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ABSTRACT: The thermochemistry of the ternary system CsI—Pbl,—Bil;, of interest for
applications in photovoltaics, memory devices, and nuclear applications, among other things,
is investigated in this work. The binary phase diagrams CsI-Pbl, and CsI-Bil; were
subjected to renewed experimental investigation, and the compounds CsPbl;, Cs,Pbl,, and
Cs;Bi,]; were found to be the only stable phases in the investigated temperature window. The
liquidus lines and invariant equilibria were determined. The phase equilibria in the Bil;—Pbl,
system were measured for the first time by using Differential Scanning Calorimetry (DSC).
The end-members form a solid solution over the entire composition range. The pseudobinary
section CsPbl;—Cs;Bi)ly of the CsI—Pbl,—Bil; ternary system was moreover measured by
DSC, as well as the ternary eutectic points. A thermodynamic model of the complete CsI— g, "

Pbl,

mole fraction

Pbl,—Bil; system was developed by using the Compound Energy Formalism (CEF) for the

solid phases and the Modified Quasichemical Model in the Quadruplet Approximation (MQMQA) for the liquid phase. The binary
systems were modeled first, and no ternary interaction parameters were found necessary to reproduce accurately the phase equilibria
in the ternary system. With our model, the whole liquidus surface of the field CsI-PbI,—Bil; is described for the first time.

B INTRODUCTION

The ternary salt system CsI—Pbl,—Bil;, with its compounds
CsPbl;, Cs,Pbl;, and Cs;Bi,ly, is relevant for many
applications, ranging from X-ray detection and scintillation
purposes,' * memory devices,”~’ and LEDs>’ to photovoltaic
solar cells.'”™"* The system is also relevant to the safety of
some new types of nuclear energy generation systems. All of
these applications have in common that high temperature
processes are involved, so the development of thermodynamic
models is extremely helpful to describe synthesis and operating
conditions of the envisaged materials.

One of the reasons for the high interest is the fact that the
halide perovskite phases that occur in the CsI—Pbl,—Bil;
system have favorable optoelectronic properties. They are
applied in a variety of forms in devices, thin films,
nanocrystalline materials, or single crystals. The latter, used
in X-ray detection and scintillation techniques, are grown from
the molten state by the Czochralski or Bridgman methods
using slow pulling and cooling. This is a quasi-equilibrium
process, governed by kinetics and thermodynamics. Thin films
are generally produced by physical or chemical vapor
deposition (respectively, PVD and CVD),""" in which the
crystalline layers are deposited on a substrate from a vapor
phase composed of the individual precursors. Although it is a
nonequilibrium process, chemical thermodynamic consider-
ations are highly useful in predicting the stable materials at the
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temperature, (gas) pressure, and concentrations in a CVD
reactor.

A lesser known application is in the area of safety assessment
of the lead-cooled fast reactor (LFR), a type of nuclear reactor
selected by the Generation IV International Forum as a
potential candidate for the future of nuclear energy.'°”**
Features that make the LFR an attractive candidate are the use
of a fast-neutron spectrum and the possibility of operating in a
closed fuel cycle, allowing for actinide recycling. In this type of
nuclear reactor, either liquid lead (Pb) or lead—bismuth
eutectic (LBE) is used as a coolant. For the safety assessment
of the LFR, it is important to know how these coolants will
interact with radiotoxic and volatile fission products such as
cesium (Cs) and iodine (I) in case the cladding around a
nuclear fuel pin would break.”>*® Because of the very high
temperature and thermal gradient inside a mixed oxide
(U,Pu)0, fuel pellet, volatile fission products like Cs and I

25,27

tend to migrate to the periphery of the fuel pin, meaning

Received: April 24, 2023
Revised:  July 6, 2023
Published: August 28, 2023

https://doi.org/10.1021/acs.jpcc.3c02696
J. Phys. Chem. C 2023, 127, 17482—-17496


https://pubs.acs.org/page/virtual-collections.html?journal=jpccck&ref=feature
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andries+van+Hattem"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dennis+Alders"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rudy+J.+M.+Konings"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+L.+Smith"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.3c02696&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02696?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02696?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02696?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02696?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02696?fig=agr1&ref=pdf
https://pubs.acs.org/toc/jpccck/127/35?ref=pdf
https://pubs.acs.org/toc/jpccck/127/35?ref=pdf
https://pubs.acs.org/toc/jpccck/127/35?ref=pdf
https://pubs.acs.org/toc/jpccck/127/35?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c02696?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

they will be among the most likely elements to come in contact
with the coolant upon clad breach.

Knowledge of the equilibrium phase diagrams in the CsI—
Pbl,—Bil; system is very limited, and the available data are not
recent. CsI—Pbl, and CsI-Bil; were investigated for the last
time in 1972 and 1988, respectively. To the best of our
knowledge, no phase diagrams of the binary Bil;—Pbl, or the
ternary CsI—PbI,—Bil; systems were ever reported in
literature. For that reason we have made a systematic study
of this system, with experimental investigations of the binary
systems, of selected compositions in the ternary system, and a
CALPHAD-base assessment, to provide a sound chemical
thermodynamic description of the phase equilibria in the
ternary system.

Three phase diagram investigations into the CsI—Bil;
system were found in literature: a study from Plyushev et al.
from 1970,*% a study from Dzeranova et al. from 1984,* and a
study from Kun et al. from 1988.*" The three phase diagrams
agree on the fact that there is only one compound that forms
eutectic systems with the end members CsI and Bil;. However,
there is some confusion about the exact composition of the
compound: Plyuschev et al. report it as Cs;Bily, while
Dzeranova et al. report it to be “Cs;Bilg”, with the strange
remark that this compound corresponds to 57% Csl. Kun et al.
later report Cs;Bi,l,. Upon analysis of the d-spacing that is
reported for “Cs;Bil” by Dzeranova et al.,, we consider it to be
actually a mixture of CsI and Cs;Bi,lo. This observation
undermines the paper by Kaloev et al.”' that analyses the phase
diagram based on the wrong composition. Kun et al. report
moreover a homogeneity range up to 4.7 mol % for Cs;Bi,],,
hence Cs;Bi,]y is actually the nonstoichiometric compound
Cs;_Biy,Jo,,, with x either positive or negative. To increase
the legibility in and of this work, however, the notation
Cs3BiyIy will be used for this nonstoichiometric compound.
The data points reported in refs 28—30 are reproduced in the
phase diagram optimization, see Figure 6. The melting
temperature of Cs;Bi,]y reported in refs 28 and 30 is also
listed in Tables 6 and 7. The crystal structure of Cs;Bi,I, was
already elucidated in 1968 by Lindqvist.”> More recently, it
was found by Johansson et al. that between Cs;Bi,I, and Bil;,
only mixtures of these two compounds are formed."”> When
assessing other claims, it is necessary to clearly discriminate
between compounds that form as bulk powder and, e.g., thin
films. In studies on thin films, e.g, reports on CsBisl}, are
found,"* though it also claimed to form as freestanding
material.”> The latter authors propose a degradation
mechanism in which the decomposition temperature of
CsBi;l;, would be 428 K. Polymor;phism for Cs;Bi ], was
investigated below room temperature.”*™*” Kun et al.*’ claim a
transition to a high-temperature polymorph of Cs;Bi,I, at 605
K; to the best of our knowledge, they are the only ones.

In the phase diagram optimization, the congruent melting
point of Cs;Bi,l; was derived to be 874 K (vide infra).
However, thermal degradation of a single crystal was reported
to occur already at 823 K.* Thermogravimetric analysis (TGA)
measurements of Cs;Biyly by Gu et al. report a large weight
loss at 698 K and another at 923 K.>® Thermal expansion of
Cs3Biyly was determined using in situ synchrotron X-ray
diffraction by McCall et al. in 2017.” The authors measured
the X-ray diffraction patterns starting at 298 and up to 873 K
with intervals of 6—10 K. They report Bragg peaks to remain
from room temperature to decomposition at 775 K, after
which Cs;Bi,] starts to dissociate. A discontinuity in the lattice

parameter is observed at 682 K. In their differential thermal
analysis (DTA), they observe events at 815 K, which they
assigned to Bil; boiling, and at 883 K, which they state to
nearly coincide with the melting of CsI (905 K). This
interpretation does not agree with dedicated phase diagram
investigations.

Regarding thermodynamic data on the ternary compound,
the melting enthalpy was measured by Kun et al.”’ They found
the value of (148 + 2.2) kJ-mol™! at T = (905 + 5) K. To the
best of our knowledge, no experimental data on the enthalpy of
formation, entropy, or heat capacity at T > 300 K of Cs;Bi,],
are available in the literature. A recent experimental measure-
ment*” of the low temperature heat capacity of Cs;Bi,l, is not
in agreement with our measurements (unpublished results). A
computational study reports the enthalpy of formation of
Cs;Biyly at 0 K to be —1345 kJ-mol~.*'

Two phase diagram investigations were performed for the
system CsI—Pbl,. First, the liquidus line was published by
Tlyasov et al. in 1967.* They reported that Cs,PbI; melts with
peritectic decomposition and CsPbl; to melt congruently.
Second, a complete phase diagram was published in 1969 by
Belyaev et al.*® The data points reported by*>*’ are
reproduced in the phase diagram optimization in Figure 7.
The two intermediate compounds are well-established in the
scientific literature: CsPbl, since 1893** and Cs,Pbly since
1960." Several polymorphs of CsPbl; exist, but the stable
states are limited to §-CsPbl; at room temperature and a-
CsPbl; at high temperature until melting.

Thermodynamic data are mostly limited to the study of
enthalpic properties in CsPbl;: the enthalpies of formation and
transition were studied several times. Wang et al. measured the
enthalpy of formation from binary iodides using solution
calorimetry with DMSO as solvent.”*” Tsvetkov et al. also
used solution calorimetry with a DMSO—water mixture as
solvent.” Sereda et al.*’ derived the enthalpy of reaction from
the iodides using high temperature heat flux inverse drop
calorimetry. They found within error the same value, although
the error is much larger than that reported by the other
publications. The results are in excellent agreement, as shown
in Table 1. The enthalpy of the phase transition in CsPbl; was

Table 1. Reported Experimentally Determined Enthalpy of
Formation of §-CsPbl,

AGHC (298.15 K)/kJ-mol ™ method ref

—539.0 +£ 0.9 solution calorimetry
—539.1 + 0.4 solution calorimetry 8
—537.5 £ 6.0 drop calorimetry +

studied by Dastidar et al.”* and by Wang et al.** Their results
are included in Table 6. Using DFT, Kye et al. also found a-
CsPbl; to have a negative enthalpy of formation, though it was
less negative than 6-CsPbl;, ie. the a-polymorph is only
metastable with respect to the §-phase.”’ The low temperature
heat capacity of CsPbl; was only reported from 0.4 up to 150
K by Evarestov et al.>

As a sidenote, the Cs,PbX, and CsPb,X; compounds, which
were studied using time-dependent density functional theory
(TD-DFT), do not exist as bulk compounds for X = I,>*
though there can be two-dimensional materials formed via
nonambient pressure routes.>*

Compared to the two systems discussed in supra, practically
nothing is known about the Bil;—Pbl, system. No compounds

https://doi.org/10.1021/acs.jpcc.3c02696
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have been reported. To the best of our knowledge, no phase
diagram was ever reported on this system, neither is any
thermodynamic property known. The phases that occur in the
system have not been identified clearly. In 1999, a paper
describing the (Pbl,),—(Bil;),_, structure was reported, but
the study is inconclusive with respect to the solid solution
phases, their structural ordering, and their thermal stability.>®
From an application point of view, a study by Neuhausen and
Eichler from 2006 on the thermal release of iodine from liquid
eutectic lead bismuth alloy is of interest.’® Although this study
is important in the practical assessment of the evaporation of
radioiodine, it does not explain the nature of the solid behavior
of mixtures of Pbl, and Bil; at the atomic scale. A single DSC
measurement at ¥ = 0.50 is known, reporting a single thermal
event at 654 K. Alexander et al. studied the structure of this
system at a composition xg;, = 0.5° using, among other

techniques, single-crystal XRD, transmission electron micros-
copy (TEM), scanning electron microscopy with energy
dispersive scattering (SEM/EDS), and powder XRD. Their
XRD and EDS data indicate that Pb**, Bi**, and vacancies
share the same site, while iodine has a fully occupied position.
The TEM and electron diffraction data indicate micro-
structured composites with two phases with mixed occupan-
cies.

No complete thermodynamic investigations into the ternary
phase diagram are known to us. Bismuth doping into CsPbl;
was studied, however. Papers on CsPb,_,Bil; can be
interpreted as a study of the subsolidus field of the section
CsPbI;—“CsBil,”. In 2017, Hu and co-workers'® investigated
the bismuth incorporation into @-CsPbl;. Initially, this
stabilizes the a-polymorph. According to the authors, above
10% bismuth incorporation, the -polymorph is again the most
stable crystal structure at room temperature. Computational
research using DFT by Zhang et al. contradicts the attribution
of this effect to incorporation of Bi**, though stating that
incorporation of Bi(0) would stabilize the high temperature
structure.”’ In a following publication, Zhang et al. state that
the perovskite stabilizing due to the B-site doping is only valid
for Sn**-doping. The authors claim that if the effect is found
experimentally, this depends probably on the synthesis route
and it is not due to the inherent physics of CsPb,_,Bi,I,.>* Kye
et al. found similar results.”" For thin films, the metastability of
a-CsPbl; with respect to 5-CsPbl; upon Bi**-doping was also
experimentally proven: above 393 K, the films turn into the -
CsPbl, variant.””

B METHODS

Synthesis. The chemicals CsI (Merck, 99.999%), Pbl,
(Merck, 99.999%), and Bil; (Alfa Aesar, 99.998%) were
purchased. All samples were handled inside an Ar-filled
glovebox with low oxygen and water content (<5 ppm) and
not exposed to air in any stage of the experiments. CsPbl; was
synthesized by mixing CsI and Pbl, in a 1:1 ratio. The mixture
was ground and heated to the melt (823 K) in a nickel liner in
an airtight stainless steel container. It was kept for 30 min in
the melt, after which it was cooled down to 723 K. This
temperature was maintained for 1 h. Cs,Pbls was synthesized
via a solid state reaction. CsI and Pbl, were mixed in a 4:1
ratio, ground, and put in a nickel liner in an airtight stainless
steel container. It was heated to 673 K for 48 h. Cs;Bi,I; was
synthesized by mixing CsI and Bil; in a 3:2 ratio, thoroughly

grinding, and heating twice in the aforementioned containment
for 12 h at 723 K with intermittent regrinding.

X-ray Diffraction. Formation and purity of the compounds
were confirmed by powder X-ray diffraction (XRD), using a
PANalytical X’Pert PRO X-ray diffractometer mounted in the
Bragg—Brentano configuration with a Cu-anode (0.4 mm by
12 mm line focus, 45 kV, 40 mA). The data were collected
using an X'celerator detector in the angle range 10° < 260 <
120°, with 0.008° 26 increments. The total measurement time
was about 7 h. Inside the argon-filled glovebox, the samples
were loaded in airtight sample holders closed with Kapton foil
to prevent reaction with moisture from the atmosphere.
Structural analysis was performed on the diffraction patterns
using the profile refinement method®”®" or LeBail method®* in
the FullProf suite.”®

Differential Scanning Calorimetry. Phase diagram
measurements were performed using differential scanning
calorimetry (DSC) on a Setaram Multi-Detector HTC Module
of the 96 Line calorimeter with 3D heat flux detection. The
temperature on the heating ramp was calibrated by measuring
the melting points of standard high purity metals (In, Sn, Pb,
Al, Ag, Au). The calibration was performed as recommended
in ref 64. Typically, Csl, Pbl,, and Bil; and their binary and
ternary mixtures were measured. Samples were prepared inside
the glovebox under purified Ar-atmosphere, in which the
powders were mixed and loaded in closed stainless steel
containers with liners made of nickel®® The samples were
heated under an argon flow in the DSC apparatus with a
heating rate of 10 K/min to complete melting to ensure
complete mixing. Subsequently, 4 cycles with heating at 10 K/
min and cooling at various rates were performed to obtain
equilibrium data. For several samples, the liners were opened
after the measurements and the samples were analyzed using
XRD. Besides these mixtures, measurements for synthesized
Cs,Pbls and Cs;Bi,l; were performed too. The melting point,
decomposition temperature, and polymorphic and eutectic
phase transition temperatures are based on the determination
of the onset temperature of the recorded heat flow event on
heating. The estimated uncertainties are +S K for pure
compounds and +10 K for mixtures. The liquidus events are
based on the peak maximum of the last event collected on the
heating ramp.’® The estimated uncertainty is +10 K. The data
collected on cooling were not used for the determination of
phase equilibria but rather to check the number of invariant
reactions occurring for a given composition.

Thermodynamic Modeling. The thermodynamic model-
ing of the binaries CsI—Pbl,, CsI—Bil;, and Bil;—Pbl,, as well
as the ternary system CsI—Pbl,—Bil;, was performed based on
the CALPHAD (CALculation of PHase Diagrams) method®”
using the FactSage software, version 8.2.°® Experimental data
obtained in this work were used in combination with data
reported in the literature as a basis for optimization of the
excess Gibbs energy functions of the salt systems of interest.

Stoichiometric Compounds. The Gibbs energy function for
the stoichiometric compounds Csl, Pbl,, Bil;, CsPbl;, Cs,Pbl,
and Cs;Bi,], is given by

G’(T) — Zn? H® (298.15 K)
=a+bT+chnT+ZdﬂT’1 (1)

where n? is the number of atoms in the ith element in the
formula; n is an integer (2, 3, —1, ...); a, b, ¢, and d, are
optimized coeflicients of the Gibbs energy function related to

https://doi.org/10.1021/acs.jpcc.3c02696
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Table 2. Thermodynamic Functions Used in the CALPHAD Model in This Work”

Cp(T) J-K™"mol™") = A + BT + CT + DT*

A/HE(298.15 K) 5°(298.15 K)

compound (kJ-mol™) (J-K mol™) A
Csl(s) —348.100 1222 43.815
Cs1(1) ~3319116 131.90 74268
PbL,(s) ~175.3933 174.837 114.6362
PbL (1) ~162.5087 185.92 108.5748
BiLy(s) ~150.624 224.681 40.95
Bil,(1) ~127.7018 246.17 150.624
5-CsPbl, —543.000 294.8 158.4512
a-CsPbl, —528.800 318.706 158.4512
Cs,Pbl —1598.000 658.3 289.8962
Cs;Bi,l, —1478.243 819.2 211.365

temp range
B C D (K) source
0.0218422 200247.7 2495766 X 10°°  [298—905] 0
[905—1500]
—0.12982 —9425339  1.377482 x 107*  [298—683] 7°
[683—1500] 77"
0.1086732 2889720  —3.519 x 107° [298—682] 7>
[682—1000] 7*
—0.10798 —742286 14 x 1074 [298—594]  this
46,48
work
—0.10798 —742286 14 x 107* [594—763]  this work™
—0.04246 —141543 1.48 x 107 [298—764]  this work
0.285606 600749 7.49 x 107¢ [298—905]  this work

“The heat capacity is expressed as the following polynomial: C,,,(T) = A + BT + CT™* + DT* Optimized values are marked in bold.

the values of the enthalpy of formation, standard entropy, and
heat capacity.

The thermodynamic functions selected in this work to
describe the end-members and intermediate compounds are
listed in Table 2. The thermodynamic functions for Csl are
taken from Capelli et al.”> For Pbl,(s), the enthalpy of
formation and entropy are taken from JANAF.” A fit for the
heat capacity of the solid phase was made to the heat capacity
values listed by JANAF.”® The enthalpy of transition (Pbl,(s)
= Pbl,(1)), as reported by Konings et al.”' (23.5 kJ-mol™?), is
used, which is close to the value reported in JANAF (23.4 kJ-
mol™"). The heat capacity for the liquid phase is also taken
from JANAF.”” The standard enthalpy of formation and
entropy of Bily(s) are taken from Cubicciotti”” The heat
capacity for the solid phase and enthalpy of melting are taken
from Barin et al.”® The heat capacity for Bil;(1) is taken from
Cubiccioti and Eding.”* The enthalpy of formation of 5-CsPbl,
is based on the measurements of Wang et al. and Tsvetkov et
al.**** The standard enthalpy of formation and entropy of a-
CsPbl; are correlated to those of 5-CsPbl; via the enthalpy of
the phase transition, as measured by Dastidar et al.”’ and Wang
et al.*® The standard entropy of 6-CsPbl, was optimized in this
work, as well as the standard enthalpy of formation and
entropy of Cs,Pbly and Cs;Bi,I,. The heat capacities of
CsPbl;, Cs,Pbls, and Cs;Bi)l, were estimated using the
Neumann—Kopp rule.”>”°

Liquid Solution. The excess Gibbs energy terms of the
liquid solutions are modeled using the quasi-chemical
formalism in the quadruplet approximation, as proposed by
Pelton et al.”” This method is well-suited to the modeling of
chloride and fluoride molten salt systems and was applied
herein to a new class of halide salts, namely, iodide salts. In the
liquid phase, the lead and bismuth cations are taken to be
symmetric with respect to each other, whereas the monovalent
Cs are taken to be asymmetric.

This description of the melt assumes the existence of
quadruplets in the liquid, allowing for the incorporation of
short-range ordering into the thermodynamic model. A
schematic depiction of a quadruplet is given in Figure 1.
This formalism allows for the selection of the composition of
maximum short-range ordering, often found at the lowest
eutectic or congruent melting point of an intermediate,
through the choice of cation—cation coordination numbers.
The anion—anion coordination numbers are subsequently fixed

17485

RN TN
" /// X+ \‘\ // / ) \‘\
A
\ \\ /
\__// c. . \\\‘\ / /

__SNN-. _:FNN
/ -\ / i y:\\.

) (B

N\ / N4

N— ~——
Figure 1. Schematic representation of a quadruplet used in the
quadruplet approximation. In this figure, A*" and B** are the cations in
a system, while I” is the anion. The first-nearest neighbor (FNN) and
second-nearest neighbor (SNN) are also shown.

through the electroneutrality rule. The coordination numbers
used in this work are given in Table 3.

Table 3. Coordination Numbers Used in the CALPHAD
Models Presented in This Work

A B Zwp, ZRsn, Ziwn,
Cs* Cs* 6 6 6
Pb** Pb** 6 6 3
Bi** Bi** 6 6 2
Cs* Pb** 6 6 4
Cs* Bi** 3 6 2.4
Pb** Bi** 6 6 2.4

The change in energy associated with the second-nearest
neighbor exchange reaction, given in eq 2 for the system CsI—
Pbl,, is given in eq 3. This excess Gibbs energy parameter is
one of the optimization parameters used in this work.

(Cs—1-Cs) + (Pb—I-Pb) — 2(Cs—I-Pb)Ag ., ,, (3

+Z

_ 0 i0 i 0j J
B8, = Bepns, T Ziz 8o itcen, T Zizlem v, (3)

In eq 3 the terms Aglpy Iy b 1, and Shcs /1, are composition-
independent coefficients that may depend on temperature. The

composition dependence of the Gibbs energy is apparent
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Table 4. Summary of the Thermodynamic Data Used in the Present Work to Model the Solid Phases of the CsI—-PbI,—Bil;

System”

phase
solid solution
(Cs*,Pb**,Bi**,Va),(I",Va),
°Gppy, (), — 2°H™ — °Hpp" = °Gpyl,

°Gpr),(va), — “HES = °Gppp, — 2°Gi™

°Gesy (va), — 3°HES = °Geg — °GP™™ + 11.5263T
°Geehy, @), — 2°HP™ — °HER = °Gey + °GP™™ + 11.5263T

°Gva ), = 2°HI™ = 2°GI™ + 100000
°Gva),(va), = 100000
OL(PbZ',Biz')l(Ii)Z = 2500
0]-4(%2*,\/;)‘(1’)2 = —3000
L ), ), = 100000
OI-I(CS*,Pb“)l(I’)2 = 60000
L pb™),(va), = 60000
homogeneity range

o

°Gesaay(r), — 3THER — 9°H™ = 3°Gey + 6°Gi™™ + 47.6278T
°Gesy (van(va)y, — 3THES = 3°Gey — 3°Gy™ + 47.6278T

°Gyay (), — 2°HES — 9°HP™ = 2°Gyy, + 3°Gi™ + 47.6278T
°Gyay 8 p(va)y — 2°Hi ™ = 2°Ggy, — 6°Gi™ + 47.6278T
*Gaywan), = °HIT = 9°GI™ + “Gyay,vay,va),

°G(ya),(Va)(va), = 100000
OL(Cs*)g(va)z(Ijva)g = 200000
'Lcs)y(va(va), = 120000
OL ) (B (T va)y = 100000
"L va) (B, ~va), = 150000
OL(c5*,v3)3(13i‘*)2(1')g = 70000
OL s )b va(i), = 110000

functions

(900 < T < 2400 K)

°Gpy, = —157970.93 + 65.731T — 40.95T In T — 0.0543366T> + 5.865 X 107°T® — 14448607 " (298 < T < 681.8 K)
°Gppr, = —208180.225 + 565.688T — 114.6362T In T + 0.06491T* — 2.2958 X 107°T° + 471266.95T"

(298 < T < 683 K)

°Gey = —361484.671 + 176.752T — 43.815T In T — 0.0109211T% — 4.15961 X 107’T> — 100123.85T"

(298 < T < 905 K)

°Gscoppr, = —589169.342 + 744.64568ST — 158.4512T In T + 0.05399T> — 2.3333 X 107°T° + 371143T"

(298 < T < 681.8 K)

°Gpcepb, = —574969.342 + 720.739961T — 158.4S12T In T + 0.05399T> — 2.3333 X 107°T° + 371143T "

(298 < T < 594 K)

Gy, = —1684327.59 + 1278.02264T — 289.8962T In T + 0.02123T° — 2.4666 X 107°T* + 70771.5T"

(594 < T < 770 K)

°Geypiyt, = —1552006.97 + 678.544824T — 211.365T In T — 0.142803T> — 0.124833 X 107°T° — 300374.5T "

(298 < T < 872 K)

°Gies ) i), — 3°HES — 2°HR N — 9°HP™ = °Ge, gy,

(Cs*,Va)3(Bi3+,Va)2(I_,Va)g oG(Cs‘)x(BiL)z(Va) - 30H§:’R - ZoHsBjER = cGCs;BiZIg - 90G§ER

°GER = 100565.721 — 41.4565742T — 20.78611T In T (298 < T < 900 K)
°GiER = 100490.766 — 39.9796783T — 21.02293T In T — 0.00028892195T* — 5.92257 X 1075T° + 4271.7805T "

Gibbs energy (J-mol™) source
Gy, ), — 2°HI™ — °HR" = °Gpy, — °Gi™" + 7.9384T — 50000
Gy, (va), — CHES = °Gpy, — 3°Gi™™ + 7.9384T — 50000

this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work

this work
70

72,73

70

69

this work

this work

this work

this work

“SER refers to the phase of the element stable at 298.15 K. The optimized values are marked in bold.

through ycpp1, as these are defined in eq 4. In this equation,
Xcgcs1, i the cation—cation pair fraction or the molar fraction

of the quadruplet containing two cations Cs. For a binary
system such as CsI=Pbl,, {Xcico1, + Xcopbr, + Xpopbs,) 1S
equal to one.

X CsCs/1,

Xespo/1, =
TP Xeeot, F Xespost, T Xpbpo/1, (4)

The excess Gibbs energy functions used in this work are
given in eq S for the CsI—Pbl, system, in eq 6 for the CsI—Bil;
system, and in eq 7 for the Bil;—Pbl, system. The ternary
phase diagram is calculated by extrapolation from the
constituting binary subsystems using the asymmetric Koh-
ler—Toop formalism.”® No ternary interaction parameters were
used for the extrapolation of these binaries to the ternary phase
diagram.
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Ageyppyr, = —8000 + 7oy (~1500) )

Ag 1, = —20200 + e (400) + ., /IZ(—13000)
(6)
Agopr, = —2800 + ZBin/IZ(_ZZOO) (7)

Solid Solution Description of the Bil;—Pbl, System.
Thermodynamic modeling of the complete solid solution in
the Bil;—Pbl, binary system and the homogeneity range in the
CsI—Bil; binary system around Cs;Bi,]y is done using the
compound energy formalism (CEF). Using this formalism, the
assumption is that the solid is composed of sublattices with a
fixed stoichiometry, with random mixing on each sublattice.’”

The atomic scale order of the Bil;—Pbl, system poses the
question of the proper choice of sublattices. In general, one
should use the least number of optimization parameters while
describing the experimental results well and resembling the
physical nature. Since there is not enough experimental data
available to fit the model to a brick structure, a simpler model
reflecting the single-crystal XRD and EDS data from Alexander
et al.” is selected. Their measurements indicated that Pb**,Bi**
and vacancies share the same site, while iodine has a fully
occupied position. Therefore, the Bil;—Pbl, system is modeled
herein as (Pb**,Bi’*,Va)(I”),. The Gibbs energy of this phase
is expressed in eq 8; the excess Gibbs energy of the system is
given in eq 9. The values used for the interaction °L-terms in
this equation are given in Table 4.

G — Zn H™(298.15 K)
= VeI Gty oy, T V89 Gy, am), T W™ Gvana,
+ RT(be” In Yot T g+ In Vet T W In yVa) + G (8)

excess __ 0 0
G = L(pb2+,Bi3+)1(I_)Zbe2+yBi3+ + L(sz+’Va)1(l-)zypbz+yVa (9)

In eq 8, y; is the fraction of species i in the sublattice, and
°G, (), is the Gibbs energy of the different end-members

composed of species i on the first sublattice and species j on
the second sublattice. The configurational entropy term
accounts for ideal mixing on the cationic sublattice.

A schematic representation of the model is given in Figure 2.
In this figure, the neutral line shows at which points in this
diagram the system has a net charge of zero, as this is the
domain in which this model has a physical meaning. The end
points of this neutral line are the end-members of this system,
namely, Bil; and Pbl,.

The Gibbs energies of the neutrally charged end-members
Bil; and Pbl, can be expressed as in eqs 10 and 11,
respectively. Equation 11 can be simplified to eq 12.

Gpmz =G

(PE), (1), (10)
2 2 1o 1 1 2.2
g GBiI3 = g G(Bi3+)|(17)z + g G(Va)l(l_)z + RT(E 11’1 g + g ll’l g]
(11)
o e 1o 1 3 1
GBi13 = G(Bi3+)1(l_)z + E G(Va)l(l_)z + RT|In2 — E n3
(12)

The description of the three end-members of this model are
given by eqs 13—15

Gy, r), = Geo, (13)
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(PbZ)(I),
(0)

aul\ eaneY

(Va)(I), / (Bi)(1),
(-2) (+1)
2 Bil, = (Bi**,5Va:5)(1),
(0)

Figure 2. Graphical representation of the model for solid solution
Bil;—Pbl, using the compound energy formalism.

. . o SR 3

Gty oy, = Gy = Gl — SOOOO—RT(ln 2 — > In 3] (14)
° ° ~SER

G(Va)l(l_)z =2 GI + 100000 (15)

Solid Solution Description in the Ternary System. To
describe the entire ternary system using the CEF, the Cs ion is
also incorporated on the cationic sublattice. A vacancy is then
introduced on the anionic sublattice to define the CsI end-
member. The ionic species used to describe the solid solution
in the ternary system are therefore (Cs*,Pb*",Bi**,Va)(I",Va),.
The corresponding Gibbs energy functions used to describe
this system are given in eq 16.

G — Zn H™(298.15 K)

= Ve Geryam, T Sienyay, T G(Pb“')l(l_)z

I Gy, T I Spin o),

R AT G(lsi“);(v'a)Z ) Gy, T W, Gvayva),

+ RT(yC; Iny.s + ypp+ Inypor +ypaeInyse + 3, In yVa)

+ ZRT()/I, In Y- + Yo In yva) + Gereess (16)

with the excess Gibbs energy function, G*“*, as defined in eq

17. The values used for interaction parameters °L are given in
Table 4.

excess __ 0 0
G = Loty o we e Ly, ) e e

0 0
+ L(cé,pb“)l(r)zy Vet T L(c;,pb“>l (va)? C P+

+ OL(c;f,Bi“)l(r)zy Bt (17)
A graphical representation of the system is given in Figure 3.
In addition to the Gibbs energy functions given in egs

13—15, Gibbs energy functions for the other end-members are

given in eqs 18—22. The end-member consisting exclusively of

vacancies, eq 22, has been destabilized using a large positive

excess energy term as recommended by Sundman, Lukas and
79
Fries.

o

. . 1.1 1.1
G = Goy — GIER — 2RT[— In—+ —1In —)
(€, (Va), Csl I 22 2 2 (18)
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(Bi**)(va), (Va)(Va),
(+3) (0)
(Bi=)(1), ) (Va)(F),
(+1) 3 Bily = (Bi**;3,Vay3) (), ('2)
(Pb2*)(Va), (Cs*)(Va),
(+2) (+1)
neutral \
plane
Vi Csl = (Cs*)(I"y2,Vay2)2
Pbl, = (Pb>*)(I), (Cs*)(1),
(0) (-1)

Figure 3. Graphical representation of the (Cs*,Pb**,Bi**,Va)(I",Va),
sublattice model in the compound energy formalism. The neutral
plane is the plane along which the phase diagrams of the binaries are
calculated.

B e o _SER 1 1 1 1
G(C;)I(I_)z = GCsI + GI - ZRT(E ln E + E 111 E) (19)
° _° _ ~°(SER
oy vay, = Gror, = 2 G (20)
B e o _SER 3
G(Bi3+)l(va)2 = GBiI3 —3- Gy — 50000 — RT(ln 2 — E In 3]
(21)
G(va),(va), = 100000 (22)

Modeling the Cs;Bi,l, Homogeneity Range in the CEF
Formalism. In the system CsI—Bil;, the intermediate Cs;Bi,l,
exhibits a homogeneity range spanning several mole percent.
In order to model this in the CEF, an expression for this
intermediate compound is used with three sublattices:
(Cs*,Va);(Bi**,Va),(I",Va)y. A graphical representation of
this model is given in Figure 4.

(Va)s(Bi**),(Va)g
(+6) (Va);(Va),(Va),
(0)

(Va)s(Bi**),(Vays,1/3)s = 2 Bils

(Va)(Bi*),(1), figlehtlaltis
(-9)
(3)

34).(Va) 7 (Cs*)s(Va),(Va)
ek e e

3Csl =(Cs)5(Va),(Vay,113)s

/

Cs3Biyly = (Cs*)3(Bi**), (g (Cs*)5(Va),(F)s
(0) (-6)

Figure 4. Graphical representation of the (Cs*,Va);(Bi**,Va),(I",Va),
sublattice model in the compound energy formalism. The neutral
plane is the plane along which the homogeneous range around
Cs;Bi, ], is constructed.

The Gibbs energy of the homogeneity range of Cs;Bi,l, is
defined in eq 23, with the term G*“* as defined in eq 24 and
the individual Gibbs energy terms for each end-member
defined in eqs 25—32. The end-member consisting exclusively
of vacancies, eq 32, has been destabilized using a large positive
excess energy term as recommended by Sundman, Lukas, and
Fries.”” The values for the °L and 'L parameters used in eq 24
are given in Table 4.

G — Zn H™(298.15 K)
= Ve B;3+}’1"DG(cs*)3(Bi3+)2<r)9 T ey B;“)’va'DG(cs+>3(Bi3+>2(va)g
+7 cﬂv@])’r'°G<cs+)3<v3>2(r)9 +7 c#yVa)’Va'°G<c5+)3<v3>2(v3>9
T Bi“)’f'DG(Va)3(B;3+)2(r)9 T Bi“}’Va'DG(va)3(Bi3+)z(va)9
+ N vty + W Cvavanval
+ 3RT(y s Iny s+, Iny, ) + 2RT(ypas Inyyse +y, Iny, )
+ 9RT(y-Iny- +y, Iny, )+ G™ (23)

Gexeess

_ 0 1
= 12, CLicsyyva, amva)y + L(c;r)3<v3)2(r,Va)9(yr =)
0 1
F 9. CLvayy @), v, + L(Va)3(B13+)2(I_,Va)g(yr = %)

0 0
I Lict et T Ve e Lt mthvana,

(24)
Geenmn,a), = Gespi, (25)
DG(CS*)S(Bi“)Z(Va)() = OGCssBizlg - 9OGISER (26)
Gty = 3Gey + 6 GIF* — 3RT(2In2 — 3In 3) (27)
Gty vayvaly = 3Gey — 3G — 3RT(2In2 — 3In 3) (28)
°G(Va)3 B = 2 Gy, + 3G = 3RT(2In2 — 31In 3) (29)
Gy (v = 2'Gyy, — 6 GI™ = 3RT(2In2 — 31n 3) (30)
Gy wap), =9 G+ Giyay,va),(va), (31)
OG(va)S(va)z(va)g = 100000 (32)

B RESULTS AND DISCUSSION

Characterization of Synthesized Ternary Salts. The
synthesized compounds CsPbl,;, Cs,Pbls, and Cs;Bi,l; were
found to be, respectively, yellow/green, white, and red/deep
orange, in line with literature.">**** The X-ray diffraction
patterns of CsPbl;, Cs,Pbl,, and Cs;Bi,], are shown in Figure
S. The diffraction patterns of CsPbl; and Cs,Pbls were refined
by using Rietveld refinement; the pattern of Cs;Bi,ly was
refined by using LeBail refinement. No peaks remained
unidentified meaning that there are no secondary phases
within detection limit. The obtained lattice parameters are
listed in Table S, along with a comparison to literature
values.”>*>%

The calculated densities are also listed in Table S. The
density of the salts as compared to liquid Pb or LBE is of
practical importance. The density of Pb and LBE at various
temperatures is given in the Handbook;*" until 1100 K, it stays
above 10 g-cm™. Based on the density at room temperature,
this means that if these ternary compounds are formed in the
coolant vessel, they will float on top of the coolant.
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Figure S. Experimental (Y, in red) and calculated (Y, in black) XRD patterns of CsPbl; (top right), Cs,Pbl, (top left), and Cs;Bi,I, (bottom)
at ambient conditions. The difference between calculated and experimental intensities, Y, — Y, is shown in blue. The angular positions of Bragg

reflections are shown in green. Measurement is 4 = Cu K,,.

Table 5. Crystallographic Information for Synthesised CsPbl;, Cs,Pbl,, and Cs;Bi,l,, As Used and Obtained in This Work,

Compared with Literature Values.””*>%¢

compound # a (A) b (A) ¢ (A) y (°) volume (A%) P (g-cm_3) source
CsPbl, 62 10.455(2) 4.8015(6) 17.773(2) 90 892.2(2) 5.366(1) this work
62 10.4581(3) 4.8017(1) 17.7761(5) 120 892.66 5.36 80
Cs,Pbl, 167 14.5578(7) 14.5578(7) 18.300(1) 120 3348.7(3) 4.4500(4) this work
167 14.528 14.528 18.313 120 3347.35 447 s
Cs;3Bi,l, 194 8.4134(4) 8.4134(4) 21.196(1) 120 1299.4(1) 5.0066(4) this work
194 8.4116 8.4116 21.182 120 1297.94 5.01 32

“# = number of crystallographic space group. Densities calculated based on crystal structure. Standard uncertainties given by FullProf are multiplied

by 10.

DSC of the End Members and Compounds. The DSC
results of the purchased compounds Csl, Pbl,, and Bil; were
compared to the literature values. The measured melting
points for CsI (904 + S K), Pbl, (687 = S K), and Bil; (665 +
S K) are compared with literature values in Table 6. The
melting point for CsI was found to agree very well, while those
for Pbl, and Bil; are, respectively, a bit higher and lower than
found in literature. The compounds CsI and Bil; do not have
polymorphs. Pbl, has a Cdl,like structure and exhibits
polytypism. However, polytype 2H is by far the most present
and the polytypic transition does not come with a large
enthalpy change.”' Therefore, the polytypism of Pbl, is further
neglected in this work. The phase transition and melting point
of CsPbl; were found to agree well with literature. For the
peritectically decomposing compound Cs,Pbl, the heat effect
on the first cycle of the synthesized compound was taken and
found to be some 20 K higher than the values reported in
literature.*”** The melting temperature of freshly synthesized
Cs;Bi,1, on the first DSC cycle was found to be (870 + S) K,
which drops by approximately 10° upon subsequent cycles and
a small prepeak appearing. This might be attributed to the

17489

homogeneity range as described by Kun et al,;** in this work,
the temperature on the first heating ramp was taken as the
melting point of Cs;Bi,ly. Values as determined in this work
and in the literature for all six compounds are collected in
Table 6, alongside known melting enthalpies (e.g., CsL, Pbl,
and Bil;). There are, to the best of our knowledge, no
experimental data available on the melting enthalpy of
intermediates CsPbl; and Cs,Pbl,. There is, however, data
on the melting enthalpy of Cs;Bi,l,, reported by Kun et al.”’

Binary Phase Diagram Studies: Calorimetric Meas-
urements and Modeling. Binary System Csl—Bil;. The
experimentally measured thermal transitions in the CsI—Bil;
system with their interpretation are given in Table S.2. As
shown in Figure 6, the DSC results can be interpreted in line
with the previously reported phase diagrams of Plyuschev et al.
and Kun et al.”** This interpretation is further underpinned
by post-DSC analysis (see Table S.1), in which only binary
mixtures of Cs;Bi,]; with one of the end-members CsI or Bil;
were found. However, for the measurements at 0.1 < x(BiI3) <
0.4, extra thermal arrests were also detected at around 724 K. A
series of quenching and synthesis experiments with phase
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Table 6. Phase Transition Temperatures and Melting dioo ' ; ‘ ‘
Enthalpies of the Compounds As Measured in This %% Preserea
Research Compared to Literature” 000 Liquid Al 1
) » AtrH;(I:tf) 900 P 1
species T (K) transition type (kJ-mol ™) ref e <& 4
Csl 904 + S congr. melting this work, 800 k 0 5 i J
exp. < o T TETE R
905 25.7 this work, = o ©° o o
mod. 7000 F NG
914 43 T Ee § K &
903.8 + 0.2 240+02 ¥ 600 ¢ 7
905 + 2 25.65 + 04 % |
9024 + § 69 500 |- m\‘/
Pbl, 580 polytypism 0.339 & g g: ‘/ <
687 + 5 congr. melting this work, g 02 0:1 X(Bily) 06 0s 1
exp.
682.9 235 this work, Figure 6. Phase diagram of the CsI—Bil; binary system, as calculated
mod. with the thermodynamic model presented in Table 4. The
677 o experimental data shown on the phase diagram is from Plyuschev et
679 23.344 7 al.*® (green squares), Dzeranova et al.” (blue triangles), Kun et al®
Bil, 665 + S congr. melting this work, (red and orange squares), and this work (black circles).
exp.
681.8 39.1 this work,
. 301 + 03 74m0d' the fé).dstence o.f such a phase eithe.r (Table S9). In abseane of
CsPb, 599 4 5 polymorphism - this work additional evidence on the existence of such a high-
- exp. ’ temperature phase, this thermal effect was not accounted for
594 14.2 this work, in the model.
mod. The calculated phase diagram of the CsI—Bil; system is
600 " shown in Figure 6. The calculated invariant equilibria are given
594.8—599 142+05 % in Table 7. The CALPHAD model agrees well with the data
595 . measured in this work. The mixing enthalpy of this system is
593 141 +024 *° shown in Figure S.2 at T = 1000 K. The CsI—Bil; system is
758 +°5 congr. melting this work, characterized by two eutectic points, formed between Cs;Bi,],
€Xp- and, respectively, CsI and Bil;. The eutectic compositions
770 26.78 thriflg’éork’ between Cs;Bi,], and CsI is well-defined. In the current work,
754 n the composition was found to be x(Bil;) = 0.22 + 0.005,
749 43 matching with refs 28 and 30. The eutectic composition
757 84 reported by ref 29 differs, but their figure is judged to be
CsPbl, 759 = § peritectic this work, unreliable on the composition axis. The eutectic temperature
exp. corresponding to this event varies between T = (784 + 10) K
769 71.31 this work, (this work) and T = 795 K*°. The eutectic composition
mod. between Cs;Bi,]g and Bil; is ill-defined, varying between
737 . x(Bil;) = 0.70*° and x(Bil;) = 0.86”. Our experimental
741 " (x(Bily) = 0.77) as well as optimized (x(Bil;) = 0.80) values
Cs;Bily 870 + 5 congr. melting this work, are intermediate in the range of reported values. The
7 177 th?:p“‘mrk temperature of the eutectic as reported in literature is slightly
mod. higher than modeled and measured in this work. The measured
907 28 congruent melting temperature of intermediate Cs;Bi,], is not
905 + § 148 + 22 30 entirely in agreement with the data from the aforementioned

“The values referred to as “this work” are the experimentally
determined (exp.) values and the values used in the modeling (mod.).

analysis (see Table S.1) did not show the presence of any other
compound besides Cs;Bi,1, and CsI. The trend in composition
versus heat (see Figure S.3) indicates that the effect cannot be
ascribed to polymorphism in Cs;Bi,Iy nor to a compound at
x(Bil;) = 0.25, a composition that is known for other cesium
bismuth halide phases. A high-temperature polymorph was not
found upon a quenching experiment (Table S.1). A further
possible explanation would be the existence of a high-
temperature phase at x(Bil;) = 0.2, corresponding to the
maximum in the heat release of the DSC curves in the
composition range, but quenching experiments did not reveal

literature. There is, however, good agreement between the
model and the available experimental data for compositions
x(Bil;) < 0.8. The homogeneity range of Cs;Bi,],, as measured
by Kun et al,,” has been included in the model. The model fits
well with the available experimental data at temperatures of T
= 630 K and above; the homogeneity range is not quite as wide
at lower temperatures, as measured by Kun et al. at 600 and
570 K. The value of the melting enthalpy of the non-
stoichiometric compound Cs;Bi,ly, as predicted using the
CALPHAD model presented in this work, is slightly higher.
The congruent melting point of this compound, however, is
predicted to be at x(Bil;) = 0.39, rather than x(Bil;) = 0.40,
like its stoichiometry suggests at face value. Further
investigation into the exact temperature and composition of
this congruent melting point is necessary to assess the accuracy
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of the predicted melting enthalpy. Overall, the current model 1100
captures the system well within the sometimes rather e s Tt

1000 iqui elyae etal
widespread of experimental results. & tsovetal

900 §-

Table 7. Invariant Points Are on the CsI—Bil; Phase
Diagram®

reaction type x(Bil;) T (K) ref
Cs3Bi)ly + CsI = L eutectic 0.22 784
0.21 790 this work, mod.
022 814 *®
030 795 ¥
022 790
this work, exp

this work, exp.

Cs;Bi,ly = L congr. melting  0.40 870

0.39 872 this work, mod.
040 907
040 905

Cs;Bi)]g + Bil; = L eutectic 0.77 636 this work, exp
0.80 640 this work, mod.

08 638 *

075 637 7

070 625
“The uncertainties on the experimental results of this work on
composition are estimated to be +0.005; the uncertainties on
temperature for mixtures are estimated to be +10 K.

Binary System Csl—Pbl,. The experimentally measured
thermal transitions with their interpretation are given in Table
S.4. The current results agree well with the liquidus line of
Ilyasov et al.** and the phase diagram of Belyaev et al.*’ The
peritectic decomposition temperature of Cs,Pbl, varies a bit.
The mixing enthalpy of this system is shown in Figure S.2 at T
= 1000 K. Post-DSC XRD studies at x(Pbl,) = 0.20 indicated
the presence of three compounds, viz. Cs,Pbl, CsPbl; and
Csl. Based on the presence of only these three compounds, we
can conclude that the compounds on the Cs-richer and Cs-
poorer sides are, respectively, CsI and CsPbl;. Moreover, the
difficulty in obtaining a pure Cs,Pbl, single crystal is consistent
with the presence of a peritectic decomposition near a eutectic
equilibrium. The XRD pattern of the sample with a mixture at
x(Pbl,) = 0.50 showed the presence of just one compound: &-
CsPbl;. The XRD pattern of the sample with a mixture at
x(PbL,) = 0.70 was analyzed using HighScore® analysis; only
CsPbl; and Pbl, were found. From these crystallographic
analyses the number of compounds in the pseudobinary phase
diagram CsI—Pbl, was found to be limited to two: Cs,Pbls and
CsPbl;. The post-DSC XRD studies are summarized in Table
S.L.

The calculated phase diagram of this system is presented in
Figure 7. The calculated invariant equilibria are given in Table
8, along with the corresponding experimental data. Calcu-
lations performed with the CALPHAD model displayed in
Figure 7 show good agreement with the measured invariant
points obtained in this work. The overall agreement with the
data reported in the literature is also good, though there is a
slight discrepancy between the calculated liquidus at x(Pbl,) =
0.5 and 0.79 and the experimental data by Ilyasov et al.** and
Belyaev et al.*

Binary System Bil;—Pbl,. The experimentally measured
temperatures with their interpretation are given in Table S.3.
Upon first inspection, several of the peaks were quite broad.
This could indicate that solidus and liquidus equilibria overlap
upon measurement. Thus, the data were interpreted by taking

/:’—NFN o

600 | e o o o o

500

w
O
0

Pbl,

400

o |CsaPblg
CsPbl,

2 04 x(Pbl)) 06 0.8 1

Figure 7. Phase diagram of the CsI—Pbl, binary system as calculated
with the thermodynamic model presented in the main text. The
experimental data shown on the phase diagram is from Ilyasov et al.**
(blue squares), Belyaev et al.” (red squares), and this work (black
circles).

Table 8. Invariant Points on the Pseudo-Binary Section
CsI-PbL,*

reaction type x(PbL) T (K) ref
Cs,Pbl4 = CsI + L peritectic 0.20 754
0.20 758  this work, mod.

020 737 ¥

020 741
eutectic 0.38 718

this work, exp.

Cs,Pbly
+ CsPbly = L

this work, exp.

0.36 722
0.39 707 ¥
0.40 705
0-CsPbl; = a-CsPbl;  polymorphism 0.50 599
0.50 594 this work, mod.
0.50 600 *
0.50 595
050 595
0.50 593 %
congr. melting 0.50 758
0.50 770
0.50 754 ¥
0.50 749 B
0.50 757 %
eutectic 0.80 618
0.78 621  this work, mod.
0.80 614 ¥
0.80 615 ®

this work, mod.

this work, exp.

a-CsPbl; = L this work, exp.

this work, mod.

Pbl, + CsPbl; = L this work, exp.

“The uncertainties on the experimental results of this work on
composition are estimated to be +0.005; the uncertainties on
temperature for mixtures are estimated to be +10 K.

the onset temperature of every peak on heating as the solidus
line and the maximum as the liquidus line. In this way, the
trend of the measured points indicates the formation of a
complete solid solution over the whole composition range.
Given the similarities in the crystal structures of Pbl, and Bil;,
a structure where the positions of Pb*" are occupied by Bi**
and holes can be hypothesized, like was done by Dmitriev et
al.>® and Alexander et al®” Alexander’ also reports the only
DSC measurement on a mixture in this system that is known
to us; that single point is in line with the current results. The
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mixing enthalpy of this system is shown in Figure S.2 at T =
1000 K. The post-DSC XRD studies of the Bil;—Pbl, axis, as
summarized in Table S.1, indicated the presence of crystalline
material, the structure of which we could not resolve. The X-
ray diffraction patterns are shown in Figure S.1. Recently,
Alexander et al.”” reported an XRD pattern of a sample at
x(Pbl,) = 0.50 and the results were ascribed to a layered
structure that is disordered. TEM analysis indicated Pb-rich
and Bi-rich “bricks” at the nanoscale.

The calculated phase diagram of this system is presented in
Figure 8. It shows good agreement between the measured data

900

© This work (liquidus)
@ This work (solidus)
800

Alexander et al

Liquid

700 | <
e
o 2 3 7/3//&’,%4
\'\ﬁr\:\gl_ . D g @

T(K)

600

500 f
Pb.,Biyle

400

0 02 04 x(Pbl,) 06 038 1

Figure 8. Phase diagram of the Bil;—Pbl, binary system as calculated
with the thermodynamic model presented in Table 4. The peak onset
temperature was used to determine the solidus data (black solid
circles), and the temperature at the peak maximum was used to
determine the liquidus data (black open circles).

and the thermodynamic model. The entire composition range
between Pbl, and Bil; consists of a solid solution with
composition Pb,_BiI,,,. The only available literature data
point of Alexander’ fits with the current experimentally
measured and modeled results. The solidus and liquidus
lines cross at x(Pbl,) = 0.41 and T = 634 K. The atomic scale
structure of Bil;—PbI, mixtures, which we consider here to be
a solid solution, deserves dedicated analysis. Both structures
are layered, so the solid solution will be a mixture of Pb, Bi and
vacancies. The question is whether this mixing is completely
random, or if there is a strong preference of the vacancies and
Bi to be together.

Ternary Phase Diagram Studies: Modeling and
Experiments. The ternary phase diagram CsI—Pbl,—Bil;
was calculated using only the binary interaction parameters,
as described supra. The liquidus projection of the ternary phase
diagram is shown in Figure 9. An isotherm at T = 300 K is
given in Figure 10, showing the stable phases at room
temperature. The ternary eutectic points and the phase
equilibria in the pseudobinary section Cs;Bi,]o—CsPbl; are
discussed infra. Moreover, some miscellaneous points are
described.

Ternary Eutectic Equilibria. The calculated ternary phase
field reveals three ternary eutectic points. The calculated
compositions are given alongside the experimentally measured
phase transition temperatures in Table 9. As can be concluded
from the Table, the eutectic temperatures are accurately
reproduced by the model. It is observed that the ternary
eutectic points are all located close to the CsI—Pbl, side.

T(K)

lsoo

850
800
750
700
650

600

Bil, Pbl,

Jymole }'racrior; )
Figure 9. Liquidus surface of the CsI—Pbl,—Bil; ternary system as
calculated with the thermodynamic model presented in Table 4. The

precipitate target phases labeled A—E are as follows: CsI (A), Cs,Pbl
(B), Cs;Biyl, (C), CsPbl, (D), and Pb, Bil,,, (E).

Csl

Pbl,

mole fraction

Figure 10. Isothermal section of the CsI—PbI,—Bil; ternary system at
T = 300 K as calculated with the thermodynamic model presented in
Table 4. The phases on the diagram labeled A—D are as follows: CsI
+ Cs3Bi,, + Cs,Pbl, (A), Cs;Biyl, + CsPbl, + Cs,Pbl, (B), Cs;Bi,l,
+ CsPbl, + Pbl, (C), Pb,_Bi,L,,. + Cs;Bi,L, (D).

Pseudobinary Section Cs;Bi,l;—CsPbl;. The measured
phase transition temperatures as obtained by DSC are given
together with their interpretation in Table S.5 and drawn on
top of the modeled phased diagram in Figure 11. The
experimentally measured liquidus curve and eutectic events
agree well with the points predicted by the thermodynamic
model. The experimental data point at x(CsPbl;) = 0.7 and T
= 680 K is possibly a measurement error, as it seems to be an
outlier compared to similar compositions. The eutectic point
on this pseudobinary section is at x(CsPbl;) = 091 and T =
740 K. No indication for the existence of quaternary
compounds was found.

Ternary System: Miscellaneous Points. Based on the
reports by Hu et al,'” a sharp decrease of the transition
temperature 0-CsPbl; = a-CsPbl; was expected when small
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Table 9. Calculated Ternary Eutectic Compositions with Phase Transitions Experimentally Found at Those Compositions”

T, (K)

729
707
617

equilibrium equilibrium reaction
eutectic CsI + Cs3Bi,ly + Cs,Pbly = L
eutectic Cs;Biply + Cs,Pblg + CsPbl; = L
eutectic Cs;Biyly + CsPbl; + Pb,_,Bi,L,,, =L

“T, = calculated temperature; T, = experimentally measured temperature. The uncertainties on the measured temperatures are estimated to be +10

x(CsI) x(PbL,) x(Bily) T. (K)
0.72 0.21 0.07 739
0.63 0.33 0.04 718
0.22 0.76 0.02 621
K.
1100
@ This work
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Figure 11. Phase diagram of the Cs;BiJy—CsPbl; pseudobinary
system as calculated with the thermodynamic model presented in
Table 4. The experimental data shown in the phase diagram were
obtained in this work. The phases on the diagram labeled A-G are as
follows: Cs;Bi)I, + Pb,_,Bi.l,,, (A), Cs;Bi ], + L' (B), Cs;Bil; +
Pb, BiL,, + L' (C), a-CsPbl, + Cs;Bi,l, + L' (D), a-CsPbl, +
Cs:Bil, + Pb,_BiL,., (E), 5-CsPbl, + Cs;Bi,, + Pb,_BiL,.. (F), a-
CsPbl, + L' (G).

amounts of Bil; were added. However, three attempts on this
axis with compositions x(CsPbl;) = 0.96 and x = 0.98 did not
result in a sharp drop of the temperature. The found
temperature values for the J-CsPbl; — a-CsPbl; transition
are, respectively, 586 and 589 K, which is just a few degrees
below the reported values for the phase transitions as given in
Table 6, but definitely not stabilizing the perovskite phase
down to room temperature. The obtained results are consistent
with the conclusion of Zhang et al.”>”>* who found computa-
tionally that stabilization of the perovskite phase cannot be
ascribed to the physical properties of Bi**. However, the
current results also do not support the destabilizing effect, as

suggested in ref 57. For thin films, it was also found that a-
CsPbl, is not stabilized by the incorporation of Bi-ions.>

Other compositions in the ternary field that have been
investigated with DSC are reported in Table 10, along with the
temperatures calculated with the CALPHAD model. The
measured points show a slight deviation from the calculated
values but are close enough that further optimization of the
ternary field was deemed unnecessary.

B CONCLUSIONS

To study the liquidus surface of the ternary system CsI—PbI,—
Bil;, the constituting binary salt systems were investigated for
the first time (Bil;—Pbl,) or subjected to renewed
investigation (CsI-Pbl, and CsI-Bil;). Based on our DSC
results, the Bil;—Pbl, system seems to form a continuous solid
solution over the whole composition range. In general, the
CsI—Pbl, and CsI-Bil; systems behave as reported previously
in literature. The three binary systems were modeled and
extrapolated to the ternary phase field. The predicted ternary
eutectic points and section Cs;Bi,]q—CsPbl; were experimen-
tally measured. They agree well with the predictions by the
CALPHAD model.

Using the obtained liquidus surface, the state (solid or
liquid) of any mixture of CsI—Pbl,—Bil; can easily be
determined at any given temperature and composition.
Depending on the temperature of interest, this model predicts
which phases will be thermodynamically stable.

Two limitations of our current study for the safety
assessment of the LFRs and LBE-cooled reactors are given
by the fact that we studied only the ternary salt field, mainly
focusing on the determination of the liquidus surface. Since
most of the Pb and Bi will be present as liquid metals,
thermodynamic studies into the Pb—Bi—Cs—I system are also
necessary. Moreover, under high operating temperatures or
severe accident conditions, the gas phase properties might

Table 10. Measured and Calculated Invariant Equilibria in Ternary Phase Field CsI-Pbl,—Bil;"

equilibrium reaction

x(CsI)  «x(PbL)  «x(Bily) T. (K) T. (K) equilibrium
0.36 0.36 0.28 772 752 liquidus
649 621
618 608
0.57 0.37 0.06 736 751 liquidus
708 686 eutectic
667
608
594 584 polymorphism
0.50 0.48 0.02 758 759 liquidus
594 587 polymorphism
0.50 0.49 0.01 756 762 liquidus
594 584 polymorphism

“T. = calculated temperature;

K.

T

17493

Cs;Bi)l, + L" = L

Cs;Biyly + CsPb,_Bi,,. + L' = Cs;Bi,Iy + L”

5-CsPbl, + Cs;Bi,l, + CsPb,_Bil,, = Cs;Bi,]; + CsPb, Bil,, + L’
a-CsPbl, + Cs;Bi,], + L' = L

a-CsPbl, + Cs,Pbl, + Cs;Bil, = a-CsPbl, + Cs;Bi,], + L’

5-CsPbl, + Cs,Pbl, + CsBi,I, = a-CsPbl, + Cs,Pbl, + Cs;Bi,l,

a-CsPbl, = L

8-CsPbl, + Cs;Bi,ly + CsPb,_Bi Ly, = a-CsPbl, + Cs,Bi,l, + CsPb,_Bils.,
a-CsPbl, = L

0-CsPbl; + Cs;Bi,ly + CsPb,_,BiI;,,

a-CsPbl; + Cs;Bily + CsPb,_,BiI;,,

. = experimentally measured temperature. The uncertainties on the measured temperatures are estimated to be +10
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become important too. The temperature window of applic-
ability of the current model can however be bound to the
maximum temperature in the coolant vessel.
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