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Correlative analysis of Ni(i) coordination states in
molten salts using a combination of X-ray and
optical spectroscopies and simulationsy

Yang Liu, Mehmet Topsakal,® Kaifeng Zheng, ©?2 Luis E. Betancourt,”

Michael Woods, &€ Santanu Roy,” Nirmalendu Patra,® Denis Leshchev, ©¢
Phillip Halstenberg,® Dmitry S. Maltsev,*" Sheng Dai, © " Alexander S. Ivanov, ©
Vyacheslav S. Bryantsev, © " James F. Wishart, © *9 Ruchi Gakhar,**

Anatoly I. Frenkel @ *29 and Simerjeet K. Gill & *®

Understanding the factors that control the speciation of metal ions in molten salts is crucial for the
successful deployment of molten salts in both concentrated solar power and nuclear energy
applications. The speciation of the Ni(i) ion is of interest because it is a common corrosion product, and
the distribution of coordination states it occupies is highly sensitive to the molten salt matrix. We employ
in situ X-ray absorption spectroscopy (XAS), optical spectroscopy, and ab initio molecular dynamics
(AIMD) simulations to investigate and understand the heterogeneities of Ni(i) coordination in LICl-KC|,
NaCl-MgCl,, and LiCl-ZnCl, molten salt systems. The main challenge lies in identifying the population
distribution of Ni(i) coordination states as a function of temperature and melt composition. We
combined the multivariate curve resolution — alternating least squares (MCR-ALS) analysis of the XAS
data and principal component analysis (PCA) of the optical spectra to determine the number of unique
coordination states coexisting in the molten state, extract X-ray spectra for each state, and obtain their
mixing fractions at different temperatures and for different salt mixtures. AIMD simulations were essential
in identifying the coordination states corresponding to the deconvoluted spectra. The differences in the
coordination states of Ni(i) in different salt systems are discussed in terms of the effects of the varying
polarizing powers of the cations in the host salt matrix on chloride ion coordination to Ni(i). Such
elucidation of the local structure adopted by metal ions enables a better understanding of the factors
controlling the speciation of ions and their effect on molten salt properties.

nuclear fuel,* heat transfer fluids, thermal storage media for
concentrating solar power plants,>® and coolants for nuclear

Molten chloride salts are attractive fluids for various applica-
tions including use as electrolytes for pyroprocessing of used
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reactors*® due to their good thermal conductivity, radiolytic
stability, large specific heat, low viscosity, and low vapor pres-
sure at operating conditions. LiClI-KCI is a commonly used
electrolyte for nuclear fuel pyroprocessing," while NaCl-MgCl,
is attractive as a molten salt reactor coolant and energy storage
medium due to its higher latent heat value and lower vapor
pressure.*>* However, for the successful implementation of
molten chloride salts in a broader range of applications, it is
important to understand the chemical reactivity and speciation
of metal ions, since the high abundance of chloride as a com-
plexing ligand, coupled with trace impurities such as moisture
and oxygen, can induce corrosion of structural materials.
Nickel-based alloys are candidate structural materials for
nuclear applications due to their superior corrosion resistance
and good mechanical properties.*” Despite their corrosion
resistance, Ni(u) is certain to corrode into the working molten
salt, and its speciation and solubility in the particular salt will
influence  the corrosion process. Elucidating the
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heterogeneuous local coordination structures adopted by Ni(i)
in relevant molten salt systems such as LiCI-KCIl and NaCl-
MgCl, over a range of temperatures can provide insights into
the solute-solvent (Ni-molten salt) interactions that determine
the speciation of metal ion complexes and the properties of
metal-laden molten salts. This will advance the successful
deployment of molten salts by providing the information
needed to predict and manage the speciation and behavior of
corrosion products, fission products, and fuel in reactor
systems.

We have previously investigated the coordination states of
Ni(n) in single-component ZnCl,® and bicomponent KCl-
ZnCl,® systems as functions of temperature and solvent
chemistry using a multi-modal approach of combining X-ray
absorption spectroscopy (XAS) and optical spectroscopy with
ab initio molecular dynamics (AIMD) simulations. We found
that Ni(u) exhibits heterogeneous speciation in molten ZnCl, via
the coexistence of several coordination environments, where
the hexacoordinate, octahedral structure observed in pure solid
NiCl, changes after melting to a temperature-dependent
combination of pentacoordinate and tetracoordinate struc-
tures.® We then explored the effects of varying the Lewis acidity/
basicity of the salt medium on Ni(u) speciation by using two
compositions of molten KCIl-ZnCl,.* We found that the
exchange dynamics of the chloride ions coordinated to Ni(u)
varies with salt composition because of variations in the
polarizing power of the melt cations and consequently influ-
ences the speciation of coexisting Ni(u) coordination states.

A major challenge in performing structural characterization
of the coordination environments of metal ion solutes such as
Ni(u) in molten salt media is the careful handling of the air and
moisture-sensitive salts, as well as the evaluation of structural
complexity at high temperatures and under controlled atmo-
sphere. Because of such stringent requirements, the behavior of
metal ions over a wide range of temperatures, from room
temperature to the melting point, is not generally understood.
For example, the optical absorption measurements performed
on Ni(u) and Co(u) in ZnCl, medium® and the theoretical
modelling of those® and related media (Ni(u) in KCI-ZnCl,
mixtures)® by AIMD were performed in the molten state only. As
such, alternative analysis methods are needed to extend the
temperature range and complete the speciation studies, both to
complement the previous work and to obtain insights into the
behavior of metal ions at the broad temperature range across
the solid-liquid phase transition in molten salt systems.'>** X-
ray absorption spectroscopy is the technique of choice for
such purposes, but there are several challenges in the applica-
tion of XAS to characterize metal ion speciation in molten salts.
As has been recently demonstrated, there is a strong and
dynamic structural heterogeneity present for Ni(u) in different
molten salt media: the local coordination states of Ni(u) fluc-
tuate dynamically between nominally 4-coordinate, 5-coordi-
nate, and highly-distorted but nominally 6-coordinate states.®®
As a result of the strong and asymmetric bonding disorder
inherent to this kind of dynamic behavior, the average coordi-
nation environment cannot reliably be understood by applying
a conventional fitting approach to extended X-ray absorption
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fine structure (EXAFS) spectroscopy, as demonstrated previ-
ously.® The limitations of EXAFS fitting approach for studying
the structure and speciation of dilute metal ions in molten salts,
as well as alternative strategies that rely on the use of machine
learning - assisted analysis of EXAFS data, are discussed in
arecent review.” On the other hand, X-ray absorption near edge
structure (XANES) spectroscopy is a useful alternative to EXAFS
because the information about the partial contribution to
XANES from each coordination state is encoded in the XANES
spectrum, and thus not only the types of coordination state but
also their mixing fractions can in principle be decoded from the
spectra. To the best of our knowledge, no reports are available
showing how the speciation of these statically and dynamically
distinct states adopted by metal ions in molten salt systems can
be performed by XANES analysis.

In this study, we present a deconvolution of the coexisting
coordination states of Ni(u) in several chloride molten salt
systems (LiCl-KCl, NaCl-MgCl,, LiCl-ZnCl,) using a chemo-
metric approach, namely multivariate curve resolution alter-
nating least squares (MCR-ALS) analysis, to correlate the
resultant structures that coexist in the molten state by using
complementary optical absorption measurements and extend
the speciation studies to the solid state of the salt solution,
which was previously unexplored by theoretical or experimental
methods. While linear combination fitting (LCF) has been
commonly used for studying the composition of mixtures for
several decades, it requires the use of known standards for the
fitting, which is a limitation for solute speciation studies. MCR-
ALS, on the other hand, can isolate the species and obtain their
concentrations in the mixture automatically and without prior
knowledge of standards or spectral components.’** To deter-
mine the number of independent components in the MCR-ALS
method, principal component analysis (PCA) is applied to the
dataset as the initial step.’*™ Then, an iterative procedure is
performed to separate the distinct solute species from the series
of spectra that are representative of a mixture of coordination
states.

Experimental

XAS data were collected using a custom-built, high-temperature
cell on the ISS (8-ID) beamline at the National Synchrotron Light
Source II (NSLS-II) at Brookhaven National Laboratory and were
analyzed by the Demeter package. The concentration of NiCl,
was 1 wt% in all three solvents: LiClI-KCl (58-42 mol%, melting
point (m.p.) 353 °C), NaCl-MgCl, (56-44 mol%, m.p. 450 °C)
and LiCl-ZnCl, (22-78 mol%, m.p. 275 °C). Whereas 1 wt%
NiCl, was fully soluble at all temperatures in LiCI-KCl and
NaCl-MgCl,, it exceeded the solubility limit of NiCl, in LiCl-
ZnCl, according to our measurements (details in ESI Table S1
and Fig. S27). Further details of sample preparation, cell design
and XAS data processing and analysis are included in the ESL.}

Optical absorption spectroscopy (UV-Vis-near IR) was con-
ducted on Ni(u) in the chloride melts using a custom-designed
spectroscopy furnace setup at Idaho National Laboratory,
following experimental and analysis procedures similar to
previous works.>”® The NiCl, loading in the salt systems was
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0.1 wt% in NaCl-MgCl, and LiCl-KCl, and 0.05 wt% in LiCl-
ZnCl,; the concentration range was adjusted to provide the
highest signal-to-noise ratio possible without overwhelming the
detection limits of the spectrophotometer. The samples were
prepared using a glassy carbon crucible that was rinsed with
isopropanol, dried overnight in a vacuum oven at 120 °C, fol-
lowed by baking at 700 °C for 4 hours inside an argon-
atmosphere glovebox. Sample weights were recorded to
0.1 mg precision using a Mettler-Toledo balance. A stock
mixture of 1 wt% NiCl, in each chloride salt mixture was first
prepared using a glassy carbon crucible. The NiCl,-loaded salt
mixture was melted and held at 500 °C for 3 hours to ensure
complete homogeneity. The 1 wt% NiCl, stock mixture was then
ground to a powder using an agate mortar and pestle and
diluted to the desired concentration for optical spectroscopy
measurements. For example, to prepare a mixture with 0.1 wt%
NiCl, loading, 0.5 g of the 1 wt% stock mixture was placed in
a quartz cuvette. Then, 4.5 g of the base salt was added to
achieve a total mass of 5 g, resulting in a 0.1 wt% NiCl, loaded
mixture. Because of the risk of thermal damage to the optical
fibers used to transport analyzing light to and from the spec-
troscopy furnace, measurement temperatures were generally
limited to 600 °C or below. For each measurement at a partic-
ular temperature, a reference scan with the base salt mixture
was recorded. The spectra were baseline-corrected and analyzed
using Spectrograph version 1.2.11 software. Further experi-
mental and data analysis details are provided in the ESL

Comparatively long AIMD simulations (150 ps) were per-
formed for all three salt systems containing two Ni(u) cations at
2 mol% (simulation box size: 19-21 A). A simulation tempera-
ture of 600 °C was chosen to provide a direct comparison with
the experimental EXAFS spectra and to make sure that various
Ni(n) coordination states are fully equilibrated. Full computa-
tional details are provided in the ESL.{

Results and discussion
XANES analysis

Fig. 1 shows two energy regions of the XANES spectra for all
three salt mixtures. The first region (the edge rise and the main
peak) is known as the white line (a, ¢, and e) and the second
region is referred to as the pre-edge region (b, d, and f). The
changes in the spectra for two systems, LiCI-KCl and NaCl-
MgCl,, are similar in nature. The white line region transforms
from a bimodal shape (a peak and shoulder in Fig. 1a and two
peaks in Fig. 1c) to a unimodal shape at elevated temperatures.
In the LiCl-ZnCl, system, the bimodal shape persists at all
temperatures.

Likewise, in the pre-edge region, the changes in the LiCl-KCl
and NaCl-MgCl, systems are similar. The overall intensity of
the signal between 8332 and 8340 eV decreases drastically at
350 °C and continues to evolve, albeit more gradually, to the
highest temperatures. On the contrary, in the LiCl-ZnCl,
system, the XANES spectra evolve very little with temperature
between RT and 600 °C, which is consistent with the fact that
the added 1 wt% NiCl, is not entirely dissolved (see Fig. S27).
The spectral changes are minor and are difficult to distinguish
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Fig.1 XANES features in the main edge and pre-edge regions at the Ni
K edge of NiCl, in LiCl-KCl (a and b), NaCl-MgCl, (c and d) and LiCl-
ZnCl, (e and f). The colors correspond to different temperatures (in °C).

from those that may have been caused by thermal effects. Even
at higher temperatures (550-600 °C) where at least half of the
NiCl, is dissolved, the XANES spectra still resemble that of solid
NiClL,. It is worth noting that the double peaks in white line
spectra for Ni(u) in LiCI-KCl] and NaCl-MgCl, at room temper-
ature are not as pronounced as they are for the regular Oy
octahedral coordination geometry in solid NiCl, represented in
Fig. le. Therefore, we infer that the Ni(u) ions dissolved in solid
LiCl-KCIl and NaCl-MgCl, exist in relatively distorted octahe-
dral coordination sites within a solid salt solution.

After applying principal component analysis (PCA) to the
three data sets shown in Fig. 1, we obtained information about
the minimum number of unique spectra required to represent
the most important species in the samples. For the PCA anal-
ysis, we used the energy range between 8340 eV and 8400 eV for
all the spectra, as seen, e.g., in Fig. 2a and b for Ni XANES in
LiCl-KCl and NaCl-MgCl,, respectively. To determine the
number of principal components in the spectra shown in Fig. 2
we initially performed a scree test, and, later, validated these
determinations by the results of AIMD simulations and optical
absorption data analysis. The results (Fig. 2c) demonstrate that
three unique spectral components exist for Ni(u) in the LiCl-KCl
system, while two components dominate the spectra of Ni(u) in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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shown in (c).

the NaCl-MgCl, mixture. For the LiCl-ZnCl, mixture, the
XANES spectra in Fig. 1e show a similar shape, with a single
peak dominating all the spectra.

To quantify the effect of solvent composition on the specia-
tion of Ni(u) and the presence of various coordination states of
Ni(n) in LiClI-KCl and NaCl-MgCl, melts, we performed multi-
variate curve resolution - alternating least square (MCR-ALS)
analysis on the XAS spectra of Ni, as shown in Fig. 3a and
b for LiCl-KCI and Fig. 3¢ and d for NaCl-MgCl,, respectively.
We performed MCR-ALS only for the data corresponding to the
molten states to eliminate the contribution from the distorted
octahedral environment of Ni(u) that exists in the solid state at
25 °C. Our MCR-ALS analysis follows a similar procedure to that
described in previous work."*** According to the PCA analysis
(Fig. 2c), three components are required to describe all Ni(u)
spectra in molten LiCI-KCl, and two components for Ni(u) in
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Fig.3 XANES spectra corresponding to the three component states of
Ni(n) (S1, S2, and S3, respectively) obtained by MCR-ALS analysis and
their mixing fractions f in for Ni(i) in LiCI-KCl (a and b) and in NaCl-
MgCl; (c and d).
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molten NaCl-MgCl,. We applied the MCR-ALS analysis to
isolate the spectra corresponding to different Ni(u) coordination
states in each salt mixture (S1-S3 for Ni(u) in LiCl-KCl and S1-
S2 for Ni(i) in NaCl-MgCl,). The details of our procedure are
described in the ESI.T The details of the local geometry of each
unique state are not available from this analysis, but we
hypothesize that species S1 for both salt mixtures, which are
most abundant at lower to intermediate temperatures, are
relatively higher coordinated due to the clear appearance of the
split white line peak (Fig. 3b and d) that resembles the 25 °C
data for both compounds (Fig. 2a and b). We hypothesize that
these states are consistent with a highly distorted 6-coordinate
environment, as discussed in greater detail below. The nature of
the S2 state in each salt mixture is likely to be 4-coordinate, and
this attribution will be examined by analysis of optical
absorption data and AIMD simulations.

The results shown in Fig. 3 offer new insights into the
transformation between different coordination states for the
two salt systems (LiCl-KCl and NaCI-MgCl,). In the NaCl-MgCl,
melt at temperatures between 400 and 600 °C, the transition
from a relatively high (greater than 4)-coordinate geometry to
the 4-coordinate one with increasing temperature is a single-
step process (Fig. 3c). In contrast, the populations of Ni(u) in
LiCl-KCl include two states with coordination numbers greater
than 4 (Fig. 3a). We note that, at 350 °C, the contribution of S1
to XANES spectra of Ni(u) in LiCI-KCl is lower than at 400 and
450 °C (Fig. 3a), and the contribution from S3 is higher. This
implies a complex relationship between the coordination
number distribution and temperature in LiClI-KCI. To disen-
tangle the factors responsible for the observed differences in the
speciation between LiClI-KCl and NaCl-MgCl,, theoretical
simulations, such as those based on ab initio or machine
learning-assisted molecular dynamics have been demonstrated
to be effective tools.**!

Optical absorption spectroscopy

The optical absorption spectroscopy of Ni(u) in these molten
salts is complementary to the Ni XANES data, providing inde-
pendent insights into the electronic structure and coordination
environments adopted by Ni(u). The optical absorption spectra
for Ni(u) in the three solvent salt mixtures studied here: NaCl-
MgCl,, LiClI-KCl, and LiCl-ZnCl, are shown in Fig. 4a-c,
respectively (note that NiCl, is fully soluble in LiCl-ZnCl, at the
concentration used for the optical spectroscopy). In prior
work,*® our team investigated Ni(u) coordination in ZnCl, and
in two KCl-ZnCl, mixtures as a function of composition and
temperature, shown in Fig. 4d-f. In that study, the concentra-
tions of NiCl, were 0.100 wt% in ZnCl,, 0.116 wt% in KCI-ZnCl,
(Comp 1), and 0.096 wt% in KCI-ZnCl, (Comp 2). Fig. 4 illus-
trates that Ni(u) exhibits a high degree of solvatochromism and
thermochromism in molten chloride salts. These effects arise
from the fact that Ni(u) can occupy a range of coordination
states, depending on the atomic-scale structure and chlor-
obasicity of the salt medium, that varies with temperature. Each
coordination state generates a characteristic splitting of the 3d-
orbital manifold, which results in a specific spectroscopic

Chem. Sci., 2025, 16, 10414-10423 | 10417
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signature from the d® electronic occupancy. This feature of Ni(u)
spectroscopy in molten salts has been known for several
decades and numerous researchers have used it to probe the
solvent properties of molten salts,**** which is also our moti-
vation along with the present-day advantage of taking a multi-
modal approach including X-ray spectroscopy and ab initio MD
simulations.

Historically, the optical spectroscopy of Ni(u) in molten salts
has been interpreted in terms of a temperature and salt-
composition-dependent equilibrium between two coordina-
tion geometries with distinct optical signatures - 4-coordinate
tetrahedral (“T”) and 6-coordinate octahedral (“O”).>*3' The
optical signature of the 4-coordinate state of Ni(u) is a two-peak
feature in the 14 000-16 000 cm™ " region (indicated in red in
Fig. 4) that is well documented in the literature as a Jahn-Teller-
distorted tetrahedral state.”****“3*%* The canonical optical
signature of the 6-coordinate state assigned as O has been
attributed as an absorption band peaking sharply at ~20
000 cm ™" with a shoulder sloping towards lower energy.26:2%-3032
The region of this band is indicated in blue in Fig. 4. In
attempting to fit all the observed data into this binary model,
some researchers postulated that there could be other states
that represent larger perturbations of the T and O coordination
geometries,*® but there were no examples of structurally-
characterized solid-state analogues to model them, as were
available for the T and O states.>**"3%%7

10418 | Chem. Sci., 2025, 16, 10414-10423

In our previous studies of Ni(u) in ZnCl, and the KCI-ZnCl,
system (in two compositions containing 45.3 and 52.5 mol%
KCl), the lowest-temperature spectra above the melting points
(Fig. 4d and e) indicated the presence of very distorted 6-coor-
dinate Ni(u), which we now prefer to call 6*coordinate to
distinguish it from classical octahedral coordination (vide
infra). As the temperature was increased in each case, this state
transitioned in both mixtures to a combination of 4- and 5-
coordinate states.” A 5-coordinate, distorted square pyramidal
(Sp) state of Ni(u), observed in molten KCI-ZnCl, between 320-
700 °C, was interpreted for the first time in that work and
analyzed with a combination of XAFS and AIMD simulations
along with optical spectroscopy. The 5-coordinate Sp Ni(u) state
is indicated by an absorption feature in the region around 18
000 cm ' (indicated by the green band).

Before discussing the spectroscopy of Ni(u) in the three salt
mixtures that are the subject of this report, it is necessary to
draw a distinction between the Ni(u) species historically
assigned as octahedral (O) and Ni(u) in truly symmetric octa-
hedral coordination (point group Op) with six equidistant
chloride ions in the first coordination sphere. The best example
of the latter is the optical spectrum of single-crystal NiCl, re-
ported by Kozielski et al*® where a sharp absorption band
attributed to a *Ty, transition appears at 22 000 cm ' at 300 K.
Another example of a band around 22 000 cm™" was observed
for Ni(u) in acidic 1-ethyl-3-methylimidazolium chloride/

© 2025 The Author(s). Published by the Royal Society of Chemistry
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aluminum chloride (emim CI/AICl;) ionic liquid mixtures.* In
the NiCl, crystal structure®* and an EXAFS study of Ni(u) in
acidic emim CI/AICl;,* the average Ni-Cl bond distance in the
octahedral complex is about 2.4 A.

In contrast, the state observed in molten salts that peaks
around 20 000 cm ™" has been assigned as octahedral (O) on the
basis of single-crystal spectroscopy in systems of defined
structures such as Ni(un)-doped CsCdCl;,** where Ni(u) replaces
Cd(u) host sites, and Ni(un)-doped KMgCl;,*® where Ni(u) replaces
Mg(1). However, the Cd-Cl bond distance in CsCdClj is 2.63 A*!
and the Mg—Cl distance in KMgCl; is 2.5 A% In both cases, the
host site for Ni(u) is too large compared to the optimal 2.4 A
distance for a symmetric octahedral (O;) nickel chloride
complex, so the Ni(u) centers within these hosts will experience
weaker ligand field splitting, leading to lower transition ener-
gies compared to those in NiCl, and acidic emim CIl/AICI;.
Another possible consequence of an oversized host site is the
likely displacement of the Ni(u) ion in the direction of some of
the neighboring chlorides and away from others, leading to the
formation of a distorted octahedral complex with some long Ni-
Cl distances, having an effective coordination number (CN)
slightly lower than 6. In fact, these Ni(u)-doped crystal systems
are indeed spectroscopic models, but they are models of highly-
distorted, nominally 6-coordinate states that we will call 6* to
make it clear that they are far from octahedral (Oy,) symmetry.
Accordingly, references to CN 6 in our earlier work®® should be
equated with the 6* state rather than the Oy, state, and states
labelled as O in earlier literature (1950s-1960s) are generally
consistent with 6*.

Having established the paradigm of 4-, 5- and 6*-coordinate
states for Ni(u) in molten chloride salts, we can now interpret
the optical absorption trends for Ni(u) in molten LiCl-KCl,
NaCl-MgCl, and LiCl-ZnCl,. The spectra in LiCI-KCI and NaCl-
MgCl, evolve with temperature in ways that imply changes in
the distribution of Ni(u) coordination states, while in LiCl-
ZnCl,, the 6* coordination state appears to dominate at all
temperatures. In LiCI-KCl eutectic melt (Fig. 4b), at 450 °C and
below, the coexistence of 4-, 5- and 6*-Ni(u) states is apparent
based on the feature at ~20 000 cm™ " corresponding to CN 6*
and broad absorption in the regions characteristic of 4- and 5-
coordinate Ni(u). The signature of CN 6* gradually disappears
with increasing temperature as the population distribution
shifts to lower CN. Compared to the LiCl-KCl system, Ni(u) in
NaCl-MgCl, shows a much larger spectral contribution from
CN 5 over the temperature range studied for this system, 500-
650 °C, with a gradual shift towards CN 4 as the temperature
increases.

In LiCl-ZnCl,, Ni(i1) adopts a rather different coordination
environment between 300 and 450 °C, featuring a very strong
band around 20 000 cm ™ * characteristic of CN 6*, and weaker
bands at 14 000 cm™ " and 16 000 cm™ " corresponding to CN 4.
In this salt mixture and temperature regime, the proportions of
CN 4 and CN 5 are relatively low compared to the other salts in
Fig. 4. At 500 °C, there appears to be the beginning of a shift
towards lower coordination numbers with increasing tempera-
ture, but volatility of the ZnCl, component limited our ability to
measure at higher temperatures.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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PCA analysis was applied to the temperature-dependent
optical absorption spectra in Fig. 4a-c. The graph of explained
variance ratios vs. the number of components in Fig. 5 indicates
that all the data for Ni(u) in LiCl-KCl and NaCl-MgCl, salts over
the measured temperature range can be represented by
mixtures of three unique states, while for the LiCl-ZnCl, salt
mixture, two states are required. These results agree qualita-
tively with the results of PCA/MCR-ALS analysis of XANES
spectra. Quantitative analysis of the optical absorption data
using MCR-ALS is currently in progress and will be published
elsewhere.

When considering the effect of salt composition on the
coordination states of Ni(u) in the six systems discussed here, it
can be helpful to apply an empirical rule of thumb to estimate
the polarizing power of the constituent cations of the salt.
Polarizing power controls how much electron density the
chloride ions can donate to the coordination of Ni(i). When the
polarizing power of the salt cations is low, the chlorides donate
more electron density, which favors lower coordination
numbers. Highly polarizing cations withdraw chloride electron
density from Ni(u) coordination, resulting in higher coordina-
tion numbers. Table 1 lists the polarizing powers of cations and
weighted averages of polarizing powers for salt mixtures,
calculated as the ionic charge divided by the square of the ionic
radius. By this calculation, eutectic LiCl-KCl is the least polar-
izing salt system in this set, and pure ZnCl, is the most polar-
izing, followed by 22:78 LiCl-ZnCl,. While this correlation
generally agrees with the coordination number changes with
composition, it is far from ideal. For example, Fig. 4c-e show
that addition of a chloride salt of a monovalent cation with less
polarizing power (Li" or K') to pure ZnCl, increases the average
Ni(u) coordination number, sometimes substantially, while
decreasing the empirical polarizing power of the mixture. A
similar example was reported in CsCl-ZnCl, mixtures by Smith
et al.®> where as little as 8 mol% CsCl loading dramatically

12 2 z ? < 2
0.1% Ni in NaCl-MgCl,
0 —— 0.05% Ni in LiCl-ZnCl,
o - —e— 0.01% Ni in LiCI-KCI
©
o
o 08
o
c
o
G 0.6
b
®
I= 0.4
o
< 02
LIJ A
00 2 2 2 2 2 2
1 2 3 4 5 6

Number of components

Fig.5 Results of the PCA analysis of the optical absorption data shown
in Fig. 4a—-c. The numbers of principal components (determined
visually as the crossover between the constant slope of the eigen-
values at higher component numbers to the varying slope at the lower
numbers, showing by a dashed vertical line) are three for LiCl-KCl and
NaCl-MgCl, and two for LiCl-ZnCl, (the latter two data sets are dis-
placed vertically by 0.2 and 0.1 units, respectively, for legibility).
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Table 1 Polarizing power (electronic charge)/(ionic radius)? (e A=) of
the cations present in LiCl-KCl, KCl-ZnCl,, NaCl-MgCl,, and LiCl-
ZnCl, salt mixtures and the weighted average cation polarizing powers
of the mixtures. Values for the ionic radii were taken from the
literature®24®

Polarizing power Ionic radius,

Cation or salt mixture (e A A
Na* 0.96 1.02
Mg>* 3.86 0.72
K 0.53 1.38
Li* 1.73 0.76
Zn*'/ZnCl, 3.65 0.74
58LiCl-42KCl 1.22 —
52.5KCl-47.5ZnCl, (Comp 2) 2.01 —
45.3KCl-54.7ZnCl, (Comp 1) 2.24 —
56NaCl-44MgCl, 2.24 —
22LiCl-78ZnCl, 3.23 —

changed the coordination environment of Ni(n) from CN 4 & 5 to
CN 6*. As described by Smith®? and in our earlier work,® ZnCl, is
a highly networked liquid that favors a 4-coordinate geometry
for solute ions sitting in zinc vacancies. Addition of monovalent
salts such as alkali halides disrupts this network and permits
the system to stabilize at higher Ni(u) coordination numbers. To
understand the true nature of these changes on the molecular
level, ab initio molecular dynamics simulations can be
extremely helpful.

Ab initio molecular dynamics simulations

To further probe how the distribution of Ni(u) coordination
states changes in molten salt systems, AIMD simulations in the
canonical ensemble (NVT) at 600 °C were employed. Fig. 6
shows free energy (Wcn)) plots as a functions of the Ni(i)
coordination number (CN) for the three salt mixtures. As
mathematically defined in our previous work on Ni(u) specia-
tion,” CN varies smoothly with time (i.e., sampling fraction
values), exploring transition paths between different metastable
Ni-Cl coordination shells. Wcy) in Fig. 6 represents the CN

&—a LiCI-KCI
@—a LiCl-ZnCl,

s—a NaCl-MgCl,

W(CN), kcal/mol

3 35 4 45 5 55 6
CN of Ni(ll)

Fig. 6 Free energy plots of the coordination numbers of Ni(i) deter-
mined from the AIMD simulations at 600 °C as defined previously,®®
highlighting the influence of the polarizing power of the solvent salt
cations on the distribution of the Ni(i) coordination geometries.
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states as the free energy wells separated by the barriers between
them. Based on the free energy minima and barrier locations,
we assign CN 3 to CNs < 3.5, CN 4 t0 3.5 <CNs <4.5,CN 5t04.5 <
CNs < 5.5, and CN 6* to CNs > 5.5. Comparing the relative
depths of the free energy wells at 600 °C, we find a general trend
of increasing average coordination number with increasing
polarizing power of the solvent salt cations. For instance, in CN
5 and CN 6* are more populated (lower minima) in the LiCl-
ZnCl, melt than in the NaCl-MgCl, melt. CN 5 is lowest-
populated and CN 6* is practically nonexistent (very high free
energy) in the LiCI-KCl melt. This trend is observed due to the
reduction in the effective polarizing ability of the cations as we
go from LiCl-ZnCl, (strong effects from both Li* and Zn*") to
NaCl-MgCl, (strong effects from only Mg”") to LiCI-KCl (strong
effects from only Li").

It is noticeable that in all cases the global free-energy
minimum is centered at CN 4, suggesting that Ni(un) specia-
tion at 600 °C in these melt mixtures is dominated by tetrahe-
dral coordination. This is consistent with the experimental
observations from the optical and XANES spectroscopy at that
temperature. Furthermore, the aforementioned higher pop-
ulations of the higher coordinated Ni(u) states, CN 5 and 6%, in
the NaCl-MgCl, melt compared to the LiCI-KCl melt, are
confirmed by the distribution of various coordination states
deduced from the MCR-ALS analysis. Due to ZnCl, evaporation
at high temperature we do not have optical spectra for Ni(u) in
LiCl-ZnCl, at 600 °C to compare directly with the AIMD results.
Nevertheless, the AIMD results are consistent with the trend of
the LiCl-ZnCl, optical spectra with temperature, exhibiting
a larger fraction of higher coordination states compared to the
LiCl-KCl and NaCl-MgCl, melts.

To provide geometric insight into the CN states, we depict
the CI-Ni-Cl bond angle and Ni-Cl bond distance distributions
computed from the AIMD simulations for CN 3, 4, 5 and 6* in
Fig. 7. In terms of the bond angles, the geometries of the CN 3-
6* states are approximately trigonal, tetrahedral, square pyra-
midal, and octahedral, respectively. However, the standard
deviation and the presence of asymmetry in these distributions
indicate their distorted nature. The systematic change in the
bond distance distribution (shift in the most-likely bond length
and its disorder/standard deviation) from CN 3 to CN 6* further
confirms the observed distortion. The bond length distribu-
tions follow the expected trend of bond lengthening with
increasing coordination number. Considering thermal effects,
the most likely bond distance for CN 4 (2.30 A) is consistent with
those reported in a crystal structure of tetraethylammonium
tetrachloronickelate (2.276 A)*” and by EXAFS analysis in a basic
emim CI/AICl; melt (2.28 A).* The most likely bond distance for
CN 6* (2.43 A) is consistent with the crystal structure of octa-
hedral NiCl, (2.40 A)* and EXAFS analysis in an acidic emim CI/
AICl; melt (2.41 A).* The bond length distributions become
increasingly asymmetric towards longer distances with
increasing coordination number, consistent with the effects of
distortion observed in the optical spectroscopy.

While AIMD is useful in predicting general trends of how
Ni(u) speciation responds to changes in the melt composition,
a direct comparison of the experimental EXAFS spectra and the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Normalized probability distributions of Cl-Ni—Cl bond angles
(a—=d) and Ni-Cl distances (e—h) for nominal chloride coordination
numbers CN 3, 4, 5 and 6* surrounding Ni(u), obtained from the AIMD
simulations at 600 °C in the LiCI-KCl (black), ZnCl,-LiCl (red), and
NaCl-MgCl, (green) mixtures. The most-likely bond angles and
distances with standard deviations for each CN are given next to the
peak heights. It should be noted that CN 6* is rarely sampled in the
LiCl-KCl mixture, and therefore, the corresponding angle/distance
distributions are not included in parts (d and h).

computed ones based on the AIMD trajectories (Fig. 8) reveals
some limitations of AIMD to accurately capture structural
disorder under certain conditions. In particular, MD-EXAFS
underestimates the amplitude of the k-space EXAFS spectra
and the main peak in the Fourier-transformed R-space EXAFS
spectra for Ni(u) in LiClI-KCI and NaCl-MgCl, melts at 600 °C
(more details in ESI Fig. S31). To our surprise, recomputing the
EXAFS spectra with a subset of configurations limited to the
coordination number 4 (CN = 3.85-4.15) reduces the

— MD-EXAFS
1 LiCI—KCl

— Experiment — CN = 3.85-4.15
[l NaCl—MgCl2

1R (A%
b

L
o o s o

R(A)

4: LiCI—KCI
2

H NaCl—MgClz
o1 I

k31 x(k)l (A3

2
-4

k(A

Fig. 8 Comparison of the experimental EXAFS spectra with the
computed ones at 600 °C based on the statistical mechanical
ensemble of all possible states sampled by AIMD simulations (MD-
EXAFS) and a selection of states with coordination number around 4
(CN = 3.85-4.15).
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discrepancy with the experimental spectra, but still underesti-
mates the amplitude in the k-space and the magnitude in the R-
space (Fig. S37). Dividing this subset into two groups with
structures closer to the ideal tetrahedral geometry and the ones
that are more distorted reveal higher amplitudes of the EXAFS
oscillation for more symmetric configurations. Thus, we
conclude that AIMD slightly overestimates the degree of
dynamic disorder (the EXAFS Debye-Waller factor) for the
tetrahedral Ni centers at 600 °C, precluding a quantitative
analysis of Ni(u) speciation from the EXAFS data and linear
combination fitting based on AIMD simulations without addi-
tional assumptions. On a qualitative basis, good phase match-
ing of the computed k-space spectra to the experimental spectra
indicates that the dominant four-coordinate state of Ni(u) at
600 °C is given correctly by the AIMD simulations. Moreover,
good phase matching at 500-550 °C can only be achieved by
assuming a significant involvement of the five-coordinate state,
further supporting significant structural transformation
between 500 and 600 °C.

Conclusions

In conclusion, we have shown that the combined interpretation
of optical absorption and XANES spectra of metal ions in
molten salts is a useful and novel approach that aids in
resolving coexisting distributions of coordination states. The
results of the PCA analysis of the optical absorption and XANES
data are complementary, both pointing at the coexistence of
several unique Ni complexes at different temperatures in solid
and molten states in the LiClI-KCl and NaCl-MgCl, salt
mixtures. MCR-ALS analysis of XANES spectra was used to
obtain the number of distinct species and their spectra at all
temperatures. We report that the speciation and local structural
heterogeneity demonstrated by Ni(u) ions in various molten
salts systems is directly related to the solvent composition and
is related to the polarizing power of the solvent metal cations
with some specific exceptions. Coordination number 6* domi-
nates in LiCl-ZnCl, due to the strong polarizing power of
divalent Zn ions, while in the case of LiCI-KCI and NaCl-MgCl,
a shift from CN 5 to CN 4 is observed with increasing temper-
ature. Compared to our previous work® where we have
combined molecular dynamics with linear combinations to
clarify the speciation changes of Ni(un)-containing molten salts,
our approach with MCR-ALS based analysis is a fast method
that can be utilized over a broad temperature range, due to the
high penetrating power of X-rays and relatively strong signal in
the near-edge region of the absorption coefficient. One of the
major advantages of this novel approach is that it can elucidate
structural heterogeneity of metal solutes in solid solutions at
room temperature, which is not possible using the ab initio
methods such as molecular dynamics simulations that are
limited to the molten state only. Additionally, it is much easier
to execute as it utilizes only the optical absorption and XANES
spectra and does not rely on computationally intensive AIMD
calculations, greatly simplifying the analysis. Molecular level
knowledge obtained through this approach is important to
advance safe and efficient deployment of molten salt reactors
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and emerging concentrated solar power technologies. Further,
this approach can be utilized to study speciation and chemistry
in a wide variety of energy storage applications (where complex
structural heterogeneity is expected) including, but not limited
to, battery storage as well as thermal energy storage
applications.
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