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Abstract
The phase equilibria in the cerium(III) iodide–cesium iodide pseudobinary system were established by differential scanning

calorimetry. The system is characterized by existence of three compounds: Cs3CeI6, Cs3Ce2I9 and CsCe2I7. First one,

namely Cs3CeI6, melts congruently at 823 K and undergoes two phase transitions at 658 and 762 K. Second compound,

Cs3CeI6, decomposes in the solid state at 610 K. The last existing compound, CsCe2I7, melts incongruently at 826 K. The

eutectics composition was found from Tammann plot, which predicts, through application of the lever rule, the variation of

the enthalpy associated with eutectic melting as a function of composition. The composition of CsI–Cs3CeI6 and Cs3CeI6–

CsCe2I7 eutectics corresponds to cerium(III) iodide mole fraction x = 0.127 (T = 823 K) and x = 0.485 (T = 737 K),

respectively.
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Introduction

Rare-earth halides have a significant impact on modern

technologies and are used in a number of applications such

as reprocessing of nuclear wastes, recycling of spent

nuclear fuel [1] doses in high-intensity discharge lamps,

lasers and new highly efficient light sources with energy-

saving futures [2, 3]. The lanthanide halides are used

extensively in metal halide discharge lamps [4, 5]. They

enable the design of light sources with good-quality white

light spectral output and high color rendering properties at

high efficacies.

Application of rare-earth halides in numerous areas of

modern technology requires knowledge of their thermo-

chemical properties. For example, a ceramic metal halide

discharge lamp is based on combination of the iodides of

sodium, thallium together with a mixture of lanthanides

[6]. Light is produced by radiation from excited mercury

atoms and from such iodides in the gas phase. The relative

amounts of the metallic halides affect the efficacy, color

appearance and color rendition of the light source. In order

to understand this behavior, it is necessary to understand

the thermodynamics and vaporization properties of a

variety of alkali metal–lanthanide metal iodide systems.

These allow the calculation of partial pressures above a

liquid mixture and are therefore of considerable importance

in modeling the behavior of metal halide discharge lamps.

The thermodynamic data are also indispensable for pre-

dicting the behavior of doses by modeling multicomponent

metal halide system [7].

Numerous studies have been carried out to investigate

thermochemistry of rare-earth chlorides and bromides and

their binary systems with the alkali halides [8–18]. How-

ever, the knowledge of rare-earth iodides is still scanty.

The data about these iodides and their systems with alkali

iodides are incomplete and contradictory. Some informa-

tion about thermodynamic properties of pure rare-earth

iodides is available in the literature: DyI3 [19], CeI3

[13, 20, 21], LaI3 [20–22] and NdI3 [13, 20]. Additionally,

the enthalpies of lanthanide iodides formation are pre-

sented in the work of Cordfunke and Konings [23]. The

phase equilibria in LnI3–MI binary systems (Ln = La, Pr,

Nd, Sm, Gd, Dy, Er; M = Na, K, Cs) were investigated by

Kutscher and Schneider [10]. The phase diagrams of LaI3–

RbI and NdI3–RbI were determined by Rycerz [13].

Existence of M3LnI6 compound (M = K, Rb, Cs), which

melts congruently, was evidenced in all these systems,
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except for the LaI3–KI system. The LaI3–KI system is

characterized only by existence of K2LaI5 compound

which melts congruently [10]. There is no experimental

thermodynamic data concerning the CeI3–MI (M = Li, Na,

K, Rb, Cs) binary systems.

The phase diagram of CeI3–CsI binary system was

determined in this work for the first time. In the literature,

only calculated phase diagram of the same system can be

found [6]. According to these calculations, three com-

pounds, namely Cs3CeI6, Cs3Ce2I9 and CsCe9I28, occur in

this system. One of them, CeCs3I6, undergoes solid–solid

phase transition and melts congruently at temperatures of

about 760 K and 950 K, respectively (temperatures esti-

mated from the graphical phase diagram). Second com-

pound, Cs3Ce2I9, decomposes in the solid phase at

temperature of about 680 K. Third compound, CsCe9I28,

melts incongruently at 810 K. However, the stoichiometry

of this compound, CsCe9I28, seems unusual and doubtful.

Existence of such compounds was not evidenced in exist-

ing LnI3–MI binary systems. Therefore, we decided to

reinvestigate the phase equilibria in the CeI3–CsI binary

system. This article is the first work focused on the

experimental determination of the CeI3–CsI phase diagram.

Experimental

Chemical and samples preparation

Cerium(III) iodide and cesium iodide were Alfa Aesar and

Sigma-Aldrich reagents with purity of 99.9%. They were

handled inside a high purity argon atmosphere in a glove

box (water content\ 2 ppm). The CeI3 and CsI mixtures

(in appropriate proportions weighed with precision of about

1 mg) were prepared in vacuum-sealed quartz ampoules

and melted in electric furnace. After homogenization and

solidification, these samples were ground in an agate

mortar in a glove box and transferred to the DSC quartz

cells. Different compositions prepared in this way were

used in phase diagram measurements.

Measurements

A Setaram Labsys Evo 1600 differential scanning

calorimeter (DSC) was used to investigate the phase

equilibria in the CeI3–CsI binary system. Experimental

samples (150–350 mg) were kept in vacuum-sealed quartz

ampoules with a diameter of 6 mm and a length of 15 mm.

The DSC investigations on samples with 26 compositions

were conducted with heating and cooling rates 5 K min-1.

Data acquisition and processing were computer operated

using CALISTO Thermal Analysis Software. The appara-

tus was calibrated by the Joule effect. The same quartz

cells as for enthalpy of phase transitions measurements

were used. Four standards (Ag, Bi, Cd. Sn, Sb, Zn) with

their melting temperature within the desired temperature

range (473–1373 K) and with purity 99.99% were chosen

for calibration process. Other experimental conditions were

set to values that were used in sample analysis, in partic-

ular: sensor type, crucible material, argon flow, heating and

cooling rate. The maximum relative experimental error on

enthalpy of phase transition did not exceed 3%. Temper-

ature was measured with precision ± 1 K.

On the DSC cooling curves of all samples, the super-

cooling effect was observed (Fig. 1). The temperature

values of all phase transitions determined from the cooling

curves were from several to several tens Kelvin lower than

the same values determined from the DSC heating curves.

In all heating runs, the temperature of maximum of the

peak at the highest temperature corresponds to the liquidus

temperature. In all the other cases, onset temperature

(Tonset) was assumed as the effect temperature.

Results and discussion

The analysis of the DSC curves was performed with

Setaram Calisto software, which also allowed separating

overlapped peaks. The example of thermal effects over-

lapping is presented in Fig. 1, where effect related to the

eutectic is overlapped by liquidus effect. In order to

determine enthalpy related to eutectic effect, the decon-

volution of the overlapping peaks was conducted by Cal-

isto software. The results of deconvolution are displayed in

Fig. 2. The total enthalpy corresponding to both over-

lapped peaks was determined as 19.4 kJ mol-1, and it was

unclear which part of this enthalpy is related to the eutectic.

After peak separation, it was evident that the enthalpy

corresponding to the eutectic was equal to 11.2 kJ mol-1.

300

250

200

Tonset = 673 K

Tonset = 764 K

Tonset = 824 K

Tliq = 859 K

150

H
ea

t f
lo

w
/m

W

100

50

550 650

heating

cooling

750
T/K

850 950

Exo

0

Fig. 1 DSC curve of the CeI3–CsI mixture with composition

x(CeI3) = 0.102
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The remaining enthalpy (7.9 kJ mol-1) was connected

with liquidus effect.

It was established that pure cerium(III) iodide melts at

1031 K. This temperature is in excellent agreement with

the literature data 1033 K [13, 20, 21]. The melting tem-

perature of pure cesium iodide was found to be 909 K,

which is also in good agreement with the literature data

905 K [21].

Some characteristic DSC heating curves are presented in

Figs. 1 and 3. Two, four or five endothermic effects were

observed on these curves dependently on composition of

the samples. The effect at the highest temperature corre-

sponds, as stated previously, to the liquidus temperature.

In the composition range 0\ x\ 0.250, where x is

CeI3 mol fraction, three additional endothermic effects

were observed in addition to the liquidus effect (Fig. 1).

The first one, observed at 823 K (average value from

measurements of different samples), disappears at

x = 0.250. This suggests existence of Cs3CeI6 compound.

Accordingly, it can be ascribed to the CsI–Cs3CeI6 eutec-

tic. The eutectic composition was determined from the

Tammann plot (Fig. 4a) as x = 0.127 ± 0.007. The mix-

ture with eutectic composition melts with enthalpy,

DfusHm, of 14.4 ± 0.8 kJ mol-1.

The second thermal effect, at 762 K (average value from

the measurements), was observable in all the curves up to

x = 0.450, the composition at which it disappeared. The

maximum enthalpy related to this effect

(3.1 ± 0.3 kJ mol-1), determined from Tammann diagram

(Fig. 4b), corresponds to the mole fraction of cerium(III)

iodide x = 0.270 ± 0.018 which is in good agreement with

stoichiometry of the Cs3CeI6 compound (x = 0.250). This

effect can be ascribed to the phase transition of Cs3CeI6

compound.

The third thermal effect at 658 K (average value from

experiments) was observed on curves of samples with x up

to 0.666. Its disappearance for samples with x C 0.666

suggests existence of another compound (CsCe2I7) in the

investigated system. Tammann diagram, i.e., dependence

of the enthalpy related to this effect on the composition, is

presented in Fig. 4c. The maximum of enthalpy

(3.05 ± 0.20 kJ mol-1) determined from the intercept of

two liner parts on the Tammann plot corresponds to the

mole fraction of cerium(III) iodide x = 0.279 ± 0.023.

This value is in a quite good agreement with stoichiometry

of Cs3CeI6 compound. It means that Ce3CeI6 is formed or

undergoes another phase transition at 658 K. Taking into

account the enthalpy value related to the effect at 658 K,

calculated per one mole of Ce3CeI6 compound

(12.20 kJ mol-1), it can assume that this effect does not

correspond to its formation but to phase transition. Com-

parison of molar enthalpy corresponding to the phase

transitions of M3LnCl6, M3LnBr6 and M3LnI6 compounds

[13] leads to very interesting conclusion. Formation of the

M3LnX6 compounds from M2LnX5 and MX, where

X = Cl, Br and I (reconstructive phase transition), is

associated with large enthalpy changes (27–55 kJ mol-1),

while structural transitions (non-reconstructive phase

transitions) in these compounds are associated with sig-

nificantly lower enthalpy changes (8–12 kJ mol-1). The
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Fig. 2 Fragment of DSC curve of the sample with composition

x(CeI3) = 0.102 after separation method
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Table 1 Results of the DSC experiments performed on the CeI3–CsI binary system

x(CeI3) Temperature/K

Cs3CeI6 phase

transition

Cs3CeI6 phase

transition

CsI–Cs3CeI6

eutectic

Cs3Ce2I9 decomposition

in solid state

Cs3CeI6–CsCe2I7

eutectic

CsCe2I7

incongruent

melting

Liquidus

0.000 – – – – – – 909

0.049 675 764 824 – – – 884

0.102 673 764 824 – – – 859

0.150 666 763 822 – – – 836

0.173 670 764 825 – – – 858

0.197 670 764 823 – – – 914

0.220 672 765 823 – – – 933

0.254 669 764 821 – – – 952

0.276 653 764 – 610 – – 940

0.298 647 760 – 607 – – 946

0.327 654 758 – 612 744 – 930

0.349 654 759 – 614 738 – 931

0.385 650 756 – 611 739 – 899

0.422 648 757 – 613 733 – 881

0.484 654 – – 612 742 – 757

0.525 645 – – 609 731 – 754

0.559 645 – – 613 736 – 781

0.599 649 – – 604 736 – 817

0.648 649 – – 609 730 824 834

0.696 – – – – – 826 865

0.719 – – – – – 825 891

0.797 – – – – – 825 955

0.849 – – – – – 824 983

0.891 – – – – – 827 993

0.954 – – – – – 829 1015

1.000 – – – – – – 1031
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small enthalpy of effect at 658 K (12.20 kJ mol-1) sug-

gests that this effect corresponds to structural transition

(transition from low-to-middle temperature modification of

Cs3CeI6 compound).

In the composition range 0.250\ x\ 0.666, two new

thermal effects were observed in addition to the liquidus

and described above effects at 762 K and 658 K related to

the phase transition of Ce3CeI6 compound (Fig. 3a). Their

disappearance at x = 0.666 suggests existence of CsCe2I7

compound. First of them, at 737 K (average value), can be

ascribed to the Cs3CeI6–CsCe2I7 eutectic. The eutectic

composition x(CeI3) = 0.485 ± 0.013 is determined from

Tammann plot shown in Fig. 4d. The mixture with eutectic

composition melts with enthalpy, DfusHm, of about

12.88 ± 0.21 kJ mol-1.

Second effect was observed at temperature 610 K.

Determining from the Tammann plot (Fig. 4e), maximum

value of enthalpy (3.45 ± 0.18 kJ mol-1) related to this

effect corresponds to the molar fraction of cerium(III)

iodide x = 0.391 ± 0.011. This value is in quite good

agreement with stoichiometry of Cs3Ce2I9 compound.

Accordingly, effect at 610 K can be ascribed to the

decomposition of Cs3Ce2I9 in the solid phase.

In the composition range 0.666\ x\ 1, only one

endothermic effect, at 826 K, was observed in addition to

the liquidus (Fig. 3b). It is undoubtedly related to the

incongruent melting of new compound. Tammann diagram

constructed for this effect shown in Fig. 3f gave the mole

fraction of cerium(III) iodide x = 0.667 ± 0.023 which is

in excellent agreement with stoichiometry of mentioned

above CsCe2I7 compound.

All the experimental data are presented in Table 1, and

the complete phase diagram is shown in Fig. 5.

In comparison with the literature data [6], our finding

confirmed existence of only CeCs3I6 and Cs3Ce2I9 com-

pounds. We found no evidence of the existence of CsCe9I28

compound. Instead we found another compound, CsCe2I7,

which melts incongruently at 826 K. In the case of Cs3CeI6

compound, our results are in a good agreement with the

literature data for solid–solid phase transition (762 K and

770 K) and congruent melting (952 K and 950 K). How-

ever, we found another solid–solid phase transition of this

compound at 658 K, which was not evidenced by the lit-

erature data. Significant difference between the literature

data [6] and our finding concerns also the temperature of

Cs3Ce2I9 decomposition in the solid phase (680 K and

610 K, respectively). Some differences can be found

additionally in the composition and temperatures of

eutectics. According to our results, CsI–Cs3CeI6 eutectic

appears at mole fraction of CeI3 equal 0.127 and melts at

823 K, whereas according to the literature, these values are

0.100 and 815 K, respectively. The same data for Cs3CeI6–

Cs3Ce2I9 eutectic are 0.485 and 737 K and 0.50 and 760 K,

respectively.

In the literature, one can find some information con-

cerning these compounds. According to [24], the crystal

structure of Cs3CeI6 is not known, but from the systematics

of the binary compounds one can be quite certain that it

exhibits octahedral surrounding of the cerium cations. This

assumption was confirmed by Raman spectroscopy. The

same authors inform about phase transition in Cs3DyI6 at

temperature about 757 K and expect the same in Cs3CeI6

compound. Indeed, we found this transition at 762 K. The

existence of Cs3CeI9 was confirmed also by Raman spec-

troscopy [24]. Unfortunately, its crystal structure is

unknown.
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The existence of definite compounds in the system under

investigation should be confirmed by XRD measurements.

However, due to extreme hygroscopicity of CeI3 and its

mixtures, the standard measurements were unsuccessful.

We hope to perform these measurements in the future with

using quarts capillaries.

Conclusions

1. Phase equilibria in the CeI3–CsI binary system were

established experimentally for the first time. Three sto-

ichiometric compounds exist in this system. First

(Cs3CeI6) undergoes two phase transitions at 658 K and

762 K and melts congruently at 952 K. Second

(Cs3Ce2I9) decomposes in the solid phase at 610 K. Third

compound (CsCe2I7) melts incongruently at 826 K.

2. Construction of the Tammann diagrams was very

useful in determination of eutectics composition. CsI–

Cs3CeI6 and Cs3CeI6–CsCe2I7 eutectics were found to

be located at x = 0.127 (823 K) and 0.485 (737 K),

respectively.

3. The CeI3–CsI binary system phase diagram determined

in this work differs from the calculated diagram

available in the literature. Experimental phase diagram

of investigated system shows the existence of the new

CsCe2I7 compound that was not evidenced in the

literature data. Existence of CsCe9I28 compound pos-

tulated in the literature was not confirmed by the

experimental studies.
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2120 A. Dańczak, L. Rycerz

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Phase equilibria in the CeI3--CsI binary system
	Abstract
	Introduction
	Experimental
	Chemical and samples preparation
	Measurements

	Results and discussion
	Conclusions
	Acknowledgements
	References




