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Abstract

The development of stable and buffered reference electrodes (REs) is crucial for molten salt electro-
chemistry, particularly in pyrochemical processing, such as electrorefining. These REs must maintain a
stable potential to ensure precise control over electrorefining processes by preventing unwanted shifts
in the potential that could lead to impurity deposition. This study evaluated metal chlorides and metal
oxides as potential candidates for REs, with their stability assessed via electrochemical methods over
extended durations. While metal chloride-based REs exhibited stable potential behavior over time, their
response followed the Nernst equation, leading to potential shifts with varying concentrations of oxi-
dized species. Metal oxide-based REs were explored to address the need for both stability and concen-
tration-independent potential. These REs demonstrated the ability to maintain a constant potential re-
gardless of concentration changes. The introduction of this metal oxide-based RE presents a promising
advancement for use in binary chloride molten salts, offering robust, stable performance in electrore-
fining applications, particularly in the electrorefining of plutonium within equimolar sodium chloride

and potassium chloride (NaCl-KCl) molten salt systems.
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Highlights

e NiCl, provided stability, but potential varied due to challenges with saturation.

e Developed stable, buffered NiO-based reference electrodes (REs) for molten salts.

e Demonstrated RE potentials independent of metal oxide added.

e Validated RE stability using EIS, CP-OCP, and CV over multiple days.

e NiO-based REs showed minimal drift and variability compared to Ag/AgCl reference systems.

1. Introduction

Molten chloride salts are used in electrowinning lithium and magnesium metals [1-3], electro-

refining of actinide metals [4,5], advanced nuclear reactors [6,7], namely molten salt reactors (MSRs),
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and other critical material and energy production processes, as reviewed elsewhere [8]. An electrochem-
ical sensor can aid in process monitoring, corrosion control, and nuclear material accountancy in each
application [9]. The accuracy of the electrochemical sensor depends upon the stability and reproduci-
bility of the reference electrode (RE). In the applications given, the stability of a RE in an electrochem-
ical sensor needs to be maintained in the order of days to weeks for electrowinning and electrorefining
and months to years for MSRs. Hence, increasing the stability of REs in molten chlorides will improve

process control and efficiency and provide a reliable means of nuclear material accountancy.

Most REs used in molten chloride salts are custom-made, leading to variability within and
across different studies, particularly because they are often concentration-dependent due to the lack of
saturation. During the construction of a RE, salt can adhere to the walls of the RE membrane, potentially
failing to achieve the expected reference potential due to the missing targeted concentration in the mol-
ten bath within the RE. This can be a significant source of error in lab-scale experiments where the RE
compartment may contain 1 g or less of total salt and 1 wt.% of the reference analyte (e.g., AgCl).
Furthermore, the quality of the salt is another critical factor, as any residual moisture can react with the
reference analyte to form an insoluble oxide precipitate, impacting the concentration within the RE.
Additionally, selective vaporization of the salts presents a significant challenge. Improper sealing of the
RE membrane can allow analyte vaporization or recrystallization on cooler areas of the RE wire, driven
by the high-temperature gradient between the molten salt inside the RE and the ambient environment.
These challenges, including variability in concentration, salt quality, and improper sealing, can result

in inconsistencies in RE potentials and performance.

Quasi-REs (QRESs) are widely used in electrochemical applications due to their ease of adapta-
tion to various molten salts [ 10—13], and their stability is serviceable in short-term (< 1 day) voltamme-
try measurements, as previously examined [14]. A limitation of QREs is their inability to provide a well-
defined potential (i.e., their potential depends on the concentration of analyte(s) and/or impurities in the
main bath), which can reduce their applicability in electrorefining processes where concentration in the
main salt bath varies and precise potential control is needed. On the other hand, metal chloride-based
REs encased in a membrane are commonly used in molten salts and offer more stable, well-defined
potentials due to the isolation of the reference salt bath from the main bath. The silver-silver chloride
(Ag/AgCl) system is the most established [13,15-20]. There are other metal chloride-based REs that
include tungsten-cobalt chloride (W/CoCly) [21], magnesium-magnesium chloride (Mg/MgCl,) [22],
and gadolinium-gadolinium chloride (Gd/GdCls) [23] for chloride salts and nickel-nickel fluoride
(Ni/NiF,) for fluoride salts [24]. The potential stability of Ag/AgCl REs, utilizing alumina, magnesia,
boron nitride, mullite, and quartz membranes, has been investigated in chloride melts for reproducibility
and life-long duration [25-29]. However, when incorporated in an equimolar mixture of sodium chlo-

ride and potassium chloride (NaCl-KCl) or other molten salts, Ag/AgCl REs cannot form a solid film
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and saturated solution, as in aqueous solutions due to the high solubility of AgCl in molten chlorides.
Hence, Ag/AgCl REs still exhibit some variation in redox potentials due to concentration variations
from imprecise addition of AgCl, loss of AgCl (e.g., vaporization, diffusion through the membrane),

and dendrite formation driven by thermal gradients [30].

NaCl-KCl molten salts are commonly used in electrochemical processes (e.g., electrorefining)
with metals requiring high operating temperatures, such as plutonium [31,32]. However, the incorpora-
tion of a stable RE in these systems has yet to be implemented. The electrochemistry of plutonium and
its surrogates has been studied using Ag/AgCl REs, but the electrochemical data can vary significantly
between research groups [33—39]. These variations arise partly from differences in potential, which are
influenced by concentration differences in Ag/AgCl REs. Therefore, there is a need to develop a repeat-
able and stable, buffered RE capable of forming a saturated phase for use in binary chloride molten salts

that operate at high temperatures.

Our group has developed a saturated and buffered RE (SRE) using nickel-nickel chloride
(Ni/NiCl,) in single chloride systems, demonstrating that NiCl, offers greater stability compared to
AgCl due to the saturation phase of NiCl; in lithium chloride (LiCl) and calcium chloride (CaCl,) mol-
ten salts [40]. Nickel-based REs, such as those employing nickel hydroxide (Ni(OH),) in hydroxide
salts and nickel oxide (NiO) in chloride and carbonate salts, have been applied in various applications
[10,41,42]. Despite the common use of Ni/NiO RE in molten LiCl, no study was found characterizing
its stability and chemistry [43,44]. The stability of a saturated phase has not yet been evaluated for NiCl,
or NiO-based REs in NaCl-KCI molten salts.

When developing a SRE for use in NaCl-KCl molten salts, three key criteria must be considered,
each of which could lead to advancements in electrorefining processes. These criteria include: (1) an
analyte with a high melting point, (2) a high density, and (3) solubility in NaCI-KCl] molten salts. NiCl,
and NiO satisfy these conditions. A higher melting point and density are desired to allow the formation
of a secondary phase at the bottom of the RE to buffer the reference solution when saturated at the
operating temperature. Additionally, the analyte must be soluble in NaCI-KCl to facilitate ionization
and redox activity within the RE. The potential of the RE is based on the Nernst equation, as shown in
the following expression:

RT ari
E=E) ——In-2%,
nF aop,i

(1)

where E is the electrode potential relative to the RE, E} is the standard potential of the redox couple, R
is the ideal gas constant, T is the absolute temperature, n is the number of electrons transferred in the
redox reaction, F is the Faraday’s constant, and ag ; and a, ; represent the activities of the reducing and

oxidizing species, respectively, in equilibrium. Thus, assuming ideal behavior, a saturated analyte can
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be advantageous for developing stable SREs due to the consistent concentration of the oxidized species.

In this study, the stability and buffering capability of the developed SREs, using metal chlorides
and metal oxides in NaCl-KCl molten salts, were evaluated electrochemically through four techniques:
electrochemical impedance spectroscopy (EIS), chronopotentiometry (CP), open circuit potential
(OCP), and cyclic voltammetry (CV). The stability of the developed REs was evaluated by forming an
alloy via sodium (Na) deposition onto a platinum (Pt) working electrode (WE), which provided the
most accurate approach for quantitatively assessing RE stability over time. Additionally, CV data quan-
titively evaluated RE stability by examining the overlap of data collected over time, while EIS allowed
for quantifying both the molten bath conditions and the state of the WE. The full electrochemical win-
dow of NaCl-KCI was measured using tungsten (W) electrodes with the developed REs.

2. Experimental
2.1. Materials
Sodium chloride (NaCl, ACS grade, 99.0%, Thermo Scientific Chemicals) and potassium chlo-

ride (KCl, ACS grade, 99.0-100.5%, Thermo Scientific Chemicals) were dried under vacuum at 503 K
for 24 h using a drying oven (Across International, AT32x-316L) to remove residual moisture. Nickel
chloride (NiCly, ultra-dry grade, 99.9%, Thermo Scientific Chemicals), silver chloride (AgCl, extra-
pure grade, 99+%, Thermo Scientific Chemicals), and nickel oxide (NiO, Puratronic grade, 99.998%,
Thermo Scientific Chemicals) were used as received. All materials were transferred to an argon-filled
glovebox (LC Technology Solutions Inc., Project #21-0099) maintained at < 0.1 ppm oxygen and mois-
ture after drying.
2.2. Development of a RE

The compositions of various REs with different analyte concentrations are presented in Table 1,
and a schematic representation of a RE is shown in Figure 1. The mullite tube (McDanel Advanced
Ceramic Technologies, MV0160031-06-12) was initially dried under vacuum at 503 K for 12 h using a
drying oven, followed by baking at 1173 K for 2 h inside a glovebox equipped with a well furnace. An
equimolar mixture of NaCl-KCl and the respective analyte chloride salt for the RE was added to the
mullite tube. An alumina two-bore tube (AdValue Technology, AL-T2-N125-N04-12) was employed as
both a sheath and a wire straightener for the nickel (Ni, 0.63 mm diameter, 99.5% purity, Thermo Sci-
entific Chemicals) wire or silver (Ag, 0.64 mm diameter, 99.9% purity, Thermo Scientific Chemicals)
wire, which was secured to a rubber plug and inserted into the mullite tube. The mullite tube was then
heated in a muffle furnace (MTI Corporation, KSL1100XST) until the metal wire dropped, indicating
the salts melting at approximately 1073 K. After confirming the melting of the RE salt, the rubber plug
was used to properly seal the mullite tube, minimizing the volatilization of the chloride salts and thermal

gradients.
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Table 1. Composition details of various analytes in equimolar NaCl-KCl for REs examined in this study.

Sample Analyte Concentration / mol%
RE1 Ni|Ni?* NiCl, 20
RE2 Ni|Ni?* NiCl, 50
RE3 Ag|Ag® AgCl 4.5
RE4 Ni|Ni** NiCl, 4.5
RES5 NiO|0* NiO 1.0
RE6 NiO|0* NiO 4.5

Rubber

‘ plug

1. Alumina
tube

Mullite
tube

[ NilAg
wire

#—— Molten salt

Figure 1. Schematic representation of the fabrication of a RE.

2.3. Molten salt electrochemical setup

An equimolar mixture of NaCl-KCI was placed in an alumina crucible (AdValue Technology,
AL-2100) and then inserted into a stainless steel (SS) 304 Faraday cage connected to a ground cable
made of Inconel wire. The Faraday cage containing the crucible and salts was transferred to the muffle
furnace. An electrochemical lid, specifically designed for this setup, was placed on top of the muffle
furnace to position the electrodes accurately. Tungsten (W, 1.5 mm diameter, 99.95% purity, Thermo
Scientific Chemicals) and platinum (Pt, 1.0 mm diameter, 99.95% purity, Thermo Scientific Chemicals)
were utilized as the WE, with tungsten (W, 3.175 mm diameter, 99.95% purity, Thermo Scientific

Chemicals) serving as the counter electrode (CE) throughout the experiment. The electrodes were
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sheathed with alumina tubes above the salt to prevent electrical shortages from contacting the SS316
lid. The positions of the electrodes were secured using O-rings. The salts were initially melted at 1073
K, after which the temperature was reduced to the operating temperature of 1023 K. A schematic rep-

resentation of the electrochemical setup is shown in Figure 2.
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Figure 2. Schematic representation of electrochemical experiment to test stability of several REs.

2.4. Electrochemical stability tests of the RE

A potentiostat (Autolab, PGSTAT302N) was used to conduct electrochemical stability meas-
urements of the RE using electrochemical impedance spectroscopy (EIS), chronopotentiometry-open
circuit potential (CP-OCP), and cyclic voltammetry (CV). A script developed in Nova 2.1.7 automated
the sequential execution of EIS, CP-OCP, and CV experiments over an extended period using different
REs. Data analysis was done using Python to compile and process the collected data. The electrochem-
ical window of NaCl-KCl was characterized using all fabricated REs upon completion of the stability
tests.
2.4.1. EIS measurements

EIS was conducted to determine the uncompensated resistance, or solution resistance, of the

NaCl-KCl molten salt. This measurement provides insight into the condition of the molten salt, the WE,
6
This is an accepted manuscript. Version of record can be found in Electrochimica Acta at

https://doi.ore/10.1016/j.electacta.2024.145496
© 2024 CC BY-NC-ND 4.0 https://creativecommons.org/licenses/by-nc-nd/4.0/



https://doi.org/10.1016/j.electacta.2024.145496
https://creativecommons.org/licenses/by-nc-nd/4.0/

and the membrane of the RE. The OCP between the WE and RE was measured initially, followed by
EIS performed at 0 V vs. Eocp (the OCP) with a root mean square (RMS) amplitude of 0.01 V over a
frequency range from 50 kHz to 1 Hz. A Lissajous plot was used during EIS measurements to verify
the stability and linearity of the electrochemical system. The uncompensated resistance (Z..) was deter-
mined periodically, specifically when the negative of the imaginary impedance (—Zim) is 0 Q.
2.4.2. CP-OCP measurements

CP was performed on a clean WE by applying a constant current of —0.2 A for 10 s to reduce
Na' to Na on the WE. Following this, the OCP was monitored for 600 s. The measurement was subject
to a criterion where the rate of change of potential (dE/dt) had to be less than or equal to 10° V s for
ten consecutive detection points. The OCP measurement was terminated once ten identical OCP values
(i.e., dE/dt < 10° V s™") were reached, indicating a stable condition.
2.4.3. CV measurements

A linear CV scan was conducted within the electrochemical window of NaCI-KCl using various
REs. Four scans were performed at a scan rate of 0.1 V s to ensure repeatability. The data from the
fourth scan was recorded and reported for the entire measured stability test.
2.5. Characterization of salts

The oxide content of the salts, particularly those containing metal oxide for the RE, was char-
acterized using a back titration method. A Metrohm 916 Ti-Touch titrator was utilized, with 0.1 M hy-
drochloric acid (HCI, Certified ACS Plus grade, Fisher Chemical) as the standard reagent and 0.1 M
sodium hydroxide (NaOH, ACS reagent grade, > 97.0%, pellets, Sigma-Aldrich) as the titrant. More
than 10 g of solidified salt was dissolved in 100 mL of ultrapure water, and 5 mL of 0.1 M HCI was
added to react with the soluble metal oxides, or any oxides present in the salt. The excess HCI, which
did not react with the oxides, was back-titrated with 0.1 M NaOH to the equivalence point. This proce-

dure allowed the oxygen content in the molten salts to be determined.

3. Results and discussion

3.1. Selection of WE for CP-OCP measurements

The OCP value is crucial for determining and validating the stability of the RE. By reducing a
metal ion onto the WE surface, a stable potential can be established for comparison to different REs
[15,45—47]. W rods were used as both the WE and CE for NaCl-KCl molten salts in the system under
investigation. The primary purpose of OCP measurements was to evaluate whether a W WE is suitable
for determining the OCP versus the RE when Na' is reduced to Na on the WE. Initially, the OCP value
of bare W WE and RE was measured (Figure 3a). Subsequently, a small current of —0.2 A was applied
for 10 s to initiate the reduction of Na" onto the W WE (Figure 3b). Once sufficient Na was deposited

on the W WE, the current was discontinued, and the OCP was measured again (Figure 3c).
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Figure 3. CP-OCP measurements in NaCl-KCl using R5 NiO|O?", W WE, and W CE. (a) OCP of W WE in NaCl-
KCl, (b) reduction of Na* to Na for 10 s at —0.2 A, (c) potential relaxation until reaching a stable OCP. WE: 1.5
mm W rod. CE: 3.175 mm W rod.

Upon measuring the OCP, it was observed that the value shifted to a more positive potential,
which reflects the potential of the bare W WE. This observation suggests that Na deposits may not
adhere firmly to the W WE. Given the high solubility of Na in NaCIl-KCI molten salt and its lower
density compared to the salt mixture, it is plausible that Na dissolves into the molten salt or floats away,
rather than forming a stable coating on the W surface. Consequently, using a W WE does not provide a
reliable method for obtaining OCP values for the RE stability testing, as the potential will be mainly
dominated by the redox potential of the salt, which can be influenced by the bulk composition of the
salt or even trace impurities. Therefore, a different WE must be considered to achieve a stable OCP

when Na is deposited on the WE for accurate RE stability testing.

Since we are interested in confirming the stability of the RE using the electrochemical window
of NaCl-KCl molten salts without adding a third metal chloride, it is crucial to create a redox pair at the
WE that can provide a stable and repeatable potential. A bare inert electrode (e.g., W) does not provide
a stable and repeatable potential. A repeatable and stable redox potential can be created using the abun-
dant Na" ions present in the molten. The concentration of Na" ions in molten, equimolar NaCI-KCl is
relatively constant. Furthermore, slight changes in Na" ion concentration would have minimal effect on
the redox potential due to the high Na" concentration. A metal electrode that can interact and form a
stable Na-containing coating or deposit would allow a redox couple involving Na" ions to set the WE
potential. Na can alloy with Pt, forming compounds such as NaPt or NaPt,, depending on the relative
concentrations of Na and Pt (Figure 4). This alloy formation can be electrochemically induced on the
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WE when Na' is reduced on the Pt WE. The ability to form alloys on the WE is advantageous for

obtaining stable deposits, resulting in reliable OCP values without incorporating a third metal chloride

into the NaCI-KCl molten salt system, as demonstrated in Figure Sc.
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Figure 4. Sodium-platinum binary alloy phase diagram (1990 Okamoto H.) obtained from ASM alloy phase dia-

gram database. Reprinted with permission of ASM International.
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methods. (a) EIS analysis, including (a-1) Nyquist plot, (a-2) Bode plot, and (a-3) Lissajous plot, (b) CP-OCP,
and (c) Full electrochemical window of NaCl-KCl at 0.1 V s\,
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3.2. RE stability test

The three electrochemical techniques (EIS, CP-OCP, and CV) were initially investigated to
determine the optimal parameters before running continuous measurements for over three days. Each
RE was evaluated individually for stability in a separate equimolar NaCl-KCl molten salt bath. EIS was
conducted first to establish the ideal frequency ranges and potentials to apply to generate a Nyquist plot
(Figure 5a-1), a Bode plot (Figure 5a-2), and a Lissajous plot (Figure 5a-3). The Nyquist plot was
primarily used to determine the solution resistance, while the Lissajous plot indicated that the electro-

chemical system was stable and linear, as evidenced by the tilted oval shape that retraces itself.

CP-OCP measurements were performed using a Pt WE to investigate the stability of the OCP
when Na" is reduced to form alloys with Pt (Figure 5b). A current of —0.2 A was applied to the electro-
chemical system for 10 s immediately after measuring the initial OCP value, resulting in an apparent
reduction of Na" to Na. Upon measuring the OCP, two distinct plateaus were observed, likely corre-
sponding to the formation of NaPt and NaPt; alloys. As deposited Na gradually dissolved into the NaCl-

KCl molten salt, the composition of the alloy changed, leading to stabilization of the potential over time.

The formation of Na-Pt alloys was also observed during the oxidative scan in the CV, after Na*
is reduced to Na at an onset reduction potential of approximately —2.2 V for the RE1 Ni|Ni*" (Figure
5¢). Three oxidative peaks were identified, corresponding from left to right to the oxidation of Na, NaPt,
and NaPt,, respectively. All three electrochemical techniques (EIS, CP-OCP, and CV) were performed

automatically every hour for over three days to provide insights into the stability of the REs.

3.2.1. EIS Results

The uncompensated resistance for each RE was measured using EIS every hour, starting after
the RE had been exposed to the NaCl-KCI molten bath for more than five hours to allow ion permeation
through the mullite membrane. Although uncompensated resistance does not directly indicate the sta-
bility of the RE, it provides valuable insights into the condition of the molten bath, including its con-
ductivity and the state of the WE. It also provides insights into the resistance of the membrane, as
degradation over time would likely result in a gradual increase in resistance. Alternatively, a sudden and
significant change in resistance would be expected if the membrane ruptures. The results of the uncom-
pensated resistance measurements for six different REs are shown in Figure 6. A deviation of approxi-
mately = 0.04 Q was observed between the initial and final measurements of solution resistance. This
slight deviation could be attributed to minor changes in the conductivity of the molten bath due to
impurities over time, slight alterations in the condition or morphology of the WE, or continued ion
permeation of the membrane. The conditions for conducting stability tests remain valid as the changes

in resistance are small, indicating only minor changes in the system with time.
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Figure 6. Uncompensated resistance (Z.) obtained through EIS when —Ziy, is 0 Q using different REs. (a) RE1
Ni|Ni?*, (b) RE2 Ni|Ni**, (¢) RE3 Ag|Ag*, (d) RE4 Ni|Ni**, () RE5 NiO|O?", and (f) RE6 NiO|O?".

3.2.2. OCP Results

The primary parameter for assessing the stability of the RE is the OCP value when Na is de-
posited on the Pt WE, forming a Na-Pt alloy that provides a stable potential, as shown in our preliminary
data. The Na'/Na-Pt couple is expected to have a stable potential due to the abundance of Na" ions in
the salt and the constant activity of the Na-Pt alloys. The high concentration of Na* ions places their
activity in the flatter region of the logarithmic curve of the Nernst equation, meaning that concentration

variations will result in only minor changes to the equilibrium potential.

The procedure for obtaining the OCP value involved taking the average OCP within a time
interval where no significant change in potential is observed (i.e., dE/dt < 10 V s™), corresponding to
the point at which the OCP termination criterion was met. OCP data collected after several runs is
presented in Figure 7. Each CP run was performed following an EIS measurement and before a CV
measurement, with the system allowed to remain idle for one hour before initiating the next run. The
OCP usually stabilized within 60 s after CP was applied. However, in some instances, even after the
OCP termination criterion was satisfied, the potential continued to drift towards a value like that of a
bare Pt WE without metal coating, as observed in Run 70. However, this does not indicate that the RE
reached an end-of-life point (i.e., onset of unpredictable behavior), as the OCP curve remained stable
after three additional runs, as shown in Figure S1. In the case of Run 70, the OCP measurement did not
stop, even though the termination criterion had been met. For this specific RE (Figure 7), the OCP

values for each run were determined by averaging the recorded OCP values between 20 to 60 s. After
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each CP-OCP run, the data was exported into a text file, which included a timestamp. Using Python for

analysis, the time of the first CP-OCP run was set to 0 h, with subsequent times converted accordingly.
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Figure 7. OCP data at 1023 K for the Na*/NaPt, redox couple for multiple runs after CP relative to RE1 Ni|Ni2",
OCP values, shown in the inset, were averaged in the most stable region between 20 and 60 s, where dE/dt < 10

Vsl

Figure 8 shows the results for each RE, displaying OCP values versus time. The time axis
represents the time since the first measurement. It does not include the first five hours of exposure to
the molten salt to allow for the system to stabilize. Most of the RE demonstrated stable potential over
several days; for the REs containing different concentrations of NiCl,, a consistent trend in potential
was observed. The OCP values for RE1 Ni|Ni*", RE2 Ni|Ni**, and RE4 Ni|Ni*" were —1.925 V, —2.171
V, and —1.797 V, with standard deviations of 7.8 mV, 9.8 mV, and 8.9 mV, respectively. As shown in

Table 1, RE1, RE2, and RE4 contained 20, 50, and 4.5 mol%, respectively. Plotting the OCP relative
against the natural log of mole fraction resulted in a linear line with a slope of —0.15 £ 0.05 and an
intercept of —2.2 £ 0.1 V vs. Na'/NaPt,. Applying Eq. (1) resulted in an n of 1.7 + 0.5, where the ex-
pected value of 2 is within the standard error of the regression. The potential drift rates for these REs,

calculated as the slope of OCP versus time, were 5.0 mV/day, 5.9 mV/day, and 6.6 mV/day for RE1,
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RE2, and RE4, respectively. There was a minimal deviation in both potential (average OCP) and stand-
ard deviation; however, deviations in potential could be attributed to variations in the uniformity of Na"
deposition on the Pt WE when forming the Na-Pt alloys. Despite these variations, the REs containing
NiCl, showed minimal OCP deviation, indicating good stability.

The potential of the Na"/NaPt, redox couple varied relative to the different REs, suggesting that
the analyte concentration plays a crucial role in RE performance. The importance of maintaining a
buffered RE with a constant analyte concentration will be discussed later. For comparison, the widely
used Ag/AgCl-based RE, represented by RE3 Ag|Ag', exhibited significant OCP drift relative to the
fitted line of OCP versus time, indicating potential instability under certain conditions. The OCP for
RE3 Ag|Ag" was —1.836 V with a standard deviation of 14 mV and a drift of 0.86 mV/day. This drift is
not a good representation of the potential drift since it does not follow the trend of the fitted slope, as
predicted in Figure 8¢, making it challenging to assess the potential drift for this RE accurately. In
contrast, REs containing NiO showed consistent potentials regardless of analyte concentration. The
OCP values for RE5 NiO|O*” and RE6 NiO|O*” were —1.566 V and —1.583 V, with standard deviations
of 3.8 mV and 8.3 mV, respectively. Their potential drift rates were 1.2 mV/day for RE5 NiO|O* and
1.6 mV/day for RE6 NiO|O*". These findings confirm that REs with NiO provided stable and consistent

potentials with minimal drift over time. The results comparing different REs are summarized in Table
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Figure 8. Average OCP values obtained at 1023 K when Na is deposited through CP on Pt WE forming Pt-Na
alloys until the potential stabilizes at the NaPt, plateau within a specific time frame in respect to different REs.
(a) RE1 Ni[Ni** (20-60 s), (b) RE2 Ni|Ni** (15-20 s), (¢) RE3 Ag|Ag" (10-40 s) (d) RE4 Ni|Ni** (20-30 s), (e)
RE5 NiO|O? (20-50 s), and (f) RE6 NiO|O?™ (20-50 s). Note: OCP time frame was reset to 0 s after CP.
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Table 2. Comparison of REs across various analytes and concentrations with their results.

RE Concentration Na-Pt Potential Standard Deviation Potential Drift
mol% V) (mV)? (mV/day) ®
RE1 Ni|Ni* 20 -1.925 7.8 5.0
RE2 Ni|Ni* 50 -2.171 9.8 5.9
RE3 AglAg" 4.5 —1.836 14 0.86
RE4 Ni|Ni?* 4.5 -1.797 8.9 6.6
RE5 NiO|O*” 1.0 —1.566 38 1.2
RE6 NiO|O*" 4.5 —1.583 8.3 1.6

@ potential determined by averaging all OCP values during stable NaPt, plateau time range with corresponding standard
deviation.

b Potential drift determined by taking the absolute slope of the OCP value versus time.

3.2.3. CV Results

Lastly, CV scans were conducted for each RE across 73 different runs, with measurements
taken every hour following the CP-OCP measurement (Figure 9). The electrochemical window of
NaCl-KCl was adjusted according to each RE, as each has its unique redox potential. The CV scans
demonstrated a consistent reduction potential for Na, suggesting that the REs maintain stable perfor-
mance. However, variations in the oxidation peaks were observed across different scans, likely due to
variations in deposit morphology and/or thickness of Na and its alloys on the Pt WE, as shown in Fig-
ures 9¢ and 9f. Since all the CV scans consistently overlapped during the onset of the reduction potential

over an extended period, this suggests that the REs developed in this study are stable.
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Figure 9. CV scans (fourth scan, 0.1 V s') measured within the electrochemical window of equimolar NaCIl-KCl
at 1023 K over 3-4 days using different REs. (a) RE1 Ni[Ni**, (b) RE2 Ni|Ni*', (¢) RE3 Ag|Ag", (d) RE4 Ni|Ni*",
(e) RE5 NiO|O?*, and (f) RE6 NiO|O%".

3.3. Electrochemical behavior for REs in NaCl-KCl

The electrochemical window of NaCl-KCl was examined using all developed REs with W elec-
trodes to prevent the formation of metal alloys. This investigation aimed to gain a deeper understanding
of the redox potential of Na, which could provide valuable insights into the precise lower limit of elec-
trorefining of metals, thereby minimizing the reduction of impurities during pyrochemical processing.
The electrochemical window, illustrated in Figure 10, was assessed following the completion of stabil-
ity tests for each RE. It was observed that the electrochemical window shifted for REs containing NiCl,
and AgCl, which is consistent with the OCP data, where variations in potential were noted for different
analyte concentrations. Conversely, regardless of concentration, the electrochemical window for REs
containing NiO remained relatively constant. The underlying reasons for this behavior will be elabo-

rated on in the subsequent subsection.
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Figure 10. Full electrochemical window of equimolar NaCIl-KCl at 1023 K using different REs. WE: 1.5 mm W
rod. CE: 3.175 mm W rod. Scan rate: 0.1 V s.,

3.3.1. Metal chloride REs

Developing a stable and buffered RE is essential for electrorefining and electrowinning, as fluc-
tuations in cathode potential compromise the purity of the desired metal. The Nernst equation and the
corresponding redox couple determine the redox potential of a RE. Ag/AgCl-based REs are widely
utilized in molten salt applications, and their stability with various membranes and concentrations has
been extensively studied, as discussed in Introduction (Section 1). However, any minor variation in the
activity of the analyte ion, Ag", can influence the redox potential, especially at low concentrations, as

demonstrated by the following expression:

' RT ' RT Cag+
E=Ejg agt ~ Eln(aAng) = Egiagt ~ Eln( ci ) ’ 2

where @y g+ =Yg+ * Cag+/CC. Here, y, 4+ represents the activity coefficient of Ag”, E°' is the formal
potential, C° is the standard concentration, usually 1 M or 1 m, and C, g+ denotes the mole fraction of

Ag". Assuming ideal behavior in dilute systems, the activity coefficient can be approximated as one,
implying that the activity of Ag" is directly related to their concentration. Due to the relatively low
melting point of AgCl (728 K), creating a saturated phase (i.e., a solid-liquid equilibrium) is challenging.
Consequently, the potential can vary with changes in Ag" concentration. Furthermore, the evaporation
of AgCl can alter the potential over time. However, in our study, this effect was minimized by the en-

closure of the analyte within the membrane, which effectively reduced evaporation.
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NiCl, was chosen as the analyte for developing a buffered and stable RE due to its high melting
point (1274 K) and potential to form a secondary phase, as reported in single chloride molten salts
[48,49]. However, limited research exists on the ternary phase diagram of NaCl-KCI-NiCl,, making it
challenging to determine the minimum NiCl, concentration required to form a secondary phase. Ther-
mochemical simulations using FactSage 8.2 were employed to model the phase behavior of this ternary
chloride system [50]. According to the simulated phase diagram (Figure S2), a minimum of 50 mol%
NiCl, is required to form a secondary phase at the operating temperature of 1023 K in an equimolar

NaCl-KCl molten salt.

NiCl, was incrementally added to NaCl-KCl in a quartz tube (TTL95, Technical Glass Products,
Inc.) and heated until molten to validate the simulation results experimentally. A notable thermochromic
transition was observed upon cooling to room temperature, with the color changing from dark red in
the molten state to blue, suggesting peritectic KNiCl; and eventually to orange upon solidification (Fig-
ure S3) [51]. This color change may influence the redox potential across different temperatures, which

requires further investigation.

The saturation point of NiCl, was evaluated by observing precipitate formation upon cooling.
Small precipitates appeared when the NiCl, concentration reached 7.03 mol% (Figure S4-b), although
they were not visible in the molten state. More pronounced precipitates formed at higher concentrations
(i.e., > 17.75 mol%), although these were still difficult to detect while molten. We were unable to dis-
miss the possibility that the precipitate formation occurs primarily upon solidification and does not

necessarily indicate secondary phase formation in the molten state.

Increasing NiCl, concentrations further was constrained by its sublimation behavior, as evi-
denced by TGA (Netzsch, STA 449 F5 Jupiter) data (Figure S5-a), which showed significant sublima-
tion beginning at 1063 K (790 °C). Electrochemical measurements using a two-electrode system, with
a bismuth-nickel (Bi-Ni) alloy consisting of 30 mol% Ni and 70 mol% Bi, as the WE, indicated the
OCP values rose beyond 10 mol% NiCl, (Figure S5-b). This observation contradicts the visual exper-
iments, where precipitates were observed with 7.03 mol% NiCl, (Figure S4-b) upon solidification,

suggesting that the secondary phase was not achieved in the molten state.

While thermodynamic simulations predict that at least 50 mol% NiCl; is required to form a
saturated secondary phase, experimental results indicate that achieving this phase without complications
is challenging. High concentrations of NiCl, introduce complexities, such as non-ideal activity coeffi-
cients and large junction potentials, which could undermine the stability and functionality of saturated
REs. Thus, further investigation of NiCl, behavior is necessary to optimize RE performance while min-

imizing potential issues.
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3.3.2. Metal oxide REs

To better understand the electrochemical behavior of NaCl-KCI when NiO is used as the analyte
in the RE, we investigated the electrochemical window of NaCl-KCl using a RE made of Ni wire en-
cased in a mullite tube containing NaCl-KCl without any analyte. The results revealed differences in
the electrochemical window between the RE containing NiO and the RE without analyte (Figure 11).
Previous reports indicate that the solubility of NiO in NaCI-KCl is at the ppm level, leading us to explore
using NiO as an analyte to deliver a saturated and buffered RE [52]. Regardless of the concentration,

the solubility limit ensures a consistent dissolution of Ni*" and O®” ions when NiO dissolves in molten
NaCl-KCL
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Figure 11. Full electrochemical window of equimolar NaCI-KClI at 1023 K using different REs. WE: 1.5 mm W
rod. CE: 3.175 mm W rod. Scan rate: 0.1 V s,

The Nernst equation for the redox reaction is based on the activities of Ni and O*", with the
activity of the metal assumed to be one. Consequently, the potential of the NiO RE depends predomi-
nately on the activity of O>". Given that the solubility of NiO is in the ppm range, we assume that the
activity of NiO is constant at a given temperature either due to its saturation in the molten salt or its
presence as a solid film on the Ni wire with excess NiO precipitate in the bottom of the mullite tube.

Hence, the activity of NiO is taken as one or included in the formal potential (E 1(\)/’1‘0 /02_). Therefore, the

potential is primarily determined by the concentration of O, as expressed based on the following re-

action:
NiO; + 2e~ = Ni, + 0%, , 3)

which results in the following equation for the equilibrium potential:

_ or RT aNi'aoz— _ o’ RT _ or RT COZ—
E = Eyio/02- — — ln( wro ) = Eniojor~ ~ 35 In(age-) = Ni0/0?~ T 3F In o) @)
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The electrochemical window measurements of NaCI-KCl suggest that the O*" concentration re-
mains constant in REs containing 1.0 mol% and 4.5 mol% NiO, indicating that we successfully fabri-
cated a saturated and stable RE independent of NiO concentration. The O*" concentration in the RE was
determined by back titration, which showed that the oxygen content in NaCI-KCl without NiO was
2.624 ppm, while the oxygen content in NaCl-KCl containing NiO was 43.125 ppm by weight, which
is consistent with solubility of NiO reported in the literature [52,53]. This finding supports the idea that
the oxygen content remains stable due to the low solubility limit of NiO, making it an ideal approach

for consistent RE fabrication.

This study demonstrates that NiO-based REs can provide reliable performance across various mol-
ten salts by creating a saturated solution buffered by the excess NiO. They offer a promising method
for ensuring consistency in processes like electrorefining, where the purity of refined metals is critical,
or when reporting potentials relative to chlorine ion-chlorine gas redox couple (Cl/Cl,). These findings
lay the groundwork for the broader application of metal oxide-based saturated and buffered REs in

future electrochemical systems.

4. Conclusions

This study investigated the stability of REs containing various analytes when exposed to NaCl-KCl
molten salts over extended periods. REs containing metal chlorides and oxides demonstrated stability
over time; however, REs containing AgCl exhibited more significant fluctuations in potential. The po-
tential of REs containing metal chlorides varied at different concentrations, preventing their use as buff-
ered REs. The behavior of NiCl, in NaCl-KCI was explored to identify its saturation point and the
formation of a secondary phase through OCP measurements and visual inspection. A stable OCP indi-
cating saturation was not observed beyond 10 mol% NiCl,, suggesting that higher concentrations are
necessary to achieve saturation. This finding aligns with the simulated ternary phase diagram, which
predicted that a minimum of 50 mol% NiCl, is required to form a secondary phase. However, the high
concentration of NiCl, can lead to large junction potentials, making it impractical for RE applications.

In contrast, REs based on metal oxides demonstrated both stability and a buffered potential across
a wide range of concentrations due to the low solubility of NiO in NaCI-KCl, which remains at ppm
levels. As a result, the oxide concentration in the REs remains effectively constant, providing ideal
conditions as predicted by the Nernst equation, where the concentration of oxidized species determines
the potential. The electrochemical window of NaCI-KCI was consistent across the fabricated metal ox-
ide REs, and the oxygen content was quantified via back titration.

Our findings indicate that metal oxide-based REs offer superior stability and reliability for use in
pyrochemical processes, such as electrorefining, where monitoring a stable potential is critical to main-

taining the purity of the refined metal. The development of such stable and buffered REs ensures that
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secondary species are not reduced into the metal, making them highly advantageous for industrial ap-

plications with high production demands.
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Text S1. Additional information for the last four runs in CP measurements that indicate a lack of end-
of-life behavior for RE1 Ni|Ni*",

The stability test of the developed reference electrodes (REs) was conducted by applying a small current
(0.2 A) to the Pt WE to reduce Na metal on its surface, forming a stable Na-Pt alloy. The OCP was
then characterized after the CP, with the results of the last four runs shown in Figure S1. In the main
manuscript, only Run 70 was presented, which could lead to confusion as it might be interpreted as
indicating an end-of-life run.

The Nova 2.1.7 software was programmed to stop OCP measurements and proceed to the next electro-
chemical measurement, CV, when the condition dE/dt < 10° V s for ten identical OCP values meas-
ured every 0.1 s were observed. However, in some cases, even when these conditions were met, the
software failed to recognize them, resulting in the OCP measurement continuing until no stable OCP
value could be observed. As a result, the alloy stripped back into the solution, causing the potential to
eventually return to the OCP value of the Pt WE itself, corresponding to the redox potential of the salt
or small impurities. Notably, for Runs 71 and 72, which followed Run 70, the conditions for a stable
OCP were successfully met, and a stable potential was obtained.

0

T Run70 ----- Run 71
"-\i o5 Run72 ---Run73
E “t A5
- 16 L
hT Pl 16
(24 a7t
m‘ 1.8 |
> P19 — =
a '1 -5 r ’/"‘- -2 . ’-’A
© e 24 b
S ," i~
g P 22 ;;,
9 el 23 |
ﬂ? 2 :”f -24 : : : : -

i’ 0 10 20 30 40 50 60

_2.5 1 1 1 1 1
0 100 200 300 400 500 600

Time/s

Figure S1. OCP data for the last four runs after CP for RE1 Ni|Ni?*. OCP values, as shown in the inset, obtained
by averaging the stable OCP measurements recorded between 20 and 60 s.



Text S2. Thermodynamics simulations for the ternary phase diagram of NaCl-KCI-NiCl, using
FactSage 8.2.

A study reported the ternary phase diagram of the NaCl-KCI-NiCl; system [1], which is critical
for developing a buffered and saturated reference electrode (SRE). Here, we simulated the ternary phase
diagram using FactSage 8.2, utilizing available thermodynamic data for NaCl, KCl, and NiCl,. The
simulated phase diagram was set to temperatures from 773 K (500 °C) to 1273 K (1000 °C), and the
resulting phase diagram is presented in Figure S2. The simulated results agree well with the previously
reported results, which report a liquidus temperature of 1023 K (750 °C) in the vicinity of 50 mol% of
NiCl [1].

The ternary phase diagram analysis reveals a peritectic point for KNiCl3 when the molten salt
composition includes an equimolar mixture of NaCl-KCl and 30 mol% NiCl, at 823 K (550 °C). The
minimum NiCl, concentration required to form a liquid-solid phase in equimolar NaCI-KCl is 50 mol%
at an operational temperature of 1023 K (750 °C). However, this high composition poses challenges for
use in a RE, as it can induce junction potentials or dendritic growth within the RE wire. Therefore, a
composition below 50 mol% NiCl, is preferred to minimize these issues, restricting the ability to main-
tain a SRE. The slight deviations in NiCl, concentration could lead to potential drift, impacting RE
stability.
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Figure S2. Ternary phase diagram of NaCI-KCI-NiCl, obtained using FactSage 8.2.

Text S3. Experimental observations on the effect of NiCl, in equimolar NaCl-KCl molten salts and
investigation of NiCl, saturation point.

An experiment was conducted in which 0.5 mol% NiCl, was added to equimolar NaCl-KCl
within a quartz tube. The mixture was heated to 1073 K in a muffle furnace to melt the salt, then rapidly
removed to observe its solidification behavior as it cooled to room temperature (Figure S3). The addi-
tion of NiCl, caused the molten salt to turn to a red-orange color, which transitioned to blue in the liquid
phase upon cooling. This suggests the peritectic KNiCl; formation, as predicted by the simulated phase
diagram, and then changed to orange upon solidification. This thermochromic effect induced by NiCl,

3



highlights potential challenges in using it as an analyte in a RE, especially under variable temperature
conditions in molten salts.

The saturation point of NiCl, in NaCl-KCl was assessed through visual and electrochemical
methods (Figures S4 and S5b). Incremental additions of NiCl,, ranging from 3.90 mol% to 30.04 mol%,
were incorporated into the NaCI-KCl melt until a visible NiCl, precipitate could appear. While no pre-
cipitates were observed in the molten state, cooling to room temperature revealed small NiCl, precipi-
tates at a concentration of 7.03 mol% (Figure S4b). Open-circuit potential (OCP) measurements were
taken after each NiCl, addition in a two-electrode setup. The working electrode (WE), submerged in an
inner crucible containing Ni-Bi molten metal, and the tungsten (W) counter electrode (CE), in contact
with the NaCl-KCl molten salt, were used to measure the OCP after each addition. Notably, OCP values
increased beyond 10 mol% NiCl,, suggesting that higher NiCl, concentrations are required to achieve
dual-phase behavior (liquid and solid) in the molten salt. This observation contradicts with the visual
results, which indicated precipitates at 7.03 mol% NiCl; in solidified salts. However, the visual results
are not reliable due to the lack of thermal control. The precipitates likely formed due to cooling, which
reduces the concentration of NiCl, needed for saturation (See Figure S2).

According to the ternary phase diagram, more than 50 mol% NiCl, would be necessary to form
a stable secondary phase at 1023 K (750 °C) operational temperature. However, due to the high vapor
pressure of NiCl,, the chloride salt easily volatilizes at elevated NiCl, concentrations, complicating
electrochemical measurements in these conditions. The data was supported through thermogravimetric
analysis (TGA) using a Netzsch STA 449FS5 stored inside the glovebox, where NiCl, was analyzed over
a temperature range from 313 K (40 °C) to 1273 K (1000 °C) at a heating rate of 20 °C/min under an
argon flow rate of 240.3 ml/min. The results, shown in Figure S5a, indicate that NiCl, begins to subli-
mate at temperatures above 1023 K, evidenced by the formation of crystals within the TGA apparatus.

Figure S3. Thermal chromic transition temperature of molten salts containing 99.5 mol% equimolar NaCl-KCl
and 0.5 mol% NiCl, at different time frames when first heated up to 1073 K and let it cool down to ambient
temperature in a quartz test tube. (a) 0 s, (b) 20 s, (¢) 40 s, (d) 1 min, (e) 1 min 20 s, (f) 1 min 40 s, (g) 2 min, (h)
2 min 20 s, (i) 2 min 40 s, (j) 3 min, (k) 3 min 20 s, (I) 3 min 40 s, (m) 4 min, and (n) 4 min 16 s.



Figure S4. Visual determination of the saturation phase of NiCl, in NaCl-KCl by incrementally adding NiCl, to
the molten salt mixture and allowing it to cool down. (a) 3.90 mol%, (b) 7.03 mol%, (c) 12.70 mol%, (d) 17.75
mol%, (e) 22.25 mol%, (f) 30.04 mol% of NiCl, in equimolar NaCI-KCI molten salt.
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Figure S5. (a) TGA data of NiCl, and (b) OCP values at various mole fractions of NiCl, added to equimolar
NaCl-KCl molten salt at 1023 K.
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