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Abstract In earlier work in our laboratories, a current pulse
method was developed that allows in situ (dynamic)
measurements of electrode capacitance. The present work
describes the successful application of the technique to the
study of electrode properties in molten salt electrolytes. As
expected, the electrode capacitance increases as the electrode
surface area exposed to a molten salt bath increases.
Furthermore, creep of the bath along the surface of a
conductive ceramic anode and subsequent ingress into the
anode pores is observed as an increase in capacitance. The
pulse technique also gives an indication of phase changes
that occur during the reduction of a solid titanium dioxide
cathode and a highly sensitive measure of the temperature at
which initial freezing of the calcium chloride electrolyte
begins. These observations provide useful in situ informa-
tion about changes in electrode properties in molten salt
electrolytes that are difficult to obtain from other techniques.

Keywords Current pulse - Capacitance measurement -
Molten salt electrochemistry - Resistometer - Solid-state
electrochemistry - Resistance measurement -
Electrowinning - Titanium

Introduction

The development of in situ techniques for studying molten
salt electrometallurgy is essential for better understanding
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of the processes that occur in such systems. Processes that
occur at the electrode surfaces cannot be easily observed
during the course of an electrolysis performed in a
conventional solid crucible and furnace. Consequently, it
is often difficult to interpret changes in cell current and
voltage and relate these unequivocally to electrode process-
es. These must be inferred upon completion of the
electrolysis and removal of the electrodes from the cell.
However, a wealth of information may be obtained from in
situ dynamic capacitance measurements. In these laborato-
ries, measurement of the dynamic cell resistance during
molten salt electrowinning experiments has been made
possible by the use of a purpose-built instrument known as
a ‘resistometer’ [1-3]. Modification of this instrument has
allowed capacitance measurements to be obtained simulta-
neously with resistance [3]. This instrument, first developed
at CSIRO, works in conjunction with a potentiostat by
applying an interrupted signal as a square, bipolar (typically
1 A) current pulse over a small time-scale (~210 ps) every
60 ms to measure the resistance [1, 3]. The pulse sequence
is as follows: a 1 A pulse (70 pus duration); a rest period
(70 ps duration); a reverse (—)1 A pulse (70 us duration). A
typical applied current pulse is shown in Fig. 1. As the
pulse is bipolar, there is no net charge transfer. The
principle is that a current pulse will cause a corresponding
voltage pulse according to Ohm’s Law:

Vpulse =1 pulse Runcompensated (1 )

where Vpyse is the jump in voltage after application of the
current pulse (/pyse), from which the uncompensated
resistance (Ryncompensated) €an be calculated (see Fig. 1).
The measurement is applied as a rapid, bipolar and
relatively infrequently interrupted signal and consequently
does not significantly disturb the Faradaic reactions or
double-layer charging [1]. This measurement can be easily
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Fig. 1 In situ current pulse measurement of capacitance. Applied
current pulse and corresponding voltage response with illustration of
the measurement of resistance and capacitance

adapted to give capacitance as shown in Fig. 1. The
capacitance is measured as [3, 4]:

AVTC]&X Iinput : tpulse
C =1y C=—"72— 2
pm/ < tpulse o AVrelax ( )

where C is the capacitance, finpe is the current pulse
magnitude (I A), #,use is the time of the forward pulse
(70 ws) and AV, is the voltage change from before the
application of the pulse to during the rest period of the
pulse (see Fig. 1).

If the counter electrode is sufficiently large, then the
capacitance should be dominated by the response of the
working electrode. The capacitance (C) is proportional to
the area of this electrode exposed to the molten salt [5]:

eA

c=" 3
- G)
Or

C = Cspeciﬁc x A4 (4)

where ¢ is the permittivity, 4 is the area, L is the equivalent
spacing of the capacitor plates (i.e. the double layer
thickness), and Cqpccific 18 the specific capacitance.

In earlier work [3], we have tested the validity of this
technique using a dummy cell (constructed using the
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Randles equivalent circuit) and adding varying amounts of
capacitance. A series of electrochemical measurements in
aqueous solution were also made, and the capacitance
values obtained from the pulse current technique compare
well with those obtained from cyclic voltammetry and
AC impedance spectroscopy. Finally, the application of
the method in a molten salt environment was evaluated,
and the results demonstrated that the current pulse
method gave a high frequency component of the
capacitance accurately (equivalent to ~2-14 kHz). The
capacitance values obtained from the pulse current
technique described here will depend on the sum of all
the capacitances active in this frequency range, including
those due to the double layer, impurity adsorption, charge
transfer, corrosion, etc. That is, they are not a true
double layer capacitance. This interpretation is supported
by a recent study by Kisza [6]. Nonetheless, the measure-
ments allow changes in the active electrode area exposed to
the molten salt bath to be measured, e.g. if surface oxides
are formed on the electrode, then a change in Cypecific Will
be seen, or if the electrode is consumed or falls apart during
electrolysis, this will be observed as a rapid drop or change
in capacitance.

The in situ capacitance measurements should reveal
many interesting phenomena when applied to the investi-
gation of electrode properties in molten salt or ionic liquid
environments [6—11].

Experimental

Electrochemical measurements were performed using an
EG&G PAR Model 362 scanning potentiostat and an
EG&G PAR Current Booster Model 365 (10 A). Experi-
mental details for the furnace, cell and calcium chloride
bath preparation are given in [12]. A schematic diagram of
the laboratory cell is shown in Fig. 2. All measurements
were performed in two electrode mode (without a reference
electrode) either at open circuit, or using galvanostatic
control (1 A). The oversized TiO, cathode was prepared by
spotwelding a small piece of Kanthal strip to a length of
Kanthal wire (18 gauge) and pressing the strip into a
sintered alumina dish (60 mm diameter). A slurry of titania
paste, 40 g, prepared from TiO, (99.5%, minimum purity
rutile, Alfa Aesar) and deionised water, was added to the
dish, covering the Kanthal strip and oven-dried for 24 h.
The Kanthal wire was sheathed with a sintered alumina rod
to prevent corrosion and attack by the calcium chloride
bath. The cathode assembly was placed at the bottom of an
alumina crucible. Three types of anodes were used in the
experiments: a copper rod (3.3 mm diameter); a rectangular
ceramic bar (8.84x4.37 mm); or a graphite rod (POCO
graphite, 10 mm diameter). The depth required to dip the
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Fig. 2 Experimental setup for a typical high temperature molten salt
TiO; reduction experiment

electrodes was calculated using a so-called copper dip test.
This involved dipping a copper rod into the bath and
marking the top of the furnace port on the rod and
removing the rod. This is done rapidly enough, such that
the CaCl, freezes onto the rod, allowing measurement of
the depth of the molten salt bath and the distance from the
top of the furnace port to the top of the bath. Absolute
measurement of when the anode was touching the top of
the molten salt bath was done by measuring the cell
resistance while lowering the anode while the cell was at
open circuit. This resulted in the cell resistance changing
from well in excess of 10 2 to below 10 Q (within the
measuring range of the resistometer). The upper part of a
copper rod was sheathed with an alumina tube and the
exposed part lowered into the bath while electrically
connected to the potentiostat and resistometer. The POCO
graphite rod and the ceramic anode were both attached to
an alumina sheathed stainless steel rod.

An in-house built resistometer [1] was connected
between the potentiostat and the cell to supply an
interrupted current pulse signal (every 60 ms) of 1 A
(70 us duration) followed by a rest period (70 ps duration)
and reverse (—)1 A pulse of the same duration. The current
pulse signal (between working electrode and ground) was
passed through a Schmidt trigger and used to trigger the
logging of the pulse data. National Instruments Labview
version 7 software in combination with a National Instru-
ments SCB-68 terminal box and NI6036 multi-function
data acquisition board was used to capture 20 signals
(typically sampled at 200 kHz) and average the signals
(every 2 s) to give an average voltage response between the
working electrode and the reference electrode terminals on
the resistometer. The Labview programme generated the
capacitance measurement together with the resistance and
cell voltage.

Results and discussion
Copper rod dip tests at open circuit

Using a CaCl, bath (950 °C) and an oversized pasted titania
cathode (~40 g TiO,), the effect of dipping a copper anode
(3.3 mm diameter) to depths between 0 to 30 mm into the
molten salt bath is measured [3, 12]. If the titania electrode
is sufficiently oversized, the capacitance will be dominated
by the anode. Since the cathode has a geometric area of
~28 ecm? exposed directly the bath (and considering that the
pasted electrode is at least 10 mm thick) it is most likely
this electrode is considerably oversized. This means that, if
the rod is dipped to different depths, the capacitance
measured should scale with the depth of the dip (d) as the
area exposed to the electrolyte will scale linearly with this
depth:

A = nr* +d(2nr) (5)

where A is the area, r is the radius of the rod (1.65 mm).
Figure 3 shows the linear relationship between the
measured capacitance (via the pulse method) and the dip
depth. The first point on the graph (just touching the rod on
the bath surface) is determined using the resistometer. This
is the point at which the resistance changes from a large
value to a value below 10 2. The errors given in the graph
are from the calculated standard deviation from 20 collected
signals. Using the area calculated and the capacitance
value, the copper was found to have a specific capacitance
of around 3.5+0.4 mF cm 2. This calculation uses the
geometric surface area and does not take into account the
porosity and its effect on true surface area. This specific
capacitance compares well with an example of platinum in
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Fig. 3 Capacitance measured from the current pulse measurement for

a copper rod (3.3 mm diameter) dipped in a CaCl, bath (950 °C) to
different depths using an oversized titania (~40 g) cathode
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molten (Li/K),CO; of 4.13 mF cm ? obtained via AC
Impedance measurements [13]. In both the present study
and the value quoted from [13], the measured capacitance is
not a true double layer capacitance (which is in the tens to
hundreds of microfarad range) but includes a component of
corrosion capacitance (essentially a Faradaic pseudo-capac-
itance from a slow interaction of the copper rod with the
calcium chloride bath). This interpretation is supported by a
recent study of capacitance and the double layer by Kisza
[6]. The corrosion capacitance (or pseudocapacitance)
appears to be constant over the time-frame of the pulse
measurement (5 min), i.e. no significant physical change to
the surface of the copper electrode is observed during this
time. At the end of the measurement, the rod is raised back
to where it just touches the bath surface (first position), and
the capacitance lowers to the value indicated in Fig. 3
(~4 mF), which is not quite back to the original capacitance
(~1 mF) as some of the electrolyte may not have drained
entirely from the electrode, or slight corrosion of the copper
rod has occurred. Nevertheless, the results suggest that the
cathode and anode surfaces have not changed significantly
due to dipping in the molten salt bath or due to the
application of the current pulse at open circuit potential.
Also, for a repeat measurement, with a fresh oversized
cathode, the calculated specific capacitance is: 3.8+1.0 mF
cm 2.

During the capacitance measurements at open circuit, the
current pulse is so rapid that no significant Faradaic
reactions occur, such as the reduction of the TiO, cathode
to Magnéli phases. This is shown by the return of
capacitance to near the original value when raising the
copper rod. Capacitance measurements were also obtained
following a 10-min constant current electrolysis (where
there is some conversion of TiO, cathode material), and
these values were appreciably larger than the values found
from the open-circuit measurements (see “Observation of
capacitiance on a graphite anode during reduction of solid
TiO,”). Assuming a capacitance of around 1 mkF, the
Faradaic resistance must be below ~100 mohms (i.e. an
extremely fast Faradaic reaction), in order to see the
reaction on the 70 us timescale. Consequently, the pulse
is too fast to drive any significant Faradaic reactions at the
cathode. However, it is slow enough to be affected by the
relatively rapid corrosion of the copper rod (which occurs at
open circuit due to reaction with the calcium chloride bath).
The bipolar nature means that the anodic charge and the
(cancelling) cathodic charge are injected into the system
before the electrochemistry can react. In technical terms,
due to the relationships Z=1/jwC and C=ed/d, the
impedance (Z) is small at large area (4). Therefore, the
capacitive impedance of the counter electrode (large A4) is
negligible at high frequencies (microsecond timescale) due
to its large area. Therefore at ultra-short times (i.e. high
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frequencies) the counter electrode makes no contribution to
the impedance of the cell.

Observation of creep on conductive ceramic anodes at open
circuit

We have observed a significant amount of electrolyte creep
along the surface of conductive ceramic inert anodes during
titanium electrowinning studies, using a Fray—Farthing—
Chen type process [12, 14]. The relevant reactions are
given below:

Cathode reaction:
TiOy(s) + 4e~ — Ti(s) +20%~

Anode reaction:
207 — 0y(g) +4de”
Overall reaction:

TiOs(s) — Ti(s) + Oa(g)

This creep changes the effective surface area of the
electrode and can cause substantial corrosion and eventual
failure of the electrode holder. Consequently, understanding
when creep occurs and to what degree it occurs is
important. The problem with conventional molten salt
measurements is that creep cannot normally be observed
unless a see-through (transparent) cell is utilised. The
evidence for electrolyte creep is usually obtained from ex
situ analysis of the electrode upon its removal from the cell.

An extra complication is the inability to observe the
electrode when immersing it to a specified depth in the bath
(the electrode is lowered into a solid alumina crucible
within a vertical tube furnace). This can lead to errors in the
immersion depth, estimated to be £2 mm, and is discussed
in more detail in the analysis of the capacitance data.

Prior to electrolysis, the ceramic anode is soaked for 1 h in
a calcium chloride bath at open circuit and then the
electrolysis proceeds for periods of up to 50 h [12]. Figure 4
shows photographs of two typical ceramic anodes at the
completion of an electrolysis. It can be seen that the actual
electrolyte level exposed to the bath is much higher than the
original immersion depth. The question is—when does this
creep occur? Is it rapid or does it occur gradually through the
experiment?

Using a combination of the ‘copper dip test’ and the
‘resistometer dip test’, the ceramic electrode (dimensions
8.84x4.37 mm) is immersed to a depth of 9+2 mm and
soaked in a calcium chloride bath for 1 h. Figure 5 shows
the measurements of resistance and capacitance during this
time. The capacitance starts at a low value of ~0.8 mF, and
the cell resistance starts at ~3.3 ohm. In earlier work, we
have established that whilst a significant amount of this
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Fig. 4 Photographs of conductive ceramic anodes once cooled and
removed from the furnace after a 24-50-h electrolysis run

resistance (~1 ohm) originates from the ceramic anode, the
majority of the resistance (~ 2 ohm) is due to the oversized
pasted TiO, cathode (McGregor et al. 2005). During the
soaking step at open circuit, the cell resistance falls slightly
from ~3.3 to ~2.8 ohm (due to a greater electrode surface
area exposed to the electrolyte), whereas the capacitance
increases by a factor of 2.5 (for the same reason). It appears
that the capacitance value is a more sensitive measure of the
active area. After an hour, the capacitance appears to
plateau, which suggests that the source of the increase in
capacitance reaches equilibration in about 1 h. It is most
likely that this increase in anode capacitance is due to
electrolyte creep and that the majority of it occurs in the
first hour of soaking.

To support the hypothesis that this is due to electrolyte
creep, a calculation of the change in electrode area exposed
to the electrolyte is performed. When the electrode is
removed from the experiment, the measured dip depth
(similar to that observed in Fig. 4) is found to be 19 mm,
which corresponds to a surface area of 5.41 cm?® If the
electrode is assumed to be immersed accurately to the target
depth (9 mm), the area exposed is 2.76 cm?. Assuming that
negligible creep occurs after the initial soaking time, the
area exposed to the electrolyte has increased by a factor of
1.96. This is close to the factor by which the capacitance
has increased (i.e. 2.5). The factor could be slightly low

because the actual dip may have been slightly lower than
9 mm, for reasons explained earlier. The other explanation
for a slightly higher capacitance change than expected is
that there is a certain degree of ingress of electrolyte into
the pores of the electrode (ceramic anode density, ~97%.)

In a separate set of experiments, a thinner ceramic anode
rod was used (5.32x3.56 mm). This time, the capacitance
changed in the first hour from 0.94 to 1.29 mF which is a
ratio of 1.37. Again, the initial target depth was 94+2 mm
(1.79+0.35 ¢cm?), and the final measured depth this time
was 15.5 mm (2.94 cm?®) giving a ratio of 1.64. This
corresponds to an actual initial dip depth of 11 mm
(2.14 cm?), which lies within the estimated range.

Observation of capacitance on a graphite anode during
reduction of solid TiO2

A series of measurements were also performed during the
galvanostatic reduction of TiO, to titanium metal using a

a
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Fig. 5 a Capacitance observation of creep on a ceramic anode during
the first hour of soaking; b resistance measurement
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Fig. 6 Cell voltage and IR-free voltage for a constant current
electrolysis run (1 A, ~48 h) using a POCO graphite anode and
oversized, pasted TiO, cathode

consumable graphite anode (POCO graphite). The relevant
reactions are given below [14]:

Cathode reaction:

TiOy(s) + 4e~ — Ti(s) + 207~
Anode reaction:

C+20° = COy(g) +de”
Opverall reaction:

TiO(s) + C — Ti(s) + COs(g)

The graphite rod was immersed to a target depth of 35+
2 mm, with no appreciable soak time. Previous observa-
tions have shown that negligible creep occurs on this
material during electrolysis. The measured depth of bath
observed on the electrode was 33.6 mm (ex situ observa-
tion). Figure 6 shows both the cell voltage and the IR-free
voltage for the constant current (1 A) electrolysis. The IR-
free voltage (obtained by subtracting the /R value from the
cell voltage) is an accurate measure of the potential required
to maintain the electrochemical reduction reaction. The
voltage goes through a series of increasing plateaus that
correspond to the conversion of TiO, to various reduced
forms (intermediates in the eventual process of full
reduction to titanium metal such as the Magnéli phases
T1,,05,-1, Ti,03, Tiz0s, TiO, TiO, etc.; McGregor et al.
2005) [15]. The voltage plateaus begin to decrease in value
at times after 20 h due to cyclic side reactions that occur in
the bath and produce side products such as carbonates and
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carbides [16—19]. The initial slow voltage increase in the
first 500 s of electrolysis is due to the initial slow ramping
of current to 1.0 A at 2 mA/s.

Having understood some of the reactions that occur in
this electrolysis, we can look at the capacitance and
resistance responses. Firstly, it must be understood that
with this measurement, a large graphite electrode is used
(~27 cm® geometric area), and consequently, changes in
capacitance of both the electrodes (graphite and TiO,) will
be significant. Figure 7 shows these responses in the first
30 min of the experiment. Initially, the graphite rod is
lowered slowly into the bath. At time zero, the graphite rod
is just touching the molten salt bath. It is lowered in three
stages to the final point at ~8 min at which time the current
ramp is applied. The capacitance increases and the cell
resistance decreases, as the rod is lowered.

Figure 7 shows that during the first 25 min of the
electrolysis, the cell resistance is fairly invariant, but the
capacitance rapidly changes from ~0.4 to 3 mF (a factor of
8). Titania is known to form highly conducting and highly
capacitive reduced phases (so-called Magnéli phases)
during the early stages of electrolysis [12]. This could
account for the rapid change in capacitance. There will be
some variation in capacitance with potential during the
measurement; this is well known in the literature [7, 11].
However, the large increase is more likely to be due to the

3.0 |-

25

.
eses®®
woso®
oot e’

o o
PP PP T Saband
o

\
20 :
|

-

-— =

15

lowering POCO

Lo B — Capacitance / mF| 7]
- - Resistance / ohm

0.5} Fogart L Voltage / V i

‘))-——‘/electrolysis

0.0 e ereens o -
| | | | | | |

0 5 10 15 20 25 30 35

time / min

Fig. 7 Capacitance, resistance and voltage plots for the same
electrolysis run in the first half hour
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increase in (Faradaic) pseudo-capacitance of the titania
cathode due to the changes in phase composition. It is
likely that both the titania and the graphite electrodes will
influence the capacitance (e.g. lowering of the graphite rod
increased the capacitance by a factor of ~2). The rapid
change in capacitance could be attributed to roughening of
the graphite surface as CO, gas is evolved. Intriguingly, the
capacitance reaches a peak and settles to a lower value once
the maximum current is achieved and the voltage increase
has finished.

On the longer timescale (Fig. 8), there are numerous
changes in voltage associated with the reduction of TiO,.
The first of these voltage changes (A) results in a major
change in capacitance from ~3 to ~16 mF. Again, the
response is peaked. This could be due to the more highly
conducting phases of reduced TiO, that are formed. The
next two processes (B) show an increase in resistance but
only minor changes in capacitance. This suggests the next
processes form less conducting and slightly less capacitive
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Fig. 8 a Capacitance and cell voltage for the first 34 h of a constant
current electrolysis run (1 A) using a POCO graphite anode and
oversized, pasted TiO, cathode; b Capacitance and resistance
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Fig. 9 Observation of freezing of the CaCl, electrolyte using bath
temperature, resistance and capacitance measurements. A POCO
graphite anode (dipped to 15 mm) and oversized TiO, pasted cathode
were used

phases. The next voltage plateau change is very major (C)
and again causes a large change in capacitance as does the
next voltage change (D). The final voltage response (E),
beyond 20 h, involves the cyclic reactions and the capaci-
tance eventually lowers to a very low value (~0.23 mF). This
is associated with a large change in resistance.

So, the in situ capacitance measurements can give an
indication of electrode phase changes that occur during
molten salt electrolysis, e.g. the reduction of solid TiO, in a
chloride bath. Further work, though, is required to fully
characterize or assign the complex processes observed in
Fig. 8.

Observation of freezing of a molten salt electrolyte

We are also interested in detecting the initial freezing of the
molten salt bath following the electroreduction of solid-
state metal oxides to their metals, e.g. titanium dioxide
(TiO,) to titanium metal. Such metals are often highly
reactive, and back reactions with any adventitious impuri-
ties present (e.g. oxygen) are undesirable. At the end of the
electrolysis, however, if the current flow is maintained
while the bath is cooling until it just reaches its freezing
point, this inhibits back reactions and gives a more pure
metal product [20]. Measurement of the capacitance should
provide rapid detection of the initial freezing of the molten
salt electrolyte, more rapid than resistance measurements.
As the melt freezes, the resistance increases somewhat
slowly but does not show a clear transition for freezing as
there are still small pathways of molten electrolyte in the
cooling bath. The capacitance (a surface phenomenon),
however, will change rapidly as the interface between the
electrolyte and the electrode freezes.

The final experiment involves observation of freezing of
a CaCl, bath. In this study, a graphite electrode was
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immersed to a bath depth of 15+2 mm (TiO, cathode is
oversized for this experiment) and a small amount of
electrolysis was carried out to steady the capacitance at
around 2 mF. The furnace was switched off, and the
temperature of the bath was measured using an alumina
sheathed thermocouple dipped into the top of the bath.
Initially, as the bath cooled, the capacitance dropped from 2
to ~1 mF (from 960 to 840 °C) but steadied at 1 mF before
freezing occurred. This drop in capacitance with tempera-
ture is predicted from theory and has been observed by
other workers [21-23]. This trend is opposite to that seen in
aqueous electrolytes and other solvents. Figure 9 shows the
last stages of cooling, in which the bath fully freezes. The
rate at which the temperature of the bath (right axis) drops
with time slows at the freezing point due to latent heat. A
further 50 s later, the capacitance changes rapidly from ~1
to ~0.3 mF in only 4 s. The interface of either or both
electrodes must change rapidly on freezing. This measure-
ment of capacitance indicates the point of initial freezing. It
takes a further 1 min and 45 s to dramatically affect the
resistance and cause the measurement to go off scale. This
measurement of resistance indicates the point of final
freezing. This is a fascinating observation of freezing
phenomena in the molten salt bath. Use of the technique
has helped improve the quality of the titanium metal
obtained from sintered TiO, pellets in our laboratories.

Concluding remarks

The in situ capacitance measurements provide a powerful
technique for observing changes in electrode properties
during molten salt electrolysis. Relative electrode area
exposed to the bath is observed through copper dip tests
and creep tests on a ceramic anode. A series of phase
changes are observed during the reduction of a TiO,
cathode in a calcium chloride bath. Finally, the subtleties
of freezing of a calcium chloride bath are observed through
the dynamic measurement of capacitance along with the
measurement of resistance. The results described here
demonstrate that the in situ capacitance measurements
obtained from the pulse current technique are a highly
sensitive measure of changes to the physicochemical
environment of the electrode surface. As such, we plan to
employ this technique for further studies of systems where
electrode surface effects are important, e.g. in the study of
the ‘anode effect’ in aluminium smelting cells which is
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usually caused by the temporary formation of an insulating
bubble layer on the anode surface.
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