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Abstract
Heat capacities and enthalpies of formation of BaGd2O4 were determined by high-
temperature differential scanning calorimetry and high-temperature oxide melt so-
lution calorimetry, respectively. Thermodynamic stability of BaLn2O4 compounds 
increases with decreasing Ln3+ ionic radius. Previously reported data on BaNd2O4 
and BaSm2O4 corroborate this trend. Missing data for compounds in BaO–Ln2O3 
(Ln = La, Pr, Eu, Er) systems were estimated from established relations, thermody-
namic assessment was performed, and binary phase diagrams were calculated.
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1 |  INTRODUCTION

BaLn2O4 compounds (Ln  =  rare earth) crystallize in the 
CaFe2O4 structure type with Pnma space group. In this struc-
ture, Ln3+ adopts a triangular array resulting in geometrically 
frustrated magnetic and other interesting physical proper-
ties.1‒3 Studies on the CaFe2O4-type compounds reported a 
series of phenomena, such as noncollinear magnetic ground 
states, Jahn-Teller effects, Ising chains, magnetic chirality, 
and geometric magnetic frustration.1‒5

BaLn2O4 were first reported by Lopato,6 who successfully 
synthesized BaLn2O4 for Ln = La-Er and Y by calcination 
reaction between barium carbonate and lanthanide oxide. 
According to Lopato's work,6 the melting temperature of 
BaLn2O4 increased when Ln going from La to Sm and then 
decreased in the series from Gd to Er The same pattern was 
observed in the yield of BaLn2O4 product with this synthe-
sis route. Construction of reliable phase diagrams for BaO–
Ln2O3 systems is critical for development and optimization 
of BaLn2O4 synthesis routes and predicting their stability in 
various environments.

Lopato6 performed the only experimental study of the 
phase diagrams of the BaO–Ln2O3 systems. She studied the 
reactions of rare earth oxides with oxides of Mg, Ca, Sr, and 
Ba by differential thermal analysis (DTA) and by room-tem-
perature X-ray diffraction (XRD) on samples quenched from 
1273 to 2723 K. She reported a series of phase diagrams of 
the rare earth oxide-alkaline earth oxide systems, including 
the BaO–La2O3 and BaO–Sm2O3 systems. In the BaO–La2O3 
system, BaLa2O4 was the only binary compound and was re-
ported to be stable at room temperature. In the BaO–Sm2O3 
system, a Ba3Sm4O9 line compound was detected in addition 
to BaSm2O4, which was also stable at room temperature.6 For 
both the BaO–La2O3 and BaO–Sm2O3 systems and for some 
SrO–Ln2O3 and CaO–Ln2O3 systems, the solid solutions 
XSS, HSS, ASS, and BSS were detected. They were related to 
the cubic X-form, hexagonal H-form and A-forms, or mono-
clinic B-form of Ln2O3 polymorphs. The limited solubility of 
Ln2O3 in BaO was ignored.6

Literature data on the thermodynamic properties of 
BaLn2O4 are scarce. Electromotive force methods (EMFs) 
were used by several researchers to derive temperature de-
pendence of the Gibbs energies of formation of BaLn2O4 
from BaO and Ln2O3, where Ln  =  Nd, Sm, Eu, Gd, Dy, 
Ho, and Er7‒10 All reports indicated that the compounds are 
thermodynamically stable with respect to oxides. However, 
there are significant discrepancies in reported values.7‒11 As 
shown in Figure 1 and Table 1, the Gibbs energy of forma-
tion and the enthalpy of formation of BaSm2O4 from the 
binary oxides determined by Xing et al7 differ by a factor of 
two from those of Subasri and Sreedharan,8 and even more 
from the results of Uspenskaya et al9 and Vakhovskaya 
et al10 Although the values of enthalpy of formation 

reported by Uspenskaya et al9 and Vakhovskaya et al10 
were close to each other and their Gibbs energy functions 
of BaDy2O4 and BaHo2O4 were identical, they reported dif-
ferent values for enthalpies of formation of BaDy2O4 and 
BaHo2O4. Surprisingly, these conflicting reports came from 
the same group in Moscow State University. Uspenskaya 
and Vakhovskaya coauthored the articles,9,10 but they did 
not discuss this obvious discrepancy.

Recently, Gong et al11,12 presented thermodynamic data-
bases and phase diagrams of the BaO-Sm2O3 and BaO-Nd2O3 
systems with new results for the BaSm2O4 and BaNd2O4 com-
pounds—enthalpies of formation from oxides at 298 K and heat 
capacities in the temperature range 573-1073 K. The obtained 
enthalpies of formation of BaSm2O4

11 and BaNd2O4
12 are in the 

range of values reported by Uspenskaya et al9 and Vakhovskaya 
et al,10 and substantially less negative than those reported by 
Xing et al7 and Subarsi and Sreedharan.8 Thermodynamic as-
sessment of the BaO–Sm2O3 system by Gong et al11 reported 
incongruent melting of BaSm2O4 by the peritectic reaction 
BaSm2O4  ↔  liquid  +  Ba3Sm4O9, confirmed with DTA ex-
periments. Congruent melting of BaSm2O4 was assumed in 
Lopato's earlier phase diagram.6 For the BaO-Nd2O3 system, 
thermodynamic calculations reproduced the thermodynamic 
data of BaNd2O4 measured by Gong et al12 and confirmed 
phase equilibria similar to those of the BaO–La2O3 system.6

Neither thermodynamic data on BaLa2O4 nor thermody-
namic calculations on the BaO–La2O3 system have been re-
ported. The phase diagram of the BaO–Gd2O3 system was 
reported to be similar to that of BaO–Sm2O3 system.6 In this 
work, we present new thermodynamic data on the BaGd2O4 
compound, estimate missing data for BaLn2O4 (Ln = La, Pr, Eu, 

F I G U R E  1  Enthalpies of formation of BaLn2O4 from the 
component oxides at 298 K. - - (black on line), values measured in 
this work; - - (black on dotted line), values predicted in this work on 
the relation of enthalpy of formation with the radius of rare earth ion; 
- - (red on line), values from Vakhovakaya et al10; - -(purple on 
line), values from Uspenskaya et al9; - - (blue on line), values from 
Subarsi and Sreedharan8; (orange dot), value from Xing et al7
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Er), and use the Calculation of phase diagrams (CALPHAD) 
methodology to produce internally consistent thermodynamic 
databases for BaO–Ln2O3 (Ln = La, Pr, Eu, Gd, Er) systems.

2 |  EXPERIMENTAL 
PROCEDURES

2.1 | Sample preparation and 
characterization

The samples were synthesized at UC Davis using solid-
state reaction techniques. BaCO3 (Fisher, 99.6  wt%), 
La2O3, and Gd2O3 (from Alfa Aesar, 99.9 wt%) were used 
to prepare BaLa2O4 and BaGd2O4, respectively. Starting 
mixtures were preheated at 1073 K for 12 hours to remove 
any moisture and then stored in a desiccator. About 2  g 
of each sample was prepared by first grinding BaCO3 and 
Ln2O3 (Ln = La, Gd) with the appropriate molar ratio in an 
agate mortar. The mixtures were pressed into pellets and 
placed in Pt crucibles in a Deltech platform furnace held 
at 1088 K. The samples were heated to 1573 or 1673 K, 
held for 3 hours, and taken out of the furnace after cooling 
to 1088 K. Experiments were performed in air with heat-
ing and cooling rates of 10 K/min. The products were ana-
lyzed by XRD and synthesis was repeated with additional 
regrinding to obtain a single phase.

XRD analysis was performed with a Bruker D8 Advance 
X-ray diffractometer using a CuKα radiation at 40  kV and 
40 mA emission current using 15°-80° 2θ range, 0.02° step 
size, and scan speed of 0.25°/s. JADE 6.0 software was used 
for phase identification.

3 |  CALORIMETRIC 
MEASUREMENTS

A Setaram LabSYS differential scanning calorimeter (DSC) 
was used to determine the heat capacities of BaGd2O4 from 
573 to 1273  K. The measurements were performed by the 
continuous method in argon flow (20 mL/min) with a heat-
ing rate of 10  K/min using standard procedures, following 
the Standard Test Method for Determining Specific Heat 
Capacity by Differential Scanning Calorimetry (ASTM).13 
Three consecutive runs using an empty crucible, α-Al2O3 
standard, and the sample were performed under identical 
experimental conditions. Samples were packed tightly into 
platinum crucibles to ensure good thermal contact leading to 
reproducibility of the heat capacity data. The measurements 
were repeated three times to achieve reliable data. DSC sen-
sitivity calibration was performed with a α-Al2O3 standard 
using the heat capacity equation from the National Institute 
of Standards and Technology (NIST).14

The enthalpies of formation of BaLa2O4 and BaGd2O4 were 
determined by high-temperature oxide melt solution calorime-
try, using standard procedures described in detail elsewhere.15‒17 
The samples were loosely hand-pressed into pellets, 5-10 mg in 
weight, and dropped from room temperature into 20 g of molten 
oxide solvent (3Na2O·4MoO3) in a platinum crucible inside the 
calorimeter chamber. Oxygen gas was flushed through calorim-
eter assembly at 40 mL/min and bubbled through the solvent at 
4 mL/min to maintain an oxidizing environment, enhance the 
dissolution, and prevent local saturation of the melt. The calo-
rimetric measurements on BaGd2O4 were carried out at 973 K 
and at 1073 K for BaLa2O4. The measured drop solution en-
thalpy ΔHds is a sum of the molar heat content of the sample 

Compound ∆Gf, ox (kJ/mol)
∆Hf, ox (kJ/
mol) References

BaNd2O4 −112.14 + 19.2 × 10−3T −112.1 8

−(30.4 ± 8.6)+(10.3 ± 7.0) × 10−3T −30.4 ± 8.6 10

−44.27 + 12.0 × 10−3T −44.27 12

BaSm2O4 −221.9 + 0.1216T −221.9 7

−115.28 + 5.0 × 10−3T −115.3 8

−(53.2 ± 8.1) + (27.2 ± 6.8) × 10−3T −54.0 ± 3.0 9

  −51.09 11

BaEu2O4 −104.50 + 6.2 × 10−3T −104.5 8

BaGd2O4 −128.84 + 32.0 × 10−3T −128.8 8

−(42.2 ± 6.5) + (12.8 ± 5.1) × 10−3T −42.2 ± 6.5 10

BaDy2O4 −(54.5 ± 7.9) + (24.8 ± 6.1) × 10−3T −73.7 ± 5.0 9

−(54.5 ± 7.9) + (24.8 ± 6.1) × 10−3T −54.5 ± 7.9 10

BaHo2O4 −(55.5 ± 8.4) + (24.9 ± 7.0) × 10−3T −48.1 ± 7.1 9

−(55.5 ± 8.4) + (24.9 ± 7.0) × 10−3T −55.5 ± 8.4 10

BaEr2O4 −(60.7.5 ± 7.1) + (30.0 ± 5.5) × 10−3T −60.7.5 ± 7.1 10

T A B L E  1  Summary of the Gibbs 
energy functions of formation and the 
enthalpy of formation of BaLn2O4 from 
simple oxides in literature7‒12



4 |   GONG et al.

from 298 K to the calorimeter temperature (973 or 1073 K) and 
its enthalpy of solution in the solvent at calorimeter tempera-
ture. The calorimeter was calibrated using the heat content14 of 
α-Al2O3 pellets dropped into an empty platinum crucible. The 
drop solution experiments were repeated at least eight times to 
achieve statistically reliable data with two standard deviations 
of ±(1-2)%. The previously measured drop solution enthalpies 
of BaO, La2O3, and Gd2O3, which were done by Navrotsky's 
group17,18 under identical experimental conditions as those in 
the present work, were used in thermochemical cycles to calcu-
late the enthalpy of formation of BaLa2O4 and BaGd2O4 from 
oxides. The accuracy of the enthalpy of formation obtained in 
this method is typically within the range of ±(1-5) kJ/mol.

4 |  EXPERIMENTAL RESULTS

Figure 2 shows the XRD patterns of the BaLa2O4 and BaGd2O4 
compounds quenched from 1673 and 1573  K. The obtained 
single-phase BaGd2O4 has CaFe2O4-type structure with primi-
tive orthorhombic symmetry (space group Pnma). The refined 
lattice cell parameters are a = 10.486 Å, b = 12.261 Å, and 
c  =  3.514  Å. A single phase of BaLa2O4 was not obtained 
despite multiple regrinding and heat treatment. Probably due 
to the evaporation of BaO at the higher temperature, large 
amounts of unreacted rare earth oxides were detected in the 
synthetic BaLa2O4; similar results were reported earlier for 
BaNd2O4.

12 Rietveld analysis of XRD patterns using JADE 6.0 
software indicated 38 mol% residual La2O3 in BaLa2O4 syn-
thesis compared with 15 mol% of Nd2O3 for BaNd2O4.

12 The 
refined lattice cell parameters of BaLa2O4 are a = 10.668 Å, 
b = 12.642 Å, and c = 3.704 Å, which are slightly larger than 
those of BaGd2O4 and BaSm2O4.

11 Synthesis procedure and the 
XRD results demonstrate that the yield of BaLn2O4 increases 

from La to Gd, which is in agreement with the more exothermic 
enthalpy of formation from La to Gd, as shown below.

The enthalpy of formation (△Hf,ox) of BaGd2O4 from ox-
ides was calculated using the following thermochemical cycle:

where △H1, △H2, and △H3 are related to the enthalpy of 
drop solution of BaGd2O4, Gd2O3, and BaO, respectively. △H4 
corresponds to △Hf,ox for BaGd2O4 at 298 K.

The measured drop solution enthalpy for BaGd2O4, 
reference values for BaO and Gd2O3,17,18 and obtained 
△Hf,ox for BaGd2O4 are listed in Table 2. Previously re-
ported values for BaSm2O4

11 and BaNd2O4
12 are included 

for comparison.
It can be seen that BaGd2O4 shows the largest exo-

thermic enthalpy of formation. As shown in Figure 1, an 
approximately linear increase in the exothermic enthalpy 
formation of BaLn2O4 (Ln = Nd, Sm, and Gd) is observed 
in relation to the increasing radius of the rare earth ion. A 
similar correlation was observed by Vakhovakaya et al,10 
although they reported less negative values for forma-
tion enthalpies. On this basis, the formation enthalpy for 
BaLa2O4 was predicted to be –28.4 kJ/mol. The enthalpies 
of formation of the compounds BaPr2O4 (−39.6  kJ/mol), 
BaEu2O4 (−53.9  kJ/mol), and BaEr2O4 (−69.5  kJ/mol) 
were also predicted, the estimated error is less than 2%, 
which differed from the values of Vakhovakaya et al10 The 
present study indicates that the thermodynamic stability of 
BaLn2O4 increases with Ln going from La to Er, in contrast 
with the Lopato6 prediction of a stability decrease from 
Gd to Er The present values of the enthalpy formation of 
BaLn2O4 (Ln = La, Nd, Sm, and Gd) are substantially less 
exothermic than those reported by Xing et al7 and Subarsi 
and Sreedharan.8 We attribute the large discrepancies 
of Xing et al7 and Subarsi and Sreedharan8 to the use of 
BaZrO3|ZrO2|BaF2 as the reference electrode in the tem-
perature range 900-1150 K. Levitskii19 demonstrated that 
reproducible electromotive force values for this electrode 
can be obtained only at temperatures above 1200 K.

The measured heat capacity versus temperature for 
BaGd2O4 is shown in Figure 3 as the mean of three runs. The 
estimated errors are always less than 3.5% and often less than 
2%. Values from the Neumann-Kopp rule (NKR) calculation 

(1)BaGd2O4 (s, 298K)→Gd2O3 (sn, 973K)+BaO (sn, 973K) ΔH1

(2)Gd2O3 (s, 298K)→Gd2O3 (sn, 973K) ΔH2

(3)BaO (s, 298K)→BaO (sn, 973K) ΔH3

(4)Gd2O3 (s, 298K)+BaO (s, 298K)→BaGd2O4 (s, 298K) ΔH4

(5)ΔH4=ΔH2+ΔH3−ΔH1

F I G U R E  2  XRD patterns of the synthetic BaLa2O4 and 
BaGd2O4 compounds quenched from 1673 K and 1573 K. Peaks 
marked with ● are related to La2O3
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based on the data of BaO and Gd2O3 from references11,20 are 
also shown for comparison. Heat capacities of BaGd2O4 fol-
low the NKR calculation within experimental uncertainty, 
similar to earlier reported results for BaNd2O4.

12 The NKR 
calculation also agrees with the measured heat capacity of 
BaSm2O4 within 3%.11 Thus, NKR is a valid approximation 
of the heat capacity for BaGd2O4 and can be accepted for un-
investigated BaLn2O4 using the corresponding oxide values. 
Measurements on BaLa2O4 were not performed in this work 
due to the large content of unreacted La2O3.

5 |  THERMODYNAMIC 
MODELING AND CALCULATIONS

The CALPHAD method21 was employed for thermodynamic 
assessment of BaO–Ln2O3 (Ln = La, Pr, Eu, Gd, Er) using 
literature data,6 and new measurements for BaGd2O4.

The Gibbs energy function Gi
0,φ(T) = Gi

φ(T) − Hi
SER for 

the pure binary component i (i  =  BaO, La2O3, Gd2O3) in 
phase φ was expressed by the following equation:

where Hi
SER is the molar enthalpy of the component i at 

298 K and 101 325 Pa in its standard element reference (SER) 
state, and T is the absolute temperature. The last two terms 
in Equation (6) are used only outside the ranges of stability,22 
thus avoiding the possibility of a solid phase becoming sta-
ble at high temperatures or a liquid phase becoming stable at 
low temperature. In the present work, the Gibbs energy func-
tions of pure La2O3 and Gd2O3 in liquid, XSS, HSS, ASS, and 
BSS phases were taken from the assessments of Zinkevich.20 
Those of BaO in liquid and rock salt structures as well as in 
the hypothetical metastable phases were taken from our pre-
vious assessment.11

The liquid, XSS, HSS, ASS, BSS, and BaO-based solid 
solution phases as well as the BaLa2O4 or BaGd2O4 and 
Ba3Gd4O9 compounds were taken into account during the 
thermodynamic modeling and calculations on the BaO–
La2O3 and BaO–Gd2O3 systems. As part of an ongoing pro-
gram as well as for compatibility, the solution phases in the 
systems are thermodynamically described by the same sub-
stitutional solution model as in our previous work.11,12 Thus, 

(6)G
0,�

i
(T)=a+bT+cT ln T+dT2+eT−1+ fT3+gT7+hT−9

 

∆Hds, kJ/mol

∆Hf,ox ReferencesT0 = 973 K T0 = 1073 K

BaO −184.61 ± 3.21 −176.48 ± 3.48   12,17

Gd2O3 −144.34 ± 1.35     18

BaGd2O4 −272.32 ± 2.88   −56. 63 ± 4.52 This workdr

      −56.51 This workcal

BaSm2O4 −287.56 ± 3.64   −50.67 ± 5.63 11dr

      −51.09 11cal

BaNd2O4   −274.93 ± 3.02 −43.75 ± 4.68 12dr

      −44.27 12cal

BaLa2O4     −28.4 This workpre

BaPr2O4     −39.6 This workpre

BaEu2O4     −53.9 This workpre

BaEr2O4     −69.5 This workpre

Note: drmeans, the values obtained from the high-temperature oxide melt solution calorimetry. calmeans, the 
values calculated from the thermodynamic parameters optimized by CALPHAD. premeans, the values predicted 
from the general rule of the enthalpy of formation versus the radius of rare earth ion.

T A B L E  2  Determined enthalpy of 
drop solution of BaGd2O4 in 3NaO·4MoO3 
solvent at 973 K and the thermodynamic 
cycle used for calculation of enthalpy of 
formation of the compounds at 298 K from 
their constituent oxides, cubic Gd2O3 and 
rock salt BaO

F I G U R E  3  Measured heat capacities of BaGd2O4 in this work 
identified with the symbols ○. The solid and dot curves represent 
the Neumann-Kopp rule calculations on the BaGd2O4 and BaLa2O4, 
respectively
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the Gibbs energy for each solution phase was expressed by 
Redlich-Kister polynomials23 as Equation (7).

where P represents the solution phase, including liquid, XSS, 
HSS, ASS, and BSS. 0GLn2O3

P and 0GBaO
P are the Gibbs energy 

of Ln2O3 (Ln = La, Gd) and BaO in P phase, respectively. 
These values were taken from the literature assessment.11,20 
The interaction parameters a0, b0, a1, and b1 were to be opti-
mized. Due to the very limited solubility of rare earth oxides 
in solid BaO,6 the BaO-based solid solution was treated as 
the pure oxide.

As illustrated above, the heat capacities of BaLn2O4 follow 
the NKR calculation within experimental uncertainty, thus 
the BaLa2O4 and BaGd2O4 compounds were described using 
the NKR. For the Ba3Gd4O9 compound, it was described by 
the NKR since there were no experimental thermodynamic 
data in the literature. The Gibbs energies of these compounds 
were given by the following equations:

where Ai and Bi (i = 1,2) are the parameters related with the 
enthalpy and entropy of formation from the component oxides.

The PARROT program of the Thermo-Calc software 
package was used for the parameter optimization. It was 
started by optimizing the Gibbs energy function of the 
BaLn2O4 (Ln  =  La, Gd) compound. The corresponding 
values of the measured enthalpy of formation and the as-
sessed entropy of formation based on the second law were 
used as the starting points during the optimization process. 
The obtained parameters A and B were then slightly mod-
ified when the interaction parameters of the liquid phase 
were optimized by considering the phase equilibria related 
to both the BaLn2O4 compound and liquid phase. For the 
BaO-La2O3 system, the interaction parameters of ASS, HSS, 
and XSS phases were assessed one by one to fit the cor-
responding phase equilibria.6 This work directly used the 
thermodynamic interaction parameters of the BaO-Sm2O3 
system as reference to describe the solution phases of the 
BaO-Gd2O3 system, only to optimize the Gibbs energy of 
formation of BaGd2O4 and Ba3Gd4O9 by considering the 
thermodynamic data as well as the phase diagram informa-
tion, including the melting and the decomposition of the 
compounds.

The final thermodynamic database for the BaO-La2O3 
and BaO-Gd2O3 system is given in Table 3. These parameters 

together with the Gibbs energies of BaO, La2O3, and Gd2O3 
from the literature11,20 allow calculations of the thermody-
namic properties and the phase diagrams of the BaO-La2O3 
and BaO-Gd2O3 systems.

Comparison between the calculated phase diagram of 
the BaO–La2O3 system with the measured one6 is shown 
in Figure 4A. Good agreement is obtained. The calculated 
BaO–Gd2O3 phase diagram is shown in Figure 5A, which 
displays similar phase relations as those in the BaO–Sm2O3 
system.11 Both BaLa2O4 and BaGd2O4 are detected to 
melt in an incongruent process, according to the reactions 
BaLa2O4 = ASS + Liquid and BaGd2O4 = ASS + Ba3Gd4O9, 
showing similar behavior to BaNd2O4 and BaSm2O4, respec-
tively.11,12 It should be pointed out that the melting tempera-
tures of the BaLn2O4 (Ln  =  La, Nd, Sm, Gd) compounds 
based on calculations did not show a regular increase from 
BaLa2O4 to BaGd2O4 as reported by Lopato.6

6 |  DISCUSSION

The enthalpy of formation of BaGd2O4 from the com-
ponent oxides determined in this work as well as those 

(7)
GP

m
− HSER=(1−x)0 GP

BaO
+x0GP

Ln2O3

+RT [x ln x+ (1−x) ln (1−x)]

+x (1−x)
[(

a0+b0T
)

+ (1−2x)
(

a1+b1T
)]

(Ln=La, Gd)

(8)GBaLn2O4=GRS

BaO
+GA

Ln2O3
+A1+B1T (Ln=La and Gd)

(9)GBa3Gd4O9
=3GRS

BaO
+2GC

Gd2O3

+A2+B2T

T A B L E  3  Summary of the thermodynamic parameters for 
the BaO–La2O3 and BaO–Gd2O3 systems according to the present 
optimization*

GBaO
X = GBaO

RS + 44 944, GBaO
H = GBaO

RS + 45 428

GBaO
A = GBaO

RS + 54 914, GBaO
B = GBaO

RS + 83 690, 
GBaO

C = GBaO
RS + 5000

BaO–La2O3 and BaO–Pr2O3 systems: Thermodynamic interaction 
parameters of the solution phases in BaO–La2O3 system optimized 
and listed below and were analogized to calculate the phase 
diagram of the BaO–Pr2O3 system.

liquid phase: a0 + b0T = −94 086 + 15.4T, 
a1 + b1T = 77 013−36.6T

XSS solution: a0 + b0T = −68 567 + 0.5T

HSS solution: a0 + b0T = −41 210−1.43T

ASS solution: a0 + b0T = −63 407−1.37T, a1 + b1T = 2861-14.7T

G(BaLa2O4,T) = GBaO
RS + GLa2O3

A−28 400 + 4.1T

G(BaPr2O4,T) = GBaO
RS + GPr2O3

A−39 600 + 9T

BaO–Gd2O3, BaO–Eu2O3, and BaO–Er2O3 systems: 
Thermodynamic parameters for the solution phases of the above 
three systems are analogized from the BaO–Sm2O3 system

GBaGd2O4 = GBaO
RS + GGd2O3

B−56 500 + 9.7T

GBa3Gd4O9 = 3 GBaO
RS + 2GGd2O3

C + 69 256.2−83.7T

GBaEu2O4 = GBaO
RS + GEu2O3

B−53 900 + 8.8T

GBa3Eu4O9 = 3 GBaO
RS + 2GEu2O3

B + 28 904−61.2T

GBaEr2O4 = GBaO
RS + GEr2O3

C − 69 500 + 27T

GBa3Er4O9 = 3 GBaO
RS + 2GEr2O3

C + 106 308−92.8 T

*All values are given in SI units (J, mol, K).The Gibbs energy functions of BaO, 
Ln2O3 (Ln = La, Pr, Gd, Eu, Er) can be obtained in literature.11,20 
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of BaNd2O4 and BaSm2O4 determined in our previous 
work11,12 show that the enthalpies of formation of the 
BaLn2O4 compounds become more exothermic in an ap-
proximately linear relationship with the increasing ra-
dius of the rare earth ion. The heat capacities of BaGd2O4 
measured in this work as well as those of BaNd2O4 and 
BaSm2O4 measured in our previous work11,12 demonstrate 
that the BaLn2O4 compounds fit the NKR calculation in 
the temperature range measured.

On this basis, the enthalpy of formation and the Gibbs en-
ergy of formation of BaLa2O4 and BaGd2O4 were evaluated 
as discussed above. Combined with the phase diagram infor-
mation in the literature, the phase diagrams of the BaO–La2O3 

and BaO–Gd2O3 systems were calculated, showing similar 
phase relations as those of the BaO–Nd2O3 and BaO–Sm2O3 
systems, respectively.

As a further test of the thermodynamic model, this work 
evaluated the Gibbs energy functions of BaPr2O4, BaEu2O4, 
and BaEr2O4 using the predicted enthalpies of formation 
based on the relation with the radius of the rare earth ion 
and the heat capacities calculated by the NKR. The phase 
diagrams of the BaO–Pr2O3, BaO–Eu2O3, and BaO–Er2O3 
systems were calculated using the thermodynamic parame-
ters adapted from assessments of the BaO–La2O3 and BaO–
Gd2O3 systems.

As shown in Figures 4 and 5, the BaO–Pr2O3 system has 
a similar phase diagram as the BaO–La2O3 and BaO–Nd2O3 
systems.12 The phase diagrams of the BaO–Eu2O3 and BaO–
Er2O3 systems are similar to those of the BaO–Sm2O3 and 
BaO–Gd2O3 systems.

The thermodynamic calculations on the BaO–Ln2O3 sys-
tems indicate that the phase relations of the BaO–Ln2O3 sys-
tems can be divided into two groups: the first group constitutes 
the systems from La to Nd, where the BaLn2O4 compound 
exists. The second group includes the systems from Sm to Er 
where there are both BaLn2O4 and Ba3Ln4O9 compounds.

Since the calculated melting temperatures of the BaLn2O4 
(Ln = La, Nd, Sm, Gd) compounds did not show regularity, 
and no experimental data were reported in the literature, this 
work detected the melting temperatures of BaPr2O4, BaEu2O4, 
and BaEr2O4 by thermodynamic calculation. Future high-tem-
perature experiments are required to check the melting tem-
peratures of these compounds.

7 |  CONCLUSIONS

Differential scanning calorimetry and high-temperature 
oxide melt solution calorimetry were used to determine the 
heat capacity and enthalpy of formation of the BaGd2O4 
compound. The determined heat capacities of the com-
pound are consistent with the NKR calculation. The en-
thalpy of formation of BaGd2O4 from component oxides 
at 298  K is more negative than those of BaSm2O4 and 
BaNd2O4 and shows a linear relationship with the radius of 
the rare earth ion. Discrepancies between the present deter-
mined data and those in the literature are discussed and the 
reliable experimental data are used to construct the ther-
modynamic database of the BaO–La2O3 and BaO–Gd2O3 
systems. Thermodynamic calculations support the experi-
mental phase diagram of the BaO–La2O3 system in the lit-
erature very well and confirm the similar phase relations of 
the BaO–Gd2O3 and BaO–Sm2O3 systems. The enthalpies 
of formation of BaPr2O4, BaEu2O4, and BaEr2O4 and the 
phase diagrams of the BaO–Pr2O3, BaO–Eu2O3, and BaO–
Er2O3 systems are also predicted.

F I G U R E  4  A, Calculated BaO-La2O3 phase diagram using 
the thermodynamic parameters optimized in this work. Symbols ● 
and ○ represent the experimental data obtained by XRD and DTA, 
respectively.6 B, Calculated BaO–Pr2O3 phase diagram using the 
thermodynamic parameters analogized from the BaO–La2O3 system
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