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TABLE OF CONTENT GRAPHIC 
Outer- and inner-coordination sphere effects 
on uranium redox chemistry were 
interrogated in two series of alkali halide 
molten salts at 850 °C by cyclic 
voltammetry. These data were used to 
develop a model for predicting redox 
chemistry in molten salts based on 
electrostatic interactions using Coulomb’s 
Law.  

 

Abstract  
Defining the relative influence of intramolecular and intermolecular forces is a fundamental 

problem in chemistry that is difficult to quantify. To address this challenge, we developed a method 

to evaluate the relative impact of direct chemical bonding in the inner-coordination sphere vs. 

effects from cations in the outer-coordination sphere by comparative analysis of uranium redox 

reactivity in various molten salts. We observed that outer-coordination sphere cations (M1+) and 

inner-coordination sphere anions (X1–) both affected uranium redox reactivity, with more 
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polarizing M1+ and larger X1– favoring uranium in low oxidation states. Changing M1+ (Li, Na, K) 

shifted the UIV + e1–  UIII (UIV/III) and UIII + 3e1– → U0metal potentials by +330 and +240 mV, 

respectively. Changing X1– (Cl, Br, I) caused larger shifts of +440 mV for the UIV/III redox potential 

and +1060 mV for the U0metal deposition potential. Using Coulomb’s Law, we correlated these 

redox potentials with electrostatic interactions between UIII and the molten salt. This model 

provided a facile way of predicting redox chemistry within molten salts.  

 
Introduction 
The chemistry community has historically struggled to characterize how intermolecular (e.g., 

hydrogen bonding, ion-dipole, ion-induced dipole, van der Waals) vs. intramolecular (e.g., direct 

chemical bonding) interactions impact the properties of an analyte. Understanding this interplay is 

important for accurately tuning the electronic structure, physical properties, and reactivity. Toward 

this end, researchers have used spectroscopic and electrochemical methods to show how direct 

bonding interactions influence the physics and chemistry of chemical species.1–7 There is also 

literature identifying structure-to-function relationships between a compound and ions and 

molecules in the outer-coordination sphere. As a representative example, X-ray and neutron 

diffraction, optical and fluorescence spectroscopies, solution-phase NMR, and electrochemistry 

experiments have shown how hydrogen bonding and ionic interactions in the outer-coordination 

sphere impact chemical structure and in turn influence physical properties and reactivity.8–18 

Unfortunately, there are many other scenarios where outer-coordination sphere effects are hard to 

detect directly.19–29 Developing approaches to observe and compare outer-coordination sphere 

interactions with direct chemical bonding in the inner sphere would be valuable. It would provide 

an opportunity to tune the structure, reactivity, and physical properties of analytes by manipulating 



both the nature of direct chemical bonds as well as the molecules and ions present in the outer-

coordination sphere.  

In addressing this challenge, we developed a quantitative method to compare the impact of 

outer-coordination sphere and direct chemical bonding interactions on the electron transfer 

chemistry accessible to a metal ion. Our approach used molten salts to provide a chemical 

environment where direct chemical bonding interactions and outer coordination sphere effects 

could be systematically varied by changing the molten salt identity. The relative impact of the 

outer and inner coordination spheres on metal redox chemistry was quantified using high-

temperature (850 ºC) electrochemical measurements. After surveying the literature, we identified 

uranium as being well-suited for study. That determination was influenced by decades of literature 

on uranium redox reactivity and speciation in molten salts focused on molten salt nuclear reactor 

development and actinide electrorefining.30–35 Based on these data, we proposed that if the impact 

of the outer-coordination sphere cations (M1+ = alkali metal) and inner-coordination sphere anions 

(X1– = halide) were similar in magnitude, then Un+ redox reactivity could be controlled by 

changing the identities of the two molten salt components. This hypothesis was tested by 

evaluating the influence of the inner- (Un+–X1–) and outer- (Un+×××M1+) coordination spheres on the 

potentials associated with the UIV + e1–  UIII (UIV/III) and UIII + 3e1– → U0metal (U0metal deposition) 

electron transfer reactions.  

The approach outlined herein offers a novel and methodical way to investigate inner- (Un+–X1–

) vs. outer- (Un+×××M1+) coordination sphere interactions. Note that the Un+–X1– and Un+×××M1+ 

notation provides effective descriptors for interactions present in molten salts do not covey detailed 

information regarding speciation. For example, when UIV is dissolved in molten NaCl, the inner 

UIV coordination sphere is comprised of Cl1– anions and the outer-coordination sphere is largely 



dominated by Na1+ interactions, provided the uranium concentration is low (Scheme 1).36 

Changing the molten salt from NaCl to KCl allows the relative impact of M1+ in the outer-

coordination sphere to be evaluated in terms of the differences between UIV–Cl1–×××Na1+ and UIV–

Cl1–×××K1+, while maintaining the inner-coordination sphere anion constant at Cl1–. Similarly, 

changing the molten salt from KCl to KBr allows the relative impact of X1– in the inner-

coordination sphere to be evaluated as a function of UIV–Cl1–×××K1+ and UIV–Br1–×××K1+, while 

keeping the outer-coordination sphere cation constant at K1+. Obtaining similar control over Un+–

X1– vs. Un+×××M1+ interactions would be difficult to achieve in conventional room temperature 

organic and aqueous solutions. An equivalent study in aqueous media would require replacing the 

oxygen atom in H2O molecules with sulfur or selenium, which is impractical because of the 

toxicity and volatility of H2S and H2Se. Hence, the advantage of the molten salt matrix. 

Herein, we used high-temperature cyclic voltammetry to characterize how the UIV + e1–  

UIII (UIV/III) and UIII + 3e1– → U0metal (U0metal deposition) redox processes varied as a function of 

either the outer-coordination sphere alkali metal cation (M1+ = Li, Na, and K) or the inner-

coordination sphere halide anion (X1– = Cl, Br, and I). The outer-coordination sphere effect was 

evaluated by holding X1– constant at Cl1– and changing the molten salt from LiCl to NaCl to KCl. 

In the same vein, the inner-coordination sphere anion effect was examined by maintaining M1+ as 

K1+ and changing the molten salt from KCl to KBr to KI. Critical to our approach was a referencing 

method we developed for comparing redox potentials in different molten salt solvents (e.g. NaCl 

vs. KCl).  

We discovered that the UIV/III and U0metal deposition redox reactions were sensitive to both X1– 

and M1+ within the Un+–X1–×××M1+ framework. Moving down the halide series by one row 

(changing X1– from Cl1– to Br1– to I1–) shifted the UIV/III half-wave potential (E½) and the U0metal 



deposition to a larger extent than descending the alkali metal series (Li1+ to Na1+ to K1+). We also 

observed that the U0metal deposition process was more sensitive to X1– than the UIV/III redox 

reaction. These findings suggested that polarizing M1+ cations (Li1+ vs. K1+) stabilized uranium in 

low-oxidation states and small X1– anions (Cl1– vs. I1–) stabilized uranium in high-oxidation states. 

Based on these observations, we developed a method for predicting redox potentials in molten 

salts. This model correlated the UIV/III half-wave potential (E½) and U0metal deposition potentials 

with the Coulombic electrostatic interaction between UIII and the molten salt components (defined 

herein as the UIII–molten salt interaction parameters). Although more data are needed to validate 

this model and demonstrate its applicability beyond uranium, our approach succeeded in capturing 

the relative influence of the inner-coordination sphere anions (X1–) and outer-coordination sphere 

cations (M1+) on two uranium redox events. It also provided a straightforward way to predict how 

redox potentials varied as a function of molten salt identity and could aid technologies that rely on 

molten salt solutions, such as next-generation molten salt nuclear reactors and actinide 

electrorefining methodologies.  

 
Results and Discussion 
Preparation of UIII-Containing Molten Salt Solutions. Molten salt solutions were generated 

by heating an anhydrous alkali halide salt (LiCl, NaCl, KCl, KBr, or KI) in a quartz tube to 850 

°C using a custom cylindrical furnace housed within an argon-filled glovebox.37 All molten salt 

studies described herein were conducted at 850 ºC because at this temperature all five salts were 

liquid, which facilitated direct comparisons. The electrochemical experiments employed a Ni/NiX2 

(X = Cl, Br, or I) reference electrode alongside glassy carbon rod working and counter electrodes. 

After reaching 850 °C, the cell was allowed to equilibrate until the open circuit potential of the 

cell stabilized (~2 h). Subsequently, cyclic voltammograms were recorded to ensure the cell was 



operating at low resistance values (1–2 Ω). These measurements also characterized the 

electrochemical solvent window and confirmed that no extraneous redox-active species were 

present before uranium was introduced.  

Our approach for generating UIII molten salt solutions was inspired by a few examples already 

in the literature.32–34 In our procedure, the two glassy carbon rods used to characterize 

electrochemical responses from pristine molten salts were replaced with two metallic uranium 

(U0metal) electrodes (Scheme 2). The UIII analyte was then stripped from the U0metal rods into the 

molten salt solution by applying an oxidizing potential at a constant current of −100 mA (Scheme 

2, left; see Supporting Information). Sufficient charge, monitored using chronopotentiometry, was 

passed to generate UIII-containing solutions. Independent analysis using inductively coupled 

plasma atomic emission spectroscopy (ICP-AES) showed these salts contained 0.04–0.76 wt.% 

(vide infra), which was less than predicted based on the chronopotentiometry measurements. 

Finally, the U0metal rods were exchanged for glassy carbon electrodes and electrochemical 

experiments on UIII were conducted. This method was quite different from most of the studies in 

the field, where UIII is introduced by adding independently synthesized uranium halides or 

oxidizing uranium metal by adding metal chlorides.35,38–40  

Characterizing the UIII stripping procedure indicated that the chronopotentiometry 

measurements overestimated the quantities of UIII introduced into each salt. For example, the 

amount of uranium present in the molten salt was quantified by cooling the UIII-containing salts to 

room temperature, dissolving the sample in aqueous media, and quantifying uranium content using 

ICP-AES. These results indicated that the stripping procedure generated molten salt solutions 

whose UIII content ranged from 0.04 to 0.76 wt.%, depending on salt identity, which corresponded 

to Faradaic efficiencies of 4–76% for UIII stripping (see Table 1). A potential reason for the large 



variation of UIII stripping efficiencies was associated with potential side reactions that likely occur 

at the working and counter electrodes. Side reactions would also account for the disconnect 

between the charged passed and the amount of UIII introduced into the molten salt. Efforts are 

underway to understand the variation in UIII stripping efficiency as a function of salt identity and 

optimize the experimental conditions and electrochemical setup (i.e., divided cells) to maximize 

the efficiency of UIII stripping. 

We concluded that our procedure for generating uranium molten salts primarily introduced UIII 

into the molten salt matrix, rather than UIV or a mixture of UIII and UIV. Consistent with that notion 

were reports in the literature that also found UIII to be the primary product from U0metal stripping 

processes.32–34 Generating UIII under our experimental conditions makes intuitive sense because 

the negative potential applied during the stripping process was bracketed by the UIII + 3e1– → 

U0metal reduction and UIII → UIV  + e1– oxidation potentials. Ensuing electrochemical measurements 

were also consistent with this assignment. First, resting potentials for uranium-containing salts 

were between the UIII + 3e1– → U0metal reduction and UIII → UIV  + e1– oxidation potentials, 

consistent with UIII formation. Second, cyclic voltammograms that started at the resting potential 

of the cell and scanned positive produced an oxidation wave (UIV generation) whose peak 

amplitude and area were similar to the reduction wave obtained on the return scan. In general, if 

UIV was present at the resting potential of the cell, then that oxidation peak would not be observed. 

In addition, if the molten salt contained a substantial mixture of UIII and UIV, then the peak 

amplitude and area for the oxidation and reduction waves would not be equivalent. Taken as a 

whole, these data are all consistent with UIII being the primary uranium product from our uranium 

metal stripping procedure. 



The electrochemical oxidation of metallic uranium deployed herein conferred several 

advantages over those that relied on adding independently synthesized uranium halides. For 

instance, oxidative dissolution allowed uranium-containing solutions to be generated in several 

minutes and the U0metal rods could be used multiple times. In contrast, the synthetic procedures for 

unsolvated trivalent and tetravalent uranium halide salts can be time consuming41 and – at times – 

introduce uranium oxide, uranium oxyhalide, and organic impurities that convolute 

electrochemical results.42 

 

Uranium Stripping Method Validation. Our electrochemical method for preparing UIII 

molten salt solutions was validated by reproducing some published electrochemical data collected 

in eutectic molten salts that contained independently synthesized UCl3.35,43 To achieve this goal, 

we stripped UIII from U0metal rods into a LiCl and KCl (46 wt.% LiCl to 54 wt.% KCl) eutectic at 

500 ºC. Cyclic voltammetry data collected using UIII solutions prepared by electrochemical 

oxidation of U0metal were in excellent agreement with published measurements made on a uranium 

molten salt solution comprised of independently synthesized UCl3, LiCl, and KCl (Figure 1, 

bottom trace).35,43 We observed the expected UIV/III redox wave (UIV + e1−  UIII, orange) as well 

as characteristic features previously attributed to U0metal deposition (UIII + 3e1− → U0metal, Icathode 

and IIcathode, blue) and UIII stripping (U0metal → UIII + 3e1−, Ianode and IIanode, green). The deposition 

Icathode and stripping Ianode waves were consistent with underpotential deposition and stripping of 

monolayer quantities of uranium metal from the working electrode.43,44 

 

Temperature-Dependent Uranium Redox Features in a LiCl–KCl Eutectic. Cyclic 

voltammograms recorded between 600 and 800 °C using the same eutectic enabled us to 



characterize how temperature influenced the UIV/III, U0metal deposition, and UIII stripping processes. 

Results from the measurements made in eutectic solutions provided a framework for interpreting 

data subsequently obtained in pure alkali halide salt solutions. While the voltammograms collected 

at 600, 700, and 800 °C showed similar redox events to those observed at 500 °C, we observed 

several notable differences (Figure 1). For example, the potentials associated with the uranium 

electron transfer events changed substantially with temperature. The temperature-induced 

potential shifts were distinct for the three uranium redox events: 140 mV (0.5 mV/°C) for UIV/III, 

170 mV (0.7 mV/°C) for U0metal deposition (Icathode), and 20 mV (0.2 mV/°C) for U0metal deposition 

(IIcathode). Increasing the temperature from 500 to 800 °C also shifted the alkali reduction process 

positive by 200 mV and obscured the IIcathode U0metal deposition event.  

Multiple factors were likely responsible for these changes. Increased temperatures could lead 

to larger diffusion coefficients, lower solution viscosity and dielectric constants,45,46 and higher 

electron transfer rates. We also suspected that the temperature dependence of the uranium electron 

transfer reactions contributed as well as the temperature dependence of the electron transfer 

reaction associated with the NiII/0 reference potential. To characterize the relative magnitudes of 

the temperature dependence of the uranium and NiII/0 redox reactions, the stability of the NiII/0 

reference electrode was analyzed over time (2 h) as the temperature changed from 800 to 500 ºC. 

This time interval was substantially longer than that required to acquire cyclic voltammograms. 

We observed a maximum shift of 39 mV for the reference electrode (see the Supporting 

Information). This shift was slightly larger than the +20 mV shift predicted by the Nernst equation 

for a 300 ºC temperature change.47 Hence, the 39 mV shift likely also reflected that increasing 

temperature changed NiII activity, speciation, and concentration in the reference electrode. The 

drift in the NiII/0 reference potential was also substantially smaller than the shifts observed for the 



UIV/III (140 mV) and U0metal (170 mV; Icathode) deposition events, indicating that those two uranium 

reactions were impacted by temperature to a larger extent than the NiII/0 reference process. 

The electrochemical measurements also revealed substantial changes in the UIII stripping 

events (Ianode and IIanode). The potentials for these electron transfer processes shifted negative by 

140 mV (−0.5 mV/°C over 500–800 °C) and 80 mV (−0.4 mV/°C over 500–700 °C). At 700 and 

800 °C, Ianode also broadened and split into three separate peaks (Ia1, Ia2, and Ia3). Current efforts 

are focused on better characterizing the origin of the multiple peaks. Likely candidates could be 

oxidation of distinct uranium facets or oxidation of surface-adsorbed low-oxidation state uranium 

species.44,48,49 Differential pulse voltammetry experiments suggested that Ia1, Ia2, and Ia3 involved 

one-electron transfer steps, consistent with multiple oxidation steps of surface-bound uranium 

species leading to dissolution of UIII from the electrode surface (see the Supporting Information). 

Given that the UIII stripping behavior in a LiCl and KCl eutectic was more complex at 800 ºC than 

at the lower temperatures, it was not surprising to observe similarly complicated UIII stripping in 

the pure alkali halide melts (vide infra). As such, we have focused this study exclusively on the 

UIV/III redox reaction and U0metal deposition process in pure alkali halide salts. A follow-on 

publication will center on characterizing the high-temperature UIII stripping processes in more 

detail.  

 

Referencing Electrode Potentials in Pure Molten Salt Solutions. A referencing system 

was developed to compare the potentials for the UIV/III and U0metal deposition redox processes in 

KCl, NaCl, LiCl, KBr, and KI salt solutions and at a common temperature where all five salts were 

liquid (850 ºC). We employed a NiII/0 reference electrode composed of a Ni0 wire encased in a 

mullite tube. The tube also contained a mixture of NiX2 (1 wt.%) in an alkali metal salt (MX) that 



had been ground with a mortar and pestle prior to use. Although other reference systems have been 

reported in molten salts,50–56 the NiII/0 referencing system displayed rapid kinetics, Nernstian 

scaling behavior, and stability toward reference potential drift in molten chloride or fluoride salts 

on the order of 5 mV/day.53,57,58   

To compare uranium redox potentials obtained in the five different NaCl, KCl, LiCl, KBr, and 

KI salt solutions it was necessary to develop potential correction factors for the NiII/0 reference 

redox couple. A high-level description is included herein and more detailed information about the 

referencing approach and associated analysis of the NiII/0 redox process can be found in the 

Supporting Information. These potential correction factors were determined in three steps. In step 

1, the NiII/0 redox couple was recorded using a glassy carbon (GC) working electrode (working) 

and a NiII/0 reference electrode (reference). In these experiments, the working and reference 

compartments were filled with NiCl2 and KCl: GC-

Ni0(s),working|NiCl2(KCl),working||NiCl2(KCl),reference|Ni0(s),reference. In step 2, the NiII/0 redox couple was 

characterized in every other MX salt (e.g. LiCl, NaCl, KBr, or KI). In these experiments the NiII/0 

redox potential was measured using a glassy carbon (GC) working electrode and a NiII/0 reference 

electrode, similar to step 1. Another similarity between step 1 and step 2 was that the NiX2 and 

MX salts in the working and reference compartments were the same: GC-

Ni0(s),working|NiX2(MX),working||NiX2(MX),reference|Ni0(s),reference. For example, for the KBr experiments, the 

working and reference compartment contained NiBr2 and KBr. In step 3, the NiII/0 redox reaction 

was characterized again across the NiX2 and MX series, as in step 2; however, the salts in the 

referencing compartment were not the same as those in the working compartment. Instead, in step 

3 the reference compartment always contained NiCl2 and KCl: GC-

Ni0(s),working|NiX2(MX)||NiCl2(KCl),reference|Ni0(s),reference. For example, for KBr, the working 



compartment was filled with NiBr2 and KBr and the reference compartment was filled with NiCl2 

and KCl. These three series of experiments provided the necessary data for (1) establishing 

potential corrections for membrane potentials across the mullite membrane of the reference 

electrode, (2) nonidealities in the interactions of the NiII and M1+ cations with the ion-conducting 

sites in the mullite ceramic, and (3) the thermochemical differences in salt potentials at 850 °C 

were derived (see the Supporting Information).59–64 The analyses provided potential correction 

factors that enabled measurements made in NaCl, LiCl, KBr, and KI solutions to be plotted on the 

same potential scale used for KCl solutions: +0.00 V in KCl, +0.18 ± 0.03 V in NaCl, +0.20 ± 0.05 

V in LiCl, +0.28 ± 0.01 V in KBr, and +0.77 ± 0.04 V in KI. 

 

Dependence of UIV/III Redox Potentials on Molten Salt Identity. The UIV/III redox couple 

varied as a function of the outer-coordination sphere alkali metal cation as well as the inner-

coordination sphere halide anion. Cyclic voltammograms from KCl solutions containing UIII 

displayed an electron transfer event whose half-wave potential (E½) was −0.12 V vs. NiII/0. This 

redox event was reasonably assigned to the UIV/III redox couple based on its position, shape, and 

diffusion-dependence (see the Supporting Information).35,43 Changing M1+ from K1+ to Na1+ to 

Li1+ while maintaining X1– as Cl1– moved the UIV/III E½ redox potentials positive by up to 0.33 ± 

0.11 V: −0.12 ± 0.02 V in KCl, 0.13 ± 0.05 V in NaCl, and 0.21 ± 0.09 V in LiCl (Figure 2, top). 

Changing X1– from Cl1– to Br1– to I1– and holding M1+ constant as K1+ shifted the UIV/III redox 

potentials positive as well. Moving from Cl1– to Br1– shifted E½ by 0.44 ± 0.06 V: −0.12 ± 0.02 V 

in KCl and 0.32 ± 0.04 V in KBr (Figure 2, bottom). In KI the UIV/III redox event was even more 

positive and was obscured behind the iodide oxidation process, suggesting that E½ was greater than 

0.32 V. This indicated that UIV (presumably as UIn4−n) was a stronger oxidant than I2 in the KI 



solvent. As expected, changing the halide identity had a more pronounced effect than changing the 

alkali metal identity, with the UIV/III E½ potential shifting across the Cl1−, Br1−, and I1− series by 

more than was observed across the Li1+, Na1+, and K1+ series.  

 

Dependence of UIII Diffusion Coefficients on Molten Salt Identity. The molten salt 

identity also impacted uranium diffusion through the salt solution. For instance, diffusion 

coefficients for the UIII species were calculated from the cathodic peak current of the UIV/III redox 

wave at a macroscopic cylindrical electrode using the Randles-Ševčík equation with a scan rate of 

100 mV s−1 and an electron transfer number of one (z = 1). An effective electrode radius was 

calculated and used to modify the electrode area employed in the Randles-Ševčík relationship to 

account for minor contributions from radial diffusion at a macroscopic cylindrical electrode.65–67 

The surface area of the working electrode in each salt was estimated from the salt mass and density 

at the experimental temperature for the cell geometry and dimensions (see Supporting Information 

for calculation details).45,68 The diffusion coefficients for UIII ranged from 0.20 to 1.45 × 10−5 cm2 

s−1, and varied based on the molten salt identity: LiCl = (0.83 ± 0.29) × 10−5, NaCl = (1.28 ± 0.76) 

× 10−5, KCl = (1.45 ± 0.37) × 10−5, and KBr = (0.20 ± 0.10) × 10−5 in agreement with published 

values determined using the UIV/III couple.43,49,69–72 The relationship between the diffusion 

coefficients and the ionic radii from molten salt cations and anions were best described as linear 

(see the Supporting Information). The slopes for the fitted lines were (0.96 ± 0.15) × 10−5 cm2 s−1 

Å−1 for the molten salt cation series and (−8.32) × 10−5 cm2 s−1 Å−1 for the molten salt anion series. 

These analyses demonstrated that UIII diffusion through molten salts was impacted to a larger 

extent by the X1– anions than by the M1+ cations. 



It was difficult to rationalize the diffusion coefficient results by only considering the viscosity 

of the molten salt solution. Hence, we speculated that uranium speciation and uranium-solvent 

interactions also contributed. For example, within the alkali chloride series, the UIII diffusion 

coefficient was smallest in LiCl, intermediate in NaCl, and largest in KCl. Solvent viscosity at 850 

°C decreased in the order of NaCl>KCl>LiCl,73 and thus does not explain the observed trend in 

diffusion coefficients. Interactions between UCln3–n species and more polarizing M1+ cations, like 

Li1+, likely slowed UIII diffusion compared to interactions with less polarizing cations, like K1+. 

Similar observations have been reported in aqueous media, such that larger solvation shells around 

more polarizing ions in aqueous solutions lead to slower diffusion rates.74 Differences in the 

molten salt viscosity also did not account for the UIII diffusion coefficients measured in KBr and 

KCl. Substantially smaller diffusion coefficients were observed for UIII in KBr than in KCl, but 

KBr is only slightly more viscous than KCl at 850 °C. 73 It seems possible that movement of the 

larger UBrn3−n ions were impacted by the molten solvent identity to a different extent than the 

smaller UCln3−n analogues. Experimental and computational efforts are currently underway to 

interrogate the impact of cations and anions on UIII diffusion rates. 

 

Dependence of U0metal Deposition Potentials on Molten Salt Identity. As with the UIV/III 

redox couples, the peak potentials observed for the U0metal deposition processes also varied as a 

function of the molten salt cation and anion identities. Voltammetry traces collected over a wide 

potential range at 850 °C in each alkali halide molten salt displayed U0metal deposition peaks 

denoted as Icathode (Figure 3). There were also UIII stripping features (Ia1, Ia2, and Ia3), that were 

reminiscent of those observed in the LiCl–KCl eutectic (Figure 1). Electrochemical analyses 

suggested that Icathode was a three-electron transfer process (see the Supporting Information), which 



would be consistent with the three electron UIII + 3e1– → U0metal deposition reaction. A more 

detailed analysis of these UIII stripping features will be the focus of a subsequent report. The U0metal 

deposition peak potential (Ep) in the alkali chloride melts varied by 0.24 ± 0.10 V: −1.24 ± 0.02 V 

in KCl, −1.03 ± 0.05 V in NaCl, and −1.00 ± 0.08 V in LiCl. More substantial changes in U0metal 

deposition potentials were observed when the molten salt halide was changed. For example, Figure 

3 showcased how the U0metal deposition potentials varied by 1.06 ± 0.13 V as X1– changed from 

Cl1– (−1.24 ± 0.02 V in KCl), to Br1– (−0.84 ± 0.03 V in KBr), to I1– (−0.18 ± 0.11 V in KI).  

Changing the molten salt cations and anions shifted U0metal deposition potentials in the same 

manner as the UIV/III E½ potentials, however the magnitude of these changes varied. As was true 

for UIV/III E½ potentials, changing the molten salt cations moved the U0metal deposition potential 

positive (by 240 mV) as the M1+ polarization power increased. A similarly positive shift of 330 

mV was observed for the UIV/III E½ potential across the Li1+ to Na1+ to K1+ series. In contrast, 

changing the molten salt anion from Cl1– to Br1– to I1– shifted the U0metal deposition potential far 

more than the UIV/III redox reactions (1060 vs. 440 mV). We rationalized this observation as a 

reflection of the chemical processes associated with these very different electron transfer events. 

The one electron UIV/III redox event likely involved some reorganizing of the inner-coordination 

sphere anions and outer-coordination sphere cations and possible changes in X1– coordination 

number. In contrast, reducing UXn3–n to U0metal involved breaking all the U–X bonds, transferring 

three electrons to the UIII trication, and deposition of U0metal on the electrode surface. Within this 

context, it seemed reasonable that the nature of the X1− anions and U–X bonds would impact the 

U0metal deposition process to a larger extent than the UIV/III redox reaction. 

 



Predicting Uranium Redox Potentials with an Electrostatic Model. To generate a 

method for predicting how UIV/III E½ and U0metal deposition peak potentials varied as a function of 

molten salt identity, we developed a model that correlated the potentials in each salt with a UIII–

molten salt “interaction parameter.” The value of the interaction parameter was the sum of the 

electrostatic interactions between UIII, the inner-coordination sphere X1– anion, and the outer-

coordination sphere M1+ cation. Coulomb’s Law was used to approximate each interaction and an 

interaction parameter was calculated by summing the attractive and repulsive component 

interactions experienced by UIII in the primary UIII–X1− and secondary UIII–X1−×××M1+ solvation 

shells (Scheme 3). The attractive component was dominated by the inner-coordination sphere UIII–

X1− interaction, while the repulsive component was dominated by the outer-coordination sphere 

UIII×××M1+ interaction. The model also included attenuation of the UIII–X1– attractive component by 

the outer-coordination sphere M1+ cation via X1−×××M1+ interactions (Scheme 3, left) and lowering 

of the UIII×××M1+ repulsive interaction from charge shielding by X1− (Scheme 3, right). In all cases, 

the effective ionic radii for six-coordinate ions75 were used to define the distances between the 

point charges involved and the exact solvation structure and uranium coordination numbers were 

explicitly ignored. Hence, UIII–X1– and UIII×××M1+ provided convenient descriptors for the 

fundamental electrostatic interactions between uranium, the halide, and the alkali metal cation. 

They did not imply specific uranium speciation or reflect aspects of the complicated and dynamic 

coordination chemistry accessible to UIII, X1–, and M1+ within a molten salt. Within this 

framework, large and negative interaction parameters indicated that the UIII–X1– attractive 

interaction was larger than the UIII×××M1+ repulsive interaction. Conversely, large positive 

interaction parameters indicated that the UIII×××M1+ repulsive interaction was larger than the UIII–

X1– attractive interaction. Finally, an interaction parameter that approached zero indicated that the 



UIII–X1– attractive interaction was similar in magnitude to the repulsive UIII×××M1+ interaction. 

Hence, this interaction parameter can be used to predict if the inner sphere X1– anion or outer 

sphere M1+ cation will be the primary director of uranium redox chemistry in a given molten salt 

solution. More details about the model can be found in the Supporting Information.  

Figures 4 and 5 demonstrated that changing the molten salt cation impacted the uranium redox 

processes in a manner that could be predicted using our interaction parameter model. Linear 

relationships between the UIII–molten salt interaction parameters for each salt and the measured 

UIV/III E½ and U0metal deposition potentials were observed as the outer-coordination sphere cation 

changed from Li1+ to Na1+ to K1+. The positive correlation slopes of 5.00 ± 0.06 (UIV/III E½) and 

3.70 ± 0.07 (U0metal deposition potential) suggested that more polarizing cations in the secondary 

uranium coordination sphere favored formation of lower uranium oxidation states. Here, polarizing 

power is defined as the oxidation state of the cation divided by the square of its ionic radius.76–78 

We rationalized these results in the following way. Increasing the polarization power of the outer-

coordination sphere molten salt cation from K1+ to Na1+ to Li1+ withdrew electron density from 

uranium across the U–X1−×××M1+ linkage and shifted the UIV/III E½ redox and U0metal deposition 

potentials positive. Hence, moving from KCl to NaCl to LiCl solvents stabilized formation of UIII 

(more electron rich) over UIV (more electron deficient) and made conversion of UIII to U0metal more 

favorable. A similar rationale was previously invoked to explain how EuIII/II, YbIII/II, and SmIII/II 

E½ potentials depended on molten salt identity and was consistent with the “optical basicity scale” 

concept introduced to explain ionic interactions in glass and molten salt matrices.37,79,80 

Analogous linear relationships were also observed between the UIII–molten salt interaction 

parameters and the measured UIV/III E½ and U0metal deposition potentials as the inner-coordination 

sphere anion changed from Cl1– to Br1– to I1– (Figures 4 and 5). The correlation slopes were 



determined to be 19.18 (UIV/III E½) and 20.29 ± 0.05 (U0metal deposition potential). For the UIV/III 

redox reactions, the linear correlation was extrapolated beyond KBr to predict an estimated E½ 

value in molten KI, even though that redox potential could not be determined experimentally 

(Figure 2). The calculated UIV/III E½ potential in KI was 0.89 V, which was plausible and would be 

obscured behind the I1– oxidation process. Given that the U–X1– and U×××M1+ interactions are 

fundamentally different, it did not make sense to use the concept of polarization power to 

rationalize the impact of X1– on the UIV/III E½ and U0metal deposition potentials. Instead, the potential 

seemed to correlate with the principal quantum number associated with the X1– anion valence 

orbitals. Moving from 2p to 3p to 4p (Cl1– to Br1– to I1–) favored formation of UIII over UIV and 

made the U0metal deposition process more accessible. It is tempting to rationalize these findings by 

invoking that orbital mixing interactions between the Un+ cation and the X1– withdrew electron 

density from the Un+ cation to support low oxidation state UIII species. However, we have refrained 

from doing so at this time and are conducting calculations to substantiate or refute the existence of 

electronic structure-to function-relationships for the observed redox reactivity.  

Despite the apparent utility of the electrostatic interaction model for predicting UIV/III E½ and 

U0metal deposition potentials, there are notable caveats that must be mentioned. The model ignores 

key factors that can influence electron transfer reactivity. It does not consider covalent Un+–X1– or 

X1––M1+ bonding interactions and only reflects the ionic character of the solvation interactions of 

UIII in different molten salts. It also ignores uranium solvation environments,81,82 coordination 

numbers,83,84 and speciation details. Despite these omissions, the model was useful because it 

accurately described variations in UIV/III E½ and U0metal deposition potentials as a function of molten 

salt identity in five different molten salt solutions without the need for sophisticated calculations. 

The uranium-molten salt interaction parameters also scaled with the UIII-diffusion coefficients 



where more destabilizing UIII×××M1+ interactions (i.e. UIII×××Li1+) and weaker UIII–X1− interactions 

(i.e. UIII–Br1−) both limited UIII diffusion, likely from increased solution ordering or weak UIII-

halide attraction. The general applicability of the model is being expanded to include other 

actinides and a wider variety of molten salts, including molten salts containing +2 and +3 cations. 

At the same time, more advanced models are being developed that will allow actinide molten salt 

redox reactivity to be better explained and predicted by incorporating electronic structure and 

bonding, coordination chemistry, and molecular dynamics. Essential for this computational effort 

is our experimental validation campaign focused on better characterizing actinide speciation in 

molten salts.  

 

Outlook 
In this study, molten salts and high temperature electrochemical techniques were used to evaluate 

the dependence of UIV/III E½ and U0metal deposition potentials on M1+ cations in the uranium outer-

coordination sphere vs. X1– anions directly bound to uranium in the inner-coordination sphere. In 

raw potential terms, the impacts of both M1+ and X1– on the uranium potentials were substantial, 

the potentials for both electron transfer reactions were shifted positive by hundreds of millivolts. 

In alkali chlorides, changing the M1+ cation identity from K1+ to Na1+ to Li1+ shifted the UIV/III 

redox potentials positive by 330 mV and the U0metal deposition potential by 240 mV. We 

rationalized this observation by considering the polarizing power of M1+, such that more polarizing 

cations (e.g. Li1+) removed electron density from Un+ across the Un+–X1−×××M1+ linkage and 

stabilized electron-rich low oxidation state species. These data suggested that UIII would be a 

stronger reducing agent when the outer-coordination sphere M1+ cations were weakly polarizing 

and that electrochemically generating U0metal would be easier in molten salts that contained 

strongly polarizing outer-coordination sphere M1+ cations.  



Changing the X1– ligand directly bound to the Un+ cation from Cl1– to Br1– to I1– had a more 

substantial impact on the uranium redox processes than changing M1+ from Li1+ to Na1+ to K1+. 

For instance, in KX salts, descending the halide series shifted the UIV/III redox potential by 440 mV 

and the U0metal deposition potential by 1060 mV. These data highlighted that the X1– identity had 

more influence over the U0metal deposition process than the UIV/III redox reaction, consistent with 

more extensive bond breakage and solvent reorganization during U0metal deposition. This 

observation agreed with synthetic observations that UIVCl4 is more stable than UIIICl3 and UIVI4 is 

less stable than UIVI3.85 We correlated this X1– anion induced potential shift with the principal 

quantum number associated with halide valence orbitals, such that Cl1– (2p-valence orbitals) 

favored formation of UIV and I1– (5p-valence orbitals) favored formation of UIII. It seemed possible 

that the nature of the X1– valence orbitals impacted Un+–X1– orbital mixing and that these electronic 

structure changes were responsible for the observed stability of UIV vs. UIII. Hence, a theoretical 

investigation on this topic is underway. Within this context, we concluded that UIII should be a 

stronger reducing agent when the inner-coordination sphere X1– anion was Cl1– vs. I1– and that 

U0metal would be more easily prepared in molten salts that have heavier halogens. 

Critical to this study was a reliable method for referencing electrochemical measurements 

made in different molten salts. We acknowledge both the strengths and weaknesses of this 

approach. On the positive side, the convenient and straightforward nature of the method allowed 

for comparative analysis of redox potentials that were measured as a function of molten salt 

identity. On the other hand, the method required additional experimental validation to refine the 

potential corrections and introduced uncertainty for measured redox potentials associated with the 

referencing system. Despite these limitations, we envision that this approach will aid others in 



comparing electrochemical measurements in a wider range of molten salt solutions and inspire 

improvements to the method. 

To rationalize and predict how UIII redox potentials varied as a function of molten salt identity, 

we developed an electrostatic interaction model based on Coulomb’s Law. Hence, we calculated 

a series of UIII–molten salt interaction parameters by summing the electrostatic attractive U–X1– 

and repulsive U⋯M1+ interactions in each salt. The UIV/III E½ and U0metal deposition potentials both 

correlated linearly with the UIII-molten salt interaction parameters, allowing uranium redox 

potentials to be predicted in various molten salts. Current experimental efforts are focused on 

improving the robustness and generality of our model for other actinides in a wider array of molten 

salts. We are also developing more sophisticated computational methods for predicting and 

understanding actinide speciation, electronic structure, and redox chemistry within molten salt 

solutions.  

 

Summary 
As a whole, this molten salt study advanced understanding of the relative contributions from intra- 

and intermolecular interactions on actinide redox chemistry, improved predictive capabilities for 

controlling f-element reactivity, and provided a straightforward approach for evaluating the impact 

of outer-coordination sphere ions on metal electron transfer chemistry. The results demonstrated 

that both M1+ and X1– components of a molten salt can be used to tune and manipulate uranium 

redox chemistry across substantial potential ranges and supported the initial hypothesis described 

in the introduction. The results additionally highlighted a powerful approach for controlling 

uranium redox reactivity in molten salt solutions, given that the identity of the molten salt M1+ and 

X1– ions could be easily and independently changed. We anticipate that this insight will aid 

researchers, engineers, and technologists working in applied nuclear sectors that utilize molten salt 



technologies, particularly in the actinide electrorefining and molten salt nuclear reactor industries. 

Finally, this approach for characterizing how the outer- and inner-coordination spheres modulate 

electron transfer chemistry should be transferable to non-actinide analytes (e.g. lanthanides, d-

block metals, and main group elements) and enable outer- and inner-coordination sphere effects 

on redox chemistry to be quantitatively evaluated beyond the 5f-block metals. 

 

Materials and Methods 
General Material Considerations. Potassium chloride (99.99%, anhydrous beads, Millipore 

Sigma), sodium chloride (99.99%, anhydrous beads, Millipore Sigma), lithium chloride (99.995%, 

anhydrous beads, BeanTown Chemical), potassium bromide (99.95%, anhydrous, BeanTown 

Chemical), potassium iodide (99.995%, anhydrous, BeanTown Chemical), nickel(II) chloride 

(99.9%, anhydrous, BeanTown Chemical), nickel(II) bromide (99%, anhydrous, BeanTown 

Chemical), nickel(II) iodide (99.5%, anhydrous, BeanTown Chemical), nickel wire (99.995%, 1 

mm diameter, BeanTown Chemical), hydrochloric acid (Optima grade, Fisher Scientific), nitric 

acid (Optima grade, Fisher Scientific), and isopropanol (99.9%, HPLC grade, Sigma-Aldrich) 

were obtained commercially and used as received.  

 

General Electrochemical Considerations. All voltammetric measurements were conducted 

in an argon-filled positive pressure VAC Genesis glovebox (<1 ppm O2 and <1 ppm H2O) using 

either a CH Instruments 620C or a BioLogic SP-50e potentiostat. The potentiostat was connected 

to the cell using feedthroughs in the wall of the glovebox. Glassy carbon rods (3 mm diameter, 20 

cm length, Alfa Aesar) and uranium rods (3 mm diameter, 15 cm length, Los Alamos National 

Laboratory) were used as working and counter electrodes. Mullite tubes (5 mm outer diameter, 3 

mm inner diameter, 14 cm length, Anderman Industrial Ceramics) were used as the exterior 



housing for each Ni/NiX2 (X = Cl1−, Br1−, I1−) reference electrode. In all cases, quartz tubes (27 

mm outer diameter, 25 mm inner diameter, 13.5 cm length, Technical Glass Products, Inc. or 

Quartz Scientific, Inc.) were used as the electrochemical cells. All electrodes and electrochemical 

cells were dried in an oven overnight at 200 °C before use. Omitting drying steps or carrying out 

the experiments in the presence of oxygen, water, or organic solvent vapor resulted black 

decomposition products accumulating in the molten salt solutions. 

 

Uranium Rod Fabrication. Uranium rods (3 mm diameter) were manufactured from existing 

depleted uranium plates (12-inch width) that were approximately 3.5 mm thick. Nominal uranium 

rods were cut from the plates and worked through 3 mm dies in stages from both ends using a 

Torrington 211 rotary swager. The resulting uranium rods (3 mm diameter) were then sheared to 

a length of 15 cm. 

 

Molten Salt Furnace Details. All molten salt experiments employed a custom vertical furnace 

that consisted of two semi-cylindrical ceramic heating elements (ThermCraft RH211, 2 in height, 

1.25 in inner diameter, 100 W, 28.5 V) housed inside two semi-cylindrical alumina-based ceramic 

fiber insulation halves (ThermCraft, 6 in height, 3.125 in thick). The furnace halves were wrapped 

with ceramic fiber insulation and secured together with hose clamps such that a central hole (1.25 

in diameter) was formed on the top of the furnace. The hole extended through the middle of the 

furnace and stopped 2 inches from the bottom of the insulation. A steel tube liner (10 cm length, 

3.1 cm outer diameter) was inserted into the furnace opening to secure electrochemical cells in the 

center of the heating elements. Furnace power was supplied by a Meanwell 27V DC power supply 

(ESP-240-27) coupled to an Omega PID controller (CN8DPT-440-DC) via a Crydom 



100VDC/60A solid-state relay (D1D60). Overtemperature protection was provided by an Omega 

limit switch (CN708) connected to an independent thermocouple probe. A schematic of the furnace 

can be found in the Supporting Information. 

 

Uranium Electrochemistry in Molten Salt Solutions. Electrochemical measurements in 

molten salt solutions were carried out in an argon-filled glovebox free from contamination with 

oxygen, moisture, and organic solvents. All electrochemical experiments used a three-electrode 

setup. Glassy carbon rods were used as the working and counter electrodes for all swept-potential 

electrochemical measurements. Uranium rods were employed as the working and counter 

electrodes in all oxidative constant-current experiments to introduce uranium into molten salt 

solutions. In all experiments, the reference electrode consisted of a clean nickel wire housed in a 

clean mullite tube that contained a solution of alkali halide salt (LiCl, NaCl, KCl, KBr, or KI) 

solution containing 1 wt.% NiX2 (X = Cl1−, Br1−, I1−). A new reference electrode was constructed 

from a clean mullite tube, clean Ni wire, and fresh salt for each experiment to minimize cross-

contamination.  

Before heating the furnace, the quartz electrochemical cell was filled with alkali halide salt and 

the electrodes were placed inside. The electrodes were held about 0.5 in apart and immersed the 

same length into the electrochemical cell. Experiments with LiCl, NaCl, or KCl used 2.5 g (59, 

43, or 33 mmol, respectively) of salt. Experiments with KBr or KI used 3.5 g (29 mmol) or 4 g (24 

mmol) of salt, respectively. The assembled electrochemical cell was placed in the furnace, the 

furnace was heated to 850 °C, and the cell was allowed to rest for about 2 hours at 850 °C to give 

the reference electrode time to equilibrate, as is common in the literature.1–3 After the equilibration 

time, cyclic voltammograms were recorded to establish that no redox-active entities were visible 



within the molten salt electrochemical window. Subsequently, uranium was introduced into the 

melt via electrooxidation of uranium metal and electrochemical experiments were performed.  

At the end of each experiment, the furnace was powered down and cooled to room temperature. 

The cell was cooled to room temperature and removed from the glovebox. Water was added and 

the salts were washed out of the cell. We note that we have not observed any hazardous or reactive 

uranium compounds to be generated under our experimental conditions. The glassy carbon rods 

were rinsed with water, polished with an alumina (0.05 µm) slurry in water, soaked in aqua regia 

(~2 min), and then soaked in concentrated aqueous HCl solution for 2 to 6 hours. The uranium 

rods were washed with water to remove excess salt, soaked in 50% aqueous nitric acid (~5 min) 

to remove any adhered uranium oxides, then sequentially washed with water and isopropanol, 

dried, and returned to the glovebox. The reference electrode was disassembled, and the nickel wire 

was rinsed and soaked in water to remove salt deposits. The mullite tube was thoroughly washed 

with water and soaked in aqua regia for 12 to 24 hours. Afterwards, the inside of the mullite tube 

was rinsed again with water and filled with concentrated HCl. The tube was then placed in a 

solution of HCl to soak for 12 hours. 

 

Electrochemical Generation of Uranium-Containing Molten Salt Solutions. After 

determining the electrochemical window and verifying that extraneous redox-active species were 

not present, uranium was introduced into each molten salt via oxidative dissolution. The two glassy 

carbon rods were replaced with two uranium metal rods as the working and counter electrodes. 

Uranium ions were stripped from the metal working electrode into the molten salt solution by 

applying a potential to achieve −100 mA of current. The initial potentials required were −1.2 V in 

LiCl and KCl, −1.1 V in NaCl, −1.0 V in KBr, and −0.9 V in KI. After sufficient charge had been 



passed to generate a uranium (0.04–0.76 wt.% UIII) molten salt solution, the uranium rods were 

replaced by the glassy carbon working and counter electrodes, and electrochemistry experiments 

were performed.  

 

Uranium Digestion and ICP-AES Stable Element Quantification. The following 

procedure was modified from reported methods used to digest thorium oxide samples.4 To digest 

uranium samples for ICP analysis, molten salt samples were dissolved in Milli-Q water (20 mL) 

inside the quartz cell. The supernatant was decanted to remove as much salt as possible, leaving 

behind uranium residues as well as some adhered to the side of the cell. Once the salt was removed, 

the cell was scored, broken, and the quartz fragments were placed into a quartz beaker containing 

a Teflon stir bar. The quartz fragments were submerged in HNO3 (6.5 M) solution containing HF 

(20 mL, 5 mM). A watch glass was used to seal the top of the beaker, and the solution was then 

heated to 150 °C and stirred at 500 rpm for 1 hr.  After 1 hr, no traces of uranium were observed 

on the quartz shards, and the solutions were cooled to room temperature then stored in a Nalgene 

container.  

Stable element concentrations for uranium were quantified by inductively coupled plasma-

atomic emission spectroscopy (ICP-AES) utilizing a PerkinElmer Optima 8000 instrument. Limit 

of Quantification (LOQ) and Limit of Detection (LOD) for uranium were determined following 

an established procedure.5 Manganese was utilized as an internal calibration standard for 

emissions. Uranium calibration standards were prepared gravimetrically using a 10000 ppm [U] 

HNO3 (0.1 M) standard by Inorganic Ventures. A five-point calibration curve was made, from 25 

ppm to 1000 ppm for uranium in HNO3 (0.1 M). The solutions from the separate digestions were 

prepared gravimetrically to an estimated 500 ppm, calculated from an assumed 100% faradaic 

efficiency during the anodic chronopotentiometry uranium rod experiments. Raw counts given in 



ppm were then back calculated to determine the weight % of uranium in the melts from the starting 

salt masses. Faradaic efficiencies were extrapolated from the anticipated ppm versus observed ppm 

of uranium after analysis and correlated with the charged passed during chronopotentiometry. 
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Figures, Schemes, and Tables 

 
 

Scheme 1. Idealized interactions of UIII with molten salt solutions involving 

contributions from X1− molten salt anions in the inner coordination sphere 

and M1+ molten salt cations in the outer coordination sphere. 

  



 
 
 

Scheme 2. Generation of UIII-containing solutions in molten salts using 

U0metal rods (left). Measurement of soluble uranium species in molten salt 

solutions (right). “V” represents the voltage difference measured by the 

potentiostat between the working and reference electrodes and “i” is the 

current measured between the working and counter electrodes.  



 
 

Figure 1. Representative high-temperature cyclic voltammograms of 

uranium dissolved in LiCl–KCl eutectic (46 wt.% LiCl to 54 wt.% KCl) over 

a temperature range of 500 to 800 °C. Features attributed to UIV/III (orange), 

U0metal deposition (blue; Icathode and IIcathode), and stripping (green; Ianode, 

IIanode, Ia1, Ia2, and Ia3) redox processes were labeled accordingly. Data were 

recorded at a scan rate of 100 mV s−1 and referenced to the reference NiII/0 

redox reaction in the LiCl–KCl eutectic. 

  



 
 

Figure 2. Representative high-temperature cyclic voltammograms (850 °C) 

of uranium dissolved molten salt solutions. The top pane compares UIV/III 

data obtained in alkali chloride salts and the bottom pane compares UIV/III 

data obtained in potassium halide salts (0.04–0.76 wt.% U). The red dots 



and dashed lines indicate the average E½ value in each salt from three 

independent measurements with potential differences between pairs of 

UIV/III redox waves indicated in blue. Data were recorded at a scan rate of 

100 mV s−1 and references to the NiII/0 redox process as described in the 

text.  



 
 

Figure 3. Representative high-temperature cyclic voltammograms (850 °C) 

from uranium dissolved molten salt solutions. The top pane compares data 

obtained in alkali chloride salts and the bottom pane compares data 

obtained in potassium halide salts (0.04–0.76 wt.% U). Features attributed 

to UIV/III (orange), U0metal deposition (blue; Icathode), and stripping (green; Ia1, 



Ia2, and Ia3) redox processes were labeled accordingly. Data were recorded 

at a scan rate of 100 mV s−1 and referenced to NiII/0 as described in the text.  



 
 

Scheme 3. Example solvation interaction calculation of UIII with a molten 

salt (MX) in the inner- (left) and outer-coordination spheres (right). UIII 

interacts directly with X1− and the strength of the attractive UIII–X1− 

interaction is reduced by the strength of the interaction between M1+ and 

X1−. The presence of K1+ in the outer-coordination sphere creates a 

repulsive UIII–M1+ interaction that is reduced by charge screening from X1−. 

The UIV/III redox process shifts positive in melts containing both large 

polarizable anions and small polarizing cations, as both help to stabilize the 

UIII oxidation state.  



 
 

Figure 4. Correlations between UIV/III redox potential and the electrostatic 

salt interaction parameter at the UIII cation in alkali chloride (blue) and 

potassium halide (magenta) salts. These data were collected in molten salt 

solutions containing U (0.04–0.76 wt.%) at 850 °C. Linear fits (magenta and 

blue lines) and slopes for each set of salts are shown. The error bar depicts 

the standard deviation from the mean (1σ) of the UIV/III E½ redox potentials 

measured in triplicate from three separate molten salt samples. The E½ data 

point in KI was calculated by extrapolating the linear fit of the UIV/III E½ redox 

potentials obtained experimentally in KCl and KBr solutions.  



 
 

Figure 5. Correlations between U0metal peak potential (Ep) and the 

electrostatic salt interaction parameter at the UIII cation in alkali chloride 

(blue) and potassium halide (magenta) salts. These data were collected in 

molten salt solutions containing U (0.04–0.76 wt.%) at 850 °C. Linear fits 

(magenta and blue lines) and slopes for each set of salts are shown. The 

error bars depict the standard deviation from the mean (1σ) of the U0metal 

deposition potentials measured in triplicate from three separate molten salt 

samples. 

  



Table 1. Molten Salts UIII Concentrations from Oxidative Stripping of Uranium. 
 

Salt Observed/Theoretical UIII Ratioa Stripping FE%b UIII Wt% 

LiCl 0.220 22.0 0.220 
NaCl 0.041 4.1 0.041 
KCl 0.362 36.2 0.362 
KBr 0.764 76.4 0.764 
KI 0.216 21.6 0.216 

aTheoretical yield calculated by assuming 100% faradaic efficiency for uranium metal stripping to produce 
UIII. Observed values measured by ICP-AES bFE = faradaic efficiency. 

 


