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This study provides an assessment on a proposed method for separation of cesium, strontium, and barium using electro-
chemical reduction at a liquid bismuth cathode in LiCI-KCI eutectic salt, investigated via cyclic voltammetry (CV), elec-
trochemical impedance spectroscopy (EIS), and scanning electron microscopy with energy dispersive X-ray spectrome-
try (SEM-EDS). CV studies were performed at temperatures of 723-823 K and concentrations of the target species up to
4.0wt%. Redox reactions occurring during potential sweeps were observed. Concentration of BaCl, in the salt did not seem
to influence the diffusivity in the studied concentration range up to 4.0wt%. The presence of strontium in the system affected
the redox reaction of lithium; however, there were no distinguishable redox peaks that could be measured. Impedance spectra
obtained from EIS methods were used to calculate the exchange current densities of the electroactive active redox couple at
the bismuth cathode. Results show the rate-controlling step in deposition to be the mass transport of Cs™ ions from the bulk
salt to the cathode surface layer. Results from SEM-EDS suggest that Cs-Bi and Sr-Bi intermetallics from LiCI-KCl salt are

not thermodynamically favorable.
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1. Introduction

During pyroprocessing of used nuclear fuel (UNF), fis-
sion products in the electrorefiner (ER) salts accumulate
and degrade the efficiency of the ER by decreasing the elec-
trode reaction, which is uranium capture. This necessitates
a cleaning or replacement process of the salts. Furthermore,
removal from the salt of the radioactive fission products,
especially the short-lived isotopes like *’Cs (half-life of
30.17 y) and *°Sr (half-life of 28.8 y) can lessen the radio-
activity of the bulk salt and make shielding and handling
easier. The separation of specific fission products from
these salts has been the focus of much research and many
different techniques, primarily ion exchange [1-3] and zone
freezing [4-7].

Although these separation processes successfully dem-
onstrated the recovery of fission products, there is not yet
a well-demonstrated technique for the electrochemical
separation of other fission products, such as cesium, stron-
tium, and barium. Similar to the way uranium and other
actinides can be recovered by the liquid cadmium cathode
because of a shift in reduction potentials of the elements
for a cadmium cathode, a liquid bismuth cathode (LBC)
might be able to be used to capture those fission produc-
tions [8, 9]. Furthermore, there is lack of knowledge for
electrochemical properties of alkali/alkaline-earths in the
eutectic lithium chloride-potassium chloride salt with lig-
uid bismuth (LiCIl-KCI/Bi) system. A more robust base of
electrochemical knowledge is necessary to confidently as-
sess the potential for application of the liquid bismuth cath-
ode in pyroprocessing technology. These reasons form the
motivation for this study to focus on providing a fundamen-
tal assessment on electrochemical and kinetics data for rep-
resentative alkali/alkaline-carth elements (that is, cesium,
strontium, and barium) in the LiCI-KCl/Bi cathode system.
This data can then be used to make a preliminary decision
on the feasibility and performance of the LBC if added to
a pyroprocessing scheme. This work was performed via

bench-top experiments replicating the ER environment.
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Electrochemical experiments made use of cyclic voltamme-
try (CV), electrochemical impedance spectroscopy (EIS),
and open circuit potential (OCP) techniques to determine
values for important parameters of the process, including
redox potentials, diffusivity, and exchange current density
of the ions if possible. Recovery of these fission products
was analyzed and evaluated by inductively coupled plasma
mass spectrometry (ICP-MS) and scanning electron mi-

croscopy with energy dispersive spectrometry (SEM-EDS).

2. Theory
2.1 Electrochemical Concept

The electrochemical cell of interest in this study is an
electrolytic cell, which consists of two electrodes-a cathode
where species are reduced and an anode where species are
oxidized-and an electrolyte-a solution or sometimes solid
which the electrodes are in contact with and which medi-
ates the movement of ions to the electrode surface. When
no external current is applied to the cell, the concentrations

of the ions are in equilibrium and the cell will possess a
eq

potential referred to as the equilibrium potential E, ... For
an oxidation-reduction reaction which occurs in the cell, its

equilibrium potential is described by the Nernst equation,

eq RT ( aMnA)
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where E ..\,

is the standard reduction potential, which is
the theoretical potential when the cell is reversible at an
equilibrium state and the solution concentration is 1 mol-L!
at 1 atm and 298 K, R is the universal gas constant (8.314 J
mol K1), T is the absolute temperature (K), n is the num-
ber of electrons transferred, F is Faraday’s constant (96,485
C-molt), and a; is the activity of the species. For the LBC
system, the binary system of bismuth with the reduced cat-
ion is of interest. Eq. (1) can be expressed with respect to

this reaction and the activity of the binary system as,
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Table 1. Overview of thermodynamic properties of LiCl-KCI/Bi system species and calculated reduction potential shifts at 773 K [10]

N E' (V) vs CI/Cl, - ng n(aM““ I‘”) Ee, (V) vs CI/Cl,
M /M n Ay q
© Tmiin-B) = 0.05 ®
Li*/Li -3.550 0.924 -2.626
K*/K -3.690 0.967 -2.723
Sr**/Sr -3.623 1.004 -2.619
Ba**/Ba -3.755 1.164 -2.591
and displayed graphically in Fig. 1. Due to the larger second
* Eifnatx,=005 term of right-hand side of Eq. (2) values of strontium and
* Ehm barium compared to lithium and potassium, the reduction
L Liv/LiBi potentials of strontium and barium are shifted to more posi-
° ® tive values than lithium and potassium. This suggests the
K;/K KV.K_Bi ability to reduce strontium and barium into liquid bismuth,
Ba%/Ba Ba*/Ba-Bi with co-deposition of lithium expected due to the small dif-
Srz;/Sr Sr”‘Sr-Bi ference of reduction potentials.
39 37 35 33 31 23 27 25 22Background Studies

E, (V) vs. Cl/Cl, (g)

Fig. 1. Graphical depiction of standard reduction potentials (E;) and
shifted equilibrium potentials in liquid bismuth (E*9)
based on literature [10].

E . =E°

M™/M MTM

M) o
With this relation in mind, the shift of reduction potentials
with a bismuth cathode due to the low activities of alkali/
alkaline-earth species in bismuth can be explained. The
electromotive force (emf) technique can be applied to mea-
sure and give a value for the second term in the right-hand
side of Eq. (2). Using the values for this term of lithium,
potassium, strontium, and barium in bismuth that have been
measured and reported in literature [8, 9], it is possible to
calculate the shifted equilibrium potential of each species in
bismuth. The values for standard reduction potentials, sec-
ond term of right-hand side of Eq. (2), and shifted equilibri-
um potentials for a Smol% species in bismuth concentration

from literature for the relevant species are given in Table 1
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Few studies have focused on the separation of actinides,
rare-carth (RE) elements, and alkali/alkaline-earths by ther-
modynamic or electrochemical reduction techniques into
bismuth. This idea is predicated on the idea that bismuth
could then be distilled from the cathode leaving behind the
recovered material, similar to the cathode distillation al-
ready designed in this electrochemical process [11, 12].

Being that the most valuable materials within UNF are
the actinides, many studies have investigated these elements
for separation ability with the LBC. By a reductive extrac-
tion process, uranium, neptunium, plutonium, and ameri-
cium can be reduced into bismuth comparably to cadmium
by addition of lithium, as a reductant [13]. However, there is
a significant amount of lithium added to the system and re-
duced into the liquid bismuth during this process. Toda and
co-workers have shown by calculation with thermodynamic
parameters that uranium, plutonium, and americium can be
favorably separated into bismuth compared to cerium [14].

Another way of reducing actinides into the liquid bismuth
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Table 2. Reported diffusion coefficients from literature for alkaline-earth liquid metal studies

Element Electrolyte Cathode T (K) D (x10° cm*s™!) Method Reference
1.3+£03 CV conventional
1.7+0.2 CV semi-integral
KCl Lead 1073 1.6£0.2 CV semi- differential [26]
Strontium 1.9+0.7 CP
1.46+0.18 CP
Lead 1073 1.42 EIS [30]
NaCl-KCl
Zinc 1023 1.46+0.18 CP [25]
1.3+0.2 CV conventional
1.1£0.3 CV semi-integral
Lead 1000 12+£03 CV semi-differential [28]
Barium NaCl-KCl
1.0£0.2 CP
1.08 £0.16 CP
Zinc 1023 1.08 £0.21 CP [25]

instead of adding a reductant is by electrolysis. Studies of
the electrochemical behavior of thorium [15], uranium [16],
neptunium [17,18], and plutonium [19] have shown the re-
duction of actinide ions into a liquid bismuth phase or onto
a bismuth film electrode as various intermetallic species.
The small activities of actinides in a liquid bismuth phase
due to alloy formation lead to a positive shift of the reduc-
tion potential; so, these studies have measured the redox
potentials along with the diffusion coefficients of the ac-
tinide ions in the salt. These studies have shown reversible
behavior using the CV technique.

RE elements have similarly been studied for electro-
chemical separations using liquid bismuth in LiCIl-KCI.
Kurata et al. have shown that the distribution of trivalent
REs compared to uranium is slightly better for bismuth than
for cadmium in LiCI-KCl, reporting separation factors of
102-10° [13]. CV studies of lanthanum, cerium, praseodym-
ium, and terbium have shown quasi-reversible behavior
and similar positive potential shifts of RE redox reactions
due to a lowered activity of RE in liquid bismuth, owing to

formation of intermetallic compounds [20-24]. For cerium,
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Castrillejo et al. showed the formation of two intermetal-
lic compounds, CeBi, and CeBi, by emf measurements and
reported Gibbs energies of formation at 773 K for these
compounds of -218.5 kJ-mol"! and -211.8 kJ-mol!, respec-
tively [21].

Few studies have been done for the separation of al-
kali/alkaline-earth species from LiCI-KCI via liquid bis-
muth. For reductive extraction, the favorable reduction
of strontium and barium versus uranium by addition of a
reductant is lesser for bismuth compared to cadmium, but
still very strong with a separation factor of 10%-107 [13].
For reduction by electrolysis, strontium and barium have
been separated into the LBC in LiCI-KCl salts by con-
stant current electrolysis with coulombic efficiencies of
63-67% [10]. There was significant deposition of lithium
into the liquid bismuth pool; nevertheless, the overall idea
of alkali/alkaline-earth separation in LiCIl-KCI salts was
demonstrated. The electrochemical behaviors and reduc-
tions of Sr**, Cs*, and Ba*" on a graphite, liquid bismuth,
liquid lead, or liquid zinc cathode have been studied in KCl,
equimolar NaCl-KCl, or LiCI-CaCl,-NaCl salts, reporting

JINFCWT Vol.18 No.4 pp.421-437, December 2020
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(b)

©

Fig. 2. (a) Cup-type cathode with bismuth and molybdenum wire connection; (b) bismuth cathode post experiments;
and (c) Diagram of measurements for calculation of surface area of bismuth cathode.

quasi-reversible redox reactions and diffusion coefficients
[9], [25-30]. The values reported for the diffusion coeffi-
cient are presented in Table 2. Since these studies serve as a
reference for this project as it fills in the gaps of fundamen-
tal knowledge of LiCIl-KCI/Bi systems for alkali/alkaline-

earth electrochemical separations.

3. Experimental

Anhydrous bead type lithium chloride (LiCl, 99.995%),
potassium chloride (KCI, 99.95%), silver chloride (AgCl,
99.997%), strontium chloride (SrCl,, 99.995%), cesium
chloride (CsCl,, 99.99%), and barium chloride (BaCl,,
99.998%) were purchased from Alfa Aesar. Salts were pre-
pared under argon inside the glovebox (Innovative Technol-
ogy with less than 5 ppm of O, and H,0). Alumina crucibles
(AL O5, 99.8%) of size 40 mL and 180 mL were purchased
from Coorstek. Prior each experiment (outside the glove-
box), both crucibles were sonicated in 2% HNO; acid with
ultrapure water and dried in a benchtop oven at 473 K for
2 hours. Once inside the glovebox, the small crucible was
loaded with the LiCI-KCl eutectic (58.2: 41.8mol% compo-
sition) and then placed into a large Al,O; crucible-serving
as a safety crucible in case of spillage or breakage from

the small crucible. These crucibles were then loaded into
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the furnace (Thermo Scientific) and heated at 573 K for 5
hours minimum to further dry out and outgas the salts and
crucibles. After this drying process, the salts were raised
to the beginning experimental temperature, typically 723
K, and allowed to melt and equilibrate for a minimum 2
hours before electrodes or other salts were added. At least
a 24-hour period was allowed for dissolution and for the
system to reach equilibrium prior running electrochemical
experiments.

Two different types of LBC were studied, (1) a pool-
type and (2) a cup-type. Bismuth needles (99.99%) were
purchased from Alfa Aesar. To remove oxides and obtain a
pure bismuth metal, the bismuth needles were melted in the
furnace inside the glovebox in a 40 mL alumina crucible at
673 K. A Pyrex tube with inner diameter 2 mm was dipped
into the bismuth metal below the oxidation and a connected
syringe used to draw bismuth metal up into the tube. This
recovered a pure bismuth metal with no visible oxidation.
The Pyrex tube was then broken open and the new bismuth
needles recovered for use in experiments.

For the cup-type cathode, a custom-made Pyrex elec-
trode from a local glass shop, Research Glass, was used
and is shown in Fig. 2(a). The shaft was 7 mm and open
to the attached bottom. (a) 0.5 mm molybdenum wire was
threaded through the tube and into the bottom cup before
addition of approximately 5 g of bismuth needles to the cup.
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Details will be discussed later.

For the pool-type cathode, bismuth needles were added
to a 40 mL crucible before addition of the salts and melted
at 773 K for 1 hour in the glovebox furnace. After visual
confirmation of the liquid bismuth phase, the system was
cooled to room temperature and the LiCI-KCIl were add-
ed. In one study performed, a 10mol% barium in bismuth
cathode was made. This was done by adding barium met-
al (99.9%) acquired from Alfa Aesar to purified bismuth
needles and melting at 798 K in the 40 mL crucible. The
liquidus point for 10mol% barium in bismuth is approxi-
mately 645 K [31]. Needles of this Ba-Bi alloy were then
extracted via a 2 mm inner diameter Pyrex tube and syringe
in a process similar to the pure bismuth needle preparation.
Then, the Ba-Bi needles were loaded into a 40 mL crucible
and prepared as a pool-type cathode in the same method as
for pure bismuth. For both the Ba-Bi and the bismuth pool-
type cathodes, a tungsten rod of diameter 1.5 mm (99.95%)
purchased from Alfa Aesar was sheathed with an alumina
tube and used to make contact with the liquid metal pool.
The surface area of the bismuth cathode was measured after
each experimental run.

The Pyrex cup was broken open and the bismuth cath-
ode extracted. Minimal adhesion of the salt to the bismuth
allowed for a clean extraction. The bismuth cathode post-
experiments is shown in Fig. 2(b). The surface area of the
top bismuth surface was calculated by using the formula for
surface area of an oblate spheroid and multiplying by half

to get the surface area of the half spheroid [32],

o, (c/a)? 1+ 1—(c/a)?
S =ma (1 T i—(cay | (1 —[1=(clay’ )) 3)

where the parameters a and c are the diameter and height of
the half-spheroid, respectively, as shown in Fig. 2(¢).

All experiments were performed using a Ag/AgCl refer-
ence electrode (RE) (5mol% AgCl in LiCI-KCI). The hous-
ing of the electrode was custom made by Research Glass
and consisted of a 7 mm outer diameter Pyrex tube open on

one end and on the other closed with a thin wall less than
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0.5 mm in thickness. The thin surface allows ionic conduc-
tion between the bulk electrolyte and reference electrolyte.
A 1 mm Ag wire (99.99%) purchased from Alfa Aesar was
inserted into the tube with the bottom end submerged in the
salts approximately 5 mm from the thin bottom surface and
the top end protruding out of the top allowing connection
to the potentiostat.

A three-electrode system was used for all experiments
similar to a study by Yoon et al. (see Fig. 3) [33]. The Bi cup-
type or pool-type cathode was used as a working electrode
(WE). Here, the counter electrode (CE), a 3-mm diameter
glassy carbon rod purchased from HTW, was housed in an
alumina sheath to insulate it from the steel electrode assem-
bly. A K-type thermocouple probe (Omega Instruments)
was sheathed in an 8 mm outer diameter (99.8% alumina
from Coorstek), contacting with the salt. These items were
held in place by a custom-made steel electrode assembly at
the top of the furnace.

All electrochemical measurements were completed by
using a Biologic Science Instruments VSP-300 potentiostat/
galvanostat. Data sets were collected and analyzed by Bio-
logic Science Instrument EC-Lab V11.20. Table 3 shows a
summary of the experimental program and detailed param-
eters. Only one element was studied in each experimental
run. Likewise, CV and EIS experiments were always per-
formed in separate experimental runs.

Many of the electrochemical experiments performed
aimed to measure the properties of salt species at varying
concentrations. In order to verify salt species concentra-
tions, salt samples withdrawn during experiments were
analyzed by ICP-MS (Agilent Scientific Instruments 7900).
Analytical routine of these salts was similar to those re-
ported by previous study [33]. Furthermore, to characterize
the bismuth cathodes after electrochemical experiments, an
SEM-EDS (Phenom ProX Desktop) was utilized. Here, the
cathode is first visually scanned by the SEM user for vis-
ible heterogeneity in the sample, indicating the presence of
multiple phases of material. These are usually apparent as

darker and lighter patches within the cross section. When

JINFCWT Vol.18 No.4 pp.421-437, December 2020
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Table 3. Summary of experimental program

Experimental Run

1 2 3 4 5
Salt Species CsCl CsCl StCl, BaCl, BaCl,
Concentration 0.5,1.0, 1.5, 0.5,1.0, 1.5, 0.5,1.0,1.5,2.0,
(wt% in LiCI-KCl) 20,3.0, 4.0 05 20,3.0, 4.0 25.3.0,3.5.40 078,1.5,3.0
Cathode Type Bi Cup Bi Pool Bi Cup Bi Cup Ba-Bi Pool
Electrochemical Method CV EIS CV CV EIS
723,748,773, 723, 748,773, 723, 748,773, 723, 748, 773,
Temperature (K) 798, 823 723,748,773 798, 823 798, 823 798, 823
Electrical
Potential Range (V) 0.3to-1.55 - 0.22 to -1.55 03to-1.5 -
25, 50,75
Scan rate (mV-s™) 50, 100, 150, 200 100, 150, 200 50, 100, 150, 200
Potential Amplitude (mV) - 10 - - 10
Frequency Range - 50 kHz - 10 mHz - - 50 kHz - 50 mHz
Bi Surface Area (cm?) 0.743 5.26 0.750 0.776 8.40
Mo wire (0.5 mm dia)
Furnace lid 4. Results and Discussion
4.1 CV Measurements
Furnace ——]
.= AlLO; crucible . . X
AL, safety | Pure LiCI-KCl cyclic voltammograms were obtained at
crucible |- &;cl):sr;;ezaerlggtr:?de each temperature and scan rate before additions of CsCl,
| Licl-KCl SrCl, or BaCl,. This allowed for a subtraction method to
Thermocouple 7 — 1 eutectic salt b lied t btai It lati v to th
| | working electrode e applied to obtain voltammograms relating only to the
Reference electrode (liquid bismuth) reactions of the interested species. An example of these

(1T mm Ag wire in
5mol% Ag/AgCl solution)

Fig. 3. Diagram of electrode assembly and furnace.

these patches are discovered, the SEM user selects these
as target spots for EDS analysis. The Phenom ProX uses
15 kV X-rays to probe the target spot for a period of 90
seconds while it collects spectroscopic information. The
software then returns results to the user as a plot of spectral
counts and calculated elemental compositions as atomic

and weight percentages.
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voltammograms and subtraction method is shown in
Fig. 4(a) for the system with 4wt% CsCl at 773 K and 100
mV-s! scan rate. Subtraction voltammograms representa-
tive of the CsCl-LiCIl-KCI system on the LBC are shown
in Fig. 4(b). At the positive end, the reduction occurring at
-0.13 V is attributable to free bismuth in the system. This
behavior was seen during all CV experiments with the LBC.
The final rise occurring at the positive end of the anodic
scan corresponds to the anodic dissolution of bismuth from

the cathode. Likewise, the strong reduction occurring at
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Fig. 4. (a) Cyclic voltammogram of pure LiCI-KCl, 4wt% CsCI-LiCI-KCl, and subtraction at 773 K and scan rate 100 mV"s™;
(b) Subtraction cyclic voltammograms for the 0.5wt% CsCl-LiCI-KCl system at 823 K and scan rate 100 mV-s™.
WE: bismuth (surface area: 0.743 cm?), CE: glassy carbon, RE: Ag/AgCl.
200 150 +
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~ 50 & - g
< E < I
E o= 3 0 E
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Fig. 5. Cyclic voltammograms and background LiCI-KCl subtraction curve for 2wt% SrCl,-LiCI-KCl system at a scan rate of 25 mV-s"' and
temperature of (a) 748 K, (b) 773 K, and (c) 798 K. WE: bismuth (surface area: 0.750 cm?), CE: glassy carbon, RE: Ag/AgCl.
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Fig. 6. Subtracted CV curves for 1wt% BaCl, system at 798 K.
WE: bismuth (surface area: 0.776 cm?), CE: glassy carbon, RE: Ag/AgCl.

the negative end of the cathodic scan is attributable to the
reduction of a Li-Bi alloy in the system, as many other re-
searchers have likewise discovered [19, 20, 23]. The two
redox reactions of interest attributable to the presence of
cesium occur with (I) reduction at -1.1 V and oxidation at
-0.15'V, and (IT) reduction at -1.24 V and oxidation at -0.32
V. The peak potentials moved slightly in the negative di-
rection with increasing scan rate. Thus, the reaction might
be quasi-reversible as it is extremely difficult to determine.
Additionally, the difference in CV scans could be the result
of a changing surface area of the working electrode.

For the strontium experiments, a potential range of 0.22
to -1.55 V was shown to produce repeatable CV curves, ex-
hibiting behavior similar to the cesium studies. After sub-
traction of the background current (see Fig. 5), assuming
the subtraction is not just insignificant noise, we see that
the presence of SrCl, causes a large variation in the reduc-
tion of lithium at the negative end of the potential range.
At 773 K, the lithium reduction for the system, which
contains SrCl,, occurs with approximately equivalent cur-
rent-potential characteristics as the pure LiCI-KCI system.
However, the presence of SrCl, seems to decrease the effect
oftemperature on the lithium reduction. In the pure LiCI-KCl
system, the current peaks at the end of the potential sweep
(E = -1.55 V) vary by about 50 mA for each 25 K tem-
perature difference. However, in the 2wt% SrCl,-LiCI-KCl

JINFCWT Vol.18 No.4 pp.421-437, December 2020

system, there is no apparent variation of the reduction cur-
rent-potential relationship with respect to temperature.

Fig. 6 shows the sample CV curves after subtraction
of the background current for the BaCl,-LiCI-KCI system.
A redox reaction is seen with a reduction peak at approxi-
mately -1.40 V and an oxidation peak at roughly -1.27 V.
Here, for the BaCl, system, the only CV studies with re-
peatable CV curves came from the systems containing
Iwt% or 2wt% BacCl,. From the curves with prominent re-
dox peaks in these systems, the anodic peaks of the redox
reaction were then measured.

Based on the representative CV plots, it was not pos-
sible to extract the diffusion values for cesium, strontium
and barium data sets. Although Lichtenstein and cowork-
ers [10] have report their successful deposition of strontium
and barium into a bismuth cathode by cathodic discharge,
their experimental setup were set as separated compart-
ments similar to battery cell system. That is, their systems
are different from our current systems of no barriers be-

tween the electrodes and salt medium.

4.2 EIS Measurements

EIS experiments were selected and conducted for a
CsCI-LiCI-KCl and BaCl,-LiCI-KCl systems on a bismuth
pool-type electrode. In principal, we would like to deter-
mine whether it was possible to extract these elements with
larger metallic pool surface; this would also allow us to de-
termine the exchange current density i, of the Cs'/Cs and
Ba?*/Ba redox couples on the bismuth interface.

Fig. 7 shows representative impedance spectra for the
0.5wt% CsCl-LiCI-KClI system at 773 K where the applied
potential was increased beyond the equilibrium potential by
steps of 1 mV. EIS is ideally performed at the equilibrium
potential for calculation of the exchange current density
(iy)- Fig. 7 illustrates that the impedance increases dramati-
cally at high frequencies; at low frequencies, there is no
ion transfer occurring between the bismuth and cesium ions.

Thus, small overpotentials were applied to the system to
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Fig. 7. Nyquist plot for 0.5wt% CsCI-LiCIl-KCl system at 773 K on a
pool-type bismuth cathode (surface area: 5.26 cm?).

initiate Cs* reduction at the bismuth cathode. Here, the ap-
plied overpotential is increased to 2 mV, a diffusion related
resistance starts to occur at the low frequencies. This indi-
cates that there is electron transfer at the cathode surface
and that the diffusion of Cs* ions from the bulk salt to the
electrode surface is occurring. Overpotentials were found
by this procedure at each experimental temperature and
these Nyquist plots were used to fit to an equivalent circuit
for calculation of the charge transfer resistance Rect.

For the barium experiments, a pool-type bismuth cath-
ode containing 10mol% barium was used. Moreover, the
working area of the bismuth cathode via pool-type cathode
was chosen for a better EIS measurement. The Nyquist
plots were following similar shapes and patterns of those
from the cesium studies. The Nyquist plots generated by
EIS techniques can be fitted to an equation of an equiva-
lent circuit for modeling the system. A proposed circuit for
this system is displayed in Fig. 8(a)-composed of the bulk
solution resistance, a double layer capacitance at the cath-
ode surface, the charge transfer resistance, and the Warburg
diffusion related resistance. This circuit can be represented
by the Voigt model for an electrode process, for which the

impedance is expressed by the following equation [34].

1 1
T, RTeR @
R.Tw +joCy 1+ “C; +joR,Cy

Z(t) =R, +

ct
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Fig. 8. (a) Equivalent circuit for the liquid bismuth cathode electrochemi-
cal cell, including bulk solution resistance R, capacitance of the double
layer at the cathode surface C,, charge transfer resistance R, and the
Warburg diffusion related resistance W;

(b) The ideal Nyquist plot for the Voigt model, showing how the solution
resistance R, and charge transfer resistance R, can be read and calculated
from the x-axis intercepts [34].

To simplify the circuit, a constant phase element can
be introduced which represents the Warburg impedance
and the double layer capacitance. A constant phase element
(CPE) is useful in fitting equivalent circuits because it can
represent a resistor, inductor, capacitor, Warburg response,
or a combination of these impedances. The impedance of a
CPE can be expressed as [33, 35].

Zen ©) = Goyo ®)

where Q is the capacitance and a is an exponent that is less

than or equal to one. Upon inspection of Eq. (6), the second
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Table 4. Reporting 1, R, X S, and i, values at different temperatures for 0.5wt% CsCl system

T(K) N (mV) RtxS (Q cm?) ip (A cm?)
723 2 0.828 0.0752
748 2 0.739 0.0843
773 2 0.684 0.0911
Table 5. Measured R, x S and calculated i, values for the Ba*'/Ba reaction on the liquid bismuth cathode by EIS technique
0.78wt% BaCl, 1.5wt% BaCl, 3.0wt% BaCl,
T R.xS (Q cm?) iy (A cm?) R.xS (Q cm?) i) (A cm?) R.xS (Q cm?) iy (A cm?)
723 0.535 0.0583 0.569 0.0550 0.564 0.0553
748 0.453 0.0716 0.501 0.0655 0.492 0.0655
773 0.422 0.0790 0.463 0.0743 0.461 0.0723
798 0.395 0.0894 0.437 0.0796 0.413 0.0832
823 0.316 0.118 0.311 0.121 - -
0'05? © Measured (723K) F?tted (723K) RT
| |2 Measured (748K) Fitted (748K) R, = g (6)
004 e ooty —— Fed o 7k
|[B> Measured (823K) Fitted (823K)
= 003 The impedance spectra were first automatically fitted
S 002! by the Z-fit software from Biologic Scientific Instruments.
£ Then, the fit was manually adjusted by changing the val-
0'01'; ues of some of the equivalent circuit components. This was
05 performed to minimize the relative error to a value below
' 0.10. The curve was then used to provide a value for the
o1 - - Re ( O-hm) 0.15 product of Ret and the surface area of the cathode in the sys-

Fig. 9. Measured and fitted impedance spectra for the LiCl-KCI system
with 0.78wt% BaCl, at temperatures of 723-823 K
on the pool-type Ba-Bi cathode (surface area: 8.40 cm?).

term of the impedance relation is negligible at very high
frequency whereas the second term approaches R, when
the frequency is low. Fig. 8(b) shows an ideal Nyquist plot
for the Voigt model, where R, and R+R_, are easy to find on
the x-axis [34].

The charge transfer resistance is relevant to the redox
reaction occurring at the cathode surface, and allows for
calculation of the exchange current density according to the

following equation [36].
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tem. From these values, i, on the Bi cathode was tabulated.
Fig. 9 shows the measured and fitted impedance spectra for
the Ba experiments (0.78wt% BaCl,).

Table 4 gives the values of R xS and i, collected from
the fits of the impedance spectra for the CsCl containing
system. When these values for exchange current density and
diffusion coefficient are compared with each other and to
other similar systems, it can be seen that the exchange cur-
rent mechanism is much less likely to be the rate-controlling
step in deposition than the mass transport of Cs* ions from
the bulk salt to the cathode surface layer. Table 5 lists the
experimentally attained R, xS and i, values for the barium

studies. The results show that the exchange current density
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Fig. 10. SEM images of bismuth cathode in CsCl-LiCl-KCI system used in (a) CV and (b) EIS studies.
EDS analysis of bismuth cathode of spot 1 for (¢) CV and (d) EIS.

ranges from 0.055~0.0583 A cm? at 723 K to 0.118~0.121
A cm? at 823 K and does not vary much with increasing
concentration of BaCl, in the salt. The magnitude of these
i, values obtained by EIS are comparable to values obtained
by Yoon and coworkers [33] for the Ce**/Ce reaction on a

liquid cadmium cathode.
4.3 SEM/EDS Analyses

After electrochemical experiments, all used bismuth

cathodes were collected and prepared for the SEM-EDS
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analysis. Analysis of both cathodes types for CsCl-LiCl-
KCI/Bi systems yielded no evidence of Cs-Bi intermetal-
lics present. Fig. 10(a) and 10(b) show SEM images of the
cathode cross section analyzed from the bismuth Cath-
ode for CV and EIS experiments, respectively. The target
spots are labelled on Fig. 10(a) and Fig. 10(c) display the
EDS elemental composition analysis of that target spot 1,
which suggests 100% Bi present. Fig. 10(d) shows the EDS
analysis of the target spot for Fig. 10(b) suggesting 90.02%
Bi composition. Here, the measurement of carbon was sus-

pected to be an outliner; overall, the results suggests that

INFCWT Vol. 18 No.4 pp.421-437, December 2020
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Fig. 11. (a) SEM image of bismuth cathode used in CV studies of SrCl,; (b) EDS analysis of spot 1.

(a)
Fig. 12. (a) SEM image of bismuth cathode used in CV studies of BaCl,; (b) EDS analysis of spot 1.

cesium does not become an alloy thermodynamically in the
CsCI-LiCI-KCI/Bi system.

For strontium experiments, multiple image shots of
bismuth cathode were taken with EDS analysis in order
to confirm or otherwise reject the presence of Sr-Bi inter-
metallics in the cathode. Fig. 11(a) shows an image from
the SEM analysis of the cathode cross section with target
shots for EDS analysis labelled. Visual inspection of the

INFCWT Vol.18 No.4 pp.421-437, December 2020

778,950 counts in 51 seconds
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cathode cross section yielded no visible phases of Sr-Bi in-
termetallics, which was confirmed by EDS analysis of the
labelled target shots. Fig. 11(b) shows the EDS results of
target shot 1, indicating only the presence of bismuth and
the absence of Sr-Bi intermetallics. Although Lichtenstein
and coworkers [10] have discovered Sr-Bi intermetallics
in a bismuth cathode subjected to cathodic discharge in a

SrCl,-LiCI-KClI system, in our current study, we found no
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Fig. 13. (a) SEM image of Ba-Bi cathode used in EIS studies of BaCl,; (b) EDS analysis of spot 1.

Sr-Bi intermetallics present by SEM-EDS analysis. Since
the current study was performed with CV analysis, where
any reduced strontium species are oxidized from the cath-
ode on the cathodic sweep, Sr-Bi intermetallics should not
be expected to be found in the bismuth cathode unless they
distribute favorably by thermodynamics. The results of the
current study, finding no Sr-Bi intermetallics present in the
bismuth cathode, agree well with a study by Kurata and
coworkers [13], which found strontium to not distribute
thermodynamically into a liquid bismuth pool from LiCl-
KCL

Fig. 12(a) shows an image of the cup-type bismuth
cathode used in CV studies of BaCl,. Inspection of the
cathode cross section yielded no evidence of visible Ba-
Bi intermetallics or other phases, which was confirmed by
sampling with EDS analysis. Fig. 12(b) shows EDS analy-
sis of target spot 1 from Fig. 12(a). All three target spots
shown in Fig. 12(a), as well as other target spots from the
cross section of the cathode, yielded EDS results of 100%
Bi composition.

Contrary to the cathode used in CV studies of BaCl,,
SEM-EDS study of the Ba-Bi cathode used in EIS stud-

ies showed presence of Ba-Bi intermetallics in the cath-
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ode cross section. Fig. 13(a) shows an SEM image taken
of the cathode cross section with the EDS target spot la-
belled and Fig. 13(b) shows EDS analysis of the labelled
target spot. EDS results showed a significant amount of
oxygen present, likely from oxidation of the bismuth sur-
face, as well as the presence of barium in a 9 to 35 atomic
ratio to bismuth. This is close to the 31mol% to 69mol%
ratio of barium to bismuth reported by Lichtenstein and
coworkers for SEM-EDS analysis of a bismuth cathode
which has undergone constant current density cathodic dis-
charge in a Smol% BaCl,-LiCI-KCl system [31]. This com-
parison suggests presence of the same Ba-Bi intermetallic,
likely BaBi, based on the molar ratio and the Ba-Bi phase

diagram, reported by Lichtenstein and co-workers [31].

5. Conclusion

The data and analyses presented in this study have
shown electrochemical separation abilities of the liquid
bismuth cathode for some of the varied valency elemen-
tal species considered with certain conditions. In the case

of CsCl, two redox peaks were observed as more positive

JINFCWT Vol.18 No.4 pp.421-437, December 2020
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than that of lithium, indicating that the controlled deposi-
tion of cesium from a CsCI-LiCI-KCl1 system into the LBC
was feasible. However, it should be noted that as diffusion
of CsCl in LiCI-KCI was suggested by CV and EIS to be
the rate-determining step, the sharp decrease in diffusivity
of the CsCl at higher weight percentages meant that the
salt recycling process would become less efficient at higher
concentrations of CsCl in the ER salt.

For the divalent species studied, strontium and barium,
redox reactions were less observable. In the BaCl, system,
weak redox reactions due to BaCl, were seen to occur at po-
tentials just slightly more positive than the reduction of lith-
ium. From the mass transport and exchange current kinetics
values calculated in this study, the reduction of barium into
a bismuth cathode should proceed limited by diffusion. In
the case of the SrCl,-LiCI-KCl system, no distinguishable
redox reaction occurred which could be studied indepen-
dently of the Li redox. However, from the electrochemi-
cal behavior observed, the presence of strontium influences
the redox reactions occurring near the reduction potential
of Li". Although SEM-EDS analysis showed no stron-
tium present in the bismuth cathodes post-examination, it
could be possible that as other studies reported, the sepa-
ration of strontium into bismuth from LiCIl-KCl was not
thermodynamically favorable. Clearly, Lichtenstein and
coworkers [10] showed a possible path of separating stron-
tium into the bismuth cathode from LiCl-KCI. Yet, this
study showed that sensitive redox control and electrochem-
ical analysis of the system might not be feasible for selec-

tive separation of strontium in the ER salt.
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