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Background

Electro-deoxidation process

The electro-deoxidation (FFC) process for
production of titanium involves electrolytic
reduction of titanium oxide in the solid state,
using calcium chloride as electrolyte, a metal
contact to a titanium oxide pellet, and a carbon
anode, at typical temperatures of 900–
950°C.1,2 This approach has also been used to
produce other metals, including chromium and
niobium.3,4 An important factor in the success
of this process is the substantial solubility of
CaO in CaCl2 (some 20 mole % at 900°C5); this
allows the oxygen anions (O2-)—which are
produced by reduction at the cathode—to be
transported to the anode, where the oxygen is
released as CO, CO2, or O2. 

In the case of reduction of TiO2, formation
of trivalent titanium (by a small degree of
reduction) renders the titanium oxide pellet
electronically conductive, which should
increase the active electrode area.2 However,
this last factor is not essential to the process,
since metals with nonconductive oxides—such
as chromium3 and silicon—have been
successfully reduced by this method. Nohira et

al.6 and Jin et al.7 proposed that the reduction
of silicon dioxide proceeds at the three-phase
line contacts between unreduced silicon
dioxide, the silicon product (which acts as
electronic conductor) and the calcium chloride
electrolyte (which acts as ionic conductor and
solvent for the oxygen anions, which are
produced at the cathode). 

The work of Ito and co-workers6,8,9 on
reduction of SiO2 used dense sheets of
amorphous silica as starting material, with Mo
wire as contact material. That work
demonstrated the growth of the Si product
(which is electronically conductive at the
temperature at which reduction was carried
out) from the point of contact, without any
evidence of dissolution of silica in the
electrolyte—that is, reduction proceeds by
direct solid-state reduction, at the contact
between unreduced SiO2, Si as electronic
conductor, and the electrolyte. For the dense
amorphous silica starting material, the silicon
product grew as whiskers with hexagonal
cross-sections; each whisker appeared to be a
single crystal of Si.9 In that work, the rate-
determining step for reduction was stated to be
diffusion of oxygen anions from the reaction
interface,9 although this is not consistent with
the observed effect of potential on Si
production,8 nor with the non-parabolic
growth kinetics.9

The issues that are discussed in the work
presented here include the nature of the anodic
reaction (evolution of O2, CO2 or CO), the
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Formation of silicon by electro-deoxidation, and implications for titanium metal

possibility of dissolution of CO2 in the electrolyte, and the
polarization behaviour of the anode and cathode.

Possible reactions during production of silicon by
electro-deoxidation

At the cathode, silica is reduced to silicon by the following
reaction:

[1]

As this indicates, solid silica is reduced to solid silicon,
releasing oxygen anions into the electrolyte. The oxygen
anions are discharged at the carbon anode, through one or
more of the following reactions:

[2a]

[2b]

[2c]

There are several possible side reactions at the cathode,
notably the formation of calcium silicide (CaSi2)
intermetallic10,11—through the simultaneous reduction of
calcium oxide (from the electrolyte) and of the silica pellet—
and reduction of dissolved carbon dioxide (as discussed
below, carbon dioxide can dissolve in the electrolyte as
calcium carbonate). (Calcium silicide formation was indeed
reported for more negative reduction potentials, for reduction
of amorphous silica.8) Also, because the silica pellet was
contained in nickel foil during reduction, this could have—
and did—lead to the formation of nickel silicide11 (Ni2Si).

Equilibrium data on these and other reactions are
summarized below in Table I and Figure 1. Note that the
equilibrium potentials in Figure 1 are given relative to the
Ca/CaO equilibrium; following the approach of Nohira et al.6,
the potential for the onset of formation of pure calcium was
used as a reference potential in the work reported here.

Solubility of CO2 in electrolyte

As discussed later in this paper, the gas produced at the
anode was probably mostly carbon dioxide. Carbon dioxide is

soluble in CaCl2 melts which contain CaO—the solubility of
CO2 in CaCl2-CaO melts increases with the CaO content of the
melt (linearly so) and with the CO2 pressure, reaching a
solubility of approximately 6.5% CO2 (mass basis) in a CaCl2
melt containing 0.2 mole fraction CaO (that is, CaO
saturation) at 900°C, for pCO2=1 atm.14 Dissolution of CO2 at
the anode allows its transport to the cathode, where it can be
reduced (to carbon or CO); this is a likely contribution to the
background current, which lowers the current efficiency of
the electro-deoxidation process. 

In this work, the possibility of CO2 dissolution (calcium
carbonate formation) was studied. As background to this, the
available data of Maeda and McLean14 were fitted to a simple
activity model of the CO2-containing CaCl2-CaO melt. In this
model, the dissolution of CO2 in the melt is described as
follows:

[3]

The equilibrium constant of this reaction (as calculated
from the free energies of the pure species12) is given by:

[4]

where T is the absolute temperature in kelvin, and where the
reference state for the activities of CaO and CaCO3 is the pure
solids.

Following Johnson and Maiya15, it was assumed that the
activity of CaO could be described by a single activity
coefficient up to saturation. Johnson and Maiya15 give an
expression for the activity coefficient of CaO with liquid
reference state; their data on the melting point and heat of
fusion of CaO were used to convert their expression to the
more useful solid reference state, yielding the following
expression:

[5]

where R is the ideal gas constant (8.314 J/mol).
The data on the solubility of CO2 in CaO-CaCl2 melts14

was similarly described by means of a composition-
independent activity coefficient for CaCO3, which depends as
follows on temperature:
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Table I

Equilibrium potentials (relative to Ca/CaO or C/CO2) for different reactions, at different CaO activities. Values are
for 900°C. z is the number of electrons involved in each reaction. Free energy data are from Kubaschewski et al.
and the FactSage database.12,13 CaO activities are relative to the solid oxide

aCaO

0.02 0.08 0.2 1
Reaction z ∆G° (kJ/mol) E (V) E (V) E (V) E (V)

0.5O2 + Ca = CaO 2 -512.5 2.854 2.784 2.737 2.656

Ca + 0.5CO2 = CaO + 0.5C 2 -314.5 1.827 1.757 1.711 1.630

Ca+ CO = CaO + C 2 -297.1 1.737 1.667 1.621 1.540
SiO2 + C + 2Ni = Ni2Si + CO2 4 170.9 -0.443 -0.443 -0.443 -0.443

SiO2 + 2Ca = Si + 2CaO 4 -324.8 1.039 0.969 0.923 0.842

2SiO2 + CaO + 2.5C = CaSi2 + 2.5CO2 10 806.3 -0.875 -0.861 -0.852 -0.836

SiO2 + CaO + 1.5C = CaSi + 1.5CO2 6 487.5 -0.908 -0.885 -0.869 -0.842

CaSiO3 + C = Si + CaO + CO2 4 391.9 -0.917 -0.952 -0.975 -1.016

2CaSiO3 + 2.5C = CaSi2 + CaO + 2.5CO2 10 982.0 -0.978 -0.992 -1.002 -1.018

H2O + Ca = CaO + H2 2 -329.5 1.905 1.835 1.789 1.707

CaCO3 + 2Ca = 3CaO + C 4 -629.7 1.928 1.823 1.754 1.632

Al2O3 + 3Ca = 2Al + 3CaO 6 -233.9 0.602 0.532 0.485 0.404



[6]

Equations [4] to [6] adequately describe the available
solubility data, as shown by comparison with the experi-
mental data of Maeda and McLean14 in Figure 2. The ratio of
the equilibrium amounts of CaCO3 and CaO in the melt can
hence be expressed as follows:

[7]

The calculated values of this ratio are given in Figure 3,
which indicates that, for a CO2 pressure of 1 atm, most of the
CaO in the melt is expected to be converted to CaCO3, at a
temperature of 900°C (as used in the current work). The

large ratio of CaCO3 to CaO contents—even at temperatures
above 900°C where pure CaCO3 is not stable in the presence
of 1 atm of CO2—is the result of the small value of the
activity coefficient of CaCO3 (γCaCO3 decreases from 1.7 to 0.7
as the temperature increases from 850°C to 1000°C)
compared with the activity coefficient of CaO (which
decreases from 5.3 to 4.8 over the same temperature range).

Experimental approach

Analytical methods

Starting materials and products were analysed by X-ray
diffraction (XRD) and energy dispersive spectrometry (EDS).
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Figure 1—Equilibrium potentials of possible reactions during reduction of silica pellets, for two activities of calcium oxide in the melt (solid oxide reference
state). Anodic reactions (indicated by up arrows) are possible above the relevant equilibrium potential; cathodic reactions (down arrows) are possible
below the equilibrium potentials. The reactions are written out at right

Figure 2—Effect of temperature, partial pressure of CO2, and initial CaO mole fraction, on the solubility of CO2 (expressed as a mass percentage) in CaCl2-
CaO melts, for a) variable partial pressure of carbon dioxide and constant CaO content before dissolution of CO2, and (b) variable initial CaO content
before dissolution of CO2, and constant partial pressure of carbon dioxide. Data points are from Maeda and McLean14 and the lines are calculated from
Equations [4] to [6] as fitted in this work

0.5O2 + Ca = CaO

Ca + 0.5CO2 = CaO + 0.5C
Ca+ CO = CaO + C

SiO2 + 2Ca + 2Ni = Ni2Si + 2CaO

SiO2 + 2Ca = Si + 2CaO
2SiO2 + 5Ca = CaSi2 + 4CaO
SiO2 + 3Ca = CaSi + 2CaO
CaSiO3 + 2Ca = Si + 3CaO
2CaSiO3 + 5Ca = CaSi2 + 6CaO

Al2O3 + 3Ca = 2Al + 3CaO



Copper Kα radiation was used for XRD, with 2θ step sizes of
0.05°, sampling for 2 s per step. EDS was performed in a
JEOL 5800 scanning electron microscope (SEM), with a
Noran Voyager EDS system, using a working distance of 10
mm, an acceleration voltage of 20 kV, 50 s or 100 s of
sampling time per spectrum, and the standardless quantifi-
cation of the Voyager system. This scanning electron
microscope was also used for imaging. Non-conductive
samples were sputter-coated with gold before imaging and
analysis (sputtering current 20 mA; sputtering time up to 5
minutes).

For analysis of the calcium chloride salt (both unused,
and after experiments), the salt was dissolved in distilled
water (using 2 dm3 of water per 100 g of salt), in a covered
container. The solid residue was recovered by filtering the
solution (through Fisher QL100 paper); the residues were
dried in air at 80°C (for subsequent weighing, and analysis
by XRD and SEM/EDS). The calcium hydroxide content of the
filtrate was determined by titration with a 0.1 M HCl standard
solution, using litmus as indicator.

Pellet preparation

Pellets were prepared from silica powder*, with d50=0.5µm.
Poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate)† (PVB)
was added as binder, using 1% of binder by mass in the
mixture. The PVB and silica powders were mixed with a
stainless steel spatula in an agate mortar, and then triturated
with an agate pestle in the mortar, adding isopropanol to
form a slurry. The isopropanol was subsequently evaporated
in an oven at approximately 80°C; during evaporation (which
took approximately two hours) the sample was periodically
reground in the mortar and pestle. Pellets were formed by

uniaxial room-temperature pressing of 1.5 g masses (on
average) of the resulting mixture in a 13 mm diameter die, to
a force of 25 kN. After pressing, the pellets were sintered in
air; during sintering, the pellets were supported on platinum
mesh in an alumina boat. The temperature cycle during
sintering involved heating from room temperature to 300°C at
5°C/min, holding at 300°C for 2 h, heating to 1100°C at
5°C/min, holding at 1100°C for 2 h, and cooling at 5°C/min
from 1100°C to room temperature. By measurement of pellet
dimensions and masses after sintering, the average apparent
density was found to be 1.58±0.01 g/cm3; the average height
of the pellets was 7.1 mm, with an average diameter of 
13.1 mm.

Silica can exist in several crystallographic forms, with
different densities16. Quartz has the highest density (2.65
g/cm3), and is the stable form from room temperature to
approximately 870°C; above this temperature (to 1470°C)
tridymite (room temperature density 2.27 g/cm3) is the stable
form. X-ray diffraction showed the starting powder to be
quartz. The potential importance of this is that the powder
may transform to tridymite during sintering, or the sintered
pellet may transform in the molten salt bath. In either case,
the large volume increase may cause break-up of the silica
pellet. However, no transformation to tridymite occurred
during sintering (although, as shown later, transformation
did occur in the calcium chloride, but without causing pellet
break-up). The size of the individual grains in the sintered
pellet remained similar to the starting powder. From the
apparent density of the pellets, and the density of quartz, the
total porosity of the pellets was calculated as 40%.

For each reduction experiment, a silica pellet was
wrapped in nickel foil, and placed in a perforated stainless
steel cup. The cylindrical stainless steel cup was 15 mm high,
and had inside and outside diameters of 15 mm and 19 mm;
it contained eight holes (2.5 mm diameter) in the cylindrical
section, and five in its bottom. A circular piece of nickel foil
(thickness 75 µm and diameter 40 mm) was used for each
pellet. The foil covered the entire outer surface of the pellet,
except for the upper (circular) surface of the cylindrical pellet;
the nickel foil was wrapped around the pellet in such a way
that an opening with a diameter of approximately 8 mm
diameter allowed direct electrolyte access to the top of pellet.

Cell configuration

Experiments were performed in an alumina crucible (inner
diameter 62 mm, height 105 mm, wall thickness 3 mm)‡

which contained approximately 280 g of electrolyte. The
electrolyte was prepared with anhydrous calcium chloride§ to
which a small amount of calcium oxide was added, to provide
a known initial concentration (and hence activity) of CaO in
the melt. The calcium oxide was prepared by calcination of
CaCO3 at 1200ºC, and stored in a sealed jar in a desiccator
before use. The crucible was heated in a cylindrical stainless
steel reactor (inner diameter: 105 mm), which was itself
placed in a vertical tube furnace. All experiments were
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Figure 3—Effect of temperature and partial pressure of CO2 on the
equilibrium ratio of CaCO3 to CaO in CaCl2-CaO melts, as calculated
from Equations [4] to [6]

*Aldrich Chemical Company, catalogue number 34,289-0
†Aldrich Chemical Company, catalogue number 19,097-7

‡Crucible reference CC69, Almath Crucibles Ltd., Epsom, Burrough
Green, Newmarket, CB8 9NE
§Fluka chemical number 21079, assay >97%, pellets of 3–14 mm



performed under an argon atmosphere, obtained by flowing
argon through the reactor at a rate of 0.15 dm3/min. Before
experiments, a slow heating cycle was used to remove some
water from the salt. The typical heating pattern involved
heating from room temperature to 100°C at 50°C/h, to 300°C
at 10°C/h, holding at 300°C for 1h, and finally to 900°C (the
temperature of experiments) at 50°C/h. The depth of the
electrolyte in the crucible was approximately 45 mm after
melting. The temperature of the melt was controlled on the
basis of the furnace thermocouple. The melt is at a lower
temperature than this, and the difference was checked with
an immersion thermocouple (type K) and found to be 20°C.

For all runs a DC power supply was used (Thurlby
Thandar PL154, with 15V and 4A capacity), in constant-
potential mode for pre-electrolysis and electro-deoxidation,
and in constant-current mode for measurement of
polarization and the potential of calcium formation.
Measurements were taken with an Agilent 34970A data
acquisition unit. This unit uses mechanical relays to switch
between channels; this generally limited the maximum
acquisition rate (with 3 channels) to 20 Hz. However, any
single channel could be monitored at up to 300 Hz, and this
better time resolution was used to measure the ohmic
resistance during polarization runs, applying and then
interrupting a cell current of 200 mA. In all cases, the current
was measured by monitoring the potential drop across a 1 Ω
resistor, which was in series between the power supply and
the cell (this means that the applied cell potential included
the potential drop across this measurement resistor).

Anodes

Cylindrical graphite electrodes (type EC-4) were used to pass
current during pre-electrolysis and reduction. The electrodes
had an initial diameter of 10 mm, and were immersed into
the electrolyte to a depth of approximately 25 mm. The
immersion depth was established by lowering the electrode to

the bottom of the crucible, and lifting it by 20 mm.
Measurement of electrode diameter and length after runs
served to confirm the immersion depth (see Figure 4). Note
in Figure 4 that electrode wear was nearly uniform across the
immersed length of the electrode, which indicates that the
current density was uniform. The areas of the graphite
electrodes in contact with the electrolyte were calculated from
the immersion depth and electrode diameter, and were 7±1
cm2 for all runs.

Figure 4 (b) demonstrates that the amount of volume lost
by the anodes was close to the volume loss, which is
predicted from the anodic charged passed by the anode, if it
is assumed that the anodic product was CO2 and that the
graphite density remained constant. However, in nearly all
cases the actual volume lost was slightly smaller than the
predicted amount. The reason for this is that the electrodes
became more porous during use: some carbon was lost from
within the electrodes, giving extra carbon loss, which is not
reflected in the volume change. This effect was demonstrated
by removing the worn tips of the anodes with a hacksaw
after use, and weighing these tips to determine their apparent
density. As Figure 4 (c) shows, the apparent density was
smaller than the original value after use of the anodes. This
effect—that carbon is lost from the interior of the electrodes
as well as from their surfaces—means that comparing the
actual volume lost with the predicted values (Figure 4 (b)
cannot give a definite answer on the identity of the reaction
product (CO or CO2) at the anode. However, values in 
Figure 4 (c) do show that the mass loss, while slightly larger
than expected for CO2 as reaction product, is much less than
would be the case for CO formation. This—and the formation
of calcium carbonate in the salt during use, as discussed later
—both indicate that the main anodic product is CO2. Some of
the wear of the carbon anode is likely to have occurred
mechanically (by erosion, rather than electrochemical
dissolution)—a black deposit was noted in the cell after the
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Figure 4—Wear behaviour of graphite anodes following passage of charge (Anode 1 was used for pre-electrolysis and Anode 2 for subsequent reduction):
(a) Decrease in anode radius; the three curves on each graph give the dimensions after each of three runs, for the two anodes.
(b) Total volume decrease—as calculated from the dimensions in (a)—for different total anodic charges which had been passed by the two anodes respec-
tively. The solid line gives the expected volume decrease if the reaction product is CO2, and if no porosity develops within the electrodes.
(c) Comparison of the mass loss from the two anodes after three runs (∆mactual), with the expected mass loss as calculated from the anodic charge for
CO2 as reaction product (∆mFaradaic); the apparent density of the worn anode tips after the three runs is also given (ρapp). The apparent density of unused
electrodes was 1.76 g/cm3
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experiments. Mechanical wear of the anodes is not
unexpected, since some 5% of the mass loss from anodes
used in the production of aluminium is due to dust formation
(particulate loss).17

Calibration of pseudo-reference electrode

A third graphite electrode (diameter 8 mm, immersed length
25 mm) served as a pseudo-reference during the runs.
Following the approach of Nohira et al.6 the potential for the
onset of calcium formation on a molybdenum electrode was
used to calibrate the potential of the pseudo-reference. The
essence of the procedure is that an inert electrode
(molybdenum in this case) is polarized cathodically until the
current increase which heralds calcium formation is
observed. To avoid contamination of the electrolyte with
calcium (which is highly soluble in calcium chloride18), a
small molybdenum electrode was used;6 the electrode had a
diameter of 0.5 mm with a length of 8 mm immersed into the
melt. The wire was encased in an alumina sheath for rigidity;
care was taken to ensure no contact of the sheath with the
melt, since reduction of alumina to aluminium is possible at
the potential of calcium formation (see Table I). 

A typical measurement to establish the potential of the
pseudo-reference electrode is shown in Figure 5. As this
indicates, the current was changed (manually) in a series of
steps, up to a maximum of 0.2–0.25 A; the potential was also
monitored for some time after the current was interrupted.
The potential for calcium formation was estimated by extrap-
olating the data for the higher current densities to zero
current density. In many cases, a potential arrest of short
duration was observed after interruption of the current. This
agreed with the potential at zero current found by extrapo-
lation of the polarization data for the two data points at
currents of 0.2 and 0.25 A; the potential arrest hence appears
to result from a temporary equilibrium between calcium (on
the molybdenum electrode) and CaO in the melt. 

This procedure to calibrate the pseudo-reference electrode
relies on a known potential for equilibrium between Ca and
CaO; this equilibrium depends on the activity of calcium
oxide in the melt, and it was hence attempted to fix the CaO
activity by adding a known amount of calcium oxide to the
melt at the start of each experimental run. However, titration
of the salt after the experiments revealed that the calcium

oxide content was much lower than expected from the known
calcium oxide addition, as shown by the results in Table II.
The decrease in CaO content was most likely caused by
dissolution of CO2 in the melt, according to Reaction [3], as
considered in more detail below. The change in CaO content
renders the equilibrium potentials uncertain: while the
titration results give the CaO content at the end of the runs,
the profile of the change in CaO content during the runs is
unknown. (Note that a change in CaO activity of one order of
magnitude changes the potential of Ca formation by 116 mV,
at 900°C.)

As Table II shows, for both runs 4 and 5, the final CaO
mole fraction was around 0.004 (this corresponds to a CaO
activity of approximately 0.02, which is the reason for
reporting the equilibrium potentials in Figure 1 for this CaO
activity). The suggestion that the decrease in CaO content
was due to the formation of calcium carbonate was tested by
dissolving the entire contents of the crucible after one run, in
six litres of single-distilled water, and filtering and drying the
residual solids. Two types of solid residue were found; these
were respectively whitish, and a black. The black deposit
could be separated by gentle washing, and was dried
separately. The masses of these deposits are given in 
Table III. X-ray diffraction showed the white deposit to be
calcite (CaCO3), and the X-ray diffractogram of the black
deposit indicated that it also largely consisted of calcite. This
was confirmed by treating the black deposit with dilute
hydrochloric acid (1.0 g of deposit, in 0.15 dm3 of 15% HCl,
exposed for 2 minutes). Gas evolution was observed upon
addition of the hydrochloric acid; the remaining precipitate
after acid treatment was a deeper black than before the
treatment, and X-ray diffraction indicated it to be largely
graphitic carbon, albeit with a smaller grain size than the
electrode material (as revealed by a wider graphite peak in
the X-ray diffractogram). Clearly, much of the calcium oxide
was converted to calcium carbonate during the experiments:
as Table II indicates, the added CaO was 1.9% (molar basis),
of which 0.45% was left after the run, and the amount of
CaCO3 in the solid residue (white and black) corresponds to
1.4%. This is close to what is expected under equilibrium
conditions: based on Equations [4] to [6], the equilibrium
molar percentage of CaO for 1 atm of CO2 would be 0.38%,
with 1.5% CaCO3.

▲
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Figure 5—Example of measurements to establish the potential of calcium formation on a molybdenum electrode. The response of the potential of the
molybdenum electrode (relative to the carbon pseudo-reference) to changing applied cathodic currents is shown in the left-hand graph, and these current
values plotted against steady-state potential in the right-hand graph



Pre-electrolysis and polarization measurements

Pre-electrolysis of the melt was performed to remove
dissolved water from the electrolyte;1 dissolved water would
interfere with subsequent electro-deoxidation if not removed.
During pre-electrolysis, a cell voltage (between a graphite
cathode and a graphite anode) of 1.5 V was applied for
several hours. This cell voltage was used to avoid any
possibility of Ca formation (see Table I). 

Pre-electrolysis and electro-deoxidation were periodically
interrupted to allow the potential of the pseudo-reference
electrode to be calibrated, and to measure the polarization
characteristics of the anode and cathode. Polarization
measurements were performed galvanostatically, with the
maximum current kept below the current which had passed
just before pre-electrolysis or electro-deoxidation was
interrupted. A constant current was applied for 15 seconds
before data acquisition started. The current was then

interrupted, and acquisition continued for 3–4 seconds. The
change in the anode and cathode potentials immediately
upon interruption of the current could be used to determine
the respective IR drops for the two electrodes. The ohmic
resistance, which was found in this way, was generally in the
range of 0.15–0.5 Ω. To measure the full polarization curves
the data points were measured for different current values,
increasing the current in a 1–2–5 sequence during successive
measurements, over the range 10 mA to 200 mA. The ohmic
resistances and reference potentials, which were determined
with the polarization measurements and pseudo-reference
calibrations, were used to correct the potential values, which
had been measured during pre-electrolysis and electro-
deoxidation. In the cases where the potential of the pseudo-
reference electrode (relative to Ca/CaO) drifted significantly
between measurements, this potential was assumed to
change linearly with time (between any two measured
points).

Results and discussion

Currents and potentials during pre-electrolysis

Figure 6 illustrates the changes in the current, and anode and
cathode voltages, during pre-electrolysis. The general feature
is that the cell current and the voltage of the cathode both
decrease with time, while the anode voltage remains largely
unchanged. This is consistent with the anodic reaction being
the formation of CO2, with hydrogen evolution at the cathode.
Figure 7 shows that the decreases in current and in cathode
potential are reflected by changes in the cathodic polarization
behaviour: the cathodic current densities decrease, and show
increasing evidence of diffusion control. All of these features
are consistent with removal of dissolved water from the
molten salt (through evolution of hydrogen gas), and imply
that polarization measurements might be useful to track the
extent of water removal by pre-electrolysis. More detailed
examination of the changes in current and potential with
time showed that the anode potential varied relatively little,
but that the cell current and the cathode potential both
showed characteristic changes of sharp increases, followed
by slower decays. This type of behaviour has been well
documented for hydrogen evolution at room temperature,19,20

with the fluctuations (‘electrochemical noise’) reflecting
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Table II

Calcium oxide content of unused salt and after runs,
as determined by titration. The ‘expected’ mole
percentage of CaO refers to the intentional addition
before runs, and ‘actual’ to the titrated amount (95%
confidence interval given) 

Sample Expected CaO mole Actual mole
percentage percentage

Unused CaCl2 salt zero 0.076±0.005 %

Salt after run 4 1.9% 0.45±0.01 %
Salt after run 5 0.8% 0.32±0.02 %

Table III

Masses of solid residues after dissolving the salt
from run 4 in distilled water. The original mass of
the crucible contents had been 281 g

Species Mass (g)

White deposit 1.7
Black deposit 2.5
Black deposit, acid treated 0.7

Figure 6—Changes in the cell current, and potentials of the anode and the cathode, during pre-electrolysis of a CaCl2 melt containing 5% (molar basis)
CaO, at 900°C. Graphite anodes and cathodes, with areas of approximately 8 cm2 each. The three graphs refer to three subsequent periods of pre-
electrolysis, which were interrupted to perform polarization measurements and to calibrate the potential of the pseudo-reference electrode. Potentials are
IR-corrected
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detachment of a bubble from the electrode surface (sharp
increase) followed by nucleation and growth of a new bubble
(slower decay). 

The potential of the anode remained approximately 2
VCa/CaO during pre-electrolysis (Figure 6), well above the
values required for the formation of both CO and CO2
(Figure 1), but well below the oxygen evolution potential—
also consistent with the suggestion (based on carbonate
formation and anode mass loss) that CO2 is the main anodic
product.

Currents and potentials during electro-deoxidation

Side reactions complicate electrochemical measurements
during electro-deoxidation, and electro-deoxidation itself.
This is illustrated by comparison of Figure 8, which shows
the polarization behaviour of the stainless steel sample
holder (which was normal used to contain the silica pellets)
without a pellet, with Figure 9, which is for the sample holder
containing a pellet (from two different runs). The similarity
of the polarization behaviour is evident.

As expected, reduction of silica to silicon depended on
applying a sufficiently large cell voltage. In runs with a 1.5 V
cell voltage some silica was reduced, but the reaction product
was limited to nickel silicide, which formed at the contact
between the nickel foil and the pellets. This was in agreement
with the observation that the (IR-corrected) cathode
potentials were more positive than that required for silicon
formation, but well below the potential for nickel silicide
formation. For these runs, X-ray diffraction confirmed that
most of the pellet was unreduced, although it appears that
the silica had largely transformed to cristobalite, and that
some pseudowollastonite (CaSiO3) had formed (Figure 10).
The pseudowollastonite presumably formed through reaction
of the pellet with CaO in the melt (the equilibrium activity of
CaO for pseudowollastonite formation is only 1.4x10-4 at
900°C, for unit activities of silica and pseudowollastonite).
The white appearance of the pellets (except for blackening in
contact with the nickel foil) also indicated that the pellets
were largely unreduced.

Examples of potential and current readings, and
corresponding polarization diagrams, for a the cell voltage of
2.5 V, are given in Figures 11 to 12. Cell voltages of both 2.0

V and 2.5 V yielded silicon as product (see Figure 10), with a
small amount of CaSiO3. EDS analyses indicated that the
molar ratio of Si/(Ca+Si) was 0.86±0.03 for the 2.0 V cell
voltage, and 0.87±0.01 for the 2.5 V cell voltage (hence not
significantly different). This means that the same product
(largely silicon, with about 84% reduction, and the remaining
16% of silica bound as calcium silicate) was formed at the
two very different cell potentials of 2.0 V and 2.5 V. No
calcium silicide formed. The reason for this appears to be that
the steep cathodic polarization curve (see Figure 12)
constrains the voltage of the cathode close to the equilibrium
voltage for silicon formation (and more positive than that for
calcium silicide formation)—so any increase in cell voltage
largely goes toward increased IR drop and anode overpo-
tential, at least for cell voltages up to 2.5 V.

The colour of the silicon product was, unexpectedly,
brick-red, quite different from the steel grey of bulk silicon.
This colour may result from an interference effect of the very
fine-scale mixture of silicon and calcium silicate (this fine
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Figure 7—Change in anodic and cathodic polarization diagrams, measured on graphite electrodes, after different degrees of prepolarization of the calcium
chloride electrolyte. The legend indicates the total prepolarization charge which had been passed when each pair of anodic and cathodic polarization
curves was measured. The two graphs refer to different experimental runs. Areas of the anode and cathode were approximately 7 cm2 each

Figure 8—Polarization measurements on a cell containing a carbon
anode (closed symbols) and an empty stainless steel cup (sample
holder, open symbols). Electrolyte: CaCl2 with 5% (molar basis) added
CaO, 900°C (run 4). Potentials have been IR-corrected



structure is revealed by the scanning electron micrograph in
Figure 10 (a); EDS analysis (Figure 10(b)) did not indicate
the presence of any impurities, which could cause this
coloration.

While calcium silicide formation was not observed, other
intermetallic products of silicon did form. As mentioned
earlier, nickel silicide (identified by X-ray diffraction as
Ni2Si) formed where the nickel foil was in contact with the
silica pellet. Formation of this silicide severely embrittled the
foil, and it fractured easily during handling. Products of
reaction of silicon with the stainless steel cup were also
found. This means that silicon moved out of the nickel foil
wrapping, presumably under the influence of convection
currents. Such mobility of grains of the silicon product would

be aided by the small density difference between silicon and
the calcium chloride salt, and the fine-grained (non-sintered)
nature of the silicon product (see Figure 10 (a)). 

Conclusions

Production of silicon by electro-deoxidation

The production of silicon by electro-deoxidation of silica
pellets has been repeated successfully, with new information
on polarization behaviour during the reduction process and
side reactions. For cell voltages of up to 2.5 V, calcium
silicide formation was not observed. However, the purity of
the silicon product was limited by at least two chemical
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The Journal of The South African Institute of Mining and Metallurgy VOLUME 106       REFEREED PAPER JANUARY   2006

T
r
a
n
s
a
c
t
i
o
n

P
a
p
e
r

39 ▲

Figure 9—Polarization measurements for cells containing a carbon anode (closed symbols) and a stainless steel cup with a silica pellet (open symbols).
Electrolyte: CaCl2 with 5% (molar basis) added CaO, 900°C (run 4). Potentials have been IR-corrected

Figure 10—Appearance and composition of silica pellets after reduction
(a) Fine-grained silicon product (scanning electron micrograph), with (b) its EDS spectrum, and (c) its X-ray diffractogram (pellet 7; 2.0 V cell voltage).
(d) X-ray spectrum of a pellet 6 (1.5 V cell voltage), showing it to be unreduced

2θ (°) 2θ (°)
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reactions: calcium silicate formed and remained unreduced in
the product, and nickel silicide formed where the nickel foil
container contacted the pellet. It is not immediately clear how
the former effect could be avoided, since more negative
reduction potentials—which would reduce the calcium silicate
—would also tend to cause the formation of calcium silicide.
The formation of nickel silicide could be avoided by using a
container that does not alloy or form an intermetallic
compound with silicon. From the available phase diagrams,
the only materials suitable for such a container are silicon
itself, and silicon carbide.

Implications for production of titanium by electro-
deoxidation

Production of silicon by this process differs from that of
titanium in several important respecst: formation of
intermetallics (such as calcium silicide or nickel silicide) does
not appear to be an issue in the case of titanium; silicon lacks
the electronically conductive suboxides of titanium; lastly,
unlike titanium, oxygen solubility in silicon is very low,21

and hence production of silicon does not include the extended
period of diffusion of oxygen from the reduced matrix that
titanium requires.2

Despite these differences, some observations from this
work on production of silicon hold promise of being useful in
further study and development of the FFC process for other
metals. These are the observations on use of a carbon
pseudo-reference electrode, galvanostatic polarization
measurements, monitoring of hydrogen evolution during pre-
electrolysis, dissolution of carbon dioxide in the melt, and
contribution of the resulting carbonate to the background
current. These are discussed in a little more detail below.

A carbon pseudo-reference electrode, with periodic
calibration against calcium formation on an inert electrode,
can be used successfully to monitor the potential and current
changes during pre-electrolysis and electro-deoxidation, and
to perform polarization measurements. Galvanostatic
polarization measurements, performed by the current
interruption method, provide useful information—not only on
the polarization behaviour, but also on the ohmic resistances.
The ohmic resistances can be used to correct measured
potentials during pre-electrolysis and electro-deoxidation. For
the cell configuration as used here, most of the overpotential
arose from polarization of the anodic reaction (which was
mainly CO2 evolution).

The change in cathodic polarization behaviour and the
observation of electrochemical noise indicated that hydrogen
is evolved at the cathode during pre-electrolysis; the electro-
chemical noise could potentially be used to track the extent of
water removal from the electrolyte.

After pre-electrolysis, a significant background current
remains. This background current largely masked the
reduction current when a silica pellet was introduced into the
cell and hence reduced the current efficiency; the same effect
is likely during production of titanium. For a different system
(reduction of calcium oxide in calcium chloride melt to
calcium) Mishra et al. suggested that carbon dioxide that is
produced at the anode can be reduced at the cathode, since
the carbon dioxide dissolves in the melt (as carbonate).18

Carbon dioxide dissolution clearly occurred during the
experiments which are reported here (approaching
equilibrium between the CO2 gas, and dissolved CaO and
CaCO3); hence reduction of carbonate at the cathode is a
likely contributor to the background current. The negative
effects of the presumed carbonate side reaction include
lowered current efficiency and process control difficulties
(since the current from the desired electro-deoxidation
reaction is masked by the side reaction). However, there are
several possible ways to limit or avoid the side reaction;
these include a higher process temperature (since this lowers
CO2 solubility—see Figure 3—albeit with the danger of
improved carbonate transfer as a result of higher diffusivity,
and increased evaporation of CaCl2), separation of anode and
cathode compartments, and the use of inert anodes (where
the anodic reaction would be evolution of oxygen).

Acknowledgements

Financial support of Chris Pistorius by the Royal Society and
the National Research Foundation (under the UK-South
Africa Science Networks programme) is gratefully
acknowledged. The assistance of Dr KS Mohandas with the
experimental set-up was invaluable. 

▲

40 JANUARY  2006       VOLUME 106       REFEREED PAPER The Journal of The South African Institute of Mining and Metallurgy

Figure 11—Changes in current, and potentials of the cathode (silica
pellet in nickel foil and stainless steel sample holder) and anode
(graphite) during reduction of pellet 8. Sharp spikes in the graphs result
from interruption of reduction to perform polarization measurements
and to determine the calcium formation potential. The applied (cell)
voltage was 2.5 V throughout

Figure 12—Polarization diagrams of stainless steel cup with silica pellet
in nickel foil as cathode, and a graphite anode, after different times of
reduction (for pellet 8)
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