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ABSTRACT: To examine ion solvation, exchange, and speciation for minority
components in molten salts (MS) typically found as corrosion products, we propose a
multimodal approach combining extended X-ray absorption fine structure (EXAFS)
spectroscopy, optical spectroscopy, ab initio molecular dynamics (AIMD) simulations,
and rate theory of ion exchange. Going beyond conventional EXAFS analysis, our
method can accurately quantify populations of different coordination states of ions with
highly disordered coordination environments via linear combination fitting of the EXAFS
spectra of these coordination states computed from AIMD to the experimental EXAFS
spectrum. In a case study of dilute Ni(II) dissolved in the ZnCl2+KCl melts, our method
reveals heterogeneous distributions of coordination states of Ni(II) that are sensitive to variations in temperature and melt
composition. These results are fully explained by the difference in the chloride exchange dynamics at varied temperatures and melt
compositions. This insight will enable a better understanding and control of ion solubility and transport in MS.

■ INTRODUCTION

Molten salts (MS) are resurging as heat transfer fluids and
thermal storage media for concentrating solar power plants,
electrolytes for high-temperature batteries, and coolants and
reaction media for MS nuclear reactors.1,2 A major requirement
for advancing these emerging energy technologies is the need to
understand and predict the behavior of macroscopic properties,
such as solubility and transport, as a function ofMS composition
and temperature. This understanding depends on strengthening
the presently underdeveloped connections between such
properties and MS local structure and dynamics. To bridge
this knowledge gap, fundamental investigation of microscopic
events (e.g., ion solvation, complexation, and dynamics of ion
exchange) is indispensable, providing a means to explain and
control underlying speciation and chemistry of molten salts. Ab
initio molecular dynamics (AIMD) simulations,3−17 rate
theory,3,16 and scattering/absorption spectroscopy3,14−24 are
showing great promise for elucidating MS local structures and
dynamics. It is becoming clear that, despite the existence of
several experimental methods to probe local coordination
structures, without a detailed theoretical analysis many
controversies will continue to persist over the assignment of
spectral features and the nature of the species present in molten
salts. To this end, the importance of AIMD is being particularly
recognized, especially for studying solvation of multivalent d-
block metal ions (e.g., Ni2+ and Cr3+) in MS solvents,15,16,25 for
which consideration of electronic interactions and spin polar-
ization is necessary. However, what has been largely overlooked
is a requirement to validate the accuracy of AIMD to reproduce

the local structure and chemical speciation that involve a
heterogeneous distribution of coordination states in a melt. This
validation can be achieved by comparing measured observables
of scattering/absorption spectroscopy with those obtained from
AIMD. Only when the local dynamical coordination environ-
ment and chemical speciation of complex MS mixtures are well
represented by AIMD can we expect the high-fidelity prediction
of phase diagrams, transport, and thermodynamic properties.
Determining a melt structure using experimental methods

represents its own challenges. Neutron and X-ray diffraction
experiments provide direct information on the local and
intermediate-range structure of molten salts.3,14,16−24,26 How-
ever, it is very difficult to extract structural information for the
minority components in the molten salt, such as metal corrosion
products. Likewise, the vibrational bands of the Raman spectra27

of minority metal ion complexes could be completely masked by
the background spectrum of a multivalent host cation. Element-
specific optical absorption28−30 and extended X-ray absorption
fine-structure (EXAFS15,18) spectroscopy represent an excellent
probe of the local structure, but the interpretation of the results
for complex systems could be very ambiguous. For example, a
solute Ni(II) ion in molten ZnCl2−alkali chloride mixtures
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exhibits a very complicated dependence of its coordination
geometry on solvent composition and temperature.31−35

Conventional EXAFS analysis assumes that the structural
distribution (commonly represented by the pair distribution
(g(r)) of ions/atoms) can be described by a Gaussian function.
Because of the inability to separate between multiple
coordination states for Ni(II) that coexist in molten ZnCl2,
EXAFS fitting using Gaussian distributions fails to accurately
describe the local coordination structure, drastically under-
estimating the coordination number (CN) of Ni(II) to an
unphysical value (CN < 2).15 Therefore, adopting beyond-
Gaussian modeling, which is possible via MD-EXAFS (a
combination of molecular dynamics simulations and subsequent
EXAFS calculations), is indispensable to analyze large and
asymmetric structural disorder.36−41 However, the success of
this approach for complex mixtures with several competing
coordination states is less certain. AIMD, which utilizes density
functional theory (DFT) for treating interionic interactions,
may predict which coordination structures are present in
MS,14−17,25,42,43 but sampling all relevant coordination
structures rigorously with correct volume fractions (note that
measured EXAFS corresponds to the volume average of the local
structural motifs is not expected to be fully accurate due to
uncertainty in the accuracy of DFT functionals in computing
relative energies and the high computational cost of AIMD that
limits simulations to short times (only tens to hundreds of
picoseconds (ps)). This imposes a great challenge on MD-
EXAFS to accurately determine the populations of different
coordination states in chemical speciation processes under
different physical/chemical conditions. It is important to note
that apart from this technical challenge, MD-EXAFS provides a
platform to accurately account for thermal fluctuations from
their equilibrium structures and ensemble averaging of their
EXAFS spectra, thus accounting for dynamic disorder without
the use of any fitting parameters.
In this work, we propose a new approach that tightly couples

simulations with experiments to overcome the limitation ofMD-
EXAFS and provide a quantitative estimation of the local
structure and speciation in highly disordered molten salts. This
approach is based on the fitting of an experimental EXAFS
spectrum with a linear combination of MD-EXAFS spectra for
various coordination states sampled via the AIMD simulation.
The main assumption of this approach is twofold. First, the
dynamic disorder (i.e., temperature-dependent fluctuations of
the positions of ions) in the nearest-neighboring environment
for each coordination state represented by the state-specific g(r)
is accurately captured by the AIMD simulations. Second, the
MD-EXAFS spectra for different CN are reliable approximations
for the partial contribution to the observable ensemble-average
spectrum. While the latter has been demonstrated in a range of
recent studies of nanomaterials to bulk solids,44−48 the former is
motivated by our recent success with AIMD on accurately
interpreting Raman spectra to resolve local coordination
structures in molten salts.17 We showed that despite some
differences in the simulated Raman spectra and the relative
populations of various coordination states obtained from the
AIMD simulations with several DFT functionals, the distribu-
tions of cation−anion bond distances and bond angles for
complexes with the same CN were extremely similar,
irrespective of the chosen DFT method.17 It is generally
expected that the structural distortions in a complex with a
distinct CN would be described more accurately by DFT than
the overall energetic balance among several possible CN states.

Herein, we will demonstrate the utility of linear combination
fitting (LCF) for determining speciation of Ni(II)-Cl complexes
in a pure ZnCl2 melt and in molten ZnCl2−KCl mixtures at
several compositions and temperatures and compare the results
with qualitative trends in the coordination chemistry of Ni(II)-
Cl complexes observed by optical absorption spectroscopy.
Strong consistency between two independent spectroscopic
analyses for a system involving multiple coordination states
indicates that the LCF analysis using a combination of MD-
EXAFS and experimental EXAFS spectroscopy provides a new,
and sometimes the only, way to quantify element-specific
chemical speciation in complex MS mixtures.
We will further detail how variations in temperature and

solvent composition affect the ion distribution around Ni(II)
revealed by AIMD (in combination with EXAFS analysis)not
only the chloride distribution but also the Zn(II) distribution
showcasing the sensitivity of the chloride exchange dynamics
around Ni(II) to the change in structural ordering of nearby
ions. This is very crucial for understanding metal ion solvation,
multiplicity of coordination states, and speciation. A highly
soluble metal ion should exhibit strong and stable coordination
with the solvent chlorides, leading to slow chloride exchange
rates, whereas for a relatively less soluble metal ion with multiple
metastable coordination states chloride exchange dynamics
should be faster andmore sensitive to variations in temperature/
solvent composition. To gain insight into this, we will explore
the utility of our hybrid transition state−Marcus (TS−Marcus)
theory formulated to examine rate processes in molten salts,3,16

revealing the mechanism and rates of chloride exchange around
Ni(II). We will show that the competing polarizing effects of
close-contact Ni(II) and Zn(II) ions on the nearby chlorides
play dominant roles in the chloride exchange dynamics around
Ni(II). Varying the concentration of KCl systematically perturbs
the polarizing effects of Zn(II) on the chloride solvation shell of
Ni(II) and, ultimately, the distribution of different Ni(II)
coordination states, explaining the experimental observations.
Consequently, this work further establishes the role of the
solvent composition in tuning interionic interactions, local
structural ordering, and local dynamics.

■ RESULTS AND DISCUSSION
Optical spectroscopy involving d−d transitions is very sensitive
to the immediate coordination of the transition metal ions, thus
providing important information on their coordination state.35

However, if a d-block metal ion exists in multiple coordination
states, this can significantly complicate peak assignment and the
interpretations of the experimental spectra, which is the case for
Ni(II) in molten ZnCl2−KCl and related mixtures.31−35 Based
on the pioneering spectroscopic study of Angell and Gruen31 to
determine coordination states for Ni(II) in such mixtures, we
selected two low-melting eutectic compositions of the KCl−
ZnCl2 melts45.3 mol %KCl (mp 230 °C; referred to as Comp
1) and 52.5 mol % KCl (mp 250 °C; referred to as Comp 2)
where the spectral changes and the variation of Ni(II)
coordination as a function of composition and temperature
are the most pronounced.13 The UV−vis spectra of Ni(II) in the
two compositions as functions of temperature are shown in
Figure 1a,b. The spectra of Co(II) in the same melts have also
been recorded and are shown in Figure S1 in the Supporting
Information (SI). The spectral data highlight a complicated
dependence of Ni(II) local structure on melt composition and
temperature. The absorption band at 22 300 cm−1 observed in
both compositions at 300 °C and below is consistent with Ni(II)
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mostly in an octahedral coordination. As the temperature
increases, this band shifts to lower energies and the spectral
features at ∼14 500 and 16 500 cm−1 of Ni(II) ions occupying
approximately tetrahedral sites become more pronounced.
Additionally, spectral broadening and a new peak at 17 500−
17 800 cm−1 are apparent at high temperatures, which were
previously31,32 tentatively attributed to Ni(II) in a severely
distorted tetrahedral geometry. It was also noted by Angell and
Gruen31 that at least one different coordination state for Ni(II)
was required to explain the observed spectral changes in the
ZnCl2−KCl melts, the structure of which was not resolved in
previous work. The absence of an isosbestic point for Comp 1
with temperature change implied the presence of an
intermediate configuration connecting the six- and four-
coordinate complexes,31 but the nature of this Ni(II) species
was unclear prior to this work. A two-species equilibrium
characterized by the presence of an isosbestic point was
reported31 for Comp 2 in the range of 320−700 °C, but not
at 250 °C, where Ni(II) is predominately octahedrally
coordinated. This suggests a transformation of the octahedrally
coordinated complex at 250 °C to the tetrahedrally coordinated
complex and another Ni(II) species of unknown structure at
320−700 °C.
One of the notable features of the Ni(II) spectra in pure

ZnCl2, as previously reported by others31,32,34 and us,15 is that
the peaks for the tetrahedral sites become progressively weaker
as the temperature increases above 320 °C, while the spectral
features at 19 500 cm−1 simultaneously become more intense.
This contrasting behavior compared to that observed in Comp 1
and Comp 2 is puzzling, and it was even suggested32 that
octahedral sites become increasingly populated by heating,
completely the opposite of what is generally expected.
Therefore, it is difficult to extract the identities of all or major
species involved inmultiple equilibria using optical spectroscopy

alone without complementary experimental and theoretical
analyses. However, when there is a single species dominating the
chemical equilibrium, such as tetrahedrally coordinated CoCl2
in molten ZnCl2

15 and ZnCl2−KCl2 mixtures (see Figure S1),
the interpretation of the spectroscopic data is straightforward.
Ni K-edge EXAFS spectroscopy was employed to independ-

ently probe the local coordination environment of Ni(II) in
Comp 1 and Comp 2. EXAFS spectra in the k-space and r-space
over the temperature range of 20−600 °C are shown in Figure
S2 and Figure 2, respectively. The results underscore a

complicated temperature dependence of the r-space spectra,
highlighting a strongly diminished peak for the melts at 300 °C
compared to room temperature (RT), and an anomalous
increase in the peak intensity with rising temperature up to 450
°C for both Comp 1 and Comp 2. Nonsystematic peak shifts are
also observed; for example, the peak position shifts to the
forward direction going from 300 to 350 °C, while we observe
the opposite going from 350 to 400 °C. Such anomalous
temperature dependence suggests that the presence of the six-
coordinate state along with the four-coordinate state at low to
intermediate temperatures, as inferred from optical spectrosco-
py, can result in partial cancellation of the observed EXAFS
signal due to destructive interference between the contributions
from the two species, and as the population of the six-coordinate
complex decreases with rising temperature, the intensity of the
EXAFS signal increases. When the temperature is increased
beyond 450 °C, a normal increase of thermal disorder in atomic
motion (encoded in the Debye−Waller factor) is reflected in the
monotonic decrease of the peak height for Comp 1. However,
the temperature dependence for Comp 2 is still nonsystematic,
suggesting more drastic changes in the local coordination
structure of Ni(II).
Our previous work15 established that the limitations of

conventional EXAFS analysis can, in principle, be overcome by

Figure 1. Optical absorption (UV−vis−near IR range) measured for
dilute Ni(II) dissolved in the KCl−ZnCl2 melt at different
compositions; Comp 1 (45.3 mol % KCl) (a) and Comp 2 (52.5 mol
% KCl) (b), highlighting the evolution of peak intensities and positions
with increasing temperature.

Figure 2. EXAFS spectra (with zoomed-in main peaks in the inset)
measured for different solvent compositions; Comp 1 (a) and Comp 2
(b), highlighting the evolution of peak intensities and positions with
increasing temperature.
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coupling EXAFS with AIMD simulations and computing an
ensemble-average MD-EXAFS spectrum without making any
assumptions about the shape of g(r). A good match between the
experimental and computed EXAFS spectra provides a strong
validation of AIMD to accurately capture both the static and
dynamical disorder in molten salt systems. However, as
aforementioned and discussed below in further detail, the
inadequate accuracy of a chosen DFT functional and short
simulation times of AIMD may not allow the MD-EXAFS
approach to fully reproduce experimental spectra. To verify the
accuracy of MD-EXAFS predictions and the underlying DFT
method at two different compositions and temperatures, AIMD
simulations were performed for 2 mol % of NiCl2 in Comp 1 at
400 and 550 °C and Comp 2 at 550 °C for a total of 100 cations
to generate trajectories of 100−150 ps in length at 550 °C and
320 ps in length at 400 °C using the PBE-D3 density functional
(see SI for computational details). MD snapshots from
preequilibrated simulations were taken at regular intervals
averaged for a total of 20 000 frames, including two unique
Ni(II) centers. Figure 3 provides a comparison between the

experimental and simulated MD-EXAFS spectra in the r-space.
The corresponding k-space spectra are given in Figure S3.
Although simulations are capable of qualitatively reproducing
the experimental EXAFS spectra, discrepancies in the main peak
height are also evident. For example, AIMD simulations for
Comp 1 predict a significantly greater peak height at 400 °C than
at 550 °C, but the experimental peak heights at these
temperatures are very similar. A near-perfect agreement between
the experimental EXAFS and previous MD-EXAFS simulations
using the samemethodology was achieved15 for CoCl2 inmolten

ZnCl2. As opposed to NiCl2, no static disorder exists for CoCl2
since it adopts a single coordination geometry in molten
salts.15,35 Thus, we expect AIMD simulations to be highly
accurate in predicting solution structures and dynamic disorder,
but at the same time to have considerable errors for relative
energies and equilibrium concentrations. This assertion is
further supported by our recent simulations in molten
MgCl2,

17 which showed that different varieties of exchange−
correlation functionals determine almost identical distributions
of bond distances, while providing significantly different bond
vibrational energies and the distribution of coordination
complexes.
Analysis of the free energy profiles in CN space for Ni(II)

(Figure 4a) reveals several important results. As discussed in the

SI (eq S1), CN is treated as a smooth function; therefore CN
continuously varies from the lower limit, namely, CN = 2.5, to
the higher limit, namely, CN = 6.5, via overcoming multiple free
energy barriers separating different thermodynamically stable or
metastable coordination states. Herein, we assign the ranges 2.5
< CN < 3.5, 3.5 < CN < 4.5, 4.5 < CN < 5.5, 5.5 < CN < 6.5 to
the coordination states CN = 3, CN = 4, CN = 5, and CN = 6,
respectively. Choosing these ranges to define different
coordination states allows us to account for thermal fluctuations
of their structures. Figure 4a establishes that coordination states
including three, four, five, and six chloride neighbors have all
been sampled during the AIMD simulations, but the four-
coordinate complex is the most stable under all conditions.
Structural analysis (Figure 4b) reveals a significant deviation of
the Cl−Ni−Cl angle (∼100°) in the four-coordinate complex

Figure 3. EXAFS spectra from experiment, linear combination fitting
(LCF), and MD-EXAFS for Ni(II) in different temperatures and
solvent compositions (a−c) and in pure ZnCl2 (d), highlighting a fair
agreement between the experimental spectra and MD-EXAFS
simulations and perfect fits to the first-shell EXAFS data of Ni2+

using LCF. The k-space MD-EXAFS for different CN, indicating
their phase shifts and larger peak heights than the experimental one (e,
f).

Figure 4. Free energy as a function of coordination number of Ni(II)
for different solvent compositions and temperatures (a) and normalized
histograms of Cl−Ni−Cl angles (b) in different coordination states in
Comp 1 at 550 °C.
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from the ideal tetrahedral bond angle. The geometries of the
five- and six-coordinate complexes are found to be consistent
with square pyramidal and octahedral structures, respectively.
This is in contrast with the purely tetrahedral coordination
environment around the Co(II) center (Figure S4), which can
be qualitatively understood based on the differences in stability
of the d7 and d8 electronic configurations in the tetrahedral
ligand field.15 It is not unexpected that the stability of the six-
coordinate Ni(II) state decreases with heating and the stability
of the three-coordinate Ni(II) increases. We also observe that
decreasing the ZnCl2 content from 100 mol % in our previous
work (T = 500 °C) to 54.7 mol % and 47.5 mol % in the current
work (T = 550 °C) leads to a progressively decreasing
population of the five-coordinate state. This trend is consistent
with the optical spectroscopic finding of increasing the
population of the tetrahedral state by diluting ZnCl2 with
KCl.31,35

However, not all computational results are fully accurate. For
example, spectroscopic results31−35 suggest a higher population
of the octahedral sites at 400 °C for Comp 1. Together with the
underestimated relative stability of the six-coordinate species,
the three-coordinate complexes in Comp 1 and Comp 2 are
predicted to be too stable at 550 °C, since spectroscopically the
onset of forming new smaller entities is only observed at 700−
800 °C.34 These discrepancies can be attributed to the
approximate nature of density functionals, finite basis sets, and
core electrons described by pseudopotentials. Lastly, we are
limited to only a few hundred ps of AIMD, which in some cases
may not be adequate to correctly populate all the coordination
structures at lower temperatures. For example, for Comp 1 at
400 °C (Figure S5), it takes about 120 ps for the CN of Ni(II) to
fluctuate around the same average value obtained from two
independent AIMD simulations with different initial coordina-
tion states, confirming a longer convergence time. This suggests
that the accuracy of the results fromMD-EXAFS (including our
previous work15) needs significant improvement, which can be
achieved by closely tying simulations with experiments in an
LCF approach, providing more accurate determination of the
populations of different coordination states.
The LCF approach utilizes the populations of the

predetermined coordination states from AIMD as the fitting
parameters. From the free energy profile depicted in Figure 4a, it
is evident that there are four coordination states that are
thermodynamically metastable or stable and should be
considered in the fitting: CN = 3, CN = 4, CN = 5, and CN =
6. Therefore, we have obtained the EXAFS spectra for these
coordination states individually by extracting configurations
from the AIMD trajectories that have a specific coordination
state and performing ensemble averaging of their computed
EXAFS spectra using these configurations. A reliable measure of
the populations is then obtained from the best fits of the linear
combination of the computed spectra of the coordination states
to the experimental spectrum. The results of the fits in the q- and
r-space (the back-Fourier transformed and Fourier-transformed,
respectively) are shown in Figure S3 and Figure 3, respectively.
It is evident that in all cases the LCF model can fit the first shell
of EXAFS signals extremely well. The model works equally well
for cases in which the MD-EXAFS signal is overestimated or
underestimated compared to the experimental spectra, as
observed for Comp 1 at two different temperatures. The reason
that the LCF analysis works is that the q-space EXAFS spectra
for species with different CNs are distinct and slightly shifted
from each other, as illustrated in Figure 3e for Comp 1 at 400 °C,

which offers the tunability needed to fit the computed signal to
the experimental data.
Populations of different coordination states resulting from the

LCF analysis and AIMD simulations are summarized in Table 1.

It should be noted that we used the standard linear least-square
fit method to determine the fitted populations and their
uncertainties as the standard errors of the fitted parameters. We
find that the experimental spectrum for Comp 1 at 400 °C can be
well represented with 77% of distorted tetrahedral sites and 23%
of octahedral sites. Such a two-center tetrahedral−octahedral
coordination equilibrium was reported previously for related
50−72% ZnCl2−CsCl mixtures at 400 °C.33,34 Furthermore, the
appearance of new kinds of centers was only observed34 at T ≥
400 °C, which we can now relate to the five-coordinate
complexes formed at higher temperatures. With these results we
confirmed our hypothesis that the anomalously small EXAFS
peaks at T≤ 400 °C (Figure 3a) are due to a partial cancellation
of signals coming from the six- and four-coordinate species that
are partially out of phase (Figure 3e). As the fraction of the
octahedral sites progressively decreases with increasing temper-
ature from 300 to 500 °C, the destructive interference becomes
less effective, resulting in the anomalous rise of the EXAFS signal
that outweighs the temperature dependence of the Debye−
Waller factor. With a small or zero contribution from the
octahedrally coordinated complex at T ≥ 500 °C, the
temperature dependence of the EXAFS spectra returns to a
more “normal” behavior. We note that in comparing with the
experimental EXAFS data, the absorption edge energy, E0, was
varied within a physically justifiable range (typically 3 eV) to
obtain proper alignment of the experimental, AIMD, and LCF
spectra. In one case (Comp 1 at 550 °C), we find that the choice
of E0 is somewhat ill-defined, because as shown in Figure 3b, an
equally good fit can be obtained for several choices of E0 at 550
°C (8342.0−8343.5 eV) and the interrelated compositions of
the four- and five-coordinate states (as listed in Table 1).
However, we can still justify a specific value, because it should be
the same for different temperatures. Since the choice of Eo =
8343.0 eV in the LCF analysis at 400 °C is unambiguous, we can
use this value to provide the best estimate of the relative
amounts of distorted tetrahedral and square pyramidal sites at

Table 1. Populations of Different Coordination States for
Several Solvent Compositions and Temperatures

system
AIMD population

(%) LCF population (%)

Comp 1 (400 °C) CN = 3: 0.96 CN = 3: 0.00
CN = 4: 76.36 CN = 4: 76.60 ± 6.70
CN = 5: 21.05 CN = 5: 0.00
CN = 6: 1.63 CN = 6: 23.40 ± 8.20

Comp 1 (550 °C) CN = 3: 15.83 CN = 3: 0.00
CN = 4: 64.66 CN = 4: 69.10 ± 16.80
CN = 5: 19.28 CN = 5: 30.90 ± 15.10
CN = 6: 0.23 CN = 6: 0.00

Comp 2 (550 °C) CN = 3: 16.06 CN = 3: 0.00
CN = 4: 78.08 CN = 4: 78.30 ± 9.30
CN = 5: 5.56 CN = 5: 21.70 ± 10.20
CN = 6: 0.30 CN = 6: 0.00

Ni(II) in pure ZnCl2
(500 °C)

CN = 3: 0.55 CN = 3: 24.20 ± 10.30
CN = 4: 51.33 CN = 4: 30.80 ± 20.20
CN = 5: 45.39 CN = 5: 45.70 ± 21.80
CN = 6: 2.73 CN = 6: 0.00
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550 °C, namely, 69% and 31%, respectively. A higher amount of
the four-coordinate state in Comp 2 (78%) compared to Comp
1 at 550 °C is fully consistent with the current and previous
spectroscopic observations,31,34 showing a progressive increase
in the population of the four-coordinate centers by decreasing
the amount of ZnCl2 in the molten salt mixture.
To further validate our LCF approach, we set out to re-

evaluate Ni(II) coordination in pure ZnCl2 based on our
previous AIMD simulations at 500 °C. AIMD results predict
almost equal amounts of the four- and five-coordinate species
(Table 1), but direct comparison with the experimental EXAFS
spectrum in r-space (Figure 3d) reveals that the main MD-
EXAFS peak is significantly overestimated. As was mentioned
earlier, the optical spectrum above 400 °C was suggestive of a
diminishing population of the tetrahedral sites that were
hypothesized32 to be converting to octahedral sites at higher
temperatures. The LCF analysis was performed to elucidate the
nature of the Ni(II) species in molten ZnCl2 at 500 °C. As for
previous examples, we were able to obtain a perfect fit to the first
shell, but to our initial surprise, all coordination states were
contributing to the fit (Table 1), except for the previously
assumed octahedral complex. It is fascinating to observe that the
computed EXAFS spectra of three- to six-coordinate complexes
all have larger amplitudes than the experimental spectrum

(Figure 3f). Therefore, a partial destructive interference among
different coordination states must come into play to reproduce
the experimental spectrum. Forcing the contribution from the
NiCl6

4− species significantly worsens the agreement with
experiment. The results for the first time revealed a significant
population of the NiCl3

− species. While initially unexpected,
after a careful analysis of the spectroscopic behavior of Ni(II)
species as a function of temperature and composition,31−34 this
makes perfect sense. First, it would be highly unlikely to expect a
shift in the equilibrium toward a higher coordination number
with increasing temperature. Second, while the tetrahedral
bands near 14 000 and 16 000 cm−1 start to drop in intensity, the
peak intensity near and slightly above 18 000 cm−1 starts to rise,
which is consistent with the appearance of NiCl3

− observed in a
ZnCl2−CsCl mixture at 700−900 °C and in molten CsAlCl4.

34

Finally, the onset temperature for the formation of small-
complex Ni(II) ions decreases significantly with increasing the
ZnCl2 content in the molten salt mixture with CsCl,34 and it is
entirely possible that this onset could be below 500 °C in pure
ZnCl2. Such behavior can be explained by a stronger polarizing
power of Zn(II) compared to the monovalent cations, resulting
in the largest weakening of the Ni−Cl bond in 100% ZnCl2.
While local structural ordering encoded in the multiplicity of

coordination states of a metal ion helps elucidate its solvation

Figure 5. 1D free energy for the Ni−Cl distance (a) and 2D free energy surface (b−d) for the Ni−Cl distance and electric field, E, experienced by Cl−,
with corresponding Marcus parabolas (solid lines are parabolic fits and dots are actual data), describing chloride exchange around Ni(II) for different
solvent compositions and temperatures. The lines with arrows highlight the pathways to show how ionic media reorganization causes electric field
rearrangement leading to the exchange events, which is schematically presented in (e). Higher and lower adiabatic surfaces constructed from Marcus
diabatic parabolas indicate the adiabatic nature of the process presented with the green arrow (i.e., transition dynamics confined on the lower surface)
(f).
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and speciation in molten salts, further understanding of the
dynamic stability of its solvation shells can be achieved in terms
of chloride exchange dynamics between different solvation
shells. Such exchange dynamics can provide an approximate
description of ion transport in molten salts due to its correlation
with ionic diffusivity and conductivity. Hence, to determine the
rates and mechanism of chloride exchange around Ni(II), we
have employed our TS-Marcus theory16 approach wherein the
electric field experienced by a chloride ion exerted by all other
ions is chosen as a reaction coordinate along with a more
conventional coordinate, the Ni(II)−Cl distance. The choice of
the electric field is motivated by the fact that the reorganization
of ionic solvent that is typically responsible for chloride
exchange can be well represented by fluctuations and rearrange-
ments of the local electrostatic environment.16 The rate
calculations require computation of a 2D free energy surface
as a function of the Ni(II)−Cl distance and the electric field on
the chloride ion projected along the Ni(II)−Cl distance.
Following a protocol for free energy calculations discussed in
the SI, the computed 2D free energy surfaces (W(r, E)) and their
associated 1D profiles (W(r) andW(E)) for Comp 1 and Comp
2 at 550 °C and for Comp 1 at 400 °C are presented in Figure
5a−d. Note that for the electric field calculations the formal
charges of the ions are utilized. Now, to explain the chloride
exchange mechanism for all the compositions and temperatures
(see Figure 5e for a pictorial presentation together with the 2D
surfaces and the arrows on them), we define the reactant (R)
state in which a chloride ion (labeled red) is located within the
first solvation shell of Ni(II) at a close-contact equilibrium
distance rR (easily identifiable as the first minimum ofW(r)). In
this state, the field on the chloride ion is strong. When another
chloride ion (labeled green) moves into the Ni(II) solvation
shell caused by the thermally induced rearrangement of the ionic
solvent, the local electrostatics changes in this overcoordinated
environment, reducing the positive field on the Ni(II)-bound
chloride ion (as depicted in the intermediate state in Figure 5e).
This weakening of the Ni(II)−Cl interaction at the intermediate
state triggers the transition toward the product equilibrium,
wherein the initially bound chloride ion exits completely out of
the solvation shell and moves to the solvent-separated
equilibrium distance rP (identified as the second minimum of
W(r)) and later to a larger distance. This chloride ion is now free
to interact with all other ions and, therefore, experiences a broad
range of electric fields (from negative to positive) distributed
around zero.
To carry out a TS−Marcus theory-based analysis (see the SI

for details),3,16,49−51 we extracted two slices from the 2D free
energy surfaces along the equilibrium close-contact and solvent-
separated distances: r = rR and r = rP. These are the reactant and
product diabatic states in the electric field space modeled as
parabolas (Figure 5b−d, right column), and the corresponding
parameters are given in Table S1 in the SI. These diabats couple
to generate lower and higher adiabatic free energy surfaces as
shown in Figure 5f. It is noticeable (as indicated by the green
arrow) that the chloride exchange around Ni(II) can be
described as the adiabatic process where the transition from the
reactant state (with strong field) to the product state (near zero
field) through the “normal” crossing region (the structure of
which corresponds to the intermediate in Figure 5e) occurs on
the lower adiabatic surface. However, once an electric field
trajectory reaches this transition state crossing point from the
reactant state, it is not necessary that it immediately winds up at
the product state on the lower surface; it can also access the

higher surface or recross the transition state and go back to the
reactant state due to nonequilibrium solvent effects.49,51−54

Therefore, determination of the transmission coefficient, which
depends on the probability (P) of reactive transition through the
crossing point, is required to accurately determine the transition
rate. Based on our recent exploration of the Landau−Zener
theory,16,49−51,54−58 this probability, and therefore the trans-
mission coefficient (κLZ = 2P/(P + 1)), is mostly dominated by
the coupling strength (C) between the reactant and product
diabats (causing the energy gap between the lower and higher
adiabatic surfaces). For a larger C, a larger κLZ (up to 1 at
maximum) is observed due to an enhanced probability of
reactive transition and minimal recrossing. In addition to κLZ,
the total free energy barrier (WTot), i.e., the barrier at the
transition state (E†) on the lower adiabatic surface (Figure 5f)
plus any additional barrier that may exist along the Ni−Cl
distance at this transition state, predominantly controls the
transition rate (kE) in the form of16
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Here, β = 1/kBT is the inverse thermal energy (B is the
Boltzmann constant), the integral from Ei to E† defines the
“reactant volume” in the electric field space (VR

E), and finally 1/
ZE is the mass associated with the motion along the electric field,
and therefore Z V(1/ )E R

E is the mass-weighted “reactant
volume”.
While all the parameters related to TS−Marcus theory are

thoroughly discussed in SI (Table S1), we present in Table 2 the

transition time scales for chloride exchange (τEX = 1/kE) and the
key factors that govern these time scales. The exchange
dynamics expressed via τEX is slower (78 ps) at 400 °C than at
550 °C (48 ps), but faster for Comp 2 (36 ps) than for Comp 1
at the same temperature (550 °C). The comparison between
Comp 1 and Comp 2 at 550 °C reveals that the barrier effects are
indistinguishable (e−WTot/kBT ≈ 0.005); what is truly making
chloride exchange faster for Comp 2 is the minimal barrier
recrossing (κLZ is close to its maximum value of 1) caused by the
larger coupling strength, creating a larger gap between the lower
and higher adiabatic surfaces at the crossing point as shown in
Figure 5f. More recrossing (i.e., smaller κLZ) for Comp 1 makes
chloride exchange slower. On the other hand, the further
slowdown of chloride exchange for Comp 1 due to a decrease in
temperature to 400 °C is caused predominantly by the change in
the barrier effect. Even though the actual barrier is smaller at 400
°C, due to the lower thermal energy (kBT), the factor e

−WTot/kBT is
smaller (∼0.003), thereby reducing the transition rate. κLZ has

Table 2. Chloride Exchange Time Scales around Ni(II) and
Different Governing Factors Such As Free Energy Barrier and
Barrier Recrossing (Represented by the Transmission
Coefficient), Reflecting the Effects of Solvent Compositions
and Temperature

time scales and key
factors

Comp 1
(550 °C)

Comp 2
(550 °C)

Comp 1
(400 °C)

τEx (ps) 48 ± 1 36 ± 1 78 ± 1
WTot (kcal/mol) 8.60 8.57 7.65
e−WTot/kBT 0.0052 0.0053 0.0033
κLZ 0.87 0.99 0.85
C (kcal/mol) 0.68 1.19 0.56
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not changed significantly due to the temperature change, further
confirming the dominant role of the barrier.
The physical origin of the temperature effect on the chloride

exchange dynamics can be easily understood from the lower
kinetic energy (due to lower thermal energy) of ions at the lower
temperature, reducing the probability of overcoming the
reaction barrier. In contrast, the faster chloride exchange in
Comp 2 than in Comp 1 at the same temperature is not trivial to
understand, but it must originate from the differences in the
structural organizations of two compositions. This will require
exploration of a plausible connection between barrier-recrossing
(the dominating factor in the form of κLZ) and the local
structural ordering of the solvent ions around Ni(II). To this
end, we have examined the structural ordering beyond the first
coordination shell and gained insight into how Ni(II) locally
interacts with Zn(II) through shared chlorides and how this
interaction is affected by increasing KCl concentration. Figure 6

depicts these interactions and structural ordering through the
computed 2D free energy surfaces (see SI for details) involving
the Ni−Zn distance, the number of chlorides (nM

Cl) shared
between them, and the number of other Zn(II) (nM

M)
coordinating with them within the close-contact distance
through chloride sharing (see the SI for the mathematical
definitions). Herein, Zn(II) ions form chloride-mediated
networks enhancing structural ordering and stability of the
solvent, whereas the “structure breaker” KCl can partially break
such networks with increasing concentration. Since Ni(II) is
dissolved at a dilute concentration in these solvent mixtures, it
hardly perturbs the solvent structure; rather it becomes a part of
the solvent ion networks, coordinating/attaching to the −Zn−
Zn− network. For both Comp 1 and Comp 2, when a Ni(II) ion
interacts with a Zn(II) network, it forms a close contact with the
nearest Zn(II) ion via one or two shared chlorides (Figure 6a).
Through chloride sharing, the −Ni−Zn− configurations

involving locally dimeric (nM
M ≈ 0; rNi−Zn ≈ 4 Å), trimeric (nM

M

≈ 1; rNi−Zn ≈ 4 Å), and chain-like (nM
M ≈ 1; rNi−Zn ≈ 6 Å)

structures are probable (Figure 6b). As evident from Figure 6a
and b, the intensities of the minima corresponding to the two
chloride-shared, trimeric, and chain configurations are reduced
on going from Comp 1 to Comp 2, revealing the effects of the
increase in the KCl concentration. It is noticeable (based on the
intensities of the minima in Figure 6b, nM

M≈ 1; rNi−Zn≈ 4 Å) that
the probability of Ni(II) of coordinating with up to a maximum
of two Zn(II) is higher in Comp 1 than in Comp 2, which
reduces the Ni(II)−Cl− interaction strength slightly more in
Comp 1. Furthermore, the increased local presence of Zn(II)
can have more polarization effects on the neighboring chloride
ions. These chloride ions then experience less repulsion between
themselves and are accommodated more in the Ni(II) solvation
shell. This is why Comp 1 has more population of the CN = 5
state than Comp 2 (see Table 1).
The connection of the local structural ordering with the

behavior of κLZ can be realized through the distinct nature of the
Ni(II)−Cl interactions in Comp 1 and Comp 2. As discussed
above, the higher concentration of KCl reduces the chance of the
chloride-shared interactions between Ni(II) and Zn(II),
allowing the Ni(II)−Cl interaction to be stronger in Comp 2.
This is quantitatively confirmed byW(r) presented in Figure 5a,
wherein the first barrier height (i.e., the Ni(II)−Cl binding free
energy) for Comp 2 is slightly larger than that for Comp 1.
Analogous to what we have previously seen for Cr(III) solvation
and clustering kinetics in the MgCl2+KCl melt,16 the slightly
stronger Ni(II)−Cl interaction in Comp 2 separates the reactant
electric field diabat from the product electric field diabat better
than when the Ni(II)−Cl interaction is relatively weak, as found
in Comp 1 (from Table S1, the separation between the reactant
and product equilibria is 0.0613 (Eh Bohr)/e for Comp 2 and is
0.0597 (Eh Bohr)/e for Comp 1). A larger separation between
the reactant and product diabat equilibria and a stronger
coupling strength between them at the crossing point result in a
larger gap between the lower and upper adiabatic surfaces for
Comp 2 (see Figure 5f). This allows more reactive transitions
from the reactant state to the product state on the lower
adiabatic surface, providing a larger κLZ and a faster chloride
exchange time scale for Comp 2. The reader is reminded that on
going from Comp 1 to Comp 2 the population of the CN = 5
state is reduced, whereas the population of the CN = 4 state is
increased (see Table 1) due to slightly stronger interionic
interactions in the first chloride solvation shell of Ni(II) in
Comp 2. Therefore, the difference in the interaction strengths
between Comp 1 and Comp 2 establishes a link between the
populations of different coordination states and the time scales
of chloride exchange around Ni(II); the stronger interaction
both reduces the presence of the CN = 5 state and allows
minimal barrier recrossing, which causes faster chloride
exchange.

■ CONCLUSIONS
In conclusion, we have demonstrated the power of a new
approach combining strengths of EXAFS spectroscopy, AIMD
simulations, and rate theory to probe a local coordination
environment in dynamic equilibrium in molten salts with high
structural disorder in terms of multiplicity and metastability of
coordination states. Since multiple coordination states are
ubiquitous for multivalent d- and f-block metal ions in molten
salts, we expect that the described multimodal approach will
provide new structural, thermodynamic, and dynamical insights

Figure 6. 2D free energy surfaces (at 550 °C) as a function of the Ni−
Zn distance and number of Cl− shared (nM

Cl) between a Ni(II) ion and a
Zn(II) ion in different solvent compositions (a). The same for the Ni−
Zn distance and number of Zn(II) ions (nM

M) coordinating with a Ni(II)
ion and a different Zn(II) ion through the shared Cl− ions. Arrows are
pointing to the minima that represent configurations with locally
dimeric (Ni(II) and Zn(II) sharing two (a, left) or one Cl− (a, right)),
trimeric (Ni(II) and Zn(II) coordinating with another Zn(II) via Cl−

(b, left)), or chain-like (b, right) structures and are highlighted as the
thermodynamically metastable states.
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into coordination and speciation of trace andminor components
of molten salts, which is impossible to obtain with any of the said
methods when used in isolation. As DFT-based AIMD
simulations of molten salts become more accessible and
widespread, identification of different structural motifs,
especially those involving multiple coordination states, and
correct assignment of their populations using our LCF approach
(i.e., fitting the linear combination of their computed EXAFS
spectra to the experimental EXAFS spectrum) will be essential.
This is important for investigating the relative stabilities of
relevant structural motifs in response to variations of physical/
chemical parameters such as temperature and solvent
composition. Additionally, our methods of rate theory can
provide a direct link between the local structural ordering and
the local ion dynamics, clearly distinguishing between the effects
from temperature and solvent composition. The properties of
molten salts at the macroscopic level, such as metal ion solubility
and transport, still face significant knowledge gaps, especially for
minority components. We recognize our approach to be a basic
foundation to provide a microscopic picture of these macro-
scopic properties, which is necessary to fundamentally advance
MS-based energy technologies toward safe, efficient, and
sustainable implementation. Furthermore, in addition to molten
salts, our methodology can be utilized to study speciation and
coordination structure and chemistry in other complex systems
such as concentrated aqueous and nonaqueous electrolytes
(because ions in water or any other polar solvent can possess
multiple coordination states),59−63 leading to potential
implications for a broad range of electrolyte-based technologies,
including batteries and water desalination.
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Austen Angell, who provided deep insights into the complexities
of Ni(II) coordination in molten salts in his pioneering
spectroscopic work over a half a century ago.
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