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The thermodynamic and thermo-physical properties of the molten salt system BaCl2 CeCl3 have been 
investigated using an experimental and modelling approach. This molten salt system includes a single 
intermediate compound Ba3Ce2Cl12, whose structure has been investigated using X-ray and neutron diffraction. 
Furthermore, this system exhibits solubility of CeCl3 in BaCl2 at high temperatures up to a concentration of 
around 25% CeCl3 at 1060 K. Additionally, our measurements show solubility of BaCl2 in CeCl3 up to about 5% 
BaCl2 at 973 K. The investigation of these solid solutions has been performed using quenching experiments 
and subsequent post-characterisation by X-ray diffraction (XRD). Phase diagram equilibria have also been 
investigated using differential scanning calorimetry (DSC). Using the aforementioned information on phase 
transitions, intermediate compound formation, and mutual solid solubility, a thermodynamic assessment of the 
system has been performed using the CALPHAD method. The model for the Gibbs energy of the liquid solution 
is the quasi-chemical formalism in the quadruplet approximation, while the model for the Gibbs energy of the 
solid solutions is a two-sublattice polynomial model.
1. Introduction

The development of Molten Salt Reactor (MSR) technology requires 
a comprehensive understanding of the physical and chemical proper-
ties of the molten fuel salt, as well as predictive modelling capabilities 
of its behaviour during normal reactor operation and off-normal oper-
ating conditions. Over the last decade, a renewed interest in the MSR 
concept has emerged, with numerous studies reporting fluoride mix-
tures that are appealing because of their low vapor pressures and high 
thermochemical stability at elevated temperatures [1,2]. More recently, 
chloride salts have also garnered attention as potential candidates for 
molten salt fuels as they can provide higher actinide solubility and 
lower melting temperatures of the fuel salt mixtures [3], potentially in-
creasing the safety margin during operation. During irradiation, numer-
ous fission products are generated, making the fuel a multi-component 
system, and affecting its thermochemical and thermophysical proper-
ties. Thermochemical modelling can be used to predict the properties 
of multi-element systems by extrapolation of binary and ternary sub-
systems, but for this, a solid understanding of the basic thermochemistry 
of the constituting binaries and ternaries is first needed.

* Corresponding author.

One of the limiting factors for the development of a chloride-based 
molten salt reactor is the absence of a large knowledge base as is the 
case for fluoride salts [4] on thermodynamic and thermophysical prop-
erties such as melting temperatures, heat capacity, density or viscosity. 
While there is some basic data available, such as the melting behaviour 
of the system NaCl PuCl3 [5], the effect of fission products on the 
thermochemical properties of the molten chloride fuel has not been 
investigated as abundantly. Fission products are present in a molten 
salt system as one of three classes: salt-solubles, metallic precipitates 
or volatile fission products. For the assessment of the thermochemical 
properties of a molten salt fuel, salt-soluble fission products such as 
barium, strontium and rare earth metals are of particular interest be-
cause of their relatively high fission yield. The work presented here 
aims to contribute to this goal by adding to the thermochemical knowl-
edge on the molten salt fission product system BaCl2 CeCl3, with both 
experimental investigations and thermodynamic modelling assessment 
by the CALPHAD (CALculation of PHase Diagrams) method. The inter-
est in this system stems from the fact that both Ba and Ce are fission 
products, but also because cerium is sometimes used as a simulant for 
plutonium [6]. Using CeCl3 as a simulant for more complex systems 
than this binary, i.e. when extrapolating to higher order systems, al-
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lows the investigation of these systems without having to use the more 
hazardous PuCl3.

Experimental investigations using X-ray and neutron diffraction, 
quenching experiments, and Differential Scanning Calorimetry (DSC) 
have first been performed to solve discrepancies noticed in the liter-
ature. Using those data as input, a CALPHAD model has then been 
developed based on the quasi-chemical formalism in the quadruplet ap-
proximation for the liquid solution, and a two-sublattice polynomial 
model for the solid solutions. In this process, mixing enthalpies of the 
liquid solution have also been estimated, as these data have not been 
measured experimentally to this date, but constitute a key piece of in-
formation to develop physically accurate liquid models.

2. Experimental techniques

2.1. Sample preparation and Ba3Ce2Cl12 synthesis

For the experiments carried out in this work, BaCl2 (Alfa Aesar, 
ultra-dry, 99.999% trace metals basis) and CeCl3 (Alfa Aesar, ultra-
dry, 99.9% trace metals basis) were used as delivered by the supplier. 
Due to the sensitivity of the salts towards oxygen and water, all sample 
preparation was carried out in a glove box under dry argon atmosphere 
(𝐻2𝑂, 𝑂2 < 5 ppm).

Weighing was carried out using a Mettler-Toledo XPE105DR balance 
with a 0.01 mg uncertainty. Ba3Ce2Cl12 was synthesised by mixing the 
end members BaCl2 and CeCl3 in a stoichiometric ratio of 3:2 in an 
agate mortar, followed by thermal treatment in a tubular furnace under 
argon flow for eight to twelve hours at a temperature of 900 K. The 
sample was heated inside a tightly closed stainless steel container, with 
an inner nickel liner to prevent the corrosive chlorides from interacting 
with the stainless steel.

No additional phases were detected by X-ray diffraction (XRD) or 
neutron diffraction (ND) analysis, and the sample purity is expected to 
be better than 99%. The melting points of the end-members have been 
measured by DSC, and the obtained values are (1237 ± 5) K for BaCl2
and (1087 ± 5) K for CeCl3. This is in good agreement with the values 
reported in the literature for these salts, with (1235 ± 1) K [7] and 
(1090 ± 2) K [8], respectively.

2.2. X-ray diffraction

XRD measurements were carried out using a PANalytical X’pert pro 
diffractometer with a Cu-anode (0.4 mm x 12 mm line focus, 45 kV, 40 
mA). Scattered X-ray intensities were measured with a real time multi 
step detector (X’Celerator). The angle 2𝜃 was set to range from 10-120𝑜. 
Measurements were typically performed for 7-8 hours, with a step size 
of 0.0036𝑜/s. Refinement of the measured structures was performed by 
applying the refinement technique from Rietveld, Loopstra and van Laar 
[9,10], using the FullProf software, Version January 2023 [11].

2.3. Neutron diffraction

Neutron diffraction data were obtained at room temperature at the 
PEARL beamline at the Hoger Onderwijs Reactor at the Delft University 
of Technology [12]. The sample was contained in a vanadium cylin-
drical container (50 mm high, 6 mm inner diameter), closed with a 
Viton O-ring in the dry argon atmosphere of the glovebox. The data 
were collected at a fixed wavelength of 1.667 Å for 11 h with an an-
gle 2𝜃 ranging from 10-160𝑜. The data analysis was performed using 
the structural refinement method by Rietveld, Loopstra and van Laar 
[9,10] using the FullProf software [11].

2.4. Differential scanning calorimetry

The invariant temperatures in the BaCl2 CeCl3 system were mea-
2

sured using a Setaram multi-detector high temperature calorimeter 
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(MHTC-96 type) equipped with a 3D heat flux DSC module and S-type 
thermocouples, capable of measuring up to 1673 K. Sample preparation 
was done by mixing end-members BaCl2 and CeCl3 in the desired sto-
ichiometric ratio. The samples were contained in a nickel liner, which 
in turn was contained in a tightly closed stainless steel crucible. Equili-
bration of the sample was done in the calorimeter itself during the first 
heating cycle by heating the mixtures to a temperature above the melt-
ing points of both end-members. Invariant equilibria were collected on 
the subsequent heating cycles.

The temperatures were monitored throughout the experiments by a 
series of interconnected S-type thermocouples. The temperature on the 
heating ramp (10 K ⋅ min−1) was calibrated and corrected for the ef-
fect of the heating rate by measuring the melting points of standard 
high purity metals (In, Sn, Pb, Al, Ag, Au) at 2-4-6-8-10-12 K ⋅ min−1. 
The calibration procedure was performed as recommended by Höne 
et al. [13] and Gatta et al. [14]. The transition temperatures in the 
BaCl2 CeCl3 phase diagram were derived on the heating ramp as the 
onset temperature using tangential analysis of the recorded heat flow. 
The liquidus temperature of mixtures was derived from the peak ex-
tremum of the last thermal event. The uncertainty on the measured 
temperatures is estimated to be ± 5 K for pure compounds and ±10 K 
for mixtures.

2.5. Investigation of solid solutions

The existence and stability range of solid solutions in the BaCl2
CeCl3 system were investigated in this work using quenching experi-
ments. The quenching samples consisted of stoichiometric mixtures of 
the end-members, thoroughly mixed using a pestle and mortar before 
insertion inside a nickel liner in a tightly closed stainless steel crucible. 
During the experiments, the samples were heated to selected tempera-
tures ranging from 1023 to 1273 K and equilibrated at this temperature 
for at least one hour, after which they were dropped into a water bath 
to freeze the phases stable at high temperature.

The furnace used for quenching is an MTI split vertical quenching 
tube furnace (OTF-1500X-80-VTQ), which contains an electromagnet 
that holds the sample in the heated part of the furnace. When the sample 
is at the desired temperature and has been allowed to reach equilibrium, 
the electromagnet is shut off and the sample drops into the water bath.

2.6. Solution calorimetry

The dissolution enthalpy of the intermediate Ba3Ce2Cl12 was mea-
sured using a TA Instruments Precision Solution Calorimeter (semi-
adiabatic or isoperibolic calorimeter) and a TAM IV thermostat. The 
experimental setup consists of a 25 mL Pyrex glass reaction vessel and 
a motorized gold stirrer. The temperature change during the dissolu-
tion of Ba3Ce2Cl12 was monitored with a thermistor, while a heater was 
used for calibration during the measurement and equilibration of the 
initial baseline in the optimal operating range of the calorimeter (25 
± 0.3 K) before starting the experiment. The sample container was a 
1 mL glass ampoule sealed airtight using beeswax. Sample preparation 
was performed inside the dry argon atmosphere of the glovebox, with 
the airtight sealing being performed in air. The salt was dissolved in 
25 mL H2O by breaking the bottom of the glass ampoule on the sap-
phire breaking tip mounted on the bottom of the reaction vessel. The 
heat of breaking of the glass is exothermic with an energy below 10 mJ, 
and can thus be neglected. The temperature during measurements was 
maintained in an oil bath with an accuracy of 10−4 K. Electrical calibra-
tions were performed before and after each enthalpy measurement, so 
as to determine the energy equivalent of the system. These calibrations 
consisted of introducing a heat pulse of approximately the same mag-
nitude as the (expected) enthalpy of dissolution (i.e. 15 J) and gauging 
the temperature effect this had on the reaction vessel.

The enthalpy of dissolution of KCl (Sigma Aldrich, 99.7%) in 

1000H2O (distilled water) (molality m = 0.05551 mol ⋅ kg−1) was first 
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Table 1

Thermodynamic functions used in the CALPHAD model in this work. The heat capacity is expressed as the following polynomial: 
C𝑝,𝑚(T) = a + bT + cT−2 + dT2. Optimized values are marked in bold.

Compound Δ𝑓 H𝑜
𝑚

(298) 
(J ⋅ mol−1)

S𝑜
𝑚

(298) 
(J ⋅ K−1⋅ mol−1)

C𝑝,𝑚(T) (J ⋅ K−1⋅ mol−1) = a + bT + cT−2 + dT2 Temperature 
range (K)

Source

a b c d

𝛼-BaCl2(s) −855,200 123.7 69.371 0.01912548 5882.698 2.499235 ⋅ 10−9 [298-1198] [20]
𝛽-BaCl2(s) −837,800 138.22 131 [1198-1234] [20]
BaCl2(l) −821,950 151.07 109 [1234-2500] [20]
CeCl3(s) −1,059,700 151 90.9772 0.0358123 −271,530 [298-1095] [8]
CeCl3(l) −1,006,100 200.17 161.05 [1095-3000] [8]
Ba3Ce2Cl12 -4,711,000 689.5 390.07 0.129 −525,411.69 7.4977 ⋅ 10−9 [298-2500] This work
measured to check the instrument accuracy, which yielded Δ𝑑𝑖𝑠𝑠H
𝑜
𝑚

(1000H2O, 298.15 K) = 17.510 ± 0.024 kJ ⋅ mol−1. This corresponds to 
a dissolution enthalpy in 500H2O equal to Δ𝑑𝑖𝑠𝑠H

𝑜
𝑚

(500H2O, 298.15 K) 
= 17.560 ± 0.024 kJ ⋅ mol−1 after correction, recommended by the Na-
tional Bureau of Standards (NBS) [15] to m = 0.111 mol ⋅ kg−1, which 
is in very good agreement with the value recommended by the NBS 
[15,16]: Δ𝑑𝑖𝑠𝑠H

𝑜
𝑚

(1000H2O, 298.15 K) = 17.584 ± 0.017 kJ ⋅ mol−1. 
The measured value corresponds to an enthalpy at infinite dilution of 
Δ𝑑𝑖𝑠𝑠H

𝑜
𝑚

(∞H2O, 298.15 K) = 17.217 ± 0.024 kJ ⋅ mol−1, in good agree-
ment with the NBS data in refs [15] and [16], Δ𝑑𝑖𝑠𝑠H

𝑜
𝑚

(∞H2O, 298.15 
K) = 17.241 ± 0.018 kJ ⋅ mol−1, and that in ref [17], i.e. Δ𝑑𝑖𝑠𝑠H

𝑜
𝑚

(∞H2O, 298.15 K) = 17.22 kJ ⋅ mol−1.

3. Thermodynamic modelling

The thermodynamic modelling assessment of the molten salt system 
BaCl2-CeCl3 was performed with the CALPHAD method [18] using the 
FactSage software, Version 8.2 [19]. Both experimental data obtained 
in this work and reported in the literature were used to adjust the excess 
parameters of the Gibbs energy functions of the phases present in this 
system.

3.1. Stoichiometric compounds

The Gibbs energy function for stoichiometric compounds is depen-
dent on the standard enthalpy of formation (Δ𝑓 H𝑜

𝑚
(298)), the standard 

entropy (S𝑜
𝑚

(298)) and the heat capacity (C𝑝,𝑚(T)) as shown in Eq. (1).

𝐺(𝑇 ) = Δ𝑓𝐻
𝑜
𝑚
(298)−𝑆𝑜

𝑚
(298)𝑇 +

𝑇

∫
298

𝐶𝑝,𝑚(𝑇 )𝑑𝑇 − 𝑇

𝑇

∫
298

𝐶𝑝,𝑚(𝑇 )
𝑇

𝑑𝑇 (1)

The isobaric heat capacity C𝑝,𝑚 is expressed as a polynomial that 
takes the form of Eq. (2).

𝐶𝑝,𝑚(𝑇 ) = 𝑎+ 𝑏𝑇 + 𝑐𝑇 2 + 𝑑𝑇 −2 (2)

The compounds in the investigated system are two end-members and 
an intermediate. The thermodynamic data for these are listed in Table 1. 
The thermodynamic functions used for CeCl3 were selected by Konings 
and Kovács [8] as the most reliable functions. The thermodynamic func-
tions used for BaCl2 were obtained from the IVTAN thermochemical 
database [20]. For the heat capacity of the intermediate Ba3Ce2Cl12, 
the Neumann-Kopp additive rule was applied in the absence of experi-
mental data. The standard enthalpy of formation was measured in this 
work using solution calorimetry, and the obtained value was used in the 
model. The standard entropy was optimized to fit the available phase 
diagram data [21,22], while still agreeing with the estimated mixing 
enthalpy obtained in this work, as detailed in Appendix A. BaCl2 has 
a phase transition at 1198 K from the low-temperature phase 𝛼-BaCl2
(orthorhombic, in space group Pmma) to the high-temperature phase 𝛽-
BaCl2 (cubic, in space group Fm3m). CeCl3 exhibits no polymorphism, 
3

and crystallizes in the hexagonal space group P63/m.
Fig. 1. Schematic representation of a quadruplet in the quadruplet approxima-
tion in the quasichemical formalism, indicating what a first-nearest neighbour 
(FNN) and second-nearest neighbour (SNN) are. A and B are the cations Ba2+

and Ce3+ respectively.

Table 2

Coordination numbers used in the CALPHAD 
model of BaCl2 CeCl3 presented in this work.

A B 𝑍𝐴
𝐴𝐵∕𝐶𝑙𝐶𝑙

𝑍𝐵
𝐴𝐵∕𝐶𝑙𝐶𝑙

𝑍𝐶𝑙
𝐴𝐵∕𝐶𝑙𝐶𝑙

Ba Ba 6 6 3
Ce Ce 6 6 2
Ba Ce 6 3 1.5

3.2. Liquid solution

The excess Gibbs energy terms of the liquid solution are modelled 
using the quasi-chemical formalism in the quadruplet approximation as 
proposed by Pelton et al. [23], which has proven to be well-adapted 
to molten chloride and fluoride salt systems. This description assumes 
the existence of quadruplets in the liquid, allowing for the modelling 
of short-range ordering. An example of a quadruplet is given in Fig. 1. 
This formalism allows for the selection of the composition of maximum 
short-range ordering through its cation-cation coordination numbers 
(Z𝐵𝑎

𝐵𝑎𝐶𝑒∕𝐶𝑙𝐶𝑙
and Z𝐶𝑒

𝐵𝑎𝐶𝑒∕𝐶𝑙𝐶𝑙
), corresponding to the minimum of the 

Gibbs energy that is most often found near the composition of the lowest 
eutectic. By fixing these numbers, the anion-anion coordination number 
is also fixed through Eq. (3), where q𝑖 are the charges of the respec-
tive ions. The cation-cation coordination numbers used in this work are 
given in Table 2.

𝑞𝐵𝑎

𝑍𝐵𝑎
𝐵𝑎𝐶𝑒∕𝐶𝑙𝐶𝑙

+
𝑞𝐶𝑒

𝑍𝐶𝑒
𝐵𝑎𝐶𝑒∕𝐶𝑙𝐶𝑙

= 2 ⋅
𝑞𝐶𝑙

𝑍𝐶𝑙
𝐵𝑎𝐶𝑒∕𝐶𝑙𝐶𝑙

(3)

The excess parameters that are optimized are those related to the 
second-nearest neighbour exchange reaction as given in Eq. (4), where 
the associated change in Gibbs energy is expressed as Eq. (5).

(Ba Cl Ba) + (Ce Cl Ce)⟶ 2(Ba Cl Ce)Δ𝑔𝐵𝑎𝐶𝑒∕𝐶𝑙𝐶𝑙 (4)

Δ𝑔𝐵𝑎𝐶𝑒∕𝐶𝑙𝐶𝑙 =Δ𝑔0
𝐵𝑎𝐶𝑒∕𝐶𝑙𝐶𝑙

+Σ𝑖≥1𝑔𝑖0𝐵𝑎𝐶𝑒∕𝐶𝑙𝐶𝑙
𝜒𝑖
𝐵𝑎𝐶𝑒∕𝐶𝑙𝐶𝑙

+Σ𝑗≥1𝑔0𝑗𝐵𝑎𝐶𝑒∕𝐶𝑙𝐶𝑙
𝜒
𝑗

𝐶𝑒𝐵𝑎∕𝐶𝑙𝐶𝑙
(5)

In Eq. (5) the terms Δ𝑔0
𝐵𝑎𝐶𝑒∕𝐶𝑙𝐶𝑙

, 𝑔𝑖0
𝐵𝑎𝐶𝑒∕𝐶𝑙𝐶𝑙

and 𝑔0𝑗
𝐵𝑎𝐶𝑒∕𝐶𝑙𝐶𝑙

are 
composition-independent coefficients that may depend on temperature. 
The composition dependence of the Gibbs energy is apparent through 

𝜒𝐵𝑎𝐶𝑒∕𝐶𝑙𝐶𝑙 as these are defined as per Eq. (6). In this equation X𝐴𝐴 is 
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the cation-cation pair fraction, or the molar fraction of the quadruplet 
containing two cations A. For this binary system, {𝑋𝐴𝐴 +𝑋𝐴𝐵 +𝑋𝐵𝐵} 
is equal to one.

𝜒𝐴𝐵∕𝐶𝑙𝐶𝑙 =
𝑋𝐴𝐴

𝑋𝐴𝐴 +𝑋𝐴𝐵 +𝑋𝐵𝐵

(6)

The Gibbs energy function used in this work to describe the liquid 
solution is given in Eq. (7).

Δ𝑔𝐵𝑎𝐶𝑒∕𝐶𝑙𝐶𝑙 = −8250 − 3𝑇 + 𝜒𝐵𝑎𝐶𝑒∕𝐶𝑙𝐶𝑙(1500)

+ 𝜒𝐶𝑒𝐵𝑎∕𝐶𝑙𝐶𝑙(−2000 + 8.8𝑇 ) + 𝜒2
𝐶𝑒𝐵𝑎∕𝐶𝑙𝐶𝑙

(−3𝑇 ) (7)

3.3. Solid solution modelling

The thermodynamic description of solid-solutions is done using the 
two-sublattice polynomial model, consistent with the description used 
in the JRC Molten Salt Database (JRCMSD) [24]. The Gibbs energy func-
tion of the solid-solution is given in Eq. (8).

𝐺(𝑇 ) =𝑋𝐴 ⋅𝐺0
𝐴
+𝑋𝐵 ⋅𝐺0

𝐵
+𝑋𝐴𝑅𝑇 𝑙𝑛𝑋𝐴 +𝑋𝐵𝑅𝑇 𝑙𝑛𝑋𝐵 +Δ𝐺𝑒𝑥𝑐𝑒𝑠𝑠

𝑚
(8)

In the above equation, 𝐺0
𝑖

are the end-member molar Gibbs ener-
gies, and 𝑋𝑖 are the site molar fractions of the end-members BaCl2 (A) 
and CeCl3 (B). The third and fourth terms in Eq. (8) represent the con-
figurational entropy. The excess Gibbs energy, presented in Eq. (8) as 
Δ𝐺𝑒𝑥𝑐𝑒𝑠𝑠

𝑚
, is defined as in Eq. (9).

Δ𝐺𝑒𝑥𝑐𝑒𝑠𝑠
𝑚

= Σ𝑖,𝑗≥1𝑦𝑖𝐴𝑦𝑖𝐵𝐿
𝑖𝑗

𝐴𝐵
(9)

The term 𝐿𝑖𝑗

𝐴𝐵
in Eq. (9) is an interaction coefficient that can be a 

function of temperature if necessary. The equivalent site fractions 𝑦𝐴
and 𝑦𝐵 are charge equivalent site fractions. In this work, these fractions 
are 𝑦𝐵𝑎 and 𝑦𝐶𝑒, as defined by Eq. (10) and Eq. (11)

𝑦𝐵𝑎 =
2𝑋𝐵𝑎

2𝑋𝐵𝑎 + 3𝑋𝐶𝑒

(10)

𝑦𝐶𝑒 =
3𝑋𝐶𝑒

3𝑋𝐶𝑒 + 2𝑋𝐵𝑎

(11)

The Gibbs energy function used in this work to describe the solid 
solution is given in Eq. (12).

Δ𝐺𝑒𝑥𝑐𝑒𝑠𝑠
𝑚

= 𝑦𝐵𝑎𝑦𝐶𝑒(−11400 + 3𝑇 )

+ 𝑦2
𝐵𝑎
𝑦𝐶𝑒(−4400 + 2𝑇 ) + 𝑦𝐵𝑎𝑦

2
𝐶𝑒
(21000 − 10𝑇 ) (12)

4. Literature review

The data reported in the literature on the BaCl2 CeCl3 system in-
cludes phase diagram information and structural studies of the interme-
diate compound.

The phase diagram of the molten salt system BaCl2 CeCl3 has been 
studied by Morozov et al. using thermal analysis [21]. Their work is 
shown in Fig. 2. Morozov et al. reported a single eutectic system with 
one intermediate compound of composition Ba3CeCl9. The existence of 
the intermediate Ba3CeCl9 has not been reported elsewhere. However, 
another structure containing both barium, cerium and chloride was re-
ported by Meyer et al. [25] as Ba9Ce6Cl34O. Meyer et al. reported the 
Ba9Ce6Cl34X composition based on X-ray powder diffraction, with X 
corresponding to a space for an interstitial atom. From an electroneu-
trality perspective, Meyer et al. argued that this must be an oxygen 
anion, though they mentioned that a chloride ion would be more feasi-
ble considering the size of the hole. We suspect that there are in fact two 
chloride anions present in the structure, satisfying the electroneutrality 
condition, rather than one oxygen anion, corresponding to the chemical 
formula Ba3Ce2Cl12 (xCeCl3

= 0.4). Gauging the invariant points pre-
sented in the phase diagram of Morozov et al., it is not unlikely that 
4

this is indeed the intermediate they observe, as they do not measure the 
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Fig. 2. Measured invariant points in the BaCl2 CeCl3 system reported by Mo-
rozov et al. [21], phase diagram re-sketched from the original figure published. 
The existence of intermediate Ba3CeCl9 was suggested by the original authors.

Fig. 3. Measured invariant points in the BaCl2 CeCl3 system reported by 
Storonkin et al. [22], phase diagram re-sketched from the original figure pub-
lished. Dashed lines correspond to solid solutions as identified by the original 
authors.

equilibrium event at T = 973 K (700 °C) at compositions xCeCl3
≤ 0.4, 

which indicates a possible intermediate at this composition. This system 
was also investigated by Storonkin et al. using a thermographic method 
[22]. Their data are shown in Fig. 3, and they postulate that there may 
be solid solutions existing at compositions near BaCl2 and CeCl3.

Based on the experimental data of Morozov et al. as shown in Fig. 2, 
Zhang et al. [26] performed a thermodynamic modelling assessment, 
using the quasi-chemical formalism in the pair approximation. The au-
thors included the Ba3CeCl9 intermediate, although its existence is not 
supported by crystal data in the literature. No solid solubility on the 
BaCl2-rich or CeCl3-rich sides was reported either. Their calculation of 
the mixing enthalpy of the molten salt system is moreover based solely 
on their thermodynamic model, and has not been fitted to experimental 
or estimated mixing enthalpy data. Their calculated values are slightly 
more negative (minima of −7400 J ⋅ mol−1 versus −5800 J ⋅ mol−1) 
than those obtained in this work using Davis’ method of estimation 
[27], as described in detail in Appendix A. It is also worth mentioning 
that the composition of the minimum value in the model of Zhang et al. 
is at x𝐶𝑒𝐶𝑙3 = 0.5, while the minimum determined using Davis’ method 

is at x𝐶𝑒𝐶𝑙3 = 0.7, again indicating a slight difference. In view of the dis-
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Fig. 4. Profile refinement [9] of X-ray diffraction data using the crystal structure 
of Ba9Ce6Cl34O as reported by Meyer et al. [25] as structural model. The ob-
served intensity (Yobs, red) is plotted along with the calculated intensity from 
the refinement (Ycalc, black), and the difference between the two is shown 
(Yobs-Ycalc, blue). The angles at which reflections occur are shown as well 
(Bragg positions, vertical lines). Measurement at 𝜆 = Cu-K𝛼.

crepancies noticed in the literature on this system, both experimental 
data and modelling assessment were revisited in this work.

5. Results and discussion

The BaCl2-CeCl3 binary system has been investigated experimen-
tally through the use of XRD, ND, quenching experiments and DSC. The 
mixing enthalpy of this system has been estimated in the absence of lit-
erature data on this property. The reader is referred to Appendix A for 
a detailed explanation of the estimations made for the mixing enthalpy.

5.1. The intermediate Ba3Ce2Cl12

The existence of an intermediate in the BaCl2 CeCl3 system at a 
composition of xCeCl3

= 0.4 can be suspected from the experimental data 
on phase transitions from Morozov et al. [21]. However, there are no 
intermediate salts known of composition Ba3Ce2Cl12 in the literature. 
Meyer et al. [25] did suggest the existence of Ba9Ce6Cl34O as discussed 
in Section 4, which has the same stoichiometric ratio of barium to 
cerium. There is still debate about the existence and stoichiometry of 
this intermediate, as Meyer et al. suggest it contains oxygen. The crystal 
structure was determined using X-ray powder diffraction to be tetrago-
nal, in space group I4/m (87), with cell parameters a,b = 11.348(3) Å 
and c = 21.729(5) Å. Our work, as detailed hereafter, suggests to dis-
card the presence of oxygen in this structure, and instead suggests the 
presence of two chlorine ions, which also satisfies the charge condition.

In order to investigate this intermediate, a synthesis was performed 
as described in Section 2.1 using a solid state route. The synthesised ma-
terial was subsequently investigated using XRD and ND, and the profile 
refinements of this material are shown in Fig. 4 (XRD) and Fig. 5 (ND), 
respectively. For this refinement, the structure of Ba9Ce6Cl34O as identi-
fied by Meyer et al. was used as a starting structural model. The oxygen 
ion they suggest to balance the charge is not present in the crystallo-
graphic data they report. The refinements performed here also lack two 
chlorine atoms.

The profile refinements in Figs. 4 and 5 show good agreement be-
tween the observed and the calculated patterns, indicating that the 
synthesis was a success. The refined crystal structure of this salt, how-
ever, does not account for the presence of oxygen, as seen in Table 3, 
5

where the atomic positions refined from the ND data are reported.
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Table 3

Refined atomic positions of the crystal structure of Ba9Ce6Cl34X as 
calculated with a profile refinement of the ND spectrum. The number 
between brackets is the error on the last digit. 𝜒2 = 67.9, R𝑤𝑝 = 28.3, 
R𝑒𝑥𝑝 = 3.43.

Site Element Wyckoff Index x y z

Cl1 Cl 16i 0.035(2) 0.178(2) 0.383(1)
Ba1 Ba 16i 0.111(3) 0.295(3) 0.139(1)
Cl2 Cl 16i 0.212(2) 0.112(2) 0.241(1)
Cl3 Cl 16i 0.208(3) 0.077(3) 0.072(1)
Cl4 Cl 8h 0.206(2) 0.401(2) 0
Ce1 Ce 8h 0.394(5) 0.212(4) 0
Cl5 Cl 8g 0 0.5 0.080(1)
Ce2 Ce 4e 0 0 0.868(3)
Cl6 Cl 4d 0 0.5 0.25
Ba2 Ba 2a 0 0 0

Table 4

Comparison between cell parameters as ob-
tained from XRD and ND refinements with 
that obtained by Meyer et al. [25].

Source a,b (Å) c (Å)

Meyer et al. [25] 11.348(3) 21.729(5)
XRD refinement 11.357(2) 21.535(8)
ND refinement 11.336(9) 21.529(36)

A comparison between the lattice parameters proposed by Meyer et 
al., the refinement of the XRD pattern and the refinement of the ND 
pattern is given in Table 4. No large discrepancies were observed that 
would suggest a vastly different crystal structure from what Meyer et 
al. report. However, the profile matching between experimental data 
and the fitted model is not fully ideal, as evidenced by the ND data. 
This suggests that the crystal structure of Ba9Ce6Cl36 (or Ba3Ce2Cl12) as 
hypothesied herein should be revisited.

5.2. Solid-solutions - BaCl2-rich side

The existence and structural parameters of solid-solutions in this 
binary system have been investigated through the use of quenching
experiments followed by XRD. The compositions at which quenching 
experiments were performed are x𝐶𝑒𝐶𝑙3 = [0.05, 0.075, 0.15, 0.2, 0.3], 
quenched from T = 1025 K, and x𝐶𝑒𝐶𝑙3 = 0.1, quenched from 1275 K.

A defining characteristic of the solid-solution under investigation is 
the fact that the structure is identical to the high-temperature struc-
ture of BaCl2, 𝛽-BaCl2, albeit with a shift in cell parameters. This shift 
is due to the insertion of the smaller Ce3+ cation (R𝑐𝑟𝑦𝑠𝑡𝑎𝑙 = 1.15 Å 
[28]) instead of the larger Ba2+ (R𝑐𝑟𝑦𝑠𝑡𝑎𝑙 = 1.49 Å [28]) cation in the 
crystal structure of 𝛽-BaCl2. This structure is a fluorite structure with 
space group Fm3m (225). The refinement of lattice parameters shows 
an excellent agreement between the measured and calculated pattern, 
as exemplified in Fig. 6 for the x𝐶𝑒𝐶𝑙3 = 0.1 composition. The occupan-
cies of the shared Ba2+-Ce3+ atomic positions are not refined.

The refined lattice parameters are plotted as a function of compo-
sition in Fig. 6, and are listed in Table 5. A decreasing linear trend 
described with Eq. (13), where V0 is the volume of 𝛽-BaCl2, appears in 
the single-phase solid-solution cell parameters with increase in CeCl3
content, related to the insertion of the smaller Ce3+ cation in the BaCl2
structure. Quenching experiments at xCeCl3

= [0.05, 0.075, 0.3] resulted 
in a mixture of phases. The first two compositions showed a mixture of 
solid-solution and 𝛼-BaCl2, while the latter composition gave a mixture 
of solid-solution and Ba3Ce2Cl12.

𝑉 (𝑥) = 𝑉0 − 59.51𝑥 (13)

The data at xCeCl3
= 0.05 and 0.075 in Fig. 7 result in approximately 
the same cell parameters, suggesting that the composition of the solid 
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Fig. 5. Profile refinement of the neutron diffraction data. The observed intensity (red circles) is plotted along with the calculated intensity from the refinement 
(black line), and the difference between the two is shown (blue line). Bragg positions at which reflections occur are also shown (green lines). Measurement at 𝜆 =
1.667 Å.

Fig. 6. Profile refinement of a quenched sample with x𝐶𝑒𝐶𝑙3 = 0.1, with a fully formed cubic solid-solution (Ba1−xCexClx+2 (cub)). This particular sample was 
quenched from 1275 K. The observed intensity (Yobs, red) is plotted along with the calculated intensity from the refinement (Ycalc, black), and the difference 
between the two is shown (Yobs-Ycalc, blue). The angles at which reflections occur are shown as well (Bragg positions, vertical lines). Measurement at 𝜆 = Cu-K𝛼.
Table 5

Refined cell parameters of the XRD spectra of samples containing solid 
solutions on the BaCl2-rich side, as well as the refined cell parameters 
of the solid solution.

x𝐶𝑒𝐶𝑙3 a, b, c (Å) V (Å3) Weight fraction 
solid-solution (%)

Second phase

0 7.3240(5) 392.86(8) 0 BaCl2
0.05 7.2656(5) 383.54(8) 72.57 𝛼-BaCl2
0.075 7.2668(5) 383.73(8) 57.48 𝛼-BaCl2
0.1 7.2869(5) 386.93(8) 100 none
0.15 7.2639(5) 383.27(8) 100 none
0.2 7.2524(6) 381.46(9) 100 none
0.3 7.2405(5) 379.58(8) 36.25 Ba3Ce2Cl12

solution that is formed contains approximately 18% CeCl3, obtained 
from the linear fit in Fig. 7. This is an indication that the solid solution 
at this temperature has a minimum solubility of 18% CeCl3 at T = 1023 
K. The result of the measurement at xCeCl3

= 0.3 would indicate a solid-
solution containing approximately 24.5% percent CeCl3, indicating the 
6

maximum solubility at this temperature. For the three mentioned com-
positions, the resulting XRD showed a mixture of phases, which was 
not the case for other measurements. For each of these refinements, 
the weight fraction of each phase present was also calculated with the 
profile refinement. From these weight fractions, the cerium-content in 
the solid-solution was derived, and the result is shown in Table 6. The 
agreement with the data extrapolated from the linear fit in Fig. 7 is 
good, given the uncertainties on both methods. The observed solid so-
lution is largely in agreement with the work of Storonkin et al. [22], 
shown in Fig. 3. The difference is that the solid solution was only ob-
served at elevated temperatures in this work, while the phase diagram 
by Storonkin et al. suggests stability at room temperature.

5.3. Solid-solutions - CeCl3-rich side

In addition to the solid solution on the BaCl2-rich side of the phase 
diagram, experimental data obtained in this work as well as that of 
Storonkin et al. indicate that a solid solution could be present at the 
CeCl3-rich side of the phase diagram. Structurally, this solid solution 
differs from the solid solution at the BaCl2-rich side (Ba1−xCexCl2+x

(cub)) in that it has an hexagonal crystal structure (Ba1−yCeyCl2+y
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Fig. 7. Evolution of the cell volume of the measured single-phase solid-solution 
as a function of the nominal CeCl3 molar fraction. The blue dashed line is a lin-
ear fit through the single-phase results. Data for xCeCl3 = 0.1 has been obtained 
at a different temperature (1273 K) than the other experiments (1023 K). BaCl2
as listed in the legend is the cubic 𝛽-BaCl2 phase.

Table 6

Cerium-fractions in the solid solutions 
Ba1−xCexCl2+x estimated using the linear 
trend obtained from Fig. 7 and as calcu-
lated from the weight fractions (profile re-
finements).

XCeCl3 x𝑐𝑒𝑙𝑙𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟CeCl3,𝑠𝑠
x𝑤𝑒𝑖𝑔ℎ𝑡𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛

CeCl3,𝑠𝑠

linear trend profile refinements

0.05 0.187 0.155
0.075 0.180 0.152
0.30 0.245 0.226

(hex)). Quenching experiments were performed to investigate the pres-
ence and possible stability of this solid solution at elevated tempera-
tures. Compositions that were investigated are xCeCl3

= [0.95, 0.975, 
0.99], quenched to room temperature from 973 K, and x𝐶𝑒𝐶𝑙3 = 0.9, 
quenched from 1023 K. These mixtures were investigated using post-
quenching XRD, and profile refinements were performed, which are 
available as supplementary material. An example of these refinements 
is given in Fig. 8 for the composition x𝐶𝑒𝐶𝑙3 = 0.95, indicating a mixture 
of Ba3Ce2Cl12 and solid-solution.

At the CeCl3-rich side of the phase diagram, Ba2+ ions are inserted 
in the crystal structure of CeCl3, which is hexagonal in space group 
P63/m 176. The refined cell parameters of these mixtures are reported 
in Table 7 and are shown in Fig. 9.

The cell volumes presented in Fig. 9 display a minor increase of 
the cell parameters with increasing BaCl2-content in the sample, which 
suggests the formation of a solid solution. The linear fit of this solid 
solution is described by Eq. (14), with V0 the volume of CeCl3.

𝑉 (𝑥) = 𝑉0 − 4.671(1 − 𝑥) (14)

5.4. Standard enthalpy of formation determination

The standard enthalpy of formation of Ba3Ce2Cl12 was measured 
using the thermochemical cycles shown in Table 8 in 25 mL H2O. The 
dissolution reactions reported in Eqs. (15) and (16) were performed 
7

successively. The amounts of Ba3Ce2Cl12 and {BaCl2 + CeCl3} were 
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Fig. 8. Profile refinement of a quenched sample of composition xCeCl3 = 0.95
to investigate the existence of a solid solution. The observed intensity (Yobs, 
red) is plotted along with the calculated intensity from the refinement (Ycalc, 
black), and the difference between the two is shown (Yobs-Ycalc, blue). The 
angles at which reflections occur are shown as well (Bragg positions, vertical 
lines). Measurement at 𝜆 = Cu-K𝛼.

Fig. 9. Refined cell volume as calculated with profile refinements performed in 
this work. An increasing linear trend is apparent, following the insertion of the 
larger Ba2+ into the CeCl3 structure. The lattice parameters for CeCl3 were also 
obtained using a profile refinement.

adjusted so that the solutions obtained as products of reactions (15)
and (16) had the same final concentrations of dissolved ions.

Ba3Ce2Cl12(𝑐𝑟) + H2O(𝑙) = 3BaCl2(𝑠𝑙𝑛) + 2CeCl3(𝑠𝑙𝑛) Δ𝑠𝑙𝑛𝐻1 (15)

3BaCl2(𝑐𝑟)+2CeCl3(𝑐𝑟)+H2O(𝑙) = 3BaCl2(𝑠𝑙𝑛)+2CeCl3(𝑠𝑙𝑛) Δ𝑠𝑙𝑛𝐻2

(16)

The dissolution of the salts BaCl2, CeCl3 and Ba3Ce2Cl12 was in all 
cases instantaneous. The details of the calorimetric results are given 
in Table 9. The enthalpy of the formation reaction from the constitut-
ing binary chloride salts can be expressed as in Eq (17). The standard 
enthalpy of formation has been calculated using Equation (18). The ob-
tained value for the standard enthalpy of formation of Ba3Ce2Cl12 is 

−4711.7 ± 6.0 kJ ⋅ mol−1.
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Table 7

Refined cell parameters of the XRD spectra of samples containing solid solutions on 
the CeCl3-rich side, as well as the refined cell parameters of CeCl3.

x𝐶𝑒𝐶𝑙3 a, b (Å) c (Å) V (Å3) Weight fraction 
solid solution (%)

Second phase

1 7.4428(3) 4.3194(3) 207.22(2) 0 CeCl3
0.99 7.4439(3) 4.3195(3) 207.28(2) 100 none
0.975 7.4446(5) 4.3197(4) 207.33(3) 100 none
0.95 7.4449(4) 4.3198(4) 207.36(2) 96.26 Ba3Ce2Cl12

0.9 7.4453(4) 4.3197(3) 207.37(0) 86.89 Ba3Ce2Cl12

Table 8

Thermochemical cycle used to determine the standard enthalpy of formation of Ba3Ce2Cl12. Measurements per-
formed in the temperature interval T = 298.15 ± 0.3 K. The enthalpy of formation of Ba3Ce2Cl12 was calculated 
using the relation Δ𝑓 H𝑜

𝑚
(5) = −Δ𝑠𝑙𝑛H(1) + Δ𝑠𝑙𝑛H(2) + 3Δ𝑓 H𝑜

𝑚
(3) + 2Δ𝑓 H𝑜

𝑚
(4).

entry reaction Δ𝑠𝑙𝑛𝐻(298.15𝐾) (kJ ⋅ mol−1) source

1 Ba3Ce2Cl12 (cr) + H2O = 3 BaCl2(sln) + 2 CeCl3(sln) −290.19 ± 0.62a this work
2 3 BaCl2 (cr) + 2 CeCl3 (cr) + H2O = 3 BaCl2(sln) + 2 CeCl3(sln) −316.93 ± 0.80a this work

entry reaction Δ𝑓𝐻
𝑜
𝑚
(298.15𝐾) (kJ ⋅ mol−1) source

3 Ba(cr) + Cl2(g) = BaCl2(cr) −855.2 ± 1.7 [7]
4 Ce(cr) + 3/2 Cl2(g) = CeCl3(cr) −1059.7 ± 1.5 [8]
5 3 Ba(cr) + 2 Ce(cr) + 6 Cl2(g) = Ba3Ce2Cl12(cr) −4711.7 ± 6.0 this work

a Expanded uncertainty U with a coverage factor k = 2, corresponding to a 95% confidence interval.

Table 9

Measured dissolution enthalpies at 298.15 K for Ba3Ce2Cl12(cr) (M = 1117.65 g ⋅ mol−1) in 25 mL H2O.

entry m(Ba3Ce2Cl12) (mg) ΔT (mK) C𝑝 (J ⋅ K−1) Q (J) Δ𝑟H
𝑜
𝑚

(298.15 K) (kJ ⋅ mol−1)

1 56.00 162.420 117.683 −14.552 −290.453
2 56.05 121.729 117.691 −14.542 −289.968
3 55.71 121.309 117.345 −14.449 −289.882

entry m(BaCl2 + CeCl3) (mg) ΔT (mK) C𝑝 (J ⋅ K−1) Q (J) Δ𝑟H
𝑜
𝑚

(298.15 K) (kJ ⋅ mol−1)

1 31.79 + 25.37 129.699 117.823 −16.157 −317.430
2 31.40 + 25.56 128.567 117.065 −16.763 −316.424
3 30.83 + 24.40 133.421 117.469 15.673 −317.026
Δ𝑟𝐻
𝑜
𝑚
= −Δ𝑠𝑙𝑛𝐻1 + Δ𝑠𝑙𝑛𝐻2 (17)

Δ𝑓𝐻
𝑜
𝑚
(5) = −Δ𝑠𝑙𝑛𝐻(1) + Δ𝑠𝑙𝑛𝐻(2) + 3Δ𝑓𝐻

𝑜
𝑚
(3) + 2Δ𝑓𝐻

𝑜
𝑚
(4) (18)

5.5. Phase equilibria measurements using DSC

A list of mixtures measured in this work by DSC, along with the 
temperatures of invariant transitions and associated invariant reactions, 
is presented in Table 10. The phase equilibria are also shown on the 
optimized phase diagram in Fig. 10.

5.6. Thermodynamic model

With the thermodynamic descriptions of the parameters in the sys-
tem as described in Table 1, Eq. (7) and Eq. (12), the phase diagram 
and mixing enthalpy of the system were calculated. The phase diagram 
is shown in Fig. 10, and the enthalpy of mixing is reported in Fig. 11. 
The invariant equilibria calculated with this CALPHAD model are pre-
sented in Table 11.

The CALPHAD model displayed in Fig. 10 shows good agreement 
with the measured invariant points. Fig. 11 shows that the calculated 
mixing enthalpy also reproduces the mixing enthalpy as estimated with 
Davis’ method well. A few differences between the data obtained in 
this work and the phase equilibria as interpreted by Morozov et al. 
[21] and Storonkin et al. [22] are worth pointing out. First, the liq-
uidus that is measured here is rather flat between the compositions 
8

xCeCl3
= 0.025 and xCeCl3

= 0.3. This could be related to the formation 
of a solid-solution in this composition range, as the equilibrium be-
tween Ba1−xCexCl2+x and {Ba1−xCexCl2+x + L} is not observable. Also 
in this composition range, thermal events were detected around T =
950 K in contrast to the previous works, which according to the present 
model, correspond to the formation of this solid solution. The peritec-
tic decomposition of the intermediate Ba3Ce2Cl12 observed near T =
1100 K is also reported in the literature, though Morozov et al. identi-
fied this intermediate as Ba3CeCl9. The eutectic composition that was 
measured in this work (x𝐶𝑒𝐶𝑙3=0.67) is approximately at the same com-
position as measured by Morozov et al. (x𝐶𝑒𝐶𝑙3=0.68) and Storonkin et 
al. (x𝐶𝑒𝐶𝑙3=0.65). Finally, Storonkin et al. observed a solid-solution on 
the CeCl3-rich side of the phase diagram, and the DSC data obtained 
in this work corroborates that. The solubility limit of BaCl2 in CeCl3 is 
around 5% at temperatures above 970 K, while that of CeCl3 in BaCl2
has a maximum of about 25% at 1060 K.

5.7. Ternary extrapolation

As mentioned in the introduction, Ce is sometimes used as a simu-
lant for Pu, which is especially helpful when investigating higher order 
systems such as NaCl BaCl2 PuCl3. To investigate the effect of BaCl2
addition on the melting properties of the NaCl PuCl3 fuel, a thermody-
namic model of the system NaCl BaCl2 CeCl3 was constructed, using 
the model by Chartrand et al. [29] for the NaCl BaCl2 system, and the 
work of Lu et al. [30] for the NaCl CeCl3 system. This extrapolation to 
the ternary system is solely based on the constituting binary systems, 

and no ternary excess terms were added.
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Table 10

Equilibrium data in the BaCl2 CeCl3 system as measured by DSC.

xCeCl3
a T (K)b Equilibrium Equilibrium reaction

0 1197 𝛼-𝛽 transition 𝛼-BaCl2 = 𝛽-BaCl2
1235 Congruent melting 𝛽-BaCl2 = L

0.024 1164 Unknown -
1196 Solidus 𝛼-BaCl2+ Ba1−xCexCl2+x = Ba1−xCexCl2+x
1237 Liquidus Ba1−xCexCl2+x = L

0.037 1176 Solidus 𝛼-BaCl2 + Ba1−xCexCl2+x = Ba1−xCexCl2+x
1235 Liquidus Ba1−xCexCl2+x + L’ = L

0.060 952 Eutectoid 𝛼-BaCl2 + Ba3Ce2Cl12 = Ba1−xCexCl2+x
1147 Solidus 𝛼-BaCl2 + Ba1−xCexCl2+x = Ba1−xCexCl2+x
1239 Liquidus Ba1−xCexCl2+x + L’ = L

0.075 943 Eutectoid 𝛼-BaCl2 + Ba3Ce2Cl12 = Ba1−xCexCl2+x
1235 Liquidus Ba1−xCexCl2+x + L’ = L

0.098 944 Eutectoid 𝛼-BaCl2 + Ba3Ce2Cl12 = Ba1−xCexCl2+x
1236 Liquidus Ba1−xCexCl2+x + L’ = L

0.126 943 Eutectoid 𝛼-BaCl2 + Ba3Ce2Cl12 = Ba1−xCexCl2+x
1235 Liquidus Ba1−xCexCl2+x + L’ = L

0.170 944 Eutectoid 𝛼-BaCl2 + Ba3Ce2Cl12 = Ba1−xCexCl2+x
966 Unknown -
1233 Liquidus Ba1−xCexCl2+x + L’ = L

0.175 943 Eutectoid 𝛼-BaCl2 + Ba3Ce2Cl12 = Ba1−xCexCl2+x
1197 Unknown -
1225 Liquidus Ba1−xCexCl2+x + L’ = L

0.199 1217 Liquidus Ba1−xCexCl2+x + L’ = L
0.200 945 Eutectoid 𝛼-BaCl2 + Ba3Ce2Cl12 = Ba1−xCexCl2+x

1064 Unknown -
1233 Liquidus Ba1−xCexCl2+x + L’ = L

0.249 944 Eutectoid 𝛼-BaCl2 + Ba3Ce2Cl12 = Ba1−xCexCl2+x
1082 Solidus Ba1−xCexCl2+x = Ba1−xCexCl2+x + L’
1227 Liquidus Ba1−xCexCl2+x + L’ = L

0.278 1057 Peritectic Ba3Ce2Cl12 = Ba1−xCexCl2+x + L’
1174 Liquidus Ba1−xCexCl2+x + L’ = L

0.3 1066 Peritectic Ba3Ce2Cl12 = Ba1−xCexCl2+x + L’
1163 Liquidus Ba1−xCexCl2+x + L’ = L

0.336 1069 Peritectic Ba3Ce2Cl12 = Ba1−xCexCl2+x + L’
1139 Liquidus Ba1−xCexCl2+x + L’ = L

0.347 1053 Unknown -
1072 Peritectic Ba3Ce2Cl12 = Ba1−xCexCl2+x + L’
1113 Liquidus Ba1−xCexCl2+x + L’ = L

0.39 1052 Unknown
1077 Peritectic Ba3Ce2Cl12 = Ba1−xCexCl2+x + L’

0.4 960 Eutectic Ce1−yBayCl3−y + Ba3Ce2Cl12 = L
1062 Peritectic Ba3Ce2Cl12 = Ba1−xCexCl2+x + L’
1080 Liquidus Ba1−xCexCl2+x + L’ = L

0.444 942 Eutectic Ce1−yBayCl3−y + Ba3Ce2Cl12 = L
1043 Unknown -
1067 Liquidus Ba3Ce2Cl12 + L’ = L

0.5 962 Unknown -
965 Eutectic Ce1−yBayCl3−y + Ba3Ce2Cl12 = L
1058 Liquidus Ba3Ce2Cl12 + L’ = L

0.573 969 Eutectic Ce1−yBayCl3−y + Ba3Ce2Cl12 = L
1025 Liquidus Ba3Ce2Cl12 + L’ = L

0.616 975 Eutectic Ce1−yBayCl3−y + Ba3Ce2Cl12 = L
986 Liquidus Ba3Ce2Cl12 + L’ = L

0.655 979 Liquidus Ba3Ce2Cl12 + L’ = L
0.699 971 Eutectic Ce1−yBayCl3−y + Ba3Ce2Cl12 = L

1003 Liquidus Ce1−yBayCl3−y + L’ = L
0.779 967 Eutectic Ce1−yBayCl3−y + Ba3Ce2Cl12 = L

1032 Liquidus Ce1−yBayCl3−y + L’ = L
0.905 968 Eutectic Ce1−yBayCl3−y + Ba3Ce2Cl12 = L

1073 Liquidus Ce1−yBayCl3−y + L’ = L
0.95 959 Solidus Ba3Ce2Cl12 + Ce1−yBayCl3−y = Ce1−yBayCl3−y

1084 Liquidus Ce1−yBayCl3−y + L’ = L
0.973 946 Solidus Ba3Ce2Cl12 + Ce1−yBayCl3−y = Ce1−yBayCl3−y

1089 Liquidus Ce1−yBayCl3−y + L’ = L
1 1087 Congruent melting CeCl3 = L

a The uncertainties on compositions x𝐶𝑒𝐶𝑙3 are ±0.005.
b The uncertainties on temperatures are ±5 K for pure end-members and ±10 K for mix-

tures.
In Fig. 12, the pseudo-binary phase diagram between {0.95 NaCl+
0.05 BaCl2} and {0.95 CeCl3+ 0.05 BaCl2} is shown alongside the phase 
diagram of the system NaCl CeCl3, in order to show the effect of 5% 
9

BaCl2 addition on the melting behaviour of this system. This figure 
shows that the addition of BaCl2 gives rise to a higher eutectic tem-
perature because of the formation of Ba3Ce2Cl12 (area F in Fig. 12). 
This implies that the addition of BaCl2 increases the eutectic temper-

ature and therefore lowers the margin to solidification during reactor 
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Fig. 10. Phase diagram of the BaCl2-CeCl3 binary system, as calculated with the optimized thermodynamic model. Data from Morozov et al. [21] (empty orange 
triangles), Storonkin et al. [22] (empty blue squares) and this work (filled black circles). Labels for the quenching experiments are completely filled (pure solid-
solution), right-filled (mixture of solid-solution and BaCl2) and left-filled (mixture of solid-solution and Ba3Ce2Cl12).

Table 11

Calculated invariant equilibria in the BaCl2 CeCl3 system using the model presented in this work (CALPHAD), as well as 
measured values of these invariants from Morozov et al. [21], Storonkin et al. [22] and this work (DSC).

x𝐶𝑒𝐶𝑙3 T (K) Equilibrium Invariant reaction

CALPHAD Morozov Storonkin This work (DSC)

0 1198 1200 1199 1197 ± 5 𝛼-𝛽 transition 𝛼-BaCl2 = 𝛽-BaCl2
1234 1243 1239 1235 ± 5 Congruent melting 𝛽-BaCl2 = L

0.18 940 944 ± 10 Eutectoid BaCl2 + Ba3Ce2Cl12 = Ba1−xCexCl2+x
0.4 1068 1071 1069 1062 ± 10 Peritectic Ba3Ce2Cl12 = Ba1−xCexCl2+x + L’
0.66 966 972 970 971 ± 10 Eutectic Ba3Ce2Cl12 + Ce1−yBayCl3−y = L
1 1089 1093 1101 1093 ± 5 Congruent melting CeCl = L
Fig. 11. Mixing enthalpy of the BaCl2-CeCl3 binary system at T = 1250 K, as 
calculated with the thermodynamic model presented in this section. The mix-
ing enthalpy data were obtained with the mixing enthalpy estimation method 
presented in Appendix A.

operation, and poses the threat of precipitation of the PuCl3 in the fuel 
at low temperatures. The effect of 1%, 2%, 3% and 4% BaCl2 additions 
on this binary system, as well as the liquidus projection of the ternary 
system, are presented in Appendix B.

6. Summary

A thermodynamic assessment of the molten salt system BaCl2 CeCl3
10

is presented in this work based on the quasi-chemical formalism in the 
3

quadruplet approximation for the liquid solution. This system is char-
acterized by: i) a single eutectic, ii) a peritectic decomposition of the 
intermediate Ba3Ce2Cl12, iii) a Ba1−xCexCl2+x (cubic) solid-solution sta-
ble at high temperature in the composition range x𝐶𝑒𝐶𝑙3 = [0.05-0.25], 
iv) a Ce1−yBayCl3−y (hexagonal) solid-solution stable at high temper-
atures in the composition range x𝐶𝑒𝐶𝑙3 = [0.925-1]. The structures of 
the solid-solutions in this system have been characterised using XRD, 
and the intermediate Ba3Ce2Cl12 has been characterised with XRD and 
ND. The mixing enthalpy of this system has been estimated with Davis’ 
method over the entire composition range. Extrapolation to the ternary 
system NaCl BaCl2 CeCl3 shows a lowered margin to solidification 
and precipitate formation upon addition of 5% BaCl2.
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Fig. 12. Phase diagram of the {0.95 NaCl + 0.05 BaCl2}-{0.95 CeCl3 + 0.05 BaCl2} pseudo-binary section of the NaCl BaCl2 CeCl3 ternary system. The labelled 
phases are NaCl + L’ (A), NaCl+ BaCl2 + L’ (B), BaCl2 + Ba3Ce2Cl12 + NaCl (C), NaCl+ Ba3Ce2Cl12 + L’ (D), NaCl+ Na3Ce5Cl18 + Ba3Ce2Cl12 (E), Ba3Ce2Cl12 + L’ 
(F), Na3Ce5Cl18 + Ba3Ce2Cl12 + L’ (G), Na3Ce5Cl18 + L’ (H), Ce1−yBayCl3−y + L’ (I), Na3Ce5Cl18 + Ba1−xCexCl2+x + L’ (J), Na3Ce5Cl18 + Ce1−yBayCl3−y + L’ (K), 
Na3Ce5Cl18 + Ce1−yBayCl3−y + Ba3Ce2Cl12 (L), Ce1−yBayCl3−y + Ba3Ce2Cl12 + L’ (M). The dotted line corresponds to the binary system NaCl CeCl3.
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Appendix A. Mixing enthalpy estimation data

Experimental data on the mixing enthalpy of this system have not 
been reported in the literature. As mixing enthalpies are key data, 
however, to develop physically meaningful thermodynamic models, a 
method of estimating the mixing enthalpy was sought.

Several theories have been proposed to predict the mixing enthalpy 
of binary systems, such as those of Reiss, Katz and Kleppa [31], Blander 
[32] and Davis and Rice [27]. In a large experimental study by Østvold 
[33] the authors concluded that the overall most successful estimation 
method for the mixing enthalpy of binary fused salts was the method of 
Davis and Rice. Davis and Rice propose that the mixing enthalpy of a 
molten salt system is related to the size parameter 𝛿12 , calculated with 
Eq. (A.1). In this equation, 𝑟cation1 and 𝑟cation2 are the sixfold-coordinated 
Shannon radii of the cations in a molten salt system, and 𝑟anion is that 
of the anion.

𝛿12 =
𝑟cation1 − 𝑟cation2

(𝑟cation1 + 𝑟anion)(𝑟cation2 + 𝑟anion)
(A.1)

Davis suggested that the mixing enthalpy related linearly to 𝛿12. 
More recent work has shown that, while this is indeed true for simple 
binaries with relatively small cations, a second-order polynomial ex-
pression is often the more accurate choice [33–35] for larger ions. This 
work assumes that the relation between 𝛿12 and the mixing enthalpy is 
indeed a second-order polynomial instead of a linear relation, as both 
Ba2+ and Ce3+ are relatively large cations. In order to obtain an esti-
mate of the mixing enthalpy of the system BaCl2 CeCl3, data on similar 
systems i.e. BaCl2 RECl3 (RE = Rare Earth metals) or AECl2 CeCl3 (AE 
= Alkaline Earth metals) are necessary. These data are, however, also 
not available in the literature, and therefore have to be estimated first. 
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The experimental data available in the literature have been reported by 
Fig. A.13. Mixing enthalpy of three compositions (x𝑅𝐸𝐶𝑙3 = 0.4, 0.5 and 0.6) of 
the systems CaCl2 RECl3 (RE = La, Gd, Yb, Nd, Pr) [36,38] as a function of 𝛿12
(filled symbols), as well as the interpolated value for the CaCl2 CeCl3 systems 
(empty symbols) at xRECl3 = 0.4, 0.5, 0.6 respectively.

Enninga et al. [36] for the systems AECl2 RECl3 (AE = Mg, Ca; RE = La, 
Gd, Yb, Nd, Pr), and Blachnik et al. [37] for the systems SrCl2 RECl3
(RE = La, Gd, Yb).

In the process of obtaining an estimate for the mixing enthalpy of 
BaCl2-CeCl3, estimates for the systems AECl2 CeCl3 (AE = Mg, Ca, Sr) 
were first made, as exemplified in Fig. A.13 for the Ca-systems. Using 
the estimated values, an extrapolation from the lighter alkaline earths 
(Mg, Ca, Sr) to barium can be performed, as shown in Fig. A.14 for 
the AECl2 LaCl3 (AE = Mg, Ca, Sr, Ba) systems. An example of an 
estimated mixing enthalpy curve using this method, along with exper-
imental data reported in the literature, is given in Fig. A.15 for the 
SrCl2 RECl3 (RE = La, Gd, Yb, Ce) systems. Finally, the estimated 
curves for AECl2 CeCl3 (AE = Mg, Ca, Sr), as well as the desired esti-

mation of the mixing enthalpy for BaCl2 CeCl3 are shown in Fig. A.16. 
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Fig. A.14. Mixing enthalpy of three compositions (x𝑅𝐸𝐶𝑙3 = 0.4, 0.5 and 0.6) of 
the systems AECl2 LaCl3 (AE = Mg, Ca, Sr) [36,38] as a function of 𝛿12 (filled 
symbols), as well as the extrapolated value for the BaCl2 LaCl3 system (empty 
symbols) at the same three compositions.

Fig. A.15. Interpolated data for the SrCl2 CeCl3 system using Davis’ method 
(empty symbols), as well as the experimental data for SrCl2 RECl3 (RE = Yb, 
Gd, La) systems [36] used for this interpolation (filled symbols).

This extrapolation was performed for the composition range of 0-100% 
CeCl3, calculating an estimate per step of 10% CeCl3.

The data for the mixing enthalpy estimation of the systems inves-
tigated in this work come from various sources in the literature. Ta-
ble A.12 shows the source where each set of data is reported, as well as 
the temperature at which the mixing enthalpy measurements were per-
formed. All reported data were measured using some form of break-off 
ampoule experiments. The variation of the mixing enthalpy as a func-
tion of temperature is very small.

A.1. Phase equilibria in the presence of oxygen contamination

Since the intermediate that was found in this system reportedly con-
12

tained oxygen according to Meyer et al. [25], it was deemed necessary 
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Fig. A.16. Extrapolated data for the BaCl2 CeCl3 system using Davis’ method 
(asterisk symbols), as well as the estimated data of AECl2 CeCl3 (AE = Mg, Ca, 
Sr) systems used for this extrapolation (empty symbols).

Table A.12

Sources for mixing enthalpy data on the systems used in this work 
with the method by Davis and Rice [27].

Molten Salt System Source Temperature (K)

CaCl2 GdCl3 Enninga et al. [36] 1173
CaCl2 LaCl3 Enninga et al. [36] 1173
CaCl2 YbCl3 Enninga et al. [36] 1173
CaCl2 NdCl3 Gaune-Escard et al. [38] 1073
CaCl2 PrCl3 Gaune-Escard et al. [38] 1073
MgCl2 GdCl3 Enninga et al. [36] 1173
MgCl2 LaCl3 Enninga et al. [36] 1173
MgCl2 YbCl3 Enninga et al. [36] 1173
SrCl2 GdCl3 Blachnik et al. [37] 1180
SrCl2 LaCl3 Blachnik et al. [37] 1180
SrCl2 YbCl3 Blachnik et al. [37] 1180

to check the effect of possible oxygen contamination during the exper-
iments performed herein. To this end, a DSC investigation of a mixture 
of BaCl2 and CeCl3 in a molar ratio of 3:1 was conducted in the presence 
of varying amounts oxygen, adding BaO acting as oxygen source.

The measured DSC curves of the samples containing BaO are shown 
in Fig. A.17. The DSC curves in Fig. A.17 show that the presence of BaO 
gives a significantly different response, and possibly inhibits the forma-
tion of the solid solution between BaCl2 and CeCl3. This is evidenced 
by the disappearance of the peak at T = 950 K upon addition of BaO. 
Furthermore, the peritectic event that was measured in the oxygen-free 
sample and the sample with 2% BaO disappears upon further addition 
of BaO. This indicates that an excess of BaO could inhibit the formation 
of the intermediate.

The measured sample containing 10% BaO was subjected to an XRD 
analysis to investigate which phases had formed during the experiment, 
and a profile refinement was performed. This refinement is shown in 
Fig. A.18, and the phases that are present are BaCl2, Ba3Ce2Cl12 and 
CeOCl. The presence of CeOCl suggests that a possible oxygen con-
tamination would manifest itself in the form of this oxychloride. This 
compound, however, has not been observed in any of the XRD analyses 
of this system without the addition of BaO.

In conclusion, based on the change in DSC response as seen in 
Fig. A.17, as well as the apparent formation of CeOCl as shown in 
Fig. A.18, it is unlikely that the samples measured in this work were 

contaminated with oxygen.
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Fig. A.17. Calorimetry curves measured using DSC of three samples containing 
a mixture of BaCl2 and CeCl3 in a set stoichiometric ratio of 3:1, with varying 
amount of BaO contamination: 0𝑚𝑜𝑙% BaO (blue, bottom), 1.5𝑚𝑜𝑙% BaO (green, 
top) and 10𝑚𝑜𝑙% BaO (red, middle).

Fig. A.18. Profile refinement of the sample with 10% BaO. The observed inten-
sity (Yobs, red) is plotted along with the calculated intensity from the refine-
ment (Ycalc, black), and the difference between the two is shown (Yobs-Ycalc, 
blue). The angles at which reflections occur are shown as well (Bragg positions, 
vertical lines). Measurement at 𝜆 = Cu-K𝛼. Present phases are BaCl2, Ba3Ce2Cl12

and CeOCl.

Appendix B. Ternary field investigations

In section 5.7, the pseudo-binary system {0.95 NaCl + 0.05 BaCl2}-
{0.95 CeCl3 + 0.05 BaCl2} has been presented, which is equivalent to 
the binary NaCl CeCl3 upon addition of 5% BaCl2. The pseudo-binary 
phase diagrams of NaCl CeCl3 upon addition of 1%, 2%, 3% and 4% 
BaCl2 are presented here in Figs. B.19-B.22. Fig. B.23 shows the pro-
jected liquidus surface of the ternary NaCl BaCl2 CeCl3.

Fig. B.19 shows that the addition of 1% of BaCl2 has very little ad-
verse effects on the melting behaviour of the binary NaCl CeCl3, with 
the eutectic being approximately the same as in the pure system. Upon 
further addition of BaCl2, Figs. B.20-B.22, the eutectic temperature in-
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creases, and precipitation of the fissile species becomes more likely. The 
Journal of Molecular Liquids 396 (2024) 123997

Fig. B.19. Phase diagram of the {0.99 NaCl + 0.01 BaCl2}-{0.99 CeCl3 +
0.01 BaCl2} pseudo-binary section of the NaCl BaCl2 CeCl3 ternary system. 
The labelled phases are NaCl + L’ (A), NaCl + BaCl2 + L’ (B), BaCl2 +
Ba3Ce2Cl12 + NaCl (C), NaCl + Ba3Ce2Cl12 + L’ (D), NaCl + Na3Ce5Cl18 +
Ba3Ce2Cl12 (E), Na3Ce5Cl18 + Ba3Ce2Cl12 + L’ (G), Na3Ce5Cl18 + L’ (H), 
Ce1−yBayCl3−y + L’ (I), Na3Ce5Cl18 + Ba1−xCexCl2+x + L’ (J), Na3Ce5Cl18

+ Ce1−yBayCl3−y + L’ (K), Na3Ce5Cl18 + Ce1−yBayCl3−y + Ba3Ce2Cl12 (L), 
Ce1−yBayCl3−y + Ba3Ce2Cl12 + L’ (M).

Fig. B.20. Phase diagram of the {0.98 NaCl + 0.02 BaCl2}-{0.98 CeCl3 +
0.02 BaCl2} pseudo-binary section of the NaCl BaCl2 CeCl3 ternary system. 
The labelled phases are NaCl + L’ (A), NaCl + BaCl2 + L’ (B), BaCl2 +
Ba3Ce2Cl12 + NaCl (C), NaCl + Ba3Ce2Cl12 + L’ (D), NaCl + Na3Ce5Cl18 +
Ba3Ce2Cl12 (E), Ba3Ce2Cl12 + L’ (F), Na3Ce5Cl18 + Ba3Ce2Cl12 + L’ (G), 
Na3Ce5Cl18 + L’ (H), Ce1−yBayCl3−y + L’ (I), Na3Ce5Cl18 + Ba1−xCexCl2+x +
L’ (J), Na3Ce5Cl18 + Ce1−yBayCl3−y + L’ (K), Na3Ce5Cl18 + Ce1−yBayCl3−y +
Ba3Ce2Cl12 (L), Ce1−yBayCl3−y + Ba3Ce2Cl12 + L’ (M).

liquidus projection in Fig. B.23 shows that the addition of very small 
amounts of BaCl2 (≤ 1%) does indeed not influence the melting point 
of the eutectic in a significant way. Further addition of BaCl2, however, 
does quickly lead to an increase of the eutectic temperature, and allows 
for the formation of the intermediate Ba3Ce2Cl12.

Appendix C. Supplementary material

Supplementary material related to this article can be found online 

at https://doi .org /10 .1016 /j .molliq .2024 .123997.

https://doi.org/10.1016/j.molliq.2024.123997
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Fig. B.21. Phase diagram of the {0.97 NaCl + 0.03 BaCl2}-{0.97 CeCl3 +
0.03 BaCl2} pseudo-binary section of the NaCl BaCl2 CeCl3 ternary system. 
The labelled phases are NaCl + L’ (A), NaCl + BaCl2 + L’ (B), BaCl2 +
Ba3Ce2Cl12 + NaCl (C), NaCl + Ba3Ce2Cl12 + L’ (D), NaCl + Na3Ce5Cl18 +
Ba3Ce2Cl12 (E), Ba3Ce2Cl12 + L’ (F), Na3Ce5Cl18 + Ba3Ce2Cl12 + L’ (G), 
Na3Ce5Cl18 + L’ (H), Ce1−yBayCl3−y + L’ (I), Na3Ce5Cl18 + Ba1−xCexCl2+x +
L’ (J), Na3Ce5Cl18 + Ce1−yBayCl3−y + L’ (K), Na3Ce5Cl18 + Ce1−yBayCl3−y +
Ba3Ce2Cl12 (L), Ce1−yBayCl3−y + Ba3Ce2Cl12 + L’ (M).

Fig. B.22. Phase diagram of the {0.96 NaCl + 0.04 BaCl2}-{0.96 CeCl3 +
0.04 BaCl2} pseudo-binary section of the NaCl BaCl2 CeCl3 ternary system. 
The labelled phases are NaCl + L’ (A), NaCl + BaCl2 + L’ (B), BaCl2 +
Ba3Ce2Cl12 + NaCl (C), NaCl + Ba3Ce2Cl12 + L’ (D), NaCl + Na3Ce5Cl18 +
Ba3Ce2Cl12 (E), Ba3Ce2Cl12 + L’ (F), Na3Ce5Cl18 + Ba3Ce2Cl12 + L’ (G), 
Na3Ce5Cl18 + L’ (H), Ce1−yBayCl3−y + L’ (I), Na3Ce5Cl18 + Ba1−xCexCl2+x +
L’ (J), Na3Ce5Cl18 + Ce1−yBayCl3−y + L’ (K), Na3Ce5Cl18 + Ce1−yBayCl3−y +
Ba3Ce2Cl12 (L).

Fig. B.23. Projected liquidus surface of the NaCl BaCl2 CeCl3 ternary system. Precipitate target phases labelled A-F are: NaCl (A), Na3Ce5Cl18 (B), Ba3Ce2Cl12 (C), 
BaCl2 (D), Ce Ba Cl (E), Ba Ce Cl (F).
1−y y 3−y 1−x x 2+x
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