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Abstract: Herein, the electrochemical behaviors of Sr on inert W electrode and reactive Zn/Al electrodes were systematically investig-
ated in LiClI-KCI-SrCl, molten salts at 773 K using various electrochemical methods. The chemical reaction potentials of Li and Sr on re-
active Zn/Al electrodes were determined. We observed that Sr could be extracted by decreasing the activity of the deposited metal Sr on
the reactive electrode, although the standard reduction potential of Sr(II)/Sr was more negative than that of Li(I)/Li. The electrochemical
extraction products of Sr on reactive Zn and Al electrodes were Zn,;;Sr and AlLSr, respectively, with no codeposition of Li observed.
Based on the density functional theory calculations, both Zn,;Sr and Al,Sr were identified as stable intermetallic compounds with Zn-/Al-
rich phases. In LiCI-KCI molten salt containing 3wt% SrCl,, the coulombic efficiency of Sr in the Zn electrode was ~54%. The depolar-
ization values for Sr on Zn and Al electrodes were 0.864 and 0.485 V, respectively, exhibiting a stronger chemical interaction between Zn
and Sr than between Al and Sr. This study suggests that using reactive electrodes can facilitate extraction of Sr accumulated while elec-

trorefining molten salts, thereby enabling the purification and reuse of the salt and decreasing the volume of the nuclear waste.

Keywords: strontium; reductive extraction; molten salt; depolarization effect; reactive electrode

1. Introduction

Nuclear energy represents a long-term source of energy to
meet the demands of developed countries [1]. Advanced nuc-
lear energy systems generate substantial quantities of spent
nuclear fuel, which requires management via open or closed
fuel cycles. Closed fuel cycles can considerably enhance the
utilization efficiency of nuclear fuel but necessitate separa-
tion of the fission products [2].

Spent nuclear fuel comprises fission products, actinides,
and unreacted uranium. Of the hundreds of fission product
isotopes generated, most rapidly decay into nonradioactive
isotopes. A notably important exception is *’Sr, one of the fis-
sion products posing considerable concern. The radiotoxicity
of *Sr, with a half-life of ~29 years, decays via the emission
of highly energetic gamma rays. It represents a considerable
proportion of the radioactivity in nuclear waste fission
products, requiring ~300 years to diminish to the levels of
natural uranium ore. Consequently, the separation of Sr from
nuclear waste can substantially increase the spatial utiliza-
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tion efficiency of geological repository [3]. Meanwhile,
pyroprocessing is currently one of the most promising tech-
nologies for treating commercially spent nuclear fuel and re-
ducing the capacity required in nuclear waste storage facilit-
ies [4]. Electrorefining of metallic fuels is a key unit opera-
tion in pyroprocessing. As the electrorefining process pro-
ceeds, SrCl, gradually accumulates in the molten salt, affect-
ing the properties of the molten salt and thereby influencing
the separation of lanthanides and actinides. Research on the
separation and extraction of Sr has also contributed to the
purification and reuse of molten salts in the electrorefining
process [5].

Purification of molten salts following electrorefining en-
ables the reuse of these salts, necessitating the extraction of
accumulated fission products in the molten salt [6]. Fission
products in the molten salts include rare earth elements, al-
kali metals, and alkaline earth metals. Selective separation of
these elements can facilitate segregated storage, consider-
ably reducing the volume of waste [7]. Accordingly, re-
searchers have developed various methods, such as ion ex-
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change [8-9], precipitation [10-13], and melt crystallization
[14-16]. However, the efficiency of removing fission
products via precipitation was relatively low. While ion ex-
change offers higher efficiency, it generates a considerable
amount of ceramic waste and incurs higher costs. Melt crys-
tallization provides higher efficacy in immobilizing Sr, al-
though it requires further development for practical applica-
tion. Using electrochemical methods to extract Sr from waste
salts following electrorefining can simplify the process flow
and reduce costs.

Matsumiya ef al. [17] researched the extraction of Sr us-
ing various electrodes, including Al, Bi, Pb, Sn, and Zn elec-
trodes in KCI-SrCl, and KCl-NaCl-SrCl, molten salts. The
results indicated that Sr could be extracted only in the
KCI-SrCl, molten salt using Al and Pb electrodes. This in-
dicates the following: 1) Al and Pb exhibit strong chemical
interactions with Sr, and 2) Na has a considerable thermody-
namic influence on Sr extraction [18-19]. S.W. Kim et al.
[20] investigated the extraction of Ba and Sr using Ni elec-
trodes in LiCl-BaCl,—SrCl, molten salt. The results indic-
ated that the amount of Ba and Sr in the deposits was almost
negligible compared with that of Li. H. Kim and co-workers
[21-23] researched the extraction of Sr and Ba using various
reactive electrodes in LiCl-KCl-BaCl,—SrCl, molten salt.
The results demonstrated that the effectiveness of Bi and Sb
was superior to that of Sn and Pb. Further investigations with
Bi-Sb alloy electrodes revealed an improvement in extrac-
tion efficiency for Ba, while the efficiency for Sr decreased.
In addition, the codeposition of Li was observed in these
cases. However, Woodes and Phongikaroon [24] evaluated
the recovery of Cs, Sr, and Ba in LiCI-KClI salt using a li-
quid Bi electrode, and the findings indicated that the extrac-
tion of Cs, Sr, and Ba was not thermodynamically favorable.
Jang et al. [25] studied the extraction of Sr(Il) and Cs(I) us-
ing various reactive electrodes in LiCI-KCl molten salt. The
results demonstrated that the Sr extraction efficiency on Zn
electrodes was superior to that on Bi, Cd, and Pb electrodes;
however, Cs was almost nonextractable.

Table 1 presents the standard reduction potentials of pure
chlorides calculated on the basis of standard free energy at
773 K [26]. SrCl, is thermodynamically more stable than
LiClI; therefore, it cannot be separated from the electrolyte via
electrochemical deposition on an inert cathode. However, Sr
extraction and separation can be feasibly achieved by shift-
ing the deposition potential to a more positive value by de-
creasing the activity of the deposited metal Sr on the reactive
electrode. Moreover, research on the electrochemical behavi-

Table 1. Standard reduction potentials (E’) of pure chlorides
calculated using the standard free energy at 773 K

E°/V vs. CI'/C],

Redox couple

KCI/K -3.759
SrCl,/Sr —3.689
LiCI/Li —3.574
AlCIy/Al —1.866
ZnCly/Zn —1.573

or of Sr in molten salt systems has been limited, and compar-
ative experiments involving various electrodes have been
scarce, with some experimental results showing discrepan-
cies. Therefore, as the research topic, we selected two metals
that exhibit considerable depolarization effects of Sr on re-
active electrodes. The main focus is to explore the feasibility
of separating Sr in LiCI-KCl, followed by examining the de-
polarization effects of Sr on reactive electrodes, as well as ex-
amining the compounds formed after extraction.

2. Experimental
2.1. Electrochemical cell components and assembly

Anhydrous lithium chloride (>99.0%) and potassium
chloride (>99.9%) were purchased from Xilong Chemical
Co., Ltd. Anhydrous aluminum chloride (>99.9%) and ZnCl,
(>99.9%) were purchased from Sinopharm Chemical Re-
agent Co., Ltd. SrCl, (>99.9%) and Zn grains (>99.9%) were
purchased from Shanghai Aladdin Biochemical Technology
Co., Ltd. The Ag wire (¢p1 mm, >99.99%), W wire (¢p1 mm,
>99.99%), and Al wire (¢1 mm, >99.99%) were purchased
from Beijing Hengyuan Zhuoli Technology Development
Co., Ltd.

The LiClI-KCI was weighed as per the eutectic salt ratio
(LiCl : KCI1 = 59:41, mol%) and then placed in a vacuum
oven at 423 K for 24 h to remove residual moisture. Sub-
sequently, it was transferred into a muffle furnace within a
glove box and heated to 773 K to melt. The electrochemical
behavior was investigated using a three-electrode system.
The working electrodes included both inert and reactive elec-
trodes. The inert electrode was a tungsten wire with a 1 mm
diameter and 20 cm length. The reactive electrodes were an
aluminum wire with a 1-mm diameter and 20-cm length and
zinc granules. The zinc granules were placed in an alumina
crucible and connected using a molybdenum wire with a 0.5-
mm diameter and 20-cm length as the conductor. The counter
electrode was a graphite rod in spectral purity with a 4-mm
diameter and 20-cm length. The reference electrode was pre-
pared by uniformly mixing 1wt% AgCl into the LiCI-KCl
eutectic salt and then loading it into an alumina crucible us-
ing a Ag wire as the conductor.

2.2. Electrochemical techniques

All electrochemical experiments were conducted in a
glove box (Vigor) under an argon atmosphere with the water
and oxygen contents maintained below 1 ppm. All electro-
chemical measurements were conducted using an AutoLab
PGSTAT 302N potentiostat/galvanostat. Cyclic voltam-
metry (CV), square wave voltammetry (SWV), and chrono-
potentiometry (CP) were employed to identify the signals of
intermetallic compounds between Zn—Sr and Al-Sr, thereby
determining the depolarization effects. Open circuit chrono-
potentiometry (OCP) was used to analyze chemical reactions
occurring at various potentials. Constant current electrolysis
and the galvanostatic intermittent titration technique (GITT)
were used for Sr extraction.
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2.3. Preparation and characterization of cathodic deposits

The products obtained post-electrolysis were removed
from the molten salt and treated with ultrapure water and al-
cohol to remove any salt residues from their surface. X-ray
diffraction (XRD) (Bruker, D8 Advance) was used for ana-
lysis of the alloy compositions. Scanning electron micro-
scopy (SEM) (ZEISS GeminiSEM 300) equipped with en-
ergy-dispersive spectrometry (EDS) (Bruker XFlash 61100)
was employed to analyze the microstructure.

2.4. Density functional theory calculations

The formation energies were calculated using the project-
or augmented-wave method [27] based on the density func-
tional theory (DFT) as implemented in the Vienna Ab Initio
Simulation Package [28]. The exchange correlation function-
al was described using the Perdew—Burke—Ernzerhof gener-
alized gradient approximation method. The plane-wave
cutoff energy was set to 600 eV, and Gaussian smearing with
a smearing value of 0.1 eV was used. Brillouin zone integra-
tion was calculated using sufficiently dense Monkhorst—Pack
k-point meshes to ensure that the energy calculations satis-
factorily converged within 1 meV per atom. All the geomet-
ries were relaxed until all forces on the atoms were smaller
than 0.003 eV-A™". The formation energy was calculated as
follows:

AE; = E — Z,U,-xi (1)

where E,, represents the DFT total energy of the compound,
u; 18 DFT total energy per atom for the bulk Al/Zn metal, and
X; is quantity of the compound.

3. Results and discussion
3.1. Electrochemical coreduction of Sr(II) and Zn(II)

We used CV to investigate the codeposition behavior of
Sr(Il) and Zn(I) on a W electrode in LiCI-KCI molten salt,
and the results are shown in Fig. 1. Fig. 1(a) shows the CV
curves obtained after adding ZnCl, (1wt%) to the blank
LiCI-KCl salt, where A/A' represents the reduction and oxid-
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Fig. 1.

and (b) LiCI-KCI-ZnCl, (1wt%)-SrCl, (3wt%).
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ation signals of Li and a pair of peaks B/B' at —0.79/—0.58 V
corresponds to the oxidation/reduction signals of Zn.
Between the A/A' and B/B' signals, two pairs of redox sig-
nals, C/C' and D/D', correspond to two types of Zn—Li alloys
[29]. Upon addition of SrCl, to the LiCI-KCl-ZnCl, system,
a new pair of oxidation/reduction peaks, E/E', appeared at
—1.83/-1.71 V, attributed to the formation of the Zn—Sr inter-
metallic compound. The electrode potential of the Zn—Sr al-
loy was more positive than that of Zn-Li, indicating that Sr
has a stronger depolarizing effect in Zn than Li. This also
suggests the possibility of extracting Sr from Zn. In addition,
the formation of C/C' was suppressed because of the emer-
gence of E/E.

SWV was conducted in LiCI-KC1-ZnCl, and LiClI-KCI-
ZnCl,—SrCl, molten salts to further confirm the emergence of
E/E' and disappearance of C/C', as shown in Fig. 2. By com-
paring the red and black curves, we observed that the initial
reduction potentials of C and E were nearly equal. The form-
ation of E on the electrode surface suppressed the generation
of C. The appearance of E did not affect the formation of D
because the reduction potential for D occurred at a more neg-
ative value.

Fig. 3 shows the OCP curve for LiClI-KCIl-ZnCl, (1wt%)—
SrCl, (3wt%) molten salt. Each plateau corresponds to a dif-
ferent chemical reaction. By comparing with the experiment-
al results obtained from SWV and CV, the plateaus can be at-
tributed to the following reactions:

Plateaul : Li(0) @ Li(I)+e” 2)
Plateaull : Zn,Li, & xZn(I) + yLi(I) + 2x+y)e” 3)
Plateaulll : Zn,Sr, & xZn(II) + ySr(D) + 2x+2y)e”  (4)

PlateaulV : Zn(0) & Zn(I) + 2e~ ®)]

On the basis of the abovementioned discussion, the depol-
arization value (AE) can be expressed [21,30] as follows:

AE = Ex — Ey, (6)
where Er and Ey, correspond to the equilibrium potential of

Sr(II) on reactive and inert electrodes, respectively. In this
study, Ey corresponds to the equilibrium potential of E

0.6
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CV curves recorded for various molten salts on W electrodes at a scanning rate of 0.1 V-s: (a) LiCI-KCI-ZnCl, (1wt%)
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Fig. 3. OCP curve recorded for LiCI-KCI-ZnCl, (1wt%)—

SrCl, (3wt%) molten salt. Working electrode: W; electrode
area: 0.322 cm’; deposition potential: —2.5 V; deposition time:
60 s.

(Fig. 1(b)). The value of Ey corresponds to the standard po-
tential of Sr(II)/Sr because the reduction potential of Sr is
more negative than that of Li. Hence, the depolarization
value of Sron Zn is ~0.864 V.

CP was conducted in LiCI-KCI-ZnCl, (1wt%)-SrCl,

S @

Potential / V vs. Ag/AgCl

0 5 10 15 20 25
Time /s

Fig. 4.

(3wt%) molten salt at various current intensities at 773 K, as
shown in Fig. 4. At an applied current intensity of —11 mA,
the first plateau (denoted as plateau 1) appeared at approxim-
ately —0.78 V, corresponding to the reduction of Zn. With the
increase in applied current intensity to —13 mA, a second
plateau emerged at approximately —1.79 V, corresponding to
the Zn—Sr alloy. Further increasing the current intensity res-
ulted in the gradual appearance of the third and fourth plat-
eaus, corresponding to Zn-Li alloy and Li metal, respect-
ively. The transition time 7 was related to the diffusion of
atoms. Fig. 4(b) shows the relationship curve between the
current multiplied by the square root of the transition time
and the applied current. Fig. 4(b) shows two lines parallel to
the x-axis, confirming that the diffusion coefficient can be
calculated using the Sand equation [31]:

nFSCy(nD)"
— s (7
where / represents current, 7 is transition time measured in the
chronopotentiogram, » is number of transferred electrons, F
is the Faraday constant, C, is concentration, S is electrode
surface area, and D is diffusion coefficient of electroactive
species.

The calculated diffusion coefficient of Zn in the molten
salt was 1.65 x 107° cm*s™', and the diffusion coefficient of
Srin Zn was 6.71 x 10 cm*s .

It =

3.2. Electrochemical reduction of Sr(II) and AI(IIT)/Al

The codeposition behavior of Sr(I) with AI(II) on a W
electrode in LiCI-KCIl molten salt was investigated using
CV. Fig. 5(a) shows the comparative cyclic voltammograms
of the LiCI-KCI-AICl; (0.5wt%) and LiCl-KCI-AICl,
(0.5wt%)—SrCl, (3wt%) molten salts on the W electrode. The
reduction/oxidation signals A2/A2' and B2/B2' correspond to
the reduction and oxidation of Li and Al, respectively. A de-
tailed analysis of the localized region is required owing to the
Al-Li and Al-Sr alloy signals. By comparing the signals in
Fig. 5(b), in which C2/C2' (—2.18/-2.12 V) corresponds to
the reduction and oxidation of the Al-Li alloy, the three pairs
of reduction/oxidation peaks D2/D2' (—2.31/-2.17 V), E2/E2'

0.035}F (b) = 7n
= Sr
0.030 +
& = L
Zw "
§ 0.025
0.020
Bonvsmmmnn s (]
0.015
0.0150 0.0165 0.0180 0.0195

Applied current / A

(a) Chronopotentiograms obtained for molten LiCI-KCI-ZnCl, (1wt%)-SrCl, (3wt%) system on the W electrode (S =

0.322 em’®) at various currents. (b) Relationship curve between the current multiplied by the square root of the transition time and

current.
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(a) CV curves obtained for LiCI-KCI-AICl; (0.5wt%) (black line) and LiCl-KCI-AICl; (0.5wt%)—SrCl, (3wt%) molten salt

(red line) on W electrodes (S =0.322 cm?); (b) the corresponding magnified curves.

(—2.15/-2.10 V), and F2/F2' (—2.13/-2.04 V) correspond to
three types of Al-Sr intermetallic compounds, respectively.
Exactly three intermetallic compounds are present as per the
Al-Sr binary alloy phase diagram [32]. Because the elec-
trode potential of Al is more positive than that of Sr, the po-
tential of the Al-Sr intermetallic compounds lies between
those of Al and Sr, with the Al-rich phase having a more pos-
itive potential than the Sr-rich phase. Therefore, D2/D2/,
E2/E2', and F2/F2' correspond to Al;Srs, Al,Sr, and Al,Sr, re-
spectively. Noteworthily, the potentials corresponding to the
two Al-Sr intermetallic compounds represented by E2/E2'
and F2/F2' are more positive than that of the Al-Li inter-
metallic compound represented by C2/C2', indicating that Sr
has a stronger depolarizing effect in Al than Li.

SWV was conducted on a W electrode at 773 K in
LiCI-KCI-AICl; (0.5wt%)—-SrCl, (3wt%) molten salt to fur-
ther ascertain the reproducibility of the Al-Li and Al-Sr al-
loy signals (Fig. 6). The magnified section in Fig. 6(b)
reveals four reduction peaks corresponding to C2, D2, E2,
and F2 in the CV curve.

The discussion of the results from Figs. 5 and 6 shows that
Sr has a stronger depolarizing effect in Al than Li, indicating
that Sr can be extracted on an Al electrode. To further con-
firm the feasibility of extracting Sr in Al, we performed the
CV analysis of the LiCI-KCI-SrCl, (3wt%) system on an Al

0 fa) N
B2
T ol F2
Qo
<
2 ool D2
g
o
5 -0.3
A2
704 1 1 1 1 1
25 -2.0 -15 -1.0 -0.5 0

Applied potential / V vs. Ag/AgCl
Fig. 6.
corresponding magnified curve.

electrode. Fig. 7(a) compares the CV curves of the LiCI-KCl
and LiCl-KCI-SrCl, (3wt%) molten salt systems on an Al
electrode. E3/E3' and F3/F3' correspond to signals of two
types of Al-Sr intermetallic compounds. Fig. 7(b) shows the
SWYV curve for LiCI-KCI-SrCl, (3wt%) on an Al electrode,
clearly distinguishing the reduction signals of the two inter-
metallic compounds, E3 and F3.

An OCP curve was recorded for LiClI-KCI-SrCl, (3wt%)
molten salt following constant potential electrolysis at —2.2 V
for 60 s. As seen in Fig. 8, three plateaus appeared, which can
be attributed to the following reactions:

Plateaul : Al,Li, <& xAl+yLi(I) +ye” ®)
Plateaull : 2Al1,Sr & Al,Sr+ Sr(II) +2e” O]
PlateauIll : Al,Sr & 4Al+ Sr(II) +2e” (10)

Using Eq. (6), the depolarization value of Sr on an Al
electrode was calculated to be ~0.485 V.

3.3. Electrolysis and characterization of electrolysis
products

From the results obtained, we observed that the depolariz-
ing effect of Sr on both Zn and Al electrodes was stronger
than that of Li, with specific depolarization values shown in
Fig. 9. The figure shows the equilibrium potentials of redox

OFb)
g 00sr s
Z
< E2 "
2 010}
2
o
§ —0.15
=]
@]

D2
—-0.20
1 1 1
23 -2.2 2.1 —2.0

Applied potential / V vs. Ag/AgCl

(a) SWV curve obtained in LiCI-KCI-AICl; (0.5wt%)-SrCl, (3wt%) molten salt on a W electrode (S= 0.322 cm?); (b) the



Y.C. Zhang et al., Electrochemical extraction of strontium from molten salts using reactive zinc and aluminum electrodes 897

(a)
0.8 — LiCI-KCl B3'
o LiCl-KCI-SrCl,
=
@
< 04t
=
g
S ot
=]
[}
=)
=
© B3
0.4+
1 1 1 1 1
21 -18 -15 -12 -09

Applied potential / V vs. Ag/AgCl

O_

(b)
= 003F
©
<
Z ~006r E3
5 F3
s
5 —0.09}
5
@]
A3
-0.12}
1 1 1 1
2.1 -1.8 -15 -12

Applied potential / V vs. Ag/AgCl

Fig. 7. (a) CV curves and (b) SWV obtained for LiCI-KCI-SrCl, (3wt%) molten salt on an Al electrode (S =0.322 cm?).

-1.95

-1.98

—2.01

Potential / V vs. Ag/AgCl

—2.04

0 1500 3000 4500 6000 7500
Time /s

Fig. 8. OCP curve recorded for LiCI-KCI-SrCl, (3wt%) mol-
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position potential: —2.15 V; deposition time: 20 s.
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Fig. 9. Equilibrium potentials of redox couples on Al and Zn
electrodes compared with standard electrode potential at 773 K.

couples on the Zn and Al electrodes compared with the
standard electrode potential at 773 K. The line between the
two equilibrium potentials of each species represents the shift
in electrode potential. Clearly, the equilibrium potentials of
the alloys (Al-Li, Al-Sr, Zn-Li, Zn—Sr) deviate from the
standard potentials, which depend on the decreased thermo-
dynamic activities of Sr and Li on the Al/Zn electrode. In ad-
dition, compared with Li, Sr has a more pronounced depolar-
ization effect on the Al/Zn active electrode. Consequently,
theoretically, Sr can be extracted while mitigating the code-
position of Li.

On the basis of the feasibility of extracting Sr in Zn, GITT
was employed with 2 g of Zn as the working electrode, ex-
tracting Sr from the LiClI-KCI-SrCl, (3wt%) molten salt.
Fig. 10 shows the curve obtained via deposition at a constant

current of —1 mA for 500 s, then disconnecting the circuit and
equilibrating for 200 s, repeated 200 times. The black curve
represents the constant potential electrolysis curve, and the
red curve represents the OCP curve. The equilibrium poten-
tial reaches a turning point when the cycle number reaches
45, indicating that the saturation solubility of Sr in Zn has
been reached, following which the formation of Zn—Sr inter-
metallic compounds begins. The electrode potential of Sr in
Zn ceases to change even upon continued electrolysis. The
inserted image is a sample of the product.

During the electrolysis process, molten salt samples were
taken at various time points for inductively coupled plasma
(ICP) testing, allowing for the calculation of changes in Sr
concentration and current efficiency throughout the process.
From Fig. 11, one can see that the maximum current effi-
ciency during the electrolysis was 53.93%, which gradually
decreased with diminishing Sr concentration in the molten
salt system. The low current efficiency is primarily attributed
to some of the Sr extracted into Zn reacting with LiCl to con-
vert again to SrCl, [20]. As per the ICP results, the solubility
of Srin Zn is ~0.276wt% at 773 K.

The alloy samples shown in Fig. 10 were bisected, and the
cut surfaces were subsequently polished using various grades
of SiC sandpaper, followed by a polishing process. The
treated samples were analyzed via backscattered electron

0.8} Constant current on cathode
——— OCP on cathode

-1.0

Potential / V vs. Ag/AgCl
L
[\S)
T

0 30000 60000 90000 120000 150000
Time /s

Fig. 10. Evolution of GITT electrolysis curve on liquid Zn

electrode in LiCI-KCI-SrCl, (3wt%) at 773 K. Inserted image:

sample of the product.
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SEM, as shown in Fig. 12(a—c), allowing for distinct identi-
fication of pure Zn and Zn—Sr alloy regions. Sr gradually de-
posited into Zn, and Zn—Sr intermetallic compounds began to
form upon reaching saturation. Fig. 12(d) shows a line scan
analysis indicated by the red arrow in Fig. 12(a). The absorp-
tion intensity of Zn remained almost unchanged, indicating a
relatively uniform distribution of Zn on the surface, whereas
the variation in absorption intensity of Sr was associated with
the distribution of the Zn—Sr alloy.

By conducting XRD analysis of the electrolysis products,
the composition of the Zn—Sr alloy was identified as the in-
termetallic compound Zn,;Sr, as shown in Fig. 13.

Sr was extracted via electrolysis using an Al electrode at a
constant current of —15 mA for 2 h in LiCI-KCI-SrCl,

()

Fig. 12.
for Zn and Sr of red arrow area in (a).
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Fig. 13. XRD analysis results of the sample in Fig. 12.

-

(3wt%) molten salt. Fig. 14 shows the SEM—-EDS analysis
results of the product. Contrary to the extraction of Sr in li-
quid Zn, the distribution of Al post extraction exhibited in-
homogeneity, as shown in Fig. 14(b). This was because Al

—7Zn-K,

d
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(a) Backscattered electron SEM image of Zn—Sr alloy; (b, ¢) EDS elemental mapping of Zn—Sr alloy; (d) absolute intensity

was the excess phase in the sample, and the extracted Sr did
not form intermetallic compounds with all the Al. In addition,
the atomic ratios of Zn;;Sr and Al,Sr were 13:1 and 4:1, re-
spectively. Consequently, the atomic density of Zn per unit
area was higher, which resulted in the appearance of a more
uniform distribution of Zn (Fig. 12(b)), whereas Al appeared
unevenly distributed (Fig. 14(b)).

Next, we performed an XRD analysis of the sample
shown in Fig. 14, revealing the formation of the intermetallic
compound AlLSr (Fig. 15). Of the three intermetallic com-
pounds in the Al-Sr system, Al,Sr represented the Al-rich
phase and was experimentally confirmed to be a stable inter-
metallic compound.

3.4. Calculated formation energy of the Zn—Sr and Al-Sr
intermetallic compounds

We next examined the Zn—Sr and Al-Sr binary alloy
phase diagrams [32-33]. Although both Zn—Sr and Al-Sr
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Fig. 15. XRD analysis results of the sample in Fig. 14.

systems contain various intermetallic compounds, in this
study, the products extracted on the Al and Zn electrodes
were uniquely identified as Al,Sr and Zn,;Sr, respectively.
Therefore, we investigated the stability of Zn—Sr and Al-Sr
intermetallic compounds across a broad stoichiometry range
by calculating their formation energies. The formation ener-
gies of all experimentally obtained Zn—Sr and Al-Sr inter-
metallic compounds were determined via computational
means.

Fig. 16(a) shows the calculated formation energies of vari-
ous Zn—Sr intermetallic compounds, with the cubic phases of
Zn and Sr selected as the reference states. The calculation
results of the convex hulls demonstrated that among the
Zn-Sr structures studied, all Zn—Sr intermetallic compounds
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Fig. 16. Calculated formation energy of various (a) Zn—Sr
and (b) Al-Sr intermetallic compounds as based on experi-
mental observation.
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were of stable phases except the hexagonal phase -ZnsSr. Of
these, Zn,Sr was identified as the most stable compound
against all studied Zn—Sr intermetallic compounds. However,
in this study, the electrolytic product was solely Zn,;Sr,
which is likely primarily associated with the kinetics of nuc-
leation and growth within the Zn—Sr system.

Similarly, the cubic phases of Al and Sr were selected as
the reference phase. Calculations were performed for all
Al-Sr intermetallic compounds experimentally obtained, as
shown in Fig. 16(b). The calculated convex hulls indicate that
among the studied Al-Sr structures, Al,Sr, Al,Sr, and AlySrs
are stable intermetallic compounds. Of these, AlySrs is the
most stable one, and the orthorhombic phase of Al,Sr is not a
stable phase. Integration of the experimental results and the-
oretical calculations for both Zn—Sr and Al-Sr systems
demonstrated that the electrolysis products were stable inter-
metallic compounds. However, this highlights that the
formed intermetallic compounds may not necessarily be ther-
modynamically the most stable phases, which is also associ-
ated with kinetic nucleation and growth. Furthermore, the
compounds of Zn—Sr and Al-Sr analyzed in Fig. 16 are more
in number than those reported in their respective binary phase
diagrams, thereby supplementing the associated parameters
of the phase diagrams.

4. Conclusions

This study primarily explored interactions between Sr and
reactive Zn/Al electrodes, confirming the feasibility of ex-
traction and separation of Sr accumulated in electrorefining
molten salts. Zn and Al demonstrated potential as electrode
materials for extraction of Sr from molten salts post elec-
trorefining. The enhanced chemical interaction between Zn
and Sr, along with the liquid state of Zn under the experi-
mental conditions, suggested superior extraction and separa-
tion efficiencies in practical applications.

(1) The codeposition behavior of Sr(I) with Zn(II)/Al(IIT)
on inert electrodes in LiCl-KCl molten salt at 773 K was in-
vestigated using electrochemical techniques, namely CV,
SWV, OCP, and CP. The diffusion coefficient of Zn in mol-
ten salt was calculated to be 1.65 x 10° cm*s™', and that of
Sr on the Zn film electrode was determined to be 6.71 x 107
cm’s . The polarization values of Sr on the Zn and Al elec-
trodes were 0.864 and 0.485 V, respectively, indicating a
stronger chemical interaction between Sr and Zn than that
between Sr and Al. The ICP analysis results revealed the sol-
ubility of Srin Zn at 773 K to be ~0.276wt%.

(2) Sr was extracted by forming alloys with Zn and Al via
GITT and constant potential electrolysis, respectively. For
LiCI-KCl molten salt containing 3wt% SrCl,, the ICP results
indicated that the maximum coulombic efficiency of Sr ex-
tracted on the reactive Zn electrode was ~54%. Zn;;Sr and
ALSr were identified via XRD and SEM-EDS, with no
codeposition of Li observed. Through DFT calculation res-
ults, the deposited products Zn;Sr and Al,Sr were observed
to be stable phases of the respective intermetallic compounds.
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