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High-temperature thermodynamic properties
of Ln2BaO4 (Ln = Nd, Gd, Dy, Ho, Er) compounds
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Abstract

The temperature dependence of the Gibbs energies of formation of Ln2BaO4 (Ln = Nd, Gd, Dy, Ho, Er) from simple oxides was determined
by the electromotive force method with a fluorine-ion electrolyte in the temperature range 1010–1190 K.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

Ever since the discovery of high-temperature supercon-
uctivity of the ceramic materials, research in the area of
ynthesis of new superconductors and improving their super-
onductive (Jc) properties are unabating. A study of ther-
odynamic properties in ceramic systems is essential for

he optimization of a synthesis of superconducting materi-
ls as well as for the evaluation of their stability to phase and
hemical transformation. Recently, precursor mixtures uti-
izing Ln2BaO4 (Ln = Nd, Sm) (rather than Ln4Ba2Cu2O5)
nd LnBa2Cu3Oz have been reported to enhance signifi-
ant improvement of superconductivity[1,2]. The purpose
f this work was to determine the thermodynamic properties
f Ln2BaO4 (Ln = Nd, Gd, Dy, Ho, Er).

The thermodynamic properties of Ln2BaO4 (Ln = Nd, Sm,
u and Gd) were studied by the electromotive force (EMF)
ethod with a fluorine-ion electrolyte[3]. The thermody-
amic function values recommended in ref.[3], however,
aise certain questions. First, measurements were performed
n the temperature range 900–1175 K. According to ref.

−(93–110) kJ/mol were several times higher than those
acteristic of similar complex oxides−(20–40) kJ/mol[5].

2. Experimental

According to the preliminary X-ray data, Ln2BaO4 exists
in equilibrium with BaF2 and Ln2O3 at temperatures belo
1300 K. Bearing this in mind, the thermodynamic prop
ties of Ln2BaO4 in the temperature range 1010–1190 K w
determined by measuring the EMF (E) of the galvanic cell

(−)Pt, O2 |Ln2BaO4, BaF2, Ln2O3| BaF2 |CaO, CaF2|
Pt, O2(+) (I)

We used the CaO–CaF2 equilibrium mixture as a referen
electrode instead of BaO–BaF2 (thermodynamic functio
calculations would be simpler with the latter) because ba
oxide was exceedingly hygroscopic and reactive toward
inum contacts at high temperatures and could form Ba1+x

solid solutions in an oxygen atmosphere.

4], reproducible EMF values cannot be obtained for the
aZrO + ZrO2 electrode at these temperatures. Secondly, the
nthalpies of formation of Ln2BaO4 reported in this work

The Ln2BaO4 + Ln2O3 equilibrium electrode mixture was
prepared in a solid-state reaction from BaCO3 (pure for
analysis) grade and Ln2O3 (99.99%). The reagents were pre-
liminarily calcined, BaCO3 at 400◦C and Ln2O3 at 900◦C.
A mixture of Ln2O3 and barium carbonate was then ground
i was
p and

d.
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n an agate mortar and pressed into pellets. Annealing
erformed in three stages with regrinding the samples



258 Z.S. Vakhovskaya et al. / Journal of Alloys and Compounds 408–412 (2006) 257–259

pressing them into pellets, 48 h at 950◦C, 144 h at1150◦C
and 72 h at 1400◦C. The X-ray patterns obtained with the
use of a STOE Powder Diffraction System showed that the
product contained the Ln2BaO4 phase and corresponding
rare-earth oxide.

The apparatus and the procedure for measurements were
described in ref.[6]. The temperature dependence of the EMF
of cell (I) was measured in a flow of oxygen purified from
traces of moisture and CO2. The EMF reached equilibrium
in about 10 h after introducing oxygen in the beginning of
measurements and in 3–4 h after changing temperature dur-
ing experiments. The cell operation time was no longer than
4 days; after this, its EMF irreversibly decreased, probably
because of changes in the electro physical properties of the
BaF2 electrolyte as a result of the formation of BaO1+x.

3. Results and discussion

The EMF value was considered equilibrium if it remained
constant for several hours and was reproducible in thermal
cycling in subsequent experiments. The results obtained are
shown inFig. 1; they were treated by the method of least
squares on the assumption of a linear dependence of EMF on
temperature:

N

G

D

H

E

F the
o
b

T
s ature
d

�

a

Fig. 1. Temperature dependences of EMF of electrochemical cell(I).

To reduce systematic errors, we used the Gibbs energy of
this reaction calculated in ref.[7] from the results of EMF
measurements for the cell

(−)Pt, O2 |BaO, BaF2| CaF2 |CaO, CaF2| Pt, O2(+) (II)

rather than from the handbook data on reaction(2).
Accordingly, for the reaction

BaO + Ln2O3 = Ln2BaO4 (3)

Nd �fG
◦
ox(±0.6) (kJ/mol) =−(30.4 + 8.6) + (10.3 + 7.0)× 10−3 T

Gd �fG
◦
ox(±0.3) (kJ/mol) =−(42.2 + 6.5) + (12.8 + 5.1)× 10−3 T

Dy �fG
◦
ox(±0.5) (kJ/mol) =−(54.5 + 7.9) + (24.8 + 6.1)× 10−3 T

Ho �fG
◦
ox(±1.1) (kJ/mol) =−(55.5 + 8.4) + (24.9 + 7.0)× 10−3 T

Er �fG
◦
ox(±0.6) (kJ/mol) =−(60.7 + 7.1) + (30.0 + 5.5)× 10−3 T

The obtained enthalpy terms of mixed oxides as a function of
rare-earth ionic radii in six-coordination are shown inFig. 2.
There is a visible similarity between the functional depen-
dence�fH◦(Ln2BaO4) = f(rLn) and �fH◦(Ln2O3) = f(rLn)
(Ln = Er, Ho, Tb, Dy, Gd, Nd, Pr). So it is possible to predict
the standard enthalpies of formation for uninvestigated com-
pounds Tb2BaO4 and Pr2BaO4: −47.9 and−26.7 kJ/mol,
respectively.

The reaction’s entropies determine the temperature depen-
dences of the standard Gibbs energies of formation. Accord-
ing to our results, dependence�fSox = f(rLn) is monotonous
w of
i s-
t ,
i ld be
r

s of
t ne
p ith a
fl F of
d E(±3.3) (mV) = (188± 24) +
(17± 22)× 10−3T (K)

T = 1040–1170 K

d E(±1.4) (mV) = (127± 13) +
(30± 12)× 10−3T (K)

T = 1010–1140 K

y E(±2.8) (mV) = (63± 20) +
(92± 17)× 10−3T (K)

T = 1040–1170 K

o E(±5.5) (mV) = (58± 23) +
(93± 22)× 10−3T (K)

T = 1010–1190 K

r E(±2.9) (mV) = (31± 16) +
(119± 14)× 10−3T (K)

T = 1045–1185 K

or the passage of 2 F of electricity, the half-cell and
verall potential-forming reaction in galvanic cell(I) should
e written as

BaF2 + Ln2O3 + 0.5O2 + 2e− → Ln2BaO4 + 2F̃−

(working electrode)

CaF2 + 0.5O2 + 2e− → CaO+ 2F̃−

(reference electrode)

CaF2 + Ln2BaO4 = CaO+ BaF2 + Ln2O3
(1)

he thermodynamic functions of formation of Ln2BaO4 from
imple oxides were calculated by combining the temper
ependences of the Gibbs energies (kJ/mol) of reaction(1)

rG(1) = −nFE(I)

nd the exchange reaction(2)

CaF2 + BaO= CaO+ BaF2

�rG(2) = −(66.7 ± 2.6) + (7.0 ± 2.7) × 10−3T
(2)
ithin the accuracy of experiment. As known, in spite
nvariability of structural type CaFe2O4 there are some di
ortions of LnO6–octahedron in Ln2BaO4 from La to Er. So
t is reasonable to suppose that such distortions shou
eflecting on the values of formation entropy.

As mentioned above, the thermodynamic propertie
he Ln2BaO4 (Ln = Nd and Gd) were reported only in o
aper[3]. The authors used the same EMF method w
uorine-ion electrolyte as we did but measured the EM
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Fig. 2. Standard enthalpy of formation of Ln2BaO4 from constituent oxides
(circle) and�fH◦ (Ln2O3)/10 from the elements as a function of rare-earth
ionic radii in six-coordination,r(Ln) (square).

the cell

(−)Pt, O2 |Ln2BaO4, Ln2O3, BaF2| CaF2

|BaZrO3, ZrO2, BaF2| Pt, O2(+) (III)

The temperature dependences of the standard Gibbs energy o
formation of Ln2BaO4 (Ln = Nd and Gd) from simple oxides
obtained in ref.[3] had the form

Nd �fG
◦
ox (kJ/mol) =−112.14 + 19.2× 10−3T

Gd �fG
◦
ox (kJ/mol) =−128.84 + 32.0× 10−3T

These data are substantially different from those obtained in
this work. According to our results and[3], the Gibbs energy

of formation of Ln2BaO4 (Ln = Nd and Gd) from the oxides
at 1100 K equal−19.1, −28.4 and−91.0, −93.6 kJ/mol,
respectively. We made an attempt to reproduce measurements
performed in ref.[3] with a (BaZrO3, ZrO2, BaF2) reference
electrode at 1050–1150 K, but the EMF values were unstable
and substantially different from those reported in ref.[3].
Note large negative value of�fHox at high temperatures
is not peculiar for similar compound. For example,�fH

◦
ox

(Y2BaO4) =−33.9,−46 and−30.9 kJ/mol[8–10].

Acknowledgments

This work was financially supported by the Russian Foun-
dation of Basic Researches (Project no. 05-03-32960).

References

[1] T. Puig, B. Martinez, R. Yu, A. Hu, V. Gomiz, F. Sandiumenge, X.
Obradors, Appl. Supercond. 6 (1998) 119.

[2] I.-G. Chen, F.-C. Chang, M.-K. Wu, Supercond. Sci. Technol. 15
(2002) 717.

[3] R. Subasri, O.M. Sreedharan, J. Alloys Compd. 274 (1998)
153.

[4] V.A. Levitskii, J. Solid State Chem. 25 (1978) 9.
[5] Y.D. Tret’yakov, Tverdofaznye reaktsii (Solid-State Reactions),

4)

iz.,

Ther-

h.

[ Am.
f

Khimiya, Moscow, 1978.
[6] Y.Y. Skolis, M.L. Kovba, L.A. Khramtsova, Zh. Fiz. Khim. 65 (

(1991) 1070.
[7] Y.Y. Skolis, S.F. Pashin, M.L. Kovba, Sverkhprovodimost: F

Khim., Tekh. 3 (12) (1990) 2792.
[8] T.S. Konkova, J.N. Matyushin, J.H. Greenberg, et al., J. Chem.

modyn. 24 (3) (1992) 225.
[9] K.N. Marushkin, Y.V. Pervova, A.S. Alikhanyan, V.B. Lazarev, Z

Neorg. Khim. 38 (12) (1993) 2032.
10] E.L. Brosha, F.H. Garson, I.D. Rainstrick, P.K. Davies, J.

Ceram. Soc. 78 (7) (1995) 1745.


	High-temperature thermodynamic properties of Ln2BaO4 (Ln=Nd, Gd, Dy, Ho, Er) compounds
	Introduction
	Experimental
	Results and discussion
	Acknowledgments
	References


