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Abstract

In the nuclear industry, uranium is recovered from used nuclear fuel using a process known
as electrorefining in which a metallic used nuclear fuel anode is oxidized into molten LiCI-KCI-
UCIs 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 dangerous elements including
%Sr and *'Cs in the molten salt electrolyte as they are more active in the salt than U and will
therefore oxidize out of the anode before U. The accumulation of Sr and 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 Sr
and Cs from the electrolyte necessitates frequent replacement and disposal of the electrolyte, which
then contributes to the overall volume of nuclear waste. This dissertation focuses on evaluating
the viability of using liquid metal electrodes as a method for electrochemical separation of Sr and
Cs from LiCI-KCl-based molten salts due to their strong atomic interactions with alkali/alkaline-
earth elements, which cause a shift in relative stability of the alkali/alkaline-earths in the
electrolyte.

Thermodynamic properties, including activities, partial molar entropies, and partial molar
enthalpies, were determined using electromotive force measurements for the Sr-Bi, Sr-Sb, and Sr-
Sn binary systems in order to elucidate the strength of interactions between Sr and each liquid
metal. By combining the fundamental thermochemical data with phase characterization of each of
the binary systems using X-ray diffraction (XRD) and differential scanning calorimetry (DSC), a
comprehensive understanding of both thermodynamic phase behavior was developed for all three

binary systems. Activities as low as asr = 1022 at xsr = 0.04 at T = 888 K were measured as well



as liquid state solubilities as high as 40 mol% at 988 K. Experimental data was used as input data
towards computational efforts involving first-principles calculations as well as the CALPHAD
technique in the case of the Sr-Sb system to develop an improved Sr-Sb phase diagram and provide
further basis for the use of computational models in elucidating strongly interacting binary
systems.

Attempts to remove Sr from molten salt electrolyte using an electrochemical cell with
liquid metal (Bi, Sbh, Sn) cathodes were successful, with post-mortem elemental analysis of the
electrodes confirming significant quantities of Sr (4.0-6.5 mol%) deposited into Bi and Sb.
Furthermore, deposition results correlated well with the deposition behavior predicted from the
aforementioned electromotive force measurements, inviting the possibility of using liquid metal
electrodes as a method for selectively removing Sr from molten LiCI-KCI electrolyte and for
reducing the total volume of nuclear waste left accumulating in on-site repositories throughout the

us.
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Chapter 1. Introduction

1.1 Electrochemical Separation

1.1.1 Nuclear Waste and Electrorefining

As of 2013, the United States has generated over 68,000 metric tons of used nuclear fuel
with additions of ~2,000 metric tons per year [1]. Based on the end-of-life for all currently active
nuclear reactors in the US, the total amount of nuclear waste is estimated to double [2] and then to
further increase as approval has already passed for the Blue Castle Project near Green River, UT
with two 1500 MW reactors [3]. Nuclear energy usage in the US has held relatively steady over
the past 20 years and is increasing in other countries such as China and India, which makes the
management of used nuclear fuel a pressing issue [4]. Currently, used nuclear fuel sits in wet pools
near nuclear energy production sites awaiting interment in a permanent geologic repository for
tens of thousands of years until radioactivity levels have sufficiently depleted; however, public
resistance to the establishment of permanent repositories has resulted in stoppage of the projects
(e.g. Yucca Mountain), leaving large amounts of used nuclear fuels trapped onsite in storage only
intended to be temporary [5]. Developing recycling methods is one promising approach to mitigate
the vast amounts of radioactive waste building up within the US and around the world by
separating and re-using uranium from used nuclear fuel [2,6].

One of the most prominently utilized recycling methods is an electrochemical process
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. 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 LiCI-KCI-UCIz (10 wt%) as a molten salt electrolyte

(Figure 1.1).
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Figure 1.1. 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 LiCI-KCI-

UCI;s electrolyte.

As depicted in Figure 1.1, 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) — U%* + 3¢
Cathode: U%* + 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 1.1 because used
nuclear fuel is composed of diverse fission products (e.g., alkali, alkaline-earth, and rare-earth
elements) that possess distinct electrochemical properties including standard reduction potential

in the chloride system (Figure 1.2).

Cs /CSK /K Ll /Li NG NG

La3+f‘La U*1u
@5 q <5 q 3) o& 2 E)

Baz*fBa 3[2 /St Ca2+ ICa Np*'/Np
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38 36 34 32 30 28 26 24 29

Standard electrode potential of M*'|M vs. CI'/Cl,(g) at 600 °C

Figure 1.2. Standard electrode potentials of M*|M vs. the CI/Cl (g) couple at 600 °C, where z is
the number of electrons in each half-cell reaction and M are the pure metals of fission product

elements [7].

A standard reduction potential represents a species’ tendency to be reduced, with more
positive potentials indicating a higher tendency for reduction. Figure 1.2 depicts the standard
reduction potentials of many common components of used nuclear fuel; it is clear that Ba, Sr, K,
and Cs are the last elements to reduce out of the LiCI-KCI-UCI; 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 (Figure 1.3).

Electrolyte (LiCI-KCI-UCl;)

Figure 1.3. Schematic of an electrorefining cell that illustrates the accumulation of Sr and Cs in

the electrolyte due to their more negative redox potentials than U.



1.1.2 Challenges with alkali/alkaline-earth fission products in electrorefining

Other: 2% Alkaline Earths: 6%

Alkalis: 6%

Zirconium: 8%

Figure 1.4. Chemical composition of used nuclear fuel by elemental groups [8].

As alkali and alkaline-earth elements (e.g., Sr and Cs) only account for a maximum of 12%
of the composition, the figure begs the question of why Sr and Cs are the focus of this work. Firstly,
%Sr and 3’Cs are dangerous isotopes due to their short half-lives (~30 years), highly ionizing B
and vy radiation, and high heat densities (~100 W L) [8]. 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.
Large quantities of released heat from the radioactive decay of Sr and Cs isotopes may raise the

operating temperature of the electrorefiner to unsafe conditions.

Secondly, Sr and Cs are comparatively very difficult to remove from the LiCI-KCI-UCl3
electrolyte due to their highly negative redox potentials. Based on the redox potentials (Figure
1.2), it is evident that rare earth elements and actinides could theoretically be removed from the
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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 Sr or Cs as both have standard reduction potentials more negative than Li, a primary
component of the molten salt electrolyte. Therefore, any attempt to remove Sr and Cs 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.

1.1.3 Alkali/Alkaline-Earth Interactions with Liquid Metals

Previous research by Kim et al. [10] suggests that the large electronegativity difference
between alkali/alkaline-earth elements and liquid metals such as 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 (BaCl,-LiCI-CaCl>-NaCl, 16-29-35-20 mol%), Kim et al. [10] found that a liquid
metal (Bi) electrode was able to separate conventionally non-separable species. According to the
standard reduction potentials for Ba?*/Ba (-3.74 V), Li*/Li (-3.49 V), Ca?*/Ca (-3.44 V), and
Na*/Na (-3.42 V) vs. CI'/Clx(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™ with a constant current density of j = -100 mA cm 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 1.5).



Ba-Ca-Bi <
(36-9-55 mol%) [

- .

Bi

Figure 1.5. Optical image of the Bi electrode discharged at 50 C g from BaCl,-LiCl-CaCl,-NaCl
molten salt electrolyte with constant current density (-100 mA c¢m2) at 600 °C with accompanying

compositional analysis via EDS [10].

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
intermetallics (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 1.2 and the previous analysis, an inert electrode in a chloride-based
salt will be entirely ineffective at removing Sr?* and Cs*; however, an electrode that interacts more
strongly with Sr>* and Cs* than with Li* or K* could shift the standard reduction potentials

unequally, resulting in a different order of reduction as in the BaCl>-LiCl-CaCl.-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:

RT AA(in
Eeq = Egni y — — In(=22) (1.1)

ZF aAn+

where Eeq is the equilibrium potential, EXM /A is the standard reduction potential of the A™/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™?), R is the ideal gas constant,
T is the absolute temperature, aagn m) iS the activity of element A in interacting electrode M, and
a,n+ is the activity of ion A™ in the electrolyte. Essentially, Eq. 1.1 describes the shift away from
the standard reduction potential due to factors such as temperature, and more importantly, activity;

as the activity of a,n+ in a pure chloride salt is equal to 1, the shift is equivalent
to — gln(aA(in m))- Therefore, if an electrode choice such as Bi interacts more strongly with Ba%

than Li* or Na* (i.e. lower activity of A in M), the equilibrium potentials for each could be altered
and switch the deposition order. Available activity data for Ba?*, Li*, Ca?*, and Na* in Bi was used
to estimate the shift in standard reduction potential in the case of the results from Kim et al. (Figure

1.6) [10].
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Na'/NaG = Na'/Na-Bi
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Figure 1.6. Equilibrium potentials of the Ba, Li, Ca, and Na redox couples at Xagn iy = 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 [10].

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 Sr>* and Cs* can be proven to have similarly strong atomic interactions with
liquid metals as Ba?*, it may be possible to preferentially remove them from the contaminated

electrorefiner salts without causing the decomposition of the electrolyte.



1.1.4 Application to Purification of Electrorefiner Molten Salts

Based on the aforementioned ability of Bi to preferentially remove Ba?* from a molten
chloride electrolyte containing Li*, liquid metal electrodes are a promising option for removing
Sr?* and Cs* from contaminated LiCI-KCI electrorefiner salt. By leveraging the strong interactions
between liquid metals (Bi, Sh, Sn, Pb) and alkali/alkaline-earths (Sr and Cs), it would be possible
to selectively deposit Sr?* and Cs* out of LiCI-KCl-based electrolytes using an electrochemical

cell as depicted in Figure 1.7.

Figure 1.7. Electrochemical cell design for reduction of Sr?* out of LiCI-KCI-SrCl; into a Bi

electrode, simultaneously producing Cl2(g) at an inert anode.
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By applying a constant current density between the liquid metal working electrode (Bi, in
Figure 1.8) and an inert counter electrode, Sr?* ions in the molten salt electrolyte will be reduced
into the Bi and removed from the salt via the following reactions:
Anode: 2CI" — Cl2(g) + 2¢
Cathode: Sr?* + 2e- — Sr(in Bi)

Selectively removing 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 the Sr and Cs in a liquid
metal electrode will allow for them to later be separated as oxides (CsO-SrO>) 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 LiCI-KCI-UClIs electrolyte (Figure 1.8).

/o1 Separate/ N\

Concentrate /2 Concentrated\ / 3. Oxidation \
I fission products Ceramic waste

in a liquid metal Sr0-Cs,0 —— for long-term

Anode
® A— storage (glass)

M(.ilﬂ'l Salt Electrolyte: 2
(LIGHKCI-SrC,) (Sr-Cs)-Bi Bi

i+ 2e”

3o \ ZAN 7

©) Liquid Metal M(e.g., Bi)
Recycle Bi

Figure 1.8. Proposed process for removing Sr and Cs from electrorefiner salts using liquid metal

cathodes, followed by oxidation treatments to develop oxide wasteform.
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1.2 Dissertation Overview

This dissertation focuses on acquiring fundamental thermodynamic data on alkali/alkaline-
earth binary systems (Sr-Bi, Sr-Sb, Sr-Sn) to evaluate the effectiveness of various liquid metals at
removing Sr?* from LiCl-KCl-based electrolytes as well as attempting to deposit Sr to corroborate
with the predicted behavior.

The dissertation is arranged in the following chapters:

In Chapter 2, fundamental thermodynamic properties, including activities, partial molar
entropies, and partial molar enthalpies are determined for the Sr-Bi, Sr-Sb, and Sr-Sn binary
systems using the electromotive force method to assess the ability of each of the liquid metals to
remove Sr?* from electrolyte. Characterization using X-ray diffraction, scanning electron
microscopy, and differential scanning calorimetry on each of the systems was also employed to
elucidate their phase behavior, often leading to refinement of existing phase diagrams with
experimentally-verified properties in this work.

In Chapter 3, the liquid metal electrodes are employed to remove Sr?* from LiCI-KCI-
SrCl,. Compositions of the liquid metal electrodes post-deposition are analyzed using SEM-EDS
as well as inductively coupled plasma atomic emission spectroscopy (ICP-AES) to assess the
amount of Sr?* removed from the electrolyte. Results are analyzed with respect to predicted
behaviors from the electromotive force measurements in Chapter 2.

In Chapter 4, computational efforts using density functional theory (DFT) and the
CALPHAD technique to corroborate experimental results are discussed for the case of the Sr-Sh
system.

In Chapter 5, the results of the dissertation are summarized and future research directions

involving the removal of Cs* from molten salt electrolytes are discussed.
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Chapter 2. Determination of Fundamental
Thermodynamic Properties for Sr-M Binary Systems

2.1 Electromotive Force Method

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 Sr-M systems (where M = Bi, Sb, Sn) is sparse or absent in available literature
and many of the accepted phase diagrams are incomplete or contain unstable phases [11,12]. To
gain a more complete understanding and provide valuable fundamental thermodynamic data on
these binary systems, electromotive force measurements were conducted [13].

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:
AG = -zZFE (2.1)

, Where E is the electromotive force produced by the cell [14,15]. In order to accurately measure
the electromotive force between Sr(s) and Sr-M alloys, the following electrochemical cell was

devised:

Sr(s)|CaF2-SrF2|Sr(in M) (2.2)
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, Where pure strontium acts as the reference electrode (RE), solid CaF2-SrF2 (97-3 mol%) as the
electrolyte, and Sr-M alloys as working electrodes (WE). In this electrochemical cell, the half-cell

reactions are:
WE: Sr?* + 2e" = Sr(in M) (2.3)
RE: Sr?* + 2e = Sr(s)
, and the overall cell reaction is:
Sr(s) = Sr(in M) (2.4)
The change in partial molar Gibbs energy of strontium, AGs,, for this reaction is given by:
AGsy = Gsrin My = Gsrs) = RTIn(as;) (2.5)

, Where G_Sr(in wm) is the partial molar Gibbs energy of Srin liquid metal M and Ggr(s) is the chemical
potential of pure Sr. By applying the Nernst equation to Eq. (1.1), the change in partial molar Gibbs

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

AGs;
ZF

RT
E= = - ; ln(aSr(in M)) (26)

2.1.1 Electrolyte Selection

One of the most difficult aspects of designing an electrochemical system is the choice of
electrolyte; CaF2-SrF2 (97-3 mol%) was selected because it satisfies several necessary conditions
for a reliable electrolyte [14]:

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

cell operation
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e Any side reactions between the electrodes and electrolyte must be avoided

Constructing an electrochemical cell to effectively meet these requirements for Sr-M alloys
is technically challenging due to (i) the high reactivity of pure Sr as well as Sr-M alloys which can
degrade the electrolytes or cell components during emf measurements, and (ii) the high melting
temperatures of pure Sr (Tm, sr = 1042 K) [16] and Sr-M alloys. The solid-state CaF is well known
to have substantial ionic conductivity (1.5 x 10° S cm™ at 1073 K) [17,18], suitable for emf
measurements. In recent studies, solid-state CaF. electrolyte has been utilized in determining the
thermodynamic properties of Ca-Bi, Ca-Sh, and Ca-Mg alloys at 723-1100 K [19-21], employing
the high stability of CaF; electrolyte in emf measurements of calcium alloys. Delcet and Egan [22]
also determined the emf values of Ca-Ag and Ca-In alloys using single-crystal CaF, at 1073 K via
coulometric titration techniques and derived thermodynamic activity values of calcium.

The investigation of Sr-M alloys required using CaF2-SrF2 (97-3 mol%) instead of the pure
CaF; 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 2.1a), CaF2 is more stable
than SrF. and thus, strontium ions are expected to be the most electroactive species in the CaF»-
SrF2 binary electrolyte. In contrast, SrCl, is more stable than CaCl. in the chloride system (Figure
2.1b); therefore, calcium becomes the most electroactive species, invalidating the stable emf
measurements of Sr-based alloys in CaCl.-SrCl: electrolyte due to side reactions (e.g., Sr + CaCl:

= SrCl; + Ca, A/G =-28.9 kJ at 873 K).
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at 873 K [7].
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Figure 2.1. 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

Solid CaF2-SrF2 (97-3 mol%) electrolyte was prepared by ball-milling 350 g of high-purity
CaF> (Alfa Aesar, Stock No. 11055), 17.4 g of high-purity SrF> (Sigma Aldrich, Stock No.
450030), and 25 g of polyvinyl alcohol binder (Sigma Aldrich, Stock No. 341584) in isopropanol

for 24 h. The mixture was dried in air for 24 h and approximately 130 g of powder was taken and
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uniaxially pressed at 30 MPa into a pellet 75 mm x 17 mm in diameter and thickness. Seven wells
(each with 11.2 mm x 12 mm in diameter and depth) were drilled into the pellet with one well in

the center and six wells evenly spaced 25.4 mm away from the center (Figure 2.2).

Similarly, seven caps were fabricated from 4 g of the mixture (19 mm x 10 mm in diameter
and height) with a 1.1 mm hole drilled through the center. These green pellets were then fired in
air at 393 K for 12 h to remove moisture, 823 K for 12 h to burn away the polyvinyl alcohol binder,
and 1273 K for 3 h to sinter. The sintered CaF-SrF2 electrolyte was confirmed to have formed a

single-phase solid solution (fluorite phase) by an X-ray diffractometer as shown in Figure 2.2.
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Figure 2.2. XRD patterns (normalized to the most intense peak) of CaF2-SrF; electrolyte before

and after the sintering process, compared with pure CaF, and SrF» diffraction patterns [23].

2.1.2 Electrode Fabrication

Sr-M alloys were selected as working electrodes (WES) in this electrochemical cell as the
reactions of interest (reaction given by: Sr>* + 2e” = Sr(in M)), take place at the Sr-M alloy
electrode. Pure Sr(s) was employed as the reference electrode (RE) to measure the activity, i.e.
deviation from ideality, created by the liquid metal addition in the working electrodes (reaction

given by: Sr* + 2e = Sr(s)).
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Sr-M alloys at specific compositions were fabricated from strontium ingot (99.5%, Sigma
Aldrich) and either bismuth pieces (99.999%, Sigma Aldrich), antimony pieces (99.999%, Alfa
Aesar), or tin pieces (99.9999%, Alfa Aesar) using an arc melter (MAM1, Edmund Buhler GmbH)
under argon atmosphere. The alloys were machined into a cylindrical shape (10 mm x 7 mm in
diameter and thickness) with a 1.1 mm center hole for insertion of the tungsten electrical lead wire
(99.95%, Thermo Shield 1 mm diameter). A schematic of the electrochemical cell is depicted

below in Figure 2.3.

K-type

TC lead
/ / W leads — ‘

! _-/'
CaF;_.—SrF; |I - o - \
caps | L\TC>

I‘\, - ‘;. ~ .I
Sr-M alloys L = E; F-:_—_ 7“_‘_/ "\._E) H E_mm \W_E')
. \F%;j _ % i _%Il? mm fRE)

—

75 mm

Pure 5r \ CaF,-SrF,
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Figure 2.3. Schematic of the electrochemical cell used for electromotive force measurements from
a side view (a) and top view (b), detailing the electrode placement as well as the general assembly

of the system with approximate dimensions.

2.1.3 Electrochemical Cell Assembly

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 Sr and Sr-M
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alloys. The CaF»-SrF; electrolyte was placed in an alumina crucible (8.2 cm diameter x 3.0 cm
height) and tungsten wires (1 mm x 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
CaF,-SrF> caps, and into the electrodes (Figure 2.4). The caps were installed to minimize the
contamination of alloys during the measurements by physically blocking the vapor-phase transport

of strontium.
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Figure 2.4. Experimental assembly for electromotive force measurements utilizing the Sr(s)|CaF.-

SrF|Sr(in M) electrochemical cell.

2.1.4 Electromotive Force Measurements

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
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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™*) 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 (Sr-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 1113 K and 728 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 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).

2.1.5 Calibration of the x5, = 0.10 Reference Electrode

The use of pure strontium metal as reference electrode caused gradual degradation of the
solid-state CaF>-SrF; electrolyte, resulting in irreproducible emf values of Sr alloys during thermal

cycles (Figure 2.5).
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Figure 2.5. 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. [21]. 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 (dEcen/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, initial 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 2.6a). 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
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the linear fit of this measurement at xsr = 0.10 (Figure 2.6b), the emf values of Sr-M alloys Eceil
are reported versus to pure Sr metal:

Ere =6.9 x 10° T +0.922 [V]  vs. pure Sr (2.7)
, which allows the measured emf between the Sr-Bi (xsr = 0.10) reference electrode and the Sr-M
working electrodes to be directly related to the emf between the Sr-M working electrodes and pure

Sr:

E = Ecen + Ere (2.8)
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Figure 2.6. (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.

2.1.6 Calculation of Thermodynamic Properties (ASs,, AHs,, In(as), GE)

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. In order to demonstrate, emf data from the Sr-Bi system (xsr = 0.10, 0.15, and 0.20) will
be used as an example. The emf data as function of time is presented below in Figure 2.7 and is

re-plotted as a function of temperature in Figure 2.8.
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Figure 2.7. 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.
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Figure 2.8. Emf values as a function of temperature upon cooling and heating a Sr-Bi (Xsr =

0.10)|CaF2-SrF,(s)|Sr(in Bi) cell with Sr-Bi alloys xsr = 0.10, 0.15, and 0.20.

The change in the partial molar entropy of strontium, ASg,, is calculated from linear fits of

the measured emf data in Figure 2.8 using the following thermodynamic relation, where (Z—i) IS
P

the slope of the fits:

AS, = — (62#)1) = 2F (g—j)P (2.9)

By re-plotting the emf data again as Ecen/T vs. 1/T (Figure 2.9), the partial molar enthalpy of
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strontium, AHs,, can be determined using the Gibbs-Helmholtz relation:

cel

-1
(E./T)/mV K

Mg, = =12 (Z5020) = 2F7? (2510) = 2F

oT

aT

a(E/T)
a(1/T)
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Figure 2.9. Graphical representation of Ece/T vs. 1/T to estimate the change in partial molar

enthalpy of alloys xsr = 0.10-0.20, where the slope is -AHg,/zF.

Using the Nernst equation, the activity of Sr can be calculated for any specific

temperature using the emf values:

ln(aSr) =

ZFEcenl
RT
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The excess partial molar Gibbs energy of Sr, G&. , can then calculated from the activity data:

GE = RTIlnyg, = RT(In ag, — In xg,) (2.12)
, Where ys, 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, Sh, Sn) to separate Sr from molten salt electrolytes.

2.2 Strontium-Bismuth Binary System

2.2.1 Literature Review of Sr-Bi

The Sr-Bi phase diagram has been investigated by a number of researchers: Shukarev et al.
(1956) [24] constructed the first full Sr-Bi phase diagram using thermal analysis and microscopy,
indicating the presence of the SrBis, SrBi, Sr3Bi», and Sr.Bi compounds; Pleasance (1959) [25]
followed this work up by performing thermal analysis between xsr = 0.00 and xsr = 0.25, confirming
the [Liquid = Bi + SrBiz] reaction also predicted by Shukarev et al.; Schweitzer and Weeks (1961)
[26] clarified liquidus measurements up to xsr = 0.10; and finally, Zhuravlev and Smirnova (1966)
[27] performed thermal analysis and microscopy up to xsr = 0.45, concurring with the previous
work except in the identification of a polymorphic [aSr3Bi> = B SrzBi2] reaction. Despite the
amassed body of work on the Sr-Bi system, no available literature contains crystal structure data
for the SrBi or SrzBi> phases, indicating potential flaws in the descriptions provided by
experimental data. A revised phase diagram was recently developed by Wang et al. (2013) [16]
using the ThermoCalc software and first-principles calculations, which determined the SrBi and

Sr3Bi2 phases to be unstable, replacing them with the Sr11Biio and SrsBiz phases. While this work
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provides a more reasonable phase description of the Sr-Bi system based on the available crystal
structure data, thermodynamic data (i.e. activity data) remains unavailable; Wang et al. [16]
bemoan this issue themselves, citing the only activity data existent from Klebanov et al. (1986)
[28] and their work at 900 K using electromotive force measurements up to xsr = 0.17. However,
this data was dismissed by Wang et al. [16] as the “reported activity coefficients are rather
scattered” and therefore neglected it from their modeling. Overall, the available phase descriptions
for the Sr-Bi system are conflicting and the only source of activity data is unreliable, necessitating
further measurement of thermodynamic properties and confirmation of phase behavior to

adequately analyze the interactions between Sr and Bi.

2.2.2 Electromotive Force Measurements on the Sr-Bi System

The variation of emf with temperature and composition for Sr-Bi alloys (xsr = 0.05-0.75)
is displayed in Figure 2.10a-c, obtained upon cooling and reheating the electrochemical cells
between 1023 and 748 K [13]. 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 2.10a, 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 2.10b, mole
fraction xsr = 0.30 exhibits two phase transitions, a liquidus [L = L + Sr2Bis] at 908 K and a solidus

[L + Sr2Biz = SrBiz+ Sr2Bis] 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
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increased reactivity. For this reason, emf data for high Sr alloys (xsr = 0.35) were collected from

the first cooling cycle only (Figure 2.10b-c). Mole fraction xsr = 0.45 exhibited a solidus transition

[L + Sr11Bi1o = Sr2Bis + Sr11Bi1g] at 908 K (Figure 2.10b); mole fraction xsr = 0.55 exhibited a

solidus phase transition [L + Sr4Bis = Sr11Bi1o + Sr4Bis] at ~985 K (Figure 2.10c). The transition

reactions were inferred based on the observed crystal structures at each composition, which will

be discussed later in section 2.2.3. It should be noted that the observed crystal structures of the

Sr2Biz and Sr4Bis phases are well reported in the database, but not included in the most recent Sr-

Bi equilibrium phase diagrams.
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Figure 2.10. Emf values of various Sr-Bi alloys versus pure Sr, Ecen, 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.

The change in the partial molar entropy of strontium, ASs, , was calculated from linear fits
of the measured emf data in Figure 2.10a-c (Equation 2.9). Similarly, the change in the partial
molar enthalpy, AHg, , was calculated using the Gibbs-Helmholtz relation (Equation 2.10). As
shown in Figure 2.9 for alloys xsr = 0.05-0.15, the change in partial molar enthalpy was estimated
based on the slopes by plotting Ecen/T versus 1/T. The estimated partial molar quantities as well as

the linear fits of temperature-dependent emf values are summarized in Table 2.1.
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Table 2.1. 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) OEcen/0T (uV Kil) a(Ece||/T)/8(1/T) (mV) A'§Sr (J moI*l K—l) AHSr (kJ m0|71)

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

Using the Nernst equation (Equation 2.11), 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, G£. , was then calculated from the activity data (Equation 2.12).
The results of emf values, natural log of the activity, and the excess partial molar Gibbs energy are

summarized in Table 2.2 and are presented graphically in Figure 2.11a-c at 888 K.
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Table 2.2. 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.

. E (V) In as: GE (kI mol™)
Sr
788K 888K 988K | 788K 888K 988K | 788K 888K 988K
0.05 | 1.008 1.024 1039 | -29.7 -268  -244 | -175 -176 -176
010 | 0976 0982 0989 | -287  -257  -232 | -173 -173 -172
015 | 0948 0951 0953 | -27.9  -249  -224 | -170 -170 -168
020 | 0946 0919 0920 | -27.9  -240  -21.6 | -172 -165 -164
025 | 0946 0891 0891 | -27.9  -233  -209 | -174 -162 -160
030 | 0919 0881 0864 | -27.1  -230  -203 | -170 -161 -157
035 | 0912 0879 0838 | -269  -23.0 -197 | -169 -162 -153
040 | 0878 0880 0829 | -259  -230  -195 | -164 -163 -153
045 | 0879 0870 0826 | -259  -227  -194 | -164 -162 -153
050 | 0.845 0834 0822 | -249  -21.8  -193 | -159 -156 -153
055 | 0.845 0835 0824 | -249  -21.8  -194 | -159 -157 -154
065 | 0.843 0801 0758 | -248  -209  -178 | -160 -151 -143
075 | 0836 0769 0610 | -246  -201  -143 | -159 -146 -115
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Figure 2.11. (a) Measured emf values (Ecen), (b) natural logarithm of activity in Sr (In asr), and (c)

excess partial molar Gibbs energy (G£) as a function of mole fraction xsr at 888 K.

Figure 2.11a 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+ Sr2Bis] 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 2.11a-b).
However, in the two-phase region [Sr2Bis + Sr11Biio] 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
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[19]. 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, SrsBis,
and Sr4Bis without pure Sr phase. In the Sr-Bi system, a large excess partial molar Gibbs energy
(as low as -176 kJ mol™ at xsr = 0.05) was obtained, indicating highly non-ideal solution behavior

due to the strong chemical interactions between Sr and Bi (Figure 2.11c).

2.2.3 Structural Characterization and Meta-Stable Phases

Crystal structures of the Sr-Bi alloys were characterized using an X-ray diffractometer
(XRD, PANalytical Empryean). Samples were prepared by grinding Sr-Bi alloys into a fine
powder using a mortar and pestle in a glovebox under inert argon atmosphere. For equilibrium
phase determination, Sr-Bi alloys were annealed at ~15 K below their solidus temperatures for 24
h. The powder samples were coated with mineral oil in order to minimize the oxidation of the
alloys during the measurements. A broad amorphous background from mineral oil was present in
the XRD patterns at low angles (10 ° <26 <20 °), but was subtracted to facilitate the identification

of crystalline phase peaks of Sr-Bi alloys.

Crystal structures of known phases in the Sr-Bi system are summarized in Table 2.3. X-
ray diffraction patterns for Sr-Bi alloys are presented in Figure 2.12. In general, multiple meta-
stable phases were present in Sr-Bi alloy systems at mole fractions xsr > 0.25, which may explain
the increased hysteresis in the emf measurements during the cooling-heating cycle as well as
unusually high emf values at high strontium concentrations (xsr > 0.67). A summary of observed

phases by mole fraction is given in Table 2.4.
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Table 2.3. Reported crystal structures in Sr-Bi system [29-37].

Phase Xsr Space group Density  Volume  Lattice parameters
(Pearson symbol) (mgm?®) (nm?) .
(nm) )
Bi 0.00 hR6 9.81 0.2123 a=0.45459 a=90
R-3m b=0.45459 =90
c=1.18623 =120
SrBis 0.25 cP4 9.26 0.12818  a=0.5042 a=90
Pm-3m b=0.5042 =90
€=0.5042 =90
Sr2Bis 0.40 oP20 7.6 0.70069  a=1.5631 a=90
Pnna b=0.6793 =90
¢=0.6599 =90
SruBiw 0.52 t184 6.76 2.9993 a=1.2765 a=90
14/mmm b=1.2765 =90
c=1.8407 =90
SriBis 0.57 cl28 6.3 1.0306 a=1.0101 a=90
1-43d b=1.0101 =90
c=1.0101 =90
SrsBis 0.63 hP16 5.77 0.61278  a=0.963 a=90
P63/mcm b=0.963 =90
c=0.763 =120
SryBi 0.67 tl12 5.75 0.44377  a=0.501 a=90
[4/mmm b=0.501 =90
c=1.768 =90
Sr(rt) 1.00 cF4 2.58 0.2253 a=0.60849 a=90
Fm-3m b=0.60849 =90
¢=0.60849 =90
Sr (ht)  1.00 cl2 2.55 0.1141 a=0.485 a=90
Im-3m b=0.485 =90
c=0.485 v=90
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Figure 2.12. X-ray diffraction patterns of Sr-Bi alloys (a) xsr = 0.05 to xsr = 0.40 and (b) xsr = 0.40

to xsr = 0.80, compared to the diffraction patterns of Sr-Bi intermetallic compounds (*) [23,38].

Table 2.4. Crystal structures identified by XRD pattern analysis at each mole fraction for the Sr-

Bi system.

Mole Fraction, Xsr

Phases Observed

0.05, 0.10, 0.15, 0.20
0.25, 0.30, 0.35, 0.40
0.45, 0.50
0.55
0.60
0.65,0.70, 0.75, 0.80

Bi, SrBi3

Bi, SrBis, Sr2Bi3

Bi, Sr2Bis, Sr11Bi1o
Sr11Bi10, Sr4Bi3
Sr11Bi1o, SraBis, SrsBis
Sr4Bis, SrsBis, SroBi
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Figure 2.12b indicates the presence of bismuth phase up to xsr = 0.40 although the
equilibrium phase diagram predicts its stability only up to xsr = 0.25. Further annealing at ~15 K
below the solidus temperature for Xsr = 0.40 (Tsoliqus = 840 K) was performed to remove the meta-
stable Bi phase, but only a slight reduction in the intensity of Bi phase was observed even after
168 h of annealing, implying that much longer annealing time may be necessary to achieve
equilibrium phases. The presence of the Sr2Biz and Sr4Bis phases was evident as shown in Figure
2.12a. For instance, mole fraction xsr = 0.65 is expected to be in two-phase equilibrium (SrsBi3
and Sr2Bi); however, this alloy composition was found to be comprised of three phases (SrsBis,
Sr2Bi, and Sr4Bi3) via XRD and SEM/EDS analyses. Similarly, mole fraction xsr = 0.45 is expected
to be comprised of 2 phases (Sr2Biz and Sr11Bi1o); however, three phases were identified via XRD

(SrBis, Sr2Bi3, and Sr11Bi1o) as shown in Figure 2.13 below.
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Figure 2.13. Measured XRD patterns of xsr = 0.45 compared to the standard diffraction patterns
of Sr-Bi intermetallic compounds, indicating the presence of all three, despite the expected phase

behavior (Sr2Biz + Sr11Bi10) [23].

Notably absent from the XRD analysis was the presence of pure Sr phase peaks at xsr >
0.67. Mole fractions xsr = 0.75 and xsr = 0.80 were comprised of Sr2Bi, Sr4Biz and SrsBis (Figure
2.12Db), deviating from the equilibrium phase behavior (Sr2Bi and Sr). These phase analyses
explain the abnormally high emf values > 0.75 V (see Figure 2.10a) as due to the formation of

meta-stable phases in emf measurements.
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The presence of meta-stable phases at selected compositions was also investigated through
microstructural analysis of the Sr-Bi alloys using SEM/EDS. The morphology and microstructure
analysis of the annealed alloys was performed using scanning electron microscope (SEM, FEI
Quanta 200) fitted with energy dispersive spectroscopy (EDS) capabilities to identify the phases
and their compositions. Samples were mounted in epoxy, ground, and polished with emery papers

of 100-2000 grit sizes using isopropanol to clean between sandpaper grits.

A back-scattered SEM image obtained from xsr = 0.25 confirmed the formation of three
distinct phases of Bi, SrBis, and Sr2Biz based on the chemical analysis by EDS (Figure 2.14). The
SEM/EDS results agree the with XRD analysis, although this alloy composition is expected to
form a single-phase line compound of SrBis. Our structural phase analyses by XRD and SEM/EDS

suggest that Sr-Bi alloys exhibit a strong tendency to form various meta-stable phases.

44



Sr,Bi,

Bi

Figure 2.14. SEM image of xsr = 0.25 alloy that shows the presence of three distinct phases of Bi

(bright), SrBis (gray), and Sr2Bi3 (dark gray) based on chemical analysis by EDS.

2.2.4 Thermal Analysis and Phase Transition Temperatures

Differential scanning calorimetry (DSC) analysis was performed using a thermal analyzer
(Netzsch Instruments, STA 449 F3 Jupiter) to detect phase transition temperatures of Sr-Bi alloys
to complement the phase behavior determined by the emf techniques. About 20-50 mg of each
annealed alloy sample was placed in an alumina crucible with a thin tungsten foil interlayer (4.8
mm diameter x 0.1 mm thickness) that acted as a reaction barrier between the Sr-Bi alloy and

alumina crucible. Thermal analyses were conducted at multiple scan rates (7-20 K min-1) and the
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phase transition temperature was determined based on onset temperatures at various scan rates by
extrapolating the onset temperatures to the scan rate of 0 K min— [39]. The Sr-Bi alloys with Xsr >
0.35 were found to damage platinum parts of TG-DSC sensor, possibly due to the vapor phase
transport of Sr metal, and were excluded for further measurements. In Figure 2.15, a representative
thermmogram is presented at 7 K min=t. At mole fractions up to xsr = 0.25, two major transition
temperatures were apparent: one related to the [L + SrBiz = Bi + SrBiz] transition at ~543 (£ 2) K
and the other to the liquidus [L = L + SrBiz]. The measured melting temperature of Bi was in
excellent agreement with the melting temperature of pure bismuth at 544 K. The liquidus

temperatures determined by emf measurements and thermal analysis agree within 7 K.
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Figure 2.15. Differential scanning calorimetry data collected upon heating Sr-Bi alloys xsr = 0.05
to xsr = 0.30 at 7 K min, indicating phase transitions of eutectic temperatures (1), liquidus

temperatures (*), and solidus temperature (I1) for xsr = 0.30.

At xsr = 0.30, three transition temperatures were observed: the first at 543 K is related to
the melting of meta-stable Bi in accordance with the XRD measurements, the liquidus transition
at ~917 K, and the solidus transition at ~843 K. During the solidus transition, the following two

reactions are probable: [L + Sr2Biz = SrBis + Sr2Biz] or [L + Sr11Bi10 = SrBis + Sr2Bis]. The phase
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transition temperatures determined by thermal analysis and emf measurements are summarized in

Table 2.5.

Table 2.5. Summary of transition temperatures determined by emf and DSC techniques.

‘o Tsolidus (K) Thiquidus (K)
Emf / DSC Emf /DSC
0.05 — [ 543 706 |/ —
0.10 — [ 543 744 | 745
0.15 — [ 543 786 [ 786
0.20 — [ 543 835 / 833
0.25 — [ 543 880 / 873
0.30 841 /| 843 912 [/ 917
0.35 843 | — 955 | —
0.40 908 / — — | —
0.45 908 / — — | —
0.50 979 | — — | —
0.55 984 | — — | —
0.75 929 /| — — | —

2.2.5 Comparison with Equilibrium Phase Diagram

Based on the phase transition temperatures determined by DSC, XRD, and emf
measurements, these results were compared with the existing equilibrium phase diagram
calculated by Wang et al. (Figure 2.16). The liquidus temperatures of Sr-Bi alloys at mole fractions
xsr < 0.40 agreed with our measurements within 10 K. In this work, we identified two additional

phases of Sr2Bis, and Sr4Biz (dashed lines in Figure 2.16) using XRD.
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Figure 2.16. Comparison of experimentally determined phase behavior with the equilibrium phase
diagram, adapted from the work by Wang et al. [16,40]. The phase transition temperatures were
determined by emf measurement (o) and DSC technique (0). The observed phases of Sr2Bis, and

Sr4Bis are indicated by dashed lines.

At high mole fractions (xsr > 0.40), the observed transition temperatures by emf technique

deviated substantially from the reported transition temperatures up to 23 K difference. In general,
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the discrepancy is primarily due to the non-equilibrium phases present in these Sr-Bi alloys,
evidenced by the presence of three phases at these compositions (e.g., SrsBis, Sr2Bi, and Sr4Bis at

xsr = 0.65) and by the absence of pure Sr phase at xsr > 0.67.

At xsr = 0.40 and 0.45, this work observed a transition at ~906 K while the equilibrium
temperature was calculated to be 883 K (~23 K difference). This difference can be explained, in
part, by the presence of the Sr,Bisz phase that is not considered in the equilibrium phase diagram
calculation and the strong tendency to form non-equilibrium phases. However, Wang et al. [16]
attributed this invariant temperature to be the peritectic reaction [L + SrsBis = Sr11Bi1o]; Okamoto
[12] described this as the allotropic reaction [aSr11Biig = BSr11Biig]. These discrepancies invite a
scrutiny into the phase behavior of the Sr-Bi system, possibly through advanced computational

and careful experimental approaches.

2.2.6 Summary of the Sr-Bi System

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 2 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 SroBiz and SrsBis 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 x
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10-13), Bi shows promise as an electrode material for separating dissolved strontium ions (Sr?*)

from molten salt electrolytes (e.g., LiCI-KCI-SrCly).

2.3 Strontium-Antimony Binary System

2.3.1 Literature Review

Available literature concerning the Sr-Sbh system is sparse. Vakhobov et al. [41] provides
the most comprehensive understanding using differential thermal analysis across the full
composition range of the phase diagram to identify phase transition temperatures; however,
Vakhobov et al.’s identification of the phases present is based on the work of Shukarev et al. (1957)
[42]. Shukarev et al. identifies 4 intermetallic compounds: SrSbs, SrSb, SrsSh,, and Sr.Sb;
unfortunately, SrSbs and SrSb are not present in any crystal structure databases. This leaves the
SroSh and SrsSh, phases as the only feasibly existent intermetallic compounds, meaning that the
current phase diagram proposed by Vakhobov et al. [41] and refined by Okamoto et al. [11]
contains inconsistencies in phase description of Sr-Sb alloys. No activity data is available for the
Sr-Sb system either, making it a prime candidate for investigation especially given that Sr and Sb
are postulated to have even stronger interactions, i.e. lower activities, than Sr in Bi based on the

similar behavior of Ba in Sb [43].

2.3.2 Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES)

Measurements

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
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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 xs 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 2.6). Compositions are referred to using their

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

Table 2.6. 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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2.3.3 Electromotive Force Measurements on the Sr-Sb System

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 16 Sr-Sb alloy compositions ranging from xsr = 0.03 to xsr = 0.84 [44]. Due to
undercooling effects (hysteresis between heating/cooling cycles of > 20 mV), only the heating
curves were considered in the analysis, while the cooling cycles were discarded [43].
Electromotive force measurements were plotted as a function of temperature for all measured mole

fractions (Figure 2.17a-b).
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Figure 2.17. Emf values of various Sr-Sb alloys versus pure Sr, Ecen, 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 (Equation 2.11). 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 (Equation 2.9). At temperatures lower than 875 K, the emf values are less
reproducible 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-Sh
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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 4b shows

the effect of transitioning into the SrSh, + 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 (ASs,) and partial

molar enthalpy (AH,) in linear regions using equations 2.9 and 2.10 (Table 2.7).

Table 2.7. 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. Error of the linear fits are

represented by parentheses.

Xsr T (K) OE/OT (uV K™  O(EIT)/8(1/T) (mV) AgSr (J mol* K- AHSr (kJ molY) Adj-R?
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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Using the Nernst equation (Equation 2.11), 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 (G<.) was also
calculated using Equation 2.12. The resulting values are listed below in Table 2.8 and are depicted

graphically for T =988 K in Figure 2.18a-c.

Table 2.8. 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.

E (V) In as, GE (kI mol™)

888K 988K 1088K | 888K 988K 1088K | 888K 988K 1088 K
0.03 1.161 1178 1195 | -303 277  -255 -197 -197 -197
0.04 1.143 1157 1171 | -299 272 250 -197 -197 -198
0.07 1122 1129 1136 | -293 265  -242 -197 -196 -195
0.09 1111 1117 1124 | -290  -262  -24.0 -196 -196 -195
0.14 1.079 1079 1079 | -282 253  -230 -194 -192 -191
0.20 1.075 1.056 1055 | -28.1  -248  -225 -196 -190 -189
0.23 1.080 1.036 1033 | -282 243 220 -198 -188 -186
0.30 1.083 1.029 0974 | -283  -242  -208 -200 -189 177
0.33 1.087 1030 0973 | -284 242  -208 -202 -190 -178
0.38 1.011 1014 0968 | -26.4  -23.8  -20.7 -188 -188 -178
043 | 0964 0941 0925 | -252  -221  -19.7 -180 -175 -171
052 | 0959 0939 0926 | -251  -221  -19.8 -180 -176 -173
057 | 0912 0875 0837 | -238  -206  -17.9 -172 -164 -157
060 | 0882 0816 078 | -231  -192  -16.8 -166 -153 -147
062 | 0880 0824 0792 | -230  -194  -16.9 -166 -155 -149
069 | 0828 0804 0780 | -216 -189  -166 -157 -152 -147
084 | 0014 0014 0013 0.4 -0.3 0.3 -1 -1 -1

Xsr
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Figure 2.18. (a) Measured emf values (Ecen), (b) natural log of activity (In asr), and (c) excess

molar partial Gibbs energy (GE,) as a function of xs at 988 K.

Figure 2.18a 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 2.18b and Figure 2.18c 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 = 9.33x1013 with G§. = -197 kJ mol™ indicating very strong atomic interactions, i.e. non-ideal

solution behavior. Also, at mole fraction xsr = 0.84, G¢, = -1 kJ mol™ with an activity of as; = 0.74;
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this is in line with expectation as the emf values drop to nearly zero as a result of the presence of

pure Sr.

2.3.4 Structural Characterization of the Sr-Sh System

Crystal structures of the Sr-Sb alloys were characterized using an X-ray diffraction. For
equilibrium phase determination, Sr-Sb alloys were annealed at ~15 K below their solidus
temperatures (based on transitions from Vakhobov et al. [41]) for 24 h with the exception of xsr =
0.43 as it reacted with its stainless steel casing when annealing was attempted and thus was
measured as-fabricated. Samples were then prepared by grinding Sr-Sb alloys into a fine powder
using a mortar and pestle in a glovebox under inert argon atmosphere. The powder samples were
coated with mineral oil in order to minimize the oxidation of the alloys during the measurements.
A broad amorphous background from mineral oil was present in XRD patterns at low angles (10 °
< 20 < 20 °) and was subtracted to facilitate the identification of crystalline phase peaks of Sr-Sb
alloys.

Analysis of the acquired XRD patterns identified the SrSh,, as well as Sr11Sbio, Sr2Sbs,
Sr16Sh11, SrsShs (hex), and Sr2Sb phases in the binary system; select compositions (xsr = 0.38 and
xsr = 0.69) are depicted in Figure 2.19 below. The reported crystal structures for the observed
phases are available in Table 2.9. The absence of the SrShs, SrSb, and SrsSh, phases is in direct
contrast to previously proposed phase diagrams [11,41]. Aside from the significant changes in the
phases identified versus previous understanding, there are several items of note: firstly, the SrsSbs
(hex) structure was found as opposed to the SrsSbhs (ortho) phase; and secondly, at higher mole
fractions (xsr > 0.50) non-equilibrium phases were identified such as SrsSbs at xsr = 0.69 where

SroSb + Sr would be the expected phase domain (Figure 2.19b). This is likely due to an inability
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to anneal away non-equilibrium phases in a 24 h time span as the solid-solid transitions will occur
much slower compared to many of the lower temperature liquid-solid transitions, which results in

trapping of meta-stable phases following the rapid cooling arc-melting fabrication process.

Table 2.9. Reported crystal structures in Sr-Sb system [30,33,45-52].

Phase Xsr Space group Density ~ Volume  Lattice parameters
(Pearson symbol) (mgm3) (nmd) .
(nm) )
Sb 0.00 hR6 6.69 0.1812 a=0.43084 a=90
R-3m b=0.43084 =90
c=1.1274 =120
SrSh, 0.33 mP6 5.85 0.18797  a=0.4887 a=90
P12;/m1 b=0.428 =108.627
c=0.94838 =90
Sr.Shs  0.40 mP40 5.46 1.31595 a=0.6670 a=90
P12./cl b=1.2973 $=90.09
c=1.5208 =90
SruSbhyy 052 1184 5.17 2.8021 a=1.2454 a=90
14/mmm b=1.2454 B=90
c=1.8066 =90
SrieSbiy 059  tP56 4.61 1.9745 a=1.29341 a=90
P-42:m b=1.29341 B=90
c=1.18027 =90
SrsSbs  0.63 hP16 4.6 0.57957  a=0.95037 a=90
(hex) P6s/mcm b=0.95037 =90
€=0.95037 v=120
Sr.Sb 0.67  tl12 4.53 0.43547  a=0.5002 =90
14/mmm b=0.5002 =90
c=1.7405 =90
Sr(rt)  1.00 cF4 2.58 0.2253 a=0.60849 a=90
Fm-3m b=0.60849 =90
€=0.60849 =90
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X, = 0.69
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Figure 2.19. X-ray diffraction patterns for selected Sr-Sb alloy compositions (a) xsr = 0.38 and (b)

xsr = 0.69 with standard reference patterns denoted (*) [23].

X-ray diffraction patterns were also measured for the remainder of the full composition
range covered by emf measurements; the patterns are depicted below in Figure 2.20. Phases

observed at each mole fraction are listed in Table 2.10.
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Figure 2.20. X-ray diffraction patterns for selected Sr-Sb alloy compositions (a) xsr = 0.04 to Xsr

=0.52 and (b) xsr = 0.52 to xsr = 0.69 with standard reference patterns denoted (*) [23,38].

Table 2.10. Crystal structures identified by XRD pattern analysis at each mole fraction for the Sr-

Sb system.

Mole Fraction, Xsr

Phases Observed

0.04, 0.20
0.33
0.38
0.52
0.57
0.62
0.69

Sb, SrSh,

SrSh

SrShy, SroShs, Sr11Sbhig

Sr2Shs, Sr11Sbio

Sr11Sbio, Sr1eSbi1, SrsShs (hex)
Sr16Shi1, SrsShs (hex), Sr2Sb
SrsShs (hex), SraSh, Sr
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2.3.5 Thermal Analysis and Phase Transitions

Differential scanning calorimetry analysis was performed to detect phase transition
temperatures of Sr-Sb alloys to complement the phase behavior determined by the emf technique
in a similar manner to the method discussed in Chapter 2.2.4. Sr-Sb alloys with xsr > 0.20 began
to react with the alumina crucible, possibly due to the vapor phase transport of Sr, and therefore
no DSC measurements were performed above compositions of xsr = 0.20.

Thermal analysis was performed using DSC over a temperature range of 725-1050 K at
scan rates of 5, 10, 15, and 20 K min!, with the 20 K min™ scan depicted for each composition
(Figure 2.21). Two major transitions were observed over the composition range, one being the
liquidus temperature for several of the tested compositions [L = L + SrSby] and the other being the
solidus transition to the Sb + SrSh, region. For the liquidus measurements, DSC transition
temperatures agreed with the emf transition temperatures within 4 K, except for xsr = 0.07, which
deviated by 13 K (Table 2.11); however, the larger deviation is likely due to fitting difficulty as a
result of overlap with the solidus peak. DSC measurements for the solidus transition were self-

consistent within 5 K over all measured compositions.
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Figure 2.21. Differential scanning calorimetry data for Sr-Sb compositions (a) 0.03 < xsr < 0.48

collected at a scan rate of 20 K min‘t, with liquidus transitions indicated by *, the eutectic reaction:

Liquid — Sb + SrSh. (denoted by 1), the peritectic reaction: Liquid + Sr11Sbio — SrSh> (denoted

by I1), and the eutectic reaction: Liquid — Sr11Shio + Sr2Shs (denoted by 111).
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Table 2.11. Summary of liquidus and other transitions as determined by emf and DSC

measurements.
Xsr Tsotidus (K) Tiiquidus (K)
emf/DSC emf/DSC emf/DSC emf/DSC
| 1 1l *
0.03 —1853 —I— —I— 891/887
0.04 —1854 —— —I— 888/887
0.07 —— —— —— 883/
0.09 —/853 —— —— 879/—
0.14 —1849 —— —I— 890/
0.20 /854 —— —I— 933/918
0.23 /851 —— —I— 970/977
0.30 /852 —— —I— — /1026
0.33 /848 —/1000 —— 1077
0.38 g 996/995 —l— — /1164
0.43 ) —/993 —/1131 -
0.52 —— —I— —/1134 ——

2.3.6 Construction of the Sr-Sb Phase Diagram

Based on the emf and DSC data, as well as the first principles calculations, CALPHAD
modeling was performed to develop the Sr-Sh phase diagram [40]; the use of computational
methods to improve understanding of the Sr-Sb system will be discussed in detail in Chapter 4.

The resulting phase diagram is depicted below in Figure 2.22.
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Figure 2.22. Partial Sb-Sr phase diagram developed based on XRD data as well as the transition

temperatures predicted by emf and DSC measurements.

The phase diagram is plotted with the phase boundary results from the emf and DSC
measurements from this study and assumes the Sr1eSbi1, Sr11Sbio, Sr2Sb, Sr2Sbs, SrsShs and SrSh;
phases as stable due to the XRD data. Transition reactions and temperatures estimated using the

emf and DSC data are listed in Table 2.12.
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Table 2.12. Transitions, type and temperatures seen in the phase diagram in Figure 2.22

Transition Type Temperature (K)
Liquid — Rhombohedral + SrSh, | Eutectic 840

Liquid + Sr11Sbio — SrShy Peritectic 996

SrShy + Sr11Shio — SroShs Peritectoid 932

Liquid + Sr16Sh11 — Sr11Sbhio Peritectic 1135

The transition observed by emf at 996 K is reproduced with a peritectic reaction of [L +
Sr11Shio = SrShy]. The phase diagram and predicted reactions differ significantly from previously
proposed phase diagrams, mostly due to the establishment of the stability of the Sr16Sb11, Sr11Sbio,
Sr,Sh, SrzShs, SrsShs and SrSh, phases, as well as the rejection of the SrShs, SrSh, and SrsSh»

phases as unstable.

2.3.7 Summary of the Sr-Sb System

This study has determined thermodynamic properties of the binary Sr-Sb system, including
activities, partial molar entropies, enthalpies, and excess Gibbs energies; X-ray diffraction
measurements determined the presence of the SrSh,, Sr2Sbs, Sr11Sbio, Sr1eSbi1, and SrsSbs (hex)
phases and contradicted the reported presence of the SrSbs, SrSb, and SrsSh. phases in the Sr-Sh
phase diagram. Using the emf data, XRD and DSC characterization, and CALPHAD modeling, an
improved Sr-Sb phase diagram was developed. The strong atomic interactions between Sr and Sb
(asr as low as 1.5 x 10712 at 988 K and xsr = 0.04) indicate promise as an electrode material for

separating dissolved strontium ions (Sr?*) from molten salt electrolytes (e.g., LiCI-KCI-SrCly).
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2.4 Strontium-Tin Binary System

2.4.1 Literature Review

In contrast to the Sr-Bi and Sr-Sb systems, the phase behavior of the Sr-Sn system has been
thoroughly investigated. Ray (1930) [53] was the first to perform thermal analysis and microscopy,
identifying the SrSns and SrSns phases. No further measurements were performed until 1981, when
Widera and Schafer [54] used thermal analysis and XRD to identify SrSns, SrSn, SrsSns, and
Sr2Sn. In the same year, Marshall and Chang [55] determined that the previously observed SrSns
phase was in fact SrSns. Okamoto and Massalski (1990) [56] developed the first full Sr-Sn phase
diagram; however, work by Zurcher (2001) [57] indicated the stability of a newly discovered
Sr3Sns phase. Following this development, the full composition range was re-investigated by
Palenzona and Pani (2004) [58] using thermal analysis, optical microscopy, and XRD. Zhao et al.
(2012) [59] refined all of the available data from the aforementioned works and applied a hybrid
approach using both first-principles calculations and the CALPHAD method to create an improved
Sr-Sn phase diagram and calculate the enthalpies of formation for all of the observed intermetallic
compounds (SrSns, SrSns, SraSns, SrSn, SrsSns, and Sr.Sn). Unfortunately, while the phase
behavior of the Sr-Sn system is well-assessed, the quantity of thermodynamic data is lacking.
Klebanov et al. (1985) [60] determined the activity of Srin Sn at 627 °C for low Sr compositions;
however, this is the extent of the available activity data. In order to assess the viability of a Sn
electrode for electrochemical separations, electromotive force measurements need to be performed

to fill the void of thermodynamic data.
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2.4.2 Electromotive Force Measurements on the Sr-Sn System

Using the electrochemical cell Sr-Bi (xsr = 0.10)|CaF2-SrF2(s)|Sr(in Sn) and the
aforementioned experimental procedure, emf values were recorded over a temperature range of
730-1108 K for 12 Sr-Sn alloy compositions ranging from xsr = 0.03 to xsr = 0.50 [61]. Data from
the heating curves is displayed, although the heating and cooling curves differed by <5 mV for
alloy compositions xsr <0.30 and by < 20 mV for alloy compositions xsr > 0.30. Emf measurements

are presented below in Figure 2.23.
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Figure 2.23. Emf values of various Sr-Sn alloys versus pure Sr, Ecen, as a function of temperature

for (a) xsr = 0.03 to xsr = 0.30 and (b) xsr = 0.30 to xsr = 0.50.

As previously noted for the Sr-Bi and Sr-Sb systems, emf decreases linearly as a function
of temperature above the liquidus temperature, while below the liquidus temperature the activity
of Sr is invariant as a function xsr indicating a two-phase region. Mole fractions 0.03 < xsr < 0.10
remained in the liquid phase over the entirety of the measured temperature range; mole fractions
0.15 < xsr < 0.25 collapse onto the same line, indicative of the transition [L = L + SrSns] (Figure
2.23a). Mole fraction xsr = 0.30 exhibits 2 transitions: the first at 987 K, [L = L + SrsSns], and the

second at 880 K [L + SrsSns = L + SrSnz]. The calculated phase diagram from Zhao et al. [59]
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indicates that the aforementioned transition should be [L + Sr3Sns = SrSns + SraSns]; however, the
discrepancy is explained using XRD, indicating the presence of meta-stable Sn at xsr = 0.30 which
leads to the observed behavior. Mole fractions 0.30 < Xsr < 0.45 all collapse onto the line
represented by L + SraSns. As xsr increases, the emf continues to decrease as a result of the
increased Sr content in the equilibrium compounds (Figure 2.23b). Sr-Sn compositions with xs; >
0.50 exhibited unstable emf measurements, likely due to the high melting temperatures of the
compounds preventing good contact with the electrolyte as well as increased reaction with the
electrolyte due to the higher Sr content. The electromotive force data was used to calculate the

change in partial molar entropy (ASs,) and partial molar enthalpy (AHs,) in linear regions using

equations 2.9 and 2.10 (Table 2.13).
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Table 2.13. Measured partial molar entropies and partial molar enthalpies for Sr-Sn alloy

compositions xsr = 0.03 to xsr = 0.50 as well as linear fits of emf values. Error of the linear fits are

represented by parentheses.

Xsr T(K)  GEGT WVK') aEMEIM (M) AS Gmol K Afg (kI mol?) AR
003 884-1087 137(2) 744(2) 26 143 0.998
0.05 758-1088 107(0) 758(0) 21 146 0.999
008 758-1088 69(1) 759(1) 13 147 0.994
0.10 758-1088 57(1) 757(1) 11 146 0.992
015 754-1107 21(1) 757(1) 4 146 0.958
015  728-754 -264 973 51 188 N/A
020 834-1112 -17(1) 736(1) -3 142 0.947
020  757-834 -477(30) 1122(24) -92 217 0.988
0.25 880-1106 -39(3) 724(3) -8 140 0.939
025  728-880 -607(46) 1230(37) -117 237 0.967
0.30 982-1106 -81(10) 709(11) -16 137 0.925
030  881-982 -459(11) 1081(11) -89 209 0.998
030  729-881 -649(39) 1256(32) -125 242 0.979
035 1057-1106  -305(49) 907(54) .59 175 0.949
0.35 855-1057 -534(15) 1153(15) -103 222 0.993
035  754-855 -207(45) 880(37) -40 170 0.832
040 1084-1108 177 752 -34 145 N/A
040 859-1084 -542(21) 1154(21) -105 223 0.987
040  732-859 -138(27) 799(21) -27 154 0.867
045 855-1083 -550(24) 1163(24) -106 224 0.983
045  730-855 -246(19) 893(15) 47 172 0.971

Using the Nernst equation (Equation 2.11), the activity of Sr in Sn was calculated for each

alloy at 850 K, 950 K, and 1050 K and the partial molar excess Gibbs free energy (G<.) was also

calculated using Equation 2.12. The resulting values are listed below in Table 2.14 and are depicted

graphically for T = 950 K in Figure 2.24a-c.
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Table 2.14. Measured emf, natural log of the activity of Sr in Sn, and the measured excess partial

molar Gibbs energy of strontium for mole fractions xsr = 0.03 to xsr = 0.50.

‘< E (V) In as; G (kJ mol™)

850 K 950K 1050K | 850K 950K 1050K | 850K 950K 1050K
0.03 | 0.860 0874 0888 | -235 214  -196 192 -198  -204
005 | 0849 0860 0871 | -232 210  -193 -185  -190  -194
008 | 0818 0825 0832 | -223 -202  -184 -176 ~ -180  -183
010 | 0.805 0811 0817 | -220 -198  -18.1 172 -175 -178
015 | 0775 0777 0779 | -21.2  -190  -17.2 -163  -165  -167
020 | 0722 0721 0719 | -197  -176  -159 -1561  -152  -153
025 | 0714 0687 0683 | -195 -168  -15.1 -148 144 -144
030 | 0704 0646 0623 | -192  -158  -138 -144  -134 4131
035 | 0703 0646 0592 | -192  -158  -13.1 -143  -133  -123
040 | 0681 0639 0585 | -186  -156  -12.9 -138 -131 -121
045 | 0684 0641 0585 | -187  -157  -12.9 -138 -130  -120
050 | 0571 0557 0543 | -156  -13.6  -12.0 115 <113 -1
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Figure 2.24. (a) Measured emf values (Ecen), (b) natural log of activity (In asr), and (c) excess

molar partial Gibbs energy (GS,) as a function of xs at 950 K.

Figure 2.24a presents the emf values as a function of Sr mole fraction (xsr) with the liquidus
composition and intermetallic phases superimposed at 950 K. The emf clearly decreases as a
function of xsr until reaching the [L = L + SrSnga] transition, at which point the emf becomes
constant with respect to xsr. As mole fraction increases past the liquidus temperature the emf is
observed to remain constant within distinct phase domains, dropping only at the boundaries
between two-phase regions; this behavior is coherent with respect to theory as activity is constant

within two-phase regions and only changes at the boundaries. Figure 2.24b and Figure 2.24c¢ depict
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the natural logarithm of activity of Sr in Sn and the partial molar excess Gibbs energy of Sr
respectively as functions of xsr at 950 K. The activity of Sr in Sn in the xsr = 0.03 alloy at 950 K is
asr = 5.1x101% with G&. = -198 kJ mol ! indicating strong atomic interactions, though not as strong

as the previously investigated Sr-Bi or Sr-Sb interactions.

2.4.3 Structural Characterization of the Sr-Sn System

Crystal structures of the Sr-Sb alloys were characterized in the same manner as described
for the Sr-Bi and Sr-Sb systems, i.e. alloys were annealed under Ar at 15 K below their respective
solidus lines (according to Zhao et al. [59]), crushed with a mortar and pestle, and coated with
mineral oil to prevent oxidation before being taken to the XRD.

Analysis of the acquired XRD patterns identified the SrSns, SrSns, SrsSns, SrSn, SrsSns,
and Sr.Sn phases. The reported crystal structures for the observed phases are available in Table
2.15. All observed crystal structures agree with those found in the phase diagrams proposed by
Zhao et al. and Palenzona et al. [58,59]; no new phases were found to exist, nor were any of the
currently accepted phases found to be unstable or absent. XRD patterns were determined for the
full composition range of the Sr-Sn system instead of only the 0.03 < Xsr < 0.50 composition range
investigated via emf measurements to provide the most complete understanding of the phase
behavior possible (Figure 2.25a-b). The presence of meta-stable phases was again observed, with
the SrSn phase still present at xsr = 0.65 even though the expected phase behavior indicates the
SrsSnz and Sr2Sn phases as the only two that should be present. Similarly, the SrSn4 phase can be
seen at xsr = 0.30, despite the expectation of only the SrSnz and SrsSns phases; the SrSnz phase
remains visible at xsr = 0.40 as well, despite the expectation of only the Sr3Sns and SrSn phases.

The presence of these non-equilibrium phases is likely due to the short annealing time (24 h)
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coupled with the sluggish kinetics of solid-solid phase transitions. Observed phases are listed in

Table 2.16 with respect to mole fraction.

Table 2.15. Reported crystal structures in Sr-Sn system [30,54,56,57,62—65].

Phase Xsr Space group Density ~ Volume  Lattice parameters
(Pearson symbol) (mgm3) (nmd) .
(nm) )
Sn 0.00 tl4 7.29 0.1081 a=0.58308 =90
141/amd b=0.58308 =90
c=0.3181 =90
SrSny 0.20 0S20 6.6 0.5664 a=0.46179 a=90
Cmcm b=1.7372 =90
c=0.706 =90
SrSns 0.25 hR48 6.42 1.3769 a=0.694 a=90
R-3m b=0.694 =90
c=3.301 =120
SrsSns  0.38 0S32 5.75 0.9889 a=1.061 a=90
Cmcm b=0.8557 =90
c=1.0892 =90
SrSn 0.50 0S8 5.02 0.27297  a=0.5045 =90
Cmcm b=1.204 =90
c=0.4494 =90
SrsSnz 0.63 132 4.5 1.17128 a=0.854 a=90
14/mcm b=0.854 =90
c=1.606 v=120
Sr2Sn 0.67 oP12 4.29 0.45538  a=0.8402 a=90
Pnma b=0.5378 =90
c=1.0078 =90
Sr(rt) 1.00 cF4 2.58 0.2253 a=0.60849 =90
Fm-3m b=0.60849 =90
€=0.60849 =90
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Figure 2.25. X-ray diffraction patterns for selected Sr-Sb alloy compositions (a) xsr = 0.05 to Xsr

=0.30 and (b) xsr = 0.40 to xsr = 0.65 with standard reference patterns denoted (*) [23,38].

Table 2.16. Crystal structures identified by XRD pattern analysis at each mole fraction for the Sr-

Sn system.

Mole Fraction, xsr  Phases Observed
0.05, 0.15 Sn, SrSny
0.20,0.25,0.30  Sn, SrSny, SrSns

0.40 Sn, SrShs, Sr3Sns

0.55 SraSns, SrSn
0.60, 0.65 SrSn, SrsSns

0.75 SrSn, SrsSns, Sr
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2.4.4 Thermal Analysis and Phase Transitions

DSC analysis was performed in the same manner as for the Sr-Bi and Sr-Sb systems. For
solidus lines, the onset temperatures from each scan rate were averaged to calculate the transitions
temperature and for liquidus lines, the peaks from each scan rate were extrapolated to a scan rate
of 0 K min! [66]. The Sr-Sn alloys with xsr > 0.35 began to react with the alumina crucible, and
therefore no DSC measurements were performed above compositions of xsr = 0.35.

The 20 K min scan is depicted for each composition (Figure 2.26) over a temperature
range T = 400-1050 K. Several major transitions were observed over the composition range: the
liquidus temperature for several of the tested compositions (*); the transition [L + SrSns = SrSns +
Sn] at ~501 K (1); the transition [L + SrSnsz = SrSns] at ~623 K (I1); and the transition [L + Sr3Sns
= +SrSnz] at ~868 K (II1). For the liquidus measurements, DSC transition temperatures agreed
with the emf transition temperatures within 12 K and DSC measurements for the solidus transition
were self-consistent within 5 K over all measured compositions and consistent with the emf
transition temperatures within 12 K. The visibility of the transition at 623 K in the xsr = 0.25 sample

confirms the meta-stability noted during the emf and XRD measurements.
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Figure 2.26. Differential scanning calorimetry data for Sr-Sn compositions 0.03 < xsr < 0.35

collected at a scan rate of 20 K minL.

A comparison of transitions predicted by emf and DSC is provided in Table 2.17 below.
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Table 2.17. Summary of liquidus and other transitions as determined by emf and DSC

measurements for the Sr-Sn system.

Xsr Tsotidus (K) Tiiquidus (K)
emf/DSC emf/DSC emf/DSC emf/DSC
| 1 1 *
0.03 —/504 —— —— g
0.05 —/503 —— —— g
0.08 —/501 — 1625 —— -
0.10 —/501 —1626 —I— -
0.15 —1/500 —1623 —I— 738/735
0.20 — /500 —1624 —I— 831/832
0.25 ) —622 —I— 878/866
0.30 ) —/— 880/868 987/989
0.35 ) —— 879/868 | 1049/1059
0.40 ) —— —/— 1076/—
0.45 ) —— —/— 1106/—

2.4.5 Verification of the Sr-Sn Phase Diagram

The phase transition data from the emf and DSC measurements (Table 2.17) was overlaid
onto the Sr-Sn phase diagram created by Zhao et al. [59] to assess the accuracy of the experimental
work as well as the reliability of the computational model. The Sr-Sn phase diagram from Zhao et
al. was reproduced with the CALPHAD technique using the thermodynamic parameters listed in

the paper, the result is depicted below in Figure 2.27.
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compared with the experimental data from this work.

The calculated phase transitions from emf and DSC show reasonable agreement with the
computationally developed phase diagram; however, the transitions predicted by the model at 586
K and 834 K are ~40 K below the measured transitions. While the exact reason for this deviation
is unknown, it is worth noting that other experimental works including Widera and Schafer [54]
as well as Ray [53] indicate a similar deviation (~40 K above the modeled transition). Due to the

excellent agreement between the DSC and emf data, the phase transition temperatures predicted
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in this work may make a valuable addition to the computational model of the Sr-Sn system. All
phases indicated in the phase diagram were confirmed via XRD measurements; therefore, unlike

the Sr-Bi and Sr-Sb systems, no changes regarding the choice of existent phases are recommended.

2.4.6 Summary of the Sr-Sn System

This study has determined thermodynamic properties of the binary Sr-Sn system, including
activities, partial molar entropies, enthalpies, and excess Gibbs energies; X-ray diffraction
measurements also confirmed the current phase description of the system. The strong atomic
interactions between Sr and Sh (asr as low as 7.6 x 10719 at 950 K and xs = 0.05) indicate promise
as an electrode material for separating dissolved strontium ions (Sr?*) from molten salt electrolytes
(e.g., LiCI-KCI-SrCly), though less so than the Sr-Sb and Sr-Bi systems as the activity of Sr in Sn

is approximately 2 orders of magnitude higher.

2.5 Summary on the Sr-Bi, Sr-Sbh, and Sr-Sn Systems

The Sr-Bi, Sr-Sb, and Sr-Sn binary alloy systems were investigated via the electromotive
force technique, X-ray diffraction, and differential scanning calorimetry in order to elucidate
fundamental thermochemical data and phase behavior. The emf measurements provided
thermodynamic properties including activity, partial molar entropy, and partial molar enthalpy;
these data allow for prediction of the shifts in standard reduction potential indicated by the Nernst
equation and analysis of the viability of each liquid metal for removing Sr?* from molten salts. The
XRD patterns either succeeded in confirming the known phase behavior of the systems (Sr-Sn) or

helped to develop new phase understanding (Sr-Bi and Sr-Sb) resulting in significant changes to
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existing phase diagrams. DSC measurements provided a secondary method of determining phase
transition temperatures to compare with the emf results; these data allowed for the development of
new phase diagrams as well as further confirmation of the accuracy of the emf measurements.

In the process of evaluating Bi, Sh, and Sn as liquid metal electrodes for purification of
contaminated electrorefiner molten salt electrolytes, a wealth of thermodynamic data was acquired
and understanding of the phase behavior for several binary alloy systems was significantly

improved.
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Chapter 3. Electrochemical Deposition into Liquid

Metal Electrodes

3.1 Shift in Redox Potentials in Liquid Metals

By using the activity values determined for Sr(in Bi) as well as known activity values for

Li(in Bi) and K(in Bi) [67,68], the shift in standard reduction potentials of Sr?*, Li*, and K* due to

their strong atomic interactions with Bi can be predicted using the Nernst equation (Equation 2.11).

An altered deposition sequence is predicted, showing the initial redox potentials of the

alkali/alkaline-earth metals [69] as well as the shifts determined for Xan siy = 0.05 and Xa (in Bi) =

0.10 using the activities determined via emf measurements in Chapter 2.2 (Figure 3.1).

o Standard potentials, E, (A = Li, K, Sr) 500 °C
4 EjinBiatx,
- E7inBiatx

Li/Li Li"/Li-Bi
________________________________________________ —
Sr¥/Sr-Bi
______________________________________________________________________ H
KK K /K-Bi
o. _______________________________________________________ M]
3.7 35 28 27 26 -25

Potential, E/V vs. CI/CL(g)

Figure 3.1. Equilibrium potentials of the Sr, Li, and K redox couples at Xagin gi) = 0.05 t0 Xan Bi) =

0.10 compared to the standard electrode potentials (circle) at 500 °C [69]. Each arrow represents

the shift in potential due to the activity of A in the Bi electrode.
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As is clearly indicated in Figure 3.1, the redox potential of Sr?*/Sr experiences the largest
shift due to the Bi electrode, resulting in an altered deposition sequence. With an inert electrode,
the deposition order is given by: Li — Sr — K; however, with the strongly interacting Bi electrode,
an altered deposition order is predicted: Sr — Li — K. While there is a degree of overlap between
the Sr and Li redox potentials dependent on the amount of Li or Sr in the Bi electrode, it remains

clear that the deposition sequence has changed to the benefit of removing more Sr from the salt.

Similarly, the activity data from the Sr-Sb emf measurements can be used to predict the

effect of using an Sb electrode (Figure 3.2) [67,70,71].
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Figure 3.2. Equilibrium potentials of the Sr, Li, and K redox couples at Xacn sb) = 0.05 t0 Xa(in sb)
=0.10 compared to the standard electrode potentials (circle) at 650 °C [69]. Each arrow represents

the shift in potential due to the activity of A in the Sb electrode.

The Sb liquid metal electrode predicts a substantial shift in the Sr?*/Sr redox potential,
larger than the shift indicated with the Bi electrode (+1.00 V for Bi vs. +1.15 V for Sh); however,
the shift in the Li*/Li redox potential is larger due to the Sb electrode as well, resulting in the same
predicted redox potentials for both (-2.47 V at both xsr = 0.05, x.i = 0.05). While the shift remains
beneficial due to the proportionally larger amount the Sr?*/Sr redox potential moves, co-deposition

of Sr and Li is likely as they have the same predicted redox potential into Sb at xa = 0.05.
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The shift in redox potentials were calculated in the same manner for a Sn electrode using

the activity values determined in Chapter 2.4 for Sr(in Sn) [72—-74] (Figure 3.3).

O Standard potentials, E (A = Li, K, Sr) 500°C
4 ExYin Sn atx,g, sp) = 0.05
> EZ%in Snatx,;, s, =0.10

Li*/Li Li*/Li-Sn

o — [pd]]

Sr?*/Sr Sr?*/Sr-Sn

O T L =l
K*/K K*/K-Sn
OF-mmmmeemeemsmmmme s [emd]]

I T I /f// I T [ T [
38 36 3.2 3.0 2.8

Potential, E/V vs. CI/Cl,(9)

Figure 3.3. Equilibrium potentials of the Sr, Li, and K redox couples at Xa(in sn) = 0.05 t0 XAin sn)
=0.10 compared to the standard electrode potentials (circle) at 500 °C [69]. Each arrow represents

the shift in potential due to the activity of A in the Sn electrode.

As indicated by Figure 3.3, the shift in the Sr?*/Sr redox potential is low compared to Sb
or Bi (0.80 V), and while the shift in the Li*/Li redox potential is also lower, the predicted shift
due to Sn places the Sr?*/Sr couple at -2.82 V at xsr = 0.05 whereas the Li*/Li couple is more
negative at -2.84 V at x.i = 0.05. This implies that the Sn electrode will likely not be able to achieve

a favorable ratio of Sr to Li deposition.
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3.2 Electrochemical Deposition Cell Design

Based on the activity values of Sr (in Bi, Sb, and Sn) measured using the electromotive
force measurements in Chapter 2, Sb and Bi are predicted to be able to separate Sr most
preferentially from molten chloride electrolytes, with Sn showing the least promise due to weaker
atomic interactions with Sr?*. In order to confirm the theory provided by the emf measurements,
an electrochemical cell was developed to examine the ability of each liquid metal electrode to
preferentially remove Sr from LiCI-KCI-SrCl,. A three-electrode cell was utilized, with the liquid
metal of interest (i.e. Bi, Sh, Sn) acting as the working electrode, an inert graphite rod acting as

the counter electrode, and a Ag*/Ag reference electrode [75].

3.2.1 Electrolyte Preparation

LiCI-KCI-SrCl; (56.7-38.3-5 mol%) electrolyte was prepared from appropriate weights of
LiCl (Ultra dry, 99.9%, Alfa Aesar, Product No. 14540), KCI (Ultra dry, 99.95%, Alfa Aesar,
Product No. 14466), and SrCl, (anhydrous, 99.5%, Alfa Aesar, Product No. 16790). The
electrolyte was then loaded into a quartz crucible (Technical Glass Products) for pre-melting in a
stainless steel vacuum chamber. The chamber was loaded in a crucible furnace (Mellen, CC-12),
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 and oxygen. The chamber was then purged with ultra-high purity
argon three times and heated to 700 °C for 3 h under a slowly flowing (50 mL min) argon
atmosphere. After cooling, the dry and homogeneous electrolyte was ground into a fine powder

using a mortar and pestle for use in the electrochemical cell.
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3.2.2 Electrode Preparation

Bi working electrodes were prepared from bismuth pieces by melting 3.50 g of Bi inside a
boron nitride (BN) crucible (Saint-Gobain Advanced Ceramics, Product No. AXO05), using an
induction heater (IH15A-2T, Across International) custom-installed inside a glove box (< 0.5 ppm
02). 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 cm?. A tungsten wire was
inserted into the liquid Bi to establish electrical contact during induction heating. A graphite rod
(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-end mullite tube (6.4 mm in outer
diameter and 45.7 cm in length) which contained ~0.5 g of LiCI-KCI-AgCI 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. 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 LiCI-KCI.

3.2.3 Cell Preparation and 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, ~100 g of the electrolyte was added 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, and then was purged with ultra-high purity argon gas three times and heated to 500
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°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. The cell temperature was

monitored and recorded using a data acquisition board (National Instruments, NI 9211).

3.3 Electrochemical Deposition of Sr into Bi

The electrochemical deposition into liquid Bi was implemented using the graphite CE and
the Ag/Ag" RE at 500 °C, in LiCI-KCI-SrCl,. The Bi WEs were cathodically discharged to the
specific charge capacity (coulombs per gram of Bi) of 270 C g under constant current control (j
= -50 mA cm2) using a potentiostat-galvanostat (Autolab PGSTAT302N). After deposition
experiments, 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 SEM-EDS (Figure 3.4).
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(a) Bi in LiCI-KCI-SrCl, (5 mol%)

Sr-Bi
(29-71)
(mol%)

Figure 3.4. SEM/EDS images of the Bi electrode following deposition to a specific capacity of

270 C g* at 500 °C in LiCI-KCI-SrCl; (56.7-38.3-5 mol%).

The microstructural features of the Bi electrode, elucidated by SEM-EDS, included Bi as
well as the intermetallic phase of Sr-Bi (29-71 mol%), which agrees well with the expected phase
behavior for the Sr-Bi system: Bi + SrBis. The unidentified region lacking both Sr and Bi (i.e.,

dark region in Figure 3.4), suggests the presence of Li, which cannot be detected by EDS due to

its low atomic weight.

The compositions of the electrodes were also determined using inductively coupled

plasma-atomic emission spectroscopy with a precision of 4% of the measured value (Table 3.1).
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Table 3.1. The composition of Bi electrodes after deposition to the specific capacity of 270 C g
at 500 °C in eutectic LiCI-KCI electrolyte containing 5 mol% of SrCl, by ICP-AES and the

estimated coulombic efficiency.

Composition of Bi electrode (mol%) | Coulombic
Li K Sr Bi efficiency (%)
16.2 0.7 6.5 76.6 67%

In addition to confirming the deposition of Sr by EDS, the presence of Li in the Bi electrode
was evident with 16.2 mol% of Li in Bi and minimal presence of K, confirming that the dominant
cathodic reactions were the co-deposition of Sr and Li. The overall coulombic efficiency of the
discharge process was estimated to be 67% by comparing the charge required for the measured
electrode composition to the total charge passed during electrolysis (270 C g2). 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 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* at 500 °C. The successful deposition of Sr into
the Bi electrode confirms the theory posited by the thermodynamic properties; although, the co-
deposition of Li indicates that the standard reduction potentials overlap enough that significant

amounts of Li will still be removed from the electrolyte.
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3.4 Electrochemical Deposition of Sr into Sh, Sn

The same deposition procedure as described above for the Bi electrode was applied to Sb
(at 650 °C instead of 500 °C due to the higher melting temperature of Sbh: T, = 631 °C) and Sn
electrodes by Nigl et al. [76] in order to investigate their potential for electrochemical separations.
The compositions of the electrodes were determined using inductively coupled plasma-

atomic emission spectroscopy with a precision of 4% of the measured value (Table 3.2).

Table 3.2. The composition of liquid metal electrodes after deposition to the specific capacity of
200 C g at the specified cell temperatures in eutectic LiCI-KCI electrolyte containing 5 mol%

SrCl, by ICP-AES [76].

Liquid metal Composition of liquid metal electrode (mol%)
electrode (M)
Li K Sr M
Sn 8.65 [0.00 |0.00 91.35
Sh 821 [139 |4.07 86.33

The ICP-AES data concurs with the SEM-EDS results, indicating co-deposition of Sr and
Li into the Sb electrode and the potential strength of the Sb electrode as an option for removing Sr
from molten salt electrolytes; negligible Sr deposition was observed into the Sn electrode,
confirming that Sn does not have strong enough atomic interactions to be of significant use for

separating Sr from molten salt electrolytes on its own.

3.5 Summary: Deposition into Liquid Bi, Sb, and Sn Metals

The measurements performed on the liquid metal electrodes to test their relative ability to
remove Sr from LiCl-KCI-SrCl; electrolyte confirmed what the electromotive force measurements
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predicted; the stronger atomic interactions between Sr and Sb as well as Sr and Bi are enough to
deposit significant amounts of Sr (4.1 mol% and 6.5 mol%, respectively). Although direct
comparison is difficult due to the differences in amount of charge passed depth of deposition, it is
clear that both metals have behaved as predicted by the thermodynamic analysis. Sn, on the other
hand, seems to be unable to remove an appreciable amount of Sr from the electrolyte (0.0 mol%),
which makes sense considering the activity of Sr (in Sn) is ~2-3 orders of magnitude higher than
for Sr (in Bi) or Sr (in Sb). Based on these results, pursuing Bi and Sb liquid metal electrodes for
removing Sr?* from contaminated electrorefiner salts is a preferable option to Sn; although, Sn
could possibly be used in an alloy liquid metal electrode, e.g. Bi-Sn or Sb-Sn as a method of
reducing the cost or lowering the melting temperature while retaining the separation abilities.
Overall, the results of this work suggest that the electrochemical separation and recovery of Sr
fission products into liquid electrodes from molten salt electrolyte is feasible for recycling the

process salt (LiCI-KCI) in order to minimize the generation of additional nuclear wastes.
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Chapter 4. Thermodynamic Modeling Using First-
Principles Calculations and the CALPHAD Technique

4.1 Computational Efforts on the Sr-Sb System

Computational approaches to investigating and refining phase diagrams have already been
mentioned in this work with Wang et al.’s [16] revisions to the Sr-Bi phase diagram and Zhao et
al.’s [59] refinement of the Sr-Sn phase diagram. These studies employed 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 using the ThermoCalc software. In both cases, the
combination of experimental data with a computational approach resulted in a more accurate phase
description for the system, confirmed by the excellent agreement between the high-quality
experimental results generated in this dissertation and the computational assessments of the Sr-Bi

and Sr-Sn systems.

4.1.1 Necessity of Computational Corroboration for the Sr-Sh System

The lack of a computational description for the Sr-Sb system as well the drastic changes
proposed, i.e. the removal of the SrShs, SrSh, and SrsSh, phases and the addition of the SrShy,
SraShs, Sr11Sbhio, SrieSbhi1, and SrsSbs phases, necessitate 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-Sbh system in order to
complete understanding of the Sr-Sbh phase behavior [40]. The phase behavior of the Sr-Sb system

predicted using X-ray diffraction (XRD) was corroborated with first-principles DFT-based
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calculations, which were used to confirm the stability of all phases noted by XRD (SrSha, Sr2Shs,
Sr11Shio, Sr16Sb11, and SrsShs) as well as to confirm the instability of several phases suggested in
previously published phase diagrams (SrSb, SrSbs, and SrzSh.). The DFT calculations were then
combined with the activity data from the emf measurements as well as phase transition data from
differential scanning calorimetry (DSC) measurements using the CALPHAD technique to develop

the revised Sr-Sb phase diagram depicted in Figure 2.21.

4.1.2 First-principles Calculations

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
predicted via the aforementioned XRD as well as those predicted in previous phase diagrams
which the XRD determined not to be present. DFT-based first-principles calculations were
completed on eight intermetallic compounds i.e. system: SrSby, SroShs, Sr11Sbio, Sr2Sh, SraShy,
Sr16Sh11, and two crystal structures (hex and ortho) for the SrsShs intermetallic. The Vienna Ab-
initio Simulation Package (VASP) was used to perform the first-principles calculations [77]. The
lowest energy structures were obtained from the Materials Project for all the intermetallics
[38,46,47,49,50,78-82], except SrisSbir [33]. 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. [83]:

Eq(V) =a+bV=/3+cV="3 + dv—2 (4.1)
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, Where a, b, ¢ 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 [84,85] 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) [86]. 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 Bldchl corrections [85] using a gamma
centered Monkhorst-Pack (MP) scheme [87]. The k-points grid used was an automated k-point
mesh generator in VASP with the length of the subdivisions specified as 50 A. The energy
convergence criterion of the electronic self-consistency was set as 10 eV atom™ with a stopping
criteria for the ionic relaxation loop of 10* eV A 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 4.1.

102



-10 |
-20 |
-30 |
-40 —

=0 - Sr,Sb,
60 — N
Srsb,

-70 _
-80 — Sr28b3 SI’2Sb
90 4 Sr.Sha(ortho)
-100 | Sr11Sbyg Sr;Sb,(hex)

Sr168b11

| | | | | | | | |
0O 01 02 03 04 05 06 07 08 09 10

Mole Fraction, xg,

Enthalpy of Formation, AH; / kJ mol-

-110

Figure 4.1. The formation energy of the intermetallics as a function of temperature from DFT-
based first-principles calculations, where O 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 SrisSbi1 and Sr11Sbio as well as the
Sr2Sh, SrShy, and Sr2Shs phases as evidenced by their close proximity to the convex hull. Also,
SrsShs in the hexagonal structure is found to be more stable than the orthorhombic structure and
Sr3Shy is found 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 SrSbz, Sr2Shs,
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Sr11Sbhio, Sr16Sbi1, SrsShs (hex), and Sr2Sb phases, confidence in the experimentally determined

results is increased.

4.1.3 The CALPHAD Technique

The results of the first-principles calculations were used to assist in the thermodynamic
CALPHAD modeling; the ThermoCalc software [40] was used to describe the Gibbs energy
equations by the Redlich-Kister polynomial equations [88] described by:

GP = x,G? + x5GP + RT (x4 Inx, + x5 Inxp) + G2 (4.2)
, Where xa and xg are mole fractions of pure elements A and B, respectively, and G/‘fand Gg’are the
pure element Gibbs energy functions taken from the SGTE database compiled by Dinsdale [89].
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 ( £ G,‘fL) describes
the non-ideal interactions between elements and is expressed [88]:

EGh = xaxp T LY (xa — x5) (4.3)
, where 7L? is the interaction parameter described by:

L? =a+bT (4.4)
, 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 (A¢Bp) and modeled by:

AqBp
m

G = qGHSER, + pGHSERg + a + bT (4.5)
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, Where a and b are fitting parameters representing the enthalpy and entropy, respectively, p and g
represent the number of A and B in the stoichiometric compound and GHSERa and GHSERs
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 Sr3Sh, 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. SrsSh; is one of the closest
phases to Sr1Sb11 and also represents the natural valence of the constituents, i.e. +2 for Sr and -3
for Sh, making it a reasonable substitute. The Gibbs energy of the associate species is described

as,

°Gordsy, = = G5 += °Gi7 + A+ BT + CTInT (4.6)
, Where A, BT and CTInT 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

4.2).
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Figure 4.2. Comparison of modeled activity of Sr in Sb vs. the activity values determined from

the electromotive force measurements at 988 K.

Figure 4.2 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.
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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 SrsShs (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 Sr.Sb 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 4.3); model parameters are

listed in Table 4.1.
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Figure 4.3. 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].

108



Table 4.1. Modeled parameters in Sl 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 (S, Sb) OLECy, = —19.888 + 1.052 + T
Rhombohedral (Sr, Sb) oL = —25,926.413 + 0.995 % T
Liquid (Sr, Sh) Gadts = 2% Gapd + 3 % Goi9 — 480,500 + 1.05 * T
Ly, = —15,006
“Leen, sp = —110,110
LLgien, sp = —35,000.8
SrSh, GSb2 = Ogfcc 4 24 OgIhom _ 199922 — 7.7 %T
Sr2Shs GS2SPs = 2% Oglcc 4 34 OgINom _ 39790648 — 13 + T
Sr11Sbio GSr11SP10 = 11 % OGLC + 10+ °GIRo™ — 2,045,599
Sr16Sbi1 GSr16SP11 = 16 % OGIC + 11 « °GIRO™ — 2,785,080 + 66 * T
SrsShs GSrsSPs = 5« Oglcc 4 34 OgIhom _ 791,786 4+ 20.5* T
Sr2Sh GS2Sb = 2 5 Oglcc . Ogrhom _ 965438 + 6.9+ T

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 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.
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Chapter 5. Conclusions and Future Work

5.1 Summary and Conclusions

The presence of radioactive fission products such as *’Cs and °°Sr 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 dissertation was to determine the viability of liquid metal electrodes for separating Sr2* from
molten salt electrolytes with the intention of providing a route towards removing Sr from
contaminated electrorefiner LiCI-KCI-UCIz electrolyte. While an inert cathode will be unable to
reduce Sr?* 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 postulated to be able to shift the standard reduction potential of
Sr?*, possibly allowing preferential deposition of Sr?* out of LiCI-KCl-based molten salts. In order
to determine the effectiveness of Bi, Sh, and Sn at potentially altering the redox potential of Sr2*/Sr,
electromotive force measurements were conducted for the Sr-Bi, Sr-Sb, and Sr-Sn binary systems
to determine the strength of the atomic interactions between Sr and each of the liquid metals, i.e.
the activity of Sr (in liquid metal, B). The electromotive force measurements concluded that Sr-Sb

exhibits the strongest interactions with Sr (asr as low as 1.5 x 107'? at 988 K and xsr = 0.04),
followed by Sr-Bi (asr as low as 2.5 x 107! at 988 K and xsr = 0.05), and finally that Sr-Sn exhibits
the weakest interactions with Sr (asr as low as 7.6 x 1071° at 950 K and xsr = 0.05). Based on this

behavior, Sb and Bi were predicted to be the most efficient liquid metal electrode options for

removing Sr from molten chlorides, which was then confirmed with deposition experiments in
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which constant current was applied between each of the liquid metal options (Bi, Sb, and Sn) and
an inert graphite counter electrode in LiCI-KCI-SrCl> molten salt. Post-mortem analysis via ICP-
AES compositional analysis indicated significant presence of Sr in the Bi (~6.5 mol%) and Sb
(~4.1 mol%) electrodes; however, reasonable amounts of Li were also discovered in each of the
electrodes (~16.2 mol% in Bi and ~8.65 mol% in Sb). Despite the undesirable presence of Li, the
substantial amount of Sr deposited in the liquid metals is encouraging. Overall, the results indicate
that the strong interactions between Sr and Bi, Sb can be leveraged to remove Sr from molten salt
electrolytes, providing a potential path towards reducing the volume of nuclear waste sitting idle
in temporary storage sites.

In the process of investigating the thermodynamic properties of the Sr-Bi, Sr-Sb, and Sr-
Sn systems, XRD and DSC measurements were also performed, which aided in developing new
phase diagrams and descriptions of phase behavior in the existing understanding of the binary
systems. Two additional phases of Sr2Bis and SrsBiz were indicated, which are not considered in
the current Sr-Bi equilibrium phase diagram as a result of these measurements; the presence of the
SrShy, SraShs, Sr11Sbio, SrieSbi1, and SrsSbz (hex) phases were also determined, resulting in

significant alterations to the Sr-Sh phase diagram.

5.2 Future Work: Removal of Cs from Molten Salts

As mentioned in the Chapter 1, Sr is not the only dangerous element to contaminate the
electrorefiner molten salt; Cs causes similar problems due to the short half-life and high heat
density of the 1*8Cs isotope. Therefore, the ongoing efforts and future direction of this dissertation
are largely focused on performing similar thermodynamic property and deposition measurements

with the intention of determining the activity of Cs in liquid metals and preferentially removing
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Cs from LiCl-KCl-based molten salts. Preliminary deposition experiments were attempted to
determine the viability of liquid metal electrodes for removing Cs from LiCI-KCI-CsCl (56.7-38.3-
5 mol%). The methods utilized were the same as for the Sr deposition experiments detailed in
Chapter 3 for Bi, Sb, and Sn. The Bi and Sn depositions were performed at 500 °C, whereas the
Sb deposition was performed at 650 °C due to the melting temperature of Sh. The ICP-AES results

from the crushed remnants of the post-mortem electrodes are present below in Table 5.1.

Table 5.1. The composition of liquid metal electrodes after deposition to the specific capacity of
100 C g at the specified cell temperatures in eutectic LiCI-KCI electrolyte containing 5 mol%

CsCl by ICP-AES.

Liquid metal Composition of liquid metal electrode (mol%)
electrode (M)
Li K Cs M
Bi 12.37 | 0.01 [4.33 82.68
Sh 578 [0.00 |3.00 90.88
Sn 1156 | 0.00 |1.21 87.22

The ICP-AES data confirms the deposition of Cs, although the presence of Li in the liquid
metal electrodes was quite evident with 12.37 mol% of Li in Bi, 5.78 mol% in Sb, and 11.56 mol%
is Sn, positing that the dominant cathodic reactions were the co-deposition of Cs and Li. Overall,
the preliminary results indicate that it is possible to remove Cs from molten chloride salts, much
as it was proven possible with Sr; however, further tests and corresponding thermodynamic

property calculations will be necessary in order to confirm this behavior.

Unfortunately, electromotive force measurements cannot be performed on Cs in the same

manner as for Sr; in the case of the electromotive force measurements on the Sr-M systems, pure
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Sr was used as a reference electrode for the development of a calibration curve against a less-
reactive and lower melting temperature Sr-Bi alloy. However, pure Cs is much more reactive than
pure Sr and also has a much lower melting temperature: Tm, sr = 777 °C vs. Tm, cs = 28 °C [90].
Attempting to raise a pure Cs electrode to the necessary temperature range of 500-850 °C for the
calibration of a Cs-Bi alloy reference is simply not possible; the pure Cs electrode will either
completely react with the CaF>-CsF electrolyte or vaporize. In order to circumvent these issues, a
different fluoride-based electrolyte system is recommended: LiF-NaF-KF (FLiNaK) + CsF (45.5-
10.5-41-3 mol%). Unlike the CaF.-SrF> (97-3 mol%), the FLiNaK-CsF electrolyte is a liquid in
the temperature regime of interest (Tm, rLinak = 454 °C [91]), but it still has the necessary high ionic
conductivity and low electronic conductivity to function as a viable electrolyte. Using pure Cs as
a reference electrode is not possible due to its high reactivity and low melting temperature;
therefore, a Ni/Ni?* reference electrode is recommended due to its successful use as a reference
electrode in fluoride-based salts [92]. Emf measurements on Cs-M systems would allow for the
application of the same methods used to evaluate the Sr-M systems and the potential development

of a liquid metal electrode system capable of preferentially removing Cs* from molten salts.
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