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Temperature and cryolite ratio effects on copper redox potentials in alumina-cryolite melts are reported in relation to the prospects

of metal-containing anodes for aluminum electrolysis.

Recently,!? we reported the redox potentials for metals recognized
as the prospective components of inert anodes for cryolite-
alumina melt electrolysis. These data are also important for
melt thermodynamics, especially, if available for a wide range
of NaF/AlF; ratios (so-called cryolite ratio, CR). In this com-
munication we address copper’ behaviour in the cryolite-alumina
melt* within the range of CR 1.3-3.0 by means of cyclic
voltammetry.$ To separate the dependence of copper potentials
on the temperature and CR, for each CR the voltammetry was
performed at two temperatures: any time we started with 30 K
above the liquidus,? and later increased the working tempera-
ture up to the value of 30 K above the liquidus for higher CR
(Table 1).

Voltammograms (Figure 1) demonstrate the existence of at
least two well-separated redox couples I and II (in potential
regions much lower than 2 V and close to 2 V, respectively). A
number of overlapping features (peaks and waves) can be found
in both regions, and data treatment appears to be complicated
by the overlap of several electrode processes (sometimes including
oxygen evolution), as well as by pronounced Ohmic drop. This
is why to estimate formal potentials, we extrapolated the regions
of cathodic and anodic current growth to zero current and averaged
thus obtained values [Figure 1(a)].

In the absence of any complications, this procedure gives the
same result as the averaging of peak potentials. Thus obtained

Table 1 Melting and working temperatures for melts under study.

CR Melting temperature/°C ‘Working temperatures/°C
1.3 717 750, 840

1.5 811 840, 935

1.8 906 935, 960

2.0 942 960, 1010

23 979 1010, 1030

2.7 996 1030

3.0 997 1030

 Technical copper wires 2.8 mm in diameter were used as working
electrodes.

¥ Melts were prepared by mixing cryolite (Na;AlF,) with aluminium
fluoride (AIF;) (the ratio corresponded to certain CR) and with 2 wt%
of alumina (Al,O3).

§ Cyclic voltammetry and chronopotentiometry were performed in a
three-electrode cell, with Pt wire as a reference electrode, and graphite
rod as a counter electrode. For voltammetry, scan rate was 10 mV s,
All potentials E are reported in Al electrode scale. Current densities are
normalized to geometric surface area; the latter was determined within the
accuracy of factor 2 because of comparable areas in the melt and in
meniscus. The current densities are not involved into any quantitative con-
siderations presented below.
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dependences of formal potentials on CR were compared to
calculated results. Various possible scenaria of copper oxidation
in cryolyte-alumina melts can be presented by the following
equations:

4Cu ey + Oy = 2Cu, 0,

2CU ey + Oyg) = 2Cu0Q

2Cu,0() + Oy, =4CuOy

2CU ey + 2A1L,05 501y + Oyq) = 2CuAL 0y

3Cuey + 2A1F; o1y + 1.50,,) = 3CuF, ) + Al O34

Standard Gibbs energies and half reaction standard potentials
E; for all reactions were calculated using standard thermo-
dynamic data® and assuming that all copper compounds are
solid and therefore their activities are equal to unity. Note that
our calculation ignores any contribution of copper compounds
solvation by the melt. This means that the experimental values
may be lower but never higher than calculated values. The
difference of computed and experimental potentials is expected
for equilibria with soluble species, in particular fluoride com-
plexes (formally presented by solid or liquid CuF,). However,
the difference of 0.4 V is surely higher than the solvation energy.
We escaped to consider CuF formation because its existence
is doubtful. As for CuF, (undergoing melting at 770 °C#), we
used formally the values of formation free energy> and obtained
a bending of computed curve at the melting point.

For the processes involving aluminum oxide and fluoride, the
activities® a,,0, and/or a, e, were substituted into the Nernst
equation:

RT
E=E;+ Fln(aﬁlzoza}flﬁ),

where R is the gas constant; 7 is the temperature; n corresponds
to the number of electrons involved in the reaction; F is the
Faraday constant; A and B are corresponding stoichiometric
coefficients.

The most natural hypothesis is to attribute the observed
potentials to Cu/Cu,O and Cu,O/CuO redox couples because
of evidently close computed values. XRD1 analysis of copper
samples after galvanostatic™™ electrolysis indicated the formation
of Cu,0O exclusively. One can assume that Cu" forms more
soluble compounds as compared to Cu'. No copper fluoride was
found, as well as copper aluminate (its formation can be surely

1 XRD patterns were recorded at room temperature with a Huber IMAGE
FOIL Guinier Camera 670 [A(CuKa.,) = 1.5406 A].

f Current density 0.3-0.9 A cm2, polarization time 20 min, potentials
changes 2.3-2.7 V.
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Figure 1 Copper cyclic voltammograms (10 mV s™') in the melts of various

CR: (a) 1.3; (b) 1.8; (¢) 3.0.
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Figure 2 The dependences of experimental (points) and calculated (lines)
potentials on CR. Bars demonstrate the scatter of potentials determination.
Solid and dashed lines correspond to lower and higher temperature values

(Table 1), the same is for solid and open symbols. Triangles correspond to
the data of refs. 6, 7, CR 2.2, 970 °C.

Formation of fluorides presents the most important risk for
any material applied as a component of low-consumable anode.
Our findings demonstrate the prospects of using Cu as the main
component of metallic or cermet anodes in a wide range of CR,
in contrast to Fe and Ni easily forming fluorides at mid and low
CR.8 The slope of monotonous potential vs. CR dependeces is
close to the slope thermodynamically predicted for both Cu/Cu,O
and Cu,0/CuO redox pairs. For further optimization of melt
electrolysis with Cu-containing anodes, CR effect on the solubility
of Cu compounds is crucial, and the solubility data are currently
available only for CR = 3.7 According to our preliminary results,
solubility becomes lower with CR decrease, undergoing the
most sharp decrease at CR of ca. 1.8-2.0.

We are grateful to Professor G. A. Tsirlina for useful discus-
sions. This work was supported by Russian Engineering Company
in frames of a joint RUSAL-MSU project.
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