
1 

 

Title Page 1 

 2 

Name of the authors: Greg Chipman, Bryant Johnson, Cameron Vann, Lance Whitesides, Devin 3 

Rappleye 4 

 5 

Title: Experimental Determination of the Electrochemical Properties of Bismuth Chloride in 6 

Eutectic LiCl-KCl and LiCl-KCl-CaCl2 Molten Salts 7 

 8 

Affiliation and address of the authors: Department of Chemical Engineering, Brigham Young 9 

University, Provo, UT 84602, USA 10 

 11 

Email address of the corresponding author: chipm@byu.edu  12 

 13 

Declaration of interests 14 

  15 

☒ The authors declare that they have no known competing financial interests or personal 16 

relationships that could have appeared to influence the work reported in this paper. 17 

  18 

☐ The authors declare the following financial interests/personal relationships which may be 19 

considered as potential competing interests: 20 

 21 

The authors declare that the data supporting the findings of this study are available within the 22 

paper. Should any raw data files be needed in another format they are available from the 23 

corresponding author upon reasonable request.  24 

 25 

 26 

 27 

 28 

 29 

 30 

This version of the article has been accepted for publication, after peer review and is subject to 31 

Springer Nature’s AM terms of use, but is not the Version of Record and does not reflect post-32 

acceptance improvements, or any corrections. The Version of Record is available online at:  33 

 34 

Chipman, G., Johnson, B., Vann, C., Whitesides, L., & Rappleye, D. (2024). Experimental 35 

determination of the electrochemical properties of bismuth chloride in eutectic LiCl–KCl and 36 

LiCl–KCl–CaCl2 molten salts. Journal of Radioanalytical and Nuclear Chemistry. 37 

https://doi.org/10.1007/s10967-024-09354-4 38 

 39 

 40 
© 2023 CC-BY-NC-ND license. https://creativecommons.org/licenses/by-nc-nd/4.0/  41 
 42 

 43 

mailto:chipm@byu.edu
https://doi.org/10.1007/s10967-024-09354-4
https://creativecommons.org/licenses/by-nc-nd/4.0/


2 

 

Experimental Determination of the Electrochemical Properties of Bismuth Chloride in 44 

Eutectic LiCl-KCl and LiCl-KCl-CaCl2 Molten Salts 45 

 46 

Greg Chipmana,*, Bryant Johnsona, Cameron Vanna, Lance Whitesidesa, Devin Rappleyea 47 
 48 

aDepartment of Chemical Engineering, Brigham Young University, Provo, UT 84602, USA 49 

 50 

Abstract 51 

 52 

Bismuth has been investigated as a potential liquid electrode for molten salt electrorefining, but 53 

the electrochemical behavior of Bi3+/Bi redox couple has received scant attention in LiCl-KCl and 54 

LiCl-KCl-CaCl2 eutectics. Electroanalytical techniques were used to determine properties of 55 

Bi3+/Bi. Diffusivities of 6.71 and 8.93 x 10-6 cm2 s-1 and standard apparent potentials of 0.1166 56 

and 0.1187 V vs. Ag/AgCl (4.75 mol%) were recommended for BiCl3 in LiCl-KCl and LiCl-KCl-57 

CaCl2 eutectics, respectively, at 680±3.1 K. The ICP-MS analysis of BiCl3 content limited the 58 

accuracy of the results. The reliability of the results improved with a more thorough drying 59 

procedure for CaCl2.   60 

 61 
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 66 

1. Introduction 67 

 68 

Electrochemical properties are important to be able to model and understand the physical behavior 69 

occurring during processes such as electrorefining and electrowinning. The electrochemical 70 

properties for bismuth have yet to be determined in the LiCl-KCl-CaCl2 eutectics and only limited 71 

results exist in the LiCl-KCl eutectic [1, 2]. The electrochemical properties of bismuth are of 72 

interest because it has recently been identified as a possible surrogate for plutonium electrorefining 73 

[3]. Bismuth is also being developed as a liquid cathode for the electrorefining of used nuclear fuel 74 

[4, 5]. One common issue with the use of liquid cathodes is dendrite formation on the molten 75 

cathode [6–11]. Understanding the electrochemical properties of these liquid cathodes, such as 76 

bismuth, will assist in mitigating these and other challenges currently faced in these operations. 77 

The LiCl-KCl-CaCl2 eutectics are also of interest because they offer advantages such as lower 78 

melting points (see Figure 1) and higher oxide solubilities [12]. Although the latter benefit has 79 

been questioned by Vishnu et al. [13] and may be offset by more sluggish kinetics at lower 80 

temperatures. The determination of the electrochemical properties and behavior of bismuth in the 81 

LiCl-KCl-CaCl2 (LiCl:KCl:CaCl2 = 50.5:44.2:5.3mol%) and LiCl-KCl eutectics will help 82 

elucidate tradeoffs and potential improvements for  processes in which bismuth is used. 83 

 84 
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 85 

Fig. 1 Liquidus projection of the KCl-LiCl-CaCl2 system, reproduced from [14] 86 

While the electrochemical properties of bismuth have not been determined in the LiCl-KCl-CaCl2 87 

eutectics, there have been some electrochemical studies of bismuth in other molten salts [15–18]. 88 

The electrochemical behavior of bismuth in the LiCl-KCl eutectic has previously been investigated 89 

using cyclic voltammetry to identify the oxidation and reduction peaks present [19]. The standard 90 

redox potential, diffusivity, standard rate constant, and exchange current density of the bismuth 91 

electrodeposition reaction were determined using cyclic voltammetry, chronopotentiometry, and 92 

chronoamperometry in the PbCl2-KCl eutectic [20]. The standard redox potential of the bismuth 93 

electrodeposition reaction and the diffusivity of bismuth in the LiCl-KCl eutectic were reported 94 

by Plambeck et. al. [1] and Carlin et. al. [2], respectively. Laitinen and colleagues also published 95 

some studies involving bismuth chloride [21, 22]. To the knowledge of the authors, no other work 96 

exists that measures the electrochemical parameters of the bismuth chloride to bismuth metal 97 

reduction in molten salts. In this work, the standard redox potential, number of electrons exchanged, 98 

and diffusivity of bismuth ions in the bismuth electrodeposition reaction will be determined using 99 

cyclic voltammetry (CV), square wave voltammetry (SWV), chronoamperometry (CA), 100 

chronopotentiometry (CP), and open-circuit potential (OCP) measurements in the LiCl-KCl and 101 

LiCl-KCl-CaCl2 eutectics. 102 

 103 

2. Experimental 104 

 105 

2.1 Electrochemical Cell 106 

 107 

The electrochemical experiments were conducted in an inert atmosphere argon glovebox (< 10 108 

ppm O2/H2O). Alumina crucibles (Advalue Tech, AL-2100) were used to contain the molten salt 109 

and were heated inside of an MTI tube furnace (OTF-1200X-S-NT). In each run, the alumina 110 

crucible was placed atop two inverted alumina crucibles to position it in the heating zone of the 111 

furnace. A nickel tube was placed around the alumina crucibles to center the crucibles and to 112 

provide a Faraday cage for the electrochemical experiments. A schematic and picture of the 113 
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experimental set-up are shown in Figure 2. Electrochemical experiments were conducted using an 114 

Autolab potentiostat (PGSTAT302N) controlled by NOVA 2.1 software. The electrodes were 115 

connected to the potentiostat using binding posts on the wall of the glovebox. More details about 116 

this experimental setup can be found elsewhere [23, 24]. 117 

 118 

 119 

Fig. 2 Experimental set-up used for the BiCl3 electrochemical experiments 120 

The bismuth (III) chloride (Ultra Dry, 99.997+% metals basis, Thermo Scientific Chemicals, 121 

035680.06) was used as received and was added to the crucible with eutectic mixtures of LiCl-122 

KCl (59.2:40.8 mol%) or LiCl-KCl-CaCl2 (50.5:44.2:5.3 mol%) prior to melting the salts for the 123 

experiments. In each run, the BiCl3 was added to the eutectic salt to target a concentration of at 124 

least 0.3 mol% (8.4 × 10-5 mol cm-3) BiCl3. LiCl (>99%, Alfa Aesar, 36217), KCl (>99%, Alfa 125 

Aesar, 11595), and CaCl2·2H2O (>99%, Alfa Aesar, 33296) were dried in an oven (Across 126 

International, AT32e) under vacuum following the procedures shown in Table 1. The procedures 127 

in Table 1 are based on thermogravimetric analysis, titrations, and weight loss measurements 128 

published elsewhere [25–27]. After each salt was dried, a salt block of eutectic LiCl-KCl-CaCl2 129 

was made by placing the appropriate amounts of calcium chloride, lithium chloride, and potassium 130 

chloride in a large alumina crucible in a furnace, which was heated to 1023 K. The furnace was 131 

held at that temperature for three hours to allow for the eutectic salt to form. After three hours, the 132 

furnace was cooled, and the eutectic salt block was removed from the alumina crucible. Portions 133 

of the obtained eutectic salt block were used for runs 2 and 3. The LiCl-KCl eutectic was made in 134 

an alumina crucible (electrolyte for runs 1 and 5), a mullite tube (reference electrode solution for 135 

runs 1 and 4), and pyrex tube (reference electrode solution for runs 5 and 6) by heating the 136 

appropriate amounts of LiCl-KCl to 973 K in the MTI tube furnace for two hours to allow the salts 137 

to fuse in their respective containers. For runs 4 and 6, CaCl2, KCl, and BiCl3 were added to the 138 

LiCl-KCl eutectic from runs 1 and 5 respectively to form the LiCl-KCl-CaCl2 eutectic and 139 

maintain the same target mol% BiCl3 as in the LiCl-KCl eutectic. Six experimental runs were 140 

performed with the details of each run summarized in Table 2. 141 
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Table 1 Vacuum drying steps used for reducing moisture in the LiCl, KCl, and CaCl2 salts 142 

Steps LiCl/KCl CaCl2 (Runs 2 and 3) CaCl2 (Runs 4 and 6) 

 T / K Time / hrs T / K Time / hrs T / K Time / hrs 

1 298 8 373 8 298 5 

2 383 8 388 8 363 11 

3 459 8 522 60 393 8 

4 522 24 --- --- 503 48 

Table 2 Experimental details for the bismuth chloride electrochemical experiments 143 

Run BiCl3 

Weighed  /g 

Eutectic Salt 

System 

Eutectic 

Salt /g 

BiCl3 ICP-MS 

Concentration /10-5 mol cm-3 

Temperature 

/K 

WE Surface 

Area /cm2 

1a,b 1.05 LiCl-KCl 60.6 7.18 ± 0.895 681 ± 1.1 0.670 ± 0.0014 

2b 1.57 LiCl-KCl-

CaCl2 

60.0 4.24 ± 0.449 681 ± 1.1 1.374 ± 0.0006 

3b 1.57 LiCl-KCl-

CaCl2 

60.0 4.24 ± 0.449 686 ± 1.1 0.766 ± 0.0006 

4a,b 1.34 LiCl-KCl-

CaCl2 

77.5 7.75 ± 0.966 678 ± 1.1 0.748 ± 0.0073 

5c 1.78 LiCl-KCl 54.7 10.4 ± 1.92 681 ± 1.1 0.786 ± 0.0013 

6c 2.02 LiCl-KCl-

CaCl2 

70.9 9.92 ± 1.84 679 ± 1.1 1.263 ± 0.0020 

aAg/AgCl RE with mullite membrane, bW qRE, cAg/AgCl RE with pyrex membrane 

 144 

Three reference electrodes were used in the electrochemical experiments. Two different REs were 145 

used to conduct the OCP measurements. For runs 1 and 4, a solution of 4.5 mol% AgCl (99.997% 146 

metals basis, Alfa Aesar, 10857) in the LiCl-KCl eutectic was formed inside of a one-end closed 147 

mullite tube (OD 11.13 mm, McDanel Advanced Ceramic Technologies, MV0160431-06-12). A 148 

0.64 mm diameter Ag wire (99.9% metals basis, Alfa Aesar, 43325) was used as the contact in the 149 

reference solution and the electrical lead for the reference electrode (RE) to measure the OCP. The 150 

wall of the mullite tube was 1.59 mm thick and was thinned approximately to half the original 151 

thickness near the closed end to the tube using a tile saw. For runs 5 and 6, a solution of 4.75 mol% 152 

AgCl in the LiCl-KCl eutectic was formed inside of a thin-walled (0.55 mm thick), one-end-closed 153 

pyrex tube (OD 10 mm, Wilmad Glass Company, 513-1PP). Another 0.64 mm Ag wire was used 154 

to provide electrical contact with the reference solution to measure the OCP. The thin-walled pyrex 155 

tube was used to reduce the membrane potential [28, 29]. Hence, runs 5 and 6 were used for making 156 

more accurate OCP measurements.  157 

 158 

A 1.5 mm diameter tungsten rod (99.95% metals basis, Thermo Scientific, 042233.CE) was used 159 

as a quasi-reference electrode (qRE) for the CV, CA, SWV, and CP measurements conducted. The 160 

working electrode (WE) for all experiments was a 1.5 mm diameter tungsten rod (99.95% metals 161 

basis, Thermo Scientific, 042233.CE) with the counter electrode (CE) being a 3.175 mm diameter 162 

tungsten rod (99.95% metals basis, Thermo Scientific, 010407.BY). The WE, CE, and qRE were 163 

sheathed using alumina tubes above the molten salt. The electrodes were aligned using a custom 164 

lid and attachment to the vertical translator. The WE was raised and lowered using a vertical 165 

translator. The WE surface area was determined by adjusting the depth of the WE using the vertical 166 

translator (Velmex, A2509P10-S2.5-TL, 0.0254 mm precision) in precise increments and 167 

conducting CV measurements after each adjustment. Using the relationship between the peak 168 
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height and the change in area, the WE surface area could be calculated for the electrochemical 169 

experiments (see Section 3.1).  170 

 171 

2.2. Electrochemical Techniques 172 

 173 

Electrochemical measurements were conducted in a manner where the results were verified to be 174 

reproducible. At least two runs of each measurement were conducted at the same conditions using 175 

a randomized order. The WE was anodically cleaned between each experiment using a CV 176 

procedure with 15 scans between 0.3 V and 0.7 V vs. the qRE. When the current in the CV scans 177 

began to not change from scan to scan it was validated that the WE had been sufficiently cleaned. 178 

After the WE was cleaned, a 90 second rest time was used to allow time for the system to relax 179 

before the start of each experiment.  180 

 181 

CV measurements were conducted using scan rates between 0.025 and 1 V s-1 and a digital 182 

staircase step of -1 mV (initially, 1 mV after scan reversal). 4 scans were performed to verify 183 

repeatability. The 3rd scan was used for any analysis, if identical to the 2nd and 4th scan. SWV 184 

experiments were conducted in a frequency range from 1-50 Hz. The step size was -2 mV and the 185 

amplitude of the square wave was 0.05 V. CA experiments were conducted by applying 1 V vs. 186 

the qRE for 20 seconds and then applying between -0.05 and -0.25 V vs. the qRE for 1 second. CP 187 

experiments were conducted by allowing the cell to rest at 0 A for 5-20 seconds, after which a 188 

current between -0.005 and -0.1 A was applied for sufficient time to reach a potential below -0.2 189 

V. OCP measurements were conducted directly after some of the CP measurements by allowing 190 

the system to relax for 300 s while recording the WE potential. All electrochemical measurements 191 

were compensated for ohmic (IR) drop through a positive feedback loop on the potentiostat at a 192 

level between 75-85% of the IR resistance determined by electrochemical impedance spectroscopy 193 

(EIS) except for the CP and OCP measurements. CP measurements were corrected for the IR 194 

resistance after the measurements were completed. The OCP measurements do not require IR 195 

compensation as no current is applied during the measurement. 196 

 197 

2.3 Chemical Analysis 198 

 199 

Three samples were collected from each run for compositional analysis using inductively coupled 200 

plasma mass spectroscopy (ICP-MS, Agilent 7900). Portions of each sample were weighed before 201 

being dissolved in 20% HNO3/HCl (5:1) solution and diluted to 2% HNO3/HCl. The bismuth 202 

content of each solution was measured with ICP-MS. Standard addition was used to minimize the 203 

known matrix effects of bismuth with lithium and calcium. Matrix effects occur when the 204 

presences of an species suppress or enhance the signal of another species [30]. “Significant matrix 205 

effects of Bi in the ICP-MS require the use of matrix matched standard solutions for calibration” 206 

[31]. The standard addition method reduces error by matrix matched standard solutions [32]. The 207 

ICP-MS measurements were used to determine the weight fraction of bismuth in the sample. The 208 

reported weight percents from runs 1 and 5 were converted to concentrations using a density value 209 

for the LiCl-KCl eutectic of 1.669 ± 0.0100 g cm-3 taken from the literature [33]. The reported 210 

weight percents from runs 2-4 and 6 were converted to concentrations using a density value for 211 

the LiCl-KCl-CaCl2 eutectic of 1.713 ± 0.0103 g cm-3. The density value for the LiCl-KCl-CaCl2 212 

eutectic was calculated using the solid density value for CaCl2 and assuming ideal mixing of 213 

eutectic LiCl-KCl and CaCl2. Experimental data reported in the literature shows that LiCl, KCl, 214 
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and CaCl2 all approximate ideal behavior in their binary systems [34, 35] indicating that ideal 215 

mixing likely introduces minimal error. Density errors were estimated to be ±0.60% by assuming 216 

the maximum reported error (0.36%) for Janz’s regression of density data for LiCl-KCl system 217 

[35] plus an additional 0.22% to estimate the error in the density for unaccounted perturbations 218 

from the eutectic compositions, as great as 1 wt.%. Density errors were included when calculating 219 

the error (95% confidence interval) of the ICP-MS measured concentration of bismuth from the 220 

results from all 3 samples for each run. 221 

 222 

3. Results and Discussion 223 

 224 

3.1 WE Area Determination 225 

 226 

The determination of the WE surface area is key as it is used to calculate the diffusivity. The 227 

uncertainty in the area measurement propagates into the uncertainty for the diffusivity 228 

measurement. While visual methods were tried initially, these methods have uncertainties on the 229 

order of 10% [36]. CV measurements can be used to determine the WE surface area by taking 230 

advantage of the linear relationship between WE surface area and peak height. This relationship is 231 

described by the Berzins-Delahay equation shown in Eq. (1): 232 

 233 

 𝐼𝑝 = 0.6105𝐴√
(𝑛𝐹)3𝐷𝑜𝜐

𝑅𝑇
𝐶𝑜

∗ (1) 234 

 235 

where Ip represents the peak current, A is the WE surface area, n is the number of electrons 236 

exchanged, F is Faraday’s constant, Do is the diffusivity of the oxidized species, ν is the scan rate, 237 

R is the ideal gas constant, T is the temperature, and 𝐶𝑜
∗ is the bulk concentration of the oxidized 238 

species. To determine the area, CV measurements using the same conditions were taken at known 239 

height differences using the vertical translator to raise or lower the WE a known amount. The 240 

relationship between the WE surface area and peak height was then determined by shifting the y-241 

intercept to zero as a WE surface area of zero should correspond with a peak current height of zero. 242 

An example of the initial measurements taken and of the shifted data are shown in Figure 3 for the 243 

area determination of run 2. The equation shown on the graph showing the adjusted data can be 244 

used to determine the WE surface area from the peak height of a cyclic voltammogram conducted 245 

at the same conditions. Using the standard error from ‘LINEST’ function from Microsoft© Excel, 246 

the 95% confidence interval (CI) was calculated to be < 1% of the determined area (see Table 2). 247 

The same method was used to determine the WE surface area for each of the runs. 248 

 249 

 250 
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-  251 

 252 

Fig. 3 CV peak heights for Bi electrodeposition in molten LiCl-KCl-CaCl2 eutectic to determine WE 253 
surface area from run 2. Top: Raw data of peak height vs. depth (area) adjustment, Bottom: Adjusted data 254 
to make the linear fit pass through the origin. WE: 1.5 mm W rod, qRE: 1.5 mm W rod, CE: 3.175 mm W 255 

rod, 80% IR compensation, CV upper limit: 0.4 V, CV lower limit: -0.1 V, Scan Rate: 0.1 V s-1 256 

3.2 Full Electrochemical Window Scans 257 

 258 

Initial orientation to the electrochemical system was accomplished by determining the full 259 

electrochemical window (FEW) and identifying the observed peaks. In each run, a cyclic 260 

voltammogram was run to determine the upper and lower limit of the electrochemical window. 261 

FEWs from runs 1, 2 and 4 are shown in Figure 4 with the FEW from run 1 being shifted by 0.06 262 

V to align the A/A’ signals with the FEWs of other runs. A list of the half-cell reactions attributed 263 

to the signals identified in the FEWs is given in Table 3. The attributions of half-cell reactions are 264 

based on previous studies in the literature as detailed in the following discussion. 265 

Table 3 List of reactions attributed to each signal in cyclic voltammograms.   266 

Signal Overall Redox Reaction 

A/A’ Cl2 + 2e- ↔ 2Cl- 

B/B’ Bi3+ + 3e- ↔ Bi 

C/C’ CaWO4 + 6e- ↔ W + Ca2+ + 4O2- 

D/D’ 

xCa2+ + 2e- + yBi ↔ CaxBiy  

and/or 

xLi+ + 1e- + yBi ↔ LixBiy 

E/E’ 

Ca2+ + 2e- ↔ Ca 

and/or 

Li+ + 1e- ↔ Li 

y = -0.0401x - 0.0551

R² = 0.9995
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First, the signals at the upper and lower limits of the FEW are discussed. The A/A’ signals 267 

correspond to Cl2/Cl- redox couple—the upper limit of the window. The E/E’ signals mark the 268 

lower limit of the window. In run 1, E/E’ is the oxidation of Li and reduction of Li+, respectively, 269 

as no calcium was present. In run 2 and 4, E is either the reduction of Ca2+ or the co-reduction of 270 

Ca2+ and Li+ to a Ca-Li alloy and E’ is the oxidation of the Ca-Li alloy based on previous studies 271 

[12, 13, 37]. In LiCl-KCl-CaCl2 (52.3:11.6:36.1 mol%) eutectic, the reduction at the cathodic limit 272 

was found to be a lithium-calcium alloy based on ICP analysis of the cathode deposit [12]. In LiCl-273 

KCl-CaCl2 (50.5:44.2:5.3 mol%) eutectic [13] and LiCl-KCl eutectic containing CaCl2 at more 274 

dilute concentrations [37], an additional reduction signal was visible at potentials slightly more 275 

positive than the sharp rise at the lower limit and was attributed to Ca2+ reduction. However, the 276 

additional signal was only visible at low scan rates (20 and 50 mV s-1) and no chemical analysis 277 

of deposit on the W electrodes was presented to confirm the attribution. The Li+ to Li reduction 278 

and oxidation signals (E/E’) from run 1 are at a more negative potential than the E/E’ signals from 279 

run 2. This would seem to indicate that the Ca2+ reduction or the Li+ and Ca2+ co-reduction process 280 

occurs at a less negative potential than the Li+ reduction process. However, the shift for E/E’ is not 281 

observed in the bottom plot of Figure 4 for runs 1 (LiCl-KCl) and 4 (LiCl-KCl-CaCl2). The drying 282 

procedure for CaCl2 was improved for run 4. Hence, the shift of E/E’ in run 2 is postulated to be 283 

due to more residual water being present in salt before melting, which led to increased hydrolysis 284 

of CaCl2 during heating and more CaO or Ca(OH)2 (i.e., O2-, OH-) in the molten salt [38, 39].  285 

 286 

 287 

 288 

Fig. 4 Top: Full electrochemical window of BiCl3 in molten LiCl-KCl eutectic (run 1) and LiCl-KCl-289 
CaCl2 eutectic (run 2). Bottom: Full electrochemical window of BiCl3 in molten LiCl-KCl eutectic (run 1) 290 

and LiCl-KCl-CaCl2 eutectic (run 4). WE: 1.5 mm W rod; qRE: 1.5 mm W rod;  CE: 3.175 mm W rod; 291 
WE Area: 0.670 cm2 (run 1), 1.374 cm2 (run 2), 0.748 cm2 (run 4); Scan Rate: 0.3 V s-1; IR Compensation: 292 

0.25 Ω/75% (run 1), 0.18 Ω/78% (run 2). 0.40 Ω/78% (run 4) 293 
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With the limits of the FEW and the associated signals identified, the peaks inside of the FEW, 294 

B/B’, C/C’, and D/D’/D” remained to be assigned. D’ and D peaks are respectively attributed to 295 

the formation and oxidation of alloys of bismuth with lithium and calcium (when present). Peaks 296 

D and D’ rise sharply and drop sharply back to the baseline current without a tail indicating that 297 

the reactions involve a reaction constrained by its availability on the surface of the WE (i.e., 298 

reaction of Li and/or Ca with thin Bi film on the surface of WE). In runs 2 and 4, the D and D’ 299 

peaks commence at slightly more positive values in comparison to run 1. Hence, the formation of 300 

the Ca-Bi alloy may be slightly more favorable than the Li-Bi alloy. Two other papers have shown 301 

that the reduction potential of both lithium and calcium were shifted to less negative values in the 302 

presence of bismuth likely due to alloying [2, 40]. Peak C/C’ and D” are unique to run 2 and 303 

hypothesized be related to increased presence of O2- in the melt.  304 

 305 

Peak B’ is attributed to the single-step reduction of Bi3+ to bismuth metal. The relative position of 306 

the peak B’s potential (~ 0 V) to the chlorine anion oxidation signal (~ 1 V) is similar to the 307 

difference of the standard redox potentials of Bi3+/Bi and Cl-/Cl2 couples in the LiCl-KCl eutectic 308 

reported by Plambeck of -0.886 V [1]. Peak B is the oxidation of the deposited Bi metal. The 309 

standard redox potential of the Bi3+/Bi in the LiCl-KCl-CaCl2 eutectic and the LiCl-KCl eutectic 310 

are both determined in the OCP measurements reported hereafter (see Section 3.4). The C/C’ peak 311 

couple is attributed to formation and reduction of calcium tungstate (W/CaWO4), which involves 312 

the W electrode and CaO contamination. This reaction has been studied extensively in a previous 313 

publication [38] and is further confirmed in this publication by the absence of the C/C’ peaks in 314 

CV measurements in LiCl-KCl eutectic and run 4, which used more carefully dried CaCl2. This 315 

shows that the formation of CaWO4 can be circumvented if the presence of moisture is assiduously 316 

avoided in the molten salts containing CaCl2. Other electrodes were also considered for use to 317 

avoid CaWO4 formation, but the only other options (Mo, Pt, Au, Ir, or Pd) also form side products 318 

(e.g., CaMoO4) or alloy with bismuth [22, 41]. Therefore, the choice to run the experiments using 319 

a W electrode was made and the influence of the CaWO4 peak was minimized. 320 

 321 

3.3 Square Wave Voltammetry 322 

 323 

SWV measurements were conducted to confirm the peak assignment of peak B’ by calculating the 324 

number of electrons exchanged in the reaction associated with peak B’ shown in Fig. 3. SWV 325 

profiles for some frequencies (f) from run 3 are shown in Figure 5 where the peak around 0 V vs. 326 

qRE is associated with the bismuth electrodeposition reaction and the peak around -0.2 V vs. qRE 327 

is associated with CaWO4 reduction.  328 

 329 

 330 
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 331 

 332 

Fig. 5 Square wave voltammograms from run 3 (top) and run 4 (bottom). WE: 1.5 mm W rod; qRE: 1.5 333 
mm W rod;  CE: 3.175 mm W rod; WE Area: 0.766 cm2 (run 3), 0.748 cm2 (run 4); step potential: -0.002 334 

V; amplitude: 0.05 V; IR Compensation: 0.25 Ω/85% (run 3), 0.40 Ω/78% (run 4). 335 

Based on the work of Fatorous and Krulic [42], Fuller et al. developed a relation to determine the 336 

number of electrons exchanged for soluble-insoluble reactions with SWV data, which was used 337 

for the bismuth electrodeposition peak and is shown in Eq. (2) [43]:  338 

 339 

 𝑤2 = 0.91
𝑅𝑇

𝑛𝐹
 (2) 340 

 341 

where w2 is the width of the back half at half-maximum of the reduction peak (see Fig. 4) and the 342 

other variables are the same as defined previously. Eq. (2) assumes negligible uncompensated 343 

resistance and is applicable when w2 is independent of frequency (f). The results determined for 344 

the number of electrons exchanged from each measurement are shown plotted against the square 345 

root pulse time (Δt) in Figure 6, where Δt = 1/(2f). 346 

 347 
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 348 

Fig. 6 Calculated n from SWV data for Bi3+ reduction peak. WE: 1.5 mm W rod; qRE: 1.5 mm W rod; 349 
CE: 3.175 mm W rod; WE Area: 1.374 cm2 (run 2), 0.766 cm2 (run 3); step potential: 0.002 V; amplitude: 350 

0.05 V; IR compensation: 0.18 Ω/78% (run 2), 0.25 Ω/85% (run 3) 351 

At the lower frequencies of 1-5 Hz (Δt0.5 = 0.316 to 0.707 s0.5), w2 had no clear dependence on 352 

frequency, as portrayed in Eq. (2), and was used to calculate the n value for each of the runs. The 353 

average n values from runs 2 and 3 for the Bi3+ reduction peak were 2.7 ± 0.3 and 3.2 ± 0.1 354 

respectively. These results confirm that peak B’ corresponds to the three-electron exchange 355 

process of Bi3+ reduction. A thorough analysis of the CaWO4 reduction peak can be found 356 

elsewhere [38], where the SWV peak needed to be deconvoluted due to a multi-step redox 357 

mechanism.  358 

 359 

In run 4, SWV measurements had no evidence of CaWO4 peak, as shown in bottom plot of Figure 360 

5. Hence, the change in the CaCl2 drying procedure (see Table 1) appears to be effective at 361 

reducing the interference from CaWO4 peak to negligible levels. However, the higher resistance 362 

experienced in run 4 resulted in too significant of uncompensated resistance (0.113 Ω) to apply Eq. 363 

(2). Attempts were made to apply the more complicated relations developed by Fatorous and 364 

Krulic [42], which accounts for uncompensated resistance. However, this relation includes 365 

concentration of the analyte (i.e., BiCl3), which introduced significant error (± >1) and could not 366 

be used to confidently confirm the number of electrons exchanged. Hence, runs 2 and 3 provide 367 

the most confident determination of the number of electrons exchanged because of the minimal 368 

number of variables involved in Eq. (2) and the lower uncompensated resistance. 369 

 370 

3.4 Open Circuit Potential 371 

 372 

OCP measurements were conducted to measure the standard redox potential of the bismuth 373 

electrodeposition reaction in both the LiCl-KCl and LiCl-KCl-CaCl2 eutectics. A Ag/AgCl (4.5 374 

mol%) RE was used for the OCP measurements for runs 1 and 4 while a Ag/AgCl (4.75 mol%) 375 

RE was used for runs 5 and 6. An example OCP measurement from run 4 is shown in Figure 7 376 

where the cell is allowed to rest after applying a current for long enough to go below -1.5 V vs. 377 

the Ag/AgCl RE. The inset in the top plot of Figure 7 shows the initial transition from the bismuth 378 

alloy potential (see Fig. 3) to the Bi3+/Bi potential. 379 

 380 
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 381 

 382 

Fig. 7 Top: Example OCP measurement with inset of first 3 s from run 4 for BiCl3 at 3.49 × 10-5 mol cm-3 383 
in molten LiCl-KCl-CaCl2 eutectic. WE: 1.5 mm W rod, RE: 4.5 mol% Ag/AgCl solution in a mullite 384 

tube, CE: 3.175 mm W rod. Bottom: Example OCP measurement from run 1, 4-6 for comparison. 385 
Experimental details for each run are shown in Table 3. 386 

The OCP value for each measurement was calculated by taking the average recorded potential over 387 

the last 50 seconds. The OCP values from each measurement were then averaged to determine an 388 

average OCP value for each run. The Nernst equation, shown in Eq. (3), was used to calculate the 389 

standard apparent redox potential for the Bi3+/Bi couple from the average OCP value.  390 

 391 

 𝐸 = 𝐸0′
−

𝑅𝑇

𝑛𝐹
𝑙𝑛 (

1

𝑥𝐵𝑖𝐶𝑙3

) (3) 392 

 393 

Where E is the OCP, E0’ is the standard apparent redox potential, xBiCl3 is the mole fraction of BiCl3 394 

and the other variables are the same as has been previously defined. The experimentally 395 

determined standard apparent redox potentials from the OCP measurements for runs 1 and 4-6 are 396 

shown in Table 4. The Eo’ value from run 1 (LiCl-KCl) is statistically different from the Eo’ value 397 

from run 4 (LiCl-KCl-CaCl2). However, the difference is not significant between runs 5 and 6. 398 

Hence, the difference between runs 1 and 4 may be explained by the mullite membrane. The 399 

difference between Eo’ values using a mullite tube (runs 1 and 4) and a pyrex tube (runs 5 and 6) 400 

is significantly larger (0.09-0.1 V) than the difference between runs 1 and 4 (0.01 V) and runs 5 401 

and 6 (0.001 V). The differences seen between different REs confirms that membranes can have a 402 

significant influence on the accuracy and repeatability of the observed OCP and resulting Eo’ 403 

calculated [29, 44]. Thus mullite tubes being larger and more variable in construction led to more 404 

significant and variable membrane potentials than the precision, thin-walled pyrex tubes [29].  405 
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Table 4 Standard redox potentials for bismuth electrodeposition in the LiCl-KCl (runs 1 and 5) and LiCl-406 
KCl-CaCl2 (runs 4 and 6) eutectics 407 

Run 
Eutectic Salt 

BiCl3 mol% 
OCP/ 

(V vs. Ag/AgCl*) 

Eo’/ 

(V vs. Ag/AgCl*) 

Eo’/ 

(V vs. Cl-/Cl2) 

1 LiCl-KCl 0.242 ± 0.0290 -0.0965 ± 0.0003 0.0214 ± 0.0025 -1.025 ± 0.0025 

4 LiCl-KCl-CaCl2 0.276 ± 0.0331 -0.0832 ± 0.002 0.0315 ± 0.0046 -1.015 ± 0.0046 

5 LiCl-KCl 0.352 ± 0.0640 0.0061 ± 0.00007 0.1174 ± 0.004 -0.9266 ± 0.004 

6 LiCl-KCl-CaCl2 0.354 ± 0.0644 0.0083 ± 0.0001 0.1183 ± 0.004 -0.9255 ± 0.004 
*Runs 1 and 4 used a mullite tube and 4.5 mol% AgCl, runs 5 and 6 used a pyrex tube and 4.75 mol% AgCl 

 408 

The Eo’ values are converted to Cl-/Cl2 reference potentials using the data from Yoon et al. [44]. 409 

The Eo’(Bi3+/Bi) value for run 1 of -1.025 V vs. Cl-/Cl2 at 681 K differs from the Eo’(Bi3+/Bi) value 410 

of -0.886 V vs. Cl-/Cl2 at 723 K reported by Plambeck by 0.140 V [1]. The Eo’(Bi3+/Bi) value for 411 

run 5 of -0.9266 V vs. Cl-/Cl2 at 681 K differs by 0.041 V from the Eo’(Bi3+/Bi) by Plambeck. The 412 

difference between the OCP measured for runs 1 and 5 is most likely due to a larger junction 413 

potential being experienced by the RE with a mullite tube. Some of the difference between the Eo’ 414 

values of run 5 and reported by Plambeck is due to the difference in temperatures (ΔT = 42 K). In 415 

a data review, Zhang reported temperature dependencies of Eo’ ranging from 5.5 to 7.5 × 10-4 V 416 

K-1 for electrodeposition of lanthanides and actinides [45]. This correlates to potential differences 417 

of 0.023 to 0.032 V. The remaining 9-18 mV difference is reasonable and could be due to some 418 

minor differences in experimental procedures and equipment.    419 

 420 

3.5 Cyclic Voltammetry 421 

 422 

To determine how to minimize interference from peak C/C’ in runs 2 and 3, CV measurements 423 

were conducted using different lower limits, as shown in Figure 8. When the lower limit was 424 

greater than -0.1 V, the W/CaWO4 redox peaks (C/C’) were not visible. At a lower limit of -0.2 V, 425 

the C1/C’ redox peak appears. At a lower limit of < -0.3 V, there are two visible oxidation peaks 426 

which could indicate two separate steps occurring for the W/CaWO4 reaction. This second peak 427 

(C2) is not discernable in Figure 4. However, both peaks C in Figure 4 and C2 in Figure 8 start at -428 

0.2 V. Hence, it is likely that C is C1 and C2 merged due to their larger size in Figure 4 where more 429 

reduced product was formed during the longer scan. The reduction behavior in the region of peaks 430 

B’ and C’ were also compared between runs 2 and 4, as shown in Figure 9. It can be seen in run 4 431 

that no C’ signal is evident. Semi-differential analysis can increase signal resolution, reduce 432 

background, and better distinguish overlapping signals [46–48]. Hence, the current density (i) in 433 

the top plot of Figure 9 was semi-differentiated (SD) resulting in taller and more narrow peaks, 434 

which decay to near zero current. Yet, there was still no evidence of peak C’ in run 4 CV data, 435 

which typifies a single electrodeposition reaction on a foreign substrate (i.e., sharp rise with 436 

exponential decay following), as detailed elsewhere [48]. This confirms that the change in drying 437 

procedure (see Table 1) effectively removes the C’ signal. The SD data also reveals that run 2 438 

begins to depart from the typical SD response at about -0.1 V due to commencement of C’ peak. 439 

Hence, CV measurements used to determine the diffusivity of Bi3+ used a lower limit ≥ -0.1 V. For 440 

each run, a set of CV measurements were conducted at varying scan rates. Some representative 441 

CV measurements are shown in Figure 10. 442 

 443 
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 444 

Fig. 8 CV curves for BiCl3 at 4.24 × 10-5 mol cm-3 in molten LiCl-KCl-CaCl2 eutectic at various lower 445 
potential limits. WE: 1.5 mm W rod, qRE: 1.5 mm W rod, CE: 3.175 mm W rod, WE Area: 1.374 cm2, 446 

scan rate: 0.3 V s-1, IR compensation: 0.18 Ω/78% 447 

 448 

Fig. 9 Comparison of CV curves from run 2 (4.24 × 10-5 mol cm-3 BiCl3) and run 4 (7.75 × 10-5 mol cm-3 449 
BiCl3) in molten LiCl-KCl-CaCl2 eutectic. WE: 1.5 mm W rod; qRE: 1.5 mm W rod; CE: 3.175 mm W 450 
rod; WE Area: 1.374 cm2 (run 2), 0.748 cm2 (run 4); scan rate: 0.3 V s-1; IR compensation: 0.18 Ω/78% 451 

(run 2), 0.4 Ω/77% (run 4) 452 
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 453 

Fig. 10 CV curves of BiCl3 at 4.24 × 10-5 mol cm-3 in molten LiCl-KCl-CaCl2 eutectic at varying scan 454 
rates from run 3. WE: 1.5 mm W rod, qRE: 1.5 mm W rod, CE: 3.175 mm W rod, WE Area: 0.766 cm2, 455 

IR compensation: 0.29 Ω/85% 456 

The B/B’ redox peaks in Figures 4, 8 and 10 exhibit the sharp peak shapes characteristic of 457 

insoluble metal deposition and stripping. Peak B rises exponentially when the reverse sweep 458 

crosses above the equilibrium potential due to preconcentration of deposited metal on the electrode 459 

surface, and then drops suddenly when the metal on electrode potential is oxidized off. Peak B 460 

grows in Figure 8 as the lower limit is extended more negatively due to the increased amount of 461 

metal deposited on the electrode during the prolonged duration at potentials more negative than 462 

the equilibrium potential. 463 

 464 

Because the CV measurements are for the deposition of a metal (i.e., bismuth) onto a foreign 465 

substrate (i.e., tungsten), the expressions derived by Krulic et al. are used to calculate the diffusion 466 

coefficient [49]. An explanation for the need for the Krulic et al. expression as opposed to the 467 

Berzins-Delahay equation, previously shown in Eq. (1), as well as a detailed explanation of the 468 

equations used to calculate the diffusion coefficient from Krulic et al.’s expressions were recently 469 

detailed elsewhere [50]. Krulic et al.’s expressions are for reversible, soluble-insoluble reactions. 470 

Hence, the range of scan rates to use for the diffusivity calculation was determined by estimating 471 

the range of scan rates, over which the bismuth electrodeposition reaction exhibited reversible 472 

behavior in each run.  473 

 474 

A soluble-insoluble reaction can be determined to be electrochemically reversible (hereafter 475 

referred to as reversible) if the peak position is independent of scan rate and the peak height is 476 

linear with the square root of scan rate [51]. The top plot in Figure 11 shows the peak position 477 

plotted against the natural log of scan rate along with the theoretical slope of peak position for 478 

electrochemically irreversible reactions. This slope is calculated from the relationship derived by 479 

Delahay between the peak position and scan rate for irreversible reactions [52], as shown in Eq. 480 

(4). 481 

 482 

 𝐸𝑝 = 𝐸0′ +
1

𝑏
(0.780 + ln √

𝐷𝑜𝑏𝜐

𝑘0
) (4) 483 

 484 

Ep represents peak position, k0 is the standard rate constant, and b is given by: 485 

 486 
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 𝑏 =
𝛼𝑛𝐹

𝑅𝑇
 (5) 487 

 488 

where α is the charge transfer coefficient, and all other variables are the same as defined previously. 489 

Eq. (4) can be simplified to isolate the relationship between the peak potential and the natural log 490 

of scan rate as shown in Eq. (6): 491 

 492 

 𝐸𝑝 =
1

2𝑏
(ln 𝜐) + 𝑃 (6) 493 

 494 

where P is the contribution of all the other terms that can be separated from the scan rate term. 495 

This theoretical slope was used to estimate the extent of peak position shift expected for an 496 

irreversible reaction. The theoretical irreversible line in the top plot of Figure 10 was set to start at 497 

the same peak position as the lowest scan rate used to allow for easy comparison. The intercept is 498 

arbitrary and is not related to the P from Eq. (6).  499 

 500 

It should be noted that values for α could range from near 0 to 1. Values for α from 0.015 to 0.67 501 

have been estimated in molten salt electrodeposition studies [22, 53–55]. However, Laitinen et al. 502 

estimated α to be 0.5 for Bi3+/Bi at a tungsten electrode [22]. Hence, an α of 0.5 was assumed in 503 

calculating the theoretical slope. As seen in Figure 11, the position shift for peak B’ with increasing 504 

scan rate is minimal in comparison to the theoretical irreversible slope, which precludes the 505 

possibility of irreversibility.  506 

 507 

To determine whether the reaction was reversible or quasi-reversible at this range of scan rates, 508 

the relationship between the peak height and square root of scan rate is examined. Quasi-reversible 509 

reaction peak heights are not linear with the square root of scan rate. Linearity is only maintained 510 

for reversible and irreversible reactions. The bottom plot of Figure 11 shows the peak height trend 511 

with square root of scan rate for runs 1-4. The theoretical reversible slope was determined using 512 

the slope regressed for the scan rate range of 0.05 – 0.15 V s-1 as this included the slowest scan 513 

rates that are most likely to be reversible. Runs 1-3 appear to be reversible over a large portion of 514 

the applied scan rates. Run 4 deviates from the theoretical reversible slope at scan rates greater 515 

than 0.15 V s-1. This deviation could be due to the larger IR resistance measured for run 4. Though 516 

run 4 is compensated at a similar percentage as the other runs, the magnitude of the uncompensated 517 

resistance is higher due to the larger IR resistance value. To minimize the impact of uncompensated 518 

resistance and to be consistent, a scan rate range of 0.05 – 0.3 V s-1 was used to determine the 519 

diffusivity from each run.  520 

 521 

Figure 12 plots the peak height against the square root of scan rate linear relationships obtained 522 

along with the raw data for the CV experiments conducted at 0.05 – 0.3 V s-1. Table 5 shows the 523 

slopes obtained along with the calculated diffusivities. The diffusivity is calculated using an open-524 

source, online tool, which uses relations from Krulic et al. to account for deposition onto a foreign 525 

substrate and a digital staircase approximation of an analog scan [49, 56]. The difference in the 526 

calculated diffusivity values could be due to several factors. The calcium tungstate reaction could 527 

be affecting the diffusivity values calculated for runs 2-3 even though precautions were taken to 528 

avoid the calcium tungstate peak. Alternatively, the difference in measured IR resistance, levels of 529 

compensation, and WE surface areas could have different effects on the reported values. However, 530 

the significance of the differences is uncertain as the 95% CIs overlap for the Do values calculated 531 

in each run.  532 
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 533 

 534 

Fig. 11 Top: Peak position (markers) trend with scan rate for runs 1-4 with theoretical irreversible slope 535 
(line) plotted for comparison. Bottom: Peak heights (markers) plotted against the square root of scan rate 536 
for runs 1-4 with theoretical reversible lines included for comparison. WE: 1.5 mm W rod; qRE: 1.5 mm 537 
W rod; CE: 3.175 mm W rod; WE Area: 0.670 cm2 (run 1), 1.374 cm2 (run 2), 0.766 cm2 (run 3), 0.748 538 

cm2 (run 4); IR compensation: 0.25 Ω/ 75% (run 1), 0.18 Ω/78% (run 2), 0.25 Ω/85% (run 3), 0.4 Ω/77% 539 
(run 4) 540 

 541 

Fig. 12 Selected CV data (markers) with linear fits (lines) for calculating the diffusivity from runs 1-4. 542 
WE: 1.5 mm W rod; qRE: 1.5 mm W rod; CE: 3.175 mm W rod; WE Area: 0.670 cm2 (run 1), 1.374 cm2 543 
(run 2), 0.766 cm2 (run 3), 0.748 cm2 (run 4); IR compensation: 0.25 Ω/ 75% (run 1), 0.18 Ω/78% (run 2), 544 

0.25 Ω/85% (run 3), 0.4 Ω/77% (run 4) 545 

 546 
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Table 5 Slopes and calculated diffusivities from the CV measurements conducted for runs 1-4 for BiCl3 547 
in the LiCl-KCl and LiCl-KCl-CaCl2 molten salt eutectics 548 

Run Eutectic Salt Slope /(A V-0.5 s0.5)  Do /(10-6 cm2 s-1) 

1 LiCl-KCl -0.134 ± 0.001 6.56 ± 2.09 

2 LiCl-KCl-CaCl2 -0.174 ± 0.001 7.51 ± 1.94 

3 LiCl-KCl-CaCl2 -0.103 ± 0.0005 8.11 ± 2.15 

4 LiCl-KCl-CaCl2 -0.171 ± 0.006 8.91 ± 2.96 

 549 

3.6.Chronoamperometry 550 

 551 

CA experiments were also conducted to determine the diffusion coefficient of BiCl3 in the LiCl-552 

KCl and LiCl-KCl-CaCl2 eutectics. A potential is applied that is far enough below the equilibrium 553 

potential to quickly reach the mass transfer limiting current before significant WE area growth 554 

occurs and/or natural convection influences the response. Once the mass transfer current limit is 555 

reached, the Cottrell equation, shown in Eq. (7), can be used to calculate the diffusion coefficient. 556 

 𝐼 =
𝑛𝐹𝐴𝐶𝑜

∗√𝐷𝑜

√𝜋𝑡
 (7) 557 

 558 

Where 𝐼 represents the current, t represents time, and all other variables were previously defined. 559 

The region of applied voltages that lead to mass transfer limiting currents was determined by 560 

graphing the CA data between -0.05 and -0.25 V to see at what applied voltages the current 561 

response remains the same with increasing applied voltage. Figure 13 shows CA measurements 562 

taken from -0.05 to -0.25 V for runs 1 and 2. In the top graph (run 1) in Figure 13 the data starts 563 

to overlap after 0.6 s for applied voltages <-0.1 V. In the bottom graph (run 2), the data has three 564 

intervals of applied voltages, one from -0.11 to -0.13 V, another from -0.19 to -0.21 V, and the last 565 

one from -0.23 to -0.25 V where it overlaps. From the CV results shown in Figures 8 and 9, it is 566 

possible that any potential <-0.1 V could be influenced by the calcium tungstate reduction. It is 567 

proposed for run 2 that the applied voltages greater than -0.11 V were not high enough to reach 568 

the mass transfer limiting current while the applied voltages less than -0.13 V were affected by the 569 

calcium tungstate reduction. With a stark jump in current being seen at an applied voltage of -0.15 570 

V. The measured CA data for run 4 had similar behavior to that of run 1 while the measured CA 571 

data for run 3 had similar behavior to that of run 2. Further confirming that the calcium tungstate 572 

reduction was not noticeably affecting the measurements for run 4. 573 

 574 

Based on the data from Figure 13 for run 1, a range of 0.6 to 1 s was used as the mass transfer 575 

limiting region as the data overlaps at applied voltages < -0.1 V over that time range. The CA data 576 

from 0.6 to 1 s was graphed against the inverse square root of time for each experiment. A linear 577 

fit for each data set was then determined using Microsoft© Excel. The slope from the linear fit 578 

was then used to calculate the diffusion coefficient for BiCl3 for each CA measurement. The 579 

obtained diffusivities are plotted against the applied voltages in Figure 14.  580 
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 581 

 582 
 583 

Fig. 13 Top: CA data from run 1 in the LiCl-KCl eutectic; Bottom: CA data from run 2 in the LiCl-KCl-584 
CaCl2 eutectic. WE: 1.5 mm W rod; qRE: 1.5 mm W rod; CE: 3.175 mm W rod; WE Area: 0.670 cm2 585 

(run 1), 1.374 cm2 (run 2); IR compensation: 0.25 Ω/ 75% (run 1), 0.18 Ω/78% (run 2) 586 

 587 

  588 

Fig. 14 Calculated diffusivities from the CA experiments from runs 1-4. WE: 1.5 mm W rod; qRE: 1.5 589 
mm W rod; CE: 3.175 mm W rod; WE Area: 0.670 cm2 (run 1), 1.374 cm2 (run 2), 0.766 cm2 (run 3), 590 

0.748 cm2 (run 4); IR compensation: 0.25 Ω/ 75% (run 1), 0.18 Ω/76% (run 2), 0.25 Ω/85% (run 3), 0.4 591 
Ω/77% (run 4) 592 

The applied voltage range used for calculating the average diffusivity value in each run was 593 

determined by selecting the flattest region of the curves shown in Figure 14. The applied voltage 594 

ranges, average slopes, and calculated diffusivities are shown in Table 6. These values from each 595 

run differ from one another. However, the significance of the difference is uncertain since the 95% 596 
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CIs overlap again and are larger than those calculated in CV measurements. The values from runs 597 

2 and 3 are suspect due to potential interference from the C/C’ signal. A truly diffusion limited 598 

current may not have been achieved in the -0.11 to -0.13 V range before it started to rise again in 599 

the -0.13 to -0.19 V range for runs 2-3. Alternatively, runs 1 and 4 had higher concentrations 600 

resulting in a higher diffusion limited current density, which increases the likelihood of surface 601 

area growth during CA. However, as seen in Fig. 13 (top), there is no discernable evidence for 602 

surface area growth (e.g., increasing current magnitude, jagged signal). Another possible reason 603 

for the inflated diffusivities is nucleation effects causing the experimental data to deviate from 604 

Cottrellian behavior [57, 58]. 605 

Table 6 Voltage ranges, average slopes, and diffusivities from the CA experiments from runs 1-4 for 606 
BiCl3 in the LiCl-KCl and LiCl-KCl-CaCl2 molten salt eutectics 607 

Run Eutectic Salt Applied Voltages /V Slope /(A s0.5)  Do /(10-6 cm2 s-1) 

1 LiCl-KCl -0.175 to -0.25 -0.0235 ± 0.0004 8.96 ± 3.19 

2 LiCl-KCl-CaCl2 -0.09 to -0.13 -0.0242 ± 0.0007 6.44 ± 2.07 

3 LiCl-KCl-CaCl2 -0.11 to -0.13 -0.0128 ± 0.0010 5.82 ± 2.71 

4 LiCl-KCl-CaCl2 -0.15 to -0.25 -0.0332 ± 0.0046 12.3 ± 8.91 

 608 
3.7. Chronopotentiometry 609 

 610 

The last method used to determine the diffusivity of BiCl3 in the LiCl-KCl and LiCl-KCl-CaCl2 611 

eutectics was CP. A current is applied and the potential changes with time. The potential drops 612 

precipitously when the mass transfer limiting current of the initial reaction is exceeded. An 613 

additional reaction is needed to be able to supply the demanded current and the voltage changes to 614 

reflect that. Because of this, the current applied must be high enough that the mass transfer limit 615 

of the initial reaction is reached and surpassed. The time at which the mass transfer limit is reached, 616 

referred to as the transition time (τ), can be related to the diffusivity using the Sand equation shown 617 

in Eq. (8): 618 

 619 

 
𝑖𝜏0.5

𝐶𝑜
∗ =

𝑛𝐹𝐴√𝐷𝑜𝜋

2
 (8) 620 

 621 

where all the variables are defined previously. The derivation of this relationship is covered in a 622 

review on different methods for determining electrolyte concentration [59]. Fig. 13 shows example 623 

CP measurements from runs 1 and 3. The CP measurements from run 1 and 4 all looked similar to 624 

the top plot in Figure 15 (i.e., typical CP response) and a τ could be determined. The CP 625 

measurements from runs 2 and 3 all looked similar to the bottom plot in Figure 15, in which an 626 

initial voltage drop occurs just after 2 seconds. This voltage drop is associated with the first 627 

reaction (Bi3+/Bi) beginning to approach mass transfer limitation. However, the voltage begins to 628 

level out before the voltage drop is completed. This is due to the commencement of calcium 629 

tungstate reduction. The voltage drop not being completed shows that there is not enough 630 

separation in the potentials of the bismuth electrodeposition and calcium tungstate reduction 631 

reactions to distinguish separate τ values. Due to the inability to determine τ from the obtained 632 

data, no diffusivity is reported from the CP experiments for runs 2 and 3. The top plot in Figure 633 

15 demonstrates how τ was determined graphically. The two linear portions were fit using 634 

Microsoft© Excel and the intercept of the two lines was then used as τ. When using this 635 

methodology, the error in determining τ was estimated to be less than 10%. 636 
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637 

 638 

Fig. 15 Example CP experiments of BiCl3 in Top: the LiCl-KCl eutectic at an applied current of -0.03 A 639 
from run 1 and Bottom: the LiCl-KCl-CaCl2 eutectic at an applied current of -0.01 A from run 3. WE: 1.5 640 
mm W rod; qRE: 1.5 mm W rod; CE: 3.175 mm W rod; WE Area: 0.670 cm2 (run 1), 0.766 cm2 (run 3); 641 

IR Comp: N/A 642 

Figure 16 shows the calculated diffusivities from the CP measurements for each of the applied 643 

currents from runs 1 and 4. The calculated diffusivities at the lowest applied currents were greater 644 

than those from the other experiments. This could be due to surface area growth and/or natural 645 

convection starting to affect the measurement due to the longer τ values (3-3.8 s) associated with 646 

the lower applied currents. The variance between the two measurements at an applied current of -647 

0.06 A in both runs 1 and 4 was greater than the measurements at the other applied currents. The 648 

first CP measurement conducted for both runs 1 and 4 was at -0.06 A and was the one that differed 649 

from the other measurements. Due to this, the first CP measurement at -0.06 A was not used to 650 

calculate the diffusivity from the CP measurements. The current ranges used to calculate the 651 

diffusivity were based on the linearity of the current against the inverse square root of τ. The graphs 652 

of this relationship for the applied current ranges selected are shown in Figure 16. The slopes from 653 

these graphs were used to calculate the diffusivity based on the Sand equation shown in Eq. (8). 654 

The selected applied current ranges, and calculated diffusivities are shown in Table 7. As was the 655 

case for CV, the diffusivity calculated for run 4 is greater than run 1 by a similar amount. 656 
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657 

 658 

Fig. 16 Top: The applied currents plotted against the inverse square root of τ for runs 1 and 4. Bottom: 659 
Diffusion coefficients of BiCl3 determined from the CP experiments in the LiCl-KCl eutectic (run 1) and 660 

the LiCl-KCl-CaCl2 eutectic (run 4). WE: 1.5 mm W rod; qRE: 1.5 mm W rod; CE: 3.175 mm W rod; 661 
WE Area: 0.670 cm2 (run 1), 0.748 cm2 (run 4); IR Comp: N/A 662 

Table 7 Applied current ranges and calculated diffusivities from the CA experiments from runs 1 and 4 663 
for BiCl3 in the LiCl-KCl and LiCl-KCl-CaCl2 molten salt eutectics 664 

Run Eutectic Salt Applied Currents /A Diffusivity /(10-6 cm2 s-1) 

1 LiCl-KCl -0.04 to -0.06 6.85 ± 2.25 

4 LiCl-KCl-CaCl2 -0.05 to -0.07 8.95 ± 3.26 

 665 

3.8.Compiled Diffusivity Values 666 

 667 

The diffusivity values calculated for each run and method are compiled in the bar chart in Figure 668 

17. As discussed in previous sections, the diffusivity values for runs 2 and 3 are suspect due to the 669 

inability to confidently rule out potential interference from peak C’. Diffusivity values from run 4 670 

are deemed more reliable for the LiCl-KCl-CaCl2 system due to a lack of evidence for peak C’ in 671 

any of the methods. The diffusivity values calculated using CA data differed considerably, but still 672 

within error, from the values from other methods across all the runs. CA measurements can be 673 

affected by IR drop, WE surface area growth, nucleation, and/or natural convection. The Cottrell 674 

equation, Eq. (7), does not account for any of these effects. Optimizing the time range used for 675 

analysis could minimize these effects. However, these effects are in competition with each other. 676 

WE surface area growth and natural convection are minimized at shorter times. While IR drop and 677 

nucleation have less of an impact at longer times [59]. Indeed, “the current… is not well described 678 

by the simple Cottrell equation in the case of slow nucleation, except at sufficiently long times” 679 
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[57]. Further refinement of CA measurements and analysis is suggested to minimize and/or 680 

account for non-diffusional effects when determining the diffusivity in molten salts. 681 

 682 

Fig. 17 Experimentally determined diffusivities and their associated 95% confidence intervals (error bars) 683 
from the CV, CA, and CP experiments for run 1 (LiCl-KCl) and runs 2-4 (LiCl-KCl-CaCl2) for BiCl3 in 684 

molten salt eutectics 685 

The diffusivities for runs 1 and 4 determined from the CV and CP measurements are the most 686 

trusted values and recommended by the authors for the diffusivity of bismuth ions in the bismuth 687 

electrodeposition reaction in LiCl-KCl and LiCl-KCl-CaCl2 eutectics, respectively. The authors 688 

acknowledge that there is a high level of uncertainty but are encouraged by the consistency in the 689 

data between two different methods (i.e., CV, CP). The recommended diffusivity values for the 690 

LiCl-KCl eutectic is approximately one third of the diffusivity reported by Carlin et. al. [2] of 2.2 691 

x 10-5 cm2/s at 673 K for Bi3+. Carlin et al. calculated the diffusivity using the relationship between 692 

the limiting current (Ilim) from normal pulse voltammetry (essentially a series of CA measurements) 693 

and pulse time (tp). Since a micro disk WE was used, the plot of the Ilim with tp
-1/2 should be linear 694 

with a positive y-intercept. However, Carlin et al. noted that the intercept of Ilim vs. tp
-1/2 plot was 695 

negative introducing some error to their calculation. The CA data in this work also had non-zero 696 

intercepts indicating that Cottrellian behavior may not have been fully achieved, which may have 697 

led to higher calculated values for the diffusivity than the CV and CP method. Diffusivity decreases 698 

with decreasing temperature and it is not uncommon to determine diffusivities on the order of 10-699 
6 cm2 s-1 at 723 K and below in molten LiCl-KCl eutectic [45, 60–63]. For example, Gd3+ has 700 

diffusivities ranging from 5.2 to 6.5 × 10-6 cm2 s-1 at 681 K in molten LiCl-KCl eutectic [45, 60, 701 

61]. This is encouraging considering that the ionic radii of Gd3+ (97 pm) and Bi3+ (96 pm) are 702 

similar.  703 

 704 

The ionic radius (or particle size) is a key property influencing diffusivity of an ion according to 705 

the Stokes-Einstein model. In a dilute solution of species ‘o’, the Stokes-Einstein equation predicts 706 

the diffusivity as follows: 707 

 708 

 𝐷𝑜 =  
𝑘𝐵𝑇

6𝜋𝜇𝑎
 (9) 709 

 710 

where kB is the Boltzman’s constant, μ is the dynamic viscosity, and a is the atomic or particle 711 

radius. The Stokes-Einstein equation “has been shown to be exact for large, spherical particles… 712 
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and is surprising accurate for solute radii as small as two to three times that of the solvent” [64]. 713 

Hence, the radius of the diffusing solute will impact the diffusivity according to the Stokes-714 

Einstein equation.  715 

 716 

Notwithstanding the significant uncertainty to the calculated values in Figure 17, there is a 717 

consistent trend of the diffusivity value from run 4 being larger than the value from run 1 in Figure 718 

17 across the methods. This trend could be due to the LiCl-KCl-CaCl2 eutectic having a lower 719 

melting point than LiCl-KCl eutectic (See Figure 1). The lower melting point of LiCl-KCl-CaCl2 720 

eutectic could result in it having a lower viscosity than LiCl-KCl eutectic at the same temperature. 721 

Unfortunately, the authors were unable to find viscosity data to support this hypothesis. However, 722 

the hypothesis is supported by the Stokes-Einstein model and the principles of corresponding states. 723 

 724 

The Stokes-Einstein equation, Eq. (9), illustrates that diffusivity will increase with temperature. 725 

However, often, the decrease in viscosity with increasing temperature has a greater effect on 726 

increasing Do [64]. The properties of fluids, including viscosity, can be estimated and general 727 

trends explored by employing principles of corresponding state, where properties are compared to 728 

the same reduced state [65]. The critical point is often used to obtain the reduced state. However, 729 

data is lacking for the critical point of eutectic salts. Hence, the melting point of molten salts will 730 

be used instead as the reduced state (i.e., reduced temperature) to illustrate corresponding-states 731 

correlations.  732 

 733 

The viscosity of a liquid (including ionic liquids [66] and molten salts [67]) decreases with 734 

increasing temperature, generally following an Arrhenius relationship: 735 

 736 

 𝜇 = 𝛽𝑒𝛾/𝑇 (10) 737 

 738 

where β and γ are adjustable parameters. If the reduced state is taken as the melting point of the 739 

molten salt, then the extrapolated reduced state viscosity (μm) can be calculated as follows: 740 

 741 

 𝜇𝑚 = 𝛽𝑒𝛾/𝑇𝑚 (11) 742 

 743 

where Tm is the melting (or liquidus) temperature of the molten salt. Normalizing viscosity and 744 

temperature by their respective reduced state values should result in viscosity values from a variety 745 

of molten salts to collapse to a single dependency. 746 

  747 

To demonstrate the validity and estimating ability of corresponding states for the viscosity of 748 

molten salts, the natural log of μ normalized by μm is plotted against the inverse of the reduced 749 

state temperature (Tm/T) for a few salt systems [35] in Figure 18. For the LiCl-KCl (60:40 mol%) 750 

and equimolar CaCl2-NaCl salts, Tm was determined from the liquidus line at the appropriate 751 

composition in the respective phase diagrams [68]. Each system has a trend of decreasing μ as T 752 

increases (i.e., Tm/T decreases). Furthermore, the normalized viscosities of each system lie close 753 

to the overall trend (black dotted line in Figure 18) of the data from all salt systems. Hence, the 754 

general trend for the viscosity of molten salts is decreasing as the temperature difference between 755 

T and Tm increases (i.e., Tm/T decreases). If the LiCl-KCl and LiCl-KCl-CaCl2 eutectics have a 756 

similar μm, then moving from the LiCl-KCl eutectic (Tm = 628 K) to the LiCl-KCl-CaCl2 eutectic 757 
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(Tm = 612 K) would decrease Tm/T from 0.92 to 0.90, which would result in a 5% decrease in μ 758 

and an inversely proportional increase in Do according to Eq. (9). 759 

 760 
Fig. 18 Plot of reduced viscosity data from Ref. [35] for LiCl, KCl, CaCl2, LiCl-KCl (60:40 mol%), 761 

equimolar CaCl2-NaCl after being normalized by reduced state values. The dotted black line is the overall 762 
trend across datasets. 763 

 764 

There is significant uncertainty in regard to the trends and values of Do. The most significant 765 

contributor to the uncertainty is the ICP-MS measured concentration of Bi, which varied 766 

considerably across samples. The source of this uncertainty is undetermined. Several sources could 767 

be explored to further improve the accuracy of ICP-MS analysis of samples taken from molten 768 

salts including, but not limited to, sampling methods (e.g., number and size of samples, techniques), 769 

digestion chemistry, and sample preparation methods (e.g., internal standards, standard addition, 770 

bracketing). For example, BiCl3 has complex dissolution behavior and requires the presence of 771 

HCl to avoid precipitating some hydrolyzed BiCl3 as BiOCl [69, 70]. Initially, salt samples were 772 

dissolved solely in nitric acid. However, upon the addition of HCl, more consistent ICP-MS 773 

measurements of Bi concentrations were obtained, but significant variation persisted as illustrated 774 

by the error reported herein. Based on the last author’s experience in conducting a review of the 775 

literature [59], the uncertainty introduced from sampling, digesting, diluting, and other steps in 776 

performing ICP-MS analysis are often not addressed in molten salt electrochemical studies. Our 777 

study highlights the need to devote greater attention towards minimizing and verifying ICP-MS 778 

measurement errors to improve the accuracy of determined properties, especially diffusivities.  779 

 780 

4. Conclusions 781 

 782 

The electrochemical parameters for BiCl3 in the LiCl-KCl and LiCl-KCl-CaCl2 eutectics have 783 

been determined using CV, SWV, CA, CP, and OCP measurements. The bismuth 784 

electrodeposition reaction was confirmed to be a three-electron exchange process using SWV. The 785 

standard redox potential for the Bi3+/Bi couple was measured to be 0.1166 V vs. Ag/AgCl (4.75 786 

mol%) and 0.1187 V vs. Ag/AgCl (4.75 mol%) in the molten LiCl-KCl and LiCl-KCl-CaCl2 787 

eutectics, respectively, at 680 ± 2.1 K using REs with a pyrex membrane. The RE membrane had 788 

a significant influence on the OCP observed at the temperatures (678-681K) of this study in both 789 

eutectic melts. Diffusivity values of 6.71 x 10-6 cm2 s-1 and 8.93 x 10-6 cm2 s-1 were recommended 790 

for BiCl3 in the LiCl-KCl and LiCl-KCl-CaCl2 eutectics. These values were determined by 791 

averaging the CV and CP results for runs 1 and 4, respectively. A significant amount of uncertainty 792 

(± ~30%) was introduced to the calculated diffusivities, primarily from errors associated with the 793 
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ICP-MS analysis of Bi content. Nonetheless, the estimated diffusivities for bismuth in LiCl-KCl 794 

and LiCl-KCl-CaCl2 eutectics improve upon the previous lack of values and associated error 795 

estimates at the conditions of this study (678-686 K). Diffusivities were calculated for runs 2 and 796 

3, but interference from CaWO4 signal could not be ruled out, which introduced an unknown 797 

amount of uncertainty. The drying method for CaCl2 was improved for runs 4-6 and no evidence 798 

of the CaWO4 signal was observed.  Do values calculated from CA data were found to be 799 

inconsistent with CV and CP in estimating diffusivity. For future work, it is recommended to 800 

further refine the CA method and analysis so that diffusivity values in molten salts can be further 801 

validated. This may involve analyzing the effects of non-faradaic currents, WE area growth, 802 

natural convection, nucleation, and different amounts of IR compensation. Furthermore, 803 

uncertainties associated with ICP-MS analysis need to be explored to identify and minimize 804 

sources of error. 805 
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