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Abstract: A comprehensive electrochemical assessment of Fe?" behavior in a MgClL—NaCl-KCl melt was reported,
involving cyclic voltammetry (CV), square wave voltammetry (SWV), and chronoamperometry (CA) analyses.
Reduction of Fe?" in MgCl,~NaCl-KCl was observed to occur in a single step involving two electrons, exhibiting
quasi-reversible behavior. The diffusion coefficient of Fe?* (5.75%107°cm?/s) in this system was experimentally
determined at 973 K, with an associated diffusion activation energy of 25.06 kJ/mol in the range of 973—1048 K, and an
estimated standard rate constant for Fe>*/Fe of around 1x1073 cm/s. The nucleation of Fe on the tungsten electrode in the
MgCl,—NaCl-KCI molten salt is insensitive to temperature and overpotential. It is found that the nucleation mode is
related to the concentration of Fe*" surrounding the electrode and evolves from an instantaneous to a progressive
process, accompanied by a deterioration of magnesium electrolysis due to Fe impurities.
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1 Introduction

Magnesium (Mg) is one of the lightest metallic
structural materials, and its alloys are considered
the “green engineering material of the twenty-first
century”. These alloys find widespread use across
diverse sectors, including aerospace [1], 3C
products [2], biomedical [3,4], and automotive
industries [5,6], due to their low density, superior
damping performance, and recyclability [7]. As the
utilization of magnesium continues to expand,
attention has increasingly turned to effective
production methods. In this context, molten salt
electrolysis has emerged as a prominent alternative
to the traditional Pidgeon process [8], owing to its
high production efficiency, resource utilization,
low energy consumption, and low environmental

impact [9—-11]. Consequently, optimization of the
molten salt electrolysis process is a priority
requirement to enable the sustainable development
of the magnesium industry.

Iron (Fe) is regarded as the most hazardous
impurity in magnesium electrolytes, influencing
current efficiency in magnesium electrolysis
processes. When the Fe content is maintained at
0.01%, the current efficiency ranges from 88% to
90%, decreasing to 69.3% in the presence of 0.3%
Fe. The Fe** component can undergo reduction at
the cathode to generate an iron sponge that
subsequently adsorbs MgO and passivates the
cathode surface. In addition, the FeCl,-containing
electrolyte can wet the iron cathode, resulting in
magnesium precipitation in the form of caviar-like
clusters that are prone to loss. The iron that is
generated can adsorb on the surface of magnesium

Corresponding author: Gui-min LU, Tel: +86-21-64252173, E-mail: gmlu@ecust.edu.cn

https://doi.org/10.1016/S1003-6326(25)66777-X

1003-6326/© 2025 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)



Jia ZHAO, et al/Trans. Nonferrous Met. Soc. China 35(2025) 1704—1712 1705

beads, causing an increase in bead mass and
subsequent incorporation into the slag phase.

There are a number of reported studies of Fe
ions in molten salts. INMAN et al [12] claimed that
the electrochemical reduction of Fe?* can be
represented by Fe*'+2e=Fe, which was identified as
a diffusion-controlled process in the LiCl-KCl
system. NEWTON et al [13] evaluated the activity
coefficient of FeCl, in LiClI-KCl-FeCl,, which
ranged from 2.95x107° to 1.01x107%, and was
unaffected by low concentrations of NaCl, LaCls,
and CsCl. YOON and CHOI [14] investigated the
diffusion coefficient and standard rate constant
of Fe* in the melt at 773 K based on cyclic
voltammetry and numerical fitting. The reported
diffusion coefficients were about 1x107°cm?/s with
a standard rate constant of around 1x107cmy/s.
KHALAGHI et al [15] conducted an electrochemical
analysis of iron in the LiCl-KCIl—NaCl system at
823 K, and noted that Fe?'/Fe conversion was
coupled with a chemical reaction. Moreover, the
Fe?* diffusion coefficient in the melt was determined
to be 1.4x107°cm?/s. LUGOVSKOY et al [16] has
explored the electroreduction of Fe** on platinum
electrodes in NaCI-KCI, where Fe deposition was
found to be an irreversible process with charge
transfer leading to Fe—Pt alloy formation as
rate-determining. GE et al [17] considered the
electrochemical behavior of Fe** on glassy carbon
electrodes without a Fe’'/Fe* contribution, and
attributed the low diffusion coefficient of Fe** to an
evaporation of FeCl; that lowered the concentration
of Fe** in the melt. In the case of ZnCl,—NaCl at
723 K, LEE et al [8] established the stability of both
Fe* and Fe*" in the melt. They noted that the
reduction processes involving Fe*'/Fe*" and Fe*'/Fe
were quasi-reversible and diffusion-controlled. In
addition, they observed an instantaneous deposition
of Fe on glassy carbon electrodes. NIAZI et al [18]
investigated the electrodeposition of FeCl, and
FeCls;, where Fe removal was conducted using a
zinc electrode in a ZnCl,—KCI-NaCl melt. In
the case of the MgCl,—NaCl-KCl system, WANG
et al [19] claimed that Fe* remained stable at
973 K in the molten salt. They confirmed that Fe**
reduction proceeded in a diffusion-controlled quasi-
reversible single step involving three electrons, and
demonstrated a progressive Fe deposition.

Despite the extensive research on Fe
electrochemical processes in molten states, the

behavior of Fe?* in magnesium electrolysis systems
is not fully understood. This study represents the
first attempt to comprehensively evaluate the
electrochemical characteristics of Fe** in MgCl—
NaCl-KCI, using a range of -electrochemical
techniques. The electroreduction mechanism of Fe**
was explained, and a comprehensive kinetic
database was established. In addition, we have
considered the mechanism of Fe nucleation on the
electrode substrate, and the associated effect on
magnesium electrolysis. The findings of this study
provide a better understanding of the electro-
reduction dynamics of Fe impurities during
magnesium electrolysis, and can contribute to
advance in the magnesium electrolysis industry.

2 Experimental

NaCl (>99.0%, Aladdin), KCI (>99.0%, Aladdin),
and FeCl, (>99.0%, Aladdin) were supplied by
Shanghai Aladdin Biochemical Technology Co.,
Ltd., and MgCl, (>99.0%, Macklin) was obtained
from Shanghai Zhonghe Chemical Technology Co.,
Ltd. All the reagents underwent vacuum drying
at 473 K for 24h, and were then stored in a
glove box (Mikrouna). For each experiment, 100 g
MgCl,—NaCl-KCl-mixed salt (mass ratio=10:45:45)
was placed in a graphite crucible in the glove box,
then transferred to a resistance furnace and heated
to the desired temperature. The potentiostatic
method at —1.21 V (vs Ag/AgCl) was applied for
2.5 h as a pre-electrolysis step to purify the melts,
removing metal ions. Subsequently, FeCl, was
introduced into the system as a source of Fe®',
accompanied by 0.5 h of argon bubbling to ensure
system homogeneity. A continuous supply of argon
gas throughout the experiment maintained an inert
atmosphere, avoiding the effects of water and
oxygen. Following each electrochemical test, the
working electrode underwent cleaning by applying
an anodic current for 90 s, followed by a pause of
120 s to allow the system to equilibrate.

All the electrochemical measurements were
carried out using the Princeton 4000 electro-
chemical workstation, controlled by the Versa-
Studio software package. The electrochemical
experiments were conducted in a three-electrode
system with a tungsten rod serving as the working
electrode, polished wusing various grades of
sandpaper. A spectral pure graphite rod was utilized
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as an auxiliary electrode, and an in-house fabricated
Ag/AgCl in the NaCl-KCl-MgCl,—AgCl mixture
was employed as a reference electrode. All the
potentials were referenced to Ag/AgCl electrodes.
The active area of the working electrode was
adjusted using an in-house micro-positioning
apparatus to control its depth. The melt temperature
was monitored during experiments using
thermocouples inserted in corundum tubes, with an
accuracy of £1 K.

3 Results and discussion

3.1 Electrochemical reduction mechanism of Fe?*
3.1.1 Cyclic voltammetry (CV) analysis

The CV curves obtained using a tungsten
electrode in MgCl,—NaCI-KCI melts, before and
after the addition of FeCl, at 973 K are presented in
Fig. 1. The black profile illustrates a typical CV
response for the MgCl,—NaCl-KCl salt. Peak B,
observed at —1.32 V, corresponds to the deposition
of Mg, whereas the anodic peak B’ at —1.24V
indicates Mg dissolution during the reverse scan
direction. The addition of 1 wt.% FeCl, (red profile)
results in a new redox pair A/A’ alongside B/B' in
the CV curve, with a reduction peak potential of
—0.12 V and an oxidation peak potential at 0.17 V.
The A/A' pair corresponds to the formation and
dissolution of metallic iron.
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Fig. 1 CV analysis of MgCl,—NaCI-KCl and MgCl,—
NaCl-KCl-1wt.%FeCl, at 973 K, scanning rate=0.1 V/s,
and electrode area 4=0.3535 cm?

3.1.2 Square-wave voltammetry (SWV) analysis
The wuse of SWV enables an accurate
determination of the number of electron transfer in

electrochemical reactions. The relationship between
the peak width at half maximum height obtained

from SWYV, electron transfer number, and
temperature is expressed as
Wi =3.5RT/(nF) (D)

where Wi, represents the peak width at half
maximum height, R denotes the molar gas
constant, 7 is the temperature, n represents the
number of electrons exchanged, and F is the
Faraday constant.

The current associated with MgCl,—NaCl—
KCl-1wt.%FeCl, as a function of potential is
illustrated in Fig. 2 for SWV measurement from 0.3
to —1.45V. The asymmetric peak observed at
around 0V corresponds to the reduction of Fe?',
consistent with the CV results. It should be noted
that the asymmetric peak is attributed to the
overpotential of the Fe?* electrochemical reduction,
which causes a delay occurring in the current
increase during reduction, resulting in a steeper
current increase relative to decay.
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Fig. 2 SWV results of MgCl,—NaCl-KCl-1wt.%FeCl,
using tungsten electrode (4=0.3535 cm?) at 973 K

In order to determine the Wy, of the reduction
peak, the current decrease peak component was
employed for Gaussian fitting (red curve) [20],
resulting in W,,=0.13 V. This corresponds to a
calculated transfer of 2.26 electrons, which
confirms the reduction of Fe*" to metallic Fe in
MgCl,—NaCl—-KCl occurring in one step with two
electrons. This result suggests that Fe** is directly
electrodeposited on the tungsten -electrode as
follows:

Fe*+2e=Fe )
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3.1.3 Reversibility analysis

The reversibility of Fe** reduction was
assessed by successive CV analyses, from 0.1 to
0.5 V/s. The variation of current with potential at
different scanning rates is shown in Fig. 3. It can be
seen that Agp (|@pa—@pc|, the difference between the
peak potential for oxidation and reduction), which
is independent of scanning rate in a reversible
process, increased with increasing scanning rate,
accompanied by a successive increase in the peak
current for the reduction/oxidation of Fe. This
response suggests that Fe?* reduction in the
MgCl,—NaCl-KCl melt is not reversible.
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Fig. 3 CV results of Fe?' reduction on tungsten electrode
(4=0.3535 cm?) and subsequent oxidation at different
scanning rates

The relationship between the square root of
scanning rate (v'?) and the cathode peak current (/)
obtained from Fig. 3 is presented in Fig. 4. A linear
dependence of I on v'2, passing through the origin,
suggests that the reduction is a reversible or
irreversible process. When the dependency deviates
from linear, the process is regarded as quasi-
reversible [21]. As shown in Fig. 4, the relationship
gradually deviates from linear at higher scanning
rates, suggesting that Fe*" reduction in MgCl,—
NaCI-KCI melt belongs to the quasi-reversible
category.

The reversibility of Fe*" reduction was assessed
semi-quantitatively, using the diagnostic parameter
A, expressed as

K° 1

DR F IR E ®

where £° and D represent the standard rate constant
and diffusion coefficient, respectively. The

reversibility of a reaction can be determined based
on A. When A>15, the reaction is considered
reversible; when A<10720*%, it falls into the
irreversible category, and all other cases are
classified as quasi-reversible [22]. The parameter o
is defined as the transfer coefficient, and a value of
0.5 was applied in this work [23,24]. The deposition
of Fe*" in MgCl,—NaCIl-KClI at 973 K resulted in A
values of 0.094 and 0.166 at 0.5 V/s and 0.1 V/s,
respectively. Therefore, the Fe*'/Fe reaction can be
considered quasi-reversible.
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Fig. 4 Relationship between current and square root of

scanning rate (4=0.3535 cm?)

3.2 Kinetic properties
3.2.1 Diffusion coefficient

In order to evaluate the kinetic properties of
Fe?* reduction, the CV curve (v=0.5 V/s) in Fig. 3
was subjected to semi-integral analysis [25,26], and
the resultant convolution curve is shown in Fig. 5.

0.25 c 0.25
—cCv
0.20 1 — Semi-integral ] 0-20
0.15} 1015
0.10 10.10 7
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0t - : 0 s
~0.05F_ ] ok 17005
2010 1-0.10
-0.15 L L -0.15

-0.2 -0.1 0 0.1 02 03
o(vs Ag/AgCl)y/V

Fig. 5 CV results at 0.5 V/s and corresponding semi-

integral curve at 973 K (4=0.3535 cm?)

It is clear that the semi-integrated curves do
not agree with the forward and reverse scanning
currents, and present limits at the high cathodic
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potential range, suggesting that Fe*" reduction is
diffusion-controlled. When Fe*" near the electrode
surface becomes depleted, the curve reaches the
semi-integrated current limit m*, which is applied
to assessing the ionic diffusion coefficient using

Eq. (4):
m = —nFACO\/B (4)

where A4 represents the electrode area, and Cp is the
bulk concentration of Fe** in the melt. The
calculated Fe** diffusion coefficient at 973 K is
5.75x107° cm?/s. The diffusion coefficients at other
temperatures derived wusing the semi-integral
method are given in Table 1.

Table 1 Fe?* diffusion coefficients in MgCl,~NaCl-KCl
molten salt at 973—1048 K obtained from semi-integral

analysis
Temperature/K D/(107° cm?-s7h)
973 5.75
998 6.18
1023 6.65
1048 7.18

The linear relationship between the logarithm
of the diffusion coefficient and temperature is
presented in Fig. 6, and is expressed as

In D=-6.67-25064.22/(RT) (5)

The associated Fe*" diffusion activation energy
derived from the slope is 25.06 kJ/mol. These
findings serve as valuable reference data for
guiding the separation and extraction of Fe from
magnesium electrolysis systems, and optimizing the
design of electrolytic cells for industrial application.
3.2.2 Standard rate constant

The standard rate constant for the Fe*'/Fe
reaction in the melt was assessed using the
Nicholson method. Initially, a working plot of nAg,
versus lgw was constructed from data reported in
the literature [27,28], which is presented in Fig. 7.
The CV curves at scanning rates of 0.5 and 0.1 V/s
(Fig. 3) were used to determine the corresponding
values by combining the working curves.

The standard rate constants (k°) for the Fe*/Fe
reaction at different scanning rates were determined
using Eq. (6), yielding values of 2.47x107 and
1.94x1073 cm/s at 0.5 and 0.1 V/s, respectively. The
detailed calculations are demonstrated in Fig. 7.

_ K’ 1
Y IDnFrRTY] 7

(6)

where y is the parameter associated with D and &°.
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Fig. 6 Correlation of In D with 1/T for MgCl,—NaCl-
KCl melt at 973—1048 K
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Fig. 7 Working curve based on Nicholson method for
determining standard rate constant

3.3 Nucleation mechanism

In molten salts, chronoamperometry (CA)
analysis was extensively utilized to investigate the
nucleation mechanism of metal ions on electrode
substrates. The technique records the temporal
variation of current under a constant potential pulse.
The change in current (/) over time (f) on the
tungsten electrode in the MgCl,—NaCl-KCl-FeCl,
system is shown in Fig. 8 at different applied
potentials. The entire CA response can be
categorized into three periods. Initially, the current
rises rapidly to reach a peak, corresponding to
the nucleation and subsequent growth of Fe with
an expansion of the active area. Subsequently,
the current gradually decreases, influenced by the



Jia ZHAO, et al/Trans. Nonferrous Met. Soc. China 35(2025) 1704—1712
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Fig. 8 [t transient curves for MgCl,—NaCl-KCI-

Iwt.%FeCl, at 973K with varying potentials
(4=0.3535 cm?)

diffusion of Fe?* in the system. Finally, the current
stabilizes as the mass transfer and reduction
reactions reach equilibrium. It is evident that the
system responds with large currents when the
potential is negatively shifted, suggesting that the
applied potential can supply sufficient overpotential
for Fe nucleation.
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We employed two non-dimensional models,
proposed by GUNAWARDENA et al [29] and
SCHARIFKER and HILLS [29,30], to determine
the Fe nucleation pattern on the electrode substrate
by analyzing the CA results. The associated detailed
expressions are presented in Egs. (7) and (8):

In the case of instantaneous nucleation:

2

2
(i] =1.954z(i) 1—exp{—1.2564(LH (7)
I t ‘[,

In the case of progressive nucleation:

2
2 2
[i) =1.2254(t£j 1—exp —2.3367[ij (8)
I ! ‘,

where I, is peak current, ¢ denotes time, and #m is
the time corresponding to the peak current.

A comparison of the experimental data
obtained from MgCl,—NaCl-KCl-1wt.%FeCl,
melts at different temperatures in terms of the
instantaneous and progressive nucleation models
is presented in Fig. 9, covering potentials from
—0.18 to —0.24 V. At each temperature, the mode of
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Progressive nucleation
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m

Fig. 9 Comparison of Fe nucleation mode on electrode in terms of theoretical non-dimensional nucleation models in
MgCl,—NaCl-KCl-1wt.%FeCl, system at different temperatures and potentials
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nucleation corresponding to each potential follows
a consistent pattern. When ¢ < f,, nucleation occurs
instantaneously; as time progresses, nucleation
shifts from instantaneous to progressive, ultimately
reaching progressive nucleation at extended time. In
analyzing the evolution of nucleation with the /—¢
curve presented in Fig. 8, it is evident that the stage
of rapid current increase corresponds to an
instantaneous nucleation of Fe on the electrode,
facilitated by an ample supply of Fe** ions near the
electrode. As the Fe’" becomes depleted and the
process is diffusion-controlled, the nucleation
transitions from instantaneous to progressive and
eventually stabilizes as the progressive mode. The
results indicate that the mode of Fe nucleation on
the electrode in the MgCl,—NaCl-KCI-1wt.%FeCl,
melt is dependent on the Fe®* concentration
surrounding the electrode. There is no significant
variance in the nucleation pattern from 973 to
1048 K across all applied potentials, suggesting that
the experimental tests have a sufficiently supplied
overpotential.

In progressive nucleation, the
formation of nuclei is

increased
accompanied by the
generation of new nuclei, resulting in an uneven
distribution. In contrast, nuclei are only generated at
the initiation of deposition in instantaneous
nucleation, followed by growth. In the MgCl,—
NaCl-KCI-1wt.%FeCl, molten salt system, Fe
nucleation ultimately reaches a stable progressive
mode that corresponds to the sponge-like iron
deposition on the electrode during magnesium
electrolysis. This observation is consistent with our
previous report [31], suggesting that spongy iron
serves to impede magnesium electrolysis, leading
to a deposition of magnesium products that
have the appearance of “caviar”. Consequently,
magnesium electrolysis is negatively impacted by
Fe impurities.

4 Conclusions

(1) The Fe** deposition on a tungsten electrode
in the MgCl,—NaCl-KCl melt proceeds through
a one-step process, involving the transfer of
two electrons. Furthermore, the quasi-reversible
behavior of Fe?* reduction was confirmed by CV
measurements.

(2) The experimentally determined Fe?*

diffusion coefficient in this system at 973 K is
5.75x107° cm?/s, using the semi-integral method.
The associated diffusion activation energy
(973—1048 K) is 25.06 kJ/mol, with a standard rate
constant of around 1x107° cm/s.

(3) The progression of nucleation was
investigated using the CA technique. In the MgCl,—
NaCl-KCI-1wt.%FeCl, melt, the Fe nucleation
mechanism is insensitive to temperature and over-
potential, and depends on the Fe?" concentration
around the electrode. The process evolved from
instantaneous to progressive nucleation, where
magnesium electrolysis was impeded by the
presence of Fe impurities.
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MgCL-NaCI-KCl {5 A+ ) Fe?' & FRYB L F1TE
ROAE12, R 12, s R 12

1. BREIRYE BRI CIRESFH TREERB L, g 200237;
2. HRH T RS PREESENS PR E PR A et =, i 200237

O RAEAAR . 7R AT B IR A5 AL % 07 6 MgClo-NaCl-KCl 14 ) Fe2* 3747 kAT Hifl
Pl . 7E MgCl-NaCl-KCl J ik rh, Fe? ik 5@ T— B Wi nf 0 #2. 76 973 K ~, FeX TEME A
T EREON 5.75%107 em?/s,  HAE 973~1048 K i [E V5 [ A (4 HOS AL BE v 25.06 kI/mol. Fe?*/Fe [RFR1HEIH 48 41
2949 1x107 em/s. 7E MgCl-NaCl-KCl f& &, 85 MR I Fe RO 2Onhii B A A AN BUR, i 55 H b
JEI IR Fe2 VR BEA 5%, HLRURZ AR 23 b I A A A dE %, [k T Fe 2% AL BE HL AR IR ATL2E
XHEIR: Fe?'s MgCL-NaCl-KCl ¥ HAb 485 s m: iz
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