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Abstract 10 

 The identities of unknown analytes within four eutectic LiCl-KCl melts were determined using 11 

electrochemical methods, simulating the uncertainty of electrochemically probing an electrorefiner salt 12 

bath or molten salt nuclear reactor. With a variety of electrochemical methods (e.g., cyclic voltammetry, 13 

chronopotentiometry, square-wave voltammetry) and electroanalytical techniques (e.g., semi-14 

differentiation), every analyte was positively identified, although one false positive occurred due to an 15 

unexpected chemical interaction. This study highlights some remaining challenges for the use of 16 

electrochemical sensors in nuclear material control and accountability in molten salts: (1) quantification 17 

of analytes without the use of calibration curves (e.g., error in property values, such as diffusion 18 

coefficient) and (2) additional and interfering electrochemical signals due to interaction and alloying of 19 

multiple species.  20 
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The international and domestic development of nuclear safeguards and material control and 1 

accountability (MC&A) tools for advanced nuclear reactors and fuel cycles becomes more urgent as 2 

nuclear technology expands throughout the world and closed fuel cycles become more prevalent [1,2]. 3 

Safeguards and MC&A tools will include sensors that are optimized for detecting and quantifying special 4 

nuclear material in fuel cycle processes. Molten salt media are common in advanced reactor designs and 5 

fuel cycle processes [3–5]. Hence, there is significant interest and effort in developing electrochemical 6 

sensors that are optimized for molten salt processes such as electrorefiners (ERs) and molten salt reactors 7 

(MSRs). With current developments of ERs [6] and MSRs [7,8] throughout the world, now is the time to 8 

prepare sensor technology that can ensure that these processes are safeguarded and monitored well.   9 

Electrochemical sensors are well-suited to ERs and MSRs because of their resistance to thermal, 10 

corrosive, and radiative damage. These sensors have been demonstrated in many prior studies, but almost 11 

always in situations where experimentalists had some prior knowledge of their systems, including the 12 

identity of analytes that were studied [5]. The standard method is to prepare a solution with a known 13 

quantity of an analyte (or analytes), measure the concentration with electrochemical methods, measure the 14 

concentration of analytes with another analytical method (e.g., ICP-MS), build a calibration curve, and 15 

then test that calibration curve on several additional data points [5,9–11]. Because prior knowledge 16 

influences decisions, this method may lead to an overestimation of a technique’s analytical utility and 17 

accuracy [12]. This paper’s purpose is to investigate the ability of electrochemical methods to identify 18 

unknown analytes in the absence of process knowledge and constraints (i.e., any soluble electroactive 19 

species is possible). 20 

 21 

2. Methods 22 

This paper outlines the collection and analysis of electrochemical data for 4 systems that were 23 

prepared without an experimentalist’s knowledge. However, the following information was available for 24 

each prepared system to the experimentalist: (1) the base salt composition (eutectic LiCl-KCl); (2) melt 25 
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temperature (773 ± 1 K); (3) the working electrode (WE) material (tungsten, W) and diameter (1.5 mm); 1 

(4) the counter electrode (CE), quasi-reference electrode (qRE) material (W), and diameters (1.5 mm); (5) 2 

the non-radioactive nature of surrogate analyte(s); and (6) an upper concentration limit for the unknown 3 

analyte(s) (i.e., less than 3 wt% to maintain diffusion dominated mass transfer). The experimentalist did 4 

not know the color nor the source of the salt. Molten salt solutions were prepared from salts either already 5 

in the lab inventory or purchased from a vendor so that the experimentalists could not infer the identity 6 

based on their prior knowledge of the lab’s chemical inventory. 7 

 2.1 Experimental Preparation and Equipment. Experiments were conducted in a glovebox under 8 

Ar atmosphere (LC Technology Solutions, LC-300-DS) with H2O and O2 levels maintained at <1 ppm 9 

and <10 ppm, respectively. LiCl (>99%, Alfa Aesar, 36217) and KCl (>99%, Alfa Aesar, 11595) were 10 

dried overnight in a vacuum oven at 480 K, then fused in a lab-modified tube furnace (MTI, OTF-1200X-11 

S-NT) in eutectic proportions at 900 K for 1 hr and subsequently cooled in the glovebox. Analytes were 12 

added to the previously fused eutectic, heated to 773 K in alumina crucibles (Advalue Tech, AL-2100), 13 

and held at that temperature for at least 30 min before electrochemical measurements were made. The 14 

alumina crucibles had previously been dried in a vacuum oven overnight at 503 K and then held at 1173 15 

K for 2 hrs in a tube furnace within the glovebox. The electrochemical cell was shielded from induction 16 

currents originating in the tube furnace’s heating coils by a grounded nickel tube. A three-electrode 17 

system was used with W rods (99.95%, Alfa-Aesar) for the 1.5 mm WE, qRE and CE. The CE was 18 

immersed deeper in the salt than the WE, so that it would not limit the current experienced at the WE. 19 

Electrodes were cleaned prior to electrochemical measurements with a light sanding with 220 grit paper, 20 

if visual residue was present, followed by polishing with crocus cloth until no residue was visible and W 21 

electrodes had an lustrous appearance. The qREs were used for experimental simplicity but required that 22 

potentials be referenced to the oxidation potential of Cl- to Cl2 or the reduction potential of Li+ to Li. 23 

These electrodes were controlled using an Autolab potentiostat (PGSTAT302N) and NOVA 2.1 software. 24 

The analytes that were prepared can be found in Table 1. They were not known to the experimentalist 25 
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performing the measurement and included MgCl2 (Thermo Fisher Scientific, ultra-dry, 99.9%, 42843), 1 

VCl3 (Thermo Fisher Scientific, 99%, 014039), CrCl3 (Thermo Fisher Scientific, anhydrous, 99.9%, 2 

035691), SmCl3 (Thermo Fisher Scientific, ultra-dry, 99.9%, 035804), LaCl3 (Thermo Fisher Scientific, 3 

ultra-dry, 99.9%, 035702), and FeCl2 (Thermo Fisher Scientific, ultra dry, 99.99%, 035701). Except for 4 

System 4, analytes were selected at random with no specific application to minimize the experimentalist 5 

ability to deduce an answer based on reasoning (i.e., expecting only “relevant” salts, such as actinide and 6 

lanthanide chlorides). System 4 analytes were selected as a simple simulant of eutectic LiCl-KCl bearing 7 

a lanthanide chloride with steel corrosion products present. However, the rationale for system 4 was not 8 

known to the experimentalist beforehand. 9 

Table 1. Analyte identities and concentrations for each experiment. 10 

System Analyte Identity Analyte Concentration / wt% 

1 MgCl2 0.708 

2 VCl3 2.66 

3 SmCl3 0.71 

4 LaCl3, CrCl3, FeCl2 0.998, 0.291, 0.533 

 11 

 2.2 General Electroanalytical Procedure. Experimental procedures were set as follows and could 12 

be augmented with additional measurements, as the experimentalist deemed to be appropriate. After 13 

establishing electrochemical contact between all three electrodes and the molten solution, electrochemical 14 

impedance spectroscopy (EIS) at the open-circuit potential (EOCP) was used to measure the 15 

uncompensated solution resistance (Rs). The Rs value was taken to be the x-intercept of a Nyquist plot at a 16 

frequency around 10-100 kHz. Following EIS, a positive feedback test was conducted on a potential step 17 

while iR compensating at 85-90% of Rs to verify that the potentiostat was able to control potential set-18 

point changes within the required time intervals for common cyclic voltammetry (CV) and square-wave 19 
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voltammetry (SWV) scan rates. 100% compensation was not used because this leads to poor control of 1 

the potential due to instabilities in the electronic feedback loop (i.e., ringing). Once the optimal 2 

compensation percentage was determined, it was used during all potential-controlled measurements (e.g., 3 

CV, SWV). 4 

 Next, the full electrochemical window (i.e., the potential range extending from the reduction to 5 

the oxidation of the base solution – about 3.6 V in LiCl-KCl [13,14]) was investigated with CV. Because 6 

a qRE was used, this step is required to reference the potential of an unknown reaction to the potential of 7 

a known reaction like Cl2 evolution or Li+ reduction. CV was next conducted with varying scan rates and 8 

potential ranges to investigate the qualitative behavior of the reactions occurring in the solution. For 9 

example, the interdependencies of peaks could be observed by changing the upper and/or lower limits of 10 

CV scans. With this data, reactions could also be classified by the shape of their peaks: "duck-shaped” 11 

peaks for reversible reactions with soluble products and reactants (soluble-soluble); sharp, symmetric 12 

peaks for reactions with surface-constrained reactants and products (e.g., alloying); sudden reduction 13 

peaks dwarfed by their corresponding oxidation peaks, which drop abruptly, for reactions with soluble 14 

reactants and surface-constrained products (soluble-insoluble); “hockey-stick-shaped” reductions or 15 

oxidations where no peak is formed and the current rises or falls precipitously for reactions whose 16 

reactants are the solution (LiCl-KCl) itself. In a pure LiCl-KCl bath with no analytes present, one would 17 

expect to see a low current baseline (not zero due to capacitance at the electrode/solution boundary) with 18 

hockey-stick reductions or oxidations separated by around 3.6 V. The reduction of Li+ may have an 19 

associated large oxidation peak for when the Li metal is oxidized and dissolved back into the solution, 20 

while the oxidation of Cl- may or may not have a reduction peak because Cl2 may dissolve into the salt 21 

away from the electrode or bubble out of solution. 22 

 Next at least five iR-compensated square-wave voltammetry (SWV) scans with frequencies (f) 23 

from 1 to 50 Hz on peaks of interest to measure the number of electrons n exchanged using [15]: 24 
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  𝑤 ≈ 3.53
𝑅𝑇

𝑛𝐹
 (1) 1 

  𝑤2 ≈ 0.91
𝑅𝑇

𝑛𝐹
 (2) 2 

for soluble-soluble or soluble-insoluble reactions, respectively. Where w is the width of a SWV peak at 3 

half its height, w2 is the back (more negative, if reducing) half of w, R is the universal gas constant, T is 4 

temperature, n is the stoichiometric number of exchanged electrons, and F is Faraday’s constant.  5 

 Next, the formal potential (E0’) for the reaction was estimated from the potential plateaus of 6 

chronopotentiometry (CP) followed by open-circuit potentiometry (OCP). The principle is that when 7 

current is controlled (non-zero current for CP, zero current for OCP), potential plateaus with time indicate 8 

that there is a reaction occurring at that potential that can satisfy the demands of current made by the 9 

electrochemical workstation. The average potential of this plateau is then taken and assumed to be 10 

approximately E0’. For more accurate estimations of Ej
0’, approximate concentrations of the reactants and 11 

products were calculated using an estimated diffusion coefficient of 10-5 cm2 s-1 and the following CV 12 

relations for soluble-soluble or soluble-insoluble reactions, respectively [16–18]: 13 

  𝑖𝑝 = 0.4463𝐴𝐶𝑂
∗√

(𝑛𝐹)3𝐷𝑂ν

𝑅𝑇
 (3) 14 

  𝑖𝑝 = 0.6105𝐴𝐶𝑂
∗√

(𝑛𝐹)3𝐷𝑂ν

𝑅𝑇
 (4) 15 

 where ip is the peak current, A is the WE surface area, Co
* is the bulk concentration of the oxidized 16 

species O, DO is the diffusion coefficient of species O, and v is the scan rate. Note that Equations 3 and 4 17 

can also be applied to the reduced species (R) using CR* and DR, if the reduced species is present in the 18 

salt rather than the oxidized species. These estimated concentrations were then used to calculate E0’ from 19 

the OCP using the Nernst Equation [19]:  20 

  𝐸 = 𝐸0′ +
𝑅𝑇

𝑛𝐹
𝑙𝑛 (

𝐶𝑂
∗

𝑎𝑅
) (5) 21 
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where aR is the activity of the reduced species which is assumed to be 1 for a metal deposit or the bulk 1 

concentration of the reduced species (CR*) for a soluble species. Now, with estimations of n and E0’ for 2 

each reaction in the solutions, the identity of the unknown analyte(s) could be guessed by comparison to 3 

electromotive force (EMF) tables (see Table 2). 4 

Table 2. Reproduction of Plambeck’s EMF series based on molar concentrations, shifted to the Cl-/Cl2
 5 

and Li+/Li references. Reprinted (adapted) with permission from [13]. Copyright 1967 American 6 

Chemical Society. 7 

Couple Ej
0’ /  

(V vs Li+/Li) 

Ej
0’ /  

(V vs Cl2/Cl-) 

Couple Ej
0’ /  

(V vs Li+/Li) 

Ej
0’ /  

(V vs Cl2/Cl-) 

Li(I)-Li(0) 0 -3.626 Ga(III)-Ga(0) 2.464 -1.162 

La(III)-La(0) 0.427 -3.199 In(III)-In(0) 2.504 -1.122 

Nd(III)-Nd(0) 0.485 -3.141 Ni(II)-Ni(0) 2.509 -1.117 

Gd(III)-Gd(0) 0.516 -3.11 V(III)-V(0) 2.544 -1.082 

Mg(II)-Mg(0) 0.724 -2.902 V(III)-V(II) 2.556 -1.07 

Zr(IV)-Zr(II) 1.44 -2.186 Ag(I)-Ag(0) 2.561 -1.065 

Mn(II)-Mn(0) 1.455 -2.171 Cr(III)-Cr(0) 2.654 -0.972 

Zr(IV)-Zr(0) 1.497 -2.129 Sb(III)-Sb(0) 2.669 -0.957 

Al(III)-Al(0) 1.542 -2.084 Bi(III)-Bi(0) 2.669 -0.957 

Zr(II)-Zr(0) 1.554 -2.072 Mo(III)-Mo(0) 2.701 -0.925 

Ti(II)-Ti(0) 1.564 -2.062 Cr(III)-Cr(II) 2.779 -0.847 

Ti(III)-Ti(0) 1.704 -1.922 Cu(II)-Cu(0) 2.856 -0.77 

Zn(II)-Zn(0) 1.738 -1.888 Fe(III)-Fe(0) 2.942 -0.684 

V(II)-V(0) 1.771 -1.855 Pd(II)-Pd(0) 3.09 -0.536 

Ti(III)-Ti(II) 1.984 -1.642 Rh(III)-Rh(0) 3.108 -0.518 

Cr(II)-Cr(0) 1.879 -1.747 Ir(III)—lr(0) 3.247 -0.379 

Cd(II)-Cd(0) 1.988 -1.638 Pt(II)-Pt(0) 3.304 -0.322 

Fe(II)-Fe(0) 2.132 -1.494 Cu(II)-Cu(I) 3.365 -0.261 

Pb(II)-Pb(0) 2.203 -1.423 Fe(III)-Fe(II) 3.39 -0.236 

Sn(II)-Sn(0) 2.222 -1.404 Au(I)-Au(0) 3.509 -0.117 

Co(II)-Co(0) 2.313 -1.313 Cl2-Cl- 3.626 0 

Cu(I)-Cu(0) 2.347 -1.279    

 8 

 In most cases, the preceding methods were sufficient to identify the analyte(s) in the solution. 9 

However, when CV peaks overlapped, an analytical method known as semi-differentiation, or 10 

convolution, was used to separate signals into distinct peaks. These semi-differentiated peaks were 11 

analyzed with the following relations: 12 
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  𝑒(𝑡) = −
𝑛2𝐹2𝐴𝐶𝑂

∗ν

4𝑅𝑇
𝐷𝑂
1/2

𝑠𝑒𝑐ℎ2 (
𝑛𝐹

2𝑅𝑇
(𝐸(𝑡) − 𝐸1/2)) (6) 1 

  𝑒(𝐸1/2) = −
𝑛2𝐹2𝐴𝐶𝑂

∗ν𝐷𝑂
1/2

4𝑅𝑇
 (7) 2 

for soluble-soluble reactions [20], where e is the semi-derivative of current (i) with respect to time (t), and 3 

E1/2 is the half-wave potential and 4 

  𝑒(𝑡) = −
𝑛2𝐹2𝐴𝐶𝑂

∗ν

𝑅𝑇
𝐷𝑂
1/2

𝑒𝑥𝑝 (
𝑛𝐹

𝑅𝑇
(−ν𝑡)) (8) 5 

  𝑒(𝐸1/2) = −
𝑛2𝐹2𝐴𝐶𝑂

∗ν𝐷𝑂
1/2

2𝑅𝑇
 (9) 6 

  𝐸1/2 = 𝐸0
′
+

𝑅𝑇

𝑛𝐹
𝑙𝑛 (

𝐶𝑂
∗

2𝐶0
) (10) 7 

for soluble-insoluble reactions [21,22]. With these relations, peaks separated by semi-differentiated could 8 

be analyzed in the same manner as typical CV peaks.   9 

 Analyte identification was the main purpose of this analysis, but roughly quantifying the 10 

unknown analyte to an order of magnitude was also of interest. To do so, at least six iR-compensated CV 11 

scans from 25 to 500 mV s-1 were conducted on peaks of interest. Then, additional CV scans were made 12 

at several different electrode depths controlled with a vertical translator (Velmex, A2509P10-S2.5-TL, 13 

0.0254 mm precision) to estimate the surface area (A). This last method is known as the differential height 14 

method and is used to calculate the immersion depth of an electrode by extrapolating the ip vs depth data 15 

to zero current. Then using diffusion coefficients from literature for the now-known species and 16 

Equations 3, 4, 6, 7, 8, and 9, Cj could be calculated. It is important to note that these equations are only 17 

valid if the reaction is electrochemical reversible for a given scan rate. This was verified by confirming 18 

that ip vs v1/2 is linear and Ep, the peak potential, is not dependent on v. 19 

  Additionally, the potential step size (Estep) of the digital staircase in CV was recommended to be 20 

less than or equal to 1 mV. Using a small Estep value is important because larger Estep values in digital 21 
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staircase CV depresses the peak current (ip) more [23], leading to more underestimated concentrations 1 

[24]. The lower switching potential for CV scans was to be 0.1 to 0.2 V less than the peak potential (Ep) 2 

for the peak of interest while the upper switching potential was to be far enough to establish a clear 3 

baseline for baseline correction, if needed.  Equations 3, 4, 6, 7, 8, and 9 typically deliver 4 

CO
* in units of mol cm-3 so the following equations were used to convert this value into mol% and wt% 5 

respectively:  6 

  𝑚𝑜𝑙% = 100(𝐶𝑗
∗)/(𝐶𝑗

∗ + 𝐶𝐿𝑖𝐶𝑙−𝐾𝐶𝑙
∗ ) (11) 7 

  𝑤𝑡% = 100(𝑀𝑊𝑗𝐶𝑗
∗)/(𝑀𝑊𝑗𝐶𝑗

∗ +𝑀𝑊𝐿𝑖𝐶𝑙−𝐾𝐶𝑙𝐶𝐿𝑖𝐶𝑙−𝐾𝐶𝑙
∗ ) (12) 8 

  𝐶𝐿𝑖𝐶𝑙−𝐾𝐶𝑙
∗ =

𝜌𝐿𝑖𝐶𝑙−𝐾𝐶𝑙

𝑀𝑊𝐿𝑖𝐶𝑙−𝐾𝐶𝑙
 (13) 9 

where ρLiCl-KCl at 773 K is taken to be 1.621 g cm-3 [25]. Because the focus of this study was on the 10 

identification of unknown analytes, no attempt was made to quantify the analyte with ICP-MS or similar 11 

methods. Instead, the prepared concentration was used to roughly evaluate the accuracy of quantification 12 

predictions. 13 

3. Results 14 

 The results of each identification attempt are given in order of increasingly difficult analysis. 15 

Care has been taken to give a somewhat unified methodology for the procedure, but the individual 16 

conducting each experiment was responsible for their own measurements and analysis which introduced 17 

some variability in methodology. Furthermore, the unique challenges of some experiments required 18 

adaptation. 19 

3.1 Solution Resistance and iR-compensation. Once CV scans confirmed that electrodes were situated in 20 

the melt, EIS was conducted with a 10 mVRMS amplitude from 100 to 0.01 kHz (save for Experiment 3 21 

where EIS was stopped at 2 kHz) and Rs were measured (see Table 3) and compensated for, leaving a 22 



This is an Accepted Manuscript of an article published by Taylor & Francis in Nuclear Technology on 

June 12, 2024, available at: https://doi.org/10.1080/00295450.2024.2348849. 

10 
 

small level of uncompensated resistance (Ru). This remaining Ru is necessary for electrochemical 1 

workstations to prevent ringing (i.e. oscillations) during controlled potential experiments.  2 

Table 3. Rs, iR-compensation, and Ru for each experiment. 3 

Experiment Measured Rs / Ω iR-compensation / Ω Ru / Ω 

1 0.22 0.187 0.033 

2 0.35 0.26 0.09 

3 0.187 0.159 0.028 

4 0.178 0.135 0.043 

 4 

 3.2 System 1 Identification. A full-window, iR-compensated CV scan (see Figure 1) was taken of 5 

System 1 which revealed four electrochemical reactions. The redox couple for peaks C/C’ was classified 6 

as a soluble/insoluble due to sharp rise of peak C and the sharp rise and fall of peak C’ characteristic of a 7 

deposited electroactive species (i.e., metal stripping behavior). A and A’ were attributed to the Li/Li+ 8 

redox pair because of the reduction’s hockey-stick form. Peaks B and B’ were attributed to a surface 9 

interaction between the metallic product of peak C and Li because of their sharp, symmetric peaks. Peak 10 

D’ was attributed to anodic reactions, such as Cl2 generation. However, the cyclic voltammogram shown 11 

in Figure 1 was not extended to sufficiently positive potentials to verify the onset potential for Cl2 12 

generation. The additional blips in current that can be seen in Figure 1 were attributed to electrical noise 13 

(e.g., stray vibrations from surroundings, electromagnetic fields near the cell and electrode lead wires).  14 
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 1 
Figure 1. Full-window, iR-compensated cyclic voltammogram of System 1. A = 0.694 2 

cm2, v = 200 mV s-1, Estep = 1 mV, Ru = 0.033 Ω. 3 

Next, SWV measurements were conducted to help identify the analyte’s oxidation state. SWV 4 

scans of the reduction were conducted with f values from 5 to 50 Hz, a step size (ΔEs) of -4.68 mV, and a 5 

square-wave amplitude (ΔEsw) of 47.71 mV. Plugging w2 vs f data (see Figure 2) into Equation 2 indicated 6 

that n = 2.02 ± 0.04 (95% confidence interval). Because this is a metal-deposition reaction, as the cyclic 7 

voltammogram shape indicates, the analyte was assumed to be in a +2 oxidation state prior its reduction 8 

to metal.  9 
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 1 
Figure 2. w2 vs f from iR-compensated square-wave voltammograms of System 1. 2 

Analyzed data points are shown as triangles and other data points are shown as circles. A 3 

= 0.694 cm2, ΔEs = -4.68 mV, ΔEsw = 47.71 mV, Ru = 0.033 Ω. 4 

 Then, CP and OCP were used to measure E0’
 approximately. First, -500 mA was applied for 5 s. 5 

Then, OCP was used to observe the transition back to equilibrium. The responses from these 6 

measurements can be seen in Figure 3. Based on this data and assuming that Eeq ≈ E0’, E0’ was estimated 7 

to be 0.68 V vs ELi/Li(I)
0’. With E0’, the oxidation state of products and reactants, and Table 2, the analyte 8 

was correctly identified as MgCl2. 9 
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 1 
Figure 3. CP at -500 mA (dotted) and OCP (solid) of System 1. A = 0.694 cm2. 2 

With the analyte identified, an approximate concentration was calculated. An average DMg(II) 3 

value was then estimated to be 1.84 x 10-5 cm2 s-1 using the average of the minimum (1.26 x 10-5 cm2 s-1) 4 

and maximum (2.42 x 10-5 cm2 s-1) values found in literature [26,27]. CV was used to estimate A and 5 

calculate CMg(II)
* with scans using a step height (Estep) of 1 mV.  The differential height method estimated 6 

that A = 0.694 cm2. The reaction was verified to be reversible by plotting the peak potential (Ep) and 7 

current (ip) against scan rate (v) and v1/2, respectively. As shown in Figure 4, ip is linear with v1/2 and Ep is 8 

independent of v. With all this information and Equation 4, the unknown analyte was calculated to be 9 

0.098 ± 0.003 M MgCl2 (0.574 ± 0.018 wt% or 0.336 ± 0.011 mol%). This rough concentration 10 

calculation compares well with the 0.708 wt% MgCl2 that was prepared (18.9% error).  11 
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 1 
Figure 4. ip vs v1/2 (solid) and Ep vs v (empty) for System 1. A = 0.694 cm2, Estep = 1 mV, 2 

Ru = 0.033 Ω. 3 

3.2 System 2 Identification. A full-window, iR-compensated CV scan (see Figure 5) was taken of 4 

System 2 which revealed six electrochemical reactions. A and A’ were attributed to the reduction and 5 

oxidation of Li+ because of the reduction’s hockey-stick shape. Based on the location of A and A’, ELi/Li+
0’ 6 

= -2.6 V vs. qRE. F’ was attributed to Cl2 production for the same reason. Peak D’ was attributed to a 7 

reaction that relied on the products of A and/or F’ because it is no longer present when CV scan range is 8 

trimmed to exclude peaks A/A’ and F/F’ (see dotted line in Figure 5). Peaks B and C were classified as 9 

two reactions belonging exclusively to the analyte being studied, with B classified as soluble-insoluble 10 

(i.e., deposition), and C classified as soluble-soluble. Peak E’ was not analyzed because of its small 11 

magnitude and lack of a corresponding reduction peak. The small, unlabeled reduction occurring between 12 

C and B was not analyzed because it was assumed to belong to the same species responsible for B and C 13 

(e.g., adsorption). 14 
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 1 
Figure 5. Full-window (solid) and focused (dotted), iR-compensated cyclic 2 

voltammogram of System 2. A = 1.34 cm2, v = 300 mV/s, ΔEstep = 1 mV, Ru = 0.09 Ω. 3 

Next, SWV scans of both reductions were conducted with f values from 5 to 50 Hz, with ΔEs = 1 4 

mV and ΔEsw = 10 mV (see Figure 6). Equation 1 was combined with w vs f data to calculate that the 5 

soluble-soluble reaction had an n value of 0.98 ± 0.03. Equation 2 and w2 vs f data were used to calculate 6 

that n was 1.01 ± 0.04 for the soluble-insoluble reaction. Upon later reflection, the validity of Equation 2 7 

in this situation is questionable because it was developed under the assumption of semi-infinite diffusion 8 

of the oxidized species from the bulk [15,2E]. However, in this scenario, the oxidized species is being 9 

generated at the electrode surface as a product of peak C, some of which may be diffusing away from the 10 

electrode. This scenario has been shown to differ in its voltametric response from the derived semi-11 

infinite linear diffusion response [29]. No clear oxidation state of the soluble-soluble reactant or product 12 

could be assumed with the available information at this time.  13 
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 1 
Figure 6. w2 (circles) vs f and w (triangles) vs f from iR-compensated square-wave 2 

voltammograms of the soluble-insoluble peak B (circles) and soluble-soluble peak C 3 

(triangles) reactions in System 2, respectively. A = 1.34 cm2, ΔEs = 1 mV, ΔEsw = 10 mV, 4 

Ru = 0.09 Ω. 5 

 Next, CP and OCP (see Figure 7) were used to measure approximate E0’ values of -1.8 and -0.96 6 

V vs ECl-/Cl2
0’ (note that Figure 7 is plotted with respect to EqRE). With E0’ and the n value for the soluble-7 

soluble reaction, identification was attempted. At first, no analytes seemed to fit the data until it was 8 

realized that the n value for the soluble-insoluble reaction could have been faulty if there was a multi-step 9 

reduction. With this assumption relaxed, measurements aligned well with both CrCl3 and VCl3 as being 10 

the analyte, but VCl3 was correctly selected as the unknown analyte after Equation 5 was used to modify 11 

the expected potential based on estimated concentrations, as described in Section 2.2.  12 
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 1 
Figure 7. CP at -200 mA (dotted) and OCP (solid) of System 2. A = 1.34 cm2

. 2 

 Because the soluble-insoluble reaction seemed to be a multi-step reaction, the soluble-soluble 3 

reduction was used exclusively to estimate the concentration. The decision to classify the soluble-4 

insoluble reaction as something other than a reversible, single-step, diffusion-controlled reaction was 5 

confirmed by the non-zero intercept of the ip vs v1/2 plot (see Figure 8). CV data was taken with a Estep of 1 6 

mV. The soluble-soluble model was assumed to be reversible based on the data in Figure 8. After 7 

completing the measurements, the A was approximated to be 1.34 cm2 by visual inspection of the 8 

electrode (a departure from the established methodology by the experimentalist which likely introduced 9 

error [30]). With this information, Equation 3, and an average DV(III) value of 7.90 x 10-5 cm2 s-1 from 10 

literature values [31,32], the unknown analyte was concluded to be 0.040 ± 0.012 M VCl3 (0.111 ± 0.034 11 

mol% or 0.313 ± 0.097 wt%).  This estimation was an order of magnitude off (88.2% error) from the 12 

mass that was weighed out before the experiment (2.66 wt%). Error is likely due to poor A estimation and 13 

volatility of the analyte.  14 
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 1 
Figure 8. ip vs v1/2 (solid) and Ep vs v (empty) for the soluble-insoluble peak B (circles) 2 

and solube-soluble peak C (triangles) reactions in System 2. A = 1.34 cm2, Estep = 1 mV, 3 

Ru = 0.09 Ω. 4 

  3.4 System 3 Identification.  A full-window, iR-compensated CV scan (see Figure 9) was taken 5 

of System 3 which indicated ~7 electrochemical reactions. This analysis is complicated by the apparent 6 

dilute levels of the analyte. At these low of currents, signals from impurities may appear significant 7 

relative to the analyte. Peaks D and D’ were classified as soluble-soluble reactions belonging to the 8 

analyte. Peaks B, B’, C, E, and F were not considered because they were inconsistently present or atypical 9 

of an electrochemical reaction. For example, no evidence of signals E or C are present in the truncated 10 

CV scan (dotted series shows in Figure 9) despite the potentials where E or C occur or commence still 11 

being included indicating that they are dependent on or results from interactions in the salt or at the 12 

electrode surface (e.g., adsorption). In the case of peaks A/A’ and B/B’, sharp spikes are typical of 13 

electronic instability which could be caused by the compensation for resistance. The electronic feedback 14 

loop at the more extreme potentials becomes less stable [33,34]. The sharp rise in current due to Li 15 

depositions (see Figures 1 and 5) can destabilize the electronic control loop used for resistance 16 

compensation at certain time scales. However, A and A’ were attributed to Li+ reduction and Li oxidation 17 
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based on its position relative to peaks G/G’ and the known potential window for LiCl-KCl of ~3.6 V. G 1 

and G’ were attributed to Cl- oxidation and reduction. 2 

 3 
Figure 9. Full-window, iR-compensated cyclic voltammogram of System 3.  A = 0.718 4 

cm2, v = 200 mV s-1, Estep = 1 mV, Ru = 0.028 Ω. 5 

Next, SWV was used to identify n for the reaction. Scans were taken with f values from 1 to 50 6 

Hz, ΔEs = 5 mV, and ΔEsw = 20 mV (see Figure 10). Equation 1 was then used to calculate that n = 0.99 ± 7 

0.04. E0’ was approximated by averaging the Ep values for D and D’, resulting in a value of approximately 8 

1.66 V vs ELi/Li(I)
0’. Based on this E0’ value and the lack of other significant peaks within the potential 9 

window, the reaction was assumed to be Sm2+/Sm3+
 which has a E0’of 1.311 V vs ELi/Li(I)

0’ [35]. 10 
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 1 
Figure 10. w vs f from iR-compensated square-wave voltammograms of the 2 

soluble/soluble reaction in System 3. A = 0.718 cm2, ΔEs = 5 mV, ΔEsw = 20 mV, Ru = 3 

0.028 Ω. 4 

 Next, CV data was taken with a Estep of 1 mV and Equation 3 was applied to the data in Figure 11. 5 

The differential height method was used to estimate that A = 0.718 cm2, a DSm(II)/Sm(III) value was taken 6 

from literature to be 0.654 x 10-5 cm2 s-1 [36], and the unknown analyte was concluded to be 0.041 ± 7 

0.004 M SmCl3 (0.114 ± 0.010 mol% or 0.525 ± 0.048 wt%). For a rough concentration calculation, this 8 

compares well with the pre-measured analyte concentration (0.71 wt%) with an error of 26.1%.  9 
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 1 
Figure 11. ip vs v1/2 (filled) and Ep vs v (empty). A = 0.718 cm2, ΔEstep = 1 mV, Ru = 0.028 2 

Ω. 3 

 3.5 System 4 Identification. A full-window, iR-compensated CV scan was taken of System 4 4 

which revealed ~11 electrochemical reactions. Following the full window scan, the upper and lower 5 

potential limits were adjusted to investigate the connections between different peaks (see Figures 12 and 6 

13). Peaks B, B’, B”, C, D, D’, D”, E, E’, F, F’, G, G’, H, and H’ were classified as belonging to the 7 

analytes. A/A’ and I’/I were classified as belonging to Li+ reduction to Li and Cl- oxidation to Cl2, 8 

respectively. During these measurements, it was revealed that D” only was present in a scan if D 9 

occurred; likewise with B” and B. These dependencies indicated shared reactants and/or products between 10 

the reactions. 11 

 12 



This is an Accepted Manuscript of an article published by Taylor & Francis in Nuclear Technology on 

June 12, 2024, available at: https://doi.org/10.1080/00295450.2024.2348849. 

22 
 

 1 

Figure 12. iR-compensated cyclic voltammograms of System 4 with varying potential 2 

ranges, including a full window scan (thick black). A = 0.523 cm2, v = 300 mV s-1, Estep = 3 

1 mV, Ru = 0.043 Ω.  4 

3.5.1 Identification of Species. The investigation began by stepping the positive and negative 5 

switching potentials towards the center of the voltammogram (see Figures 12 and 13) to find relationships 6 

between different reactions. For instance, D” only appeared when the negative switching potential was set 7 

up to or beyond D (compare blue and red curves in bottom plot of Figure 13), and B” only occurred when 8 

the negative switching potential was set beyond B. With the information gathered, peaks B, G’, H’, and D 9 

were selected as the best candidates for quantitative analysis. Peak C was presumed to be associated with 10 

impurities, interactions, or adsorption due to its small size and lack of corresponding oxidation peak. Peak 11 

J (-0.4 V vs qRE) was ignored because it had no apparent coupled oxidation peak and could simply be the 12 

adsorption of a species responsible for peak F, as has been observed for U deposition [37–39]. 13 

 14 
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 1 
Figure 13. iR-compensated cyclic voltammograms of System 4. Scans with relatively 2 

narrow (top) and wide (bottom) potential ranges. A = 0.523 cm2, v = 300 mV s-1, Estep = 1 3 

mV, Ru = 0.043 Ω.  4 

The onset of B with cyclic voltammetry was used to estimate EB
0’ to be 0.341 V vs Li+/Li. This 5 

value is only an estimation however due to the possibility of underpotential deposition. SWV and 6 

Equation 2 were used to estimate that nB = 1.4. However, only limited confidence was placed in this value 7 
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because significant WE area growth may have occurred during the measurement and only one f was used 1 

during SWV. Peaks B/B’ occurred at a potential much more negative (ΔEp ≈ -1.5 V) than peaks F/F’, 2 

which has behavior characteristic of soluble-insoluble reactions (i.e., deposition). SWV was performed at 3 

5 Hz and a step potential of -3 mV. Hence, the time elapsed between peak B and F was ~100 seconds in 4 

the SWV measurement. During this time, deposits are constantly forming on the electrode from the 5 

reaction associated with peak F. Evidence for surface area growth was the tail of Peak B in SWV 6 

measurement not returning to background levels. Fuller et al. [15] noted that SWV peaks broaden due to 7 

deposits augmenting the surface area, which in turns decreases the estimated n (see Equation 2). Hence, it 8 

was suspected that n would underestimated based on the SWV data. If the analyte was MgCl2, n = 2 could 9 

be valid, but the Mg-Li alloy peak observed in System 1 (see Figure 1) was not present in this system 10 

[26,40]. A reaction with n = 1 is also unlikely because there is no known n = 1 reaction close to EB
0’. This 11 

left possible reactants of Nd3+, Gd3+, or La3+, and La3+ reduction to La was selected as the likely choice 12 

based on its tabulated redox potential of 0.427 V vs Li+/Li [13]. This selection was verified by using 13 

Equation 4 and a stand-in Dj value of 10-5 cm2 s-1 to calculate an approximate CO
* value which was then 14 

used with Equation 5 to estimate a EB
0’ value of 0.464 V vs Li+/Li (only a difference of 37 mV, see Table 15 

2). Based on this information, the analyte responsible for B was identified as LaCl3 because it has the 16 

most negative reduction potential of the lanthanide series. 17 

G’ and H’ were next analyzed using SWV and semi-differentiated CV data (see Figure 14). 18 

Equation 1 and the SWV data estimated that n = 1 for both G’ and H’. E0’ for G’ and H’ was estimated by 19 

assuming that the D values of the reduced and oxidized species were equal for G/G’ and H/H’. With that 20 

assumption, the peak potential of semi-differentiated CV data is theoretically equal to E0’ [20]. Therefore, 21 

E0’ (or Ep) was calculated to be 2.723 V vs Li+/Li and 3.299 V vs Li+/Li for G’ and H’, respectively. This 22 

was sufficient information for the analyte responsible for G’ to be identified as Cr2+, however this 23 

information was not sufficient to identify the analyte responsible for H' because both Cu+ and Fe2+ were 24 

likely candidates.  25 
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 1 
Figure 14. Semi-differentiated CV data for peaks G’, H’, G, and G. A = 0.523 cm2, v = 2 

50 mV s-1, ΔEstep = 1 mV, Ru = 0.043 Ω. 3 

Peaks F, E, and D were then analyzed because their redox potentials lay approximately where the 4 

reductions for Cr2+, Fe2+, or Cu+ (candidate products for H and G) occurred. Peak F, which displayed a 5 

typical soluble-insoluble shape was analyzed using the semi-differentiated, soluble-insoluble relations 6 

(Equations 8-10). This signal was then subtracted from the overall semi-derivate which then revealed that 7 

the shape of semi-differentiated peaks for E and D were typical of soluble-soluble reactions (see Figure 8 

15). 9 

E0’ for the reaction associated with peak F was calculated using two methods. First, CO
* was 10 

estimated by using  DO = 10-5 cm2 s-1, Equation 9, and e(E1/2) of -0.0758 A s0.5 for Peak F in Figure 15. 11 

This CO
* value (3.16 mol cm-3) was then used with Equation 5 to estimate that E0’ = 1.932 V vs Li+/Li. 12 

Second, the semi-derivative’s peak potential was assumed to be approximately E1/2 and Equation 9 was 13 

used to estimate that E0’ = 1.944 V vs Li+/Li. Based on these potentials, it became clear that peak F was 14 

likely Fe2+ reduction to Fe (Eo’ = 2.132 V) because the reduction of Cu+ to Cu (Eo’ = 2.347) was 15 

substantially more positive. Therefore, the analyte responsible for peak F and H’ was assumed to be Fe2+.  16 
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 1 
Figure 15. Semi-differentiated CV data for peaks F, E, and D. A = 0.523 cm2, v = 50 mV 2 

s-1, ΔEstep = 1 mV, Ru = 0.043 Ω. Semi-differentiated data (dotted black), fitted baseline 3 

(purple), fitted soluble/insoluble curve (red), fitted soluble/soluble curves (green and 4 

blue), summation of the fitted models (solid black).  5 

Following this analysis, peaks D and E remained to be identified. The redox potential of peak E 6 

made the reduction of Cr2+ to Cr (soluble-insoluble) a possibility, but the apparent soluble-soluble form of 7 

its e vs E curve was initially puzzling because the soluble-soluble semi-differentiated relations could be 8 

fitted to them so well (see Figure 15). However, an analogous La-Gd system where typical soluble-9 

soluble voltammetry behavior has been observed in solid solutions made this behavior plausible [41]. 10 

According to the Fe-Cr phase diagram, Cr is appreciably soluble (~18 mol%) in solid Fe at 773 K before 11 

a two-phase region occurs [42]. Therefore, peak E was attributed to Cr2+ reduction to Cr into Fe. This 12 

attribution was confirmed by calculating that the n value for peak E was 1.74, using the width of at half 13 

height for the e vs E curve and Equation 1 which holds for both SWV and semi-differentiated CV in 14 

reversible, soluble-soluble reactions [20]. 15 

Peak D also displays the typical shape of a soluble-soluble reaction and the width of the SWV 16 

peak indicated that n = 2. The estimated E0’ value of 1.549 V vs Li+/Li indicates that this could be Zr4+ 17 
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reduction to Zr2+, but the lack of a Zr2+ reduction peak to Zr indicates that Zr4+ is not the responsible 1 

analyte. Based on the approximate E0’ value, the reduction of Sm3+ to Sm2+ is possible, despite 2 

inconsistencies in the value of n. However, the dependence of D’ on the reactions associated with B 3 

indicated that D may just be associated with alloy or intermetallic formation (see the difference in D’ 4 

between the scan represented by the black line and scan represented by the red line in Figure 12). With 5 

this information and no additional experimental data to give clarity, it was assumed that SmCl3 was the 6 

analyte responsible for peak D and that peaks C, D”, and B” were results of adsorption, desorption, alloys, 7 

or intermetallics.  8 

3.5.2 Quantification of Species. After analyte identity guesses of LaCl3, CrCl3, FeCl2, and SmCl3 9 

were finalized, but before they were quantified, it was revealed that only that LaCl3, CrCl3, and FeCl2 10 

were present; SmCl3 was not present in the sample. This marked an exception in the study because the 11 

analytes in all the other systems were identified and quantified before any information about the system 12 

was revealed.  13 

To begin quantification, A was approximated to be 0.523 cm2 using the differential height 14 

method. Then, peak B was analyzed using CV data that had a linear ip vs v1/2 plot (see Figure 16), a DLa(III) 15 

value of 2.03 x 10-5 cm2 s-1 from literature [43] and Equation 4. It was then concluded that the analyte 16 

responsible for peak B was 0.79 wt% LaCl3 (52.5 mM). This corresponds to an error of 20.8% when 17 

compared to the weighed value of 0.998 wt% LaCl3. 18 
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 1 
Figure 16. ip vs v1/2 (closed circles) and Ep

 vs ln(v) (open circles) for Peak B. 2 

A similar method was used for peak G’, however a DCr(II) value of 1.67 x 10-5 cm2 s-1 [44] and 3 

Equation 3 were used (see Figure 17). This indicated that CCr(II)
* was 45.7 mM, however CCr

* = CCr(II)
*
 + 4 

CCr(III)
*. Therefore, the OCP was used to estimate the ratio of CCr(III)

*
 to CCr(II)

*. Using this reasoning, OCP, 5 

and E0’ values, molar ratios of 0.311 for Cr3+/Cr2+ and 5.5 × 10-5 for Fe3+/Fe2+ were calculated. 6 

 7 
Figure 17. ip vs v1/2 (closed circles) and Ep

 vs ln(v) (open circles) for Peak G’.  8 
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 Hence, at equilibrium, Fe is assumed to be only present as Fe2+, while Cr is present in both the Cr3+ and 1 

Cr2+ states. With this information, CCr
* was calculated to be 59.9 mM (0.586 wt% if added as CrCl3). This 2 

corresponds to 101.3% error when compared to the pre-measured value of 0.291 wt%. Peak H’ used the 3 

same methods (see Figure 18), a DFe(II) value of 2.16 x 10-5 cm2 s-1 [45,46], and calculated that CFe
* was 4 

0.59 wt% (75.8 mM). This corresponds to 10.7% error when compared to the pre-measured value of 5 

0.533 wt%. 6 

 7 
Figure 18. ip vs v1/2 (closed circles) and Ep

 vs ln(v) (open circles) for Peak H’.  8 

4. Discussion  9 

After identity and quantity was determined (with an aforementioned caveat for System 4), the 10 

identities and concentrations of guesses were compared to the prepared solutions in Table 4. Without 11 

exception, every analyte placed in their solution was positively identified. However, System 4 included a 12 

false positive of SmCl3 because an interaction between the three other analytes was mistakenly attributed 13 

to SmCl3. On the other hand, quantification accuracy was typically within an order of magnitude, with the 14 

exception of System 2 (i.e., VCl3). It should be restated that the focus of this study was on identification, 15 

not quantification, of unknown analytes. Therefore, the prepared concentrations only refer to the mass of 16 
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analyte measured out into the crucible before melting the solution in a furnace. No analytical 1 

quantification of analytes (besides rough electrochemical measurements shown above) was made during 2 

or after the experiment to determine the true concentration of analyte. In future work, three objectives 3 

seem apparent: (1) pushing the ability to identify species in ever more complex, interfering environments, 4 

(2) increasing the accuracy of quantitative predictions of blind samples, and (3) investigating the use of 5 

algorithms or artificial intelligences as an alternative means of interpreting electroanalytical data. 6 

 7 

Table 4. Overall results of the detection of analytes without prior system knowledge. 8 

System Guessed Identity True Identity 

Guessed 

Concentration 

/ wt% 

Prepared 

Concentration 

/ wt% 

1 MgCl2 MgCl2 0.574 0.708 

2 VCl3 VCl3 0.313 2.66 

3 SmCl3 SmCl3 0.525 0.71 

4 SmCl3 not present - - 

4 LaCl3 LaCl3 0.79 0.998 

4 CrCl3 CrCl3 0.586 0.291 

4 FeCl2 FeCl2 0.59 0.533 

 9 

The two least accurate quantitative concentration predictions were made in the VCl3 system 10 

(System 2) and the CrCl3 prediction in the LaCl3-CrCl3-FeCl2 system (System 4). While every analysis 11 

included some technical errors and published diffusion coefficients could contain significant errors, a 12 

brief explanation is given for these two least accurate predictions. The error in System 2 seems to be a 13 

function of the volatility of VCl3. Therefore, the concentration at the time of measurement may have been 14 

closer to their guessed value. Error in System 4 may have been due to underestimated diffusion 15 
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coefficient value, inaccurate estimate of the molar ratio of Cr3+/Cr2+, significant background currents, 1 

and/or chemical reactions occurring alongside the electrochemical as the La, Cr, and Fe ions interacted 2 

with one another. Due to the exponential relationship between the molar ratio and potential in Equation 5, 3 

even slight inaccuracies in the estimation of the OCP and Eo’ could be magnified to introduce significant 4 

error.  We suspect that the Cr prediction was least accurate in System 4 because its Cr3+/Cr2+ signal lay 5 

between the signal for the other two species that were present. In the complex melt, there was evidence 6 

that the added CrCl3 reacted to some extent to results in both Cr2+ and Cr3+ being present in the bulk 7 

solution. There may have been multiple chemical and electrochemical interactions impacting the Cr2+/Cr3+ 8 

signal. 9 

The false positive of SmCl3 in System 4 highlights the need to explore and understand the signals 10 

that may arise due to interaction of actinide and fission product elements in the molten salts more fully. 11 

System 4 shows that unexpected chemical interactions can result in false positives. More studies are 12 

needed to identify additional signals that may arise as fission and corrosion products grow into MSR salt, 13 

ER salt or other process salts. Without confirming the presence or absences of signals from interactions in 14 

the vicinity of actinide signals, an electrochemical sensor could be “spoofed” into indicating or 15 

overestimating the presence of nuclear material within a process. 16 

Lastly, these experiments were conducted by individuals who used their experience and 17 

judgement to discern which signals were related to the analyte and which signals were attributed to 18 

background/impurities. This introduced variability in the study due to human behavior, especially in the 19 

tendency to dismiss electrochemical signals as being associated with background, impurities, or 20 

interactions. Despite these issues, we observed that human judgement and discernment based on 21 

experience served the electrochemists in this study well, helping them accurately identify analytes. 22 

Perhaps, an automated algorithm or artificial intelligence could be developed to help facilitate more 23 

impartial and consistent analysis of electrochemical signals. However, it should be noted that any such 24 
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program would not be completely free from bias [12], would require a careful filtering of the literature to 1 

only use high quality training data [24], and should be frequently verified by competent human analysts. 2 

5. Conclusion 3 

 To evaluate the electroanalytical methods available for molten salt systems in the present day, 4 

unknown metal chloride analytes were identified in eutectic LiCl-KCl. The most useful methods for 5 

identification included: (1) the estimation of E0’ values using OCP and Nernst equation or voltammetry 6 

peaks and their associated relations and (2) varying CV windows to find relationships between reduction 7 

and oxidation signals. Every analyte placed in solutions were positively identified, however there was one 8 

false-positive. Quantitative predictions of the unknown analytes were also made which were accurate 9 

within a factor of two (with one exception of System 2). However, ICP-MS analysis of the salts was not 10 

performed post-measurement to validate their quantitative predictions because the focus of the study was 11 

on the identification of the unknown analyte. Hence, these errors may be overpredicted due to a loss of 12 

salt due to volatilization and/or formation and precipitation of oxides. For some analyte combinations, a 13 

significant number of additional signals appear due to interaction of the ions and deposits which resulted 14 

in the false-positive of Sm3+. This study highlights the need to further study the interactions between 15 

important actinide, fission product, and corrosion product ions and deposits to improve the accuracy of 16 

electrochemical sensors in nuclear material accounting applications. 17 

  18 
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