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Critical thermodynamic evaluations and optimizations of the AgCleCoCl2, AgCleInCl3, AgCleNaCl, InCl3
eNaCl and CoCl2eInCl3 systems were carried out in the present work within the framework of the
CALPHAD approach. The molten salt phase was described by the Modiﬁed Quasi-chemical Model, while
the Compound Energy Formalism with various lattice ratios was used to treat the terminal solid solutions. The two binary double salts (Na3InCl6 and Ag3InCl6) were treated as the stoichiometric compounds
of which Gibbs energies were modelled following the Neumann-Kopp rule. All the model parameters
were optimized in terms of the required phase equilibria and thermochemical data arising from
experimental measurements and theoretical predictions (First-principles method and empirical equation). A set of self-consistent thermodynamic database for the AgCleCoCl2eInCl3eNaCl quaternary
system was ﬁnally derived by merging the Gibbs energies for relevant phases in all binary systems
(model parameters of CoCl2eNaCl were adopted from the literature) based upon the KohlereToop
interpolation technique in order to facilely calculate various phase equilibria and thermodynamic
properties of the sub-ternary and quaternary systems. The calculated results involving multicomponent
systems will support beneﬁcial instructions in the related industrial processes.
© 2015 Elsevier B.V. All rights reserved.
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1. Introduction
Molten salts are widely used in various industrial applications,
especially where aqueous solutions have strong limitations. Such
practical applications take advantage of the remarkable properties
of fused salts like their thermal stability and generally low vapor
pressure, being well adapted to nuclear applications and to the
thermal energy storage and thermal medium in solar power systems [1,2]. Their wide potential window between decomposition
limits allows the electro-winning of highly electropositive elements or the preparation of very electronegative elements [3,4].
Their ability to dissolve many inorganic compounds such as oxides,
nitrides, carbides, and other salts makes them ideal solvents useful
in electrometallurgy, metal coating, treatment of by-products, and
energy conversion [5,6].
Research on phase equilibria and thermodynamic behavior is of
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primary importance in the search of the most suitable fused salts
for speciﬁc applications. For instance, in development of molten
salts based heat storage or transport media, the phase diagrams and
thermodynamics will perform useful instructions in the screening
of the system with higher fusion enthalpies and lower melting
points [7]. For the preparation of cobalt dichloride graphite intercalation compounds from molten salts, a decisive role can be played
by the phase diagrams in the choice between CoCl2eNaCl and
CoCl2eKCl systems and imposing the melting compositions and
temperatures of the intercalation process [8]. Therefore, it is preferable for the researchers to look over the related phase diagrams
prior to their novel materials development.
Thermodynamic calculations through the CALPHAD approach
are very effective in obtaining, with a limited amount of experimental data, the phase diagrams and related thermodynamic
properties of multicomponent systems. To the best knowledge of
the present authors, there has no such literature information for the
AgCleCoCl2eInCl3eNaCl quaternary system and its sub-ternary
systems. The present work initially performed the thermodynamic assessments of the AgCleCoCl2, AgCleInCl3, AgCleNaCl,
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InCl3eNaCl and CoCl2eInCl3 systems on the basis of experimental
data available in the literature and also theoretical data predicted
from the ﬁrst-principles method and empirical function. The entire
binary model parameters assessed in the present work and literature [9] were then directly combined based upon the KohlereToop
approach to derive a set of self-consistent thermodynamic functions for the AgCleCoCl2eInCl3eNaCl quaternary system. Various
phase equilibria and thermodynamic properties involving this
system could thus be calculated by virtue of the presently derived
thermodynamic database. Likewise, the interpolation technique
and related binary parameters have also been adopted for successfully
treating
multi-phase
equilibria
in
the
AgCleCoCl2eInCl3eKCl quaternary system in the accompanying
article [10].
2. Data evaluation and prediction
Within the framework of the CALPHAD approach, the experimental phase equilibria and thermochemical data in literature
should be evaluated and selected in detail, if lack of the relative
information, theoretical predictions are sometimes performed,
prior to the thermodynamic optimization, which will be introduced
in the following section.
2.1. Review of literature data
2.1.1. Pure components
There are four terminal components but with ﬁve crystal
modiﬁcations in the present system. The stable solid structures of
pure AgCl and NaCl are halite, pure InCl3 possesses AlCl3 prototype,
while CoCl2 presents two different stable forms: CdCl2-type
modiﬁcation at low temperature and an unknown structure at high
temperature.
The melting point of AgCl ranges from 723 to 730 K in terms of
binary AgCl-based phase diagrams. The fusion enthalpy of AgCl has
been reported by Uvarov [11] to be 13.2 kJ/mol, while the fusion
entropy proposed by Delaney [12] and Ushioda [13] to be
13Jmol1K1. The temperature-dependent thermodynamic functions for the solid and liquid AgCl were taken from the compilation
of Barin [14] which shows the fusion enthalpy of 12.3 kJ/mol and
fusion temperature of 730 K. It seems that there exhibits good
agreement among reported fusion enthalpies, thus the fusion entropy proposed by Delaney [12] and Ushioda [13] may be inappropriate because it will result in the fusion temperature of AgCl as
high as 1015 K.
According to Seifert [15] and Wojakowska [16], there are two
different forms for solid CoCl2. Seifert [15] has found a weak effect
at 973 ± 5 K through differential thermal analysis indicating a
second modiﬁcation of CoCl2. The melting point of CoCl2 was
detected to be 989 K. By means of DSC and conductometric measurements, Wojakowska [16] has conﬁrmed the existence of the
high-temperature allotropic phase of CoCl2 (CoCl2_S2). It was found
that the melting process of CoCl2 is preceded by a solidestate
transition appearing about 20 K below the melting point of CoCl2.
Due to deconvolution of the thermograms, the enthalpy of fusion
and that of solidestate transition were found to be 36.4 and
9.6 kJ mol1, respectively. Melting point of CoCl2 was established to
be 999.0 K. It is obvious that the polymorphic transition close to the
melting temperature was hardly detected in most cases and the
overall transition enthalpy of 46 kJ mol1 between solid and liquid
CoCl2 (including solid transition and fusion) is more meaningful to
be compared with other related experimental data. The previous
work [9] has evaluated the Gibbs energy functions of CoCl2 in solid
and liquid phases but ignoring that of the high-temperature solid
phase. The reported functions manifest that CoCl2 is melted at

997 K with a fusion enthalpy of 43.9 kJ/mol, which agree well with
the measured results by Wojakowska [16] in the case of an additive
of enthalpies from the solid transition and fusion of CoCl2. These
functions were directly introduced in the present work to treat
CoCl2ss (low-temperature allotrope) and liquid phase. The CoCl2_S2
phase was also considered in the present work whose Gibbs energy
function was obtained by exerting a transition temperature of 977 K
and transition enthalpy of 9.6 kJ/mol on the CoCl2ss phase. This
treatment inevitably raised the melting point of CoCl2 up to 1002 K,
but the temperature increment of 5 K still lies in a tolerance range
for relevant measurements under the very high temperature.
The melting temperature of InCl3 ranges from 849 to 875 K
according to the InCl3 based phase diagrams. The Gibbs energy
function of solid InCl3 was taken from the compilation of Glushko
[17] while that of liquid InCl3 is still lacking which will severely
impede thermodynamic descriptions of the InCl3 based molten salt
system. However, the heat capacity of liquid InCl3 has been reported by Glushko [17], and then the fusion enthalpy and temperature are just required to be integrated for the Gibbs energy
function of liquid InCl3. This requirement can be fulﬁlled by critically evaluating the slopes of InCl3 liquidus in various InCl3-based
phase diagrams (see more details in the appendix).
NaCl is a very common salt used in various practical applications. Its melting point of 1073 K and fusion enthalpy of 28.16 kJ/
mol are widely accepted in most thermochemical data compilations. Gibbs energy functions of this component in liquid and solid
state were directly taken from the compilation of Barin [18].
2.1.2. The AgCleCoCl2 system
The complete phase diagram for the AgCleCoCl2 system has
been solely determined by Krzyzak [19] through differential scanning calorimetry method. This system is simple and just of the
eutectic
type with
the invariant
point
locating at
671 ± 2 K&19.5 mol% CoCl2. The limited solid solubility of CoCl2 in
AgCl exists which does not exceed 2 mol%. Seifert [20] has
measured various cobalt dihalide based phase diagrams, while just
proposed a eutectic point of 673.15 K&20 mol%CoCl2 for the
AgCleCoCl2 system. It is clearly seen that the measured eutectic
point from both of the investigators [19,20] are in satisfactory
consistency. Also, excess enthalpies of binary liquid mixtures were
just measured by Papatheodorou [21] at 1080 K through the singleunit high-temperature reaction calorimeter.
2.1.3. The NaCleInCl3 system
Phase diagrams for the NaCleInCl3 system have been experimentally determined by several research groups [22e26]. Vovkogon [23] has ﬁrstly established the whole phase diagram of this
binary system through thermal analysis method. An intermediate
compound NaInCl4 was discovered and congruently melted at
1003.2 K. Two eutectic reactions were thus formed on both side of
NaInCl4 with the invariant points located at 20.97 mol%NaCl &
591.0 K and 61.03 mol% NaCl & 975.2 K, respectively. However, the
existence of NaInCl4 was not further conﬁrmed and Na3InCl6
instead regarded as the only stable double salt in the later observations [22,24e26]. Fedorov [24] found that the double salt
Na3InCl6 would be incongruently melted at 683.2 K in terms of the
thermal analysis method. The peritectic composition corresponding to this temperature contains 54.64 mol% NaCl. This compound
forms a eutectic reaction with InCl3 that melts at 545.2 K and
contains 51 mol% NaCl. Sryvtsev [25] has also observed Na3InCl6
incongruently melted but occurring at the temperature of 689.2 K
with peritectic composition comprising 63.00 mol% of NaCl. The
eutectic reaction is also formed from InCl3 and Na3InCl6 but located
at 51.00 mol%NaCl & 543.2 K. Chatova [22] has established the
InCl3eNaCl phase diagram in which Na3InCl6 was observed to be
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congruently melted at 683.2 K. This melting point differs only by
2 K from the eutectic formed by the compound with NaCl. With
InCl3, it forms a eutectic point containing 49 mol% NaCl at 545.2 K.
By virtue of DTA measurement, Aﬁnogenov [26] has also constructed the NaCleInCl3 phase diagram for which the basic feature
is similar to that proposed by Chatova [22] but with a lower NaCl
liquidus. The crystal structure of Na3InCl6 at 200 K has been
determined by Yamada [27] using the single-crystal X-ray analysis
which belongs to the trigonal system with an isolated InCl3
6 anion
and two crystallographically nonequivalent sodium ions Na(1) and
Na (2). Currently, there still lack of the thermochemical data for the
double salt and molten salt, and the existed phase equilibria data
exhibit large discrepancies among various experimental measurements in the NaCleInCl3 system.
2.1.4. The AgCleInCl3 system
For AgCleInCl3 system, two groups of researchers [23,28] have
conducted experimental investigations on the phase diagram by
thermal analysis method. Both of the two groups have proved that
this system includes an intermediate compound Ag3InCl6 and two
eutectic reactions, but discrepancies still exist on the melting
temperatures of the compound and eutectic points. Vovkogon [23]
observed that Ag3InCl6 could be congruently melted at 646 K which
is 15 K lower than the temperature reported by Fedorov [28]. A
polymorphic transition of Ag3InCl6 at 608.2 K was ﬁrstly proposed
by Fedorov [28] without any further conﬁrmation. The larger
controversial was indeed ascribed to the positions of the two
eutectic points. The former reported that the two points were
placed at 642 K & 77 mol% and 602 K & 32 mol% compared with
645 K & 61 mol% and 653 K & 79 mol% AgCl by the later, respectively. Up to now, there exist no experimental measurements on the
crystal structure information and thermochemical data of the
double salt (Ag3InCl6) and molten salt in the AgCleInCl3 system.
2.1.5. The AgCleNaCl system
Equilibrium phase relations for the AgCleNaCl system have
been experimentally determined by three research groups [29e31].
All the investigations conﬁrm that just two phases with liquid and
solid solution are included in this binary system. By using the
visual-polythermal method, Zhemchuzhnui [30] has ﬁrstly constructed the liquidus and solidus line under which there exhibits
completely homogenous solid solution over the entire composition
region. However, a miscibility gap (MG) was later detected by
Stokes [31] for the solid phase with the upper critical point (UCP)
near 448 K. The solid solubility boundary was determined by
observing different optical morphologies for the samples, with
completely transparent form above the boundary while milkywhite opaque appearance below the boundary. This MG was later
conﬁrmed by Sinistri [29] through high temperature X-ray
diffraction measurements with the sample preparation given
particular care in order to describe as accurately as possible the
limits of solid solubility boundary.
Large amounts of information are available in the literature on
the thermochemical data of the solid and liquid phase in the binary
AgCleNaCl system. The enthalpies of mixing in the binary melts
were measured at 933 K by Hersh [32] using high-temperature
reaction calorimetry (both solideliquid and direct liquideliquid
calorimetry) and at 1133 K by Murgulescu [33] employing the Pt
calorimeter (direct liquideliquid calorimetry). Activities of AgCl in
the binary AgCleNaCl melt were derived from electromotive force
measurements (EMF) with galvanic cell (AgjAgCleNaCl meltsjgraphite, Cl2) by Guion [34] from 1073 to 1173 K at compositions of
0.05, 0.30.5 (mole fraction of AgCl, similarly hereinafter), by Stern
[35] from 1014 to 1222 K at compositions of 0.0775, 0.0891, 0.1233,
0.2530, 0.3331, 0.5260, by Makarova [36] at temperatures of 723 K,
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773 K, 823 K over a concentration range from 0.48 to 0.67, by Moser
[37] from 950 to 1150 K at compositions of 0.2452, 0.3882, 0.5005,
0.5860, 0.6776, 0.7906, 0.9, by Panish [38] from 850 to 1200 K at
compositions of 0.0313, 0.0978, 0.209, 0.351, 0.505, 0.550, 0.581,
0.615, 0.635, 0.646, 0.667, 0.755, 0.85, by Pelton [39] from 830 to
1200 K at compositions of 0.0515, 0.1032, 0.1043, 0.2058, 0.3580,
0.5080, 0.7073, 0.8548. By designing the cell type of
CujAgjCsCleAgCleNaCl meltsjCl2(C)jCu, Richter [40] initially
intended to obtain activity coefﬁcients of molten salts with three
components while the activities of AgCl in the binary AgCleNaCl
melts at 1073 K was also measured when no amount of CsCl was left
in the melts. The heats of formation of the solid solution in the
AgCleNaCl system were also determined at 623 K by Kleppa [41]
using high-temperature solution calorimetry with pure liquid silver nitrate as the solvent and at temperatures of 648, 683, 723, 773,
823, 873 K by Nazarov [42] deriving from the experimental
dependence of the activities of the components on the compositions. Activities of AgCl in the binary AgCleNaCl solid solution,
could also be achieved indirectly from EMF measurements with
solid galvanic cell (C, Cl2jAgCleNaCljAgCljCl2, C) by Karpachev [43]
at 713 K over wide concentration range, with solid cell (Pb,
PbCl2jAgCleNaCljAg, AgCl) by Watcher [44] from 400 to 500 K at
compositions of 0.160, 0.193, 0.296, 0.368, 0.440, 0.596, 0.601,
0.636, 0.719, 0.805, 0.870, with solid cell (AgjAgCljAgCleNaCljAg)
by Ptak [45] from 540 to 590 K at compositions of 0.1, 0.15, 0.2, 0.25,
0.5, 0.8, 0.85, 0.9, with solid cell (AgjAgCleNaCljCl2,C) by Panish
[38] from 495 to 1050 K at compositions of 0.0313, 0.0978, 0.209,
0.351, 0.505, 0.550, 0.581, 0.615, 0.635, 0.646, 0.667, 0.755, 0.850. It
seems that the EMF values exhibit satisfactory convergence for the
molten salt while great dispersion for the solid solution. The reason
why the dichotomy happens will be discussed in detail in the
following section of results and discussion.
2.1.6. The CoCl2eInCl3 system
Phase equilibria concerning the CoCl2eInCl3 system was only
detected by Fedorov [46] through thermal analysis method. This
system is also simple and just of the eutectic type but with a broad
region of solid solutions appeared on both of the components. The
two terminal solid solutions form eutectic with molten salts
comprising 51 mol% of CoCl2 at 798.2 K. As yet, there exist no
measurements on the thermochemical information of the
CoCl2eInCl3 system.
2.1.7. The CoCl2eNaCl system
The phase diagram and thermodynamic properties for the
CoCl2eNaCl system have been solely calculated by Robelin [9] on
the basis of the critical review and evaluation of the experimental
data available in the literature. No solid solubility was reported on
both of the end-member components. The double salt Na2CoCl4
was thermodynamically treated which shows a temperature range
of stability from 622 to 638 K. The calculated eutectic point is
located at 639 K and 62.6 mol% NaCl. The model parameters optimized by Robelin [9] for this binary system was adopted in the
present work to derive a set of thermodynamic database for the
CoCl2eNaCl based multicomponent system.
2.2. First-principles methodologies
First-principles calculation can supplement thermodynamic
modeling and parameter optimization by providing needed thermochemical data of individual phases when lacking of relative
experiments. All ﬁrst-principles calculations based upon density
functional theory (DFT) in the present work were performed using
the CASTEP module [47], as interfaced with Materials studio 6.0.
Ultrasoft (USPP), norm-conserving (NCPP) and on the ﬂy (OTFG)
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potentials were adopted, along with the exchange-correlation
functionals of the local density approximation (LDA) and the
generalized gradient approximation (GGA) like PBE, RPBE, WC,
PW91 and PBEsol, to examine the effect of different DFT methods
on the predicted ground state of structures. Here, 9 electrons as
valences for Na (2s22p63s1), 13 for In (4d105s25p1), 7 for Cl (2s22p5)
were used within USPP potential, 9 for Na (2s22p63s1), 3 for In
(5s25p1), 7 for Cl (2s22p5) within NCPP potential, 9 for Na
(2s22p63s1), 13 for In (4d105s25p1), 7 for Cl (2s22p5) within OTFG
potential. During the CASTEP calculations, the structure relaxations
and ﬁnal static calculations were conducted by employing the
plane wave energy cutoff of 1000 eV for NCPP, 450 eV for USPP,
650 eV for OTFG, the Monkhorst-Pack k-point meshes of 0.03 Å1,
energy conversion threshold of 0.005 meV/atom, maximum
displacement of 0.0005 Å and maximum force of 0.01 eV/Å, in order
to yield a high accuracy for the energy and atomic displacements.
Due to the lack of relative crystal structure information, the ﬁrstprinciples calculation failed to be performed on Ag3InCl6. Finally,
the formation enthalpy of Na3InCl6 with reference to NaCl and InCl3
can be obtained in an equation of the following form,

DH ¼ Etot ðNa3 InCl6 Þ  3Etot ðNaClÞ  Etot ðInCl3 Þ

(2)

where Etot(Na3InCl6) , Etot(NaCl) and Etot(InCl3) are the electronic
total energy of the Na3InCl6, NaCl and InCl3 compound in their
ground state structure at T ¼ 0 K, respectively. More details are
displayed in the appendix for the predicted values of the electronic
total energies and equilibrium volumes, and also the resulting
formation enthalpies of Na3InCl6 based upon various DFT methods.
Detailed discussions on the dependence of relative values on
various DFT methods will also proceed in the appendix.

2.3. Empirical prediction for the mixing enthalpy in melts
There are no reported measurements for the mixing enthalpy of
the InCl3eNaCl melt, but it is possible to estimate it by an empirical
method. This method is simple and just to ﬁnd a relationship between the mixing enthalpy of binary melts and the ionic parameters (usually the function of the ionic parameters). As proposed by
Robelin [48], the function of the ionic parameters is deﬁned as the
following equation,

 
i.h

i

3þ



rþ
r3þ
rþ
Na þ rCl  rM þ rCl
Na þ rCl
M þ rCl
.h

i

3þ


rþ
r3þ
¼ rþ
Na  rM
Na þ rCl
M þ rCl

d12 ¼

h

(3)
where ri is the ionic radius of i, whose values are taken for an
octahedral geometry from the compilation of Shannon [49]. The
available cations M3þ in the present case rely on whether or not
there exist sufﬁcient measurements for the mixing enthalpy of the
NaCl-MCl3 melts. After carefully searching the literature information, the experimental mixing enthalpy reported for the NaCleLaCl3
[50], NaCleCeCl3 [50], NaCl-PrCl3 [51], NaCl-NdCl3 [52], NaCl-SmCl3
[53], NaCl-GdCl3 [53], NaCl-DyCl3 [54], NaCleTbCl3 [55],
NaCleErCl3 [53], NaCl-YbCl3 [53], NaCleFeCl3 [56], NaCleAlCl3 [57]
binary melts at 50 mol% MCl3 are ultimately selected to evaluate
their intrinsic correlation with the function of the ionic parameters
d12. The dependence of the mixing enthalpies of various melts on
their parameter d12 clearly takes on a linear relationship in the
present case. Thus, the mixing enthalpy of a 50 mol%NaCl-50 mol%
InCl3 melt at 1100 K was estimated with a value of 15.5 kJ/mol. It
should be noted that the composition of 50 mol% MCl3 was chosen
since it corresponds to the approximate composition where the

mixing enthalpy of the liquid is most negative in (MCl3eNaCl)
mixtures. More details can be found in the appendix for the used
ionic radiuses of all the cations and anions and the correlations
between d12 and mixing enthalpies in respective melts.
3. Thermodynamic modelling
In the quaternary AgCleCoCl2eInCl3eNaCl system, there are
three types of phases like solid salt solution, double salt and molten
salt. The phases considered are listed in table A3 in the appendix,
along with the model used to describe their thermodynamic
properties. All the unknown model parameters were optimized
based upon the assessed data from experimental measurements
and theoretical predictions through the FactSage thermodynamic
software [58].
3.1. Lattice stabilities
In Section 2.1.1, the phase stabilities and thermodynamic properties of the pure components were reviewed and evaluated, and a
set of reliable Gibbs energy functions were recommended to use in
the present work. These functions can be expressed in an equation
of the following form,
0

G4
¼ G4
 HSER
i
i
¼ a þ bT þ cTlnðTÞ þ dT2 þ eT3 þ f T1 þ

X

gn Tn

(4)

n

where HSER is the molar enthalpy of the stable element reference
(SER) of the pure element in its stable state at 298.15 K, T is the
absolute temperature, and a to f and gn are coefﬁcients, n stand for a
set of integers. The appendix displays all the coefﬁcients appeared
in Eq. (4) for the corresponding compounds.
3.2. Thermodynamic modeling for the molten salt
The liquid solution was thermodynamically described by the
Modiﬁed Quasi-chemical Model [59] which takes into account
short-range ordering between nearest-neighbors on a lattice or
sublattice. This model has been successfully applied to a variety of
molten salt systems [9,48,56,57]. In the present work, owing to the
sole anion of Cl, short-range ordering was treated by considering
the relative numbers of second-nearest-neighbor cationecation
pairs. The model parameters are the Gibbs free energy of formation
of the following pair,

ðA  Cl  AÞpair þ ðB  Cl  BÞpair ¼ ðA  Cl  BÞpair

DgAClB
(5)

where A and B are two different cations. The model was initially
developed in terms of nearest-neighbor pairs (A-B) for species
mixing on one lattice. In the present work, since the anionic sublattice is occupied only by Cl, the model can be used directly to
treat cationecation pairs on the cationic sublattice. The pair A-Cl-B
can thus be notated as A-B here, whose formation energy can be
expanded as a polynomial,

DgAB ¼ Dg0AB þ

X
ðmþn1Þ

n mn
Xm
AA XBB gAB

(6)

where XAA and XBB are the mole fraction of AeA and BeB pairs,
respectively. Dg0AB and gmn
AB are usually expressed as a þ bT with a
and b optimized by the experimental data. The pair fraction is
usually claimed as the internal variable which will make the Gibbs
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energy function reach the minimum at the speciﬁc composition,
temperature and pressure. The model requires a deﬁnition of the
B
A
B
cationecation coordination numbers ZA
AA , ZBB , ZAB , ZAB for a given
binary system A, B/Cl. The composition of maximum short-range
ordering in the A, B/Cl binary system is determined by the ratio
Ag
B
Co
of ZA
AB =ZAB . For example, the choice of 2ZAgCo ¼ ZAgCo ðM : Ag; NaÞ
assumes that there exist maximum short-range ordering (MSRO)
M
near the M2CoCl4 composition, while ZIn
M:In ¼ ZM:In ðM : Ag; Na; CoÞ
indicates MSRO appeared close to the compositions of MInCl4 for
M ¼ Ag, Na and of M2InCl5 for M ¼ Co. For the AgCleNaCl melt, it
possesses no MSRO and can be approximately equal to the regular
Ag
solution, the choice of ZNa
NaAg ¼ ZNaAg will make a ﬂexible shift between the regular solution model and the modiﬁed quasi-chemical
model. The values for the cationecation coordination numbers
deﬁned in the present system can be found in the appendix.
Once all the binary model parameters Dg0AB and gmn
AB have been
determined, the Gibbs energy of ternary or higher order solution
can be predicted from the binary model parameters using a proper
interpolation technique, and small ternary model parameters are
sometimes needed to accurately treat the solution. In this work, the
liquid solutions contain the cations Agþ, Naþ, Co2þ, In3þ which are
divided into three groups, with Agþ and Naþ entering the ﬁrst
group while Co2þ and In3þ second and third group, respectively,
according to the same or different charge valences. In each ternary
subsystem, when all three components belong to the same group or
the three different groups, “Kohler-like” symmetric extrapolation is
used, when the ﬁrst two of them belong to the same group and the
third is in the other group, “Toop-like” asymmetric extrapolation is
applied, where the third component is considered as an asymmetric one. According to this symmetric/asymmetric dichotomy,
the pair fraction XAA and XBB in Eq. (6) for multicomponent systems
should be replaced by pair fractions ratios cAB and cBA which can be
expressed in the form of the following equation [59],

cAB ¼

X X
i¼A;P j¼B;P

,
Xij

X

X

Xij

(7)

i¼A;B;P;Q j¼A;B;P;Q

where P represents all values of P in A-B-P asymmetric ternary
subsystems in which B is the asymmetric component, and Q represents all values of Q in asymmetric A-B-Q subsystems in which A
is the asymmetric component. Followed by equation (7), the
detailed expressions for various cAB and cBA are listed as Eq. 8e13
for the present system.

cAgCo ¼

XAgAg þ XNaNa þ XAgNa
XAgAg þ XNaNa þ XCoCo þ XAgNa þ XAgCo þ XNaCo

cCoAg

XCoCo
¼
XAgAg þ XNaNa þ XCoCo þ XAgNa þ XAgCo þ XNaCo
(8)
cAgIn ¼

XAgAg þ XNaNa þ XAgNa
XAgAg þ XNaNa þ XInIn þ XAgNa þ XAgIn þ XNaIn

¼

XInIn
XAgAg þ XNaNa þ XInIn þ XAgNa þ XAgIn þ XNaIn

cInAg

(9)
cAgNa ¼

XAgAg
XAgAg þ XNaNa þ XAgNa

¼

XNaNa
XNaNa þ XAgAg þ XAgNa

cNaAg
(10)

cCoIn ¼

XCoCo
XCoCo þ XInIn þ XCoIn
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cInCo ¼

XInIn
XCoCo þ XInIn þ XCoIn
(11)

cCoNa ¼

XCoCo
XCoCo þ XNaNa þ XAgAg þ XCoAg þ XCoNa þ XAgNa

¼

XNaNa þ XAgAg þ XAgNa
XCoCo þ XNaNa þ XAgAg þ XCoAg þ XCoNa þ XAgNa

cNaCo

(12)
cNaIn ¼

XNaNa þ XAgAg þ XAgNa
XNaNa þ XInIn þ XAgAg þ XAgNa þ XAgIn þ XInNa

¼

XInIn
XNaNa þ XInIn þ XAgAg þ XAgNa þ XAgIn þ XInNa

cInNa

(13)
Due to the dearth of ternary phase equilibria and thermochemical information, any ternary interaction terms are thus not
included in the present work.
3.3. Thermodynamic modeling for the solid solution
Three binary solid solution phases, notated by (AgNa)Cl, CoCl2ss,
InCl3ss, are included in the present case which can be modeled as
the Compounds Energy Formalism [60,61]. For the (AgNa)Cl phase,
the components AgCl and NaCl can form a solid solution with
continuously homogeneity range while little amount of CoCl2(<2%)
can be mixed in AgCl. There also exhibit broad homogeneity ranges
of CoCl2 in InCl3ss and InCl3 in CoCl2ss phase. Herein, the model
(Agþ, Naþ, Co2þ, Va)1(Cl)1 was adopted to thermodynamically
describe the (AgNa)Cl phase while (Co2þ, In3þ)1(Va, Cl)3, (Co2þ,
In3þ, Va)1(Cl)2 selected to treat the InCl3ss and CoCl2ss phase,
respectively. All the model expressions and their parameters
deduction are discussed in detail in the appendix.
3.4. Thermodynamic modeling for the double salt
In the present work, only two double salts (Ag3InCl6 and
Na3InCl6) are taken into account in the thermodynamic calculations
of the AgCleInCl3 and InCl3eNaCl systems. Both of them are stoichiometric whose Gibbs energies per mole are currently described
in a form of the following equation,

GM3 InCl6 ¼ 3G0MCl þ G0InCl3 þ DHM3 InCl6  TDSM3 InCl6

(14)

where G0MCl and G0InCl3 are Gibbs free energies of singles salts MCl
(M: Ag, Na) and InCl3, DHM3 InCl6 and DSM3 InCl6 represent the formation enthalpy and entropy of the double salt with reference to
the constituent single salts, respectively. DHM3 InCl6 and DSM3 InCl6
are assumed to be independent of temperature in the present
modeling indicating heat capacities of the double salts comply with
the Neumann-Kopp rule. The formation enthalpies and entropies
are model parameters which were optimized in the present work
based upon phase equilibria information as well as thermochemical
data from the ﬁrst-principles prediction. The appendix will give
quite a few discussions on the Neumann-Koop rule and its application to obtaining heat capacities of Ag3InCl6 and Na3InCl6.
4. Results and discussion
All the experimental data available in literature are critically
evaluated based upon the experimental techniques and consistency
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among the resultant experimental datum. The model parameters
are obtained by simultaneously reproducing all the reliable
experimental data of all binary systems within their experimental
error limits. All model parameters used in the present work for the
phases of molten salt, solid salt solutions, and double salts can be
found in the appendix. For the CoCl2eNaCl system, the model parameters optimized by Robelin [9] are directly taken and the
calculated phase diagram is placed in the appendix without further
elaborations. The detailed discussions below have been conducted
on the present calculated results for the phase diagrams and
thermodynamic properties in the binary, ternary and quaternary
systems.
4.1. The AgCleCoCl2 system
The calculated AgCleCoCl2 phase diagram is displayed in Fig. 1
along with the experimental phase equilibria data of Krzyzak [19]
and Seifert [20]. There appears limited solid solubility of CoCl2 in
(AgNa)Cl phase which has been treated as the CEF model like (Agþ,
Co2þ, Va)1(Cl)1 in the present work. Table 1 shows the invariant
reactions and the compositions of the respective phases from both
the present calculation and previous experimental measurements
[19,20]. The calculated mixing enthalpies for the AgCleCoCl2 melts
at 1080 K are given in Fig. 2 in comparison with the calorimetric
data from Papatheodorou [21]. It is clearly manifested from
Figs. 1e2 and Table 1 that the present calculation can well and
consistently reproduce all the reported experimental data concerning phase diagram and thermodynamic properties for the
AgCleCoCl2 system.
4.2. The NaCleInCl3 system
Several sets of phase equilibria data [22e26] have been reported
for the NaCleInCl3 system but great scatters are clearly exhibited
among them from these different measurements. Moreover, it is
still unavailable for relative thermochemical data involving the

1000

Krzyzak.2008

[19]

Seifert.1977

[20]

double salt (Na3InCl6) and molten salt. A dilemma is thus posed as
no experimental data are reliable enough to optimize the model
parameters. To this end, two kinds of theoretical methods have
been employed to aid model parameters optimization in the present work. One is the ﬁrst-principles study being used to predict
the formation enthalpy of Na3InCl6; the other is the empirical
equation to obtain the maximum enthalpy of mixing for the molten
salt. For the ﬁrst-principles calculation, the accuracy of the prediction is signiﬁcantly inﬂuenced by the selected parameters and
various DFT methods. The formation enthalpy predicted by OTFGPBESOL method was ﬁnally adopted to determine the model
parameter DHNa3 InCl6 (see more discussions in the appendix), and
the remaining unknown parameter DSNa3 InCl6 can be facilely optimized by means of the decomposition temperature of Na3InCl6. As
described in detail in Section 2.3, an empirical method has been
established to obtain the maximum enthalpy of mixing in the binary NaCleInCl3 melt of which value was ﬁnally predicted to
be 15.5 kJ per mole salt at 1100 K. This value was adopted in the
present case to determine the model parameter DgInNa. Based
upon the model parameters evaluated above, the whole NaCleInCl3
phase diagram was calculated, as shown in Fig. 3. The calculated
invariant points are also given in Table 2 in comparison with
various measured values. It is obvious from the ﬁgure and table that
the present calculation can well reproduce the liquidus data and
decomposition temperature of Na3InCl6 from Fedorov [24] and
Sryvtsev [25] while somewhat deviations apparently exist in the
treatment
of
their
reported
eutectic
reaction
(liquid 4 InCl3þNa3InCl6), in particular the reaction temperature.
The calculated result seems to approach more closely the data reported by Vovkogon [23]. It should be noted here that just one
model parameter for the melt was employed to achieve such a good
simulation of the NaCleInCl3 system.

4.3. The AgCleInCl3 system
Limited experimental data available in literature [23,28] are
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Fig. 1. The calculated AgCleCoCl2 phase diagram along with experimental data.
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Table 1
Invariant point in the AgCleCoCl2 System (*: this work).
Reaction type

Mole fraction of CoCl2 (mol %)

Temperature, K

671.0
671.0
673.2

E1

Liquid!AgCl þ CoCl2

Mixing enthalpy in liquid phase, J/mol salt

700

Papatheodorou.1980

[21]

Reference

Phase#1

Phase#2

Phase#3

19.5
19.5
20.0

1.99%
<2%
e

100.00
100.00
e

[*]
[19]
[20]

The single-unit high-temperature reaction calorimeter

450

200

-50

-300

-550
0.0

0.2

0.4

0.6

0.8

1.0

Mole Fraction of CoCl 2
Fig. 2. The calculated mixing enthalpy in AgCl-CoCl2 melts along with experimental data at 1080 K.
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Fig. 3. The calculated NaCleInCl3 phase diagram along with experimental data.
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Table 2
Invariant points in the NaCleInCl3 System (*: this work).
Reaction type

Temperature, K

Mole fraction of NaCl (mol %)
Phase#1

E1

Liquid!Na3 InCl6 þ InCl3

E1

Liquid!NaInCl4 þ InCl3
P1

Liquid þ NaCl!Na3 InCl6
E1

Liquid!NaCl þ Na3 InCl6
E1

Liquid!NaCl þ NaInCl4

Reference

Phase#2

Phase#3

587.7
545.2
545.2
545.2
543.2
591.0

51.73
49.00
48.31
51.00
51.00
20.97

75.00
75.00
75.00
75.00
75.00
75.00

0.00
0.00
0.00
0.00
0.00
0.00

[*]
[22]
[26]
[24]
[25]
[23]

683.3
683.2
689.2
681.2
681.3
975.2

60.64
54.64
63.00
76.15
80.09
61.03

100.00
100.00
100.00
100.00
100.00
100.00

75.00
75.00
75.00
75.00
75.00
50.00

[*]
[24]
[25]
[22]
[26]
[23]

solely related to the phase equilibria of the AgCleInCl3 system. As
elaborated above, the theoretical methods can supplement key
thermochemical data to aid in the model parameters optimization,
but it is not the case for this system due to the lack of required
crystal structure of Ag3InCl6 for the ﬁrst-principles calculation and
mixing enthalpies of AgCl-MCl3 melts used in the empirical equation. Therefore, model parameters optimization was performed just
according to the phase equilibria data of Vovkogon [23] and
Fedorov [28] with more respect given to the eutectic temperatures
determined by the latter. The whole phase diagram and invariant
reactions for the AgCleInCl3 system with experimental data are
shown in Fig. 4 and Table 3, respectively. The polymorphic transition of Ag3InCl6 failed to be treated in the present case due to lack of
the transition enthalpy, while a prompt response could be made if
measured the required data.
4.4. The CoCl2eInCl3 system
The calculated CoCl2eInCl3 phase diagram is presented in Fig. 5

in comparison with the only reported data from Fedorov [46]. This
system is just of the eutectic type but with a broad region of solid
solutions on both sides of the phase diagram. Two CEF models were
constructed as (Co2þ, In3þ)1(Cl, Va)3 and (Co2þ, In3þ, Va)1(Cl)2
with the former describing solid InCl3 solution while the latter
treating solid CoCl2 solution. Table 4 shows the eutectic reaction
and compositions of the respective phases from both the present
calculation and experimental measurement [46]. It is evident from
Fig. 5 and Table 4 that there exists ﬁne consistency between the
calculated results and experimental data in an aspect of phase
equilibria. The empirical method mentioned in paragraph 2.3 also
fails to predict the enthalpy of mixing in the CoCl2eInCl3 melts for
there are no enough CoCl2-MCl3 systems providing the corresponding data. Herein, thermodynamic properties of the
AgCleInCl3 and CoCl2eInCl3 melts from the present calculation are
still under debate due to the dearth of thermochemical data used in
the model parameters optimization. Nevertheless, massive thermodynamic calculations proved that the Modiﬁed Quasi-chemical
Model can excellently simulate the conﬁgurational entropy of the

900
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Fig. 4. The calculated AgCleInCl3 phase diagram along with experimental data.
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Table 3
Invariant points in the AgCleInCl3 System (*: this work).
Reaction type

Temperature, K

Mole fraction of AgCl (mol%)

639.3
645.2
602.0
654.7
653.1
641.7

E1

Liquid!Ag3 InCl6 þ InCl3
E2

Liquid!Ag3 InCl6 þ AgCl

Reference

Phase#1

Phase#2

Phase#3

61.93
61.31
64.34
79.50
79.41
80.83

75.00
75.00
75.00
75.00
75.00
75.00

0.00
0.00
0.00
100.00
100.00
100.00

[*]
[28]
[23]
[*]
[28]
[23]

1100
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Fig. 5. The calculated InCl3eCoCl2 phase diagram along with experimental data.

Table 4
Invariant point in the CoCl2eInCl3 System (*: this work).
Reaction type

E1

Liquid!CoCl2 þ InCl3

Temperature, K

Mole fraction of CoCl2 (mol %)
Phase#1

Phase#2

Phase#3

798.6
798.2

51.00
51.00

96.05
96.00

44.96
45.00

solution phase. This leads to the possibility of accurately representing the mixing enthalpy and resultant thermodynamic properties just from phase diagram evaluations when these systems are
as simple as possible like the present InCl3 based phase diagrams.
4.5. The AgCleNaCl system
There exists a wealth of experimental phase equilibria and
thermochemical data [29e45] for the AgCleNaCl system. After a
critical evaluation on the experimental data, the phase diagram
and thermodynamic properties of all phases are calculated in
comparison with the relevant measured data. It can be seen from
Fig. 6 that the calculated phase diagram well reproduces all the
liquidus data while somewhat deviates from the solid solubility
boundary of the miscibility gap. The boundary of miscibility gap
could be satisfactorily described by endowing interaction

Reference

[*]
[46]

parameters of the solid phase with a lower value, which, however, will be in a remarkable conﬂict with the mixing enthalpy of
solid phase at 623 K reported by Kleppa [41]. It is well known
that solidesolid phase equilibria are too hard to reach due to the
sluggish diffusion kinetics of atoms or ions at low temperatures
(UCP is 470 K for the present MG). High temperature data albeit
of lesser precision are more likely to represent equilibrium than
low temperature data even though of higher precision [62].
Therefore, major weight was allocated to the mixing enthalpy
values of Kleppa [41] in the model parameters optimization for
the solid phase. This treatment leads to the temperature of UCP
rising to 580 K in the present calculation. Two sets of mixing
enthalpy data [32,33] have been reported for the liquid phase
while with great discrepancies. Major weight has also been
assigned to the data from Hersh [32] for the tiny heat of mixing
(lower than 150 J per mole salt) reported by Murgulescu [33] is
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Fig. 6. The calculated AgCleNaCl phase diagram along with experimental data.

phases caused by the sluggish diffusion kinetics at low temperatures. Therefore, the present calculation can reasonably reproduce the activity data measured at higher temperatures due to
relatively faster diffusion kinetics of atoms in solids. The
appendix displays various types of property diagrams (activity vs
temperature, activity vs composition, mixing enthalpy vs
composition) calculated for the solid and liquid phase along with

too difﬁcult to detect in normal techniques. Experimental data
[34e40] concerning activities of AgCl in the melt were in good
correspondence with each other and were all considered in the
optimization. Unfortunately, experimental data [38,43e45] concerning activities of AgCl in the solid phase were in disagreement
with each other and were even self-contradictory at low temperatures. This is mainly due to metastable equilibria in solid
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large amounts of experimental data.

4.6. Ternary and quaternary systems
A set of self-consistent thermodynamic database was derived by
directly merging all the binary model parameters for the relevant
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Table 5
Invariant points in the AgCleCoCl2eInCl3 System.
Reaction type

Temperature, K

Mole fraction of AgCl and CoCl2 (mol%)

E1

634.9

59.42

13.47

75.00

0.00

0.00

97.00

0.00

29.68

E2

634.8

71.02

12.79

75.00

0.00

0.00

98.53

98.24

1.76

Phase#1
Liquid!Ag3 InCl6 þCoCl2 þInCl3
Liquid!Ag3 InCl6 þCoCl2 þAgCl

Phase#2

Phase#3

Phase#4

Table 6
Invariant points in the AgCleInCl3eNaCl System.
Reaction type

Temperature, K

Mole fraction of AgCl and NaCl (mol%)

573.9

14.36

40.98

75.00

0.00

0.00

75.00

0.00

0.00

611.2

34.62

32.08

82.85

17.15

75.00

0.00

0.00

75.00

Phase#1
E1

Liquid!Ag3 InCl6 þNa3 InCl6 þInCl3
U1

Liquid þ AgCl!Ag3 InCl6 þNa3 InCl6

Phase#2

Phase#3

Phase#4

Table 7
Invariant points in the CoCl2eInCl3eNaCl System.
Reaction type

Temperature, K

Mole fraction of NaCl and CoCl2 (mol%)

591.2

50.24

14.45

75.00

0.00

0.00

25.68

0.00

97.36

614.8

58.73

26.27

98.28

1.72

75.00

0.00

0.00

99.06

Phase#1
E1

Liquid!Na3 InCl6 þInCl3 þCoCl2
U1

Liquid þ NaCl!Na3 InCl6 þCoCl2

Phase#2

phases in order to perform a serial of thermodynamic predictions
on the phase equilibria and thermodynamic properties of the subternary systems and the quaternary AgCleCoCl2eInCl3eNaCl system. Figs. 7e10 show the calculated liquidus projections of the
AgCleCoCl2eInCl3, AgCleInCl3eNaCl, AgCleCoCl2eNaCl and

Phase#3

Phase#4

CoCl2eInCl3eNaCl systems with the primary phases formed from
the liquid phase in the process of solidiﬁcation. The dotted lines in
these ﬁgures are isotherms, with the numbers indicating the
temperature in degree Kelvin. The predicted invariant points in
these ternary systems are presented in Tables 5e7 (no ternary

K. Wang et al. / Journal of Alloys and Compounds 663 (2016) 885e898
Table 8
Predicted liquidus minima of the AgCleCoCl2eInCl3eNaCl quaternary system.
Liquid composition, mol%
AgCl

NaCl

CoCl2

16.62
16.57
16.03
16.26

38.22
39.40
39.91
39.73

13.23
5.30
2.81
3.57

Fusion enthalpy, kJ/mol

Temperature, K

25.22
23.52
26.12
25.95

573.3
577.6
577.6
577.7

invariant point in AgCleCoCl2eNaCl system due to the crossingtype phase diagram). Table 8 shows liquidus minima in the
AgCleCoCl2eInCl3eNaCl system calculated by the Mesh Adaptive
Direct Search algorithm integrated in FactSage software [63]. It is
often of industrial interest, for the multicomponent system, to
identify the low melting compositions at which local minima of the
liquidus surface occur.

[6]

[7]

[8]

[9]

[10]
[11]

[12]

5. Conclusions
[13]

Critical thermodynamic evaluations and optimizations have
been performed on the binary AgCleCoCl2, AgCleInCl3,
CoCl2eInCl3, InCl3eNaCl and AgCleNaCl systems. The Modiﬁed
Quasi-chemical Model was used to describe the molten salt phase,
the CEF (Compound Energy Formalism) model with various lattice
ratios applied to the solid salt solutions, while the double salts
Ag3InCl6 and Na3InCl6 treated as stoichiometric compounds with
Gibbs energies following the Neumann-Kopp rule, where the
model parameters were optimized based on the experimental
phase equilibria and thermochemical data available in the literature as well as the theoretical predictions (ﬁrst-principles calculation and empirical atomic-parameter method). Comparisons of the
calculated results with the experimental and predicted data show
that the present work has reliably obtained the thermodynamic
parameters of the ﬁve binary subsystems. With all these model
parameters derived in this and previous work, the phase equilibria
and
thermodynamic
properties
in
the
quaternary
AgCleCoCl2eInCl3eNaCl system and its sub-ternary systems have
been ﬁnally predicted according to the KohlereToop extrapolated
model, which can be used to support theoretical guilds for the
relative materials design.
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