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ABSTRACT: Knowing the local structure of metal ions in molten salt melts is essential for understanding the chemistry related to
corrosion and solvation processes for various applications such as molten salt reactors, solar thermal power systems, and molten salt-
enabled materials processing. However, modeling the dynamic local structure of metals in salt melts is difficult because classical
mechanics does not reproduce the correct local atomic networking. The computational cost of carrying out multiple first-principles
dynamics calculations to ensure that the compositional space is well sampled can be prohibitively large. In order to address this issue,
the current study explores the use of the evolutionary algorithm Universal Structure Predictor: Evolutionary Xtallography (USPEX)
to predict coordination numbers of strontium and zirconium in binary and ternary chloride and fluoride melts. Temperature-
dependent coordination number distributions for the metal atoms were computed using a Boltzmann distribution. The calculated
average coordination numbers were found to be consistent with observations from extended X-ray absorption fine structure
(EXAFS) experiments and the expected temperature trends. Furthermore, the most stable predicted crystal structures compare well
with EXAFS values, validating our approach for predicting local structures in salt melts.

1. INTRODUCTION

Understanding the local structure of metal ions in salt melts is
important for monitoring the species present in the system,
particularly for monitoring corrosion in molten salt reactors
and solar thermal power systems.1,2 In addition, since metals
can have multiple coordination environments that depend on
the concentration, oxidation state, and temperature,3 knowing
the metal coordination in a salt melt can also be beneficial for
developing in situ system monitors for salt melts.
It is possible to determine the local coordination of metals

experimentally. Previous research has used nuclear magnetic
resonance (NMR) spectroscopy,4−6 Raman spectroscopy,7 and
X-ray absorption spectroscopy (XAS)8,9 to study metal
coordination. These experiments are established for systems
with singular coordination environments or oxidation states.
Still, they can be challenging for metals with multiple oxidation
states and coordination environments.3,10 Computational
investigations can be used to decipher experimental inves-

tigations, providing a decomposition of the multiple coordi-
nation environments.6,8,11−13

Molecular dynamics (MD) calculations coupled with XAS
investigations have been frequently used to determine
coordination states in salt melts.10−12,14 However, both
classical MD potentials and density functional theory (DFT)-
based methods have potential issues when modeling actinide
salts. For example, classical potentials may not capture the
complex interactions between actinide metals and typically do
not describe the proper ordering that occurs in ionic liquids.
These interactions can be captured via ab initio MD (AIMD)
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simulations but carrying out the number of calculations
required to adequately sample the compositional space is
quite expensive. Using a stochastic generator for salt
compositions coupled with DFT could provide an equally
accurate alternative to carrying out multiple AIMD calculations
to predict temperature and compositional-dependent coordi-
nation environments while reducing computational time.
The Universal Structure Predictor: Evolutionary Xtallog-

raphy (USPEX) algorithm15,16 is a genetic algorithm used for
predicting crystal structures from user-defined elements based
on a library of space groups. Each hypothetical crystal structure
undergoes structural optimization via DFT, and USPEX
generates a thermodynamic convex hull from the crystal
structure set. Crystal structures with energies closest to the
thermodynamic convex hull are permuted to create the next
generation, with the cycle continuing until a convergence
criterion has been met. USPEX has been used previously in the
study of uranium oxides17 and silicates,18 as well as
perovskites19,20 and high-entropy alloys.21 Though these
applications are for solids, USPEX has been used for analyzing
atom clusters in various applications, including liquids.22−27

This work uses the USPEX algorithm to analyze the
coordination of strontium in a SrCl2−NaCl melt and
zirconium in a ZrF4−LiF melt that have been previously
experimentally investigated using both Raman spectroscopy
and extended X-ray absorption fine structure (EXAFS)
spectroscopy,28 and Boltzmann weighted probability distribu-
tions for coordination numbers (CNs) are generated from the
USPEX data and compared to the experimental values. This
approach assumes that the local environment in USPEX’s
generated crystal structures is the same as or similar to the
local structure of the metals in the salt melt. Our approach is
justified by the apparent agreement between the average
computed CNs and the most stable predicted crystal structures
from EXAFS observations.

2. COMPUTATIONAL METHODS
2.1. Genetic Algorithm for Structural Prediction.

Crystal structures for Sr−Cl, Sr−Na−Cl, Zr−F, and Zr−Li−
F elemental combinations were generated using USPEX
version 9.4.4.15 Elemental binary systems were limited to 20
atoms, while ternary systems had up to 40 atoms per generated
crystal structure. Each calculation began with the generation of
100 random crystal structures of varying crystal volumes and
space groups that were then evaluated using the Vienna ab
initio simulation package (VASP) electronic structure package.
After finishing the initial calculations, the 60 lowest energy
crystal structures from the initial calculations were used as
input to generate new crystal structures. New crystal structure
generations were created using USPEX with the following
perturbation operations: 40% heredity (offspring produced via
random splicing of crystal cells), 20% soft mutation (atomic
displacements generated along the softest phonon mode), 10%
lattice mutation (permutation of lattice constants), and 10%
transmutation (translation of atoms through the unit cell).
Additionally, 20% new random crystal structures were added to
each generation. Each offspring generation contained 50 crystal
structures, and the cycle of producing new hypothetical crystals
was carried out for 40 generations. Although USPEX includes a
semiempirical method to include thermal effects to rank
structures, the algorithm was set to rank structures on 0 K
DFT enthalpy. Therefore, it is expected that high-temperature
structures that are stabilized by phonon vibrations are likely to

not be predicted using USPEX. This process generated a data
set of 1000−1200 atom configurations per element combina-
tion to represent a stochastic sampling representing a liquid.

2.2. Structural Optimization Process. A series of DFT
calculations were carried out for each crystal structure in order
to ensure that it had reached its lowest energetic state before
being evaluated by the USPEX algorithm. Each calculation
used the projector-augmented wave29 approach as imple-
mented in the VASP30−33 electronic structure program using
the Perdew−Burke−Ernzerhof exchange−correlation func-
tional.34 This functional was chosen because of its proven
ability to accurately model uranium compounds.35,36 “Cold”
smearing37 was used with a parameter of 0.02 eV and a wave-
function cutoff of 600 eV. van der Waals interactions were
incorporated into the calculations through Grimme’s DFT-D3
correction,38 a requirement to accurately calculate enthalpies
and structures for uranium chlorides.39,40 Convergence criteria
for the total energy was set to 1 × 10−4 eV, and forces were set
to 1 × 10−4 eV/Å. Three total calculations were carried out
with successively higher k-point meshes. The first two were
structural optimizations with k-point spacings of 0.25 and 0.15
Å−1. Finally, a single-point calculation with a 0.08 Å−1 k-point
spacing was used to evaluate the relative stability using USPEX
for each crystal structure.
After the USPEX algorithm completed the run, a final DFT

single-point calculation was carried out for each USPEX
generated crystal structure in order to provide data as an input
for calculating the temperature-dependent CN distribution,
using the same parameters as those for the USPEX
calculations, but instead using an automatic generated k-
point mesh with 50 k-points per side.

2.3. Calculation of Temperature-Dependent CN
Distributions. Zr−F and Sr−Cl CNs were extracted from
each USPEX generated crystal structure using the CRITIC2
package.41 Our measure of crystal stability for this study is
crystal formation enthalpy, which was calculated using Open
Quantum Materials Database (OQMD) atomic potentials.42 It
is known that the CNs for these systems can depend on both
the composition and temperature, but DFT inherently models
systems at 0 K. Typically, temperature affects would be
included via vibrational phonon calculations, but carrying out
such calculations for all USPEX generated crystals is cost
prohibitive. Instead, temperature effects are accounted for by
using the Boltzmann probability. Our probability formulation
is based on how coordinating species can stabilize a central
atom.43−47 This change in energy is reflected in the per-atom
formation enthalpy of a compound or a cluster. The
probability, Pi, of a metal atom i having any CN in a structure
with per-atom formation enthalpy Ei is

P(CN)
e

ei

E k T

j
E k T

/

/

i

j

B

B
=

∑

−

−
(1)

where T is the temperature in Kelvin, kB is the Boltzmann
constant, and Ej is the per-atom formation enthalpy for the set
of the metal center structure. The total probability of a metal
having a given CN, P(CN), is obtained by summing the
probability of all CN states, Pi(CN)

P P(CN) (CN)
i

i∑=
(2)

2.4. Experimental Agreement. The results of this
computational study are paired with the experimental
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investigations carried out by Lynch et al.,28 who investigated
melts containing 5 mol % SrCl2 in NaCl and 5 mol % ZrF4 in
LiF. The most stable structures identified using USPEX were
used as input for structural fits to EXAFS measurements.
The XAS data were first processed using the Athena package

of Demeter,48 where spectra were normalized and the
background was removed by fitting a spline to the EXAFS
part of the absorption data. The Fourier transform from the
frequency domain (k-space) to the R-space was carried out
using a Hanning window, and the Fourier transform
parameters were chosen depending on k-space data quality.
The results of these operations were then fitted in the Artemis
package of Demeter from 25 to 1100 °C in approximately 200
°C increments. The number of scattering paths used for fitting
was tested for their statistical significance using a Hamilton F-
test.49,50 Processed data from Athena were compared to FEFF
calculations determined in Artemis from USPEX generated
structures. Scattering paths were chosen based on the
scattering type (only single scattering was considered) as
well as the expected bond lengths.8,51 The determined
parameters were the amplitude reduction factor S0

2, the offset
of the absorption peak energy of the data and ΔE0, the
disorder parameter that factors in the thermal and static
disorder σ2, the bond distances between atoms R, and the CN
N. Accuracy of the fit is determined by the degree of deviation
from the original EXAFS results, where the accuracy of the
structure is inversely proportional to the deviation of the
curves.

3. RESULTS
3.1. Sr−Cl and Zr−F Calculations. Before using USPEX

to model the SrCl2−NaCl and ZrF4−LiF melt systems, the
accuracy was first tested by carrying out calculations on the
simpler Sr−Cl and Zr−F binary systems with the predicted
thermodynamic convex hull crystal stoichiometries listed in
Table 1. USPEX largely predicts the correct binary salt and

elemental chlorine stoichiometries. However, it fails to predict
the correct stoichiometry for elemental fluorine and metallic
crystal structures. It likely did not predict the proper ZrF4
analogue because the computed crystal structures were limited
to 20 atoms and experimentally known crystals contain 30 and
40 atoms per unit cell, respectively.52,53 Although USPEX did
not predict the correct crystal structures as lying along the
thermodynamic convex hull, the correct crystal structures were
found to be within 0.1 eV/atom of the convex hull, suggesting
that not fully including crystal vibrational effects may have
influenced the USPEX-derived crystal structure ranking.
The temperature-dependent CN distribution is shown in

Figure 1. At room temperature, Sr prefers 6-, 7-, or 8-
coordinate structures with chlorine, having an average CN of
6.61. This differs from the experimental SrCl2, which
crystallizes in the fluorite structure with CN = 8. Zr−F is
similar to Sr−Cl but with a greater preference for 7-coordinate

structures, having an average CN of 6.8 compared to an
experimental value of 8. As the temperature increases, the
probability of having smaller CNs increases such that the
probability of having CN = 5 is non-negligible, shifting the
average CN to 5.5 at 500 °C and 4.88 at 1000 °C. The
probability of Zr having CN = 6 is slightly less than that for
CN = 7, shifting the average CN to 6.20 at 500 °C and 5.77 at
1000 °C. This is because the crystal formation enthalpy is
proportional to the CN in our method, and as the temperature
increases, the Boltzmann probability of being in a higher-
energy, lower-coordinated state increases. The results in Figure
1 also show a compositional dependence on the CN, which has
previously been seen experimentally.8,14,54

3.2. Sr−Na−Cl and Zr−Li−F Calculations. While
USPEX calculations were not able to fully predict the correct
experimentally observed crystal structures, their ability to
correctly predict known stoichiometric ratios and composi-
tional trends encouraged efforts to examine ternary composi-
tions.
A comparison of USPEX-predicted Sr−Na−Cl and Zr−Li−

F ternary system stoichiometry with known experimental
compositions is seen in Table 2. Like the binary salt systems,
USPEX failed to predict the correct pure elemental structures,
and computed stoichiometries are much larger than those
experimentally known. However, the algorithm correctly
predicted the absence of Sr−Na−Cl ternaries and the correct
ratios for two Li−Zr−F ternaries. It is expected that USPEX
did not predict the observed Li3ZrF7 ternary crystal structure
because it forms at >740 K.55

Temperature-dependent coordination distributions for the
ternary systems are similar to our binary system results. Our
Sr−Na−Cl calculations show a maximum probability of CN =
7 but has a calculated average of CN = 6.04. However, the
ternary calculations have a lower probability of CN = 8 and a
higher probability of CN = 4 and 5 than the Sr−Cl binary
calculations. The probability of CN = 6 and 7 equalizes at 500
°C, reducing the average CN to 4.98. At 1000 °C, there is an
equal probability of Sr to have CN = 0 to 7, further lowering
the average CN to 4.38. This is likely because the USPEX
algorithm could not predict a stable ternary structure and
therefore generated multiple crystal structures with varying
CNs but with near-equal formation enthalpies.
At room temperature, the Zr CN probability is 42% for CN

= 7, 30% for CN = 6, and 17% for CN = 8, resulting in an
average CN of 6.63. Upon increasing the temperature to 500
°C, the probabilities of CN = 7 and CN = 6 reduce to 29 and
26%, respectively, while the probability of CN = 5 increases to
11%. This reduces the average CN to 5.79. Increasing the
temperature to 1000 °C decreases CN = 7 to 23% and CN = 6
to 22% while increasing CN = 4 and CN = 5−11%, lowering
the average CN to 5.24.
Like the binary calculations, CN is dependent on the metal

composition (see the Supporting Information). Although low
CNs can be present at low metal fractions (less than 40% metal
composition), the compositions have a high alkali fraction,
which compete with the metal to coordinate with the halogen
atom. Formation enthalpies for these compounds show that
the energy landscape is flat for Sr−Na−Cl crystal structures
with CN = 4−8 (Figure 2e). However, many Sr−Na−Cl
crystal structures with CN = 0−3 are only slightly less stable
than those with CN = 4−8, having a formation enthalpy
between −2.0 and −2.5 eV. Formation enthalpies for Zr−Li−F
crystal structures are the greatest for CN = 6−8, but there is

Table 1. Experimental and USPEX-Predicted Sr−Cl and
Zr−F Crystal Structure Stoichiometry

Sr−Cl Zr−F

USPEX expt. USPEX expt.

Sr29 Sr4 Zr12 Zr2
Cl8 Cl8 F12 F8
Sr4Cl8 Sr4Cl8 Zr2F8 Zr8F32
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also a greater frequency of these crystal structures, resulting in
a larger CN distribution probability.
3.3. Experimental Validation Using EXAFS. XAS

experiments that measured Sr and Zr CNs in chloride and
fluoride salt melts have previously been performed for 5 mol %
ZrF4 in LiF and 5 mol % SrCl2 in NaCl.28 In order to directly
compare our calculations to these experiments, the data set was

narrowed down to only contain crystal structures that
contained <10% atom fraction of Sr and Zr. The CN
distribution of this narrowed data set, with arrows indicating
experimental XAS measured CNs, are shown in Figure 3.
Table 3 shows that the USPEX-calculated average CN is

within the experimental uncertainty and that CN decreases as
temperature increases. At room temperature, our Sr−Na−Cl
calculations show a distribution of CN = 6 and 7, while pure
SrCl2 is known to have CN = 8. This disagreement is likely
because our model aims to model the probability of CNs in
liquids, not in solids. Therefore, agreement between calcu-
lations and experiments increases as temperature increases,
being nearly the same at 1000 °C, having a calculated average
CN of 5.6 compared to an experimentally measured CN of 5.8.
The CN distribution for Zr−Li−F is narrower than that of

Sr−Na−Cl, favoring CN = 7 with a probability of 61% and
probabilities of CN = 6 and 8 both equal to 18%. At increased
temperatures, CN = 7 and 8 probability decreases while that of
CN = 6 increases. At 600 °C, the average calculated CN is
nearly equal to the experimental value (6.3 compared to 6.2)
but is greater than the experimental value at 1000 °C (6.1 vs

Figure 1. Results for Sr−Cl and Zr−F calculations: (a,b) temperature-dependent CN distributions for three different temperatures, (c) Sr−Cl CN
as a function of the Sr atom fraction, (d) Zr−F CN as a function of the Zr atom fraction, and (e,f) CNs as a function of the formation enthalpy in
electronvolts per atom.

Table 2. Experimental and USPEX-Predicted Sr−Na−Cl
and Zr−Li−F Crystal Structure Stoichiometry

Sr−Na−Cl Zr−Li−F

USPEX expt. USPEX expt.

Sr24 Sr4 Zr12 Zr2
Na20 Na9 Li37 Li4
Cl36 Cl8 F12 F8
Na7Cl7 Na4Cl4 Li12F12 L14F4
Sr3Cl6 Sr4Cl8 Zr2F8 Zr8F32

Li16Zr8F38 Li16Zr8F38
Li8Zr4F24 Li8Zr4F24

Li3ZrF7
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4.5). This is likely due to the scattering by Zr in the melt. This

difference may be caused by the presence of multiple Zr−F
complexes in the molten salt (ZrF6

2−, ZrF7
3−, and ZrF8

4−),

resulting in a convoluted averaged spectrum that can be

distorted due to interference by the individual complexes.8,14

Further validation of our calculations was carried out by
using the most stable ternary crystal structures to fit the 400
and 1000 °C XAS data for each salt (Figure 4). As stated, raw
XAS data were first processed in the Athena package. The
processed XAS data from Athena were then fitted for XAS
parameters using the USPEX-generated structure in Artemis.

Figure 2. Results of Sr−Na−Cl and Zr−Li−F calculations: (a,b) CN distributions for three different temperatures; (c) Sr CN as a function of the
Sr atom fraction; (d) Zr CN as a function of the Zr atom fraction; and (e,f) CN values as a function of formation enthalpies.

Figure 3. CN distribution for 10% maximum metal composition for Sr−Na−Cl (a) and Zr−Li−F (b).
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Total agreement between XAS and USPEX data occurs when
the USPEX fit overlaps with the processed XAS data. The
fitted data are in near-total agreement with the experimentally
determined spectra for Sr−Na−Cl, likely because the SrCl2−
NaCl phase diagram does not contain a ternary complex.
Although the ZrF4−LiF phase diagram is more complex,
containing ternary compounds, the fit is in excellent agreement
with the XAS data. This is probably because only the first
coordination shell is considered in anticipation of complex
ternary formation. The largest disagreement between the
experiment and USPEX calculations occurs at 1000 °C, for
which the salt melt contains Li3ZrF7, a compound that USPEX
did not predict because it is a high-temperature phase.
Comparison of the metal XAS backscattering distances to
the first-shell M−X average distance for fitted USPEX Sr−Na−
Cl and Zr−Li−F structures is shown in Table 4. The deviation
between the experimental and computational distances are
within the standard deviations. Overall, the agreement of our
predicted average CNs and the fit of the most stable ternary

structures compared to XAS fitted values adds confidence to
our approach toward predicting CNs in salt melts.

4. DISCUSSION
Our temperature-dependent CN distributions allowed us to
reproduce trends and average CN values measured using
EXAFS at elevated temperatures. Our predicted room-
temperature CN of 6.2 for Sr−Na−Cl is within the calculated
error limits for our companion EXAFS measurements that
determined a value of 7.5 ± 1.3 for 5% SrCl2−NaCl.28 At 1000
°C, both calculated and measured CNs are in good agreement,
having values of 5.6 and 5.8 ± 1.1, respectively. This also
agrees with the values reported by McGreevy and Mitchell that
showed Sr in SrCl2 to have a CN of 6.9 at 925 °C, obtained
using thermal neutron scattering,56 as well as our predicted CN
value of 6.61.
Because ZrF4−LiF forms ternary compounds, it exhibits a

more complex behavior than SrCl2−NaCl. At room temper-
ature, ZrF4 crystallizes in a tetragonal structure with CN = 8,
the same CN as that of the high-LiF-content compound
Li4ZrF8. Considering 5% ZrF4 in LiF, the equilibrium phases
present at room temperature would be LiF and Li4ZrF8,
forming Li3ZrF7 (unknown crystal structure) at >474 ± 5
°C.57 The solidus of this composition is at 585 ± 5 °C and the
liquidus is at 824 ± 5 °C.58 Consequently, the expected CN for
Zr is 8, which is in good agreement with our EXAFS
measurement; however, the predicted CN of 6.8 is relatively
low. At 1000 °C, the system is entirely melted, allowing Zr to
form multiple complexes consisting of ZrF6

2−, ZrF7
3−, and

Table 3. Experimental and Modeled CNs for SrCl2−NaCl
and ZrF4−LiF Salt Melts

SrCl2−NaCl ZrF4−LiF

temperature (°C) USPEX CN expt. CN USPEX CN expt. CN

25 6.2 7.5 ± 1.3 6.8 8.0 ± 1.0
600 5.8 6.5 ± 1.9 6.3 6.2 ± 1.1
1000 5.6 5.8 ± 1.1 6.1 4.5 ± 2.5

Figure 4. Comparison of raw EXAFS data with fitted EXAFS spectra for SrCl2−NaCl (a,c) and ZrF4−LiF(b,d) at 400 (a,c) and 1000 °C (b,d).
Overlapping lines indicate the USPEX crystal structure matching well with EXAFS data. USPEX crystal structures are provided in the Supporting
Information.
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ZrF8
4− (CN = 6, 7, or 8, respectively).14,58 The computed CN

of 6.1 at 1000 °C, however, is in relatively good agreement
with the value of 7 predicted by Pauvert et al.14 using MD
simulations at 50 K above the melting point (≈875 °C).
USPEX produced thousands of atomic configurations that

represented well not only the lowest-energy solid structures
but also structures that contained metal−halogen clusters in a
large vacuum and single-metal atoms in highly concentrated
alkali−halogen compositions. Our structural data set included
many stoichiometric ratios similar to those used in MD
calculations.12,59,60 Therefore, it is not surprising that our
results diverged from experimental measurements of room-
temperature solids because our method uses probabilistic
averaging of multiple structures in order to replicate the
varying CNs in liquid environments, while pure solids have
well-defined CNs. EXAFS fits of our most stable USPEX
crystal structures showed that they resemble the observed local
structures, allowing us to gain insights into the first and second
nearest neighbors in the melt. However, these salt melts can
have multiple CNs at any given time that can be best sampled
using molecular dynamics.
Our calculations for binary systems Sr−Cl and Zr−F and

ternary systems Zr−Li−F and Sr−Na−Cl could reproduce the
experimental thermodynamic convex hull, predicting the
formation of the binary SrCl2 and ZrF4 phases as well as the
ternary Li4ZrF8 and Li3Zr4F19 phases. It did not predict the
correct stoichiometry for ZrF4, likely due to the limited t
number of atoms in a USPEX cell, which was less than the
experimentally known unit cell of 40 atoms. It also had issues
accurately predicting pure solid compounds, likely because of
the high number of possible compositions that needed to be
considered. In the future, seeding the algorithm with known
crystal compositions may help. The calculations were,
however, able to reproduce known trends in CN values with
the metal content, decreasing as the metal atom fraction
increased, and predict that these metals prefer a CN of 5 over
8. Overall, our study mirrors previous studies that have used
USPEX to predict coordination environments such as that of
Kheshti et al.,26 who considered coordination environments of
boron clusters. We therefore see no barriers to using our
approach to investigate the coordination behavior of actinides
in molten salt melts, following a similar study to that of Shields
et al.17

5. CONCLUSIONS
We present here a computational study of CNs in two salt
binary and ternary systems using the USPEX structure
predictor algorithm coupled with the VASP electronic
structure program. When compared to EXAFS experiments,28

where appropriate, results for our ternary systems were found
to closely model experimental observations and physical
trends.
Our results reproduce known trends in Sr and Zr

coordination with Cl and F as a function of the metal

composition and temperature, predicting the correct CNs as
those shown in experiments for pure salt melts. Expanding our
study to ternary systems, we were able to closely predict CNs
as a function of temperature, which was observed in EXAFS
measurements. The most stable predicted USPEX structures
were used for fitting EXAFS data and was shown to have a
small deviation, indicating that these artificial salt structures
can be used to provide insights into the local structure of the
melt. The verification of our approach allows us to continue
our application of this genetic algorithm approach into more
complex metallic salts such as uranium.
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