCaF2ðsÞ þ CaOðsÞÞ. The cell

reactions at anode and cathode can be given as

SrThO3ðsÞ þ 2F� ¼ SrF2ðsÞ þ ThO2ðsÞ þ ð1=2ÞO2ðgÞ þ 2e�;

ðat anodeÞ ð11Þ

CaF2ðsÞ þ ð1=2ÞO2ðgÞ þ 2e� ¼ CaOðsÞ þ 2F�;

ðat cathodeÞ ð12Þ

and the net reaction is

CaF2ðsÞ þ SrThO3ðsÞ ¼ CaOðsÞ þ SrF2ðsÞ þ ThO2ðsÞ:
ð13Þ

E.m.f. values generated for the cell (II) are also given in

Table 2. The e.m.f.s were least squares fitted with tem-

perature and can be given by

E ðVÞ � 0:0001 ¼ 0:0285� 6:37� 10�6T ðKÞ: ð14Þ

Using the following DfG0ðT Þ values from the literature

[9–11],

DfG0ðSrF2; s; T Þ ¼ �1223:9þ 0:1648T ðKÞ; ð15Þ

DfG0ðCaO; s; T Þ ¼ �638:6þ 0:1080T ðKÞ; ð16Þ

DfG0ðCaF2; s; T Þ ¼ �1221:3þ 0:1627T ðKÞ; ð17Þ

and that for ThO2(s) from Eq. (9) and e.m.f. values from

Eq. (14), DfG0ðSrThO3; s; T Þ has been calculated and is

given as

DfG0ðSrThO3; s; T Þ � 20 kJ=mol

¼ �1853:5þ 0:2867T ðKÞ ð10086 T ðKÞ6 1168Þ:
ð18Þ

The cell incorporating fluoride electrolyte has provided

information on DfG0
mðSrThO3; s; T Þ values in the lower

temperature range, which cannot be conveniently in-

vestigated using other methods below 1000 K.

3.2. Equilibrium technique

The CO2(g) pressures were generated due to the fol-

lowing equation:

SrCO3ðsÞ þ ThO2ðsÞ ¼ SrThO3ðsÞ þ CO2ðgÞ: ð19Þ

The variation of pðCO2; gÞ at various temperatures are
given in Table 3 and can be represented by the following

least square expression:

ln pðCO2; gÞ ðkPaÞ � 0:001 ¼ �20952=T ðKÞ þ 20:71:

ð20Þ

The DrG0
mðT Þ for the reaction (19) can be given as

DrG0
mðT Þ ¼ �RT ln pðCO2; gÞ

¼ DfG0
mðSrThO3; s; T Þ þ DfG0

mðCO2; g; T Þ
� DfG0

mðThO2; s; T Þ � DfG0
mðSrCO3; s; T Þ:

ð21Þ

The values of DrG0
mðT Þ can be calculated from Eq. (21)

and can be given as

DrG0
mðT Þ ðkJmol

�1Þ � 0:3

¼ 174:2� 0:1338T ðKÞ ð10756 T ðKÞ6 1197Þ:
ð22Þ

The values of DfG0
mðSrThO3; s; T Þ have been computed

using Eq. (22) and DfG0
mðT Þ values for ThO2(s) from Eq.

(9), CO2(g) and SrCO3(s) from following equation from

the literature [10,11].

DfG0ðCO2; g; T Þ � 5 kJmol�1 ¼ �394:1� 0:00084T ðKÞ;
ð23Þ

DfG0ðSrCO3; s; T Þ � 15 kJmol�1 ¼ �1215:9þ 0:2638T ðKÞ:
ð24Þ

The corresponding DfG0
mðSrThO3; s; T Þ values can be

given as

DfG0
mðSrThO3; s; T Þ ðkJmol�1Þ � 14

¼ �1865:4þ 0:3086T ðKÞ ð10756 T ðKÞ6 1197Þ:
ð25Þ

4. Discussion

The DfG0
mðSrThO3; s; T Þ values determined from

the two different techniques match reasonably. The

Table 3

Equilibrium CO2(g) pressures at different temperatures over the

three phase mixture: fSrThO3ðsÞ þ SrCO3ðsÞ þ ThO2ðsÞg
T (K) p(CO2, g) (kPa)

1075 3.1997

1089 4.2663

1109 6.2662

1131 9.9325

1159 14.1322

1185 20.5316

1197 23.1980
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agreement of data from two different e.m.f. cells, is also

good. In order to give a single DfG0
mðSrThO3; s; T Þ

expression, an average of the three equation has been

taken and is given as

DfG0
mðSrThO3; s; T Þ ðkJmol�1Þ � 14 kJmol�1

¼ �1849:4þ 0:2896T ðKÞ: ð26Þ

In the absence of thermal function data on SrThO3(s) no

attempt was made to get the corresponding enthalpy of

formation value at 298.15 K from the present results.

Only one Gibbs energy value exists in literature by

Ali et al. [12] to compare the present data. These authors

[12] have determined DfG0
mðSrThO3; s; T Þ values using

Knudsen effusion forward collection technique [13] in

the temperature range from 1670 to 2040 K and 2135 to

2420 K respectively for the reactions:

5SrThO3ðsÞ þWðsÞ ¼ 5ThO2ðsÞ þ Sr2WO5ðsÞ þ 3SrðgÞ;
ð27Þ

4SrThO3ðsÞ þWðsÞ ¼ 4ThO2ðsÞ þ SrWO4ðsÞ þ 3SrðgÞ:
ð28Þ

The respective Gibbs energy values for SrThO3(s) are

DfG0
mðSrThO3; s; T Þ ðkJmol�1Þ � 4:1

¼ �1953:6þ 0:367T ðKÞ ð16706 T ðKÞ6 2040Þ;
ð29Þ

DfG0
mðSrThO3; s; T Þ ðkJmol�1Þ � 4:1

¼ �1960:0þ 0:369T ðKÞ ð21356 T ðKÞ6 2420Þ:
ð30Þ

The DfG0
mðSrThO3; s; T Þ values obtained by all the

methods along with the additive oxide method are

summarized in Table 4. In the additive oxide method,

the DfG0
mðSrThO3; s; T Þ has been calculated from the

component oxide by simply adding DfG0
mðT Þ of SrO(s)

and ThO2(s) from Barin [10]. The Gibbs energy values

obtained by different methods are compared at two

different temperatures: T ¼ 1100 and 1800 K in Table 4.

The Gibbs energy values of the present study was found

to be about 20 kJmol�1 less negative at 1100 K and

about 34 kJmol�1 more negative at 1800 K than that of

Ali et al. [12].

There is a controversy in the literature about the

formation of SrThO3(s) [14–16], though it is reported in

the literature [5,6]. In the synthesis of the perovskites

(AMO3) compound from their constituent oxides, the

entropy change is generally very small and the enthalpy

change bears a linear relationship with the ionic radius of

the six co-ordinate M ion [17]. Morss and Mensi [18] and

William et al. [19] have found this relation for barium

compounds. Goudiakas et al [20] have found that this

linear relationship could be extended to analogous

strontium compounds, especially those composed of ce-

rium, terbium and americium, which exhibit a distorted

perovskite structure. Fuger et al. [21] have estimated

enthalpy of formation of actinide metal complex oxides

with barium and strontium. The authors [21] have cal-

culated that SrMO3 compounds with actinides lighter

than neptunium will not form, although the existence of

these compounds M ¼ Pa to Pu have been reported [22].

A useful parameter by which the stability of perovskites

can be judged is the Goldschmidt tolerance factor [23].

The tolerance factor t represents the packing of spherical

ions in perovskite. The value of t also describes the size of

octahedral holes for accommodating the Mþ4 ions in the

closed packed AO3 layers. The ideal cubic structure

where all ions are in contact has t ¼ 1. The perovskite

structures have been reported for AMO3 compounds

where tolerance factor lies between 1.0 and 0.8. The

change in the molar volume also represents the relative

packing efficiency of the ternary oxides. Morss and Eller

[24] have found, positive molar volume for BaMO3 type

of compounds from the component oxides. The ex-

perimental DfH 0
mðAMO3; s; 298:15 KÞ value from the

component oxide (AOðsÞ þMO2ðsÞ ¼ AMO3ðsÞ), for

Table 4

Comparison of DfG0
mðSrThO3; s; T Þ values obtained by different methods with the literature value DfG0

mðSrThO3; s;T Þ ðkJmol�1Þ ¼ Aþ
BT ðKÞ
Authors Methods Temperature

range (K)

DfG0
m ðkJmol�1Þ ¼ Aþ BT ðKÞ DfG0

m (1100 K)

(kJmol�1)

DfG0
m (1800 K)

(kJmol�1)A B

Ali et al. [12] Knudsen effusion

Eq. (29) 1670–2040 )1953.6 0.367 )1549.9 )1293.0
Eq. (30) 2135–2420 )1960 0.369 )1554.1 )1295.8

Present work (i) E.m.f. (CaF2)

Cell (I) 978–1154 )1829.2 0.2735 )1528.4 )1336.9
Cell (II) 1008–1168 )1853.5 0.2867 )1538.1 )1337.4

(ii) Manometry 1075–1197 )1865.4 0.3086 )1525.9 )1309.9
(iii) Calculationa – )1500.2 )1292.9

aCalculation ¼ Sum of DfG0
mðSrO; s; T Þ and DfG0

mðThO2; s; T Þ [10].
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Table 5

The structural and thermodynamic parameters for Perovskites compounds: SrMO3 and BaMO3, where M ¼ Ti, Zr, Mo, Hf, Ce, Pr, Tb, Th, U, Np, Pu, Am and Cm

A M4þ (�AA) SrMO3(s) BaMO3(s)

ta DVmb

(cm3/mol)

q
(gm/cm3)

DH 0
m (298.15 K)c

(kJmol�1)

(estimated)

DH 0
m (298.15 K)

(kJmol�1)

(experimental)

ta DVmb

(cm3/mol)

q
(gm/cm3)

DH 0
m (298.15 K)c

(kJmol�1)

(estimated)

DH 0
m (298.15

K) (kJmol�1)

(experimental)

Ti 0.605 0.910 )7.2 5.13 )102.8 )148.4� 511d 0.970 )8.8 5.77 )149.4 )161.2� 6d

Zr 0.72 0.861 )2.2 5.43 )64.8 )73.7� 3e 0.917 )3.9 6.21 )108.3 )125.2� 3e

Mo 0.65 0.890 )4.3 6.13 )87.3 )114.8� 5f 0.949 )6.9 7.08 )133.1 )129� 4g

Hf 0.71 0.865 )2.4 6.73 )67.9 )60.9� 2h 0.922 )4.9 7.55 )112.1 )103.4� 4h

Ce 0.87 0.804 2.0 5.77 )20.5 )7.4� 3.8i 0.857 0.8 6.36 )61.7 )49.5� 3.9i

Pr 0.85 0.811 – – )25.2 )49� 10i 0.864 0.1 6.46 )67.1 )147i

Tb 0.76 0.845 – – )52.3 )50.4� 2.1 0.900 – – )95.1 )89� 2.7i

Th 0.94 0.780 4.9 6.82 )1.9 )21.1� 5j 0.831 1.1 7.64 )41.5 )25.8� 10k

U 0.89 0.797 1.1 7.73 )15.1 )23.1� 11i 0.849 )0.6 8.28 )55.4 )57i

Np 0.87 0.804 – – )20.5 – 0.857 – 8.49 )61.7 –

Pu 0.86 0.807 0.9 8.03 )22.8 – 0.860 )0.2 8.47 )64.0 )51.8�l

Am 0.85 0.811 – – )25.9 )16.5� 4.1i 0.864 – 8.65 )67.1 )64.6� 3.4i

Cm 0.85 0.811 – – )25.9 – 0.864 – – )67.1 )58.8� 7.1m

Cf 0.821 0.821 – – )33.7 – 0.876 – – )76.4 )71.2� 5.6m

a Tolerance factor t ¼ ðrA þ rOÞ=ð21=2ðrM þ rOÞÞ, where r represents ionic radii (co-ordination number 6).
b For the reaction AOðsÞ þMO2ðsÞ ¼ AMO3ðsÞ.
c Estimated from Eq. (31) for the reaction AOðsÞ þMO2ðsÞ ¼ AMO3ðsÞ.
d From Ref. [32].
e From Ref. [29].
f From Ref. [31].
g From Ref. [30].
h From Ref. [17].
i From Ref. [20].
j From present work.
k Calculated in the present study from Ref. [28].
l From Refs. [24,33].
mFrom Ref. [21].
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various AMO3(s) have been fitted as a function of

Goldschmidt tolerance factor by the present authors and

is given as

DfH 0
mðAMO3; s; 298:15 KÞ � 19:4 kJmol�1 ¼ 603:8� 776:5t:

ð31Þ

To correlate the structural and thermodynamic proper-

ties for the perovskites compounds of SrMO3(s) and

BaMO3(s), tolerance factor, density, molar volume from

the component oxide, have been calculated and are gi-

ven in Table 5. Goldschmidt tolerance factor t has been

calculated using ionic radii (co-ordination number 6)

from Shannon [25]. The molar volume and density of the

ternary oxides have been calculated from unit cell vol-

ume reported in the literature [26], whenever more than

one unit cell volume was reported, the mean of several

crystallographic determination have been taken. Molar

volumes of the binary oxides have been taken from

Belov and Trusov [9]. The experimental DfH 0
mðAMO3; s;

298:15 KÞ from the component oxide have been calcu-

lated using the binary oxide data [10,11,27] as well as

ternary oxide data [17,20,21,24,28–33] from the litera-

ture. These calculated values have also been included in

the Table 5. The DfH 0
mðAMO3; s; 298:15 KÞ values from

component oxides have also been calculated from Eq.

(31) and compared with that of experimental value in

Table 5. It shows that compounds are thermody-

namically stable even if structural parameters are

not favorable. This table also shows that as Mþ4 ionic

size increases (i) DVm from component oxides become

positive, (ii) tolerance factor decreases and (iii)

DfH 0
mð298:15 KÞ from the component oxide decreases

with a few exceptions. The decrease in DfHmð298:15 KÞ
and t could be due to large size of the actinide ions (Mþ4)

for six co-ordinated site in the ideal perovskite. The

better fit of smaller ion in the M site can provide a

driving force for oxidation of Mþ4 ion to either Mþ5 or

Mþ6 ion. Thus, compounds having higher Mþ4 ionic

radii could have lower DfH 0
mðAMO3; s; 298:15 KÞ value

from the component oxides. The Thþ4 has higher ionic

radii, thus it could form compounds with A ions with

higher ionic radius. Hence, thorium compounds con-

taining barium, are structurally more favorable than

that of strontium

In order to resolve the ambiguity about the stability

of SrThO3(s), the DfG0
mðSrThO3; s; T Þ values of Eqs.

(10), (18), (25), (26), (29) and (30) and additive oxide

values have been plotted with temperature in Fig. 3.

Experimental Gibbs energy values are plotted in their

measured temperature range and that for Eq. (26) and

additive oxide values are plotted in the whole tempera-

ture range 900–2400 K. The difference in DfG0
mðSrThO3;

s; T Þ between the additive oxide method and our com-

bined equation is )31 kJmol�1 at 1100 K and )35
kJmol�1 at 1800 K. The Gibbs energy change value for

the SrThO3(s) from the component oxide, arrived in this

study, reveals that DfG0
mðSrThO3; s; T Þ has a marginal

stability over its constituent oxides. It appears probable

that the difficulties encountered in the literature [13–16]

for the preparation of SrThO3 might be due to the very

refractory nature of ThO2(s).

The experimentally derived thermodynamic prop-

erties of SrThO3(s) suggest that the formation of

strontium thorate from the constituent oxide is ther-

modynamically feasible at the normal working temper-

ature of reactors based on thoria fuel. However, because

of the marginal stability of SrThO3(s), there is a possi-

bility that strontium oxide will be fixed within the fuel

pin by formation of a more stable strontium zirconate.
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