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ABSTRACT

Understanding the factors that control solubility and speciation of metal ions in molten salts is key
for their successful use in molten salt reactors and electrorefining. Here we employ X-ray and
optical absorption spectroscopies, and molecular dynamics simulations to investigate the
coordination environment of Ni(II) in molten ZnClz, where it is poorly soluble, and contrast it with
highly soluble Co(Il) over a wide temperature range. In solid NiCl, the Ni ion is octahedrally
coordinated, whereas the ZnCl> host matrix favors tetrahedral coordination. Our experimental and

computational results show that the coordination environment of Ni(II) in ZnCl; is disordered
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among tetra- and penta-coordinate states. In contrast, the local structure of dissolved Co(Il) is
tetrahedral and commensurate with the ZnCl» host’s structure. The heterogeneity and concomitant
large bond length disorder in the Ni case is a plausible explanation for its lower solubility in molten

7ZnCl,.

Introduction

Molten salt reactors (MSRs) are attractive due to their inherently safe design principles,
modularity, compatibility with sustainable fuel cycles and other features that make them leading
candidates for future nuclear power installations.! In MSRs, the fissionable nuclear fuel is
dissolved in the molten salt heat transfer fluid, and as the reactor operates, fission products
accumulate in the salt while corrosion adds other elements to it as well. Successful MSR
deployment and operation depend on managing the solubilities, valence states and reactivities of
the numerous elements within the salt, while maintaining its thermophysical properties as the

reactor coolant.*®

Controlling the chemistry of the element soup found in an operating MSR requires an
understanding of the structure and properties of the molten salt itself, the thermodynamics and
speciation of the elements dissolved in it, and the effects of radiation on their chemistry. For this
study, we are interested in the factors that control metal ion solubility in a given molten salt matrix.
For a model system, we opted to study the interactions of Ni(II) and Co(II) ions with molten ZnCl,,
for multiple reasons. First, the literature’ reports that Ni(Il) is only sparingly soluble in molten
ZnCl, while Co(Il) is very soluble, providing two systems whose behavior would be easy to
contrast. Second, ZnCl; is a well understood, single component, low melting point (290 °C) salt

system.>® Third, nickel is a common component of MSR reactor alloys and thus a major



anticipated corrosion product, hence it is particularly important to study. Finally, all three metal
ions in this system (Co, Ni, Zn) can be investigated by Extended X-ray Absorption Fine Structure

(EXAFS) and X-ray Absorption Near Edge Structure (XANES).

EXAFS and XANES are element-specific techniques that can probe the range of metal ion
speciation (local coordination and structure) present in molten salts under high-temperature
conditions relevant to MSRs.!® EXAFS provides direct information on the first-shell neighbors of
metal atoms in terms of coordination number (CN), inter-atomic distance (R) and their mean-

squared disorder (). It has been used to study the local structure of ionic species for various

11-12 13-14

applications such as catalysis, and batteries, and in molten salts to some extent.!>!8
XANES provides information about electronic states and symmetry in the local environment

around the absorbers.

Due to the inherent heterogeneities and enhanced disorder expected in the molten state, a
multimodal approach for local structure characterization is required. Multiple species may reveal
themselves through the nearest neighbor coordination, and for their characterization EXAFS is an
excellent tool. In many cases, the signatures of a unique local environment may come in form of a
three-body correlation, such as, e.g., off-center displacement of a central atom in an octahedral
cage. For that purpose, XANES and optical (UV-Vis) spectroscopy are powerful probes.!*?? In
the disordered environments of molten salts, where the pair distributions of atoms can be far from

d?**?5 and molecular

Gaussian, the applicability of standard EXAFS fitting methods becomes limite
dynamics (MD) can provide the key to interpretation.* 227 We employed each of these

approaches to understand these salt and solute systems.

Experimental and Modeling Details



XANES and EXAFS data were collected using a custom-designed and built high-temperature cell
on the ISS (8-ID) and QAS (7-BM) beamlines of the National Synchrotron Light Source II (NSLS-
II) at Brookhaven National Laboratory, and analyzed by the Demeter package.?® The
concentrations of Ni(Il) and Co(Il) used were 1 wt%, meaning that Co(II) was fully dissolved at
all temperatures but Ni(II) was only fully dissolved at ~500 °C and above.” Additional details of
sample preparation, cell design, and XAFS data processing and analysis are in the SI (Figures S1-
S13). Details of the setup for high temperature in-situ optical absorption measurements of molten
salts and sample preparation for UV-Vis spectroscopy are given in the SI (Section 4, Figures S14,
S15). Details on the ab initio MD simulations procedure are given in the SI (Section 5, Figures

S16-S19). Details on the theoretical XANES modeling are given in the SI (Section 6).

Results

The Ni and Co K-edge XANES spectra over the temperature range of 20-700 °C are shown in
Figure 1. The evolution of the Ni XANES spectra with temperature shows spectral changes in two
energy regions: 1) the change in the main peak (also known as the white line) shape and 2) an
intensity increase in the pre-edge region (Figure 1a,b). Comparison with a solid NiCl; reference
sample shows that Ni(I)-ZnCl> at room temperature (RT) has the same type of double peak
structure in the main peak region,? indicating that the environment of Ni(II) in solid ZnCl, at RT
is also octahedral (On) as in pure NiClo. The presence of the double peak structure in the white line
region of Ni K-edge in NiCl, was also observed in theoretical XANES simulations (Figure S20).
However, after increasing the temperature to 400 °C the double peak structure decreases in
intensity, and transforms to a single peak at 500 °C, indicating that a structural transformation
occurred between 320 and 500 °C. The white line region shows a single peak between 500 and

700 °C. Based on the XANES, Ni K edge spectra can be divided into 3 main temperature regions:
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1) an insoluble, frozen solution region that persists until ca. 320 °C, 2) the partially soluble region
(between 320 and 500 °C), and 3) the fully soluble (between 500 and 700 °C). In the pre-edge
regime (around 8330 — 8340 eV), the bulk NiCl, spectrum shows weak signal intensity, as expected
for the centrosymmetric Ox structure of bulk NiCl.%° The Ni(II)-ZnCl, spectra have much higher
intensity in that region at all temperatures, indicating that the environment around Ni(Il) is non-

centrosymmetric and becomes more distorted at elevated temperatures.

In contrast to Ni, the Co K-edge XANES spectra show much more subtle structural changes in the
white line region between 20 and 300 °C, featuring a visible shoulder whereas between 300 and
700 °C the single-peak shape is preserved, as indicated by arrows in Figure 1c. The bulk CoCl,
adopts centrosymmetric (On) structure, similar to NiClz, and its theoretical XANES calculations
also features a split-peak at the white line (SI Figure 20). The white line features, indicated by
arrows in Figure 1c, show that the structure of the sample at 20 °C differs from pure CoCl as well
as the molten state. In the pre-edge region (around 7705 — 7715 eV, Figure 1d), the RT spectrum
shows a small increase in intensity, which suggests that the RT structure is different from the
standard On CoClz, whereas the spectra from 300 °C onwards do not change significantly across
the entire temperature range. The Co XANES spectra can thus be divided into two temperature

regions: 1) the RT frozen solution region and 2) the fully soluble region from 300-700 °C.
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Figure 1. K-edge XANES spectra for (a, b) 1 wt.% Ni(Il) and (c, d) 1 wt.% Co(Il) in ZnCl,,
showing the white line regions (a, ¢) and pre-edge regions (b, d). Different temperature regions are

colored accordingly.

Ni K edge EXAFS data in k-space and r-space are shown in SI Figure S12 and Figure 2a,
respectively. Co K edge data are presented in SI Figure S9 and Figure 2b. Importantly, the Ni
EXAFS spectra at 20 °C resemble pure NiCl,, while at higher temperatures the higher order
contributions (between 2.5 and 5A) change shape and strongly diminish, consistent with the onset

of a strongly disordered state (in agreement with the observations made based on XANES data).

In contrast, the Co(II)-Cl peak position in the EXAFS spectrum at 20 °C is shifted compared to

pure CoCla, as shown by the arrow in Figure 2b, which indicates the subtle change in structure



for Co(Il) in ZnCl, as compared to CoCly, in agreement with XANES observations. This shift in
peak towards the lower distances is indicative of Co-Cl interactions occurring at longer distances
for CoCl> compared to Co(Il) in ZnCl; at RT. Compared to the behavior of Co data (Figure 2b),
the Ni EXAFS spectra show dramatic decrease in the first peak intensity, indicating a much
stronger structural disorder. The Co data show much more gradual changes in intensity with
temperature, consistent with the previous observations made with Co K-edge XANES. In both
cases, the changes may be caused by the decrease in the Ni(II)(Co(II))-CI CN, the increase in the
o? or the combination of these effects. To obtain a detailed picture of structural change, we
performed quantitative analyses of XANES and EXAFS data, as described below. The details of

the EXAFS fitting procedure for all samples, the values of fitting parameters (Tables S1, S2), fit

results (Tables S3-S6) and fit figures (Figures S8-S13) are given in the SI.
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Figure 2. Ni K edge and Co K edge Fourier-transformed EXAFS spectra for (a) 1 wt.% Ni(Il) and

(b) 1 wt.% Co(Il) in ZnCl, from 20 to 700 °C, with reference NiCl, and CoCl,, respectively.

Different temperature regions are colored accordingly. Insets show qualitative agreement between

ab initio MD - simulated EXAFS (500 °C) and experimental EXAFS (600 °C) spectra for Ni and

Co absorption edges, respectively.

We focus the discussion on the behavior of Co(II)-containing sample first. Figure 3 shows the
results of quantitative analysis. For bulk CoCl,, we observe the expected Oh structure, in
agreement with qualitative XANES results. For RT Co(II) in ZnCl», we observe the CN of 4. For
this structure, there might be two possibilities: 1) a single-phase transition structure that Co(II)
adopts before becoming fully soluble, 2) a heterogeneous mixture of the Oy starting structure and
the tetrahedral, fully soluble structure (vide infra). It is difficult to distinguish between these

possibilities using EXAFS alone as it is an average technique.



The bond length for RT Co(Il) in ZnCl: structure (2.26 10%) is significantly shorter than in bulk
CoCly (2.43 A). This is consistent with lower coordination we observe for RT Co(Il) in ZnCl»
structure (CN=4) as compared to that in bulk CoCl: structure (5.3 £ 0.6). The data shown in Figures
1 and 2 and the analysis results (Figure 3) show that the local Co(II) environment does not change
significantly over the temperature range studied. The gradual increase of the Co(II)-Cl distance
and its disorder with temperature (Figure 3b, c) is expected.’® The overall trends are consistent
with the predominantly single phase (Co(II) dissolved in ZnCl,), because, in the molten state, Zn

is also tetrahedrally coordinated.
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Figure 3. Quantitative EXAFS results: (a) CN, (b) R, (c) 6* of M-Cl bond (M=Co(II), Ni(II)).

EXAFS results for the Ni-containing sample at RT show that the CN =4.1 £ 0.5, whereas for pure
NiClp, CN= 6.4 + 0.5, as expected.?” One possible explanation for CN of 4 for Ni(Il) in ZnCl, at
RT would be that Ni is tetracoordinated (e.g., tetrahedral or square planar) in ZnCl,. This model
contradicts both the Ni K-edge XANES behavior in the main peak region (Figure 1a) which shows

similar split as the bulk NiCl,, and the Ni K-edge EXAFS behavior in r-space (Figure 2a), showing
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similar short-range order in both samples. As suggested from these similarities, the local structure
of Ni(Il) in ZnCl at RT should be octahedral, as in the bulk NiCl,. A possible reason for the lower
(compared to the bulk) CN value for the Ni(II)-ZnCl, sample at RT, is the surface truncation effect,
common to metal nanoparticles“, whereas Ni(II) cations on the surface of NiCl, nanocrystallites
have fewer Cl neighbors, thereby lowering the ensemble-average Ni(II)-Cl CN. In addition, as
evident from the pre-edge behavior of Ni K-edge XANES, the octahedral environment of Ni more
distorted than in pure NiCl,, causing the increase of the absorption coefficient in the 1s-3d region.
Another possible explanation of the apparent reduction of the CN from its expected value of 6 in
the octahedral Ni-Cl environment is the correlation between the CN and the Debye-Waller factor

value in the fit.

In the molten state, Ni EXAFS results (CN, R and 6°) show an unexpected trend. The Ni-C1 CN
decreases below 2 (Figure 3a), an anomalously low number, in contrast to Co(II)-Cl EXAFS
results that remain consistent with the RT value of CN = 4, within experimental uncertainties. In
addition, the R and o° values for Ni-Cl bond (Figure 3b, c) decrease abruptly in the partially soluble
regime, in contrast to their counterparts in Co(II)-Cl which show gradual increase with temperature
as expected. The explanation is likely to be found in the details of the coordination environment

of Ni(ID).

UV-Vis spectroscopy provides a direct probe of the electronic structure and coordination
environment of each species (Co or Ni(Il)) in the molten state. The optical spectra for Co(Il) and
Ni(Il) in ZnCl> media are shown in Figure 4a and b, respectively. For both Co(II) and Ni(Il), the
charge transfer band located at the high-wavenumber (low wavelength) region was observed to

shift to lower energies with increasing temperature, as expected, due to the decrease in the energy
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required to elicit the charge transfer between Cl™ and the relevant cation.*® Aside from this

similarity, the spectra of Co(II) and Ni(II) differ greatly in ZnCl..
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Figure 4. Optical absorption spectra of (a) Co(Il) and (b) Ni(II) as a function of temperature.

The spectrum of Co(Il) in ZnCl; is composed of three prominent peaks in the visible region. The
three peaks in the (14-16)x10° cm™! region have been assigned to transitions from the Az ground
state to the excited T (*P) states, while a small diffuse feature with a maximum around 5.6x10°
cm! has been assigned to the Az to T (*F) transition.>* The spectra show an overall decrease in
the peak intensity with temperature. The decrease in peak intensity might be attributed to the
decrease in concentration of Td species (that lack center of symmetry) and formation of the
centrosymmetric coordinated species. The higher concentration of new centrosymmetric species
which will result in much lower absorbance compared to the Td species. The formation of species

other than Td geometry at high temperatures is in good agreement with the MD results.
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In contrast to the conventional behavior of the Co(II) spectra with temperature, the spectrum of
Ni(II) shows significant changes with temperature. The peak around 8x10* cm™! has been attributed
to a transition from ground state T to excited state A>(’F), while the two peaks around 14x10°
cm!' and 15x10° cm™ have been attributed to the transitions to excited T1(°P) states for Ni(II).**
Ni(Il) ions in molten ZnCl», in the fully soluble regime, are expected to occupy tetrahedral sites
by isomorphously substituting Zn>* ions in the Zn**-Cl" network, thus necessitating a structural
transformation from the native On centrosymmetry of pure NiCl.. We note, however, that Ni(Il)
does not adopt a symmetric tetrahedral environment but, instead, stabilizes in a distorted
tetrahedral geometry. The descriptor of this distortion is a feature (shown by an arrow in Figure
4b) at 20x10° cm! that cannot be indexed to the tetrahedral®> symmetry. In summary, the optical
absorption results of Ni(II) show the heterogeneous environment of the chlorocomplex formed in

7ZnCl; melt.

Discussion

In order to reconcile these observations with the underestimated CN of Ni(II)-Cl bonds (vide
supra), we briefly revisit the applicability of EXAFS method to studies of materials with strong
bonding disorder, such as molten salts. We propose that, in the case of molten salts, the commonly-
used approximation of a Gaussian form to the radial distribution function g(r) is wrong,? resulting
in the underestimated CNs and o° values. In order to verify this hypothesis, and to correct for the
artifacts caused by asymmetry of the g(r), ab initio MD (AIMD) simulations were performed for
6 mol% of NiCl, or CoClz solutes in molten ZnCl, at 500 °C (see section 5 in SI for details).
Theoretical EXAFS spectra were calculated for each time step and averaged over all Ni(II) or
Co(Il) atoms in the simulation box. The insets of Figure 2 show that the MD-EXAFS spectra for

6 mol. % Co(Il) and Ni(Il) absorbers calculated at the 500 °C and averaged over 1000 AIMD
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snapshots are in qualitative agreement with the corresponding experimental spectra at 600 °C (the
difference in the experimental and theoretical concentrations and the resultant difference in
temperature effects prevent accurate quantitative analysis of the MD-EXAFS data, hence, we
chose to use the experimental conditions (600 °C) that best match up with the theoretical
calculation). The k-space experimental and MD-EXAFS spectra for both Ni and Co K-edges are
shown in Figure S19. The MD-EXAFS spectra were scaled by the experimentally obtained values
of Ni and Co amplitude reduction factors (0.78 and 0.72, respectively), and the Fourier transforms

were performed in k-range from 3 to 8 A™!,

New Figure S19 with the k-space experimental and MD-EXAFS spectra was added to

Supplementary Information.
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Good qualitative agreement between the theoretical MD-EXAFS data and the experimental spectra
provide new opportunity to understand the unusual effects seen in Figure 3. The explanation of the
discrepancy between the Ni(II) and Co(Il) behavior is due to the bimodal nature of the Ni(Il)
environment, in agreement with the UV-Vis data. Figure 5 identifies the coexistence of
predominant 4- and 5-coordinated Ni(II)-Cl structures that exchange rapidly, as the barrier (~2
kcal/mol) is small and comparable to thermal energy at 500 °C. On the other hand, the Co(II)
environment is unimodal (tetrahedral), in agreement with the UV-Vis data. From the distribution
of the Ni(II)-Cl distances in the 4- and 5-coordinated states (Figure S18 and Table S7 in SI), it is
evident that the latter adopts a longer Ni(II)-Cl distance with larger disorder. Furthermore, the
computed k-space EXAFS spectrum for the 5-coordinated state is slightly out of phase with that
for the 4-coordinated state (Figure S18). Therefore, the ensemble of highly disordered
interconverting coordination structures causes the drop in the EXAFS oscillation intensity seen in

Figure 2.

In addition to explaining the anomalously low apparent CNs in the Ni K-edge EXAFS results, the
MD simulations also help with the interpretation of the UV-Vis spectra (Figure 4b). MD
simulations indicate that the O, symmetry of Ni(II)** is less stable in molten ZnCl, salts than the
distorted, penta-coordinated square-pyramidal structure, giving rise to the feature at 20x10° cm™

in Figure 4b.

By combining all the results, we attribute the main difference in the speciation of Ni(II) and Co(II)
to the competing forces between ordering and disordering of coordination shells in fully soluble
state are stronger for Ni(Il) than for Co(Il), as predicted from the differences in their electronic
configurations. According to crystal field theory, in the high-spin state, Ni(IT) (d® configuration) is

most strongly stabilized in the octahedral (On) environment, while Co(I) (d’) exhibits a weak
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Jahn-Teller effect in the Oy, field due to unequal occupancy of degenerate non-bonding tog orbitals.
This rationalizes our observation that at RT, Ni(II) in ZnCl; prefers the Oy environment, but Co(II)
in ZnCl> adopts a more stable tetrahedral (Tq) coordination geometry. The metal CN tends to
decrease from RT to temperatures above the melting point, as the packing density decreases and
the entropy effects become more important. As shown above, in the molten state, there is no
driving force for Co(Il) to coexist in multiple environments in the melt because it was already in
Th at low T. The situation is quite different for Ni(Il), due to the Jahn-Teller effect in the Tq
environment caused by partial occupancy of bonding tos orbitals. A coexistence of multiple minima
for Ni(II) observed by AIMD simulations (Figure 5) implies competing distortion modes away
from a regular tetrahedron. In order to lift the electronic degeneracy, the 4-coordinate Ni(II)
undergoes angular distortion from Tq (D2q) symmetry by a vibronic coupling with modes of E
symmetry, while the 5-coordinate Ni(Il) affords a pseudo-square-pyramidal geometry (see Figure

S18).

Conclusions

Based on a combination of X-ray absorption spectroscopy and optical spectroscopy experiments,
and their interpretation using ab initio molecular dynamic simulations, we obtained, for the first
time, strong dynamic heterogeneity in the coordination environments of Ni(II) dissolved in molten
ZnCly, a prototype system for modeling molten salt reactor environment. That heterogeneity was
explained in terms of the coexistence of several coordination environments of Ni, and the
concomitant large bond length disorder, in contrast to the behavior of Co(II) in molten ZnCl>. Our
results provide a plausible explanation for lower solubility observed for dissolved Ni(Il) with

respect to Co(I) in molten ZnCl, matrix.
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