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ABSTRACT
Electrochemical behavior of Gd(III) ions in molten LiCl-KCI-GdCl3; was investigated at 723—-1023

K via cyclic voltammetry using tungsten as a working electrode, Gd-Bi (mole fraction, xgq = 0.16)
as a reference electrode, and Gd-Bi (xga = 0.02) as a counter electrode. A single reduction-
oxidation wave was observed, confirming a single-step, 3-electron transfer Gd(III)/Gd transition.
The cathodic peak potential exhibited minimal change (< 13 mV) over a wide range of scan rates
(0.05-0.30 V s71), indicating facile charge transfer kinetics (i.e., a reversible electrode process). A
nucleation overpotential associated with solid Gd deposition was observable at low temperatures
(T < 823 K). The mass transport properties of Gd(II) ions were estimated using the Berzins and
Delahay relation based on diffusion-limiting peak current. The diffusivity values were determined
to be Dgaamy = 0.5-2.7x107° cm? s™! at 723-1023 K with an associated activation energy of E, =
33.9 (£1.0) kJ mol™!. The two-phase [liquid + GdBi] Gd-Bi alloy reference electrode experienced
less than 0.5 mV of drift over 5 days of repeated electrochemical measurements, indicating high

stability.
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1. INTRODUCTION

The study of electrochemical transitions of rare-earth elements is essential for developing
recovery processes that enable recycling for end-of-life products from clean energy technologies
such as permanent magnets [ 1] or used nuclear fuels (UNF) [2]. For instance, in the case of metallic
UNF, pyroprocessing recovers uranium in LiCI-KCI-UCl; at 773 K via electrorefining for re-use
as nuclear fuel in reactors; however, this results in the accumulation of rare-earth fission products
in the electrolyte which must be removed via electrodeposition (lanthanide drawdown) to maintain
process efficiency [3]. Among rare-earth elements, low recovery efficiency has been reported for
Nd, possibly due to its multivalent states in molten chlorides via comproportionation reaction (i.e.,
Nd + 2NdCls — 3NdCl,) and its high reactivity with molten salts [4]. On the other hand, the
Gd(IIT)/Gd transition has been shown to exhibit a single-step deposition process, Gd(III) + 3¢~ —
Gd in molten chlorides (e.g., eutectic LiCI-KCl) [5], promising a higher recovery efficiency and
value as a model system for investigating rare-earth recovery processes.

The Gd(III)/Gd transition has been studied using electroanalytical techniques including
cyclic voltammetry (CV) and chronopotentiometry (CP) to assess the reversibility of the electrode
process and mass transport properties of Gd(III). The single reduction step for Gd(III)/Gd in
eutectic LiCl-KCl is agreed upon; however, inconsistent electrode processes have been postulated.
Though reversibility has been determined by analyzing the cathodic peak potential as a function
of scan rate in all cases, a variety of conclusions have been drawn, including (1) a fully reversible
process by Bermejo et al. at 673—823 K [6], (2) a quasi-reversible process by Samin et al. [7],
Caravaca et al. at 723—873 K [5], and Tang et al. at 683—-813 K [8], and (3) an irreversible process
by Shaltry et al. at 773 K [9]. As the reversibility of the electrode process often dictates the
analytical methodology, various analytical approaches were implemented to estimate the mass

transport properties of Gd(III); the Berzins-Delahay relation was used for reversible processes
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from CV data, whereas the Sand equation from CP data, a convolution (semi-integral) technique
from CV data, and a simulation technique [5-9] were utilized under assumptions of quasi-
reversibility or irreversibility. These differences in analytical approach may have led to the wide
range of diffusivity values and activation energies for Gd(III) in eutectic LiCI-KCIl.

Inconsistencies in reported Gd(III)/Gd reversibility in previous works may originate in part
from differences in electrochemical cell designs. In particular, the use of questionably stable
reference electrodes (RE) based on quasi-REs or the Ag/Ag" couple may be responsible for the
disagreements regarding reversibility. Quasi-REs are known to exhibit drift in potential over time
in electrochemical measurements and do not maintain a reproducible reference potential between
experiments [10]. A potential drift (~5 mV in 40 h) in the Ag/Ag" RE has been observed during
electrochemical measurements at low concentrations of AgCl (0.5-2 wt%) between 700-920 K
[11], due to the evaporation of reference electrolyte at elevated temperatures which alter the
concentration of Ag" ions in the electrolyte [11-13]. While a 5 mV drift may seem small, the
determination of reversibility often relies on the analysis of cathodic peak potential stability vs.
scan rate and any instability in the RE will impact the conclusion. Electrochemical measurements
using a Ag/Ag" RE will experience increased potential drift over extended periods of cell operation
at elevated temperatures.

In addition, the previous studies mostly employed inert glassy C or refractory metals (Mo
and W) as the counter electrode (CE) [5-9]. Use of these CE materials should be carefully
considered for voltametric studies in molten salts as they will result in consumption GdCl; in the
electrolyte (for glassy C) or contamination of the electrolyte (for refractory metals). During the
reduction of Gd(III), the Clx(g) evolution at an inert CE will consume GdCl; via decomposition

(GdCl3 = Gd(s) + 1.5Clx(g)) or the dissolution of a refractory CE (W or M) will contaminate the



electrolyte (W — W3* + 3¢"). The use of an inert CE (glassy C) is expected to be a better choice
but will lead to uncontrolled changes in Gd(III) concentration during repeated voltametric
measurements, affecting the current responses and the estimation of diffusivity.

In this work, the electrochemical behavior of Gd(III) in LiCIl-KCI-GdCl; (60.3-38.8-0.9
mol%) is investigated over a wide range of temperatures (723—1023 K) to elucidate the
reversibility of the Gd(III)/Gd reaction, employing a unique three-electrode cell comprised of a
Gd-Bi alloy (mole fraction, x4 = 0.02) CE to balance the reaction at the tungsten working electrode
(WE), thereby maintaining Gd(III) concentration in the electrolyte, and a stable two-phase Gd-Bi
alloy (xca = 0.16) as the RE. The use of the Gd-Bi CE will replenish Gd(III) via oxidation instead
of Cl, evolution from an inert CE, and the two-phase Gd-Bi reference electrode has been shown
to vary by less than 2 mV over the course of more than 20 days of operation [14], indicating
significantly improved stability over quasi-REs and the Ag/Ag" RE. The two-phase Gd-Bi RE was
calibrated vs. pure Gd by Baldivieso et al. [15] and the long-term stability was then demonstrated
by Smith et al. [14], which established the electrode’s improved stability. Within the operating
temperature range, the RE possesses two equilibrium phases (liquid + GdBi) which can maintain
a constant redox potential irrespective of compositional uncertainty [14,15]. Cyclic voltammetry
was conducted at various scan rates (0.05-0.30 V s') to determine characteristic signals of peak
potential, peak current, potential at zero current, and overpotential during Gd deposition. The
results at each temperature were analyzed to assess the reversibility of Gd(IIl)/Gd electrode
process, the mass transport properties of Gd(III), and were compared to results from previous
works.

2. EXPERIMENTAL SECTION

2.1 Electrochemical cell components



The electrochemical cell components were prepared and assembled in an argon-filled
glovebox (< 0.5 ppm Oz, < 0.5 ppm H>0) due to the hygroscopic nature of chloride salts and the
high oxygen affinity of Gd-Bi alloys.

Electrolyte: The LiCl-KCI-GdCls electrolyte (60.3-38.8-0.9 mol%) was prepared by
weighing appropriate amounts of LiCl (Ultra Dry, 99.9%, Alfa Aesar), KCI (Ultra Dry, 99.9%,
Alfa Aesar), and GdCl; (anhydrous, 99.9%, Alfa Aesar). The electrolyte mixture (~65 g) was
loaded into a quartz crucible (Technical Glass Products) for pre-melting inside a stainless-steel
vacuum chamber. The chamber was evacuated (< 10 mtorr) and heated to 373 K for 12 h and then
at 543 K for 12 h to remove residual moisture. The chamber was then purged with high-purity
argon gas three times and heated to 973 K under flowing argon for 3 h to homogenize the
electrolyte. The electrolyte was cooled to room temperature and crushed into a fine powder with a
mortar and pestle in the glovebox environment. The composition of the electrolyte was analyzed
using inductively coupled plasma atomic emission spectroscopy (ICP-AES Perkin-Elmer Optima
5300DV) with a maximum error of 4% of the measured value.

Electrodes: The working electrode was prepared using a tungsten wire (I mm diameter,
40.6 cm length; 99.95%, Thermo Shield) for electrochemical measurements by polishing the
surface up to 100 grit using SiC paper and cleaning with isopropanol. The Gd-Bi alloys (xG¢ = 0.02
and 0.16) were fabricated with an arc melter (Edmund Biihler, MAM-1) using 1.51 and 12.54 wt.%
of pure Gd (99.9%, Alfa Aesar) and 98.49 and 87.46 wt.% of Bi (99.9%, Sigma Aldrich) metal
pieces, respectively. The reference electrode was prepared by melting ~2.5 g of Gd-Bi alloy (xGd
= 0.16) in a boron nitride (BN) crucible (§ mm inner diameter, 12 mm outer diameter, 15 mm
depth, and 20 mm height; AdValue Technology) using an induction heater (IHI5SA-2T, Across

International) custom installed in the glove box. During induction melting of the Gd-Bi alloy, a



tungsten electrical lead wire (1 mm diameter) was inserted into the molten alloy to establish
electrical contact. The counter electrode was prepared in a similar manner as described for the RE,
using ~16 g of Gd-Bi alloy (xga = 0.02) in a larger BN crucible (21 mm inner diameter, 25 mm
outer diameter, 20 mm depth, and 22 mm height; AdValue Technology).

Electrochemical cell assembly: The electrodes were arranged inside an alumina crucible

(60 mm diameter, 100 mm height; AdValue Technology) and ~65 g of homogeneous electrolyte
powder was poured into the crucible. The schematic of the three-electrode cell configuration is
presented in Figure 1. The W electrical leads were inserted into alumina tubes, sealed at the top
with epoxy, and the electrochemical cell assembly was placed into a stainless-steel chamber. The
chamber was sealed inside the glovebox and loaded into a crucible furnace (Mellen Company).
The assembled electrochemical cell was dried following the same procedure described for
preparing the electrolyte. The chamber was purged with high-purity argon three times, and then

heated to 873 K under flowing argon (10 mL min™?).
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Figure 1. Schematic of three-electrode cell employed for electrochemical measurements of
Gd(III) in LiCI-KCI-GdCl3 (60.3-38.8-0.9 mol%) electrolyte at 723—-1023 K.
2.2 Electrochemical measurements

Electrochemical measurements were performed using a potentiostat-galvanostat (Autolab
PGSTAT302N, Metrohm AG) and cell temperatures were recorded using a thermocouple (ASTM
Type K) and data acquisition system (NI 9211, National Instruments). The cell temperature was
heated/cooled between 723 and 1023 K in 25 K increments at a rate of 5 K min!. At each
increment, the cell temperature was held constant for ~1.5 h to reach thermal steady state before
electrochemical measurements were initiated. At each temperature, cyclic voltammetry was
conducted three times at scan rates from 0.05 up to 0.30 V s™! and electrochemical impedance
spectroscopy was performed (EIS) over a frequency range of 10-10° Hz with an amplitude of
0.010 V. The voltammograms were /R-corrected using the uncompensated solution resistance (Ru)
determined from EIS measurements (high frequency intercept). The nominal surface area (A4) of
the WE was determined to be 4 = 0.134 cm? based on the immersion depth of the tungsten wire in
the salt after cooling the cell.
3. RESULTS AND DISCUSSION

Electrochemical properties of Gd(III) in eutectic LiCl-KCI were investigated via cyclic
voltammetry at 723-1023 K (Figure 2). A single reduction-oxidation wave was consistently
observed at all temperatures, suggesting a single-step, 3-electron transfer reaction [Gd(III) + 3e™ =
Gd(s)] in the chloride salt. During the forward sweep, a clear cathodic peak current (/,c) and
potential (Ep) were observed (Figure 2a). During the reverse sweep, the potential at zero current
(Ecen) was marked where the current flow crosses from the cathodic to anodic direction, which can

be approximated as Gd(III)/Gd redox potential for calibrating the Gd-Bi (xca = 0.16) RE. The



characteristic potentials (Ecen, Epc) and currents (/pc) were analyzed as a function of temperature
to assess the reliability of the Ecei value for the RE calibration, the reversibility of the Gd(I1I)/Gd
electrode process, and the mass transport properties of Gd(III) ions. The anodic peak potentials
and currents were not considered for these analyses as the limiting behavior during oxidation can

originate from complete depletion and consumption of deposited Gd from the WE surface, as

opposed to the mass transport limit of Gd(III) near the electrode-electrolyte interface.

0.10
723K scan rate, Vs 798 K scan rate, V s
——0.05 0.10- ——0.05
——0.10 ——0.10
0.05 - 0.15 —8;8
——0.20 —0.
§ ——0.25 < 0054 —025
5 0.00 1 g Eca
5 5
0.00 -
© © L(cathodic)
-0.05 Gd(lll) + 3e” — Gd(s) /Gd(lll) +3e" - Gd(s)
-0.05 1
'0'10_1 0 08 06 04 02 1.0 038 056 0.4 02 0.0
Potential, E/V vs. Gd-Bi (xg4 = 0.16) Potential, £/V vs. Gd-Bi (xgq = 0.16)
(a) (b)
0.2 0.2
873 K scan rate. V ! 998 K scan rate, V s
’ ——0.05
——0.05
——0.10
——0.10
——0.15
0.1+ —0.15 0.1+
——0.20
< ——0.20 <
N = ——0.25
= 0% = ——0.30
'E; Ecell —0.30 z .
o : o
E 00 50.0 ,
3 L(cathodic) 3 (cathodic)
ZGd(III) +3e - Gd(s) Gd(lll) + 3e” — Gd(s)
0.1+ 0.1
1.0 0.8 06 0.4 0.2 0.0 1.0 0.8 -0.6 0.4 0.2 0.0

Potential, E,, / V vs. Gd-Bi xg4 = 0.16

(©)

Potential, E/ V vs Gd-Bi (xg4 = 0.16)

(d)




Figure 2. Cyclic voltammograms using tungsten WE vs. Gd-Bi (xgq = 0.16) in LiCl-KCI-GdCl;
(60.3-38.8-0.9 mol%) electrolyte at scan rates from 0.05 up to 0.30 Vs at (a) 723 K, (b) 798 K,
(c) 873 K and (d) 998 K. All voltammograms were /R-corrected using uncompensated solution
resistance (Ry) from EIS measurements.
3.1 Calibration of the Gd-Bi (xca = 0.16) alloy versus pure Gd

The potential at zero current (Ecenn) during the reverse sweep deviated by less than 10 mV
over various scan rates (0.05-0.30 V s!) at each temperature (Figure 2), and the average FEcen is
plotted using data acquired from 13 different temperatures between 723—1023 K (Figure 3). The
Ecen-T trend from CV measurements was curvilinear, deviating from the linear emf-7" trend
determined by the authors in the previous work using the following electrochemical cell [15]:

Gd-Bi (xca = 0.16) | LiCI-KCI-GdCls | Gd(s) (1)

RT, 4
emf = —Inagqn Bi) (2)
where emf is the redox potential of Gd(s) relative to the Gd-Bi alloy (xG¢ = 0.16), R is the universal

gas constant, 7'is the temperature in Kelvin, £ is the Faraday constant, and agqin gi) is the activity

of Gd in Bi at xga = 0.16.
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Figure 3. Potential at zero current (Ecenn) vs. Gd-Bi (xga = 0.16) during the reversal sweep in CV
measurements (Figure 2) at 723—1023 K, compared to the emf values of Gd(s) vs. Gd-Bi (xga =

0.16) using an electrochemical cell of Gd-Bi(xgd = 0.16)|LiCI-KCI-GdCl3|Gd(s) by Baldivieso et

al. [15].

The Ecen values were consistently more negative than emf values by ~17-50 mV at 723—
1023 K with a larger deviation observed at higher temperatures, calling into question the CV-based
calibration Ecenn determination method, which is widely employed in electrochemical studies to
calibrate a RE (e.g., Ag/Ag") or quasi-RE [16,17]. The difference between Ecen and emf is thought
to originate from the depletion of Gd(III) near the electrode surface during potential sweep, shifting

Ecein due to a concentration polarization effect (Econc) in the negative direction according to:

* S S
RT a in Bi)@ RT a
E 1= ] Gd(in BDAGdID) _ emf + In GA(ID _ emf +E (3)
ce 3F ab 3F ab conc
Gd(I11) Gd(III)

where agq ) is the activity of Gd(IIT) near the WE surface and agd(m) is the activity of Gd(III)

in the bulk electrolyte.

By calibrating the redox potential of Gd-Bi (xga = 0.16) RE relative to pure Gd from emf
data in Figure 3, the forward sweep data is plotted at 723 K, 873 K, and 998 K at the scan rate of
0.10 V s! (Figure 4). At 873 K and 998 K, the onset of Gd deposition occurs at ~0.00 V vs. pure
Gd with little overpotential, suggesting facile charge transfer kinetics (i.e., reversible electrode
process) for the GA(IIT)/Gd transition. In contrast, the onset of Gd deposition at 723 K occurs at —
0.03 V vs. pure Gd, implying a substantial negative overpotential. A similar negative overpotential
was also reported by Bermejo et al. with an observable current loop in the CV waveform at 723 K
in LiCI-KCI-GdCls, indicative of nucleation overpotential from the formation of solid Gd on the

WE surface (Figure 2a) [6]. It is noted that the nucleation overpotential at 723 K is distinct from
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sluggish charge transfer kinetics at the electrode-electrolyte interface that governs the reversibility

of electrode processes.
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Figure 4. Selected forward sweep of tungsten WE from Figure 2 vs. pure Gd(s) in LiCI-KCI-
GdCls electrolyte at 723 K, 873 K, and 998 K at the scan rate of 0.10 V s7!, corrected using emf
data from ref. [14] in Figure 3.
3.2 Analysis of peak potential and electrode process

The Gd(II1)/Gd electrode process was examined using the cathodic peak potential (£p.c)
determined from the first derivative of the voltammogram by plotting £}, as a function of scan
rate (v) at each temperature (Figure 5). The variation of £, was about 6—13 mV over various scan
rates (0.05-0.30 V s7!) at all temperatures. Based on the small variation in E,. as a function of
scan rate and minimal charge-transfer overpotential for the onset of Gd deposition, the Gd(I1I)/Gd

transition is assumed to be a reversible electrode process.
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Figure 5. Cathodic peak potential (E,c) vs. Gd-Bi (xga = 0.16) from CV data (Figure 2) as a
function of scan rate (v) from 0.05 up to 0.30 V s ! at 723-1023 K in LiCl-KCI-GdCl; electrolyte.

A number of studies on the Gd(II)/Gd transition reported inconsistent electrode processes
in eutectic LiCIl-KCI electrolyte based on scan rate-dependent variation in Ep ¢ (AEp ), including
(1) irreversible process by Shaltry et al. (AEp > 30 mV) at 773 K [9], (2) quasi-reversible process
by Samin et al. [7] and Caravaca et al. at 723—873 K [5], and (3) reversible process by Bermejo et
al. at 673—823 K [6] and this work (AEpc < 13 mV) at 723—-1023 K. The observation of relatively
small AE, . in this work is thought to come from our unique three-electrode cell utilizing Gd-Bi1
(xca=0.16) as the RE and Gd-Bi (xgq = 0.02) as the CE (Figure 1) compared to the three-electrode
cell configurations used in other works on Gd systems (Table 1). Compared to Ag/Ag”, or quasi-
REs in other works [9,10], the Gd-Bi (xca = 0.16) RE maintained an exceptional stability within
0.5 mV (Figure 6) throughout the measurement (~5 days), leveraging the two-phase (liquid +
GdBi) stability of the Gd-Bi alloy for maintaining a constant redox potential over a wide range of
compositions (Gibbs phase rule). In addition, the reaction at the CE with the liquid Gd-Bi (xcq =

0.02) alloy balances the reaction at the WE, maintaining a constant concentration of Gd(III)
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(Cgaqny) 1n the electrolyte, in contrast to conventional CEs (W, Mo, or glassy carbon) [6,9], which
can result in changes in Cgqiry over repeated electrochemical measurements.

Table 1. Comparison of three-electrode configuration in this work and previous works in the
literature.

RE CE WE
This work Gd-Bi (xga=0.16) Gd-Bi (xca=0.02) W
Caravacaetal. [S] Ag/AgCl Mo or glassy carbon W
lizuka [18] Ag/AgCl Gd W
Samin et al. [7] Ag/AgCl w W
Tang et al. [8] Ag/AgCl Mo Graphite
Bermejo et al. [6] Ag/AgCl W W
Lantelme et al. [19] Cl; electrode Gd w
Shaltry et al. [9] GC (quasi-RE) W \
0.50
0.25 ~
>
1S
& 0.00{“
uf
-0.25 1
'0.50 T T T T T T T T T
0 1000 2000 3000 4000
Time, t/s

Figure 6. Potential difference between two Gd-Bi alloy (xga = 0.16) reference electrodes (Erg2 —
ERrg1) as a function of time in LiCl-KCI-GdCl3 electrolyte at 773-973 K.
3.3 Mass transport properties of Gd(III) ions

The cathodic peak current (ipc) was proportional to the square root of the scan rate (v!/?),
indicating that the Gd(III)/Gd reaction is under diffusion control at each temperature (Figure 7).

The ipc and its slope increased with temperature due to enhanced mass transport at higher
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temperatures. Based on the facile charge transfer kinetics for the Gd(III)/Gd couple, this linear
relationship was used to estimate the diffusivity (Dgdam) of Gd(III) ions using the following
relation, developed by Berzins and Delahay for reversible and soluble-insoluble electrode

processes under the assumption of semi-infinite linear diffusion [20]:

1

. n3F3D E
ipc = —0.61ACsqqm) (% v) v

where 4 is the electrode surface area (4 = 0.134 cm?), Cgaqn 18 the molar concentration (mol cm™
3, Dga(ry 1s the diffusivity of GA(III) in the electrolyte, and v is the scan rate. The linear diffusion
approximation is assumed to hold for a cylindrical electrode as a first approximation, given the
fast scan rates employed (> 0.05 V s!) and rapid mass transport in liquid state [21]. Although the
cathodic peak current was proportional to the square root of scan rate, the y-intercept does not
directly pass through the origin, possibly due to uncertainties arising from residual currents as a
result of non-linear diffusion behavior at the cylindrical electrode, double-layer charging, and
challenges in experimental controls at high temperatures. The Cgqqry was estimated using the
density of LiCl-KCIl-GdCl; assuming an ideal mixture of eutectic LiCl-KCl [22] and liquid GdCl3

[23] at each temperature (Table 2).
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Figure 7. Cathodic peak current density (jp.) as a function of square root of scan rate (v'?) at 723—

1023 K in LiCI-KCI-GdCl3 from CV data (Figure 2), with nominal electrode surface area: 4 =

0.134 cm?. The dashed line represents linear fit at each temperature.

Table 2. Molar concentration (Cgqqpy) and diffusivity (Dggepy) of Gd(III) ions in molten LiCl-
KCI-GdCl; (60.3-38.8-0.9 mol%) electrolyte. The density of the electrolyte (0. kciq dCl3) was

approximated from the densities of eutectic LiCI-KCl (p| ¢, ¢ and liquid GdCls (p, dCl3) as an

ideal mixture at each temperature.

T
Unit 723K 773K 83K 873K 973K
Prickal gem 1.65 1.62 1.60 1.57 1.52
Poacty’ 3.67 3.63 3.60 3.57 3.50
PLicLKCIGaCly 1.69 1.66 1.63 1.61 1.55
Caaq ?l(ilo‘f?)ﬁ 2.74 2.70 2.65 2.61 2.52
Daqm) Effoss; 0.55 0.69 0.95 131 2.17

t Ppicka (D = 2.0286 — 5.267 x 107*T [22]
} g, (T) = 3.56 — 6.71 x 10~*(T — 882) [23]

The diffusivity of Gd(III) from Eq. (4) is presented as a function of inverse temperature

(Figure 8), following Arrhenius behavior with linear log(Dgq(iry)-1/T trend. The error values were
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estimated from the standard deviation of the slope of iy vs. v'’? plot at each temperature. The
diffusivity values were ~0.5-2.7x107 cm? s™' at 723-1023 K and the activation energy (E.) was

estimated at £, = 33.9 (£1.0) kJ mol ™! according to:

Dggqaiy = Do exp (— E) (%)

RT

where D is pre-exponential constant, summarized in Table 3.

Temperature, T/ K
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Figure 8. Diffusivity of Gd(Ill) as a function of inverse temperature (1/7) at 723-1023 K,
compared to the reported values in the literature using electrochemical techniques of cyclic
voltammetry (CV) and chronopotentiometry (CP) [5-9,18] Note: B&D (Berzins & Delahay), Sand
(Sand equation).

Table 3. Comparison of fit parameters (D, and E,) for Dgqqy in LiCI-KCI-GdCl3 electrolyte

according to Dgqriry = Do €Xp (— %)
Dy /cm?s! E, /kJ mol™ method
This work 1.50x107° 33.9(+1.0) CV (Berzins & Delahay)
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Caravaca et al. [5] 1.99x1072 53.38 CV (Berzins & Delahay)

Samin et al. [7] 6.20x1073 48.1(#4.5) CV (Berzins & Delahay)
Bermejo et al. [6] 1.62x1073 32.17 CP (Sand equation)
lizuka et al. [18] 1.66x1073 31.96 CP (Sand equation)
Lantelme et al. [19] 1.79x1073 33.03 CP (Sand equation)
Tang et al.[8] 1.24x1072 42.80(%1.4) CP (Sand equation)
Caravaca et al. [5] 1.99x1073 32.45 CV (convolution)

Samin et al. [7][17] 1.80x1073 34.3 CV (simulation)

Overall, the temperature-dependent Dgqqry values were in close agreement with the
previous works using chronopotentiometry via the Sand equation independent of reversibility and
the CV-based techniques employing sophisticated mathematical models for quasi-reversible
processes [24]. The use of the Berzins-Delahay relation (Eq. (4)) by Caravaca et al. [5] and Samin

et al. [7] resulted in inconsistent Dgq(riry and Ea values (Table 3) and the authors attributed this

discrepancy to a high degree of quasi-reversibility observed in their CV measurements. However,

the consistent results of Dgqqiry and E. in this work corroborate the reversibility of the Gd(111)/Gd
transition and the applicability of the Berzins-Delahay relation for estimating Dgq(riry, enabled by

a highly reliable electrochemical cell that leverages a stable RE (two-phase Gd-Bi alloy at xgq =
0.16) and balanced CE (Gd-Bi at xgq = 0.02).
4. CONCLUSION

The electrochemical properties of Gd(II1)/Gd were investigated in molten LiCI-KCI-GdCl3
electrolyte over a wide temperature range between 723—1023 K. A novel cell design was employed
using a stable two-phase Gd-Bi (xgq = 0.16) as the reference electrode (RE) and liquid Gd-Bi (xcq
=0.02) as the counter electrode (CE). The two-phase Gd-Bi reference electrode enabled accurate
electrochemical property measurements for determining reversibility of the Gd(III)/Gd transition
and characteristic potentials by limiting drift in the reference potential less than 0.5 mV over 5

days. The use of liquid Gd-Bi CE balanced the reactions at the WE, maintaining a constant Gd(III)
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concentration in the electrolyte over repeated electrochemical measurements. Diffusivity values
were determined to be Dgaam = 0.5-2.7x107 cm? s ! at 723—1023 K using the Berzins and Delahay
relation with an activation energy of E, = 33.9 (£1.0) kJ mol™'. The electrochemical cell design
based on the two-phase RE and balanced CE in this work will allow for accurate electrochemical
property measurements of rare-earth elements in molten halide electrolytes.
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