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Abstract

Molten salt is an indispensable electrolyte for electrochemically extracting reactive metals that cannot be obtained by a
carbothermic reduction or a low-cost metallothermic reduction route. The choice of the molten salt is highly related to its
thermodynamic properties, electrode materials, and the interactions of oxides/sulfides with the molten salts. Herein, thermody-
namic properties of molten chlorides fitted with a solid oxide/sulfide cathode are systematically studied in terms of the electro-
chemical window, the exchange reactions between the oxides/sulfides and the electrolytes, and the role of cations/anions
governing the deposition potential of various species in a unary molten salt or a molten-salt mixture. Thermodynamically, the
choice of a molten salt for electrolysis should combine the electrochemical window of a molten salt and the in situ formed most
stable oxides/sulfides possessing cations from the molten salt itself. This paper sets a guideline for screening molten salts for
electrochemical reduction of solid oxides/sulfides and sheds light on the design of an appropriate salt melt for material synthesis.
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Introduction

Molten salt is an excellent oxygen-free liquid medium used for
coolants in nuclear reactors [1], solar heat harvester [2], and
enabling chemical/electrochemical reactions owing to its high
heat capacity, wide electrochemical window, low vapor pres-
sure, and good ionic conductivity, etc. [3]. In the electro-
metallurgical field, the molten salt is a common electrolyte for
extracting reactive metals that cannot be prepared by
carbothermic or low-cost metallothermic reduction routes.
The electrochemical extraction of metals in molten salts highly
depends on the physicochemical properties of the molten salts,
feedstock (e.g., oxides, sulfides), and the interactions of the
feedstock with the molten salts. For example, the Hall-Héroult
process uses cryolite as an electrolyte to dissolve Al,O3 which
is then electrochemically split to liquid Al at the cathode while
the 0% is discharged at the carbon anode generating CO, [4].
However, a similar manner cannot be applied to extract refrac-
tory metals like Ti, Zr, and Ta, which is due to the low
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solubilities of their oxides in a suitable molten-salt electrolyte
even though the molten salt possesses a wider electrochemical
window than that of oxides.

Direct electrochemical reduction solid oxides/sulfides, also
known as the FFC Cambridge process [5], opens a way to
extract most reactive refractory metals (Ti [6], Zr [7], Ta [8],
Nb [9, 10]), and Tb [11], Si [12, 13], Ge [14], etc. [15, 16]).
Calcium chloride (CaCl,) and CaCl,-based molten salts (e.g.,
CaCl,-NaCl [14, 17, 18], CaCl,-KCl [19], CaCl,-LiCl [20],
CaCl,-MgCl,-NaCl [21]) are the most commonly used electro-
lytes for the electrochemical reduction of solid oxides to prepare
metals and alloys because the molten CaCl, has a wide electro-
chemical window and a high solubility for CaO [22]. In addi-
tion to considering the solubility of oxide ion in molten salts,
the first criterion of selecting a molten salt is that the molten salt
should be thermodynamically more stable than the oxides to be
reduced. For example, the Ellingham diagrams of oxides, ha-
lides, and sulfides are commonly used for comparing the sta-
bility of different species in order to select appropriate reduc-
tants or electrolytes for chemical/electrochemical reductions
[23]. Unlike the metallothermic and carbothermic reductions,
electrochemical reduction employs electrons as reductants and
the reaction interfaces are surrounded by the electrolytes which
not only provide an oxygen-free medium but also take part in
the reaction. Since the electrochemical reduction of solid oxide
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is a heterogeneous reaction, the oxide ions should be transferred
from solid oxide precursors into liquid electrolyte. The oxide
ions from the solid oxide precursors could be in the form of
either solid or liquid forms depending on the solubility of the
oxides in the molten salts. For example, the reduction of solid
TiO, in molten CaCl, will give soluble CaO into CaCl, while
the insoluble solid MgO will be produced in molten NaCl-KCl-
MgCl, [24-26]. If the melt consists of cations of Mg, Na and
Ca, and anions of Cl, it is clear that Mg2+ is the first to be
reduced because NaCl and CaCl, are more stable than
MgCl,. But when the molten salt contains both 0% and CI',
MgCl,, NaCl, CaCl,, MgO, Na,0, and CaO could exist in the
melt. As a result, the melt could contain complex anions, i.e.,
oxychlorides, which may possess different solubilities from the
oxides. In addition, the exchange of oxide ions between the
oxide precursors and molten salts happens at the current collec-
tor/oxide/molten-salt three-phase interlines where oxide re-
ceives electrons from the current collector and simultaneously
releases oxide ions into the electrolyte [27, 28], and the released
oxide ions will be attracted by the cations of the molten salt
forming another oxide species. Note that the in situ formed
oxides possessing cations from molten salts should be thermo-
dynamically more stable than that of the solid oxide at the
cathode. Otherwise, the less thermodynamically stable oxides
will be reduced rather than the oxide feedstock. That is the
reason why TiO, cannot be fully reduced to Ti in molten
NaCl and KClI, albeit the electrochemical windows of molten
NaCl and KCI are much higher than the decomposition poten-
tial of TiO,. In those cases, the in situ formed Na,O and K,O
are less stable than TiO,. Thus, the reduction of solid oxides in
molten halide salts is controlled by both electrochemical win-
dows of molten salt itself and the oxides with cations from
molten salt itself. Moreover, it is found that TiO, could be
reduced to Ti in molten CaCl,-NaCl eutectic, meaning that
the interaction between CaCl, and NaCl plays a decisive role
in controlling the thermodynamic properties of the electrolyte.
Therefore, it is worthwhile to study the general rule of design-
ing molten salts for the electrochemical reduction of solid
oxides/sulfides in molten salts.

In addition to the solid oxides, the same principle is appli-
cable for electrochemical reduction of solid/liquid sulfides in
the molten salts [29, 30]. In this paper, the thermodynamic
considerations of screening molten salts for electrochemical
reduction of solid oxides/sulfides were systematically ana-
lyzed, and the role of inclusion of various cations and anions
in the molten salt was investigated as well.

Thermodynamic calculation
and experimental method

Thermodynamic data were obtained by HSC Chemistry 5, and
activities of all species involved in the calculation are at the
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unit activity (a = 1) or stand pressure (p = p,um). For example,
the electrochemical windows of CaCl, and CaO were obtain-
ed by Eq. (1)

AG = —nEF (1)

where AG is the Gibbs free energy change of the dissociation
reaction (e.g., CaCl, - Ca+ Cly(g), 2Ca0 - 2Ca+ O,(g), n is
the number of moles of exchange electrons, and F is the
Faraday constant). The potential difference of CaO/O, and
CaCl,/Cl, was calculated by subtracting Ec,o from Ec,cpp
(assuming the deposition potential of CaO/Ca and CaCl,/Ca
is the same). The similar comparison was conducted with the
same method. In this paper, molten chloride was taken as an
example; other molten halide systems could be analyzed with
the same approach as the chlorides. Deposition potentials of
various metals are referred to that of chlorine evolution.

Cyclic voltammetry was conducted in 500 g molten CaCl,
and CaCl,-1 wt% CaO which contained in an Al,O5 crucible
(ID 85 mm, height 100 mm), respectively. The salt was
vacuumed dried at 250 °C for 12 h in a stainless steel (SS)
reactor heated by a vertical tube furnace. Then Ar gas flowed
into the reactor while ramping the temperature to 850 °C. A
three-electrode system consists of a molybdenum wire (ID
1 mm) working electrode, a graphite rod (ID 15 mm) counter
electrode, and a Ag/AgCl reference electrode assembled in a
one-end-closed mullite tube containing NaCl-KCl eutectic
with 10 wt% AgCl. The Ar flow was maintained in the whole
process of electrochemical measurements.

Results and discussion
The electrochemical window of pure molten chlorides

In a molten chloride system without any other anions, the
deposition potentials of some selective cations are shown in
Fig. 1. These deposition potentials equal to the electrochemi-
cal window of the unary molten salts whose cathodic limit
reactions are the deposition of metal and the anodic limit re-
action is generating chlorine at an inert anode. This diagram
could be used for predicting the sequences of deposition po-
tential of various metals in a chloride melt. It is found that Na
is much more reactive than Al, Si, and Ti because the thermo-
dynamic deposition potential is more negative. Thus, the Al,
Si, and Ti could be deposited without co-deposition of Na
under controlled potential range. It should point out that the
materials of the electrode significantly affect the practical elec-
trochemical window. For example, most alkaline and alkaline
earth ions can be alloyed with metalloids and noble metals at a
potential of 0.2 to1.0 V more positive than that of the deposi-
tion of pure alkaline and alkaline earth metals [31]. For the
anode, most metals could be oxidized to metal ions at a
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Fig. 1 Profiles of the deposition potentials of various metals from their
chlorides in pure molten chlorides as a function of temperature

potential of more than 1.0 V negative than that of chlorine gas
evolution [32]. Therefore, the exact electrochemical window
should combine the theoretical data and the use of electrode
materials.

The passage of oxide ions during the reduction
of oxides in molten salts

Unlike the electrochemical reduction of metal ions in the
chloride melts free of other anions, the oxide ions will
take part in the electrochemical reduction of solid
oxides/sulfides in molten chlorides. Taking oxide as an

Fig. 2 Schematic illustration of
the reduction process of solid
oxide in molten chlorides (A
refers to the cation of molten salts,
and MO, refers to the oxide

if AO,y, is thermodynamically
more stable than MO, f

example, four typical reactions could happen for the ox-
ides in molten salts. The first kind of reaction is the
compounding reaction taking place between the oxides
or partially reduced oxides and chlorides (Eq. (2)), gener-
ating oxychlorides that are either soluble or insoluble in
the molten salts [6, 33, 34]. Note that most solid metal
oxides are quite stable in molten chlorides free of other
anions [35, 36]. However, the compounding reaction is
common between the electro-generated oxide ions with
the oxide feedstock, which has been observed for many
oxides [37-39].

MO, + ACl,=AMO,CI, (compounding reaction) (2)

MO, + 2x/yACl, + 2xe =M + xA, ;,0 4 2xCI”
(3)

(full electrochemical reduction of oxide)

MO, + 2ACI, + 2ye}AMOx,(y/2) +y/2A2/yO + 2yCl”

(partial electrochemical reduction)
(4)

AMO, () + (2x=y) /YACT” + (2x-y) e==M + (2x-y) /24,20 + (2x—y)CI”

(electrochemical reduction of intermediates)
(5)

The other three kinds of electrochemical reactions are
shown in Fig. 2 (Egs. (2)—(5)). Previously, the cathodic reduc-
tion reaction of oxide was usually expressed in the form of
dissociation of oxides to metal and oxygen ions (e.g., MO, +
2xe - M +x0%"), giving an impression that the molten salt is
inert and does not take part in the reduction process. It is true

if AOy is soluble in
molten salt

AO,,,

feedstock)

electrode

reduction of Mo, continues

if AO,, is thermodynamically
less stable than MO,

if AO,, isinsoluble in
molten salt
—_—

no reduction

molten salts

reduction of Mo, stops
or partial reduction happens

partial reduction
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Fig. 3 Profiles of deposition potentials of various metals from their oxide as a function of temperature in molten NaCl (a) and CaCl, (b)

that the molten salt is only shuttling O>~ between cathode and
anode and is not consumed in the whole electrochemical re-
actions. Ifthe molten salt was not involved in the electrochem-
ical reduction, TiO, and SiO, can be reduced to Ti and Si in
molten NaCl since the electrochemical window of NaCl is
much higher than the decomposition potential of TiO, and
SiO,. This question is very common for the new comer of
the molten-salt electrochemistry field. To answer this ques-
tion, the passage of O®~ during electrochemical reduction
should be reconsidered. Since all reactions take place inside
the molten salt full of mobile anions and cations, the electro-
generated O>~ would combine with the cations coming from
molten salt itself to keep the charge neutral at the reaction
interface. To enable the reaction to happen continuously, the
electro-generated oxide should be thermodynamically more
stable than the oxide to be reduced. For example, the
electro-generated Na,O is less stable than TiO, and SiO,;
thus, TiO, and SiO, cannot be fully reduced to Ti and Si in
molten NaCl. This is different from the reduction of TiCl, and
SiCl, in NaCl because the NaCl is thermodynamically stable
than TiCl, and SiCly.

Therefore, the selection of molten-salt electrolytes should
not only consider the electrochemical window of the molten
salt itself, but also the dissociation potential of the oxide/
sulfides with the same cations of the electrolyte. As shown
in Fig. 3a, the decomposition potentials of most metal oxides/
metals are more negative than that of Na,O/Na (assuming the
inclusion of Na,O does not affect the sodium decomposition
potential but does shift the oxygen potential more negatively).
The difference between Figs. 1 and 3 is the inclusion of oxide
anions. In CaCl, melt, the deposition potentials of most oxides
lie on the top of CaO/Ca (Fig. 3b), meaning that these metals
can be extracted from their oxides in molten CaCl,. Note that
all the potentials presented in Fig. 3 are obtained by the com-
parison of the Gibbs free energy change.

To test the effect of adding CaO in CaCl, on the depo-
sition potential of Ca, the cyclic voltammograms recorded
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in both CaCl, and CaCl,-1 wt% CaO are shown in Fig. 4.
The deposition potentials of Ca are the same in both mol-
ten CaCl, and CaCl,-1 wt% CaO, indicating that inclu-
sion of oxygen ions does not change the deposition po-
tential of Ca, and the difference of dissociation potential
of CaCl, and CaO is ascribed to the different potential of
anodic reactions. Similarly, the dissociation potential of
Na,O is much smaller than that of NaCl, which is due
to a relatively negative oxygen evolution potential from
NazO to 02.

In multi-cation chloride melts

The electrochemical reduction of solid oxides in molten CaCl,
and NaCl is quite different, i.e., the TiO, can be reduced to Ti
in molten CaCl, but cannot be reduced to Ti in molten NaCl.
However, the TiO, can be reduced to Ti in molten NaCl-CaCl,
mixture [40]. To understand this phenomenon, thermodynam-
ic data of the reaction between chlorides and oxides could be
used to predict the capability of a molten-salt mixture for
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electrochemically extracting specific metals from their oxide
precursors. Taking the CaCl,-NaCl eutectic as an example, the
oxide ions in the molten CaCl,-NaCl prefer to exist in the
form of CaO; i.e., Na,O can spontaneously react with CaCl,
to generate CaO and NaCl. Thus, Na,O is not a thermody-
namically stable oxide species in molten CaCl,-NaCl. In other
words, Ca”* is an active cation regulating the reduction of
solid oxides in the CaCl,-NaCl eutectic. To establish a general
guideline for assessing the active cations in a molten-salt mix-
ture, for example, CaCl, is taken as a standard reference, and
the reaction of M,O,, with CaCl, could be written as

M0, +3CaCly = yCaO + xMCl,, , (6)
(M refers to metals, xandycould be 1,2, 3,4,5)

The Gibbs free energy of reaction (6) is

AG.y(G1(Ca0)~G(CaCl))(Gr (MO, ) xG (MChy,)) — (7)
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A negative AG means that the reaction (6) is spontaneous
and vice versa. The spontaneous reactions indicate that the
M, O, will be converted to CaO, meaning that the CaO is more
stable than M, O,. As shown in Fig. 5, the oxides correspond-
ing to the top line is more stable in the chloride than those
located on the lower lines and vice versa. For example, CaO is
stable in molten LiCl but Li,O will be spontaneously convert-
ed to CaO in molten CaCl,. Thus, Figs. 3 and 5 can be used to
determine if a molten-salt mixture could be used for electro-
chemical reduction of a specific oxide, as well as predicting
the most stable oxide existed in the molten-salt mixtures.
Likewise, this principle is suitable for the reciprocal molten
salts containing multiple cations such as Li*, Na*, K*, Ca*",
Mg**, and AI**. The deposition potentials of these cations
follow their basic thermodynamic data, and the most stable
oxide can be predicted by Eq. (7). Note that the formation of
oxychlorides or oxyfluorides could change solubilities of the
oxides as well as the electrochemical behaviors of the cations.

In multi-anion chloride melts

Apart from a chloride melt with multiple cations, a melt of a
specific cation and multiple anions was also analyzed in terms
of the electrochemical window and deposition potentials of
various reactions. In a molten NaCl containing 0>, OH,
and CO5”", the sequence of deposition potential from positive
to negative is Fe,03/Fe, Na,O/Na, OH /H,, SiO,/Si, CO;?
~/C, and TiO,/Ti (Fig. 6a). Only Fe,O3 can be reduced to Fe
while TiO, and SiO, cannot be reduced to Ti and Si. For the
molten CaCl, containing 027, OH , and CO327, the sequence
of deposition potential from positive to negative is Fe,Os/Fe,
CO5%7/C, OH /H,, SiO,/Si, TiO,/Ti, and CaO/Ca (Fig. 6b).
Unlike in the CaCl,-based melt, all reduction potentials are
more positive than that of CaO/Ca. Moreover, the reduction of
CO;% to C is much more positive than that of SiO,/Si and
TiO,/Ti, meaning that CaCl,-based melts do not allow a high
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Fig. 6 Profiles of deposition potentials of various metals as a function of temperature in molten NaCl (a) and CaCl, (b) with oxide ion, carbonate ions,

and hydroxide ions
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Fig. 7 Profiles of deposition potentials of various metals from their sulfides as a function of temperature in molten NaCl (a) and CaCl, (b)

concentration of CO5>~ which could result in generating car-
bon at the cathode contaminating the electrolytic Ti and Si as
well as decreasing the current efficiency. The Li-, Mg-, Ba-,
and Sr-based melts have similar properties of CaCl,, and K-,
Rb-, and Cs-based melts have similar properties of the Na-
based melts. Although CO5*~ could be easily reduced in Ca-,
Li-, Ba-, and Mg-based melts, these melts could be used for
electrochemical reduction of CO, to C [18].

Electrolytes for the electrolysis of solid sulfides

The thermodynamic properties of molten chloride-sulfide sys-
tems were analyzed by the same method that applied for the
chloride-oxide systems. For the NaCl-sulfide system (Fig. 7),
different from the NaCl-oxide system, all typical sulfides
could be deposited prior to the deposition of Na,S/Na. For
the CaCl,-sulfide system, the electrochemical window is
higher than that of NaCl-sulfide system, and all typical sul-
fides could be reduced to their corresponding metals prior to
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Fig. 8 Profiles of the Gibbs free energy change of chloride-sulfide sys-
tems as a function of temperature
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the deposition of Ca. It is noted that the decomposition poten-
tials of sulfides are much lower than that of oxides which
could be achieved in all molten alkaline or alkaline earth chlo-
rides supposing all these melts are capable of conducting S*~
between anode and cathode. The electrochemical reduction of
solid sulfides could be interpreted by Fig. 2 if the MO, was
replaced by MS,.

Figure 8 depicts the sequence of the stability of sulfides in
molten chlorides, and the sulfides of the top line are more
stable than those of the lower lines. This diagram could be
used to predict the most stable sulfide in the molten chloride-
sulfide mixtures. To be able to conduct S*7, the stable sulfide
should have a high enough solubility in molten chlorides. For
example, the Na,S has a high solubility in NaCl, KCl, and
NaCl-KCl1[29, 30, 41, 42], while the Li,S has a low solubility
in molten LiCl that has poor S*~ conductivity [43].

Conclusions

The thermodynamic properties of molten chlorides were sys-
tematically analyzed with the aim of selecting an appropriate
electrolyte for electrochemical reduction of solid oxides/sul-
fides. A thermodynamically favorable molten-salt electrolyte
should have a wider electrochemical window of both molten
salt itself and an oxide/sulfide possessing cation of the molten
salt than that of the oxides/sulfides to be reduced. For exam-
ple, ametal oxide could be fully reduced metal in molten NaCl
if the dissociation potential of the metal oxide is smaller than
that of both NaCl and Na,O. For a molten-salt mixture, the
most stable oxides/sulfides could be predicted by a thermody-
namic assessment, which is key to governing the possibility of
fully reducing an oxide to metal. Unlike chloride-oxide sys-
tem, most typical sulfides can be thermodynamically reduced
to metals/alloys in molten alkaline and alkaline earth melts. In
addition to the thermodynamic viewpoint, the molten-salt
electrolyte of the high conductivity of O*/S*” is requisite
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for rapidly removing the released O*/S*~ from the cathode
into molten salts and thereby maintaining a continuous reduc-
tion process. In CaCl,-based melts, to minimize or avoid car-
bonate ions could reduce the carbon contamination at the
cathode as well as improve the current efficiency of the elec-
trolysis cell. Moreover, the thermodynamic analysis for the
chloride melt could be also applied to other halide systems,
and it could be a powerful tool for designing molten salts for
both electrometallurgy and material synthesis.
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