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ABSTRACT 

In electrorefiner, uranium is recovered from used nuclear fuel using an electrorefining 

process in which a metallic used nuclear fuel anode is oxidized into molten LiCl-KCl-UCl3 

electrolyte and pure U is preferentially reduced onto an inert cathode. While electrorefiner systems 

facilitate the recycling of substantial amounts of uranium from used nuclear fuel, they also 

contribute to the production of nuclear waste due to the build-up of fission products such as 90Sr 

and 137Cs in the molten salt electrolyte as they are electrochemically more active than U. The 

accumulation of alkali/alkaline-earth elements (Ba, Sr, Cs) in the electrolyte presents a problem as 

Sr and Cs isotopes have high heat densities and produce large amounts of highly ionizing radiation; 

these hazards combined with difficulty in removing the highly stable alkali/alkaline-earth elements 

from the electrolyte necessitates frequent replacement and disposal of the electrolyte, which then 

increases the overall volume of nuclear waste. This research project focuses on evaluating the 

viability of using liquid metal electrodes for electrochemical separation of alkali/alkaline-earths 

from molten salts utilizing the strong atomic interactions between candidate liquid metals and 

alkali/alkaline-earths. The strength of chemical interactions was quantified by determining the 

thermodynamic properties (e.g., activity) in liquid metals of Bi, Sb, and Pb. 

Thermodynamic properties, including activities, partial molar entropies, and partial molar 

enthalpies, were determined using electromotive force measurements for the Sr-Bi, Sr-Sb, Sr-Pb, 

Ba-Bi, and Ba-Sb binary systems in order to elucidate the strength of interactions between the 

alkaline-earth elements and each liquid metal, and to develop a comprehensive understanding of 

their behavior. Activities as low as aSr = 10-13 at xSr  = 0.04 at T = 888 K were measured as well as 

liquid state solubility as high as 40 mol% at 988 K in Sr-liquid metal systems; activities as low as 

aBa = 10-15 at xBa  = 0.05 at T = 888 K with liquid state solubility as high as 30 mol% at 988 K in 

Ba-liquid metal systems. Experimental data was used as input data towards computational efforts 

involving first-principles calculations as well as the CALPHAD (CALculation of PHAse Diagram) 

technique in the case of the Sr-Sb and Ba-Bi systems to develop improved phase diagrams and 

provide further basis for the use of computational models in elucidating strongly interacting binary 

systems.  

Attempts to remove Sr and Ba from molten salt electrolyte using an electrochemical cell 

with liquid metal cathodes were successful, with post-mortem elemental analysis of the electrodes 

confirming significant quantities of Sr (6.5 mol%) and Ba (12.8 mol%) deposited into Bi. 

Furthermore, deposition results correlated well with the deposition behavior predicted from the 

aforementioned electromotive force measurements, inviting the possibility of using liquid metal 

electrodes for selectively removing alkali/alkaline-earth elements from molten LiCl-KCl 

electrolyte to recycle the process salt in electrorefiner. 
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1. Introduction 

1.1 Motivation/Problem Statement 

One of the most promising recycling methods for used nuclear fuel is an electrochemical 

method known as electrorefining. Electrorefining processes used nuclear fuel in order to recover 

uranium which can then be re-enriched and re-used as nuclear fuel [1]. An electrorefiner system 

operates as a simple two-electrode electrochemical cell where the used metallic nuclear fuel acts 

as an anode, an inert steel mandrel as a cathode, and LiCl-KCl-UCl3 (10 wt%) as a molten salt 

electrolyte (Figure 1). 

 

Figure 1. Schematic of a simplified electrorefining process, with uranium oxidized from metallic 

used nuclear fuel at the anode and pure uranium reduced at the cathode in molten salt LiCl-KCl-

UCl3 electrolyte. 

 

As depicted in Error! Reference source not found., when current is passed, uranium will 

be oxidized out of the used fuel anode and pure uranium metal is reduced at the inert steel cathode 

via the following reactions: 

 

Anode: U(in anode) → U3+ + 3e- 

      Cathode: U3+ + 3e- → U(on cathode) 

 

, with the overall reaction given by:  

 

      U(in anode) → U(on cathode) 

 

The recovered pure U can then be subjected to the enrichment process for further re-use. 

Unfortunately, electrorefiner systems do not operate ideally as shown in Figure 1 because used 

nuclear fuel is composed of diverse fission products (e.g., alkali, alkaline-earth, rare-earth elements 

etc.) that possess distinct electrochemical properties including standard reduction potential in the 

chloride system (Figure 2).  

 



10 
 

 
Figure 2. Standard electrode potentials of Mz+|M vs. the Cl-/Cl2 (g) couple at 600 °C, where z is 

the number of electrons in each half-cell reaction and M are the pure metals [2]. 

 

 A standard reduction potential represents a species’ tendency to be reduced, with more 

positive potentials indicating a higher tendency for reduction. Error! Reference source not 

found.2 depicts the standard reduction potentials of various components of used nuclear fuel; it is 

clear that Ba, Sr, K, and Cs are the last elements to reduce out of the LiCl-KCl-UCl3 electrolyte 

due to their highly negative potentials and that U, having the most positive potential, is the first 

element to reduce. At first glance this may not seem to be an issue for the electrorefiner system as 

U is the element of interest for recovery from the used nuclear fuel; however, any metallic elements 

with more negative redox potentials than U (e.g., Cs, Sr, Ba, and rare-earth metals) will be co-

oxidized from the anode and accumulated in the molten salt electrolyte. 

 

As alkali and alkaline-earth elements, A (A = Ba, Sr, Cs), only account for a maximum of 

12% of the used nuclear fuel composition, the question as to why A are the focus of this work 

arises. Firstly, 90Sr and 137Cs are dangerous isotopes due to their short half-lives (~30 years), highly 

ionizing β and γ radiation, and high heat densities (~100 W L-1) [3]. In fact, despite accounting for 

a small fraction of the composition of used nuclear fuel, Sr and Cs exhibit the highest heat densities 

among fission products, more than 6 times greater than the other elements of actinides and rare 

earths. Secondly, A are comparatively very difficult to remove from the LiCl-KCl-UCl3 electrolyte 

due to their highly negative redox potentials. Based on the redox potentials (Figure 2), it is evident 

that rare earth elements and actinides could theoretically be removed from the electrolyte by 

continuing to pass current after all U has been reduced out as they have the next most positive 

standard reduction potentials. Unfortunately, this same idea cannot be applied to reduce out A as 

Ba, Sr, and Cs all have standard reduction potentials more negative than Li, a primary component 

of the molten salt electrolyte. Therefore, any attempt to remove A by simply continuing to reduce 

elements out of the electrolyte would result in the reduction of Li+ to Li, i.e. the decomposition of 

the main constituent of supporting electrolyte system. 

 

1.2 Background 

Previous research by Kim et al. [4] suggests that the large electronegativity difference 

between alkali/alkaline-earth elements and liquid metals, M (M = Bi, Sb, and Pb) will allow them 

to be preferentially separated from molten salt electrolytes. In the case of a multi-component 

molten salt electrolyte (BaCl2-LiCl-CaCl2-NaCl, 16-29-35-20 mol%), Kim et al. [4] found that a 
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liquid metal (Bi) electrode was able to separate conventionally non-separable species. According 

to the standard reduction potentials for Ba2+/Ba (-3.74 V), Li+/Li (-3.49 V), Ca2+/Ca (-3.44 V), and 

Na+/Na (-3.42 V) vs. Cl-/Cl2(g) at 600 °C, deposition should proceed in the following order: Na 

→ Ca → Li → Ba, with Na being the first to reduce and Ba being the last. However, after 

discharging the Bi electrode at 50 C g-1 with a constant current density of j = -100 mA cm-2 at 

600 °C, Ba was found to be the dominant species in the Bi electrode via post-mortem scanning 

electron microscopy (SEM) with electron dispersive spectroscopy (EDS) (Figure 3).  

 

 
Figure 3. Optical image of the Bi electrode discharged at 50 C g-1 from BaCl2-LiCl-CaCl2-NaCl 

molten salt electrolyte with constant current density (-100 mA cm-2) at 600 °C with accompanying 

compositional analysis via EDS [4]. 

 

Despite the conventionally expected deposition order, which had placed Ba as the last 

species to leave the electrolyte, the solidified electrode was found to be composed of Ba-Ca-Bi 

intermetallic (35-9-55 mol%). Strong electron donor-acceptor interactions between the elements 

are believed to cause a shift in their conventional redox potentials, which means alkali/alkaline 

earths can theoretically be selectively deposited into a liquid metal electrode from chloride-based 

electrolyte. Based on Figure 2 and the previous analysis, an inert electrode in a chloride-based salt 

will be entirely ineffective at removing Ba2+, Sr2+, Cs+; however, an electrode that interacts more 

strongly with these ions than with Li+ or K+ could shift the standard reduction potentials unequally, 

resulting in a different order of reduction as in the BaCl2-LiCl-CaCl2-NaCl electrolyte with the Bi 

electrode. The effect of the postulated strong atomic interactions between the alkali/alkaline-earth 

elements and liquid metals can be rationalized using the Nernst equation: 

 

𝐸eq = 𝐸Az+/A
0 −

𝑅𝑇

𝑧𝐹
ln (

𝑎A(in M)

𝑎Az+
)                (1) 

 

where Eeq is the equilibrium potential, 𝐸Az+/A
0  is the standard reduction potential of the Az+/A 

couple, z is the number of electrons exchanged in the half reactions (z = 2 for alkaline-earth, z = 1 

for alkali elements), F is Faraday’s constant (equal to 96485.3 C mol-1), R is the ideal gas constant, 
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T is the absolute temperature, aA(in M) is the activity of element A in interacting electrode M, and 

𝑎Az+ is the activity of ion Az+ in the electrolyte. Essentially, Eq. 1 describes the shift away from 

the standard reduction potential due to activity; as the activity of 𝑎Az+ in a pure chloride salt is 

equal to 1, the shift is equivalent to −
𝑅𝑇

𝑧𝐹
ln (𝑎A(in M)). Therefore, if Bi interacts more strongly with 

Ba2+ than Li+ or Na+, the equilibrium potentials for each could be altered and switch the deposition 

order. Available activity data for Ba2+, Li+, Ca2+, and Na+ in Bi was used to estimate the shift in 

standard reduction potential, shown in Figure 4 [4]. 

 

 

 
Figure 4. Equilibrium potentials of the Ba, Li, Ca, and Na redox couples at xA(in Bi) = 0.05 (triangle) 

compared to the standard electrode potentials (circle) at 600 °C. Each arrow represents the shift in 

potential due to the activity of A in the Bi electrode [4]. 

 

The low activity of Ba in Bi leads to a large shift in equilibrium potential (1.25 V) compared 

to the next highest shift (0.94 V for Li), which changes the anticipated reduction order to Ba → 

Ca → Li → Na. If Ba2+, Sr2+, Cs+ can be proven to have similarly strong atomic interactions with 

liquid metals in electrorefiner electrolyte, it may be possible to preferentially remove them from 

the contaminated electrorefiner salts without causing the decomposition of the electrolyte. 

 

1.3 Proposal/Project Scope 

Based on the aforementioned ability of Bi to preferentially remove Ba2+ from a molten 

chloride electrolyte containing Li+, liquid metal electrodes are a promising option for removing 

alkaline-earth fission products from LiCl-KCl electrorefiner salt. By leveraging the strong 

interactions between liquid metals (M = Bi, Sb, Pb) and alkali/alkaline-earths (A = Ba, Sr, Cs), it 

would be possible to selectively deposit Ba2+, Sr2+, and Cs+ out of LiCl-KCl-based electrolytes 

using an electrochemical cell as depicted in Figure 5. 
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Figure 5. Electrochemical cell design for reduction of Sr2+ out of LiCl-KCl-ACl2 into a Bi 

electrode, simultaneously producing Cl2(g) at an inert anode. 

 

  By applying a constant current density between the liquid metal working electrode (Bi, in 

Figure 5) and an inert counter electrode, Sr2+ ions in the molten salt electrolyte will be reduced 

into the Bi and removed from the salt via the following reactions: 

 

Anode: 2Cl- → Cl2(g) + 2e- 

          Cathode: Sr2+ + 2e- → Sr(in Bi) 

 

Selectively removing Ba, Sr, and Cs from contaminated electrorefiner molten salt 

electrolytes by leveraging the strong atomic interactions between liquid metals and alkali/alkaline-

earth elements will reduce the volume of nuclear waste relegated to permanent storage by allowing 

for extended use of the electrolyte instead of frequent disposal. Recovery of A in a liquid metal 

electrode will allow for them to later be separated as oxides (BaO-SrO-Cs2O) through an oxidation 

treatment for long-term storage as ceramic or glass waste forms, but at a much lower volume than 

disposing of the entire LiCl-KCl-AClz electrolyte (Figure 6). 

 

 
Figure 6. Proposed process for removing A from electrorefiner salts using liquid metal cathodes, 

followed by oxidation treatments to develop oxide wasteform. 
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2. Outcomes of the Project 

2.1 Thermodynamic Properties of Binary Alloys 

2.1.1 Experimental Approach 

In order to assess the viability of various liquid metal electrodes for removing 

alkali/alkaline-earths, thermodynamic data including activity are necessary as the strength of the 

atomic interactions and therefore the shifts in reduction potentials depend on these properties. 

Activity data for AE-M systems (where AE = Ba, Sr) is sparse or absent in available literature and 

many of the accepted phase diagrams are incomplete or contain unstable phases [5,6]. To gain a 

more complete understanding and provide valuable fundamental thermodynamic data on these 

binary systems, electromotive force measurements were conducted. 

 The electromotive force method is an elegant approach to measure partial Gibbs energies 

using a galvanic cell with no external current flowing, relying on the notion that the amount of 

work necessary to transfer one mole of an element in valence state z from its pure state into a 

solution or compound is related to the transfer of charge by:  

ΔG = -zFE     (2) 

, where E is the electromotive force produced by the cell [8,9]. In order to accurately measure the 

electromotive force between AE(s) and AE-M alloys, the following electrochemical cell was 

devised: 

AE(s)|CaF2-AEF2|AE(in M)    (3) 

, where pure alkaline-earth metal (AE) acts as the reference electrode (RE), solid CaF2-AEF2 (97-

3 mol%) as the electrolyte, and AE-M alloys as working electrodes (WE). In this electrochemical 

cell, the half-cell reactions are: 

WE: AE2+ + 2e- = AE(in M)    (4) 

RE: AE2+ + 2e- = AE(s)     

, and the overall cell reaction is: 

AE(s) = AE(in M)     (5) 

The change in partial molar Gibbs energy of AE, ∆𝐺̅AE, for this reaction is given by: 

∆𝐺̅AE = 𝐺̅AE(in M) − 𝐺AE(s)
0 = 𝑅𝑇ln(𝑎AE)    (6) 

, where 𝐺̅AE(in M) is the partial molar Gibbs energy of AE in liquid metal M and 𝐺AE(s)
0  is the 

chemical potential of pure AE. By applying the Nernst equation to Eq. (1), the change in partial 

molar Gibbs energy of AE in a given M (and thus activity) is directly related to the cell emf, E: 

    𝐸 = −
∆𝐺̅AE

𝑧𝐹
= −

𝑅𝑇

𝑧𝐹
ln (𝑎AE(in M))    (7) 
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One of the most difficult aspects of designing an electrochemical system is the choice of 

electrolyte; CaF2-AEF2 (97-3 mol%) was selected because it satisfies several necessary conditions 

for a reliable electrolyte [8]: 

 Electrolyte choice must provide purely ionic conductivity in the temperature range of 

cell operation 

 Any side reactions between the electrodes and electrolyte must be avoided. 

 

(a)  

(b)  

Figure 7. Comparison of standard electrode potentials of selected alkali/alkaline-earth elements 

calculated using the standard free energies of formation of (a) pure chlorides and (b) pure fluorides 

at 873 K [2]. 
 

Constructing an electrochemical cell to effectively meet these requirements for AE-M 

alloys is technically challenging due to (i) the high reactivity of pure AE as well as AE-M alloys 

which can degrade the electrolytes or cell components during emf measurements, and (ii) the high 

melting temperatures of pure AE (Tm, Ba = 1000 K, Tm, Sr = 1042 K ) [10] and AE-M alloys. The 

solid-state CaF2 is well known to have substantial ionic conductivity (1.5 × 10-3 S cm-1 at 1073 K) 

[11,12], suitable for emf measurements. In recent studies, solid-state CaF2 electrolyte has been 

utilized in determining the thermodynamic properties of Ca-Bi, Ca-Sb, and Ca-Mg alloys at 723‒
1100 K [13–15], employing the high stability of CaF2 electrolyte in emf measurements of calcium 

alloys. Delcet and Egan [16] also determined the emf values of Ca-Ag and Ca-In alloys using 

single-crystal CaF2 at 1073 K via coulometric titration techniques and derived thermodynamic 

activity values of calcium. 

The investigation of Sr-M alloys required using CaF2-AEF2 (97-3 mol%) instead of the 

pure CaF2 electrolyte to account for the change in electroactive species. According to the analysis 

of standard electrode potentials in the fluoride system at 873 K (Figure 7a), CaF2 is more stable 

than both BaF2 and SrF2 thus, strontium/barium ions are expected to be the most electroactive 
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species in the CaF2-AEF2 binary electrolyte. In contrast, BaCl2 and SrCl2 are more stable than 

CaCl2 in the chloride system (Figure 7b); therefore, calcium becomes the most electroactive 

species, invalidating the stable emf measurements of AE-based alloys in CaCl2-AECl2 electrolyte 

due to side reactions (e.g., Sr + CaCl2 = SrCl2 + Ca, ∆rG = ‒28.9 kJ at 873 K). 

 

Final assembly of the electrochemical cell was performed in a glovebox under an inert 

argon environment (O2 concentration < 0.5 ppm) to mitigate the rapid oxidation of AE and AE-M 

alloys. The CaF2-AEF2 electrolyte was placed in an alumina crucible (8.2 cm diameter × 3.0 cm 

height) and tungsten wires (1 mm × 46 cm in diameter and length) were inserted into alumina tube 

sheaths, sealed at the top with epoxy, passed through the stainless steel test chamber, through the 

CaF2-AEF2 caps, and into the electrodes (Figure 8). The caps were installed to minimize the 

contamination of alloys during the measurements by physically blocking the vapor-phase transport 

of strontium. 

 

 The test chamber was then sealed, removed from the glovebox, loaded into a crucible 

furnace, and evacuated to ~1 Pa. The test chamber was heated at 373 K for 12 h, at 543 K for 12 

h under vacuum to remove residual moisture and oxygen, purged three times with high purity 

argon, and finally heated to 1023 K under flowing argon (~10 mL min−1) atmosphere to melt the 

electrodes and establish electrical contact with the tungsten wires. 

  

Emf measurements were performed by measuring the potential difference between the 

reference electrode and each working electrode (AE-M alloys) sequentially in 180 s intervals 

during thermal cycles using a potentiostat-galvanostat (Autolab PGSTAT302N, Metrohm AG). 

Emf data were collected throughout a cooling and reheating cycle between ~700 and 1100 K in 25 

K increments. The cell temperature was held constant at each increment for 1.5 h to reach thermal 

and electrochemical equilibria and ramped at ±5 K min-1 between increments. The cell temperature 

was measured using a thermocouple (ASTM type-K) located at the center of the electrolyte, and 

thermocouple data acquisition system (NI 9211, National Instruments). 

 

The following sections summarize the work performed towards the thermodynamic 

measurements of AE-M systems, specifically the Sr-(Bi, Sb, Pb) and Ba-(Bi, Sb). Herein, the 

thermodynamic quantities as a function of both temperature and composition for all systems are 

reported in their entirety. In addition, the deviations between experimental procedures are given to 

allow for maximum reproducibility of the results reported in this section. 
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(a)  

(b)  

Figure 8. (a) Experimental assembly for electromotive force measurements utilizing the 

AE(s)|CaF2-AEF2|AE(in M) electrochemical cell and (b) close-up schematic of electrochemical 

cell. 
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2.1.2 Electromotive Force Measurements on the Sr-Bi System 

 The use of pure strontium metal as reference electrodes caused gradual degradation of the 

solid-state CaF2-SrF2 electrolytes, resulting in irreproducible emf values during thermal cycles 

(Figure 9).  

 

Figure 9. Reaction of the pure Sr electrode with the CaF2-SrF2 (97-3 mol%) electrolyte indicated 

by the darkening of the electrolyte, which leads to the degradation of the electrochemical cell and 

irreproducible emf measurements. 

 

Instead, a less reactive Sr-Bi alloy (xSr = 0.10) was employed as the reference electrode in 

emf measurements of various alloy compositions in a manner similar to Newhouse et al. [15]. The 

choice of the Sr-Bi alloy xSr = 0.10 was advantageous because this alloy composition (1) 

experiences no phase changes at 700‒1100 K, resulting in a linear thermal emf (dEcell/dT); (2) 

produced highly reproducible emf values for various Sr-Bi alloys during the thermal cycle; and (3) 

the potential difference between identical xSr = 0.10 electrodes remained less than ±5 mV 

throughout the emf measurements, implying an excellent stability as a reference electrode.  

In separate experiments, the electrode potential of the Sr-Bi alloy xSr = 0.10 was determined 

against pure Sr using a Sr(s)|CaF2-SrF2|Sr-Bi(xSr = 0.10) cell (Figure 10a). By performing several 

measurements with shorter hold times at each increment (1 h) and only one heating/cooling cycle, 

the pure Sr electrode reactivity was minimized and a reliable calibration curve was obtained. Using 

the linear fit of this measurement at xSr = 0.10 (Figure 10b), the emf values of Sr-M alloys Ecell are 

reported versus to pure Sr metal: 

      ERE = 6.9 × 10-5 T + 0.922 [V] vs. pure Sr   (8) 

, which allows the measured emf between the Sr-Bi (xSr = 0.10) reference electrode and the Sr-Bi 

working electrodes to be directly related to the emf between the Sr-Bi working electrodes and pure 

Sr: 

      E = Ecell + ERE       (9) 
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(a)  

(b)  

Figure 10. (a) Electromotive force data as a function of time (blue) with temperature (red) for the 

electrochemical cell Sr(s)|CaF2-SrF2(s)|Sr-Bi (xSr = 0.10) and (b) emf values as a function of 

temperature obtained from the aforementioned electrochemical cell. 

 

Electromotive force data can be used to calculate fundamental thermodynamic properties 

including activity, partial molar entropy, partial molar enthalpy, and partial molar excess Gibbs 

energy. The emf data as function of time is presented below in Figure 11 and is re-plotted as a 

function of temperature in Figure 12. 
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Figure 11. Emf values and temperature measured as a function of time upon cooling and heating 

a Sr-Bi (xSr = 0.10)|CaF2-SrF2(s)|Sr(in Bi) cell with Sr-Bi alloys xSr = 0.10, 0.15, and 0.20. 

 

 

 
Figure 12. Emf values as a function of temperature upon cooling and heating a Sr-Bi (xSr = 

0.10)|CaF2-SrF2(s)|Sr(in Bi) cell with Sr-Bi alloys xSr = 0.10, 0.15, and 0.20. 
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The change in the partial molar entropy of strontium, ∆𝑆S̅r, is calculated from linear fits of 

the measured emf data in Figure 12 using the following thermodynamic relation, where (
𝜕𝐸

𝜕𝑇
)
P
 is 

the slope of the fits: 

∆𝑆S̅r = − (
𝜕∆𝐺̅Sr

𝜕𝑇
)
P

= 𝑧𝐹 (
𝜕𝐸

𝜕𝑇
)
P
       (10) 

By re-plotting the emf data again as Ecell/T vs. 1/T (Figure 13), the partial molar enthalpy of 

strontium, ∆𝐻̅Sr, can be determined using the Gibbs-Helmholtz relation: 

  ∆𝐻̅Sr = −𝑇2 (
𝜕(∆𝐺̅Sr/𝑇)

𝜕𝑇
)
P

= 𝑧𝐹𝑇2 (
𝜕(𝐸/𝑇)

𝜕𝑇 
)
P

= 𝑧𝐹
𝜕(𝐸/𝑇)

𝜕(1/𝑇) 
   (11) 

 
Figure 13. Graphical representation of E/T vs. 1/T to estimate the change in partial molar enthalpy 

of Sr-Bi alloys xSr = 0.10-0.20, where the slope is -∆𝑯̅Sr/zF. 

 

Using the Nernst equation, the activity of Sr can be calculated at a given temperature 

using the emf values: 

ln(𝑎Sr) = −
𝑧𝐹𝐸

𝑅𝑇
     (12) 

 

The excess partial molar Gibbs energy of Sr, 𝐺̅Sr
E  , can then calculated from the activity data: 

𝐺̅Sr
E = 𝑅𝑇ln𝛾Sr = 𝑅𝑇(ln 𝑎Sr − ln 𝑥Sr)    (13) 

 

, where 𝛾Sr is the activity coefficient.  

Emf measurements recorded as a function of temperature provide a wealth of thermodynamic 

data, which allows for a more complete understanding of the capability of each liquid metal (Bi, 

Sb, Sn) to separate Sr from molten salt electrolytes.  
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 The variation of emf with temperature and composition for Sr-Bi alloys (xSr = 0.05‒0.75) 

is displayed in Figure 14a-c, obtained upon cooling and reheating the electrochemical cells 

between 1023 and 748 K [7]. In general, the emf values were in close agreement between the 

cooling and heating with less than a 5 mV difference up to xSr = 0.30. In Figure 14a, the emf varies 

linearly with respect to temperature and increases as xSr decreases above the liquidus [L = L + 

SrBi3(s)]; below the liquidus line, the emf does not change with composition and the emf values 

collapse onto the same line. This is because the emf values are analogous to activity and activity 

is constant with respect to composition in a two-phase region. In Figure 14b, mole fraction xSr = 

0.30 exhibits two phase transitions, a liquidus [L = L + Sr2Bi3] at 908 K and a solidus [L + Sr2Bi3 

= SrBi3+ Sr2Bi3] at 843 K. 

Emf values of alloys with high strontium content (0.35 ≤ xSr ≤ 0.75) exhibited increased 

hysteresis between the heating-cooling cycles up to a 25 mV difference possibly due to the 

increased reactivity. For this reason, emf data for high Sr alloys (xSr ≥ 0.35) were collected from 

the first cooling cycle only (Figure 14b-c). Mole fraction xSr = 0.45 exhibited a solidus transition 

[L + Sr11Bi10 = Sr2Bi3 + Sr11Bi10] at 908 K (Figure 14b); mole fraction xSr = 0.55 exhibited a solidus 

phase transition [L + Sr4Bi3 = Sr11Bi10 + Sr4Bi3] at ~985 K (Figure 14c). The transition reactions 

were inferred based on the observed crystal structures at each composition. It should be noted that 

the observed crystal structures of the Sr2Bi3 and Sr4Bi3 phases are well reported in the database, 

but not included in the most recent Sr-Bi equilibrium phase diagrams.  

The change in the partial molar entropy of strontium, ∆𝑆S̅r , was calculated from linear fits 

of the measured emf data in Figure 14a-c (Eq. 10). Similarly, the change in the partial molar 

enthalpy, ∆𝐻̅Sr , was calculated using the Gibbs-Helmholtz relation (Eq. 11). As shown in Figure 

13 for Sr-Bi alloys xSr = 0.05‒0.15, the change in partial molar enthalpy was estimated based on 

the slopes by plotting E/T versus 1/T. The estimated partial molar quantities as well as the linear 

fits of temperature-dependent emf values are summarized in Table 1.  

Using the Nernst equation (Eq. 12), the activity of Sr in Bi, aSr, was calculated for specific 

temperatures of 788 K, 888 K, and 988 K using the measured emf values. The excess partial molar 

Gibbs energy of Sr, 𝐺̅Sr
E  , was then calculated from the activity data (Eq. 13). The results of emf 

values, natural log of the activity, and the excess partial molar Gibbs energy are summarized in 

Table 2 and are presented graphically in Figure 15a‒c at 888 K. 
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(a)  

(b)  

(c)  

Figure 14. Emf values of various Sr-Bi alloys versus pure Sr, E, as a function of temperature for 

(a) xSr = 0.05 to xSr = 0.25, (b) xSr = 0.25 to xSr = 0.55, and (c) xSr = 0.55 to xSr = 0.75. 
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Table 1. Measured partial molar entropies and partial molar enthalpies for Sr-Bi alloy 

compositions xSr = 0.05 to xSr = 0.75 as well as linear fits of emf values. 

xSr T (K) ∂E/∂T (μV K‒1) ∂(E/T)/∂(1/T) (mV) ∆𝑆S̅r  (J mol‒1 K‒1) ∆𝐻̅Sr (kJ mol‒1) 

0.05 728-1007 157 883 30.3 -170.4 

0.10 754-1009 69.2 919 13.4 -177.3 

0.15 786-987 27.7 926 5.3 -178.7 

0.20 835-987 6.4 913 1.2 -176.2 

0.20 786-835 -570 1395 -110 -269.2 

0.25 883-959 0.8 914 0.2 -176.4 

0.25 782-883 -602 1469 -116 -283.5 

0.30 908-984 -40.7 904 -7.9 -174.4 

0.30 831-908 -611 1423 -118 -274.6 

0.30 782-831 -133 1023 -25.7 -197.4 

0.35 959-1010 -76.6 964 -14.8 -186.0 

0.35 831-959 -527 1327 -101.7 -256.1 

0.35 780-831 -181 1039 -34.9 -200.5 

0.40 867-1010 -508 926 -98 -178.7 

0.40 780-867 -62 1324 -12 -255.5 

0.45 959-1010 -519 1197 -100.2 -231.0 

0.45 780-959 -94.7 928 -18.3 -179.1 

0.50 983-1009 -292 1111 -56.3 -214.4 

0.50 779-983 -108 931 -20.8 -179.7 

0.55 984-1009 -346 1167 -66.8 -225.2 

0.55 779-984 -100 925 -19.3 -178.5 

0.65 804-1007 -422 1169 -81.4 -225.6 

0.75 933-1009 -2200 2725 -424.5 -525.8 

0.75 830-933 -676 1265 -130.4 -244.1 

 

Table 2. Measured emf, natural log of the activity of Sr in Bi, and the measured excess partial 

molar Gibbs energy of strontium of xSr = 0.05 to xSr = 0.75. 

xSr 
E (V) ln aSr 𝐺̅Sr

E  (kJ mol‒1) 

788 K 888 K 988 K 788 K 888 K 988 K 788 K 888 K 988 K 

0.05 1.008 1.024 1.039 -29.7 -26.8 -24.4 -175 -176 -176 

0.10 0.976 0.982 0.989 -28.7 -25.7 -23.2 -173 -173 -172 

0.15 0.948 0.951 0.953 -27.9 -24.9 -22.4 -170 -170 -168 

0.20 0.946 0.919 0.920 -27.9 -24.0 -21.6 -172 -165 -164 

0.25 0.946 0.891 0.891 -27.9 -23.3 -20.9 -174 -162 -160 

0.30 0.919 0.881 0.864 -27.1 -23.0 -20.3 -170 -161 -157 

0.35 0.912 0.879 0.838 -26.9 -23.0 -19.7 -169 -162 -153 

0.40 0.878 0.880 0.829 -25.9 -23.0 -19.5 -164 -163 -153 

0.45 0.879 0.870 0.826 -25.9 -22.7 -19.4 -164 -162 -153 

0.50 0.845 0.834 0.822 -24.9 -21.8 -19.3 -159 -156 -153 

0.55 0.845 0.835 0.824 -24.9 -21.8 -19.4 -159 -157 -154 

0.65 0.843 0.801 0.758 -24.8 -20.9 -17.8 -160 -151 -143 

0.75 0.836 0.769 0.610 -24.6 -20.1 -14.3 -159 -146 -115 
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(a)  

(b)  

(c)  

Figure 15. (a) Measured emf values (E) vs. pure Sr (s), (b) natural logarithm of activity in Sr (ln 

aSr), and (c) excess partial molar Gibbs energy (𝑮̅Sr
E ) as a function of mole fraction xSr at 888 K. 
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 Figure 15a displays the emf values as a function of strontium mole fraction with the phase 

compositions of each intermetallic compound as well as liquidus composition at 888 K. In the two-

phase region [L+ Sr2Bi3] at 0.30 < xSr < 0.40, the emf is nearly constant because chemical potential 

(or activity) of Sr becomes invariant with respect to xSr in two-phase regions (Figure 15a-b). 

However, in the two-phase region [Sr2Bi3 + Sr11Bi10] at 0.40 < xSr < 0.52, different emf values 

were obtained within the same two-phase region, indicating non-equilibrium phase behavior. 

According to the equilibrium phase diagram, we anticipate that the emf values will approach zero 

in the two-phase composition domain [Sr2Bi + Sr] at xSr > 0.67, as observed in the Ca-Bi system 

[13]. However, the emf value at xSr = 0.75 remained above 0.75 V versus pure Sr. This discrepancy 

was due to the formation of meta-stable phases at this composition, comprised of Sr2Bi, Sr5Bi3, 

and Sr4Bi3 without pure Sr phase. In the Sr-Bi system, a large excess partial molar Gibbs energy 

(as low as -176 kJ mol-1 at xSr = 0.05) was obtained, indicating highly non-ideal solution behavior 

due to the strong chemical interactions between Sr and Bi (Figure 15c).  

This study has determined thermodynamic properties of the binary Sr-Bi system, including 

activities, partial molar entropies, enthalpies, and excess Gibbs energies. The liquid-state solubility 

of Sr in Bi was estimated to be ~15 mol% at 788 K and ~40 mol% at 988 K. At high Sr 

compositions (xSr ≥ 0.25), strong non-equilibrium phase behavior was observed; for example, three 

phases in the binary system and the absent pure Sr phase at xSr > 0.67. In addition, two additional 

phases of Sr2Bi3 and Sr4Bi3 were considered in describing the phase behavior of Sr-Bi system, 

which are not considered in the current Sr-Bi equilibrium phase diagram. Combining the high 

liquid-state solubility and the strong chemical interactions between Sr and Bi (aSr as low as 1.2 × 

10‒13), Bi shows promise as an electrode material for separating dissolved strontium ions (Sr2+) 

from molten salt electrolytes (e.g., LiCl-KCl-SrCl2). 

 

2.1.3 Electromotive Force Measurements on the Sr-Sb System 

A large amount of metal vapor was observed during the arc-melting of Sr-Sb alloys for 

electromotive force measurements, which led to the concern that the Sr-Sb alloys could differ from 

the intended compositions. Induction Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES, 

Perkin-Elmer Optima 5300DV) was used to verify the compositions of the arc-melted Sr-Sb alloys 

with a maximum of 4 % error of the measured value. As xSr increased, so did the discrepancy 

between the actual composition and the nominal composition likely as a result of increased Sr 

vaporization during the arc melting process (Table 3). Compositions are referred to using their 

ICP-AES measured values instead of the as-weighed compositions prior to arc-melting. 

 Using the electrochemical cell Sr-Bi (xSr = 0.10)|CaF2-SrF2(s)|Sr(in Sb) and the 

aforementioned experimental procedure, emf values were recorded over a temperature range of 

833-1113 K for sixteen Sr-Sb alloy compositions ranging from xSr = 0.03 to xSr = 0.84 [17]. Due 

to undercooling effects (hysteresis between heating/cooling cycles of > 20 mV), only the heating 

curves were considered in the analysis [18]. Electromotive force measurements were plotted as a 

function of temperature for all measured mole fractions (Figure 16a-b).   
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Table 3. Comparison of mole fraction, xSr between as weighed and as measured by ICP-AES. 

Mole Fraction, xSr 

Nominal (as weighed) Measured (ICP-AES) 

0.025 0.03 

0.050 0.04 

0.075 0.07 

0.100 0.09 

0.150 0.14 

0.200 0.20 

0.250 0.23 

0.300 0.30 

0.350 0.33 

0.400 0.38 

0.450 0.43 

0.500 0.48 

0.550 0.52 

0.600 0.57 

0.650 0.60 

0.700 0.62 

0.750 0.69 

0.900 0.84 
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(a)  

(b)  

Figure 16. Emf values of various Sr-Sb alloys versus pure Sr, Ecell, as a function of temperature 

for (a) xSr = 0.03 to xSr = 0.53 and (b) xSr = 0.43 to xSr = 0.84. 

 

Emf decreases linearly as a function of temperature above the liquidus, while below the 

liquidus the activity of Sr is invariant as a function xSr, as the system enters a two-phase region and 

the emf values collapse onto the same curve. This is because activity is constant in a two-phase 

region and emf is directly related to activity via the Nernst equation (Eq. 12). As such, phase 

transitions are indicated in the plots by changes in the slope of the emf, i.e. changes in the partial 

molar entropy (Eq. 10). At temperatures lower than 875 K, the emf values are less reproducible 



29 
 

and more scattered; this is believed to be due decreased ionic conductivity in the electrolyte at 

lower temperatures as well as worsening contact between the electrolyte and Sr-Sb alloy electrodes 

due to the absence of any liquid phase. Higher mole fractions (xSr > 0.55) experienced the least 

stability with emf variability of up to 50 mV between runs due to increased Sr content in the alloys 

degrading the electrolyte as well as the high melting temperature of these alloys that prevented 

intimate contact between the electrode and the electrolyte. Figure 16b shows the effect of 

transitioning into the SrSb2 + Sr two-phase region with the xSr = 0.84 alloy, as the presence of pure 

Sr leads to a dramatic decrease in the emf as the activity of pure Sr is unity. The electromotive 

force data was used to calculate the change in partial molar entropy (∆𝑆S̅r) and partial molar 

enthalpy (∆𝐻̅Sr) in linear regions (Table 4). 

 

Table 4. Measured partial molar entropies and partial molar enthalpies for Sr-Sb alloy 

compositions xSr = 0.03 to xSr = 0.69 as well as linear fits of emf values. Errors of the linear fits 

are represented by parentheses. 

 

 

 

 

 

 

 

 

 

 

 

 Using the Nernst equation, the activity of Sr in Sb was calculated for each alloy at 888 K, 

988 K, and 1088 K and the partial molar excess Gibbs free energy (𝐺̅Sr
E ) was also calculated. The 

resulting values are listed below in Table 5 and are depicted graphically for T = 988 K in Figure 

17a-c. 

  

xSr T (K) ∂E/∂T 

 (μV K‒1) 

∂(E/T)/∂(1/T)  

(mV) 
∆𝑆S̅r  

(J mol‒1 K‒1) 

∆𝐻̅Sr  

(kJ mol‒1) 

Adj-R2 

0.03 886-1090 174 (4) 1006 (4) 33.6 -194.1 0.996 

0.04 888-1092 142 (2) 1017 (2) 27.3 -196.2 0.999 

0.07 908-1087 73 (3) 1057 (3) 14.2 -203.9 0.986 

0.09 882-1089 66 (2) 1052 (2) 12.7 -202.9 0.994 

0.14 908-1087 -1 (4) 1080 (4) -0.2 -208.4 -0.154 

0.20 860-933 -435 (9) 1462 (8) -83.9 -282.1 0.999 

0.20 933-1089 -6 (1) 1062 (1) -1.1 -205.0 0.764 

0.23 928-979 -484 (21) 1510 (20) -93.4 -291.4 0.996 

0.23 979-1082 -38 (2) 1074 (2) -7.4 -207.3 0.987 

0.30 904-1082 -543 (16) 1565 (16) -104.8 -302.0 0.994 

0.33 877-1082 -573 (14) 1596 (14) -110.6 -308.0 0.995 

0.38 833-983 11 (1) 1001 (0) 2.1 -193.1 0.981 

0.43 882-1089 -176(8) 1116(8) -33.9 -215.4 0.984 

0.52 884-1087 -162(13) 1099(12) -31.2 -212.2 0.951 

0.57 858-1111 -378 (14) 1248 (14) -72.8 -240.8 0.987 

0.60 908-1111 -400(45) 1221(45) -77.3 -235.6 0.909 

0.62 908-1111 -396(35) 1221(35) -76.5 -235.6 0.942 

0.69 873-1113 -238(13) 1039(13) -45.9 -200.6 0.971 
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Table 5. Measured emf, natural log of the activity of Sr in Sb, and the measured excess partial 

molar Gibbs energy of strontium for mole fractions xSr = 0.03 to xSr = 0.84. 

xSr 
E (V) ln aSr 𝐺̅Sr

E  (kJ mol‒1) 

888 K 988 K 1088 K 888 K 988 K 1088 K 888 K 988 K 1088 K 

0.03 1.161 1.178 1.195 -30.3 -27.7 -25.5 -197 -197 -197 

0.04 1.143 1.157 1.171 -29.9 -27.2 -25.0 -197 -197 -198 

0.07 1.122 1.129 1.136 -29.3 -26.5 -24.2 -197 -196 -195 

0.09 1.111 1.117 1.124 -29.0 -26.2 -24.0 -196 -196 -195 

0.14 1.079 1.079 1.079 -28.2 -25.3 -23.0 -194 -192 -191 

0.20 1.075 1.056 1.055 -28.1 -24.8 -22.5 -196 -190 -189 

0.23 1.080 1.036 1.033 -28.2 -24.3 -22.0 -198 -188 -186 

0.30 1.083 1.029 0.974 -28.3 -24.2 -20.8 -200 -189 -177 

0.33 1.087 1.030 0.973 -28.4 -24.2 -20.8 -202 -190 -178 

0.38 1.011 1.014 0.968 -26.4 -23.8 -20.7 -188 -188 -178 

0.43 0.964 0.941 0.925 -25.2 -22.1 -19.7 -180 -175 -171 

0.52 0.959 0.939 0.926 -25.1 -22.1 -19.8 -180 -176 -173 

0.57 0.912 0.875 0.837 -23.8 -20.6 -17.9 -172 -164 -157 

0.60 0.882 0.816 0.786 -23.1 -19.2 -16.8 -166 -153 -147 

0.62 0.880 0.824 0.792 -23.0 -19.4 -16.9 -166 -155 -149 

0.69 0.828 0.804 0.780 -21.6 -18.9 -16.6 -157 -152 -147 

0.84 0.014 0.014 0.013 -0.4 -0.3 -0.3 -1 -1 -1 

 

 

 

(a)  
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(b)  

(c)  

Figure 17. (a) Measured emf values (E) vs. pure Sr, (b) natural log of activity (ln aSr), and (c) 

excess molar partial Gibbs energy (𝐆Sr
E ) as a function of xSr at 988 K. 

 

Figure 17a presents the emf values as a function of Sr mole fraction (xSr) with the liquidus 

composition and proposed intermetallic phases superimposed at 988 K. The emf clearly decreases 

as a function of xSr until hitting the liquidus composition, at which point the emf becomes 

essentially constant with respect to xSr in the two-phase regions; this invariance is a result of the 

chemical potential of Sr being constant in two-phase regions. Figure 17b and Figure 17c depict the 

natural logarithm of activity of Sr in Sb and the partial molar excess Gibbs energy of Sr 

respectively as functions of xSr at 988 K. The activity of Sr in Sb in the xSr = 0.03 alloy at 988 K is 

aSr = 9.33×10-13 with 𝐺̅Sr
E  = -197 kJ mol-1 indicating very strong atomic interactions, i.e. non-ideal 

solution behavior. Also, at mole fraction xSr = 0.84, 𝐺̅Sr
E  = -1 kJ mol-1 with an activity of aSr = 0.74; 

this is in line with expectation as the emf values drop to nearly zero as a result of the presence of 

pure Sr. 
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This study has determined thermodynamic properties of the binary Sr-Sb system, including 

activities, partial molar entropies, enthalpies, and excess Gibbs energies. The strong atomic 

interactions between Sr and Sb (aSr as low as 1.5 × 10‒12 at 988 K and xSr = 0.04) indicate promise 

as an electrode material for separating dissolved strontium ions (Sr2+) from molten salt electrolytes 

(e.g., LiCl-KCl-SrCl2).  

 

2.1.4 Electromotive Force Measurements on the Sr-Pb System 

The use of the less-reactive Sr-Pb alloy at xSr = 0.07 as the RE resulted in reliable emf 

measurements (EI) at 773–1073 K, demonstrated by a symmetric emf profile during cooling-

heating cycles for xSr = 0.14 and 0.31 (Figure 18a). The potential difference between the identical 

RE compositions was maintained at less than ± 5 mV throughout emf measurements. In separate 

experiments, the RE potential (EII) of the Sr-Pb alloy at xSr = 0.07 was determined relative to pure 

Sr(s) as a function of temperature over 777–1007 K (Figure 18b), resulting in a linear relationship 

between the emf and the temperature:  

 

EII = 0.676 + 9.4 × 10
-5
T  [V] vs. pure Sr(s).       (14) 

 

 Using the above relation, the emf values of Sr-Pb alloys (E) were reported relative to pure 

Sr(s). The temperature-dependent variation of emf values is displayed in Figure 19a for Sr-Pb 

alloys 0.07 ≤ xSr ≤ 0.59, obtained during both cooling and heating cycles. The emf values decreased 

as the Sr mole fraction increased, and changed linearly as a function of temperature in a single-

phase liquid region. Discontinuities in the slope (dE/dT) for 0.11 ≤ xSr ≤ 0.45 occurred due to first-

order phase transitions (i.e. liquid (L) = liquid (L) + solid (S)). However, emf values for high Sr 

mole fractions xSr > 0.45 were unstable and irreproducible between cooling and heating cycles 

(solid symbols in Figure 19a). Moreover, the emf values at xSr > 0.45 were often higher than those 

for lower Sr mole fractions, especially at lower temperatures (< 900 K) and thus were not 

considered for thermodynamic analysis. Such erratic behavior is postulated to occur as a result of 

(i) unstable electrical contact between the alloy WE, the electrolyte, and the electrical lead (Mo) 

due to high melting temperatures of these alloys and/or (ii) the formation of metastable phases 

during thermal cycling. The latter case is supported by the presence of metastable, non-equilibrium 

phases found at high Sr mole fractions despite annealing for 24 h at 15 K below solidus temperature.  

For Sr-Pb alloys at xSr = 0.07–0.18 (Figure 19b), the temperature-dependent emf values 

were linear in the liquid region, and curvilinear behavior was observed for xSr = 0.18 in the two-

phase [L + SrPb3] region. In equilibrium, mole fractions 0.00 < xSr < 0.25 would converge onto 

this curve in the same two-phase [L + SrPb3] region, as the activity of Sr is invariant with respect 

to composition (Gibbs phase rule). However, the emf values of xSr = 0.14 below the liquidus 

temperature (847 K) were not reliable, possibly due to the sluggish transformation kinetics (L → 

L + SrPb3) at low temperatures. Mole fractions 0.27 ≤ xSr ≤ 0.34 exhibited a linear emf trend in the 

liquid region and converged onto a single linear region below ~900 K, indicating two-phase [SrPb3 

+ Sr3Pb5] behavior (Figure 19c). While two-phase regions of [L + SrPb3] for xSr = 0.27 and [L + 

Sr2Pb3] for xSr = 0.34 were also expected, the difference between the liquidus and solidus 

temperatures was too narrow (< 35–55 K) to be quantified by the emf measurements with 25 K 

intervals, requiring a complementary technique such as DSC. 
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(a)   

 

 

(b)  

 

Figure 18. (a) The measured emf values (EI) and cell temperature as a function of time during 

cooling and reheating of a Sr-Pb (xSr = 0.07) | CaF2-SrF2 | Sr(in Pb) cell with Sr-Pb alloy WEs xSr 

= 0.07, 0.14, and 0.31, and (b) the measured emf values (EII) as a function of temperature using a 

Sr(s) | CaF2-SrF2 | Sr-Pb (xSr = 0.07) cell. 
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(a)  

(b)  

 

(c)  
Figure 19. Electromotive force of Sr-Pb alloys as a function of temperature for (a) xSr = 0.07–0.59 

(b) xSr = 0.07–0.18 and (c) xSr = 0.27–0.45, where solid lines represent linear or curvilinear fits.  
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Interestingly, mole fraction xSr = 0.39 exhibited two phase transitions of liquidus reaction 

at ~955 K and solidus reaction at ~904 K. In equilibrium, these reactions would be [L = L + Sr2Pb3] 

for liquidus and [L + Sr2Pb3 = Sr3Pb5 + Sr2Pb3] for solidus. However, the emf values in the [L + S] 

region deviated away from those in the [L + Sr2Pb3] region at xSr = 0.34, and the emf values below 

~904 K were similar to those of xSr = 0.41 and 0.45, indicating non-equilibrium phase behavior at 

this composition. The deviation from equilibrium behavior could be attributed to the formation of 

metastable phases such as SrPb3 based on the XRD analysis. Mole fraction xSr = 0.41 exhibited a 

limited liquid region at 1005–1054 K and its emf values converged with those of xSr = 0.45 below 

liquidus temperature (~1002 K) in the two-phase [L + SrPb] region. 

Overall, emf measurements were reliable for mole fractions up to xSr = 0.45, in particular 

at elevated temperatures in the presence of a liquid phase. The linear fits of emf as a function of 

temperature (Ecell vs. T) were used to determine the change in partial molar entropy (∆S̅Sr), and 

partial molar enthalpy (∆H̅Sr) from the Nernst and Gibbs-Helmholtz relations at each mole fraction. 

When emf values are linear with respect to temperature, ∆S̅Sr and ∆H̅Sr are independent of 

temperature and can be directly determined from the slope and the intercept at 0 K, respectively. 

The estimated partial molar quantities and linear fitting parameters (slope and intercept) are 

summarized in Table 6. For mole fractions xSr = 0.18 in the [L + SrPb3] region (Figure 19b), 

temperature-dependent emf values exhibited a curved, non-linear relationship and were fit to the 

fitting equation used for the Ca-Sb, K-Bi, and Ba-Sb systems [23-25] with the fitting parameters 

reported in Table 7: 

𝐸 = 𝐴 + 𝐵𝑇 ln(𝑇) + 𝐶𝑇,     (15) 

where A, B, and C are fitting parameters. 

The activity of Sr in Pb, aSr, and the natural log of activity, were calculated using measured 

emf values and the Nernst equation at 873 K, 923 K, and 973 K. The excess partial molar Gibbs 

energy of Sr, G̅Sr

E
, was then calculated from the activity data. The emf values, natural log of the 

activity, and the excess partial molar Gibbs energy are summarized in Table 8 and presented 

graphically as a function of xSr in Figure 20 at 873 K.  

 At 873 K, the emf value decreases monotonically in the single-phase liquid region and 

remains constant within the two-phase regions: [SrPb3 + Sr3Pb5] and [Sr2Pb3 + SrPb], due to the 

invariant activity within the two-phase region (Figure 20a). While the emf value in each two-phase 

region would decrease at higher Sr mole fractions, noticeably similar emf values between different 

two-phase regions were observed: (i) 0.67 V vs. pure Sr(s) for [L + SrPb3] and [SrPb3 + Sr3Pb5] 

across the SrPb3 phase boundary and (ii) 0.53 vs. pure Sr(s) for [Sr3Pb5 + Sr2Pb3] and [Sr2Pb3 + 

SrPb] across the Sr2Pb3 phase boundary. While a small difference in emf values between two-

phase regions is probable, the presence of metastable intermetallic phases could be an additional 

factor in measuring such close emf values between distinct two-phase regions. In the Sr-Pb system, 

large excess partial molar Gibbs energy values were observed, reaching as low as –127 kJ mol–1 

at xSr = 0.07, indicating highly non-ideal solution behavior in liquid Sr-Pb alloys (Figure 20c). 

 The thermodynamic properties determined by emf technique were compared to the 

assessed thermodynamic properties of the binary Sr-Pb system by Zhang et al. [20] (Figure 20b-

c). While the overall phase transition behavior agrees qualitatively, the activity values between the 

assessed thermodynamic properties and this work were different by up to three orders of magnitude 

in the liquid-phase region (Figure 20b). One possible reason for the large difference in activity 

values is the limited thermochemical data used to model the Sr-Pb system, as only phase transition 

temperatures were used to corroborate the CALPHAD and DFT calculations in their assessment, 
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leading to overestimation of interactions between Sr and Pb, in particular for the liquid-phase 

region. 

 

Table 6. Change in partial molar entropy (∆S̅Sr), partial molar enthalpy (∆H̅Sr) of Sr, calculated 

from the linear fits of the emf versus temperature of the Sr-Pb alloys at xSr = 0.07–0.45, where 

(∂Ecell/∂T)P and T2(∂(Ecell/T)/∂T))P are the slope and intercept, respectively. 

xSr T  

(K) 

(∂Ecell/∂T)P  

(µV K–1) 
∆S̅Sr  
(J mol–1 K–1) 

T2(∂(Ecell/T)/∂T))P  

(mV) 
∆H̅Sr  
(kJ mol–1) 

0.07 777–1007  94 ± 4 18.2 676 ± 4 –131 

0.11 801–1053  34 ± 2 6.5 694 ± 2 –134 

0.14 851–1054  –3 ± 2 –0.5 686 ± 2 –132 

0.18 902–1054 –21 ± 5 –4.1 665 ± 5 –128 

0.27 954–1055  –20 ± 26 –3.9 633 ± 26 –122 

0.31 955–1056  –108 ± 19 –20.8 711 ± 19 –137 

0.34 955–1056  –39 ± 13 –7.5 625 ± 13 –121 

0.27, 0.31, 0.34 778–904  –547 ± 66 –105.6 1151 ± 57 –222 

0.39 953–1054 –33 ± 8 –6.4 601 ± 8 –116 

 903–953  827 ± 38 159.7 –221 ± 35 43 

 775–903  –108 ± 8 –20.8 623 ± 7 –120 

0.41 1005–1054   –249 ± 38 –60.6 747 ± 39 –144 

0.45 1005–1054 –933 ± 31 –180.1 1433 ± 32 –277 

0.41,0.45 775–1004   –136 ± 33 –26.1 644 ± 29 –124 

 

Table 7. Non-linear fit of the temperature dependence of emf data for xSr = 0.18 in the [L + 

SrPb3] two-phase region using Ecell = A + BTln(T) + CT. The standard errors in the parentheses 

represent the 95% confidence interval of the fit. 

Two-phase region T (K) A B C 

L + SrPb3  777–903 –2.206 (±0.783) –4.0 (±0.9) × 10–3 3.0 (±0.7) × 10–2 

 

Table 8. Measured emf values (Ecell), natural log of activity of Sr, and excess partial molar Gibbs 

free energy (G̅Sr

E
) of Sr for mole fractions xSr = 0.07–0.45 at 873 K, 923 K, and 973 K. 

xSr Ecell (V) ln aSr G̅Sr

E
 (kJ mol-1) 

 873 K 923 K 973 K 873 K 923 K 973 K 873 K 923 K 973 K 

0.07 0.759 0.763 0.768 –20.2 –19.2 –18.3 –127 –127 –127 

0.11 0.724 0.726 0.727 –19.2 –18.2 –17.3 –124 –123 –122 

0.14 0.683 0.683 0.683 –18.2 –17.2 –16.3 –118 –117 –116 

0.18 0.673 0.646 0.645 –17.9 –16.2 –15.4 –120 –115 –114 

0.27 0.673 0.635 0.614 –17.9 –16.0 –14.6 –121 –114 –109 

0.31 0.673 0.635 0.606 –17.9 –16.0 –14.4 –122 –114 –108 

0.34 0.673 0.635 0.587 –17.9 –16.0 –14.0 –123 –115 –106 

0.39 0.530 0.501 0.572 –14.1 –12.6 –13.6 –96 –90 –103 

0.41 0.525 0.519 0.512 –14.0 –13.0 –12.2 –95 –93 –92 

0.45 0.525 0.519 0.512 –14.0 –13.0 –12.2 –96 –94 –92 
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(a)  

(b)  

(c)  

Figure 20. Plots of the (a) measured emf values, (b) the natural log of the activity of Sr, and (c) 

the excess partial molar Gibbs free energy of Sr as a function of mole fraction of Sr at 873 K, 

compared to the work by Zhang et al. [20]. The liquidus composition was obtained from their 

assessed phase diagram.  
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2.1.5 Electromotive Force Measurements on the Ba-Bi System 

 

Figure 21a displays the measured emf values, EI, of Ba-Bi alloys (xBa = 0.05, 0.10, 0.20) 

and cell temperature as a function of time, using a Ba-Bi(xBa = 0.05)|CaF2-BaF2|Ba(in Bi) cell. The 

potential difference between the two identical Ba-Bi alloys at xBa = 0.05 was less than 2 mV during 

the entire measurement. Moreover, a symmetric emf profile during the heating and cooling cycles 

indicates that the emf measurements were reproducible, in particular at low Ba compositions. In 

general, the use of the less reactive Ba-Bi alloy RE enabled highly reproducible emf measurements 

(EI) of Ba-Bi alloys over a wide range of mole fractions xBa = 0.10‒0.80 at 723‒1073 K.  

 

 

(a)  

(b)  

Figure 21. (a) The measured emf values (EI) and temperature as a function of time upon cooling 

and reheating a Ba-Bi(xBa = 0.05)|CaF2-BaF2|Ba(in Bi) cell with Ba-Bi alloys xBa = 0.05, 0.10, and 

0.20 and (b) the measured emf values (EII) using a Ba(s)|CaF2-BaF2(s)|Ba-Bi(xBa = 0.05) cell. 
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In separate experiments, a Ba(s)|CaF2-BaF2|Ba-Bi(xBa = 0.05) cell was employed to 

determine the emf values of Ba-Bi alloy at xBa = 0.05 relative to pure barium, EII ( 

Figure 21b). The emf values were linear as a function of temperature according to: 

  

   EII = 1.97×10‒4 T + 1.011 [V].                     (16) 

 

Using the linear equation (Eq. 16), emf values of Ba-Bi alloys (E) were reported against pure 

barium according to: E (= EI + EII).  

 

 Figure 22 displays the variation of emf values with respect to temperature for Ba-Bi alloys 

xBa = 0.05‒0.80. In Figure 22a, above the liquidus [liquid = liquid + BaBi3], the emf increases 

linearly as temperature increases, and decreases monotonically as xBa increases. Below the liquidus, 

for Ba-Bi alloys up to xBa = 0.25, emf values converge onto a single line because the activity of 

barium is invariant with composition in this two-phase region [liquid + BaBi3]. Mole fraction xBa 

= 0.30 exhibited a liquidus [liquid = liquid + BaBi3] transition at ~874 K and is expected to undergo 

solidus transition [liquid + BaBi3 = BaBi3 + Ba11Bi10] based on our revised phase diagram; 

however, the emf values exhibited a discontinuity at ~812‒836 K and collapsed onto the line 

defined as liquid + BaBi3, possibly due to the formation of non-equilibrium Bi phase during the 

solidification.   

  

 In Figure 22b, xBa = 0.40 exhibited two transition temperatures of liquidus [liquid = liquid 

+ Ba11Bi10] at ~ 910 K and solidus [liquid + Ba11Bi10 = Ba11Bi10 + BaBi3] at ~ 837 K. Interestingly, 

mole fraction xBa = 0.35 exhibited a direct eutectic transition [liquid = Ba11Bi10 + BaBi3] at ~843 

K. Below this solidus (or eutectic) transition temperature, emf values of these two compositions 

converged together within 10 mV difference. Mole fractions xBa = 0.45‒0.55 exhibited increased 

hysteresis during a cooling-heating cycle, up to 20 mV difference, possibly due to the increased 

reactivity at high Ba concentrations and/or unstable physical contact between the solid-state alloy 

WE and the electrolyte. In the composition range of xBa = 0.45‒0.55, emf values during heating 

cycles exhibited a reproducible linear behavior and were therefore included in the analysis. As 

expected, a rapid drop in emf values was observed at high Ba mole fractions xBa = 0.75‒0.80 

(Figure 222c) as the alloy composition approached pure Ba (aBa = 1).  

 

 From the linear fits of the data presented in Figure 22, the changes in partial molar entropy 

( BaS ) and enthalpy ( BaH ) of Ba in Bi were calculated, and the results are summarized in Table 

9. The changes in partial molar entropy and enthalpy were assumed independent of temperature 

over the fitted range. 

 

The activity of Ba was determined using the emf values and the Nernst equation at 773 K, 

873 K, and 973 K. The excess partial molar Gibbs free energy E

BaG  was also obtained. The emf 

values, natural log of the activity, and the excess partial molar Gibbs free energy are summarized 

in Table 10 at each temperature. Figure 23 displays these thermodynamic properties as a function 

of mole fraction at 773 K, including the liquidus composition estimated by emf measurements. 
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(a)  

(b)  

(c)  

Figure 22. The emf of Ba-Bi alloys vs. pure Ba(s) as a function of temperature for (a) xBa = 0.05 

to 0.30, (b) xBa = 0.35 to 0.55 and (c) xBa = 0.70 to 0.80, where solid lines represent linear fits and 

dashed lines are a visual guide. 
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Table 9. Change in partial molar entropy and enthalpy of barium calculated from linear fits to the 

emf data versus temperature for xBa = 0.05‒0.80, where the slopes and intercepts are TE  /cell and

)/)/(( cell

2 TTET  , respectively. The adj-R2 value for each linear fit is reported. 

xBa T (K) TE  /cell  

(µV K‒1) 

)/)/(( cell
2 TTET   

(mV) 

BaS  

(J mol‒1 K‒1) 
BaH  

(kJ mol‒1) 

adj-R2 

0.05 707-938 197±6 1011±5 38.0 -195.1 0.96 

0.10 704-1048 137±1 1031±1 26.4 -199.0 0.99 

0.15 728-1048 125±2 1005±2 24.1 -193.9 0.99 

0.20 809-1048 94±7 984±6 18.1 -189.9 0.90 

0.25 881-1048 73.4±5 961±5 14.2 -185.4 0.93 

 704-881 -480±14 1448±13 -92.6 -279.4 0.98 

0.30 864-1048 54.7±7 958±7 105.6 -184.8 0.80 

 704-864 -614±43 1545±34 -118.5 -298.1 0.93 

0.35 875-1033 51.8±7 932±6 10.0 -179.8 0.80 

 691-875 19.8±1 961±6 3.8 -185.4 0.85 

0.40 913-1033 44.6±11 896±10 8.6 -172.9 0.81 

 812-913 -501±71 1398±61 -96.7 -270.0 0.91 

 691-812 -29.4±7 1006±8 -5.7 -194.1 0.84 

0.45 715-961 -215±9 1085±7 -41.5 -209.4 0.98 

0.50 715-961 -271±17 1097±14 -52.3 -211.7 0.97 

0.55 740-1041 -201±17 967±15 -38.8 -186.6 0.92 

0.70 770-957 6.9±0.6 645±12 1.3 -124.5 0.84 

0.75 866-1030 -542±40 683±38 -104.6 -131.8 0.96 

 697-866 -2900±155 2716±121 -559.6 -524.1 0.98 

0.80 862-1034 222±15 -206±14 42.8 -39.8 0.97 

 717-862 -530±49 444±38 -102.3 -85.7 0.96 
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Table 10. Measured emf values, the natural log of activity of Ba, and the excess partial molar 

Gibbs free energy of Ba-Bi alloys over xBa = 0.05‒0.80 at 773 K, 873 K, and 973K. 

xBa E (V)  ln aBa  E
BaG (kJ mol‒1) 

 773 K 873 K 973 K  773 K 873 K 973 K  773 K 873 K 973 K 

0.05 1.164 1.183 1.203  -35.0 -31.5 -28.7  -205 -206 -208 

0.10 1.137 1.150 1.164  -34.1 -30.6 -27.8  -205 -205 -206 

0.15 1.101 1.114 1.127  -33.0 -29.6 -26.9  -200 -201 -202 

0.20 1.075 1.066 1.076  -32.2 -28.3 -25.7  -197 -194 -194 

0.25 1.075 1.027 1.032  -32.2 -27.3 -24.6  -198 -188 -188 

0.30 1.069 1.006 1.011  -32.0 -26.7 -24.1  -198 -185 -185 

0.35 0.986 0.980 0.982  -29.6 -26.1 -23.4  -184 -181 -181 

0.40 0.986 0.960 0.939  -29.6 -25.5 -22.4  -184 -178 -173 

0.45 0.924 0.899 0.861  -27.7 -23.9 -20.5  -173 -167 -159 

0.50 0.877 0.855 0.847  -26.3 -22.7 -20.2  -164 -160 -157 

0.55 0.816 0.795 0.773  -24.5 -21.1 -18.4  -154 -149 -144 

0.70 0.647 0.651 0.648  -19.4 -17.3 -15.5  -122 -123 -122 

0.75 0.474 0.209 0.155  -14.2 -5.6 -3.7  -90 -38 -27 

0.80 0.034 0.000 0.010  -1.02 0.0 -0.24  -5 1 0 
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(a)  

(b)   

(c)  

Figure 23. Plots of the (a) measured emf values (E), (b) the natural log of the activity of Ba (ln 

aBa), and (c) the calculated excess partial molar Gibbs free energy of Ba as a function of mole 

fraction at 773 K.   
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 Based on equilibrium thermodynamics at a given temperature, the emf values will decrease 

in the single-phase region as xBa increases and remain constant in the two-phase regions, according 

to the Gibbs phase rule. This equilibrium behavior was well observed at xBa = 0.05‒0.25, as can 

be seen in Figure 23a where the emf values monotonically decreases as xBa increases in the liquid 

phase (xBa ≤ 0.18) at 773K. In the two-phase [liquid + BaBi3] region (0.18 < xBa < 0.25), the emf 

values were nearly constant at 1.08 V, and thus the activity values (Figure 23b). At low Ba mole 

fractions, a large excess partial molar Gibbs free energy was observed, as low as ‒205 kJ mol‒1, 

due to strong chemical interactions between Ba and Bi (Figure 23c). However, in the two-phase 

regions [BaBi3 + Ba11Bi10] and [Ba2Bi + Ba], the emf values continued to decrease as xBa increased 

(Figure 23a), deviating from equilibrium phase behavior. Such a deviation was found to originate 

from the presence of non-equilibrium phases within these composition ranges. 

 

 Using the linear fits of emf values in the liquid phase, the emf values of selected mole 

fractions xBa = 0.05‒0.20 were extrapolated at 1123 K and compared to the results by Delcet et al. 

(Tabl2 11). In general, the difference in emf values at each composition were within 30‒70 mV,  

however, the emf values from this study were consistently lower compared to the values obtained 

by Delcet et al [21]. The difference can be attributed to, in part, the uncertainty in compositional 

accounting of Ba in their coulombic titration due to increased electronic conductivity at elevated 

temperatures. 

 

Table 11. The estimated emf, partial molar Gibbs free energy, and activity values of Ba in Bi at 

1123 K based on the extrapolation of the linear fit, compared to the results by Delcet et al. [3]. 

xBa This study  Delcet et al. 

 Ecell (V) BaG (kJ mol‒1) aBa  Ecell (V) BaG (kJ mol‒1) aBa 

0.05 1.23 -237.8 8.7×10‒12 
 

1.30 -250.0 2.4×10‒12 

0.10 1.18 -228.6 2.3×10‒11  1.24 -238.9 7.7×10‒12 

0.15 1.15 -221.0 5.3×10‒11 
 

1.18 -227.9 2.5×10‒11 

0.20 1.09 -210.3 1.7×10‒10  1.12 -215.6 9.4×10‒11 

 

 

2.1.6 Electromotive Force Measurements on the Ba-Sb System 

 The electromotive force (emf) values were measured for Ba-Sb alloys xBa = 0.03-0.77 using 

the electrochemical cell described in the Error! Reference source not found.. During the thermal 

cycles of the electrochemical cell, the emf values exhibited a hysteresis between heating and 

cooling cycles, as shown in Figure 24a for xBa = 0.03 and xBa = 0.09. This hysteresis originated 

from the undercooling of the alloys, during which the alloys maintain their high temperature phase 

below its equilibrium transition temperature. The effect of undercooling can also be explicitly 

observed from the DSC scans of these alloys where the detected transition temperatures were 

substantially lower during the cooling than during the heating (Figure 24b). For this reason, the 

emf measurements for Ba-Sb alloys are reported using only the heating cycle.  

 



45 
 

(a)  

 

(b)  

Figure 24. (a) The emf trace of Ba-Sb alloys as a function of temperature showing a hysteresis 

between heating (red color) and cooling (blue color) cycles for xBa = 0.03 and 0.09, arrows indicate 

the direction of the heating and cooling cycles, and (b) the DSC scans for 0.03 and 0.09 at 20 K 

min-1 heating rate, where (H) and (C) indicate heating and cooling curves, respectively. 

 

 Figure 25 displays the variation of emf with temperature for various Ba-Sb mole fractions 

xBa = 0.03-0.77. Discontinuities in slope are apparent and indicate first-order phase transitions. For 

mole fractions xBa = 0.03-0.25, above the liquidus [liquid = liquid + BaSb3], emf varies linearly 

with temperature and decreases monotonically as xBa increases (Figure 25a). Below the solidus 

[liquid + Sb = BaSb3 + Sb], all the emf values fall onto a single line as barium activity is invariant 

with respect to composition within the [BaSb3 + Sb] two-phase region. In contrast, the emf trace 

with temperature exhibits curvature in the [liquid + Sb] two-phase region (Figure 25a).  

 

Mole fraction xBa = 0.30 exhibited two transition temperatures of liquidus [liquid = liquid 

+ Ba2Sb3] at ~955 K and solidus [liquid + Ba2Sb3 = BaSb3 + BaSb2] at ~864 K; mole fraction xBa 

= 0.40 exhibited a solidus transition [liquid + Ba2Sb3 = BaSb2 + Ba2Sb3] at ~ 884 K (Figure 25b). 

The transition reactions at mole fractions xBa = 0.30 and xBa = 0.40 were speculated based on XRD 

analysis and a similar emf trace found at intermediate temperatures, which indicates identical two-

phase [liquid + Ba2Sb3] behavior at these compositions. As expected from the same equilibrium 
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phase constituents of [BaSb2 + Ba2Sb3] for mole fractions xBa = 0.35 and xBa = 0.40, a similar emf 

trace was observed for both compositions above 884 K; however, the emf trace of xBa = 0.35 

diverged from the trace of xBa = 0.40 and merged onto the trace of xBa = 0.30 below 884 K. Such 

a deviation at xBa = 0.35 is thought to originate from the formation of metastable phases [BaSb3 + 

BaSb2] instead of equilibrium phases of [BaSb2 + Ba2Sb3] during the thermal cycles.  

 

At xBa > 0.67, two-phase [Ba2Sb + Ba] equilibrium is expected and thus, the emf will 

approach zero due to the presence of the pure Ba phase. This equilibrium behavior was observed 

for xBa = 0.77 (Figure 25c) in accordance with its primary phase constituents of Ba2Sb and Ba. 

However, mole fraction xBa = 0.71 had emf values as high as 1.1 V at low temperatures and 

followed a similar emf trace with xBa = 0.66 below 924 K (Figure 25c). Such high emf values at 

xBa = 0.71 come from the formation of metastable [Ba2Sb + Ba5Sb3] phases which were identified 

both at xBa = 0.66 and xBa = 0.71 by XRD. 

 

In general, the emf measurements for high mole fraction barium alloys (xBa > 0.30) were 

less reliable compared to low barium mole fractions due to the formation of metastable phases, 

increased reactivity, and high melting temperatures (> 1073 K) that may prevent stable electrical 

contacts among the cell components. For example, emf values as high as 1.21 V were observed at 

mole fraction xBa = 0.51 at 728 K, higher than those of low barium mole fractions xBa = 0.03-0.40 

(Figure 25b-c). 

 

The emf traces as a function of temperature can be used to determine the change in partial 

molar entropy ∆𝑆B̅a  and partial molar enthalpy ∆𝐻̅Ba  from the Nernst and Gibbs-Helmholtz 

relations. When the temperature dependence of emf values is linear, ∆𝑆B̅a  and ∆𝐻̅Ba  are 

independent of temperature and can be directly determined from the slope and intercept at 0 K, 

respectively. The estimated partial molar quantities as well as the linear fits of emf values are 

summarized in Table 12. For mole fractions xBa = 0.03-0.14, the emf trace exhibited curved, non-

linear behavior in the two-phase region of [liquid + Sb], and was fit to the aforementioned fitting 

equation. The curve fit for the two-phase region of [liquid + Sb] is shown in Figure 25a and the 

fitting parameters are reported in Table 13. 

 

The activity of Ba was calculated using the measured emf values and the Nernst equation 

(ln 𝑎Ba = −2𝐹𝐸/𝑅𝑇) at 873 K, 923 K, and 973 K, summarized in Table 14. The excess partial 

molar Gibbs free energy, 𝐺̅Ba
E  was calculated in the same manner as in Error! Reference source 

not found.. At 923 K, the emf, natural log of activity, and excess partial molar Gibbs free energy 

of barium are graphically presented as a function of mole fraction in Figure 26. The equilibrium 

phase behavior is clearly visible in the [liquid + Ba2Sb3] two-phase region where emf values 

remain constant at 1.12 V due to the invariant activity in this composition range. In contrast, emf 

values at xBa = 0.71 and xBa = 0.77 are different by ~0.8 V due to the formation of metastable 

phases of [Ba5Sb3 + Ba2Sb] at xBa = 0.71, as previously discussed. 
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(a)  

(b)  

(c)  

Figure 25. The emf as a function of temperature for Ba-Sb alloys (a) xBa = 0.03–0.25 (b) xBa = 

0.30–0.51 and (c) xBa = 0.51–0.77.  
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Table 12. Change in partial molar entropy, ∆𝑺̅𝐁𝐚 , and partial molar enthalpy, ∆𝑯̅𝐁𝐚, of barium 

calculated from the linear fits of the emf versus temperature data of the Ba-Sb alloys at  xBa = 0.03-

0.71, where (𝝏𝑬/𝝏𝑻)P and 𝑻𝟐(𝝏(𝑬/𝑻)/𝝏𝑻))P are the slope and intercepts, respectively. 

xBa T (K) (𝝏𝑬/𝝏𝑻)P 
(μV K-1) 

 ∆𝑺̅Ba 
(J mol-1 K-1) 

 𝑻𝟐(𝝏(𝑬/𝑻)/𝛛𝑻))P  

(mV) 

 ∆𝑯̅Ba 
(kJ mol-1) 

adj-

R2 

0.03 888-1036 161±8 31.1 1196±8 -231 0.97 

 698-836 75±18 14.5 1156±14 -223 0.80 

0.05 876-1036 170±3 32.8 1162±3 -224 0.99 

0.09 863-1036 136±16 26.2 1144±15 -221 0.83 

0.14 831-1036 104±10 20.1 1135±9 -219 0.84 

0.20 863-1030 47±2 9.1 1150±2 -221 0.96 

0.25 884-1030 21±2 4.1 1137±2 -219 0.81 

 835-884 -1120±96 -216 2151±83 -415 0.89 

0.30 957-1030 6.4±2 1.2 1101±2 -212 0.82 

0.30/0.35 736-862 -75.9±25 -14.6 1213±19 -234 0.64 

0.35/0.40 884-1055 -503±19 -97.1 1584±18 -305 0.94 

0.40 739-884 -23.9±22 -4.6 1156±18 -223 0.60 

0.66 986-1036 -601±78 -116 1340±80 -259 0.86 

 711-986 -1280±22 -247 2019±20 -390 0.99 

0.71 986-1036 -1980±35 -382 2348±40 -453 0.99 

 935-986 -7320±180 -1412 7612±17 -1469 0.99 

  

 

 

Table 13. Non-linear fit of the temperature dependence of emf data in two-phase region. The 

[liquid + Sb] data were fit to 𝑬 = 𝑨 + 𝑩𝑻 𝒍𝒏(𝑻) + 𝑪𝑻. Range of values given represent the 95% 

confidence interval of the fit. 

two-phase region T (K)  A B C  

liquid + Sb 830-889 59.2±46.6 6.9±5.4 × 10-2 -0.54±0.42  
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Table 14. Measured emf values, natural logarithm of activity of Ba in Sb, and the excess partial 

molar Gibbs free energy of Ba over xBa = 0.03-0.71 at 873 K, 923 K, and 973 K. 

xBa E (V)      ln aBa     𝑮̅Ba
E  (kJ mol‒1) 

 873 K 923 K 973 K  873 K 923 K 973 K  873 K 923 K 973 K 

0.03 1.279 1.346 1.353  -34.0 -33.8 -32.3  -221 -233 -233 

0.05 1.279 1.319 1.327  -34.0 -33.2 -31.7  -225 -232 -232 

0.09 1.263 1.270 1.276  -33.6 -31.9 -30.4  -226 -227 -227 

0.14 1.226 1.231 1.236  -32.6 -31.0 -29.5  -222 -222 -223 

0.20 1.191 1.193 1.196  -31.7 -30.0 -28.5  -218 -218 -218 

0.25 1.173 1.156 1.157  -31.2 -29.1 -27.6  -216 -213 -212 

0.30 1.147 1.120 1.111  -30.5 -28.2 -26.4  -213 -207 -204 

0.35 1.147 1.120 1.095  -30.5 -28.2 -26.1  -214 -208 -203 

0.40 1.135 1.120 1.095  -30.2 -28.2 -26.1  -212 -209 -203 

0.51 1.019 1.003 0.991  -27.1 -25.2 -23.6  -191 -188 -186 

0.66 0.902 0.838 0.774  -24.0 -21.1 -18.5  -171 -158 -146 

0.71 0.902 0.838 0.490  -24.0 -21.1 -11.7  -171 -159 -92 
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(a)  

(b)  

(c)  

Figure 26. Plots of the (a) measured emf values, (b) the natural log of the activity of Ba, and (c) 

the calculated excess partial molar Gibbs free energy of Ba as a function of mole fraction at 923 

K. 
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Delcet et al. reported the partial molar Gibbs free energies 𝐺̅Ba  at 1073 K, above the 

melting temperature of pure barium (Tm, Ba = 1000 K), using the coulometric titration technique 

[21]. To compare their results with this study, the linear fits of emf values (Table 12) were 

extrapolated to 1073 K. Since the emf values in this study were reported with respect to Ba(s), the 

linear slopes of emf values (= ∆𝑆B̅a/2𝐹) were adjusted to consider the phase change of the pure 

barium metal above its melting temperature (1000 K) by subtracting ∆𝑆𝑓,Ba/2𝐹, where ∆𝑆𝑓,Ba is 

the entropy of fusion of pure barium, 7.12 J mol-1 K-1 (= ∆𝐻𝑓,Ba/𝑇𝑚,Ba) [23].  

 

Based on the extrapolated emf values with respect to Ba(l) at 1073 K, the partial molar free 

energies were calculated up to xBa = 0.40 and compared to the results by Delcet et al. (Figure 27). 

While the partial molar free energies agree well with each other within a 6-13 kJ mol-1 difference, 

a distinct phase behavior is evident between two studies. At 1073 K, this work estimates the 

liquidus composition at xBa = ~0.35 and the presence of Ba2Sb3; however, Delcet et al. reported 

the liquidus at xBa = ~0.27, the presence of BaSb2, and neglected the presence of Ba2Sb3. 

Considering the emf traces of various mole fractions in Figure 25, the liquidus composition is 

expected to be more than 30 mol% Ba and the presence of BaSb2 was only evident at temperatures 

below 864 K. As indicated by Delcet et al., the uncertainty in composition accounting (up to 3 

mol% Ba) might have caused inaccuracies in determining the phase boundaries of Ba-Sb system 

[21].   

 

 

 

Figure 27. The partial molar Gibbs free energy of Ba in Sb at 1073 K, compared to the work by 

Delcet et al. [10]. The partial molar Gibbs free energy values were estimated by extrapolating the 

measured emf values at 1073 K relative to pure liquid Ba(l). 
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2.2 Thermodynamic Modeling of Alloys 

 Computational approaches to investigating and refining phase diagrams rely heavily on 

experimentally generated thermodynamic data in order to inform models. Studies often employ a 

hybrid approach, using first-principles calculations based on density functional theory (DFT) to 

assess the stability of viable intermetallic compounds and then incorporating these calculations 

into the CALculation of Phase Diagrams (CALPHAD) technique. Due to the quantity and quality 

of the fundamental thermodynamic data generated for the Sr-Bi, Sr-Sb, Sr-Pb, Ba-Bi, and Ba-Sb 

systems, computational modeling was the next logical step for improving understanding of the 

AE-M systems as well as ternary/quaternary systems involving multiple alkaline-earths or liquid 

metals, which could potentially yield improved behavior.  

 

2.2.1 Thermodynamic Modeling of the Sr-Sb System 

The lack of a computational description for the Sr-Sb system as well the drastic changes 

proposed, i.e. the removal of the SrSb3, SrSb, and Sr3Sb2 phases and the addition of the SrSb2, 

Sr2Sb3, Sr11Sb10, Sr16Sb11, and Sr5Sb3 phases, necessitated further investigation of the system to 

confirm the predicted changes. As such, a computational approach using a combination of first-

principles calculations and the CALPHAD technique was applied to the Sr-Sb system in order to 

complete understanding of the Sr-Sb phase behavior [24]. The phase behavior of the Sr-Sb system 

predicted using X-ray diffraction (XRD) was corroborated with first-principles DFT-based 

calculations, which were used to confirm the stability of all phases noted by XRD (SrSb2, Sr2Sb3, 

Sr11Sb10, Sr16Sb11, and Sr5Sb3) as well as to confirm the instability of several phases suggested in 

previously published phase diagrams (SrSb, SrSb3, and Sr3Sb2). To corroborate the experimental 

XRD results, first-principles calculations were performed to determine the theoretical stability of 

all the phases present in the Sr-Sb system, both those observed via the aforementioned XRD as 

well as those predicted in previous phase diagrams. DFT-based first-principles calculations were 

completed on eight intermetallic compounds i.e. system: SrSb2, Sr2Sb3, Sr11Sb10, Sr2Sb, Sr3Sb2, 

Sr16Sb11, and two crystal structures (hex and ortho) for the Sr5Sb3 intermetallic. The Vienna Ab-

initio Simulation Package (VASP) was used to perform the first-principles calculations [25]. The 

lowest energy structures were obtained from the Materials Project for all the intermetallics [26–

35], except Sr16Sb11 [36]. The relaxed structures were deformed into 5 different volumes in order 

to complete an equation of state (EOS) fitting of the energy vs. volume (E-V) curve. A four-

parameter Birch-Murnaghan EOS equation was used based on the suggestion by Shang et al. [37]: 

 

𝐸0(𝑉) = 𝑎 + 𝑏𝑉−2
3⁄ + 𝑐𝑉−4

3⁄ + d𝑉−2      (17) 

 

, where a, b, c and d are fitting parameters. From the EOS fitting, the equilibrium properties at 0 

K without the contribution of zero-point vibration energy, including equilibrium volume (V), 

energy (E), bulk modulus (B), and the first derivative of bulk modulus with respect to pressure (B’) 

were calculated. The finite temperature properties were approximated with the Neumann-Kopp 

approach. The projector augmented-wave (PAW) method [38,39] was used to describe the 

electron-ion interactions with the exchange correlation functional elucidated by the generalized 

gradient approximation (GGA) implemented by Perdew and Wang (PW91) [40]. A sigma value 

of 0.2 eV and a plane wave energy cutoff of 1.3 times higher than the highest default cutoff were 

adopted. The Brillouin zone sampling was done with Blöchl corrections [39] using a gamma 

centered Monkhorst-Pack (MP) scheme [41]. The k-points grid used was an automated k-point 

mesh generator in VASP with the length of the subdivisions specified as 50 Å. The energy 
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convergence criterion of the electronic self-consistency was set as 10-4 eV atom-1 with a stopping 

criteria for the ionic relaxation loop of 10-4 eV A-1 for all of the calculations. In order to ensure the 

accuracy of the DFT-based first-principles calculations, the lattice parameters and equilibrium 

properties including volume (V), energy (E), bulk modulus (B), and first derivative of bulk 

modulus with respect to pressure (B’) were compared with both previous experimental and DFT-

calculated results. The lattice parameters from the DFT-based first-principles calculations vary 

from the experimentally determined lattice parameters by less than 0.07 nm; this variance is quite 

small and can be attributed to the temperature difference between the calculations (0 K) and 

experiments (> 130 K). With the accuracy of the calculations verified, the enthalpy of formation 

of the intermetallic compounds is calculated at 0 K and plotted in Figure 28. 

 
Figure 28. The formation energy of the intermetallics as a function of temperature from DFT-

based first-principles calculations, where □ represent the enthalpies of formation computed via 

DFT and the line (convex hull) was determined using CALPHAD modeling. 

 

The first-principles results indicate the stability of Sr16Sb11 and Sr11Sb10 as well as the 

Sr2Sb, SrSb2, and Sr2Sb3 phases as evidenced by their close proximity to the convex hull. In 

addition, Sr5Sb3 in the hexagonal structure is found to be more stable than the orthorhombic 

structure and Sr3Sb2 to be a metastable structure at all temperatures. Based on the excellent 

agreement between the first-principles analysis and the XRD measurements for the stability of 

SrSb2, Sr2Sb3, Sr11Sb10, Sr16Sb11, Sr5Sb3 (hex), and Sr2Sb phases, confidence in the experimentally 

determined results is increased. 

The results of the first-principles calculations were used to assist in the thermodynamic 

CALPHAD modeling; the ThermoCalc software [24] was used to describe the Gibbs energy 

equations by the Redlich-Kister polynomial equations [42] described by: 

 

𝐺𝑚
𝜙

= 𝑥𝐴𝐺𝐴
𝜙

+ 𝑥𝐵𝐺𝐵
𝜙

+ 𝑅𝑇(𝑥𝐴 ln 𝑥𝐴 + 𝑥𝐵 ln 𝑥𝐵) + 𝐺𝑚
𝜙𝐸     (18) 
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, where xA and xB are mole fractions of pure elements A and B, respectively, and 𝐺𝐴
𝜙

and 𝐺𝐵
𝜙

are the 

pure element Gibbs energy functions taken from the SGTE database compiled by Dinsdale [43]. 

The second part of the equation describes the ideal interactions between the elements, where R is 

the ideal gas constant and T is the temperature. Finally, the excess Gibbs energy ( 𝐺𝑚
𝜙𝐸 ) describes 

the non-ideal interactions between elements and is expressed [42]: 

 

𝐺𝑚
𝜙𝐸 = 𝑥𝐴𝑥𝐵 ∑ 𝐿𝜙𝑗

𝑗 (𝑥𝐴 − 𝑥𝐵)𝑗                   (19) 

 

, where 𝐿𝜙𝑗
 is the interaction parameter described by: 

 

𝐿𝜙 = 𝑎 + 𝑏𝑇           (20) 

 

, where a and b are modeled interaction parameters representing the enthalpy and entropy, 

respectively. Previous modeling of binary systems has shown that in most cases only two 

interaction parameters are needed to describe the non-ideal interaction between solution phases. 

The intermetallic compounds were treated as stoichiometric compounds (AqBp) and modeled by: 

 

𝐺𝑚

𝐴𝑞𝐵𝑝 = 𝑞𝐺𝐻𝑆𝐸𝑅𝐴 + 𝑝𝐺𝐻𝑆𝐸𝑅𝐵 + 𝑎 + 𝑏𝑇      (21) 

 

, where a and b are fitting parameters representing the enthalpy and entropy, respectively, p and q 

represent the number of A and B in the stoichiometric compound and GHSERA and GHSERB 

represent the Gibbs energy functions of element A and B in their standard element reference state 

(SER) at ambient temperature and pressure (Sr is fcc and Sb is rhombohedral). 

In order to describe the activity measurements observed in the liquid, the associate solution 

model is applied in the database. The associate species chosen in this model was Sr3Sb2 due to its 

high melting temperature, i.e. proximity to liquid phases; though Sr16Sb11 is the stable phase with 

the highest melting temperature, it was avoided as a result of the complexity of its crystal structure 

and size which would have slowed calculations down considerably. Sr3Sb2 is one of the closest 

phases to Sr16Sb11 and also represents the natural valence of the constituents, i.e. +2 for Sr and -3 

for Sb, making it a reasonable substitute. The Gibbs energy of the associate species is described 

as, 

 

𝐺𝑆𝑟3𝑆𝑏2

𝐿𝑖𝑞0 =
3

5
𝐺𝑆𝑟

𝐿𝑖𝑞0 +
2

5
𝐺𝑆𝑏

𝐿𝑖𝑞0 + A + BT + CTlnT     (22) 

 

, where A, B, and C are the model parameters for the Gibbs energy of formation of the associate 

species relative to the pure Sr and Sb liquid phases. The results were used to assist in the 

thermodynamic CALPHAD modeling.  

 The developed CALPHAD model was used to predict the activity values of xSr at 988 K 

and was compared to the experimental results from the electromotive force measurements (Figure 

29).  
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Figure 29. Comparison of modeled activity of Sr in Sb vs. the activity values determined from the 

electromotive force measurements at 988 K. 

 

 
Figure 30. Computationally constructed Sr-Sb phase diagram using the CALPHAD technique, 

based on experimental data from emf/DSC measurements, first-principles calculations, as well as 

thermal analysis from Vakhobov et al. [41]. 
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Table 15. Modeled parameters in SI units for the phases in the Sr-Sb binary system. These 

parameters were incorporated with the SGTE data for the pure elements. 

Phase (model) Modeled Parameters 

fcc (Sr, Sb) 𝐿0
Sr,Sb
fcc =  −19.888 + 1.052 ∗ 𝑇 

Rhombohedral (Sr, Sb) 𝐿0
Sr,Sb
rhom =  −25,926.413 + 0.995 ∗ 𝑇 

Liquid (Sr, Sb) 𝐺Sr3Sb2
liquid

=  2 ∗ 𝐺Sb
Liq

+ 3 ∗ 𝐺Sr
Liq

− 480,500 + 1.05 ∗ 𝑇 

 𝐿0
Sr,Sr3Sb2

liquid
=  −15,006 

 𝐿0
Sr3Sb2,Sb
liquid

=  −110,110 

 𝐿1
Sr3Sb2,Sb
liquid

=  −35,000.8 

SrSb2 𝐺SrSb2 =  𝐺0
Sr
fcc +  2 ∗ 𝐺Sb

rhom0 − 199,922 − 7.7 ∗ 𝑇 

Sr2Sb3 𝐺Sr2Sb3 =  2 ∗ 𝐺0
Sr
fcc +  3 ∗ 𝐺Sb

rhom0 − 397,906.48 − 13 ∗ 𝑇 

Sr11Sb10 𝐺Sr11Sb10 =  11 ∗ 𝐺0
Sr
fcc + 10 ∗ 𝐺Sb

rhom0 − 2,045,599 

Sr16Sb11 𝐺Sr16Sb11 =  16 ∗ 𝐺0
Sr
fcc + 11 ∗ 𝐺Sb

rhom0 − 2,785,080 + 66 ∗ 𝑇 

Sr5Sb3 𝐺Sr5Sb3 =  5 ∗ 𝐺0
Sr
fcc +  3 ∗ 𝐺Sb

rhom0 − 791,786 + 20.5 ∗ 𝑇 

Sr2Sb 𝐺Sr2Sb =  2 ∗ 𝐺0
Sr
fcc +  𝐺Sb

rhom0 − 265,438 + 6.9 ∗ 𝑇 

  
  

 Figure 29 presents the natural logarithm of activity values as a function of Sr mole fraction 

(xSr) at 988 K comparing the experimentally determined emf values with the activity predicted 

using the CALPHAD technique. The activity decreases as a function of xSr until hitting the liquidus 

composition, at which point it becomes essentially constant with respect to xSr in the two-phase 

regions; this invariance is a result of the chemical potential of Sr being constant in two-phase 

regions. The experimental values agree superbly with the CALPHAD-based model in the liquid 

phase, but begin to deviate from the theory further with when entering solid-solid phase regions. 

This phenomenon is likely due to the presence of non-equilibrium phases at higher xSr 

compositions indicated by the XRD measurements; for instance, trapped meta-stable Sr5Sb3 (hex) 

at xSr = 0.69 would result in a higher experimentally determined emf, i.e. lower activity, when 

compared to the theoretical model which assumes an xSr = 0.69 alloy to contain Sr2Sb and Sr only. 

Based on the emf and DSC data, as well as the first principles calculations, CALPHAD 

modeling was performed to develop the Sr-Sb phase diagram (Figure 30); model parameters are 

listed in Table 15. 

The strength of the correlation between the experimentally determined XRD and emf data 

with the computational first-principles and CALPHAD analysis was useful in developing the Sr-

Sb system and providing the more complete thermodynamic understanding possible. As such, 

refining previously analyzed systems using computational method in conjunction with the activity 

values and transitions determined using emf data will certainly be an aspect of future research in 

this field.  
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2.2.2 Thermodynamic modeling of the Ba-Bi System 

The thermodynamic properties and phase stability of the Ba-Bi system were investigated 

computationally with the enthalpies of formation and the finite temperature thermodynamic 

properties of seven compounds predicted by first-principles calculations based on density 

functional theory (DFT), indicating five compounds (BaBi3, Ba11Bi10, Ba4Bi3, Ba5Bi3, and Ba2Bi) 

to be stable. The extremely low chemical activity of Ba in liquid for a wide range of temperatures 

and compositions indicates very strong short-range ordering in the liquid phase which is modeled 

in the present work by introducing the Ba4Bi3 and BaBi3 associates in the liquid phase. Both 

thermodynamic and phase equilibrium data were then used to evaluate the model parameters in 

Gibbs energy functions of the five stable compounds and three solution phases of liquid, bcc, and 

rhombohedral phases by the CALPHAD technique. According to this work, the Ba-Bi system 

consists of three eutectic reactions, two peritectic reactions, one peritectoid reaction, and two 

congruent reactions, as well as that the concentrations of associates are very high in the liquid 

phase with very low concentration of atomic Ba, which provides the fundamental understanding 

as to why Bi can be used to remove Ba ions from molten salt solutions. 

The enthalpy of formation for each intermetallic compound is plotted in Error! Reference 

source not found. at 300 K and 970 K. Based on the results, five intermetallics BaBi3, Ba11Bi10, 

Ba4Bi3, Ba5Bi3, and Ba2Bi are stable, which agrees with the conclusions by Lichtenstein et al. [44]. 

The Ba3Bi2 phase is shown to be unstable which also agrees with the work by Lichtenstein et al. 

[44]. First-principles results show that the Ba2Bi3 phase has a formation energy close to the convex 

hull at low temperatures; however, it is not stable at high temperatures and was not observed at 

723-1073 K based on the experimental work by Lichtenstein et al. [44] 

 
Figure 31. Enthalpies of formation of the solids (solid line) and the liquid (dash line) at 300 K 

from the present CALPHAD modeling and the present first-principles results for solids at 300 K 

by PBE, HSE06-PBE, and HSE06-PBEsol together with the experimental enthalpies of formation 

at 298 K by Hultgren et al. [45]. 
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Table 16. Thermodynamic models and model parameters (in SI units) for the Ba-Bi phases. These 

parameters are incorporated with the SGTE data starting with GHSER [43]. 

Phase  model Thermodynamic parameters 

Liquid 
(Ba, Ba4Bi3, 

BaBi3, Bi)1 
𝐺Ba4Bi3

Liq0 = 4 𝐺Ba
Liq

+ 3 𝐺Bi
Liq00 − 692362 

  𝐺BaBi3

Liq0 = 𝐺Ba
Liq

+ 3 𝐺Bi
Liq00 − 215939 + 3.5𝑇 

  𝐿Ba,Ba4Bi3

Liq0 = −7000 − 10𝑇 

  𝐿Ba,Ba4Bi3

Liq1 = +8000 − 20𝑇 

  𝐿Ba4Bi3,BaBi3

Liq0 = −103112 + 49.1𝑇 

  𝐿Ba4Bi3,BaBi3

Liq1 = 2223 

  𝐿BaBi3,Bi
Liq0 = −515 − 3.0𝑇 

Bcc (Ba, Bi)1 𝐿Ba,Bi
Bcc0 = +18002 

Rhom_A7 (Ba, Bi)1 𝐿Ba,Bi
Rhom0 = +1023 

  𝐺Ba
Rhom0 = +GHSERBa + 101333 

BaBi3  (Ba)0.25(Bi)0.75 𝐺Ba:Bi
BaBi30 = +0.25GHSERBa + 0.75GHSERBi − 52567 − 7.5𝑇 

Ba11Bi10  (Ba)0.5238(Bi)0.4762 
𝐺Ba:Bi

Ba11Bi100 = +0.5238GHSERBa + 0.4762GHSERBi − 105443

+ 6.1𝑇 

Ba4Bi3 (Ba)0.5714(Bi)0.4286 
𝐺Ba:Bi

Ba4Bi30 = +0.5714GHSERBa + 0.4286GHSERBi − 114444

+ 9.7𝑇 

Ba5Bi3  (Ba)0.625(Bi)0.375 
𝐺Ba:Bi

Ba5Bi30 = +0.625GHSERBa + 0.375GHSERBi − 104421

+ 11.7𝑇 

Ba2Bi (Ba)0.667(Bi)0.333 
𝐺Ba:Bi

Ba2Bi0 = +0.667GHSERBa + 0.333GHSERBi − 92780

+ 10.5𝑇 

 

Table 16 summarizes the present thermodynamic models and model parameters for the Ba-Bi 

system. Figure 32 shows the calculated Ba-Bi phase diagram, which is nearly identical to the one 

proposed by Lichtenstein et al. [44], excepting a few experimental points at the Ba-rich side as 

discussed above [44]. In addition, the work by Grube and Dietrich [46] is mostly reproduced by 

the present thermodynamic description; however, in some cases Grube and Dietrich’s results [46] 

as well as those from Zhuravlev and Smirnova [47], vary from both the present modeling results 

and the results by Lichtenstein et al. [44] and hence are thought to be less reliable.  
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The strength of the correlation between the experimentally emf data with the computational 

first-principles and CALPHAD analysis was useful in developing the Sr-Sb and Ba-Bi systems 

and providing the most complete thermodynamic understanding possible. As such, refining 

previously analyzed systems using computational method in conjunction with the activity values 

and transitions determined using emf data will certainly be an aspect of future research in this field. 

 

 

 
Figure 32. Calculated Ba-Bi phase diagram using the present thermodynamic description 

compared with experimental data by Lichtenstein et al. [44], Grube and Dietrich [46], and 

Zhuravlev and Smirnova [47]. The peritectoid reaction Ba5Bi3 + Bcc → Ba2Bi is determined from 

the present modeling and the supplemental XRD in the present work. 
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2.3 Recovery of Alkali/Alkaline-Earth Elements into Liquid Metals 

2.3.1 Experimental 

 Due to the hygroscopic nature of chloride salts and reactivity of alkaline-earth metals, all 

preparations were handled in an argon filled glovebox (<1 ppm O2, <1.5 ppm H2O) to prevent 

reactions with moisture and oxygen. 

 

 Electrolytes: Electrolytes were prepared from appropriate weights of LiCl (Ultra dry, 

99.9%, Alfa Aesar, Product No. 14540), KCl (Ultra dry, 99.95%, Alfa Aesar, Product No. 14466), 

SrCl2 (anhydrous, 99.5%, Alfa Aesar, Product No. 16790) and BaCl2 (anhydrous, 99.998%, Alfa 

Aesar, Product No. 10995). The nominal compositions of the mixtures were eutectic LiCl-KCl 

(59.2-40.8 mol%) containing 5 mol% total of SrCl2 and/or BaCl2, e.g., LiCl-KCl-SrCl2 (56.7-38.3-

5 mol%) or LiCl-KCl-SrCl2-BaCl2 (56.7-38.3-2.5-2.5 mol%). The mixture at each specified 

composition was placed in a quartz crucible (Technical Glass Products) for premelting in a 

stainless steel vacuum chamber. The chamber was loaded into a crucible furnace (Mellen, CC-12), 

initially evacuated to less than 10 mtorr, and heated under vacuum at 100 °C for 12 h and at 270 °C 

for 12 h to remove residual moisture. Then, the chamber was purged with ultra-high purity argon 

three times and heated to 700 °C for 3 h under a slowly flowing (50 mL min-1) argon atmosphere 

for premelting the electrolyte. After cooling, the dry and homogeneous electrolyte was ground into 

a fine powder for electrochemical assembly. 

 

 Electrodes: The Bi working electrodes (WEs) were prepared from bismuth pieces 

(99.999%, Sigma Aldrich, Product No. 556130) by melting 3.50 g of Bi in a boron nitride (BN) 

crucible (Saint-Gobain Advanced Ceramics, Product No. AX05), using an induction heater 

(IH15A-2T, Across International) custom installed inside the glove box. The dimensions of the 

BN crucible were 20 mm in height, 12 mm outer diameter, 8 mm inner diameter, and 15 mm in 

depth, giving a nominal surface area of 0.5 cm2. A tungsten wire (99.95%, Thermo Shield, 1 mm 

diameter) was inserted into the liquid Bi to establish electrical contact during inducting heating. In 

the three-electrode cells, a graphite cylinder (0.95 cm in diameter and 5 cm in length) was used as 

the counter electrode (CE), female threaded at the top and connected to a male threaded steel rod 

for electrical connection.  

 The Ag/Ag+ reference electrode (RE) was constructed using a closed one end mullite tube 

(6.4 mm in outer diameter and 45.7 cm in length) which contained ~0.5 g of LiCl-KCl-AgCl 

electrolyte and Ag wire (1 mm in diameter and 48.3 cm in length, 99.9%, Alfa Aesar, Product No. 

11434) to establish a reversible half-cell potential (Ag/Ag+). The reference electrolyte was 

prepared using the same procedures as described earlier by adding 1 wt% of AgCl (anhydrous, 

99.998%, Sigma Aldrich, Product no. 449571) into eutectic LiCl-KCl.   

 

 Cell assembly: The electrodes and thermocouple (ASTM Type K) were arranged inside an 

alumina crucible (60 mm in diameter and 100 mm in height; Advalue Technology, Product No. 

AL-2250) and then, approximately 100 g of the electrolyte was poured over the electrodes. The 

assembled cell was placed into a test chamber; the chamber was sealed inside the glovebox and 

loaded into a crucible furnace. The chamber was first evacuated and dried, following a similar 

procedure for preparing the electrolytes, then purged with ultra-high purity argon gas three times 

and heated to 500 °C under a slowly flowing (50 mL min–1) argon atmosphere. The electrodes 

were allowed to equilibrate for 12 h at 500 °C for electrochemical measurements and the cell 
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temperature was monitored and recorded using a data acquisition board (National Instruments, NI 

9211).  

 

Electrochemical deposition into liquid Bi was implemented using the graphite CE and the 

Ag/Ag+ RE at 500 °C, in eutectic LiCl-KCl electrolytes with the addition of 5 mol% total of SrCl2 

and/or BaCl2. The Bi WEs were cathodically discharged to the specific charge capacity (coulombs 

per gram of Bi) of 270 C g–1 under constant current control (j = –50 mA cm–2) using a potentiostat-

galvanostat (Autolab PGSTAT302N). After each deposition experiment, the cell was cooled to 

room temperature and the discharged Bi electrodes were isolated from the cell assembly. The Bi 

electrodes were rinsed with deionized water to remove entrained salt from the surface, and cross-

sectioned for compositional and microstructural analyses. The electrodes were mounted in epoxy, 

polished using silicon carbide emery paper (up to 1200 grit) with mineral oil as a lubricant to 

minimize reaction with moisture and oxygen, and characterized using a scanning electron 

microscope (SEM, FEI Quanta 200) fitted with energy dispersive X-ray spectroscopy (EDS) 

capabilities. The compositions of the Bi WEs were also determined using inductively coupled 

plasma-atomic emission spectroscopy (ICP-AES, Perkin-Elmer Optima 5300DV) with an 

accuracy of 4% of the measured value. 

 

2.3.2 Results  

In order to establish a thermodynamic basis for separating Sr and Ba from LiCl-KCl-SrCl2-

BaCl2 electrolytes at 500 °C, the equilibrium potentials of the liquid Bi electrode were first 

analyzed based on the thermodynamic properties of binary (Li, K, Sr, Ba)-Bi systems. The half-

reaction of each constituent A (= Li, K, Sr, and Ba) in liquid Bi is written as: 

 

Az+ + ze– = A(in Bi)         (23) 

 

where z is the number of electrons exchanged in each half-reaction (z = 1 for alkali and z = 2 for 

alkaline-earth elements). The equilibrium potential (𝐸A
eq

) of each half-reaction is determined 

according to the Nernst equation: 

 

𝐸A
eq

= 𝐸A
0 −

𝑅𝑇

𝑧𝐹
ln (

𝑎A(in Bi)

𝑎
A
z+

)   vs. Cl–/Cl2(g)      (24) 

 

where 𝐸A
0 is the standard potential of the Az+/A couple (vs. Cl–/Cl2(g)) in pure supercooled liquid 

chloride[48], R is the ideal gas constant, T is absolute temperature, F is Faraday’s constant, aA(in 

Bi) is the activity of metal A in Bi, and 𝑎A𝑧+ is the activity of cation Az+ in the electrolyte which is 

assumed to be unity by taking pure supercooled liquid chloride as the standard state (𝑎A𝑧+ = 1). 

The activity values of A (= Li, K, Sr, and Ba) in liquid Bi were experimentally determined by the 

electromotive force (emf) technique where the emf values were measured between the pure metal 

A and A-Bi alloys as functions of both temperature and mole fraction, xA(in Bi) using the A (pure) | 

Az+ | A(in Bi) electrochemical cell.[7,22,44,49] For these measurements, the emf is given by: 

  

emf = −
𝑅𝑇

𝑧𝐹
ln 𝑎A(in Bi)        (25) 

 

and provides a direct measure of the activity (aA(in Bi)). By incorporating (Eq. 25) into (Eq. 24), the 

following relation is obtained: 
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𝐸A
eq

= 𝐸A
0 + emf   vs. Cl–/Cl2(g)       (26) 

 

, indicating that the emf values represent the shift in electrode potentials away from the standard 

potential dependent upon the strength of chemical interactions (solution properties) of each A-Bi 

alloy.  

 In order to facilitate comparison between alkali/alkaline-earth constituents, we selected two 

emf values at mole fractions of xA(in Bi) = 0.05 and xA(in Bi) = 0.10 for each constituent and compared 

the relative shift in electrode potentials utilizing the currently available emf values of A-Bi alloys, 

with the recent data for Sr-Bi and Ba-Bi[7,44]. The quantitative results at 500 °C are summarized 

in Table 17 and presented graphically in Figure 33. Comparing the series of electrode potentials 

in standard states (𝐸A
0) and in the liquid Bi (𝐸A

eq
) in Figure 33, the sequence of deposition changes 

from [Li → Sr → K → Ba] in standard states to [Ba → Sr → Li → K] in liquid Bi for selected 

mole fractions (xA(in Bi) = 0.05–0.10). Clearly, the larger emf values of Sr and Ba in Bi resulted in 

a drastic change in the electrode potentials of Sr and Ba in liquid Bi, supporting the notion that the 

deposition of Sr and Ba becomes thermodynamically achievable using liquid Bi. In addition, the 

experimentally verified activity coefficient of Ba in Bi at xBa(in Bi) = 0.05 was 1.3×10–11 at 

723 °C[44], which is five orders of magnitude lower than the value estimated by Matsumiya et al.: 

γBa(in Bi) = 10–6 at 723 °C[50]. 

 

Table 17. Standard potentials (𝑬𝐀
𝟎 ) of Az+/A redox couple (A = Li, K, Sr, and Ba) in pure 

supercooled liquid chloride vs. Cl–/Cl2(g) [48], experimentally determined emf values of A-Bi 

alloys at mole fractions of xA(in Bi) = 0.05 and xA(in Bi) = 0.10 [7,22,44,49], and the resultant 

equilibrium potentials of A in Bi (𝑬𝐀
𝐞𝐪

)  vs. Cl–/Cl2(g) according to (Eq. 26) at 500 °C. 

A 𝐸A
0 (V)* emf (V) 𝐸A

eq
 (V) vs. Cl–/Cl2(g) 

 vs. Cl–/Cl2(g) xA(in Bi) = 0.05 xA(in Bi) = 0.10 xA(in Bi) = 0.05 xA(in Bi) = 0.10 

Li –3.550 0.924 0.874 –2.626 –2.676 

K –3.690 0.967 0.906 –2.723 –2.784 

Sr –3.623 1.004 0.972 –2.619 –2.651 

Ba –3.755 1.164 1.137 –2.591 –2.618 

*: calculated from the free energy of formation of pure chlorides in the supercooled liquid state[48]: 

A(l, s) + 𝑧

2
Cl2(g) = ACl𝑧(l). 

 

 It should be noted that the equilibrium potentials of each A-Bi alloy continuously change 

from the standard potential in the positive direction due to the formation of an A-Bi solution phase 

over an entire composition range, and thus the estimated potentials will overlap among 

alkali/alkaline-earth elements (A = Li, K, Sr, and Ba). In other words, each constituent in liquid Bi 

can have the same electrode potential as the composition of the electrode changes, implying the 

possibility of co-deposition of multiple components into the interacting Bi electrode. For example, 

during cathodic discharge one may anticipate the co-deposition of Ba, Sr, Li, and K into Bi at a 

given potential (e.g., –2.60 V vs. Cl–/Cl2(g)) with Ba being the most abundant and K the least 

(Figure 33). 
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Figure 33. Graphical representation of standard potentials (𝑬𝐀

𝟎) of Az+/A redox couple (A = Li, K, 

Sr, and Ba) in pure supercooled liquid chloride (open circle), compared to equilibrium potentials 

of A in liquid Bi (𝑬𝐀
𝐞𝐪

) at constant mole fractions of xA(in Bi) = 0.05 and xA(in Bi) = 0.10 (open triangle) 

at 500 °C. 

 

 Based upon the thermodynamic projection described above, liquid Bi electrodes were 

cathodically discharged in three-electrode cells using a graphite counter electrode and a Ag/Ag+ 

reference electrode under a constant current density (j = –50 mA cm–2) at 500 °C. The electrode 

potentials of liquid Bi were measured in eutectic LiCl-KCl electrolytes by adding 5 mol% total of 

SrCl2 and/or BaCl2, up to a specific charge capacity of 270 C g–1 (Figure 34). The addition of less 

conductive SrCl2 and BaCl2 in eutectic LiCl-KCl electrolyte would typically result in an increased 

solution resistance, leading to an increased ohmic potential drop in the negative direction during 

cathodic discharge. Conversely, the addition of 5 mol% SrCl2 or BaCl2 in eutectic LiCl-KCl 

resulted in the electrode potentials being shifted in the positive direction, compared to the 

potentials obtained in the binary eutectic LiCl-KCl electrolyte where lithium is the predominant 

electroactive species (Figure 34). More specifically, the change in electrode potentials from 

eutectic LiCl-KCl was 3–28 mV in LiCl-KCl-SrCl2 (56.7-38.3-5 mol%) and 43–118 mV in LiCl-

KCl-BaCl2 (56.7-38.3-5 mol%). This behavior agrees with the thermodynamic analyses which 

suggest that (1) the deposition potentials of both Sr and Ba are more positive than Li and K due to 

their stronger chemical interactions with Bi and (2) the potentials of Ba-Bi are more positive than 

those of Sr-Bi (Figure 33). The electrode potentials in quaternary electrolytes containing both 

SrCl2 and BaCl2 were also more positive than the LiCl-KCl eutectic, but located between LiCl-

KCl-BaCl2 and LiCl-KCl-SrCl2 electrolytes. 

-3.8 -3.7 -3.6 -3.5 -2.8 -2.7 -2.6 -2.5

500 C Standard potentials, E
0

A
 (A = Li, K, Sr, Ba) 

 E
eq

A
 in Bi at x

A(in Bi)
 = 0.05

 E
eq

A
 in Bi at x

A(in Bi)
 = 0.10

Ba
2+

/Ba-Bi

K
+
/K-Bi

Sr
2+

/Sr-Bi

Li
+
/Li-BiLi

+
/Li

Sr
2+

/Sr

K
+
/K

Potential, E / V vs. Cl

/Cl

2
(g)

Ba
2+

/Ba

Sequence of deposition



64 
 

 
Figure 34. Electrode potential of liquid Bi (vs. Ag/Ag+) at a constant current density (j = –50 mA 

cm–2) and 500 °C as a function of specific charge capacity in eutectic LiCl-KCl (59.2-40.8 mol%) 

electrolytes with the addition of 5 mol% total of SrCl2 and/or BaCl2. 
 

 The discharged electrodes were cooled and characterized to verify the composition of the 

deposited products in Bi using SEM-EDS and ICP-AES. The microstructural features of the Bi 

electrode, elucidated by SEM-EDS, included a Bi matrix as well as intermetallic phases of Sr-Bi 

(29-71 mol%) in LiCl-KCl-SrCl2, Ba-Bi (31-69 mol%) in LiCl-KCl-BaCl2, and Sr-Ba-Bi (13-13-

74 mol%) in LiCl-KCl-SrCl2-BaCl2, confirming the deposition of Sr and Ba into liquid Bi (Figure 

35). In general, the detected phase constituents and their compositions in the discharged Bi 

electrodes qualitatively agreed with the phase behavior reported for binary Sr-Bi and Ba-Bi 

systems: [Bi + SrBi3] and [Bi + BaBi3], respectively.[7,44] However, there existed an unidentified 

region where both Sr and Bi were depleted (e.g., dark region in Figure 35a), suggesting the 

presence of the light-element Li, which cannot be detected by EDS.  

 Quantitative compositions of Bi electrodes were determined using ICP-AES, summarized 

in Table 18. In addition to confirming the deposition of Sr and Ba by EDS, the presence of Li in 

Bi electrodes was evident for all the tested electrodes with 5.9–16.2 mol% of Li and minimal 

presence of K (< 0.9 mol%), confirming that the dominant cathodic reactions were the co-

deposition of Sr, Ba, and Li. The overall coulombic efficiency of the discharge process was 

estimated to be 63–67% by comparing the charge required for the measured electrode composition 

(Table 18) to the total charge passed during electrolysis (270 C g–1). The loss in coulombic 

efficiency is thought to come from the high reactivity of alkali/alkaline-earth metals which could 

result in their selective loss during the sample preparation using deionized water to eliminate 

entrained salts for ICP-AES, and back dissolution of alkali/alkaline-earth elements into the 

electrolyte during electrolysis up to 270 C g–1 at 500 °C. 
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Figure 35. SEM and elemental X-ray mapping images of Bi electrodes after deposition to the 

specific capacity of 270 C g–1 at 500 °C in (a) LiCl-KCl-SrCl2 (56.7-38.3-5 mol%), (b) LiCl-KCl-

BaCl2 (56.7-38.3-5 mol%), and (c) LiCl-KCl-SrCl2-BaCl2 (56.7-38.3-4-1 mol%). 

 

Table 18. The composition of Bi electrodes after deposition to the specific capacity of 270 C g-1 

at 500 °C in eutectic LiCl-KCl electrolytes containing 5 mol% total of SrCl2 and/or BaCl2 by ICP-

AES and the estimated coulombic efficiency. 

SrCl2-BaCl2 in electrolyte 

(mol%) 

Composition of Bi electrode (mol%) Coulombic  

efficiency (%) Li K Sr Ba Bi 

5.0-0.0 (SrCl2 only) 16.2 0.7 6.5 — 76.6 67% 

4.0-1.0 10.9 0.9 4.5 4.1 79.6 63% 

2.5-2.5 7.8 0.6 2.0 8.7 80.9 63% 

0.0-5.0 (BaCl2 only) 5.9 0.3 — 12.8 81.0 67% 

  

The composition of Sr and Ba in the Bi electrode increased with increased SrCl2 and BaCl2 

content in the electrolytes. In the equimolar SrCl2-BaCl2 (2.5-2.5 mol%) electrolyte, the electrode 

potentials approached those of the electrolyte containing 5 mol% BaCl2 (Figure 34), resulting in 

more preferential deposition of Ba (8.7 mol%) than Sr (2.0 mol%) in Bi. Interestingly, the 

composition of Li in Bi also increased with increased SrCl2 in the electrolytes. This trend can be 

understood from the fact that the increased SrCl2 content in the electrolyte resulted in the electrode 

potentials shifting in the negative direction (Figure 34) where the potentials reflect more prominent 

deposition of Li, according to the thermodynamic analyses (Figure 33). For the same reason, the 

minimum composition of Li in Bi (5.9 mol%) was obtained in the electrolyte containing 5 mol% 

BaCl2 where electrode potentials were the most positive.  

 

 Overall, the electrode potentials and the compositions of Bi electrodes were qualitatively 

consistent with the thermodynamic analyses based upon the binary solution properties of A-Bi 

alloys in pure liquid chloride; however, understanding the quantitatively measured compositions 

of co-deposited products in Bi would require sophisticated models (e.g., Li-Sr-Ba-Bi) beyond the 

simple binary A-Bi solution. In practice, the detailed composition and distribution of the 

alkali/alkaline-earth constituents in Bi will require the activity of each constituent in the multi-

component electrolytes beyond the standard state assumption above, as well as the comparison of 

electrode kinetics among the electroactive constituents at each stage of discharge. 
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2.4 Electrochemical studies of alkali/alkaline-earth elements and Bi 
 The electrochemistry of Ba, Cs, and Sr on a liquid Bi cathode has been studied via cyclic 

voltammetry (CV) and electrochemical impedance spectroscopy (EIS) techniques. Data sets from 

these techniques have been used to inform about the electrochemical potential, charge transfer 

kinetics, ohmic losses, and mass transport properties of alkali/alkaline-earth species at the 

electrode-electrolyte interface. These properties are important for understanding of the 

fundamental electrochemical behavior of these ions within the LiCl-KCl/Bi system. 

 

2.4.1 Experimental 

 All experiments and sample preparations were performed inside an argon-atmosphere 

glovebox with oxygen and moisture levels maintained below 5 ppm. A Kerrlab automelt furnace 

was used in BaCl2 experiments for drying and maintaining the high temperatures of the 

experimental apparatus. There were several issues with the Kerrlab automelt furnace; therefore, a 

change was made to use a Thermofisher benchtop furnace. Prior to experimentation, salts were 

dried for 5 hours at 573 K and then melted at 723 K for 24 hours. All current and potential 

measurements were performed using a Biologic VSP-300 potentiostat. Table 19 gives a description 

of the materials used in the experiments and a diagram of the experimental cell is shown in Figure 

36. 

 For CV experiments, an experimental program was created to produce voltammograms of 

the LiCl-KCl system with and without addition of the salt species of interest at temperatures of 

723–823 K and scan rates of 10–1000 mV/s. First, voltammograms of the pure LiCl-KCl system 

were produced at all experimental temperatures and scan rates. Then, the species of interest was 

added (0.5–4.0 wt%) and voltammograms were obtained. In order to study the electrochemical 

behavior from the species of interest, the background CV without electroactive component was 

subtracted, as shown in Figure 37. 

 

 

Table 19. Description of materials used in electrochemical cell. 

Materials 

 
Specifications Materials Specifications 

Vessel & 

Safety Vessel 

Crucible (Coorstek 99.8%) Counter Electrode 2mm Glassy Carbon rod 

(HTW) 

Working 

Electrode  

Liquid Bismuth (Alfa Aesar 

99.99%) with 0.5 mm 

Molybdenum wire lead, 

within Pyrex crucible 

attached to 5mm Pyrex tube   

Reference 

Electrode 

1 mm Ag Wire in LiCl-

KCl-5mol%AgCl (Alfa 

Aesar), within 7mm Pyrex 

tube with custom thinned 

bottom 

LiCl-KCl 41.8 mol% KCl – 58.2 

mol% LiCl (Alfa Aesar 

99.99%) 

Thermocouple 

with alumina 

sheath 

K-type thermocouple 

(Omega), alumina sheath 

(Coorstek 99.8%) 

BaCl2 Ampoules (Alfa Aesar 

99.99%) 

CsCl Ampoules (Alfa Aesar 

99.99%) 

SrCl2 Ampoules (Alfa Aesar 

99.99%) 

CeCl3 Ampoules (Alfa Aesar 

99.99%) 
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Figure 36. Diagram of electrochemical cell used in experiments. 

 
Figure 37. Subtraction method to eliminate background current of LiCl-KCl (1) from LiCl-KCl-

BaCl2 (1 wt%) (2), to give only the electrochemical behavior of barium (3). 
 

2.4.2 Results 

 Current-potential (I-V) behavior: We have noted in general that the alkali/alkaline-earth 

species of interest are not very electroactive on the Bi cathode. Representative subtraction CVs are 

shown for Sr, Cs, and Ba in Figure 38. Subtraction CV curves for SrCl2 system (798 K, 25 mV/s), CsCl 

system (773 K, 150 mV/s), and BaCl2 system (798 K, 200 mV/s).Figure 38. In the case of Sr, the reduction 

and oxidation of Li at the negative end of the potential window was inhibited, leading to the 

positive current peak during the negative sweep and the negative current peak during the positive 

sweep. Cs exhibited two small redox peaks, one with a reduction potential of approximately -1.15 

V and another with reduction potential -1.35 V. The presence of Ba in the LiCl-KCl resulted in a 

small reduction at approximately -1.4 V and a much larger oxidation at approximately -1.2 V. This 

could be the result of an intermetallic of Ba-Bi. 

 During experimental testing, we studied the behavior of CeCl3 in the LiCl-KCl/liquid Bi 

system to compare the results with a similar system and validate the experimental design [51]. The 
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electrochemical behavior of CeCl3 in our system was similar in a satisfactory way and served to 

confirm the results of our systems containing Sr, Ba, and Cs. Representative subtraction CVs for 

the CeCl3 system are shown in Figure 39. 

 

 
Figure 38. Subtraction CV curves for SrCl2 system (798 K, 25 mV/s), CsCl system (773 K, 150 

mV/s), and BaCl2 system (798 K, 200 mV/s).  

 



69 
 

 
Figure 39. Subtraction CV curves for the LiCl-KCl-CeCl3 (4 wt% CeCl3) system at 773 K and 

scan rates: (1) 15, (2) 20, (3) 30, (4) 40, (5) 50, (6) 75, and (7) 100 mV/s. 

 Mass transport properties: Many studies have shown that the reduction of an electroactive 

species at a liquid bismuth cathode in LiCl-KCl salts is diffusion controlled. Therefore, the 

diffusion coefficient of a species in the LiCl-KCl salt is important for understanding the reduction 

behavior. CV can be performed at different scan rates to give a measurement of the diffusion 

coefficient (D) according to the Berzins-Delahay equation for a soluble-insoluble reversible 

process [52], 

 
𝑖p = 0.611 𝑛𝐹𝑆𝐶0 (

𝑛𝐹𝜐𝐷

𝑅𝑇
)

1/2

 

 

(1) 

where ip is the peak cathodic current, n is the number of electrons transferred, S is the surface area 

of the cathode, F is the Faraday constant, R is the universal gas constant, T is the absolute 

temperature, C0 is the concentration of the electroactive species in the salt (mol m-3), and v is the 

scan rate. Plotting ip vs. v1/2 will give an experimental value for D which helps to understand the 

kinetics of the system. We have calculated values of the diffusion coefficient based on the small 

reduction peaks for the Sr, Cs, Ba, and Ce systems with a liquid Bi cathode. Calculated diffusion 

coefficient values for Ba are shown in Figure 40. We have also calculated and presented diffusion 

coefficient values for the two peaks observed in the Cs system, the Sr system, and the Ce system 

in our reports. 
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Figure 40. Calculated diffusion coefficients for LiCl-KCl-BaCl2 (1.0 wt%) system. 

  

 Exchange current and charge transfer properties: From the CVs obtained for the systems, 

we have analyzed the data to get electrochemical properties values for the ionic species at the 

cathode. We have calculated values for the exchange current density (i0) of the ionic species at the 

cathode via the Butler-Volmer equation for small overpotentials [53]. We have also performed EIS 

experiments to produce values of the exchange current densities of the ionic species at the Bi 

cathode surface in the systems. The equivalent circuit used to fit these data is shown in Figure 41 

and calculated values of i0 for the Ba2+/Ba species (Figure 42). 

 
Figure 41. Equivalent circuit used to fit EIS data. 

 
Figure 42. Calculated exchange current density of Ba2+/Ba at Bi cathode at 773 K. 
 

2.5 Thermal analysis of LiCl-KCl-BaCl2 system 

 The thermal properties of the LiCl-KCl and BaCl2 binary system have been studied to 

obtain phase transition temperatures. The liquidus line was measured to be between 652 K and 902 
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K for varying concentrations of BaCl2 up to 60 wt%. 

 

2.5.1 Experimental 

Samples of BaCl2-LiCl-KCl were prepared in an argon atmosphere glovebox. Salts were 

weighed and mixed to give a 10 g sample, which was then placed into an alumina crucible and 

dried in a Kerrlab Auto Electro Melt furnace for 5 hours at 573 K to remove any remaining 

moisture content. The salts were then melted at 773 K for 24 hours before being extracted by 

dipping a clean pyrex tube into the molten salt to obtain a salt disk inside the tube. Thermal 

analyzer (model: TGA-DSC Q600) was used to study the thermal transitions via a heat-flux 

technique, measuring the amount of heat required to increase the temperature of the sample versus 

a reference. Alumina pans were used to hold the salt sample and to act as the empty reference pan. 

Salt sample size and heating rate have significant effects on the shape of the DSC scan. A high 

heating rate enhances the instrumental sensitivity but decreases the resolution; that is, it results in 

thermograph peaks that are taller, but also broader. The mass of the DSC sample also has an effect 

on the heat flow measurement. Using small sample masses will achieve high resolution but poor 

sensitivity. In contrast, larger samples increase sensitivity but can also cause thermal lag due to 

heat transfer between the bulk material and the sensor. After testing several experiments with 

different sample sizes and heating rates, we decided upon the system of using a 10 mg sample and 

5 °C min-1 heating rate. 

 

2.5.2 Results 

Detailed temperature values for observed peaks are listed in Table 20. Data for DSC experiments using 

the third experimental pattern.Table 20. The temperature values for the first and second peak were 

then plotted vs. weight fraction of BaCl2 to construct a partial binary phase diagram of the BaCl2 

and LiCl-KCl system, as shown in Figure 43. The first peak temperatures represent values on the 

solidus line, below which the composition is completely crystalline. The second peak temperatures 

represent values on the liquidus line, above which the solution is completely liquid. The eutectic 

composition of the salt is seen to exist somewhere between 10 and 30 wt%. The importance of this 

study is a confirmation that BaCl2 is fully liquid in the system at the temperatures of the 

electrochemical study. This DSC study has shown that at the low weight percentages used in the 

electrochemistry studies (1 to 4 wt%), the BaCl2 might not be fully liquid at temperatures below 

481 °C. 

 

  

Table 20. Data for DSC experiments using the third experimental pattern. 

Weight 

Percent 

BaCl2 (wt%) 

Weight 

(mg) 

Heating 

Rate 

(°C/min) 

Peak 1 

temperature 

(°C) 

Peak 2 

temperature 

(°C) 

1  8.2562 5 352.83 481.35 

10  9.0789 5 346.21 441.44 

20  9.0203 5 341.27 379.92 

30  8.1955 5 343.41 429.66 

40  13.916 5 337.46 469.64 

50  9.8121 5 348.86 576.87 
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60  7.8963 2 344.52 629.81 

 
 
 

 
Figure 43. Binary phase diagram of BaCl2 and LiCl-KCl salt system. 
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3. Conclusions 

The presence of radioactive fission products such as 137Cs and 90Sr which oxidize from 

used nuclear fuels during the electrorefining process necessitates frequent disposal and 

replacement of the electrolyte, thereby increasing the amount of nuclear waste accumulating in on-

site storage facilities without long-term contingency plans for disposal. The primary objective of 

this research project was to determine the viability of liquid metal electrodes for separating 

alkali/alkaline-earth elements from molten salt electrolytes with the intention of providing a route 

towards removing Ba and Sr from LiCl-KCl electrolyte. While an inert cathode will be unable to 

reduce Ba2+/Sr2+ out of the electrolyte without first removing Li due to the order of the standard 

reduction potentials of the alkali/alkaline-earth elements in the chloride system, liquid metal 

electrodes (e.g. Bi, Sb, Sn) were able to shift the standard reduction potential of the alkali/alkaline-

earths, possibly allowing preferential deposition out of LiCl-KCl-based molten salts.  

In order to determine the effectiveness of Bi, Sb, and Pb at potentially altering the redox 

potential of Ba2+/Ba and Sr2+/Sr, electromotive force measurements were conducted for the Sr-Bi, 

Sr-Sb, Sr-Pb, Ba-Bi, and Ba-Sb binary systems to determine the strength of the atomic interactions 

between alkaline-earth and each of the liquid metals, i.e. the activity of alkaline earths in liquid 

metals (Bi, Sb, Pb). The electromotive force measurements concluded that Sr-Sb exhibits the 

strongest interactions with Sr (aSr as low as 1.5 × 10‒12 at 988 K and xSr = 0.04), followed by Sr-

Bi (aSr as low as 2.5 × 10‒11 at 988 K and xSr = 0.05), and finally that Sr-Pb exhibits the weakest 

interactions with Sr (aSr as low as 7.6 × 10‒10 at 950 K and xSr = 0.05).  

Based on the measured thermodynamic properties in this work, Sb and Bi were predicted 

to be the most efficient liquid metal electrodes for removing Sr and Ba from molten chlorides. 

Additionally, Ba followed the same trend as Sr, with Ba-Sb having the strongest interactions (aBa 

as low as 2.0 × 10‒15 at 923 K and xBa = 0.05) followed by Ba-Bi (aBa as low as 6.6 × 10‒16 at 773 

K and xSr = 0.05). The recovery of Sr and Ba was confirmed with deposition experiments in which 

constant current was applied between a liquid metal electrode and an inert graphite counter 

electrode in LiCl-KCl-SrCl2-BaCl2 molten salt. Post-mortem analysis via ICP-AES compositional 

analysis indicated significant presence of Sr (~6.5 mol%) and Ba (~12.8 mol%) in the Bi electrodes; 

however, reasonable amounts of Li were also deposited in the electrodes (~16.2 mol% in Bi). 

Despite the undesirable presence of Li, the substantial amount of Sr and Ba deposited in the liquid 

metals is encouraging.  

Overall, the results indicate that the strong interactions between Sr/Ba and Bi/Sb can be 

leveraged to remove alkaline-earth fission products from molten salt electrolytes, providing a 

potential path towards reducing the volume of nuclear waste from electrorefining process. 

Complete data sets for the Sr-Sn, Ba-Pb, and Ba-Sn sets were also collected with 

manuscripts for each in preparation. Preliminary experiments also indicate the Cs exhibits similar 

deposition behavior into liquid metals as Sr and Ba. 
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