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Molten salt electrolysis is a promising method for producing metallic vanadium, overcoming the limitations
of conventional processes, such as high purity requirements for raw materials and high impurity content.
This study introduces an innovative approach utilizing soluble vanadium-aluminum alloy anodes in KCl-
LiCl molten salt, where vanadium is dissolved as V2" and V3*. Optimal conditions were identified as 0.3 A

cm™2

current density, 500 °C temperature, and 6 h duration. High purity metallic vanadium was
prepared under these conditions, and the electrolysis efficiency reached 89.53%. Electrochemical
analysis revealed three reduction processes: Al(n) — Al V(n) — V() and V() — V. In molten salts,
vanadium ions existed in coordination forms as VCl, VCls, VCl2~, and VClg®~, while aluminum ions
were present as AlCl, . The process was confirmed as diffusion-controlled, with calculated V(i) diffusion
coefficients. Nucleation mechanism analysis demonstrated dual vanadium deposition pathways:

instantaneous and progressive nucleation. Fluoride ions were found to enhance reaction kinetics
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Accepted 16th September 2025 rough chloride substitution in aluminum complexes, increasing free chloride availability for vanadium
coordination and improving ion mobility. The developed method offers significant advantages in energy

DOI: 10.1039/d5ra05411g efficiency and product quality compared to traditional metallurgical approaches, providing insights for
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1. Introduction

Metallic vanadium is a silver-gray metal which, due to its unique
physical and chemical properties, performs well under various
environmental conditions."* In addition to being an important
stabilizer and strengthening agent in the steel and aerospace
industries, vanadium and its alloy have good prospects in nuclear
fusion, hydrogen storage, superconducting materials.**® These
advantages arise from their properties such as low activation
characteristics under neutron irradiation, high thermal conduc-
tivity, high-temperature strength, good creep resistance, and
processing performance, which are crucial for high-temperature
environments.”® Moreover, vanadium and its alloy can be used
as negative electrode materials for multi-phase oxygen electrode
alloys, making it possible to manufacture higher-efficiency
batteries, with electric vehicles being a potential market for
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optimization of molten salt electrolysis systems in refractory metal production.

these batteries.'" The main method for producing metallic
vanadium is the thermal reduction process by using vanadium
pentoxide (V,0;5) or vanadium trioxide (V,0;) as raw materials
and employing reducing agents such as Ca, Mg, Al, or C. Recent
research has seen extensive efforts to optimize these thermal
reduction processes, aiming to enhance the kinetics of alumi-
nothermic reactions and vanadium recovery rates. The primary
process involves the aluminothermic reduction of high-purity
V,05 to produce AlV85 (approximately 85 wt% vanadium and
15 wt% aluminum), followed by two rounds of vacuum electron
beam melting to obtain vanadium metal with 99.0-99.5% purity.
However, these processes result in challenges such as extended
production cycles, stringent requirements for raw vanadium
materials, and elevated impurity levels. Consequently, there is
a need to develop a method for producing high-purity metallic
vanadium.">**

Among existing vanadium production systems, molten salt
electrolysis technology is the most promising method.***® It has
the advantages of low reaction temperature, high efficiency, and
high product purity and is widely used for metal purification. In
the traditional vanadium refining process, AlV85 alloy requires
vacuum electron beam melting, which necessitates tempera-
tures above 1500 °C. In contrast, the molten salt electrolysis
process typically operates below 1000 °C, significantly reducing
energy consumption. The molten salt electrolysis process is
influenced by factors such as electrode properties, salt
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composition, and temperature. The choice of electrode material
for electrolysis plays a significant role in the process.">*
Methods like Fray-Farthing-Chen (FFC),*>** OS,** and Solid
Oxygen Ionic Membrane (SOM) have been considered prom-
ising for producing vanadium.* Recent research has focused on
optimizing these methods, for example, by developing novel
cathode structures for FFC, investigating different anode
compositions and feeding mechanisms for OS, and exploring
stable oxygen-ion-conducting membranes for SOM. However,
the graphite anode is easily consumed during electrolysis. And
vanadium oxides are almost insoluble in the molten chlorides.
The solid electro-deoxidation process is very slow and vanadium
oxides must be obtained by a complex process.
Vanadium-aluminum (V-Al) alloy, as a type of vanadium
alloy, can be advantageous compared to traditional reduction
processes, which use vanadium oxides. During the preparation
of V-Al alloy, by-products of aluminum can be easily washed
away by acid or alkali. And the reduction process using
aluminum lowers the reaction energy consumption, thus
improving the yield of the metallic vanadium. However, the use
of V-Al alloy also has certain limitations.>® During the electrol-
ysis process, impurities such as Al may deposit on the cathode,
which may lead to a decrease in the purity of the obtained
metallic vanadium. To address this issue, a viable strategy
involves the introduction of potassium fluoride (KF) into the
molten salt system. Under certain conditions, KF demonstrates
the capability to form stable coordination complexes with
aluminum ions (AI’"), thereby modifying the coordination
architecture of the molten salt medium.” This structural
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reorganization effectively inhibits the electrochemical deposi-
tion of metallic aluminum through two primary mechanisms.
The molten salt electrolyte, as a carrier for the electrolysis
process, also significantly affects the reaction. Alkali metal and
alkaline earth metal chlorides are the most stable and inex-
pensive molten salts and are ideal for the molten salt system.
Due to the relatively low decomposition voltage of CaCl,,*® the
electrochemical behavior in CaCl,-based® electrolytes is
accompanied by calcium deposition, which interferes with the
electrolysis process. Compared to the NaCI-KCI*>** electrolyte,
the KCI-LiCI** system offers a lower eutectic temperature.
Owing to the small ionic radius and high migration rate of Li
ions, it exhibits good ionic conductivity, thereby reducing
energy consumption costs to some extent. Additionally, the
KCI-LiCI** system possesses a wide electrochemical window.
The standard electrode potentials of K and Li are lower than
that of vanadium, meaning their deposition does not interfere
with the reaction. To summarize, this study employs the KCI-
LiCl system as the molten salt for the electrolysis process.
Therefore, this study proposes a simple, low-energy method
for the production of metallic vanadium through electrolysis of
soluble V-Al alloy anodes in a KCI-LiCl molten salt system. The
schematic diagram is shown in Fig. 1. The study optimizes
electrolysis conditions such as anode current density, reaction
temperature, and time, and investigates the reduction and
diffusion processes in the KCI-LiCl molten salt through various
electrochemical tests. The diffusion coefficients and nucleation
patterns of vanadium ions are calculated. The addition of
fluoride (F) ions changes the electrochemical properties and
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Fig. 1 Schematic diagram for the preparation of metallic vanadium by the electrolysis.
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reduction process, and their effects on the product are analyzed.
Additionally, molecular dynamics (MD) and density functional
theory (DFT) are combined to study the bonding processes in
the reaction system through radial distribution functions and
analyze the atomic interactions between ions during the elec-
trolysis process.

2. Experimental

2.1 Preparation of metallic vanadium

In this study, a eutectic salt of KCI and LiCl in a molar ratio of

55:45 (KCl, purity 99.8%, LiCl, purity 99.8%, purchased from
Macklin Biochemical Co., Ltd) was used as the electrolyte, with
a total weight of 100 g. Before electrolysis, KCl and LiCl were
mixed uniformly and vacuum-dried at 300 °C for 3 h to remove
excess moisture, then heated to 500 °C and maintained at this
temperature for 12 h for pre-electrolysis. After pre-electrolysis,
electrochemical tests and deposition were performed. Vana-
dium ions were introduced into the electrolyte in the form of V-
Al alloy (65% vanadium content, which is prepared by hydro-
lyzing vanadium-rich shale solution to obtain sodium vanadate,
then mixing it with aluminum powder and CaO for thermal
reduction, as shown in Fig. 2. Other impurities meet the stan-
dards in Table 1). Aluminum powder (99.9% purity, purchased
from Shanghai Aladdin Biochemical Technology Co.) and
calcium oxide (98% purity, purchased from Shanghai Aladdin
Biochemical Technology Co.) were used. The experimental
setup is shown in Fig. 3, and the entire experiment was carried
out under an argon atmosphere. The electrolytic cell consisted
of an alumina crucible (inner diameter: 80 mm, height: 100
mm) containing KCI-LiCl eutectic salt. The inter-electrode
distance was fixed at 50 mm. V-Al alloy and tungsten plates
(1 mm thick, 2 mm wide, 99.99% purity) were used as the anode
and cathode, respectively, in a two-electrode system for the
preparation of metallic vanadium. Later, a three-electrode
system was used for electrochemical experiments. A platinum
wire (1 mm, 99.99% purity) was used as the reference electrode,
with a graphite rod (5 mm, 99.99% purity) as the counter elec-
trode, and the working electrode was the V-Al alloy. To make
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Table 1 Composition analysis of vanadium aluminum alloy
Element A% Al Fe C N (0]
Composition (wt%) 66.65 33.14 0.08 0.07 0.02 0.12

Thermocouple
RE(Pt)
CE(W) WE(V-Al)
—_— —

Vacuum pumping

Ar out

Alumina Crucible

Fig. 3 Schematic of the experimental apparatus used for molten salt
electrolysis.

the experiment more comparable, the reference potential was
converted to Cl,/Cl™. For calibration of the reference potential,
a platinum-carbon rod (3 mm, 99.99% purity) was used as the
working electrode, and a platinum rod was used as the reference
electrode. Prior to the experiment, the electrodes were polished
with sandpaper, then cleaned with alcohol and dried.

2.2 Products characterization

After electrolysis, the cathode product was cleaned with deion-
ized water under ultrasonic treatment, followed by soaking in
dilute HCI solution, and then dried at 80 °C for 6 h. The
electrochemical tests were recorded with the Nova 2.1 software

(a) XRD of V-Al alloy prepared from sodium vanadate; (b) SEM of V-Al alloy prepared from sodium vanadate and the results of EDS analysis

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05411g

Open Access Article. Published on 22 September 2025. Downloaded on 10/15/2025 6:47:05 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

package controlled by AutoLab (PGSTAT 302 N). Transient
electrochemical techniques were employed to study the
electrochemical behavior in the KCI-LiCl system. A glass funnel
(outer diameter 35 mm, inner diameter 30 mm, tube diameter 8
mm, total length 50 cm) was quickly inserted into the molten
salt before and after electrolysis at 500 °C to draw up the molten
salt and then removed. The collected salt was vacuum-dried.
The V content in the cooled molten salt and the valence state
of vanadium ions before and after electrolysis were tested using
an inductively coupled plasma optical emission spectrometer
(ICP-OES, PerkinElmer 8300, PerkinElmer, Waltham, Mass,
USA) and an X-ray photoelectron spectrometer (XPS, Thermo
Scientific K-Alpha). The microscopic structure and morphology
of the cathode deposits were studied using a scanning electron
microscope (SEM, JSM-IT300, JEOL, Tokyo, Japan), energy
dispersive spectrometer (EDS, Oxford Instruments, Oxford, UK),
and X-ray diffraction (XRD, Rigaku, Tokyo, Japan). Using a DXR
Raman microscope and compared with simulated values. The
simulation calculations involved in this article were all per-
formed using Materials Studio (MS, 2018version), quantum
chemistry calculations were completed using DMol3 and Castep
modules, and MD calculations were mainly based on the 110
Forcite module, using VESTA software as a visualization tool.

3. Results and discussion
3.1 Optimal conditions for electrolyzing metallic vanadium

During the electrolysis process, the electrolytic conditions
significantly influence the preparation of metallic vanadium.

(a) (b)
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This study investigates the effects of anode current density,
electrolysis temperature, and electrolysis duration on the elec-
trolysis process. Under conditions where the number of trans-
ferred electrons is unknown, the electrolytic efficiency of
vanadium ions was analyzed as a key reference metric, with
results illustrated in Fig. 4. As a critical parameter in the
process, electrolytic efficiency is defined as the ratio of the
actual mass of deposited product to the dissolved mass at the
anode. Higher electrolytic efficiency indicates reduced vana-
dium ion loss, improved utilization of vanadium ions, corre-
spondingly higher current efficiency, and lower energy
consumption. The electrolytic efficiency is calculated using eqn
(1) and (2) as evaluation criteria:

w= " % 100%

C

(1)

(2)

me = (myg — m') X ay

where m is actual deposition quality (g), m.is anodic stripping
quality (g), meis quality of vanadium aluminum alloy before
electrolysis (g), m'is quality of vanadium aluminum alloy after
electrolysis (g) and ay is the mass fraction of V in vanadium
aluminum alloy.

Under the conditions of an anode current density of 0.3 Acm™
and a cathode current density of 0.2 A cm ™2, electrolysis of the V-
Al alloy was performed, and the cell voltage and electrolysis time

2

were recorded, as shown in Fig. 4a. It can be observed that the
electrolysis process can be divided into three stages. In the initial
stage, the voltage rises continuously, which may be due to the

(c)

0.7 100
e | Thewreical dustution
3t Actol tndin
0.6 F §9.53 <490
80
25+ 75
- 5097 29,24 R
= o5t I P
2 pe
~20F = £ o g
2z < 5 S
(2 = S 04l {70 2
= = s 038 E
E 15F £ E o 034 z
2 2! T 03F o S Je0 2
P | 0.4A/cm’ : 0z o2 t
0.3A/cm? z 02f 1% 2
A 2
o5 0.2A/cm? &
0.1A/cm* L) 1%
00 L " " " " " L " N N N N L L L o0 A A A . 20
0 1 2 3 . 4 N s 6 J 8 0 1 2 3 4 5 6 7 8 0.1 0.2 0.3 0.4
mef i 2
d (h) Time(h) Current density (A/em”)
(d) (e) U}
05 %
o P———
o LiEL] Actasl dnscletion Mo 2R 00)
<485 | Al(0.08wt%)
04} 1.8 =
- q
C) (20 Js0 & =
g 4 03 g 2
3 030 8 8
5 03f ™ o {75 T Z
; 026 é g
2 &
% o2l o 10 % £
= o :E =
; 465 __3
o1l = V PDF#03-065-4766
<60
450 500 550 600 20 30 40 50 60 70 80 9 100

Temperature(°C)

Fig.4 (a) The evolution curves of voltages on electrolysis time at anode current density of 0.3 A cm™2 and cathode current density of 0.2 Acm™~2;
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(b) cell potential-time curves at various anode current densities (cathode current densities of 0.2 A cm™2); (c) the electrolytic efficiency of
different anode current densities, and the weight of vanadium about theoretical and actual dissolution; (d) effect of electrolysis temperature on
electrolysis efficiency and vanadium weight; (e) XRD patterns of electrolysis products in different times; (f) SEM of metallic vanadium prepared

from V-Al alloy.
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presence of some moisture in the molten salt. In the second stage,
as there is no molten salt, the voltage remains at a high level for
a period of time. During this process, vanadium is almost not
electro-deposited. This means that there is an induction period
(IP) for the electro-deposition of vanadium.* In the third stage, the
current rapidly decreases and then stabilizes, indicating that due
to the electrochemical dissolution of V-Al, vanadium ions are
introduced into the molten salt. The concentration of vanadium
ions increases rapidly until it reaches saturation.

The anode current density determines the dissolution rate of
the V-Al soluble anode. As shown in Fig. 4b, the influence of
anode current densities ranging from 0.1 A cm > t0 0.4 Acm™ > on
metallic vanadium production was studied. A constant current
electrolysis was performed at a fixed cathode current density of
0.2 A cm . With the increase in anode current density, the TP
time significantly decreased. This is due to the rapid electro-
chemical dissolution of the V-Al soluble anode at higher anode
current densities. As shown in Fig. 4c, when the anode current
density increased from 0.1 A cm™> to 0.4 A cm ™2, the mass of
metallic vanadium also increased accordingly, from 0.23 g to
0.34 g. Meanwhile, the electrolytic efficiency firstly increased and
then decreased, which may be due to the lower concentration of
vanadium ions in the molten salt at lower anode current densi-
ties, thereby increasing the IP for vanadium electro-deposition
and reducing the electrolytic efficiency. When the anode
current density is too high, the concentration of vanadium ions

View Article Online
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rapidly increases, and the ions cannot be completely deposited
on the electrode, resulting in some vanadium loss. Therefore, the
optimal anode current density is 0.3 A cm ™.

Reaction temperature is also an important factor affecting
electrolysis efficiency. As shown in Fig. 4d, the electrolytic effi-
ciency increased from 77.74% at 450 °C to 87.03% at 500 °C.
However, when the temperature increased further to 550 °C, the
electrolytic efficiency significantly decreased to 85.59%. This is
because, at higher temperatures, vanadium ions in the molten salt
will volatilize along with chloride ions, thus reducing the actual
concentration of vanadium ions and lowering the electrolytic
efficiency. As shown in Fig. 4e, metallic vanadium can be obtained
in a certain amount during the electrolysis process from 4 h to 8 h.
This indicates that metallic vanadium can be deposited after 4 h.

Based on the above results, the optimal anode current
density and electrolysis temperature are 0.3 A cm > and 500 °C,
respectively. The electrolysis time is selected 6 h. The obtained
product was analyzed by SEM and EDS (Fig. 4f), the metallic
vanadium prepared using this method has a high purity. ICP
detection was performed on it, and the impurity content of the
product was found to be less than 0.11%.

3.2 Electrochemical behavior in molten salt

To investigate the electrochemical dissolution behavior of the
soluble anode V-Al alloy, electrochemical tests were conducted
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(a) CV curves in KCl-LiCl molten salt before (black dashed line) and after (red line) V-Al alloy dissolution for 6 h; (b) CV curves in KCI-LiCl

molten salt after V—-Al alloy dissolution for 6 h; (c) SWV of vanadium ions dissolved from V-Al alloy; (d) comparison of CV curves before and after

adding F ions.
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in the KCI-LiCl molten salt. The cyclic voltammetry (CV) curve
of the blank KCI-LiCl molten salt (Fig. 5a), as can be seen from
the black dashed line, no obvious faradaic current was observed
between —3V-0V, except for the redox peaks of the alkali metal
element Li in the molten salt. This indicates that testing within
this potential window does not affect the test results. To better
identify the redox reactions, tests were conducted within an
electrochemical window where no alkali metal deposition
occurs. After electrolysis of the V-Al alloy at an anode current
density of 0.3 A cm 2 and a cathode current density of 0.2 A
cm 2 for 6 h, three pairs of oxidation-reduction peaks appeared
(Fig. 5b), which preliminarily suggests that the reduction
process involves three reduction steps. The reduction peaks R;,
R,, and R; are located at —0.41 V, —0.65 V, and —0.92 V,
respectively, while the corresponding oxidation peaks O;, O,,
and O; are located at —0.01 V, —0.08 V, and —0.24 V.

To further verify the above conclusion, square wave voltam-
metry (SWV) was performed (Fig. 5¢), with a scanning frequency
of 30 Hz. Clearly, three reduction peaks, Ry, R,, and R3, can be
observed, indicating that three reduction reactions occurred,
and there is a good correspondence with the CV curve. The
number of electrons transferred corresponding to the reduction
peaks can be calculated using eqn (3):**%°

RT
W% = S'SZF (3)
where W1 is the half-wave width of the redox peak, R is the ideal
gas constant (8.314 J mol™' K!), and T is the absolute
temperature (K).

The calculation of the SWV curve after Gaussian fitting yields
n, =2.63 = 3,n, =1.15 = 1, and n; = 1.71 = 2. Therefore, R,
transfers three electrons, R, transfers one electron, R; transfers
two electrons. It can be preliminarily determined that R, is the
process of Al(m) — Al, R, is the process of V(u1) — V(u), R; is the
process of V(i) — V.

The most commonly used electrolytes in electrolysis are chlo-
rides and fluorides. Compared to Cl™, F~ exhibits stronger coor-
dination capability. Adding F~ to chlorides triggers ligand
substitution, altering the coordination structure of vanadium ions
in the molten salt. This modification consequently affects the
electrochemical properties of metal ions in the molten salt and
their reduction processes. To investigate the electrochemical
behavior of the molten salt after the addition of F ions, 10 g of KF
was added to 100 g of KCI-LiCl molten salt, and the electrolyte was
subjected to electrolysis for 6 h at 500 °C. The CV curve obtained is
shown in Fig. 5d. It can be observed that after the addition of F
ions, the potential of Ry, R, and R; shifted leftward. The potential
difference between R, and R, increased from 0.26 V to 0.4 V, which
can better separate vanadium and aluminum. In addition, a new
reduction peak R' was formed in the KCI-LiCI-KF molten salt,
suggesting the formation of VCLFs /7, while the bonding
between Al and F was included in R,, which was not obvious.

3.3 Analysis of bonding behavior between ions

In order to further investigate the bonding configuration of
vanadium ions and aluminum ions, XPS analysis was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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performed on the electrolyte sample after electrolysis, as shown
in Fig. 6a and b. It can be concluded that in molten salt, V
mainly exists in the form of V**and V**, while Al mainly exists in
the form of AI*". And it can be seen that after 1 h of electrolysis,
there are no significant ions generation from Fig. 6c. Subse-
quently, ions begin to dissolve, and Raman shifts at 312 em ™,
439 ecm ™', 688 cm™ ', and 857 cm ™! mainly correspond to the
formation of VClg*~, VCl,>”. The Raman shift at 348 cm™*
mainly corresponds to the formation of AlCl, . It can also be
observed that after 6 h of electrolysis, most of the vanadium
ions have been deposited, while a portion of the aluminum ions
remain, which allows for a certain degree of separation between
vanadium and aluminum.?3*3°

Meanwhile, we conducted MD simulations of the molten salt
electrolysis process for vanadium production using the Forcete
module of Materials Studio (MS). The study combines the
Universal force field with the charge equilibration method,
utilizing electrostatic charge calculations within a constant
particle number volume temperature (NVT) ensemble.
Employing the Andersen thermostat with a time step of 1.0 ps,
the total simulation duration was set to 3000 ps. Molecular
dynamics trajectories were sampled at 0 ps, 1000 ps, 2000 ps,
and 3000 ps for subsequent analysis. As shown in the Fig. 6d,
the structure of KCI-LiCl after 3000 ps of MD simulation can be
observed that vanadium ions and aluminum ions form coor-
dination structures with chloride (Cl) ions. The form of vana-
dium ions are VClg*~, VCL,>~, VCl,, VCl;. The form of Al ions are
AlCl, . That is consistent with the results of the Raman analysis
mentioned above. And Fig. 6e shows that the energy fluctuation
in the simulated system is minimal, indicating that the system
is in a state of equilibrium throughout the simulation process.

Density of States (DOS) analysis based on band theory helps
further analyze the interactions in the molten salt. When the
density of states of different orbitals near the valence band
superimposes and peaks at the same energy, it is considered
that there is interaction between ions, which is a clear sign of
bonding, and this peak is called a hybridization peak.* There-
fore, we added F ions to analyze the interactions between ions in
the molten salt. As shown in Fig. 6f, the electronic orbitals near
the lowest energy of —19 eV are occupied by F-2s orbitals, while
the orbitals at an intermediate energy of —12 eV are occupied by
Cl-2s orbitals. Near the Fermi level, the orbitals are mainly
occupied by Cl-2p orbitals, with some hybridization with F-2p,
V-3d, Al-3s, and Al-3p orbitals. This indicates that there are
interactions between Cl, F, V, and Al in the molten salt.

The coordination tendencies of different metal cations with
F~ vary. To investigate the influence of F~ on cation bonding in
the KCI-LiCl system and reveal the structural evolution patterns
and formation mechanisms of various ions in the KCI-LiCI-KF
system, this study employed radial distribution function anal-
ysis to determine the probability of atomic occurrence within
specific bonding regions, thereby identifying the bonding
sequence of distinct ions. Furthermore, existing studies show
that peaks below 3.5 A are mainly formed by chemical bonds,
while peaks above 3.5 A are primarily formed by Coulomb and
van der Waals interactions.”* As shown in Fig. 6g, V** forms
a strong peak at 2.37 A, and AI** forms a strong peak at 2.28 A,
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Fig. 6 XPS narrow spectrum corresponding to the bottom molten salt ta

ken in situ at different times under constant anode current densities of

0.3 Acm™2, cathode current densities of 0.2 A cm?; (a) V; (b) Al; (c) raman spectra of molten salt dissolved from V-Al alloy in different times; (d)
the final obtained structure after MD simulation (3000 ps); (e) MD simulation energy variation curve of molten salt system:; (f) stable configuration

density of states in molten salt system; the complex spatial configuratio
adding F ions; (h) after adding F ions; a structural snapshot of vanadium
adding F ions.

indicating that V and Al form chemical bonds with Cl, with the
V-CI bond having a stronger atomic interaction compared to
the Al-Cl bond, making the V-Cl bond more likely to form. As
shown in Fig. 6h, AI*" forms a strong peak at 2.43 A with F, and
the atomic interaction strength is higher than that of V-Cl and
Al-C], suggesting that Al forms a chemical bond with F first,

34774 | RSC Adv, 2025, 15, 34768-34780

n radial distribution function of V—-Al in molten salt system (g) before
ions in molten salt during 0—-3000 ps (i) before adding F ions; (j) after

which facilitates the binding of more Cl ions to vanadium ions
and promotes the dissolution of vanadium ions. Due to the high
electronegativity of fluoride ions, their bond length with Al ions
is shorter than that of V-Cl bonds, resulting in stable bond
energy and Al ions are not easily deposited.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 SEM/EDS analysis results of cathode deposition products (a)
before the addition of F~; (b) after the addition of F~.

Afterwards, exploring the dynamic dissociation of structures
through the breaking and reorganization of chemical bonds,
simulation methods can accurately track the movement of each
atom, facilitating the study of the evolution of chemical
bonds.** Fig. 6i presents snapshots of the molten salt structure
at different time intervals. In the molten salt system, Li and K is
randomly distributed in the simulation box, its small size and
strong ionic nature prevent it from forming ion clusters with
other ions. As time progresses, Cl ions in the molten salt
gradually bond with vanadium ions, while aluminum ions
directly bond with four Cl ions to form AICl,”. In contrast,
Fig. 6j shows that after the addition of F ions, aluminum ions
preferentially bond with F ions, forming AlF,, AlF5*7, and
AlFs*~ complexes. This process causes the Cl ions originally
bonded to aluminum ions to coordinate with vanadium ions,
thereby releasing more vanadium complexes, which aligns with
the previously described results.

To further confirm the inhibitory effect of F~ on Al ions, we
conducted SEM/EDS analysis on the deposition products obtained
before and after the addition of F~. The results are as follows:

A comparison between Fig. 7a and b reveals that in the
absence of F, the surface morphology exhibits distinct features
characteristic of aluminum distribution. In contrast, after the
addition of F~, the correlation with aluminum is significantly
reduced. Further EDS analysis indicates a notable decrease in
the relative percentage of aluminum in the deposits, accom-
panied by an increase in the relative content of vanadium. This
compositional change is highly consistent with the observed
shift in SEM morphological correlations. These results directly
demonstrate that the introduction of F~ effectively suppresses
the aluminum deposition process.

3.4 Diffusion coefficient of vanadium ions in molten salt

To further investigate the mass transfer kinetics of vanadium
ions in the KCI-LiCl molten salt, CV tests were performed at
different scan rates within the same potential range. The curves

© 2025 The Author(s). Published by the Royal Society of Chemistry
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are shown in Fig. 8a, with an increase in scan rate, the peak
current density gradually increases, and the peak potential
shifts slightly negative. This suggests that the oxidation-
reduction reaction is reversible. Next, the relationship
between the maximum current density of the three reduction
peaks and the square root of the scan rate was examined, as
shown in Fig. 8b. After fitting the data, the peak current
densities for all three reduction reactions exhibit a linear rela-
tionship with the square root of the scan rate, indicating that
the reduction reactions at the electrode are diffusion-controlled
in this experiment. The CV curve confirms that the redox peaks
are reversible. Based on the characteristics of reversibility, it can
be demonstrated that the corresponding oxidation process is
also diffusion-controlled. The diffusion coefficient represents
the rate at which ions diffuse in the molten salt and influences
the electrolysis results and current efficiency. Therefore, the
diffusion coefficient of V** in the molten salt was calculated.

There are two methods for calculating the diffusion coeffi-
cient; when both the reactant and the product are soluble, eqn
(4) is used for the calculation:*

=

3
(nF)24D2Cv

(RT)

I, = 0.4463 (4)

RI—=| 19—

When the product is insoluble, eqn (5) can be used for the
calculation:

3 1 1
(nF)2AD2Cy2

I, = 0.6103 :
(RT)?

(5)

where I, is the peak current (A); A is the effective area of the
working electrode (cm?); n is the number of electrons trans-
ferred in the reaction (mol); C is the concentration of the
reactant (mol cm™®); F is the Faraday constant (C mol ); R is
the ideal gas constant (8.314 J mol * K™ %); T is the temperature
(K); D is the diffusion coefficient (cm® s™); and » is the scan rate
(mvs™).

The diffusion coefficient of V**in the molten salt was calcu-
lated using eqn (4), and it was found to be 3.40 x 10> cm?s™ ™.

Similarly, CV curves of molten salts after adding F ions were
detected at different scan rates using the same method, as shown
in Fig. 8c. The redox peak potential slightly shifted left with
increasing scan rate, indicating that the corresponding reduction
process is reversible. The relationship between the maximum
current density of the reduction peaks and the square root of the
scan rate was also investigated, as shown in Fig. 8d. After fitting
the data, a linear relationship was observed, which indicates that
the reduction reaction is still diffusion-controlled. The diffusion
coefficient of V**in the molten salt was calculated using eqn (4),
and the diffusion coefficient of V** in the molten KCI-LiCI-KF
salt was found to be 4.08 x 10> cm?* s ™.

To further confirm the above findings, SWV tests were per-
formed at different frequencies. The results are shown in
Fig. 8e. As the scan frequency increases, the peak potential
gradually shifts negatively, indicating that the oxidation-
reduction reaction is reversible. Moreover, as shown in Fig. 8f,
the peak current density exhibits a linear relationship with the

RSC Adv, 2025, 15, 34768-34780 | 34775
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Fig. 8

Diffusion coefficient (10 *-cm*s")

(@) CVin KCL-LiCl after V-Al dissolution for 6 h at various scan rates; (b) the relationship between the current density and the square root

of scan rate. Inset: relationship between peak potential and logarithm of scan rate; (c) CV in KCl-LiCl-KF after V-Al dissolution for 6 h at various
scan rates. (d) The relationship between the current density and the square root of scan rate; (e) SWV in KCl-LiCl after V-Al dissolution for 6 h at
various scan rates; (f) the relationship between the current density and the square root of frequency in KCl-LiCl; (g) SWV in KCl-LiCl-KF molten
salt after V—Al dissolution for 6 h; (h) the relationship between the current density and the square root of frequency; MSD curve of V** (i) before
adding F ions; (j) after adding F ions; (k) the diffusion coefficient calculated by three methods before and after adding F ions.

square root of the frequency. This is consistent with the results
from CV. The diffusion coefficient of V** ions can also be

calculated using eqn (6):**
~ex nFAFE
P\2rT

where I, is the peak current of the reaction (A); n is the number
of electrons transferred in the reaction (mol); F is the Faraday
constant (C mol™"); C is the concentration of the reactant (mol
em™?); A is the effective area of the working electrode (cm®); R is
the ideal gas constant (8.314 ] mol " K™'); T'is the temperature
(K); D is the diffusion coefficient (cm?® s™%); f is the frequency
(Hz); and AE is the square wave amplitude (V).

The diffusion coefficient of V*" in the molten KCI-LiCl
-1

Df

(6)

molten salt was calculated to be 2.90 x 10° cm? s
Similarly, in the molten salt after adding F ions, SWV tests
were performed at different scan frequencies, as shown in
Fig. 8g. The number of reduction peaks is consistent with the
CV curve, and the reduction peak R, is clearly visible. Moreover,
as shown in Fig. 8h, the peak current density exhibits a linear
relationship with the square root of the frequency. Thus, using
eqn (6), the diffusion coefficient of V** ions in the molten KCI-
LiCI-KF salt was calculated to be 3.45 x 10> em”> s~ .

34776 | RSC Adv, 2025, 15, 34768-34780

Furthermore, in MD simulations, the slope of the MSD
curve, divided by 1/6, corresponds to the diffusion coefficient
fitted according to Einstein diffusion equation, as shown in eqn
()

1 N

o > (1R - ROF)

where N is the number of particles in the system, () represents
the average, R(t) is the position vector at time ¢, and R,(0) is the
initial position vector.

The MSD curve of the simulation system and the fitting curve
are shown in Fig. 8i and j. The diffusion coefficient of
unfluorinated V3" is calculated to be 3.36 x 10> cm?* s~ *, while
the diffusion coefficient of fluorinated V** is 7.44 x 10~° cm?
s~', which is on the same order of magnitude as the electro-
chemical tests, and the diffusion rate increases after the intro-
duction of F.

Based on the above data, we analyzed the diffusion coeffi-
cients of three methods in Fig. 8k. It can be concluded that after
adding F ions, the diffusion rate of V** increased overall. This is
due to the formation of a new reduction peak, which increases
the concentration of vanadium ions and accelerates the mass

D= (7)

transfer rate.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.5 Nucleation mode of vanadium ions in molten salts

The nucleation of vanadium ions was studied using the
instantaneous current method, and the time-current curve is
shown in Fig. 9a and d. The voltage is set to the reduction
voltage of R, and Rz, which are —0.6 V and —0.9 V. Initially, the
current increased over time, then rapidly decreased, and finally
stabilized.

Generally, there are two different types of nucleation:
instantaneous nucleation and continuous nucleation. The
nucleation process model is as follows:***”

For instantaneous nucleation:

2
2 [1 fexp(71.2564(i>>}
(—) =1.9542 ( (8)
n L)
Im
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where I, is the peak current, ¢, is the peak time.

Calculating the theoretical model and experimental values in
the dimensionless plots of (I/I,,)* and (t/t,,) using eqn (8) and
(9). It can be concluded that the nucleation of vanadium ions
involves both instantaneous nucleation and continuous nucle-
ation by fitting and analyzing the data (Fig. 9b and e). The ob-
tained metal vanadium product was washed with deionized
water, soaked in dilute hydrochloric acid to remove aluminum
and other impurities, and then vacuum-dried and collected.
The product was characterized by scanning electron microscopy
(SEM), as shown in Fig. 9¢ and f. The product exhibited two
morphologies: dendritic and foamy, where the dendritic
morphology was formed by continuous nucleation and the
foamy morphology by instantaneous nucleation.

The formation of the aforementioned morphologies is
primarily related to the current density and vanadium ion
concentration during the electrolysis process. In the initial
stages of electrolysis, the high ion concentration prevents ion
depletion near the cathode. At this point, the rate of crystal
growth outpaces the rate of nucleation during deposition,
favoring rapid nucleation and the development of simpler
morphologies, thereby resulting in a foamy structure. As elec-
trolysis progresses and ion concentrations decrease,

(©)

V(99.91wt%)

1 AL0.09%t%)

U

Fig.9 (a) Current curves in LICI-KCl molten salt at —0.6 V; (b) plot of (//I)? and (t/t,,) compared with theoretical curves at —0.6 V; (c) SEM images
of the transient nucleation in the molten salt and the results of EDS analysis at point A; (d) current curves in LiCl-KCl molten salt at —0.9 V; (e) plot
of (I/1,,)? and (t/t.,) compared with theoretical curves at —0.9 V; (f) SEM images of the progressive nucleation in the molten salt and the results of

EDS analysis at point B.
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concentration polarization occurs near the cathode. Under
these conditions, the nucleation of vanadium ion deposition
becomes more challenging, and crystal growth is hindered,
leading to the formation of dendritic structures.

Finally, the mechanism of the whole electrolysis process is
analyzed in Fig. 10. During the anodic dissolution process, an
external voltage is applied to the anode by a DC power source,
causing the V-Al alloy to undergo an oxidation reaction under
electrochemical influence. Vanadium and aluminum lose elec-
trons and enter the electrolyte, transforming into V>*, v**, and
AI**. The oxidation process of vanadium is influenced by the
electrolyte composition and current density. At lower current
densities, the voltage is reduced, and the oxidation is predom-
inantly dominated by V" ions. The dissolution process is as
follows:

V - V4 2e” (10)
Vo V4 3e (11)
Al = AP" + 3e” (12)

Then in the KCI-LiCI-KF molten salt system, the V**, V**, and
AI’" ions released during anode dissolution enter the molten
salt and undergo coordination reactions with C1I~ and F~ ions.
At elevated temperatures, the ions within the molten salt
continuously reorganize, and their coordination structures
dynamically transform in response to temperature, ion
concentration, and electric field variations. Initially, V** bonds
with CI™ to form VCl,, while V** bonds with Cl~ to form VCl,.
These compounds further interact with excess C1™ in the KCl-
LiCI-KF system to form more stable chloro-complex ions, such
as VCl,>~ and VCI¢*". In the presence of F~, partial substitution
of CI” by F~ occurs in the V-Cl coordination structures,
generating mixed chloro-fluoro complexes like VClFe_/ .
Similarly, AI’* participates in analogous coordination reactions.
Owing to the higher bond strength of Al-F compared to Al-Cl,
AP’" readily combines with F~ in the KCI-LiCI-KF system to

e eePveoeCwe e ()

Fig. 10 Mechanism diagram of metallic vanadium preparation by
molten salt electrolysis.
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form potential complexes such as AlF*~, AIF;>", and AlFg>~.
Concurrently, in chloride-dominated molten salts, AI** may also
form chloro-complexes like AICl,~. However, these chloro-
complexes exhibit lower stability and are prone to substitu-
tion by F~ due to the stronger affinity of AI** for fluoride ligands.

Ultimately, the complexes in the molten salt gradually
migrate toward the cathode under the influence of the electric
current. The addition of an appropriate amount of F~ acceler-
ates ion mass transfer rates, thereby promoting the deposition
of metal at the cathode. On the cathode surface, vanadium ions
in the molten salt are reduced to metallic vanadium. The main
reaction equation of vanadium complexes during cathodic
deposition is as follows:

VClg~ +e — VCl*™ +2CI° (13)

VCI>~ +2 — V+CI™ (14)

While aluminum ions largely coordinated with F~ remain in
ionic form under specific potential conditions, enabling the
purified deposition of metallic vanadium. A small amount of
deposited metallic aluminum undergoes thermal reduction
reactions with undeposited vanadium ions at high tempera-
tures, where V** or V¥* are reduced to V or V**, and Al is oxidized
back to AI**, re-entering the electrolyte to continue participating
in the reaction cycle. The main reaction equation is as follows:

A" +3e™ — Al (15)
Al + 3V - 3vH + AP* (16)
2A1 + 3V - 2AP" + 3V (17)

4. Conclusion

This work validates a novel method for producing metallic
vanadium through molten salt electrolysis using a soluble V-Al
alloy anode. Compared to the conventional process of alumi-
nothermic reduction-vacuum electron beam melting for vana-
dium production, the new technique employs lower-purity
vanadium-aluminum alloy as feedstock. It replaces the dual
electron beam melting steps with single-step electrolytic
refining, achieving higher-purity metallic vanadium. The
research systematically investigates the effects of key electrolytic
parameters including anode current density, reaction temper-
ature, and duration to determine optimal operating conditions.
The electrochemical behavior and bonding behavior between
ions in molten salt was studied. The results show that there are
three redox reactions in molten salt, R; corresponds to Al(m) —
Al, R, corresponds to V(m) — V(u), and R; corresponds to V(i)
— V. The forms of V ions are VCls>~, VCl,>~, VCl,, VCl,. The
form of Al ions are AICl, . After adding F ions, the potential of
V¥, Vv®* and AI** shifted leftward. The potential difference
between V** and AI*" increased from 0.26 V to 0.4 V. And Al
forms a chemical bond with F first, which facilitates the binding
of more Cl ions to vanadium ions and promotes the dissolution
of vanadium ions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Subsequently, the diffusion coefficient and nucleation mode
of V" were analyzed. All of the reversible processes are
controlled by diffusion. The diffusion coefficient of V** was
calculated by CV, SWV and MDS. Before adding F ions, the
calculated diffusion coefficients were 3.40 x 10~° cm*s™*, 2.90
x 107> cm?® s and 4.12 x 10° em?® s~ . After adding F ions,
the calculated diffusion coefficients were 4.08 x 10> cm? s,
3.36 x 107> em” s and 7.44 x 107> em” s~ . It can be
concluded that with the addition of F ions, the diffusion rate of
V*" accelerates. And it is determined that vanadium ions
undergo both instantaneous nucleation and continuous
nucleation on the tungsten electrode surface. This work
provides a new and feasible method for the production of
metallic vanadium.
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