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Previous work, mainly from this research group, is re-visited on electrochemical reduction of solid
metal oxides, in the form of compacted powder, in molten CaCl,, aiming at further understanding of
the roles of cationic and elemental calcium. The discussion focuses on six aspects: 1.) debate on two
mechanisms proposed in the literature, i.e. electro-metallothermic reduction and electro-reduction
(or electro-deoxidation), for the electrolytic removal of oxygen from solid metals or metal oxides
in molten CaCly; 2.) novel metallic cavity working electrodes for electrochemical investigations of
compacted metal oxide powders in high temperature molten salts assisted by a quartz sealed Ag/AgCl
reference electrode (650 °C-950 °C); 3.) influence of elemental calcium on the background cur-
rent observed during electrolysis of solid metal oxides in molten CaCly; 4.) electrochemical inser-
tion/inclusion of cationic calcium into solid metal oxides; 5.) typical features of cyclic voltammetry
and chronoamperometry (potentiostatic electrolysis) of metal oxide powders in molten CaCl,; and

6.) some kinetic considerations on the electrolytic removal of oxygen.

Key words: Electro-Reduction; Calciothermic Reduction; Reactive Metal Oxides;
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1. Introduction

In the early 1960’s, cathodic refining of liquid cop-
per in molten BaCl, was first attempted in Cam-
bridge [1]. In the experiments, the electrolytic cell con-
sisted of a carbon anode and a liquid copper cathode,
and the operation was in the constant current mode.
The cell voltage varied with the electrolysis time in
two stages. For example, at 0.31 A/cm?, the voltage
first increased gradually from 2.9 V to 3.6 V and then
jumped suddenly to a plateau at 4.1 V. By product anal-
ysis Faradayic amounts of barium in samples collected
from the second stage were detected, but not from the
first stage. In both stages refining was achieved. About
three decades later a similar procedure was applied in
molten CaCl, for refining oxygenated solid titanium
under a constant cell voltage control of about 3.0 V [2].
In both cases it was proposed that elemental barium or
calcium was first formed at the cathode. The alkaline-
earth metal consequently reacted with the oxygen atom
(and other non-metallic impurities in the case of lig-

uid copper) in the metal to be refined, to form BaO
or CaO [1,2]. In the following text, for convenience
of discussion, these proposed cathodic reactions are
called electro-metallothermic reduction and summa-
rized below using titanium and calcium as an example:

Ca’* +2e¢ —Ca (cathode), (1)
O-Ti, + Ca — nTi+ CaO, @)

where O-Ti, represents oxygen dissolved in solid ti-
tanium. Obviously, these reactions are thermodynami-
cally equivalent to the reaction

O-Ti,, + Ca>* + 2e — nTi+ CaO. (3)

The difference is that reaction (3) shows the thermo-
dynamic absence of Ca and may occur at a less nega-
tive potential than reaction (1). Further, if CaO is com-
pletely dissociated into the Ca>* and O>~ ions in the
molten salt, reaction (3) can be simplified:

O-Ti,, +2e — nTi+ 0*". 4)
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With emphasis on no involvement of elemental cal-
cium, reactions (3) and (4) are termed as electro-
deoxidation or oxygen ionization [3-T].

In the case of Cu refining, the two mechanisms can
be differentiated by the detection of Ca or Ba, which
dissolves readily in molten Cu to form the respective
alloys [8]. As mentioned above and also shown by a
re-investigation of the process in the constant voltage
mode, oxygen removal from liquid Cu can be achieved
solely via the oxygen ionisation mechanism [4]. Ti
does not alloy with Ca or Ba, but deriving the mech-
anism is still experimentally possible if the activity of
Ca in the molten salt can be correlated to the cath-
ode potential and current. To obtain such a correla-
tion is however challenging in a two-electrode cell,
as was used in the experiments of [1] and [2], be-
cause the cathode potential and hence the Ca activ-
ity would vary with the cell current and/or the an-
ode reaction(s). Therefore it is crucial to use a three-
electrode cell in which the cathode potential is con-
trolled or monitored against a reference electrode. Us-
ing a pseudo-reference electrode (e. g. a metal wire im-
mersed in the same molten salt), preliminary results
from a few cyclic voltammetric investigations of oxy-
genated liquid copper and titanium in molten BaCl,
and CaCl, indeed revealed reduction current peaks at
potentials noticeably more positive than that for Ca de-
position [4, 6]. These observations agree with the oxy-
gen ionisation mechanism.

It was again in Cambridge in the late 1990’s that
electrolytic conversion of some solid metal oxides to
the respective metals or alloys was achieved in molten
salts, particularly TiO; in molten CaCl,. These labo-
ratory findings promise a completely new technology,
namely the FFC Cambridge Process, for low-cost ex-
traction of reactive metals and convenient synthesis
of structural and functional alloys [3,6,7]. Although
similar in the laboratory work to that of cathodic re-
fining of metals, electrochemical reduction of solid
metal oxides or simply electro-deoxidation or electro-
reduction uses metal oxides as the cathode which are
either insulators or poor conductors. Up till now, suc-
cessful oxide-to-metal conversion has been achieved in
pure CaCl, or BaCl, or their mixtures with alkali or
alkaline-earth chlorides.

A debate then followed on the mechanisms of the
cathodic oxide-to-metal conversion, particularly for
TiO,-to-Ti conversion. These two mechanisms are
summarized below for a general form of metal oxides,
MO, [9-12]:
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Electro-metallothermic reduction

xCa’" + 2xe — xCa,

(1a)

xCa+MO, — M +xCa’t +x0?~ (or xCa0). (5)

Direct electro-reduction

MO, +2xe (+xCa®")

— M +2x0?~ (or xCaO). ©
Like the case of cathodic refining, differentiation
between the two mechanisms is thermodynamically
difficult, but kinetically possible. Particularly, for a
porous oxide electrode made from compacted pow-
der, the use of a three-electrode cell will allow cor-
relation between the reduction current at controlled
electrode (cathode) potentials and the Ca activity in
the molten salt. This will in turn help to reveal
which reaction is responsible for the current flow and
hence for the oxide-to-metal conversion. In this pa-
per, previously reported typical results from electro-
reduction of some example oxide powders, such as
NiO, Cr;03, TiO; and Tb,0O3, are discussed according
to their cyclic voltammograms and/or chronoampero-
grams.

2. Novel Electrodes for Electro-Reduction under
Potential Control

Satisfactory investigations by, for example, cyclic
voltammetry and chronoamperometry require a reli-
able reference electrode for high temperature molten
salts. It is also important to use a sufficiently small
amount of oxide powder to construct the working elec-
trode so that iR (voltage loss due to circuit and cell re-
sistance) drop can be minimized without compromis-
ing the accuracy in measurement of the reduction cur-
rent. In this group, a quartz sealed Ag/AgCl reference
electrode, that is applicable at 650 °C ~ 950 °C [13],
and two novel metallic cavity electrodes capable of
loading sub-milligrams to milligrams of the oxide
powder [14,15] were constructed and exhibited very
satisfactory performance in molten CaCl,. Figure 1
illustrates these electrodes. While more details about
fabrication of these electrodes and their application for
electro-reduction can be found [13 —15], main results
are described here for the purpose of understanding the
roles of elemental and cationic calcium in the electro-
reduction of four typical metal oxides, namely NiO,
CrzOg, Ti02 and Tb203.
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Fig. 1. Reference and working electrodes for cyclic voltammetry and chronoamperometry of metal oxide powders in high

temperature molten salts. (a) Quartz sealed Ag/AgCl reference electrode [13]. (b) Cracked end-face of a Mo wire resulting

from repetitive bending and fracturing at a pre-notched location [14]. (¢) A 0.5 mm thick Mo foil with two laser-drilled

through-holes [15]. The cracks or the through-holes in the electrodes were capable of securely holding oxide powders (sub-

Crack cavity electrode Through-hole cavity electrode

micron particle sizes, 0.1 ~ 1.0 mg) in molten salts.

3. Background Current in Molten CaCl,

One of the practical issues in electrochemical in-
vestigations under controlled potential is the so-called
background current. This is measurable by cyclic
voltammetry or chronoamperometry. As an example,
Fig. 2 shows a cyclic voltammogram (CV) recorded
on a Mo foil working electrode in freshly prepared
molten CaCl,. Similar CVs were reported previously
in a three-electrode cell with a Ti metal pseudo-
reference [6]. While the large reduction currents at
potentials more negative than about —1.2 V are at-
tributable to the deposition of Ca metal, the slowly in-
creasing reduction currents at potentials between 0.9 V
and —0.9 V represent the background currents. It was
shown that, when the molten salt was more properly
cleaned by, for example, pre-electrolysis, these back-
ground currents could be significantly reduced [15].
Therefore, impurities present in the molten salt were
largely responsible.

When inspected for detail as shown by the inset
of Fig. 2, it can be seen that the background cur-
rents are mostly cathodic in nature, which cannot be
explained by the understanding of conventional re-
duction (positive current on forward potential scan)
and re-oxidation (negative current on backward po-
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Fig. 2. Cyclic voltammogram of Mo foil in molten CaCl,.

tential scan) of active impurities. The sloped and lin-
ear variation of the background currents resembles
what is expected from electronic conduction through
the molten salt as described in detail in the literature
via either direct electron transportation through molten
salts (e.g. Na metal dissolved in molten NaCl) [16—
18], or the inter-valence charge transfer (redox hop-
ping) between multivalent transition metal ions (e. g.
in mixed molten multivalent transition metal halides)
[19-21].
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It is worth noting that the currents on the forward
and backward potential scans are parallel but different
in magnitude. After further cleaning of the melt by, for
example, a longer time of pre-electrolysis at ~ 2.6 V,
the forward and backward background currents de-
creased in slope [15], but remained in separation and
parallel. This behaviour is clearly capacitive in nature
and may be linked to the electrode double layer which
was likely non-ideal and hence could leak current un-
der the conditions for recording the CV in Figure 2.
The leaking element may be the electronic conduc-
tion through the melt, possibly resulting from 1.) inter-
valence charge transfer between multivalent impuri-
ties, and 2.) the dissolved trace Ca whose activity is
linked to the cathode potential. In fact, the double layer
charging current was also observed in chronoampero-
metric measurements [15].

The authors’ interest in the background currents
is also due to the observed low current efficiency
of electro-reduction of some solid metal oxides in
molten CaCl,. In this group it was found that, when
using a two-electrode cell, the current efficiency for
electrolysis of pelletized TiO, powder of different
origins in molten CaCl, was typically not greater
than 20% [22,23]. Similar results can also be found
in or derived from literature reports by others [24,25].
The current-time plots of electrolysis revealed a major
contribution from the background current that flowed
through the cell during the long and later electroly-
sis stage that was necessary to allow metallization to
progress into the core of the oxide cathode (porous pel-
lets) and also to achieve a low oxygen content in the
obtained Ti metal. This background current is not the
same as that shown in Fig. 2 and deserves more discus-
sion.

The causes for the observed low current efficiency
are complex. The problem is partly associated with the
use of carbon as the anode material, leading to the for-
mation of CO and CO, that can affect the electrolysis
via 1.) electro-reduction at the cathode/electrolyte/gas
three-phase interlines, and 2.) chemical reaction with
CaO in the molten salt to form CO%* which can then
be converted to carbon via calciothermic and/or elec-
trochemical reduction [24,26]. The effect is two-fold:
firstly, the electro-reduction of CO, CO, and CO%‘
lowers the cathode efficiency; secondly, the resultant
carbon may be in the form of carbonaceous debris
and floats on the surface of the melt, forming a path
for electronic conduction. (It should be mentioned
that, besides the influence on the current efficiency,

295

the cathodic formation of carbon is more detrimen-
tal to the electro-reduction process by contamination
of the product with carbon or carbide.) It should be
pointed out that all the problems related with the car-
bon anode may be solved by using an inert anode
when it becomes available. The application of a higher
temperature (> 900 °C) can prevent the formation of
CO%Z and hence reduce the carbonaceous contamina-
tion [26]. Proper cell design and fabrication are also
important against low current efficiency. According to
the authors’ experience, air leak to the high tempera-
ture reactor would lead to more serious carbonaceous
contamination, and best effort must be applied to en-
sure a reliable gas-tight seal of the reactor. The thought
that a positive inert gas pressure inside the reactor
could prevent air from entering the reactor will un-
doubtedly lead to a unsatisfactory outcome in electro-
reduction experiments.

In fact, even with a carbon anode, high current
efficiency (> 70%) has been achieved in electroly-
sis of, for example, Cr,O3 [26,27], SiO, [28], and
Ta;Os [29]. In these cases, a lower cell voltage
(< 2.8V) and a shorter time (< 6 h, 2 g pellet) were
sufficient to achieve low oxygen content in the prod-
ucts. However, for electrolysis of TiO, and Tb,Os,
for example, the cell voltage needs to be at or higher
than 3.0 V. Taking the inevitable iR drop into con-
sideration, it can be certain that electro-reduction of
the oxide will dominate in the early stage of elec-
trolysis when the current is high. Typically, for elec-
trolysis of a 2 g pellet of compacted oxide powder,
the initial current was greater than 2 A. The cell re-
sistance, mainly from molten salt, was about 0.5 Q.
Thus, the iR drop was about 1 V, which means less
than 2 V remained from the applied 3 V to drive
the cathode and anode reactions. However, coming
to the later stage of the electrolysis when the pellet
was metallized on the surface and the current dropped
below 1 A, the available cell voltage would become
higher than that for decomposing CaO (~ 2.6 V). Con-
sequently, with the anode reaction being the discharge
of either the O~ ion or CaO, elemental Ca may
form at the cathode and dissolve in the molten salt.
While the electro-decomposition of CaO itself reduces
the current efficiency, the voltage-dependent but time-
independent electrolysis current (background) sug-
gests a more detrimental effect related with elec-
tronic conduction. Elemental Ca can dissolve slightly
in molten CaCl, (~4 mol% at 900 °C) [9, 10] and
likely contributes to the electron transportation through
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the molten salt [16—18]. On the other hand, during
electrolysis, the dissolved elemental Ca will inevitably
transport to and be re-oxidized to the Ca’>* ion at the
anode. This means that at the later stage of electrolysis,
the concentration of elemental Ca would be lower than
its solubility. Thus, an additional or alternative electron
conduction path may be present as follows [22]:

Ca(0) + Ca(Il) <= Ca(I) + Ca(I), 7

ACa(I) +5 Ca(Il) <= ACa(Il) +5Ca(l),  (8)
ACa(0) +g Ca(Il) <= ACa(Il) +5 Ca(0).  (9)

The front-subscripts A and B in reactions (8) and (9)
denote the relative positions of the species in the melt.
The probability for reaction (9) to occur may be small
because it requires simultaneous transfer of two elec-
trons. Once such electron conduction paths are es-
tablished in the melt, all the Ca(0) and Ca(I) species
formed at the cathode will be balanced by their con-
sumption/oxidation at the anode. In other words, there
will not be any “net” increase of Ca(0) or Ca(I) on
the cathode and in the melt. It also means that only a
small amount of Ca(I or 0) is needed in the molten salt
to maintain a large electronic current. Further inves-
tigation is ongoing to search for evidence supporting
this redox hopping process which resembles the inter-
valence charge transfer mechanism.

4. Electrochemical Insertion/Inclusion of
Cationic Calcium

In the electrolysis of solid TiO, (and some oth-
ers such as Nb,Os [30,31]) in molten CaCl,, another
main problem contributing indirectly to the low cur-
rent efficiency is the electrochemical or chemical for-
mation of various perovskite phases (CagTiOy, 0 < 1,
x < 3) as the intermediate products [3,22,24]. These
perovskite phases are larger in volume than the re-
spective TiO, (y < 2) phases because of the inser-
tion or inclusion of Ca%*t ions. (ptio, = 4.23 g/cm3,
PTi0, = 4.49 glem?, peatio, = 4.00 g/em?.) The con-
sequent expansion of the solid phase reduces the num-
ber and sizes of pores in the cathode that are needed
for the transport of O?~ jons. The CagTiO, phases
are also thermodynamically more stable than the TiO,
phases and require more negative potential to reduce.
Both effects account partly for the low speed or long
time electro-reduction of TiO,, and the low current
efficiency in the presence of the electronic conduc-
tion [23].

G. Qiu et al. - Electro-Reduction of Solid Metal Oxides

The stoichiometry of two particular forms of the
CasTiO, phases has been recognized by XRD analyses
to be CaTiO3 (calcium titanate) to CaTipO4 (calcium
titanite) [25, 32]. Particularly, the chemical reaction be-
tween TiO, and CaO is thermodynamically favoured
and was proposed to be responsible for the forma-
tion of CaTiO3 [32]. Composition deviations from the
two stoichiometries were also commonly observed in
this group during elemental analysis [23]. Particularly,
EDX analysis on individual crystallites revealed the
Ca/Ti atomic ratio to be often much smaller than 1.
Such stoichiometric differences can account for an
electrochemically driven direct interaction between the
Ca®* ions and the TiO, phases, and evidence from
cyclic voltammetry was reported [6,23]. The relevant
electrode reaction is similar in form to that of the
electrochemical intercalation of Li* into the Li,CoO,
phase. However, an initial change in structure is neces-
sary to accommodate and transport the Ca>* ions.

In this group it was observed that, when the molten
CaCl, contained Mg?* impurities (MgCl, < 0.3 wt%),
both Mg(II) and Ca(Il) were observed in the inter-
mediate products. Using the metallic cavity electrode
(Fig. 1c), cyclic voltammetry of TiO, powder revealed
three main reduction current peaks before that for Ca
deposition, as shown in Figure 3a. The two peaks at
less negative potentials, C1 and C2, are associated
with the chemical/electrochemical formation of the
perovskite phases, and peak C3 is due to the reduction
leading to metallic Ti [23,32]. (Ca deposition current
occurred at potentials more negative than the cathodic
limit of the CVs in Figure 3.) These attributions have
been confirmed by potentiostatic reduction of TiO;
powder at different potentials around these three peaks.
The products obtained after electrolysis for 1000 s are
compared in Table 1 for composition and Fig. 4 for
morphology. It can be seen that the Mg(Il)-containing
phases were more likely to form than the Ca(II) phases,
implying that the smaller Mg?* ion is more interactive
with the TiOy phases.

The correlations of the currents and potentials of the
reduction peaks with the potential scan rate show typ-
ical features of irreversible electron transfer processes
confined at the electrode [33]. Results from the analy-
sis of peaks C2 and C3 are presented in Figs. 3b and 3c.
These voltammetric features were also observed on
other metal oxides [15], and are strong evidence for
direct electron transfer between the current collector
and the oxide. This agrees with the direct electro-
reduction mechanism, but cannot be explained by the
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Fig. 3. (a) Cyclic voltammograms of a metallic cavity elec-
trode (through-hole, Mo foil) with TiO, powder in molten
CaCl, (+MgCl,, < 0.3 wt%) at 900 °C and indicated poten-
tial scan rates. Each CV was recorded using a new electrode.
(b, ¢) Correlations between (b) the peak current and potential
scan rate and (c) the peak potential and logarithm of potential
scan rate for peaks C2 and C3 of (a).

electro-metallothermic reduction mechanism. It is ac-
knowledged that the early understanding of the electro-
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Table 1. EDX analysis (at%) over the images shown in
Figure 4.

Potential (0] Ca Mg Ti

-0.03V 61.20 0.77 5.74 32.29
-025V 59.31 n.d. 11.90 28.79
-045V 59.90 0.41 10.56 29.13
—-095V 33.13 n.d. n.d. 66.87
—1.15V 20.76 n.d. n.d. 79.24

n. d., not detected.

reduction mechanism did not include the intermediate
steps involving interactions between the cationic cal-
cium and the oxide. However, this process is not com-
pletely new, as discussed below.

The size effect between Ca>* and Mg>* ions is a
convincing demonstration of the direct electrochem-
ically driven interaction between the alkaline-earth
cation and TiO,. Indeed, when TiO; electrolysis was
carried out in molten LiCl, in which the LiT ion is
even smaller, formation of stoichiometric compounds,
LiTipO4 and LiTiO,, was confirmed by X-ray and elec-
tron diffraction analyses and elemental analysis [14].
This process, although much faster because of the
higher temperatures of the molten salt, is obviously the
same as the well known electrochemical intercalation
of Li™ ions into the Li,CoO, phase in the common
lithium ion batteries. Of course, changes in structure
and conductivity from TiO; to Li, TiO, are necessary,
and the results from cyclic voltammetry suggest the
changes to be fairly fast in molten LiCl at 750 °C [14].
In comparison, the larger Ca>* and Mg?* ions will find
it to be more difficult to follow the same intercalation
path of Li™ ions, but may still be able to undergo a
relatively shallow “intercalation” process.

It is worth mentioning that, with proper cathode de-
signs and construction, both solid UO; and TayO5 have
been electro-reduced to the respective metals in molten
LiCl [34,35]. In this group, attempts to reduce TiO; to
Ti metal in molten LiCl were not successful. This was
likely due to LiTiO; being thermodynamically more
stable than LiCl.

In situ formation of the calcium-containing solid
phases affects the electro-reduction of a number of ox-
ides in molten CaCl,. It can be mostly avoided, at least
for electro-reduction of TiO,, by ex situ “perovskiti-
zation”, a process to convert TiO, to perovskite by re-
action with CaO at elevated temperatures [23]. In the
preliminary test it was found that the electrolysis of
porous CaTiO3 was much shorter in time, leading to
almost a double increase in current efficiency without
compromising the product quality.
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5. Cyclic Voltammetry and Chronoamperometry of
Electro-Reduction of Metal Oxides

As discussed in the Introduction, when the oxide
to be reduced in molten CaCl, is made into a cath-
ode, it is difficult to thermodynamically differentiate
reactions (1) and (5) from reaction (6), but the lat-
ter implies the formation of elemental calcium to be
not necessary. However, it may be kinetically possi-
ble by investigations of the correlation between the
cathode current and the cathode potential which is
the determining factor of Ca activity in the molten
salt [11]. Such an investigation cannot be reliably per-
formed in a two-electrode cell but requires strict con-
trol of the electrode potential using a three-electrode
cell with a reference electrode. Cyclic voltammetry
and chronoamperometry (potentiostatic electrolysis)
are the two reliable techniques, taking advantage of the
three-electrode cell.

Using the electrodes shown in Fig. 1, cyclic voltam-
metry and chronoamperometry of a good number of
metal oxides and oxide mixtures have been carried out
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Fig. 4. SEM images of products of po-
tentiostatic electrolysis (vs. Ag/AgCl)
of TiO, powder in a cavity elec-
trode (through-hole, Mo foil) in molten
CaCl, (900 °C) containing MgCl,
(<0.3 wt%); (a) —0.03 V; (b) —0.25 V;
(c) —0.45V;(d) —0.95V; (e) —1.15V.

in molten salts in this group. Details of these investiga-
tions are presented above for TiO, and are also avail-
able in the literature [13-15,23,36,37]. Here, some
main findings are presented below.

1.) On all recorded cyclic voltammograms, the re-
duction current forms single or multiple peaks which
are all electrochemically irreversible. In all cases, the
peak current varys linearly with the potential scan rate,
similar to what is shown in Figure 3b. This is a typ-
ical feature of a charge transfer process confined at
the electrode, which agrees with the oxide powder be-
ing present in the electrode’s cavity. The current on-
set potential is fairly independent of the potential scan
rate and follows the same order as the oxide’s ther-
modynamic stability with reference to that of CaO.
Typically, for the oxide powders investigated by the
metallic cavity electrode in this group the order is
Ca0 ~ TbyO3 < TiO, < Cr,0O3 < Fep,0O3 < NiO
(becoming less negative). However, the potentials at
which the reduction currents are observed, including
that of the current peak, shift negatively and linearly
with the logarithm of the scan rate, as predicted for
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an irreversible surface-confined electron transfer pro-
cess [33].

2.) The CVs of TiO, powder show at least three
main reduction peaks, as shown in Fig. 3a, includ-
ing those corresponding to the formation of the per-
ovskite phases (peaks C1 and C2). However, NiO,
Fe,03 and Cr,O3 exhibited only a minor CV fea-
ture of slowly increasing current over a wide poten-
tial range (200 ~ 400 mV), before a main irreversible
reduction peak at potentials that are still far more pos-
itive than that for Ca deposition. In these three oxides,
no calcium-containing oxide phases were observed in
the cavity electrode, although Mg?*-containing phases
were observed at reducing Cr, O3 [15]. Because Cr,O3
was previously reported to form various calcium chro-
mate/chromite phases [26,27], it is then likely that
the small volume of the cavity electrode allowed fast
dispersing of the O?~ ions into the molten salt and
hence prevented the chemical reaction between CaO
and Cr, O3 or its partially reduced forms.

3.) The reduction of Tb,O3 is found to occur in a
potential range extended into the region where Ca>*
reduction occurs, as shown by the CVs in Fig. Sa
recorded using the metallic cavity electrode [38].
Again, no calcium-containing oxide phases are ob-
served. The speed of Tb,O3 reduction to Tb metal is
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Fig. 5. (a) Cyclic voltammograms of a Mo cavity electrode
with and without mixed powders of TbyO3 + NiO (molar ra-
tio 1:10) in molten CaCl,. (b) Correlation between the re-
duction depth and the applied cell voltage in constant volt-
age electrolysis of a TbyO3 pellet for 6 h (triangle marks)
and 12 h (square marks) in molten CaCl, at 850 °C. (c) Image
of the cross section of a TbyOs3 pellet electrolyzed at 4.2 V
for 6 h [36,37].

found to increase continuously with increasing the cell
voltage well beyond that for CaO and CaCl, decompo-
sition (respectively 2.686 V and 3.245 V at 850 °C), un-
til the cathode is completely enclosed by a dense layer
of Ca-Tb alloy as shown in Figure 5b. According to
the electro-metallothermic reduction mechanism, the
reduction speed will no longer increase after the Ca ac-
tivity reaches unity, i. e. the formation of a distinct Ca
phase that can be represented by a single drop of lig-
uid Ca metal at the cathode, disregarding the cathode
potential. However, the almost linear increase of the
reduction speed with the cell voltage increasing up to
about 3.6 V in Fig. 5b demonstrates strongly that the
reduction of Tb,Os3 is controlled by the cathode po-
tential, instead of the Ca activity which should have
reached unity at a much lower voltage.

4.) Potentiostatic electrolysis or chronoamperome-
try of metal oxide powders can very conveniently and
quickly be performed using the metallic cavity elec-
trode. Selection of potentials for the electrolysis is ac-
cording to the CV, so that the reaction at each of the
feature potentials on the CV can be identified by for ex-
ample EDX. Typical results are presented in Fig. 6 for
electro-reduction of Cr,O3 [15]. In this type of exper-
iments, the mass of the oxide powder contained in the
cavity can be weighed using an accurate balance to the
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Fig. 6. (a) Cyclic voltammograms of a metallic cavity elec-
trode with and without the Cr,O3 powder. Note: The zero
potential is given vs. Ca/Ca’t (~ —1.2 V vs. Ag/AgCl).
(b) Current-time plots of potentiostatic electrolysis of a
metallic cavity electrode at 0.3 V (vs. Ca/Ca%t) and 900 °C
in molten CaCl, [15]. (¢) SEM image of the metallic cavity
electrode taken after potentiostatic reduction.
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level of sub-milligrams. This mass can then be corre-
lated with the charge passed according to the Coulom-
bic relationship as predicted from an assumed elec-
trode reaction at the selected potential from the CV.
The net charge passed in Fig. 6b is found to agree very
well with the calculated value from the mass for the
reduction of CryO3 to Cr metal. The Coulumbic ef-
ficiency (theoretical charge/measured charge) was as
high as 98.5%. The material in the cavity after electrol-
ysis can be investigated by SEM (Fig. 6¢) and EDX,
which is particularly useful for determining the nature
of product at any potential and electrolysis time [15].
Note that plot b in Fig. 6b was recorded in the absence
of any oxide and shows clearly a current jump at the
very beginning of the electrolysis, and later a stable
background current. The two chronoamperometric fea-
tures correspond, respectively, to an electrode double
layer charging and, very likely, electronic conduction
through the molten salt as discussed before.

6. Electro-Reduction vs. Electro-Metallothermic
Reduction

According to the kinetics, the overall rate of reac-
tions (1) and (5) is determined by the slower one of the
two. If reaction (5) is slower, reaction (1) would be at
equilibrium and the Ca activity should follow the cath-
ode potential. Therefore, at certain potentials, there
could be excess Ca in the molten salt when Ca sup-
ply from reaction (1) exceeds the need of reaction (5),
and the current flow at the oxide cathode should fol-
low the same path as if a bare inert metal cathode was
used. The corresponding CV will be the same as that
shown in Fig. 2, which however contradicts to the CVs
of all the tested metal oxides recorded using the metal-
lic cavity electrodes [15,23] and other types of elec-
trode [6, 26, 29, 32].

If reaction (1) is slower, reaction (5) will continu-
ously remove the elemental Ca from reaction (1), lead-
ing to a Ca activity lower than what would be deter-
mined by the cathode potential. Consequently, the re-
duction current can flow high even at potentials more
positive than that of reactions (1) alone. On the other
hand, at a sufficiently high speed of oxide reduction,
the Ca activity must also be high at the electrode. Be-
cause of its relatively high solubility, part of the Ca
generated by reaction (1) can dissolve in and diffuse
into the molten salt and hence is not consumed by
reaction (5). Therefore, a lower Coulombic efficiency
would have been inevitable at high reduction speed (or
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high reduction current). On the contrary, upon subtrac-
tion of the background current measured in the ab-
sence of any oxide, very high Coulumbic efficiency
(98.5% for Cr,03) was derived from potentiostatic (or
chronoamperometric) reduction of, for example, NiO
and Cr, O3 using the metallic cavity electrode at poten-
tials where high reduction current was observed [15].

The above discussion on electro-metallothermic re-
duction is far from being exhaustive, but does demon-
strate the difficulties of this old-fashioned understand-
ing of pyro-metallurgical processes. On the other hand,
when an oxide is reduced by Ca metal in molten CaCl,,
the Ca plays the simple role of an electron donor. A
current collector can do equally in molten CaCl,, and
this possibility is completely ignored by the electro-
metallothermic reduction mechanism. Another cause
for the argument is likely due to the facts that metal
oxides are usually insulators or poor electric conduc-
tors that are out of the question according conven-
tional knowledge of electrolysis, and that the under-
standing of electro-reduction at the metal/metal ox-
ide/electrolyte three-phase interlines is also relatively
new [12,27,28].

7. Summary

This paper reviews recent research findings in rela-
tion with the roles of cationic and elemental calcium in
the processes of electro-reduction of solid metal oxides
in molten CaCl,. It is shown that the electro-reduction
process is dominated by direct electron transfer to the
metal oxide, with very little, if any, contribution from
elemental Ca. Even in the presence of a large amount
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of cathodically formed elemental Ca, the reduction of
Tb,O3; was retarded because of the formation of a
dense layer of Ca-Tb alloy on the surface of the oxide
cathode. A redox hopping process, which is similar to
the inter-valence charge transfer process, is proposed
to be present between elemental and cationic calcium,
contributing at least partly to the electronic conduc-
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