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Abstract 

The electrochemical interaction of oxide ions with tungsten electrodes in molten calcium 

chloride (CaCl2) was analyzed by combining electroanalytical techniques with X-ray 

photoelectron spectroscopy. During a cyclic voltammetry (CV) scan, the oxide ions appear to 

interact with the tungsten working electrode via a multi-step oxidation and reduction process. 

The overall redox peaks behave reversibly up to 750 mV/s. This electrochemical process enables 

the oxide ion concentration to be correlated to CV oxidation peaks. The resulting correlation 

agrees well (8.8% difference) with back titration measurements and can be used to monitor oxide 

content in the salt in real-time during CaCl2 based pryoprocesses. 

 

1. Introduction 

Calcium chloride is used in actinide metal preparation and processing including direct oxide 

reduction (DOR), molten salt extraction (MSE), and electrorefining (ER) [1,2]. The solubility 

and thermodynamic stability of oxide ions in these melts makes CaCl2 an attractive flux for the 

reduction of oxides to metal [3–7]. It also has been the subject of extensive research and 

development as an ideal medium for the electrolytic reduction of titanium oxide [8–14], scheelite 

(calcium tungstate) [15–18], rare earth oxides [19–22], other metal oxides [23–27] and 

conversion of CO2 [28,29] due to its solubility for oxide ions. In some cases, the solubilization of 

oxide ions into CaCl2 is desirable. For example, the Fray-Farthing-Chen (FFC) Cambridge and 

Ono-Suzuki (OS) processes utilize the transport of oxide ions in CaCl2 to facilitate the reduction 

of TiO to Ti metal. On the other hand, in actinide metal processing, oxide ions are undesirable 

contaminants in the molten CaCl2, as they lead to excessive foaming and detrimental side 

reactions such as precipitation of actinide oxides and/or oxychlorides [2,30,31].  

Oxide ions can be unintentionally generated during the dehydration process. Calcium chloride is 

deliquescent and requires extensive drying before being used in processes. The dehydration 

reaction is:  
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CaCl2 ∙ 2H2O
ℎ𝑒𝑎𝑡
→  CaCl2 + 2H2O (1) 

However, a side reaction between calcium chloride and water can occur to form Ca(OH)2 or 

CaO. 

CaCl2 + 2H2O ↔ Ca(OH)2 + 2HCl(𝑔) (2) 

CaCl2 + H2O ↔ CaO + 2HCl(𝑔) (3) 

Molenda et. al. reported differential scanning calorimetry (DSC) data that suggests complete 

dehydration of CaCl2 occurs in a two-step process when heated to 473 K in an atmosphere 

containing a H2O partial pressure of 45 kPa or less [32]. But their experiments were limited to 

473 K, and it was not tested whether residual H2O remained in the salt at this temperature. 

Halstead and Moore reported that above 785 K, Ca(OH)2 decomposes into CaO and water vapor 

[33]. The CaCl2 matrix can, however, stabilize Ca(OH)2. At 1113 K with a partial H2O pressure 

of 24 kPa, it was reported that both reaction (2) and (3) can occur. However, above 1113 K or 

below 24 kPa H2O, only reaction (3) occurs [34]. Decomposition of Ca(OH)2 in CaCl2 was 

recently confirmed by Faulkner et. al. [31]. Therefore, some CaO is inevitably produced during 

the drying process. Earlier efforts at Lawrence Livermore National Laboratory (LLNL) utilized 

an HCl sparge with only a minor reduction in oxide content to 350 ppm (by mass, ±2 ppm) [35]. 

Hence, there is a need to be able to rapidly and preferably continuously quantify the oxide 

content in molten CaCl2. 

The current known method for CaO measurement in dehydrated CaCl2 is acid-base titration, 

which requires that the salt be sampled, cooled, solidified, dissolved in water, and diluted. This 

process introduces measurement lag-time and compounded analytical error. If the result of the 

measurement were to indicate an off-specification oxide ion concentration, the entire batch of 

molten CaCl2 would need to be re-melted and treated to adjust the oxide ion concentration. In the 

DOR process, the oxide concentration is a key reaction progress indicator and condition. In 

DOR, reaction progress is monitored by the observation of a temperature spike due to the 

calciothermic reduction reaction. This thermal signal is strictly qualitative and can only indicate 

that reduction has occurred. The extent of reduction can only be determined after cooling and 

separation of products. If it is determined that reduction did not go to completion, the DOR 

process would need to be repeated. 

An alternative to DOR is direct electrolytic reduction (DER) in which oxide ions are generated at 

a cathode and oxidized to O2, CO, or CO2 at an anode  [24,27] . If the salt becomes deficient in 

oxide ions in a DER process, an excessive overpotential may have to be applied at the anode. If 

the anode potential rises too high, it can cause generation of Cl2 in addition or instead of O2. 

Essentially, the oxide ion concentration may impact the limiting reduction current. Furthermore, 

the concentration of oxide ion will influence the stability of oxide compounds and affect the 

ability to produce metals [27]. This effect is often captured in predominance diagrams. For 

example, the reduction potential and pathway for titanium varies significantly with oxide ion 

content [27]. Given these effects, an accurate in situ, real-time measure of the oxide ion content 
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would aid in controlling oxide ion content to prevent undesirable by-products, like chlorine gas, 

and in optimizing cell potential (or currents) for electrolytic reduction processes.  

In short, an in situ and real-time means to monitor oxide concentration in molten CaCl2 would 

provide valuable feedback on reaction progress, electrolytic cell conditions, process optimization 

and/or product quality. However, there has been limited fundamental research in this application. 

The objective of this study is to develop an in-situ electrochemical method for measuring oxide 

ion concentration in molten CaCl2 capable of yielding results in real-time. This required some 

investigation into the reaction mechanism that forms the basis of this measurement to assure the 

reliability of the measurement.  

2. Experimental 

2.1 Materials 

Anhydrous CaCl2 was produced via thermal dehydration of its dihydrate. CaCl2∙2H2O (99.0-

105.0%, Thermo Fisher Scientific Chemicals, Inc.) was heated to 478 K for 72 hours under 

vacuum (~45 kPa). After drying, the salt was melted in a platinum-rhodium (20%) crucible 

within a nitrogen atmosphere glovebox. While molten, the salt was sparged with Ar gas using a 

Pt-Rh (20%) tube for 8 hours. The molten salt temperature was kept at 1148 K for the first 5 

hours followed by 1273 K for 3 hours. Then the molten salt was vacuum-transferred through a 

Pt-Rh (20%) tube into a chilled aluminum mold to produce a solid salt block of dehydrated 

CaCl2. 

The amount of CaO was determined by dissolving a salt sample in water to form Ca(OH)2, 

adding excess 0.5 M HCl, mixing thoroughly and back titrating with 0.5M NaOH to determine 

the amount of excess HCl added . This method was tested with pre-weighed amounts of CaO 

mixed with CaCl2 and found to agree within 5% of the weighed values. The method of back 

titration was selected over forward titration to ensure complete sample dissolution and reaction 

of CaO. Forward titration and pH measurements of CaO samples dissolved in water led to 

inaccurate results due to the limited solubility of Ca(OH)2 in water. Samples of the dehydrated 

CaCl2 product was also dissolved in 5 vol% concentrated nitric acid (diluted with ultrapure 

water) and analyzed using an Agilent 7900 inductively coupled plasma mass spectrometry (ICP-

MS) to analyze for other impurities. 

Other chemicals used in the study were CAS 10036-04-8), CaO (Alfa Aesar, 99.95%, CAS 

1305-78-8), WO2.9 (Alfa Aesar, 99.99%, CAS 12037-58-0), and CaWO4 (Alfa Aesar, 99.78%, 

7790-75-2). All chemicals were weighed by an analytical balance (Ohaus, Adventure) in the 

glovebox. An Ionizer (Staticmaster, 6105) was used to eliminate static charge interference while 

weighing samples. 

 

2.2 Electroanalytical Measurements 

An Autolab PGSTAT302N potentiostat was used to perform all electroanalytical measurements. 

This was connected to the electrodes in an inert atmosphere glovebox (Vacuum Atmosphere 

Company) using an 8-pin electrical feedthrough (PAVE Technology). The glovebox pressure 
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was controlled by a gas mass flow controller (Alicat Scientific). A moisture removal cartridge 

(VAC 109191) and an oxygen removal cartridge (VAC 109192) were used to minimize the 

moisture and oxygen contents in the glovebox. The glovebox atmosphere was cycled through the 

cartridges by electric fans. The glovebox atmosphere oxygen and moisture concentrations were 

monitored by a combination oxygen and moisture analyzer (LC Technology solutions, AN-703). 

A vertical tube furnace was built into the glovebox using heating elements from Thermcraft 

(VFR-180-8-18-V). The furnace was controlled by a temperature controller (Watlow, F4SH-

FAA0-01RG). The glovebox was cooled by a chiller (Neslab CFT-75) while the furnace was 

operating. A custom stainless-steel furnace lid was bolted on top of the furnace well to seal the 

furnace with a rubber gasket. The furnace chamber was filled with Ar (Praxair, UHP) while the 

glovebox was under nitrogen atmosphere. 

A three-electrode setup was used in this project. All three electrodes were made of W. The WE 

and RE were both 1.5-mm diameter W rods (Alfa Aesar, 99.95%, 7440-33-7). The W rod WE 

was exchanged for Pt (Alfa Aesar, 99.95%) and Mo (Alfa Aesar, 99.94%) wires in a couple tests.  

The counter electrode was a 3.175-mm diameter W rod (Mokawa Inc., 99.95%, 10407-BY). An 

Omega K-Type thermocouple was used to monitor the temperature of the melt. Magnesia 

crucibles (Tateho Ozark, SC25055) and nickel crucibles (VWR, 82027-564) were used to 

contain the molten salt. 

The three electrodes and thermocouple were fabricated into a probe shown in the image on the 

left in Figure 1. Each metal rod was shielded and electrically insolated by alumina tubes 

(AdValue Technology). There was a KF flange at the top end of the probe, so it could be 

mounted onto the furnace lid easily and securely. 

A manual vertical translator (Velmex, Inc., B2509) was attached to the furnace lid to allow the 

electrodes to be moved precisely (+/- 0.254 mm increments). The immersed WE electrode 

surface area was calculated by a standard height addition method [36,37]. A photo and 

schematics of the electrochemical cell are shown in Figure 1. 

 

2.3 XPS Measurements 

XPS (X-ray Photoelectron Spectroscopy) was performed using a PHI Quantum 2000 system 

using a focused monochromatic Al K x-ray (1486.7 eV) source for excitation and a spherical 

section analyzer.  The instrument has a 16-element multichannel detection system.  A 200-m 

diameter X-ray beam was used for analysis.  The X-ray beam is incident normal to the sample, 

and the X-ray detector is at 45° from the normal.   The pass energy was 23.5 eV, giving an 

energy resolution of 0.3 eV that when combined with the 0.85 eV full width at half maximum 

(FWHM) Al K line width gives a resolvable XPS peak width of 1.2 eV FWHM. Curve fitting 

of non-resolved core-level peaks was accomplished using Multipak 9.2 (PHI). Curve fitting 

routines with asymmetric line-shapes and a Shirley background were used for the W 4f core-

level. The collected data were referenced to an energy scale with binding energies for Cu 2p3/2 at 

932.72± 0.05 eV and Au 4f7/2 at 84.01± 0.05 eV. Binding energies were also referenced to the C 

1s photoelectron line arising from adventitious carbon at 284.8 eV. 
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3. Results 

3.1 Chemical Analysis of Prepared CaCl2 

Three samples from the salt cake (~1.5 kg) of CaCl2 produced for the electroanalytical 

measurements were taken and analyzed. This dehydrated CaCl2 block was used as the media for 

all electrochemical testing and is referred to as “stock CaCl2.” The CaO content in the stock 

CaCl2 as measured by back titration was on average 668 ppm (by mass, ±64 ppm 95% CI). The 

results of the ICP-MS analysis are shown in Table 1. All analyzed metals were present at 

concentrations less than 40 ppm. 

 

Table 1. ICP-MS analysis of the stock CaCl2. 

ppm (by mass) 

Al Cr Fe Ni Mo Rh W Pt 

39.2 4.08 32.4 2.05 0.57 0.013 0.24 0.007 

 

 

 

3.2 Electrochemical Detection of Oxide Ion and W Metal 

Figure 2 shows CVs that were performed in the molten CaCl2 after the dehydration process. The 

convention is that peaks in the downward direction represent reduction. The sharp drop and 

oxidation peak couple on the very left near -1.2 V should be due to the Ca/CaCl2 redox couple. 

The potentials were adjusted from W quasi-reference electrode (QRE) to the Ca2+/Ca reduction 

potential (-1.472 V vs. W QRE) for comparison to calculated standard potentials. This potential 

was determined by calculating the intercept of CV baseline with the sharp rise due to calcium 

deposition as shown in the inset of Figure 2. This method was used due to the gradual rise in 

current leading up to Ca deposition. The sharp rise on the right vertex at ~2 V is attributed to W 

dissolution and/or the evolution of chlorine gas due to the proximity to the calculated formation 

potentials (see Table 2). This assignment is supported by CV characteristics typical of salt 

decomposition, including the lack of a reduction peak on the return scan (no metal deposition) 

and the erratic current profile (possible bubble formation).  The potential window in Figure 2 is 

~3.2 V which agrees with other studies in CaCl2 media [12,14,19,23].  The anodic peak 

commencing at ~1.2 V is attributed to the oxygen evolution due to proximity to the calculated 

oxygen gas evolution potential (see Table 2), the absence of a reduction peak, and erratic current 

patterns. A pair of redox peaks (O1 and R1) near 0 V are likely related to the O2- impurity, which 

is present in the salt at about 20 times the concentration of metal impurities.  

This R1/O1 redox couple in molten CaCl2 has not been extensively analyzed in the open 

literature. The use of W as the WE for CV measurements in CaCl2 was also reported by Claux et 
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al. [19]. Some small peaks are visible in their CVs in the same potential region, but only a brief 

mention of a possible tungsten oxide reduction and re-oxidation was postulated.  Erdogan and 

Karakaya [16] performed CVs on CaWO4 in molten CaCl2, and the location of redox peaks are 

consistent with our observations. Tang et al. [17] observed a large broad peak extending across 

1.4 V to 0.6 V vs. Ca2+/Ca for the reduction of CaWO4 to W, and that potential range is 

consistent with the O1/R1 redox pair shown in Figure 2.  While these findings in the literature 

point to a potential redox couple involving W and O, a definitive study of the redox couple (O1 

and R1) in Figure 2 was not found in the open literature.   

A list of plausible electrochemical reactions involving CaCl2, CaO, and W and their calculated 

standard potentials at 1123 K based on thermochemical data is given in Table 2. The standard 

potential values were calculated from standard state Gibbs free energy of formation data [38,39], 

using a pure liquid standard state when the melting temperature was less than 1123 K. However, 

when the pure substance is solid at 1123K, the hypothetical supercooled liquid was used as the 

standard state as detailed elsewhere [40,41]. Supercooled liquid state properties could not be 

calculated for tungsten chlorides, because they decompose before they melt. Thermochemical 

data could not be found for liquid CaWO4 either. Hence, an estimated standard potential was 

calculated by using the pure solid as the standard state for tungsten chlorides and CaWO4. These 

calculations serve as estimates and agree well with other standard potential calculations 

published in the literature [12,14]. The Eo values for the second to fourth half-cell reduction 

reactions in Table 2 are in the proximity of peak O1 and R1. 

Table 2. Calculated Standard Potentials at 1123 K for plausible electrochemical reactions 

Half-Cell Reaction E° vs. Ca2+/Ca (V) 

Ca²⁺+2e⁻=Ca 0.000 

CaWO4 + 6e⁻ = W + Ca²⁺ + 4O²⁻ 1.356 

WO₂ + 4e⁻=W + 2O²⁻  1.427 

WO₃ + 2e⁻=WO₂ + O²⁻  1.790 

O₂(g) + 4e⁻ = 2O²⁻ 2.428 

W²⁺ + 2e⁻ = W 2.586 

W4⁺ + 4e⁻=W 2.840 

W⁶⁺ + 6e⁻=W 3.015 

Cl2(g) + 2e- = 2Cl- 3.272 

 

 

3.3 Reaction Identification. 

An experiment was conducted to ensure that the MgO crucible remains inert during 

electrochemical tests and does not contribute to peaks O1 and R1. CVs were performed in the 

dehydrated stock CaCl2 periodically for 24 hours. The resulting CV plots taken at different times 

are overlaid in Figure 3. All redox peaks were stable over 24 hours, and no new peaks were 

introduced with increasing time. This result indicates that there was no significant chemical 

composition change within the potential range tested in the molten salt mixture over the period 
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of 24 hours. Each set of electrochemical measurements only takes a few hours. Therefore, MgO 

crucibles under the specified conditions (1123 K, free of reduced calcium metal) appear to not 

interfere with the measurements. 

Pt has been reported to form a protective oxide surface layer when anodically polarized in the 

presence of oxide ions [23].  Therefore, a Pt WE was used to compare with W WE to examine 

the role of W in the redox peaks O1 and R1 shown in Figure 2. The CV plots obtained by W and 

Pt WEs are overlaid in Figure 4. Since O1 and R1 are absent from the CV measurement with the 

Pt WE, it is inferred that they are associated with reactions with W. It is interesting to note that 

the reduction potential of Ca shifted positively to about -0.5 V on the Pt WE. This could be due 

to the formation of a Ca-Pt alloy [42]. 

Two known-amount additions of CaO were made to the stock CaCl2 to further support the theory 

that O2- ions are involved in the O1/R1 redox couple. The two additions increased the CaO 

content in the stock CaCl2 by 1,000 and 10,000 ppm (by mass) CaO. CVs were performed on the 

stock salt and after each addition of CaO. The resulting CV profiles are overlaid in Figure 5. 

Peaks O1 and R1 both increased in magnitude with each CaO addition. Occasionally, at 10,000 

ppm CaO added, a slight shoulder appeared on O1, The shoulder would diminish after a couple 

cycles indicating that it is likely due to oxygen absorbed to the WE.  

Figure 6 shows two cycles of CV scans in the melt with 10,000 ppm (1 wt%) CaO. These CV 

scans were reversed (commencing in the negative direction from starting potential of 0V) from 

the direction in Figure 2 to 5 to determine if the oxidation products were already present in the 

salt before they were produced during peak O1. This procedure avoids the production of any 

oxidation products before the first reducing sweep. As shown in Figure 6, the reduction peak was 

absent in the first scan, which means there were no species in the melt to be reduced.  This 

verifies that the oxidation product was not in the salt mixture initially. It cannot be due to 

reduction of CaO. Collectively, the results in Figures 4 to 6 indicate that the redox peaks, O1 and 

R1, are attributed to O2- ions in the salt and depend upon interaction with the W WE. 

 

3.4 XPS Measurements 

3.4.1 Oxidized Species Identification 

To identify the species formed by O1 and R1, samples were generated electrochemically in two 

different molten salt mixtures and then analyzed using XPS. XPS was selected to determine the 

chemical composition and oxidation state of the products on the thin film remaining on the 

electrode after electrolysis. It is highly sensitive and provides information about passive layer 

formation on the surface of the metals. XPS was selected over X-Ray Diffraction (XRD), 

because XPS gives information on which chemical elements are present in the sample and what 

their oxidation states are, while the result of XRD analysis just indicates crystalline structure 

based on comparison with known bulk materials.  The first sample was generated using a W WE 

in CaCl2 with 9.86 wt% CaO at 1123K. The WE potential was held at 0.50 V vs. W QRE (1.97 

V vs. Ca2+/Ca) with a compensated resistance of 0.55 Ω for 12 hours. After which, the WE was 
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removed and allowed to cool. The bottom portion of the WE was cut off, rinsed with ultra-dry 

methanol (ACROS Organics, 99.9%, 326950010), and analyzed by XPS. Figure 7 shows the 

portion of the XPS survey spectrum relevant to the oxidation states of the W present. 

Deconvolution of the spectrum indicates that W is present in the 0, +4, and +6 oxidation states. 

The presence of both +4 and +6 states in consistent with the CVs shown in Figures 3, 5, and 6 

where it appears that there are two overlapping oxidation peaks. Erdogan and Karakaya showed 

that WO3 is unstable in molten CaCl2 and reacts to form CaWO4 [15]. These literature data 

combined with our XPS measurements is compelling evidence that CaWO4 is forming as a result 

of electrochemical oxidation of the W WE. 

 

3.4.2 Reduced Species Identification 

In the previous section, evidence was given that reaction R1 is formation of salt-soluble CaWO4 

from reaction of CaO with W. To test this theory, a reducing potential of -0.5 V was applied to a 

1-mm diameter Mo wire serving as the WE in molten CaCl2 that contained 1.06 wt% CaWO4. A 

5-mm diameter graphite rod was used as the CE, and W was continued to be used as the RE. 

This potential value was selected based on the location of R1 in CV scans (see Figures 2-6), 

which was verified to be same in this experimental setup as in previous tests. The WE was rinsed 

with methanol in an effort to dissolve the surface salt layer before analysis by XPS. Note the 

solubility of CaCl2 in methanol at room temperature is 29 g per 100 g of solvent [43]. 

Photos and secondary electron X-ray induced (SXI) images of the Mo WE sample is shown in 

Figure 8. The SXI images show the 10 µm diameter spot used for XPS analysis. The XPS result 

is shown in Figure 9. The XPS of the rinsed sample revealed the presence of W metal. This result 

indicates that electrochemical reaction R1 is reduction of CaWO4 to W metal. 

 

3.5 Reaction Mechanism 

With the final products identified, the mechanism for the reaction can be elucidated using 

electrochemical analysis. In Figures 4 to 6, the return (reduction) scan does not have the usual 

concave appearance leading up to a prominent reduction peak. Rather, it is convex. This may be 

indicative of a reduction and oxidation process occurring simultaneously, as has been seen in 

previous work [44]. For a quantitative analysis of each electrochemical step, square wave 

voltammograms (SWV) were recorded with the stock CaCl2. A typical SWV for the stock CaCl2 

is displayed in Figure 10. Ideally, a single-step electrochemical reaction should form a gaussian, 

bell-curved shaped response. The skewed shape to the peak in Figure 10 is likely due to the 

overlap of two peaks, as indicated by the CV measurements. To deconvolute the two peaks, 

gaussian shaped curves were fitted to the SWVs using Fityk 1.31 [58]. The fitted peaks and sum 

of the fitted peaks are plotted in Figure 10 as well. 

The number of electrons exchanged can be approximated from the width of SWV peaks at half 

maximum (𝑤1/2) with the following equation [45]: 

𝑤1/2 = 3.53
𝑅𝑇

𝑛𝐹
 (4) 
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The width of the peak A and B are 0.0969 and 0.166, respectively. This results in n = 3.52 and n 

= 2.06 for peaks A and B respectively. This is consistent with a two-step electron transfer 

process with almost four electrons being transferred in the first step and two electrons being 

transfer in the second step. This also corroborates well with oxidation product being CaWO4 

where W is in +6 state. This would require a cumulative six electron transfer process. 

XPS and electrochemical measurements, thus, support the following two-step redox mechanism: 

Step 1: 𝐶𝑎𝑊𝑂4 + 2𝑒
− ↔𝑊𝑂2 + 𝐶𝑎𝑂 + 𝑂

2− (5) 

Step 2:  𝑊𝑂2 + 4𝑒
− → 𝑊 + 2𝑂2−  (6) 

Reaction (5) is assigned to peak B, and reaction (6) is assigned to peak A in Figure 10. Dring et 

al. [13] observed the formation of W metal before titanium in attempting to form Ti-10W alloys 

from oxides. A predominance diagram was constructed using thermodynamic data from HSC to 

interpret their observation. Based on the diagram, they proposed a two-step process for the 

reduction of WO3, as follows: 

Step 1: 𝑊𝑂3 + 2𝑒
−  → 𝑊𝑂2 + 𝑂

2− (7) 

Step 2: 𝑊𝑂2 + 4𝑒
−  → 𝑊 + 2𝑂2− (8) 

However, confirming measurements were not provided. This two-step process was considered 

followed by a chemical reaction to CaWO4, but is not considered the dominant mechanism under 

the conditions examined (668 ppm CaO) and does not support the completely overlapping nature 

of the oxidation peaks. However, (7) may be associated with the small peaks at ~0.4 V vs. W 

QRE (~1.9 V vs. Ca2+/Ca) in Figures 3 and 4. In SWV and CV measurements, the oxidation 

peaks were nearly indistinguishable, indicating either nearly identical standard potentials (i.e. 

ΔEo < 100 mV) or 𝐸𝑆𝑡𝑒𝑝1
𝑜 < 𝐸𝑆𝑡𝑒𝑝2

𝑜 . Eo for (5) and (6) are very close (ΔEo = 71 mV) in Table 2. 

Hence, as shown in Figure 10, reaction (5) commences as soon as reaction (6) begins. In the 

mechanism proposed by Dring et al., 𝐸𝑆𝑡𝑒𝑝1
𝑜 > 𝐸𝑆𝑡𝑒𝑝2

𝑜  and ΔEo > 100 mV according to Table 2 

and their predominance diagram. Hence, greater separation in peaks would be expected. 

Furthermore, as discussed in section 3.4.1, WO3 is not stable in molten CaCl2 forming CaWO4 

and WOCl2 [15]. 

The overall W electrochemical oxidation reaction combining (5) and (6) is: 

𝑊 + 3𝑂2− + 𝐶𝑎𝑂 → 𝐶𝑎𝑊𝑂4 + 6𝑒
−     (9) 

CaO is soluble to 18.5 wt% in CaCl2 at 1123 K [3,4,7]. CaWO4 has a solubility of 15 mol% in 

molten CaCl2 at 1123 K [46,47]. The only insoluble species in equation (9) is W, and there is an 

abundant amount of W metal near the W WE surface. Therefore, W is not expected to limit the 

reaction. Hence, the shapes of the peaks are assumed to be well-characterized by relations 

developed for soluble-soluble reaction (e.g. Randles-Sevcik equation). The electrochemical 

reversibility can be evaluated by plotting the peak currents at different scan rates versus the 

square root of their respective scan rates. A linear fit through the origin is the first indicator of a 

reversible reaction. An unchanging peak position with scan rate is the second indicator. Eight 
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different scan rates from 10 to 750 mV/s were selected, and the resulting CVs are overlaid in 

Figure 11. The position of O1 and R1 does not shift significantly with scan rate until 750 mV/s 

as shown in Figure 12. This in combination with the linear plot of peak currents in Figure 12 

shows that the overall oxidation and reduction peaks, O1 and R1, behave reversibly up to 750 

mV/s. Therefore, the peak current normalized by scan rate and surface area is expect to only vary 

due to changes in the bulk concentration of the CaO concentration in the stock CaCl2. 

Some insight into the behavior of the separate reactions,  Eq. (5) and Eq. (6), can be gained by 

semi-differentiation, which increases the resolution of peaks in cyclic voltammograms [48–50]. 

In Figure 13, the semi-differentiated CV curves from Figure 11 for 50, 100 and 200 mV/s are 

plotted. A clear second reduction peak, R2, is visible in Figure 13, further supporting a two-step 

electrochemical mechanism. The increased separation of the two peaks on the return (reduction) 

scan results in lower absolute peak height. The difference between O1 and R1 in Figure 13 is 

consistently ~225 mV regardless of scan rate. A difference in semi-diffentiated oxidation and 

reduction peaks would normally indicate quasi-reversible or irreversible electrochemical 

behavior and vary with scan rate. Yet, in Figure 14, peak O1 and R1 display reversible behavior 

up to 750 mV/s with consistent peak locations and a high degree of linearity between peak height 

and scan rate. Peak R2 is also highly linear with scan rate, but does shift in location. However, 

this may be due to interference from the broadening base of R1. A plausible explanation for this 

potential difference between O1 and R1 while exhibiting reversible behavior is nucleation 

overpotential as is commonly observed for metal deposition in molten salts [51–55].  

It is interesting to note that the peak potential of R1 in Figure 13 is -0.060 ±0.017 V vs. W QRE 

which converts to 1.412 ±0.017 V vs. Ca2+/Ca. In semi-differentiated voltammetry theory, the 

peak potential is equivalent to E1/2 for reversible reactions [49]. If the diffusion coefficients for 

WO2 and O2- are assumed to be the same, then E1/2 = Eo and the peak R1 potential compares well 

to value (1.427 V) in Table 2 for standard reduction potential of WO2.  

Based on the shape and behavior of peaks O1 and R1, the associated reactions are complex and 

multifaceted. More analysis is required to establish more definitively and in greater detail the 

reaction mechanism. However, from our analysis, it is a two-step electrochemical mechanism 

(EE) when scanning in the positive direction. Despite the EE mechanism, peaks O1 and R1 

exhibit reversible behavior up to 750 mV/s which means these peaks can be used reliably to 

predict oxide concentration. Peak O1 is the most reliable peak to use for this purpose because it 

will not be affected by the switching potential. 

 

3.6 CaO Concentration Calibration 

The previously discussed tests (section 3.3 and 3.5) showed that a W WE could potentially be 

used to detect CaO concentration in molten CaCl2 based on the O1 peak.  A calibration between 

the oxidation peak current density and CaO concentration was developed for this application. 

Figure 4 shows the oxidation peak is highly repeatable over time. Therefore, theoretically, it can 

predict a subtle CaO concentration change. CaO was added to the stock CaCl2 in 200 ppm 
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increments to 1000 ppm. The initial CaO concentration could be back calculated from this 

calibration to be compared with the titration results.  

The peak current densities were calculated using a standard addition method [56]. This method 

calculates the normalized current density by comparing the change in peak current and change in 

WE surface area. An overlay of CV plots at different vertical translator position are shown in 

Figure 15.  The changes in oxidation peak currents were plotted against the change in surface 

area. The slope of this plot is the peak current density. All peak current densities used in the final 

calibration were calculated by this standard addition method. 

The CV plots for the stock CaCl2 and five CaO additions are shown in Figure 16. The oxidation 

peak currents increased with increasing CaO concentration. The peak current density is plotted 

against added CaO concentration, as shown in Figure 17. The six data points show an excellent 

linear correlation with R2 of 0.9941. Demonstrating that up to 0.1 wt%, peak O1 is proportional 

to CaO concentration. The initial CaO concentration can be extrapolated from this calibration by 

solving for the CaO concentration at zero current density. The calculated initial CaO 

concentration from Figure 17 is 609 ppm (by mass, ±125 ppm 95% CI), which is within the 

confidence interval of the titration measurement for initial CaO concentration of 668 ppm (by 

mass, ±64 ppm 95% CI). 

 

4. Conclusions 

W metal reacts electrochemically with CaO in molten CaCl2 when sufficient anodic polarization 

is applied. When using W as the working electrode (WE), an oxidation cyclic voltammetry (CV) 

peak was identified to be a reaction of O2- with W to form intermediate WO2 before eventually 

producing CaWO4. This reaction was not observed when using Pt as the WE, and CaO addition 

resulted in an increase in the magnitude of the oxidation peak. Reverse CV scans indicated that 

CV oxidation peak is the result of tungsten oxidation. In addition, XPS data indicated the 

presence of W4+ and W6+ on the working electrode surface after applying a potential of 0.50 V 

vs. W QRE (1.97 V vs. Ca2+/Ca). XPS also confirmed that W metal is formed when reducing 

CaWO4 out of molten CaCl2. This leads us to conclude that the electrochemical interactions of W 

with CaO in CaCl2 proceed from W to WO2 to CaWO4 during the oxidation sweep of cyclic 

voltammetry. Then during the reduction sweep, CaWO4 reduces back to W. The intermediate 

steps for reduction of CaWO4 to W have not been elucidated experimentally, but are assumed to 

be WO2 based on the analysis of the oxidation process. The kinetics of the reactions allow for 

use of CV for electrochemical analysis of O2-, given that the oxidation and reduction peaks 

exhibit reversible behavior up to 750 mV/s. The CaO concentration is highly correlated with the 

oxidation peak (O1) current density via a linear function with R2 of 0.9941. This method for 

analysis of O2- can be used in real-time after heating the salt to molten and differs from titration 

results by 8.8%. However, more work is needed to better resolve the behavior of each 

electrochemical step and develop calibrations at CaO concentration greater than 0.1 wt%. 
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Figure 1. Photo and schematics of the electrochemical cell. 
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Figure 2. CV overlays of the stock CaCl2 at various potential ranges at 1123 K with inset of Ca 

deposition for 1.5 V switching potential. (WE: 1.5-mm diameter W, RE: W QRE, CE: 3.175-mm 

W, WE surface area: 0.96 cm2, start/stop potential: 0 V, initial scan direction: left to right, and 

scan rate: 0.2 V/s) 
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Figure 3. CV overlays of the stock CaCl2 melt over 24 hours at 1123 K. (WE: 0.64 cm2, 1.5-mm 

W, CE: 3.175 mm W, start/stop potential: 0 V, initial scan direction: left to right, and scan rate: 

0.2 V/s) 
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Figure 4. Overlay of the CV obtained by W and Pt WEs of same immersed surface areas (0.7 

cm2) in stock CaCl2 at 1123 K. (WEs: 1.5-mm diameter W and 1-mm diameter Pt, RE: W QRE, 

CE: 3.175-mm W, start/stop potential: 0 V, initial scan direction: left to right, and scan rate: 0.2 

V/s) 
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Figure 5. CV overlay of CaO additions to the stock CaCl2 at 1123 K. (WE: 1.5-mm diameter W, 

RE: W QRE, CE: 3.175-mm W, start/stop potential: 0 V, initial scan direction: left to right, and 

scan rate: 0.2 V/s) 
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Figure 6. CV of stock CaCl2 with 1 wt% CaO added at 1123 K. (WE: 1.5-mm diameter W, RE: 

W QRE, CE: 3.175-mm W, start/stop potential: 0 V, initial scan direction: right to left, and scan 

rate: 0.2 V/s). The potential sweep started at 0 V and went in the negative direction first.  
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Figure 7: Curve fit of XPS W 4f7/2,5/2 spectrum. The W WE was held at 0.5 V vs WRE with a 

compensated resistance of 0.55 Ω for 12 hours, then cooled and rinsed with methanol. 
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Figure 8. Optical image and corresponding secondary electron X-ray Induced (SXI) image 

showing analysis points on the methanol rinsed Mo WE sample. 
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Figure 9. Curve fit of XPS W 4f7/2,5/2 spectrum. The 1-mm diameter Mo WE was held at -0.5 V 

vs WRE with a compensated resistance of 0.55 Ω for 1 hour, then cooled and rinsed with 

methanol. 
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Figure 10: Square wave voltammogram of stock CaCl2 (W WE area: 0.942 cm2, 𝑓= 25 Hz, ΔE = 

5 mV, ΔEp = 20 mV) 
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Figure 11. Overlay of CVs of the stock CaCl2 at various scan rates at 1123 K. (WE: 1.5-mm 

diameter W, RE: W QRE, CE: 3.175-mm W, WE Area: 2.27 cm2, start/stop potential: 0 V, initial 

scan direction: left to right, and scan rate: 0.2 V/s) 
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Figure 12. Peak currents and potentials vs. square root of scan rates (10-3000 mV/s) in stock 

CaCl2 at 1123 K. (WE: 1.5-mm diameter W, WE area: 2.27 cm2 RE: W QRE, CE: 3.175-mm W, 

start/stop potential: 0 V, and initial scan direction: left to right) 
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Figure 13. Semi-differentiated CVs for selected scan rates in Figure 11 
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Figure 14. Semi-differentiated peak current (left) and potential (right) vs. scan rates (25-1000 

mV/s) in stock CaCl2 at 1123 K. (WE: 1.5-mm diameter W, WE area: 2.27 cm2 RE: W QRE, 

CE: 3.175-mm W, start/stop potential: 0 V, and initial scan direction: left to right) 
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Figure 15. Overlay of CVs of the stock CaCl2 at various WE vertical translator positions (the 

readings on the vertical translator, not actual immersed WE surface areas) at 1123 K. (WE: 1.5-

mm diameter W, RE: W QRE, CE: 3.175-mm W, start/stop potential: 0 V, initial scan direction: 

left to right, and scan rate: 0.2 V/s) 
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Figure 16. CV overlay of CaO additions to 1000 ppm (by mass) in 200 ppm increments to the 

stock CaCl2 at 1123 K. (WE: 1.5-mm diameter W, RE: W QRE, CE: 3.175-mm W, start/stop 

potential: 0 V, initial scan direction: left to right, and scan rate: 0.2 V/s) 
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Figure 17. W CV oxide oxidation peak current densities vs. respective added CaO concentrations 

in stock CaCl2 at 1123 K. (WE: 1.5-mm diameter W, RE: W QRE, CE: 3.175-mm W, start/stop 

potential: 0 V, initial scan direction: left to right, and scan rate: 0.2 V/s) 

 

 


