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The yield of °3Ru in molten salt reactors is quite substantial and °>Ru holds significant potential
applications in nuclear medicine. The electrochemical method is a promising technique for extracting
103Ru from molten salt reactor fuels. To investigate the electrolytic separation of °>Ru in molten salts,
this paper employed cyclic voltammetry (CV) and square wave voltammetry (SWV) to focus on the
electrochemical behavior of Ru(i) at an inert tungsten electrode in LiCl-KCL. The results indicate that the
reduction process of Ru ions in LiCl-KCl molten salt involves a two-step reaction: Ru(n) — Ru(i)) —
Ru(0). The diffusion coefficient of Ru ions was determined using cyclic voltammetry to be 1.65 x 107°
cm? s Constant-potential electrolysis was conducted at —2.5 V to obtain the electrolytic product,
which was characterized by X-ray diffraction (XRD) and scanning electron microscopy with energy-
dispersive spectroscopy (SEM-EDS). The deposited product was primarily composed of metallic
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the extraction efficiency of Ru(i) ions on the nickel electrode reached 88.92%. The current efficiency

DOI: 10.1039/d5ra08699 was 58.93% for constant-potential electrolysis for 2 h. This study demonstrates that the separation of Ru

rsc.li/rsc-advances

1 Introduction

One of the six IVth-generation reactor candidates, the molten
salt reactor (MSR), is characterized by its use of molten salts
serving dual functions as both nuclear fuel carriers and reactor
coolants. This unique design eliminates the need for fabricated
fuel elements while enabling real-time fuel replenishment and
online processing. When integrated with dry separation, MSRs
hold great promise for achieving closed nuclear fuel cycles.*

The operation of molten salt reactors generates an array of
fission products whose half-lives, spatial distribution, and
physicochemical behaviors are various.” According to their
chemical behavior in the reactor, the fission products were
roughly divided into three categories by the Oak Ridge National
Laboratory (ORNL):* the noble gases (Kr and Xe), the salt-
seekers (Cs, Sr, Zr, etc.) and the noble metal fission products
(Nb, Mo, Ru, etc.), whose behavior is very complicated and
unpredictable.*® Notably, some fission products such as
9Mo-""Tc, ®*Ga, '”’Lu, and '*'I have been extensively utilized
in clinical nuclear medicine for targeted organ imaging, diag-
nostic procedures and therapeutic applications.
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by electrochemical methods in molten salts is feasible.

The decay product '®™Rh of '®Ru can emit Auger elec-
trons,” which have important applications in nuclear medicine.®
Due to its high Auger electron yield, short half-life (56 min), and
ultrashort tissue penetration range (nanoscale cytotoxicity),”
193MRh has the potential to become a landmark radionuclide for
Auger electron therapy in the targeted treatment of various
cancers such as prostate cancer, neuroendocrine tumors, and
gliomas.® '®Ru also has potential applications in nuclear
medicine. It finds application in both diagnostic imaging of
adrenal dysfunction® and therapeutic management of thyroid
carcinoma," while simultaneously exhibiting significant
potential for diagnosis and treatment. The availability of
103mph is directly dependent on the production capacity of
Ru, which currently faces limited global supply. The current
production of '"Ru is based on irradiation techniques,
including the use of nuclear reactors and particle accelerators.
In the reactor, the fission yield of '®*Ru can reach 3.1%. As
a liquid fuel reactor, '’Ru has a considerable yield in molten
salt reactors due to whole-reactor irradiation. The output of
molten salt reactors has been proved to be dozens or even
hundreds of times that of other production methods.® Conse-
quently, separating '®*Ru from molten salt reactor fuel offers
a highly potential option, making it an attractive source for this
nuclide.

The physicochemical behavior of ">*Ru in molten salt reac-
tors exhibits considerable complexity. ORNL studied the
distribution of "®Ru in molten salt reactors by measuring the

103
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pump bowl using y-ray spectroscopy.’ Research findings indi-
cate that '®*Ru exhibits multifaceted distribution in molten salt
reactors. Portions of '®*Ru dissolve in the molten salts, while
others precipitate in the off-gas stream and on the surfaces of
structural materials. This demonstrates the highly complex
distribution of '®*Ru in molten salt reactors. Through system-
atic y-ray spectroscopic analysis of molten salt systems, Cheng
et al.*? proved that only a small amount of ">’Ru existed in the
molten salt in a dissolved state, while most of them were
enriched in the gas-liquid or solid-liquid interface region in the
form of a metallic state.

Dry separation is suitable for separation of nuclide from
MSR fuel salts and it mainly includes fluoride volatility sepa-
ration, reductive extraction, and electrochemical separation
techniques. ORNL successfully extracted uranium in the fuel
salt of molten salt reactors using fluorination volatilization,
resulting in uranium mass loss of less than 0.1 wt%."* This
method is suitable for substances with low boiling points of
fluorinated products, whereas ruthenium fluorides have high
boiling points (~230 °C). ORNL has also successfully separated
protactinium and rare earth fission products** using reductive
extraction. The French Atomic Energy Commission (CEA)
effectively separated actinides and lanthanides using reductive
extraction, with actinide recovery rate reaching 99%."> However,
the processing flow for reduction extraction in engineering
applications is relatively complex. Electrochemistry utilizes the
potential difference between separated elements to achieve the
separation of target elements."*"” This method is characterized
by its rapid response, real-time capability, and suitability for
high-temperature, highly radioactive molten salt environ-
ments.'® Furthermore, the molten salt electrodeposition®*?®
method has now reached a relatively mature stage of develop-
ment. It is suitable for the extraction and separation of various
metals. Electrochemical methods have been successfully
applied for the separation of high-concentration U,*>* Th*>”
and low concentrations of rare earth elements*®>* in molten
salts. Consequently, molten salt electrochemistry showcases the
prospects in ruthenium separation in molten salt reactor
systems.

Ruthenium exhibits a relatively strong electronegativity,*”
which provides a strong justification for the electrolytic sepa-
ration of ruthenium. Research has already been conducted on
the extraction of ruthenium using electrochemical methods. As
shown by Kobayashi et al.,* the electrodeposition of ruthenium
from ruthenium chloride and ruthenium nitrosyl chloride
solutions has been studied and this electrodeposition method
has been employed to separate radioactive ruthenium from
fission products. Pravati Swain et al.** investigated the electro-
chemical behavior of ruthenium on a platinum electrode in
nitric acid solution and successfully extracted ruthenium by
potentiostatic electrolysis. The electrodeposition behaviors of
nitrosyl ruthenium in nitric acid solution were systematically
investigated by Rui Zou et al.*® using electrochemical quartz
crystal microbalance analysis and cyclic voltammetry. The
results show that the reduction of ruthenium is achieved in
steps. From the above analysis, it can be seen that most
electrochemical studies on ruthenium have been conducted in
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aqueous solutions. However, the aqueous solution method is
not suitable for separating nuclides from molten salt reactor
fuel salts, as they generate significant amounts of waste liquid.

However, relative studies on molten salt systems are rarely
reported. Currently, existing research remains relatively
preliminary. Current research primarily confirms, through
electron absorption spectroscopy (EAS) and electrochemical
methods,** that ruthenium predominantly exists stably in
molten salts as octahedrally coordinated +3 ions. Osipenko's
research® results indicate that the reduction process of ruthe-
nium in chloride melts based on LiCl-KCl and LiCl-KCl-CsCl
eutectics occurs in a single step. G. Kartal Sireli** further
explored the process of electrodepositing ruthenium coatings in
LiCl-KCI molten salts using a two-electrode system.

Moreover, current research has not systematically investi-
gated electrochemical behavior and electrolytic processes and
electrochemical parameters such as the diffusion coefficient
and reversibility of ruthenium are also lacking. Furthermore,
previous studies have demonstrated that the reduction process
in LiCI-KCl molten salts occurs in a single step, which contra-
dicts the traditional two-step reduction mechanism for transi-
tion metals.

Fluoride molten salts typically face limitations such as
uncontrollable costs in raw material preparation and purifica-
tion. In contrast, chloride molten salts offer advantages
including lower melting points, wider sources, and better
controllability of impurities. In particular, the broad electro-
chemical window of chloride systems provides crucial thermo-
dynamic and kinetic foundations for the study of the
electrochemical behavior and separation of ruthenium
elements. In this paper, a LiCI-KCl system is selected primarily
due to its lower melting point, reduced corrosivity, and similar
thermophysical properties to fluoride salts (FLiBe). Thus,
experimental results from LiCl-KCl can provide valuable refer-
ences for fluoride salt systems.*

In this work, cyclic voltammetry (CV) and square wave vol-
tammetry (SWV) were used to systematically investigate the
electrochemical behavior of Ru in LiCl-KCl molten salts using
a three-electrode system, obtaining key parameters including
redox potentials, reversibility, and diffusion coefficients. During
the electrolysis process, the three-electrode system maintains
a more stable electrolytic potential compared with the two-
electrode system, ensuring the smooth progression of the
electrolysis process and eliminating the effects of ohmic drops
in the electrolyte.*>** Based on the above data analysis,
constant-potential electrolysis was executed to obtain electro-
Iytic products at appropriate conditions. Finally, the composi-
tion of the electrolytic products was analyzed by a number of
characterization tools, including X-ray diffraction (XRD) and
scanning electron microscopy with energy-dispersive spectros-
copy (SEM-EDS) for composition and morphology analysis.
Furthermore, the electrolysis efficiency of the whole electrolysis
process and the feasibility of electrolytic separation of Ru were
evaluated, which provided a scientific basis for the subsequent
development of an effective electrolytic separation process.

RSC Adv, 2026, 16, 12360-12373 | 12361
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2 Experimental

2.1. Chemicals

LiCl (=99.5%), KC1 (=99.8%), RuCl; (99.6%), tungsten wire (¢ =
1 mm, 99.9%), silver wire (¢ = 1 mm, 99.9%), Ni sheet (¢ =
20 mm x 10 mmx1 mm, 99.9%), and absolute ethanol were
provided by Sinopharm Chemical Reagents Co., Ltd. Tungsten
(W) was selected as the working electrode because it is an inert
electrode that does not form a Ru-W alloy with ruthenium at
773 K in Fig. 1.*®

2.2. Preparation and purification of molten salt materials

The highly purified LiCI-KCl (52 :48 mol%) eutectic mixture
(>99.9%) was synthesized by thoroughly mixing dried LiCl (44 g)
and KClI (56 g), then placing the mixture in a graphite crucible
(¢ = 50 mm x H 40 mm) within a sealed furnace. The furnace
was heated to 300 °C for 5 h to remove the absorbed water,
followed by heating to 500 °C for 24 h to ensure complete
melting. After cooling to room temperature, the prepared
eutectic salt was characterized for impurities by ICP-OES. The
main impurity analysis results for the LiCI-KCl molten salt are
shown in Table 1. These results demonstrate that the prepared
molten salt exhibits high purity and low impurity concentra-
tions, making it suitable for electrochemical research. Ru(m)
ions were introduced into the LiCl-KCl salt in the form of RuCl;
powder. The mixture of RuCl; and LiCl-KCl (RuCl; : LiCI-KCl =
1:99 mol%) was homogenized in a graphite crucible and
heated at 300 °C for 1 h to remove residual moisture, followed
by heating at 500 °C for more than 6 h.

2.3. Electrochemical analysis and setup

2.3.1. Electrochemical device and three-electrode system.
All electrochemical measurements were conducted in a three-
electrode system. The working electrode was a tungsten wire
(¢ =1 mm, 99.9%), polished with SiC sandpaper, ultrasonically
cleaned with deionized water and ethanol, and dried. The
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Table 1 Concentration of main impurities in LiCl-KCl molten salt

Element Concentration/ppm

Mg
Cu
Al

[N IS NG SOR N

counter electrode was a graphite rod (¢ = 5 mm, 99.9%). The
carbon powder on the surface of the stone mill rod was wiped
clean with soft paper, ultrasonically washed with deionized
water and ethanol, and then dried and placed in a glove box.
The Ag/AgCl reference electrode was prepared by inserting
a spiral-wound silver wire into an alumina tube.* The sealed
end was ground until porous using sandpaper or a grinding
wheel. A mixture of LiCl-KCIl-AgCl (1.0 mol%) salt was packed
into the modified alumina tube. The assembled electrode was
then immersed in molten electrolyte for 24 h until stable
electrochemical signals were detected. All electrochemical
experiments were conducted using an Autolab electrochemical
workstation controlled by Nova 2.1 software. All experiments
were conducted in an argon-filled glovebox (99.999% purity)
with H,O and O, levels maintained below 0.5 ppm to prevent
oxidation and moisture absorption of ruthenium products. The
experimental setup is illustrated in Fig. 2.

2.3.2. Electrochemical measurements. Cyclic voltammetry
(CV) and square wave voltammetry (SWV) were utilized to study
the electrochemical behavior of Ru(m) in LiCI-KCl molten salt

6 S ------

Fig. 2 Schematic diagram of electrochemical cell (1: reference elec-
trode; 2: stainless steel wire; 3: electric furnace; 4: graphite crucible; 5:
silver wire; 6: tungsten wire; 7: alumina gasket; 8: corundum tube; 9:
working electrode; 10: counter electrode; 11: copper connector; 12:
graphite rod; 13: molten chloride; 14: glove box).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The treatment process for electrolytic products.

to obtain the key electrochemical parameters, such as redox
peak potentials, peak currents, diffusion coefficients, electrode
reaction mechanism, reversibility, etc.

2.3.3. Electrolysis experiments. Based on the electro-
chemical behavior studies, electrolytic separation experiments
were further conducted using a three-electrode system. In this
setup, a nickel plate functioned as the working electrode,
graphite as the counter electrode, and a Ag/AgCl electrode as the
reference electrode. The experiments were performed under
a constant potential, with electrolysis lasting for 2 hours, to
systematically examine the electrolytic separation behavior.

2.4. Characterization of electrolytic products

2.4.1. Pre-treatment of electrolytic products. Electrolytic
products were obtained using constant-potential electrolysis.
The products underwent ultrasonic cleaning to remove surface
salts, followed by vacuum drying to dry the samples. Then the
obtained electrolytic product samples were transferred for
further analysis. The treatment process for electrolytic products
is shown in Fig. 3.

2.4.2. Chemical analysis. The deposits were analyzed by X-
ray diffraction (XRD; DY3616, X'Pert Powder), and the
morphology and element distribution of the surface and cross-
section of the deposits and the electrode after electrolysis were
characterized by scanning electron microscopy with energy-
dispersive spectroscopy (SEM-EDS; Merlin compact). The

sample preparation and pretreatment procedures for the above
characterization techniques are detailed in ref. 50.

Additionally, inductively coupled plasma optical emission
spectroscopy (ICP-OES; Optima 8000) was used to measure
Ru(ur) concentration in the molten salt before and after elec-
trolysis. The sample preparation process prior to characteriza-
tion is as follows. Samples of the melt were collected by
immersing a quartz tube (#6 mm) into the melt. After cooling,
the sample was ground to a powder using a mortar. Subse-
quently, 0.1 g of the fine powder was weighed in a glove box and
transferred into a graphite digestion block. Following the
addition of 2% (v/v) HNOj,* the vessel was placed in a graphite
digestion system and heated to 90 °C for 4 hours until complete
dissolution. After cooling to room temperature, the sample
solution was transferred to a 50 mL centrifuge tube and further
diluted with 2% HNOj;. The ruthenium content in the dissolved
sample was then determined using inductively coupled plasma
emission spectroscopy (ICP-OES).

3 Results and discussion

3.1.
KCl

Electrochemical behavior of Ru(m) ions in molten LiCl-

3.1.1. Cyclic voltammetry. Fig. 4(a) shows the cyclic vol-
tammetry test curve of LiClI-KCl molten salt system at 773 K
using a W electrode. Only the redox peak of Li* in the LiCI-KCl
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Fig.4 (a) Cyclic voltammetry curves of the LiCl-KCland (b) LiCl-KCl-RuCls (1.13 x 10~* mol cm~3) systems at 773 K with a scan rate of 0.1V s*
(working electrode: W electrode, surface area: 0.32 cm?; counter electrode: graphite rod (#5.0 mm)).
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Fig.5 (a) Cyclic voltammetric curves of LICI-KCI-RuCls (1.13 x 10™* mol cm™%) molten salt at different scan rates. (b) Dependence of reduction
peak potential on the square root of the scan rate for R1 and R2 for a W electrode in LiCl-KCI-RuCls (1.13 x 10~% mol cm~®) eutectic at 773 K
(working electrode: W electrode, surface area: 0.32 cm?; counter electrode: graphite rod (5.0 mm)).

molten salt potential window, with no other extraneous peaks
observed. This indicates that the LiCI-KCI used in the experi-
ment is of high purity and is suitable for conducting molten salt
electrochemical experimental analysis and testing. Fig. 4(b)
records the CV curve of LiCI-KCI-RuCl; molten salt on the W
electrode. It can be seen from the CV curve that in addition to
the redox peak of Li", two pairs of sharp redox peaks, R1/01 and
R2/02, are observed. The potentials for the reduction peaks
appeared at 1.003 V for R1 and 0.660 V for R2, while the
oxidation peaks O1 and O2 appeared at 1.067 V and 1.213 V,
respectively. Only RuCl; was incorporated into this system;
hence, these two pairs of redox peaks are attributed to the Ru(ur)
species at the electrode. These results suggest that the reaction
process of Ru(ur) at the electrode proceeds primarily in two
steps.

To further study the characteristics of these peaks more, CVs
were conducted at different scan rates within a narrow potential
range, and the results are shown in Fig. 5(a) and (b). As the scan
rate increased, the potentials of reduction peaks R1 and R2
shifted slightly towards the negative direction. There is a small
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peak near the reduction peak R2 on this cyclic voltammetry
curve, which should be attributed to the monolayer adsorption
and desorption of Ru on the working electrode. The similar
phenomenon was also observed in ref. 52 and 53. Furthermore,
the current density of the reduction peaks R1 and R2 exhibited
a linear relationship with the square root of the scan rate in
Fig. 6(a) and (b). These observations demonstrate that R1 and
R2 represent quasi-reversible processes throughout the entire
procedure.

3.1.2. Square wave voltammetry. Compared to cyclic vol-
tammetry, square wave voltammetry is a methodology that
enables more sensitive and precise electrochemical analysis,
enabling accurate determination of the number of transferred
electrons involved when an electrochemical process occurs. In
order to more accurately study the reduction mechanism of the
two-step electrode reaction of Ru(m), a higher sensitivity and
more accurate SWV was used for testing.

As illustrated in Fig. 7(a), SWV tests were conducted at 15 Hz
and the test results were fitted using a Gaussian fitting. This
confirms that two steps of reduction occurred during the
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Fig. 6 Dependence of current density of the reduction peak R1 (a) and R2 (b) on the square root of the scan rate in LiCl-KCl-RuClsz (1.13 x
10~* mol cm™3) eutectic at 773 K (working electrode: W electrode, surface area: 0.32 cm?; counter electrode: graphite rod (#5.0 mm)).
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Fig. 7 (a) Gaussian fitting of square wave voltammetry of LiCl-KCl-RuCls at 773 K with 15 Hz. (b) Square wave voltammetry of LiCl-KCl-RuClz

(1.13 x 10~* mol cm~3) was performed on a tungsten wire electrode at varying frequencies. (c) Dependence of reduction peak potential on
square root of the scan frequency for R1 and R2 for a W electrode in LiCI-KCI-RuCls (1.13 x 10™*mol cm™3) eutectic (working electrode: W
electrode, surface area: 0.32 cm?; counter electrode: graphite rod (5.0 mm)).

electrode reaction, which corresponded to the two reduction
reactions in the results of CV. SWV curves obtained at different
frequencies are shown in Fig. 7(b). Fig. 7(c) shows the rela-
tionship between peak potentials R1 and R2 and the square of
frequency. Within these curves, the positions of reduction

peaks R1 and R2 exhibit minimal shift with increasing scan
frequency, displaying no significant displacement, while the
current density shows a decreasing trend. By utilizing Origin
software to fit the relationship between the square root of
frequency and current density, the results are presented in
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Fig. 8 The relationship between the current density of the peak potential R1 (a) and R2 (b) of the square wave voltammetry curve of the LiCl-
KCl-RuCls (1.13 x 10~* mol cm~3) molten salt system and the square root of the scanning frequency at 773 K (working electrode: W electrode,

surface area: 0.32 cm?; counter electrode: graphite rod (@5.0 mm)).
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cm™3) system at 773 K after constant potential electrolysis for 2 h
(working electrode: W electrode, surface area: 0.66 cm?; counter
electrode: graphite rod (5.0 mm)).
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Fig. 10 Ru-Ni binary phase diagram.®®

Fig. 8(a)(R1) and (b)(R2). These figures reveal that the current
densities of R1 and R2 exhibit a linear relationship with the
square root of frequency. The above data indicate that R1 and
R2 are quasi-reversible processes controlled by diffusion.

Based on the above experimental findings, the number of
exchanged electrons can be calculated using the following eqn
(1):54,55

RT

Wi = 3.52ﬁ 6))]
where W;, denotes the half-width of the peak, R (8.314 ] mol "
K™') is the gas constant, T represents the absolute temperature
(K), F is the Faraday constant (C mol '), and 7 is the number of
exchanged electrons in the reduction. The half-peak widths
corresponding to R1 and R2 in Fig. 5(a) are 0.17766 and 0.11296,
respectively. The number of exchanged electrons of R1 and R2
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are calculated to be about 1 (1.31) and 2 (2.07), respectively. This
proves that the observed phenomenon corresponds to the
electrode reaction between Ru(m) and Ru, as shown below:

RL:R** + e~ =Ru?"

R2: R* +2¢ =Ru

This indicates that the reduction step of Ru(m) in the LiCl-
KCl system is Ru(m) — Ru(u) — Ru(0).

3.1.3. Diffusion coefficient of Ru(m). The above experi-
mental results indicate that the electrochemical process of
Ru(m) in the LiCI-KCl molten salt system is a diffusion-
controlled quasi-reversible process. As shown in Fig. 6(a), the
slope (k) of this line is —0.354. This slope represents the ratio of
current density to the square root of the sweep velocity. There-
fore, the diffusion coefficient of Ru(ui) was calculated to be 1.65
x 107% cm?® s7, based on Fig. 6 and the Randles-Sevcik eqn

(2)-(6):

Ij’ = 0.4463nFC (%’;) 1/201/2v1/2 (2)
% / V12 = 0.4463nFC (Z—FT) 1/201/2 (3)
% / W=k (4)

k = 0.4463nFC (;_1;) 1/201/2 (5)
D=k / (0.4463nFC)’ Z—I; (6)

where I, is the peak current (A), C represents the bulk concen-
tration of Ru(m) in the LiCI-KCl (mol cm™?), D denotes the
diffusion coefficient of Ru(m) (cm” s~ "), A refers to the surface
area of the working electrode (cm?), v signifies the scan rate (V
s~ 1), and other physical quantities are the same in eqn (1). The
order of magnitude of Ru's diffusion coefficient in this study is
consistent with Mo and Nb in chloride molten salts, which are

also noble metals.>*%”

3.2. Electrolytic separation of Ru(u) ions in molten LiCl-KCl

3.2.1. Constant-potential electrolysis experiment. During
the research process, tungsten electrodes were initially
employed. Although the tungsten electrode can extract ruthe-
nium, its ability to adhere to ruthenium during electrolysis is
relatively weak. This leads to the deposited ruthenium detach-
ing and dispersing in the molten salt, hindering the collection
and analysis of the electrolytic products. A portion of the elec-
trolytic products detached in the molten salt was collected and
subjected to XRD characterization analysis. The results, pre-
sented in Fig. 9, confirmed that the electrolytic products were
ruthenium. In summary, while tungsten electrodes can also
achieve Ru extraction, the shedding of electrolytic products into

© 2026 The Author(s). Published by the Royal Society of Chemistry
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voltammetry test curve of LICI-KCI-RuCls (1.13 x 10~* mol cm™3) molten salt after constant potential electrolysis for 2 h at 773 K (working
electrode: Ni electrode, surface area: 2.3 cm?; counter electrode: graphite rod (5.0 mm)).
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Fig. 12 Constant-potential current—time curve on nickel electrode at
—2.5Vin LICI-KCL-RuCls (1.13 x 10~* mol cm~®) eutectic molten salt
(working electrode: Ni electrode, surface area: 2.3 cm? counter
electrode: graphite rod (5.0 mm); temperature: 773 K).

the molten salt during the process hinders the collection and
analysis of these products. Therefore, nickel electrodes were
selected for subsequent research.

As shown in Fig. 10, a nickel plate is an inert electrode
because ruthenium does not form an alloy with nickel (Ni).>® CV
curve results for measuring ruthenium ions using a nickel plate
as the working electrode are shown in Fig. 11(a). As can be seen
from the diagram, the Ru current on the electrode begins to
appear at A (—0.25 V), with the maximum electrolytic current of
—0.73 A cm ™~ ? peaking at B (—1.25 V). Consequently, it can be
inferred that the reduction potential of Ru on the Ni electrode is
—1.25 V. Therefore, the potential selection for electrolyzing
ruthenium should be more negative than —1.25 V; that is, the
potential range should be controlled between —1.25 V and the
potential of Li" reduction. Based on this, the system RuCl;-
LiCI-KCl was electrolyzed at a constant potential of C (—2.5 V) at
773 K using a nickel sheet in this experiment. Theoretically, at
this potential, ruthenium can be effectively electrolyzed. After
electrolysis of 2 h, the electrolysis curve shown in Fig. 12 was
obtained, and the deposits on the electrode surface are shown

Fig. 13 Color change diagram of salt blocks before (a) and after (b) constant potential electrolysis for 2 h.
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Fig. 14 SEM patterns (a, d and g) and EDS charts (b, c, e, f, h and i) of surface scan about the deposits obtained on the nickel electrode after

constant potential electrolysis at — 2.5V and 773 K for 2 h.

in Fig. 16(a). Deposits were obtained on the nickel electrode and
the surface was covered with a small amount of residual molten
salt medium. The CV curve test of the molten salt after elec-
trolysis showed that there were no other redox peaks except for
a pair of redox peaks of Li" in Fig. 11(b). In addition, as shown in
Fig. 13, RuCl;-LiCl-KCl molten salt exhibits an orange color

12368 | RSC Adv, 2026, 16, 12360-12373

(Fig. 13(a)) before electrolysis. Following electrolysis, the color
of RuCl;-LiCl-KCl molten salt changes to white (Fig. 13(b)),
which is similar to LiClI-KCl molten salt.

3.2.2. Characterization of electrolysis products. The
sample can be washed with water. During washing, metallic
ruthenium is insoluble in water,***® while the LiCI-KCI salt can

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 SEM patterns (a, c and e) and EDS charts (b, d and f) of line scan about the deposits obtained on the nickel electrode after constant
potential electrolysis at — 2.5 V and 773 K for 2 h.

(b) ¢

. e e eRu

s+ eKCl

Intensity (a.u.)

PDF # 41-1476 | I | I I | I | |

PDF # 06-0663
1 I 1 I | I 1 I

20 40 60 80
20/°

Fig. 16 (a) Electrolysis products acquired from nickel electrode in LiCI-KCl-RuCls (1.13 x 10~* mol cm~3) eutectic molten salt mixed salts after
constant potential electrolysis for 2 h at 773 K. (b) XRD pattern of the deposits in the LICI-KCl-RuCls (1.13 x 10~* mol cm~3) system at 773 K after
constant potential electrolysis for 2 h (working electrode: Ni electrode, surface area: 2.3 cm?; counter electrode: graphite rod (5.0 mm)).
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Fig. 17 XRD patterns of the electrolytic products before (a) and after (b) washing in LiCI-KCl-RuCls (1.13 x 10~* mol cm™) system at 773 K after
constant potential electrolysis for 2 h (working electrode: Ni electrode, surface area: 2.3 cm?; counter electrode: graphite rod (5.0 mm)).

be washed away. Following electrolysis, the products were
treated with ultrasonic cleaning and vacuum drying and
subsequently analyzed by XRD and SEM-EDS. Fig. 14 displays
the SEM image of different regions of the electrolytic products
obtained by constant potential electrolysis at —2.5 V. EDS of the
surface scan in Fig. 14(b, ¢, e, f, h and i) and the line scan in
Fig. 15(b, d and f) were swept to the Ru element. The XRD
characterization diagram is provided in Fig. 16(b), which indi-
cates that the primary composition of the electrolytic product is
Ru metal. Fig. 17 shows the XRD patterns of the electrolytic
products before (Fig. 17(a)) and after (Fig. 17(b)) washing. The
XRD pattern clearly demonstrates the high purity of Ru after
washing. The XRD characterization shows that the Ru detected
by EDS corresponds to Ru metal obtained through electrolysis,
not RuCl; added to the system. The results of electrolytic
separation characterization confirm the precision of the Ru(m)
electrochemical behavior analysis and further verify that the
hypothesis of the reduction mechanism of Ru(m) was
reasonable.

3.2.3. Electrolysis efficiency and feasibility analysis. After
the completion of electrolysis, a small amount of sample was
taken from the molten salt, and the Ru(m) concentration was
measured using ICP-OES. The extraction efficiency (§) was
estimated using the following formula and Table 2:

¢ — Cr

£= )

Ci
where ¢; and c¢ represent the initial and final concentrations of
Ru(m) in LiCl-KCl molten salt, respectively.
The extraction efficiency (£) of ruthenium ions after 2 h elec-
trolysis at —2.5 V is 88.92%. Subsequently, the charges at different

Table 2 Concentration of Ru before and after electrolysis and cor-
responding peak current values in LiCl-KCl molten salt

Concentration of Ru/mol cm™* Peak current/A cm ™2

—-0.73
—4.24 x 107*

Before electrolysis 1.13 x 10~*
After electrolysis  1.22 x 107>

12370 | RSC Adv, 2026, 16, 12360-12373

electrolysis potentials were integrated, and the corresponding
current efficiency was calculated using eqn (8) and Fig. 8.

Mecathod
ca’ OenF
My

0
s X 100% 8)

’f] =
where 7 is cathode current efficiency of Ru deposition; mcathode
is weight of metallic ruthenium on cathode, g; My is molecular
mass of metallic ruthenium, 101.07 g mol™%; Iis current, A; ¢ is
time, h. The current efficiency was 58.93% for constant-
potential electrolysis for 2 h.

All experimental results illustrate that the electrolytic sepa-
ration of Ru can be achieved by using a nickel sheet for constant
potential electrolysis at —2.5 V for 2 hours. This further
confirms the feasibility of electrolytic separation of Ru in LiCl-
KCI molten salt.

4 Conclusion

The electrochemical behavior of Ru(u) in LiCI-KCI molten salt
at 773 K was investigated using CV and SWV. The results indi-
cate that the reduction of Ru(im) in LiCI-KCI molten salt involves
a two-step process: Ru(m) — Ru(u) — Ru(0). It also demon-
strates that the electrochemical process of Ru(m) in the LiCl-
KCI molten salt system is a diffusion-controlled quasi-reversible
process. The diffusion coefficients of Ru(ur) were analyzed and
calculated, and the values of 1.65 x 10~ ° cm?* s~ were obtained.

Subsequently, the constant potential electrolysis method was
used to electrolyze ruthenium, and the electrolysis products were
analyzed by XRD and SEM-EDS. The results showed that the
electrolysis products were ruthenium metal. Moreover, the
concentration of Ru by ICP-OES shows a marked decrease both
before and after electrolysis. Furthermore, test results obtained
using ICP-OES estimated the extraction efficiency of Ru
throughout the entire electrolysis process to be 88.92%. Finally, the
current efficiency in the whole electrolysis process was calculated
to be 58.93%. All research results demonstrate that the electro-
chemical separation of ruthenium in LiClI-KCl molten salt is
feasible.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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This work revealed the electrochemical reduction mecha-
nism and electrolytic deposition process of ruthenium ions in
LiCI-KCl molten salt, which provides a theoretical basis and
data support for continuing to explore the reduction mecha-
nism of ruthenium ions in other molten salts. In addition, this
work provides a feasible route for electrolysis and preparation of
metallic Ru in a new system. In subsequent work, we will
continue to study the reduction mechanism and electrolytic
deposition process of ruthenium in fluoride salts. At the same
time, we will promote process optimization to improve current
efficiency. Subsequently, further purification processes will be
designed to refine the crude product obtained by electrolysis,
and finally a high-purity ruthenium product will be obtained.

In future work, the separation efficiency of this technology
will be further validated under more realistic application
conditions, with a particular focus on assessing the feasibility of
isolating ruthenium from complex mixed fission product
systems. Finally, a techno-economic evaluation will be per-
formed on the entire process flow, including ruthenium sepa-
ration and purification. This will ultimately establish
a complete extraction and separation process for obtaining
high-purity Ru products, integrating both technical feasibility
and economic rationality into the process flow.
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