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Activity of anodic oxide films on metal and cermet
anodes in cryolite—alumina melts
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The activity of anodic oxide films on nickel, iron and copper metal anodes in cryolite~alumina melts
was calculated using values of the reversible potential obtained from a polarization scan of the
corresponding metal electrode. The best results were obtained with prepolarized electrodes. The
anodic oxide layer formed on nickel becomes thick and dense and remains adherent during the
period of prepolarization. Similar activity calculations were made for selected nickel-, iron— and
copper—cermet compositions containing either a MnZn ferrite or a nickel ferrite ceramic phase.
Large activities were observed for a NiO type corrosion product on both the nickel and nickel—
cermet electrodes. The results suggest that a dense surface layer containing a NiO phase is formed
on nickel—cermet electrodes. This layer may help lower corrosion by minimizing electrolyte penetra-

tion of the anode surface.

1. Introduction

Development of a non-consumable anode for
the Hall-Heroult process with an acceptable
corrosion rate is made difficult by the aggressive
nature of the cryolite electrolyte towards most
metals, refractory hard metals and ceramic
oxide compositions. In one study by Kronen-
berg [1], anode potential sweep data showed that
a solid copper rod is more stable than a nickel
rod, i.e. had a larger anode potential for a given
current density. Both metals were observed to be
much more stable than a solid 50% TiB,—50%
BN electrode composition. Electrode stability
has been observed to increase when anodes are
fabricated from selected ceramic oxide com-
positions, e.g. many SnQ, compositions have
relatively low corrosion rates. It has also been
shown that many simple oxides are stabilized by
formation of a complex oxide structure such as
a spinel that has a corrosion rate lower than
either of the simple oxide components. In recent
work it has been observed that cermet com-
positions make better anodes than complex
oxide structures since they have better conduc-

tivities and lower corrosion rates. Comparison
of various nickel-, iron— and copper-cermet
compositions to be discussed in this paper shows
that the nickel-cermets experience the lowest
corrosion rates during anodic polarization in
cryolite—alumina melts. The purpose of this
work was to examine the stability of oxide films
on pure nickel, iron and copper metal anodes
and selected cermet compositions containing
these metals.

In a previous study [2] platinum was observed
to behave as a reversible O, electrode in cryolite
baths saturated with alumina. The reversible
potential (RP) for platinum measured relative to
an aluminum-pool reference electrode was
219V at 970°C. The corrected value of
~2.206V included a correction for the thermo-
electric potential at the Mo/Al interface of the
reference electrode and is close to the theoretical
value of 2.213V calculated for the decom-
position potential (DP) of alumina at 970° C [31.
In this work values of the RP were observed at

‘nickel, iron and copper metal anodes and cermet

anodes of these metals containing either a MnZn
ferrite or nickel ferrite spinel ceramic phase. The
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difference between the observed values of RP
for platinum and a metal anode, ie. an
observed DP, is close to the value of DP cal-
culated for a bath saturated with oxide of the
corresponding metal in its lower valence state.
Thus, the observed DP can be used to estimate
the activity of this oxide film on the corre-
sponding metal anode. In a similar manner
oxide activity calculations were made for
selected nickel—, iron— and copper—cermet com-
positions.

2. Experimental details

A description of the cell with outer Inconel
jacket for atmosphere control and instrumen-
tation for carrying out electrochemical measure-
ments was described in the previous work [2].
The cryolite—alumina melts contained a nomi-
nal 7wt % CaF, and were saturated with both
alumina and aluminium metal. The cryolite ratio
{on a weight basis) varied from ~ 1.0 to 1.15.
The metal anodes were made from high-purity
rods 6 mm in diameter and 25mm in length. In
order to avoid a thermoelectric potential, high-
purity 2 mm diameter wire of the corresponding
metal was heli-arc welded to each anode. High-
purity metal and ceramic oxide powders were
used in the fabrication of cermet anode com-
positions. Standard ceramic processing methods
gave cermet anodes with a theoretical density of
above 98%. An alumina sheath provided anode
support and limited the active surface area to the
hottom face of each metal or cermet anode.
Electrode prepolarization was carried out
with an anodic current of 1 A. For metal anodes
this is equivalent to a current density of
~3125mAcm~> Most polarization measure-
ments were made by scanning the anode poten-
tial at a rate of +02mVs™' relative to an
aluminum-pool reference electrode starting at a
potential on the cathodic branch of the polar-
ization curve. A few runs were made by revers-
ing this procedure and scanning to lower poten-
tials from a starting point on the anodic branch.

3. Results and discussion

A portion of the cathodic and anodic branches
of a typical polarization curve for nickel, iron
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Fig. 1. Polarization curves for nickel, iron and copper
anodes. Curves are shown for runs 3(A), 8(B) and 11(C) in
Table 1.

and copper anodes is shown in Fig. 1. The
potential at the intersection of these branches is
taken as the observed value of RP. The digital
readout of anode potential was recorded for the
lowest current observed on an x—y recorder
during the polarization scan. The observed
values of RP for most nickel and iron polariza-
tion curves are easy to obtain since the anodic
and cathodic branches meet at a given value of
potential. Comparison shows that the potential
of intersection for copper is not as well defined,
and for the curve shown in Fig. 1 the value of
RP is observed over a region of 20mV. Revers-
ible potential values are listed in Table 1 for
nickel, iron and copper anodes. Comparison of
the results for nickel shows that the largest
values of RP (scans 2—4) were observed when an
‘adequate’ amount of oxide was formed on the
anode during prepolarization. In the absence of
or with a limited period of prepolarization, e.g.
5min, the values of RP covered a wide range
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Table 1. Reversible potential of nickel, iron and copper anodes in cryolite—alumina melts
Run Prepolarization Final anode* Bath Reversible Sparging
number time (min) potential (V) temperature potentials (V) gas
)
Nickel anode
1 0 971 1.381 Ar
2 12 7.74 974 1.468 O,
3 7t 7.90 965 1.478 Ar
4 gt 8.70 971 1.484° 0,
S 15 8.48 970 1.440 Ar
Iron anode
6 8 3.12 971 1.077 Ar
7 20t 3.37 970 1.133 Ar
8 25 3.52 971 1.i61 Ar
9 25 3.12 970 LI O,
Copper anode
10 10 2.77 970 1.670 0O,
11 10 2.74 970 1.676 Q,
12 0 964 1.650% Ar
13 1ot 2.76 970 1.672 Ar

* Potential at end of prepolarization period.

T Additional period of anodic polarization follows previous run.
1 Copper anode kept cathodic at + 1.161 V for 30 min during bath sparging with argon prior to this scan.

(1.185-1.425V). Similarly, the largest value of
RP for iron and copper anodes was observed
during scans following a period of prepolariza-
tion. The RP values appear to be independent of
dissolved O, since the results are similar for both
sparging with either O, or argon. This insensitiv-
ity may be due in part to the limited solubility of
O, in cryolite—alumina melts [4] and suggests
that the cathodic current is due primarily to
metal oxide reduction. The RP value for nickel
in particular is close to the theoretical value
expected for a nickel electrode in a cryolite melt
saturated with NiO, i.e. when the activity of
dissolved oxide is 1. In this case the cathodic
current is provided by reduction of surface oxide
and/or dissolved nickel species near the anode
surface. A high activity for dissolved nickel
specigs is expected only near the anode surface
and this may limit its contribution to the
cathodic current during a slow polarization
scan.

The rapid increase in potential at a nickel
anode during prepolarization suggests that the
initial oxide layer forms a thick film with a
passive oxide structure which remains adherent

to the electrode surface. Typical prepolarization
curves for nickel, iron and copper anodes are
shown in Fig. 2. The increase in potential
observed initially for iron and copper anodes is
followed by a period of slow but steady growth
suggesting that a near steady-state condition is
reached after a few minutes between the for-
mation and dissolution of anodic oxide on the
clectrode surface. By comparison, the potential
for nickel, which shows a slow growth rate
during the initial period of oxide formation,
starts to increase rapidly at some time in the
interval 3-10min depending on polarization
history, i.e. on the amount of prepolarization
received by the nickel anode during one or more
previous scan experiments. For example, after a
total of 19 min of prepolarization in runs 2 and
3 of Table 1 the potential increased rapidly after
2min of the third prepolarization period in run
4. These qualitative results for nickel suggest
that a porous layer is formed during the intial
period of oxide formation during which time the
anode potential increases at a slow rate. Con-
version to a thick, dense passive layer which
remains adherent to the electrode surface would
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Fig. 2. Prepolarization curves for nickel, iron and copper
anodes. Curves are shown for runs 5(A), 2(B), 8(C) and
11(D) in Table 1. ———, estimated path.

account for the rapid increase observed in anode
potential as shown in Fig. 2. Barrier attack by
the electrolyte is observed here. Above 7V the
anode potential fluctuates erratically by +£1V
from the estimated average values plotted in
Fig. 2, most likely because of breakdown in the
dielectric or insulating properties of the oxide
structure. As a result, further nickel corrosion is
required to keep the oxide barrier in a state of
repair. In contrast, only small variations were
observed in the anode potential of iron and
especially copper during prepolarization
measurements.

The activities listed in Table 2 were obtained
from calculated and observed DP values for the
most likely surface oxide candidates. The values
of observed DP were obtained from

DP(observed) = 2.19 — RP

where 2.19 is the potential of the reversible O,
electrode measured relative to an aluminum-

Table 2. Activity of oxide films on metal anodes

Run number Metal Calculated* Observed Oxide
in Table 1 oxide DP (V) DP (V)  activity
4 NiO  0.693F 0.706 0.78
0.663% 0.706 0.45
8 FeO 0993 1.029 0.51
Fe,O, 0.867 1.029 1.1 x 107
11 Cu,0 0415 0.514 0.16
CuO 0.243 0.514 6.3 x 1073

* Free energy for metal oxide formation taken from JANAF
Thermochemical Tables [3], except where noted.

1 Reference [5].

1 Reference [6].

pool reference and RP is the largest value of the
reversible metal electrode potential from
Table 1. Metal oxide activity (@uq.) 1S given by
the following equation:

DP(observed) = DP(calculated)

2.303RT

1 .
nF 0L doxide

where 7 is 2 except for Fe,O, where n is 6.

The largest activities were obtained for NiO,
FeO and Cu,O which indicates that these oxides
are the stable component of the oxide layer on
the respective metal anode during potential scan
measurements. Formation of oxide structures
containing these lower valence state cations may
occur during prepolarization. However, conver-
sion of higher oxide components formed during
anodic polarization to the above oxide struc-
tures during a slow potential scan along the
cathodic branch could give the same results. The
oxide activity on nickel was calculated for AG
values obtained from two sources [5, 6]. The
largest oxide activity on nickel calculated as NiO
is 0.78. The smaller value, 0.45, is similar to the
value of 0.51 observed for FeO on iron. The
smallest value, 0.16, was obtained for Cu,0 on
copper. The relatively large oxide activity on
nickel is further evidence that a thick, non-
porous and adherent layer is formed during
prepolarization.

Chemical and electrochemical attack at the
metal/melt interface cause metal anodes such as
nickel, iron and copper to corrode rapidly in
cryolite—alumina melts. The rate of attack is
influenced by the stability of surface oxide
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Table 3. Oxide solubility and ratio of activities of metal
Sfluoride to metal oxide in a cryolite melt saturated with
alumina at 970° C

Oxide Solubifity (wt %) AyerylApr0™
in 95wt % cryolite
+ 5wt % alumina
Nio 0.18 1.0 x 1073
FeO 6.0 2.1 x 1073
Fe,0, 0.003 8.0 x 1071
Cuy,0 - 45 x 1071
CuO 0.68 64 x 1073

* Activities were calculated with AG? values obtained at
970° C from the following equation, [8]: 3/y(M, O,) + 2AlF,
= 3x/y(MF,,,) + AL O;, where aai0, 1s 1 for a saturated
bath and —log aurp, is 2.737 for an Al,O;-saturated melt
with bath ratio of 1.1 at 1005°C, [9]. The AG values for all
oxides and fluorides were taken {rom [3] with the following
exceptions: AG for NiQ, [6] and an estimation of AG for
NiF,, [10].

f aFqu/a”ZFezoy

1 acyr /@' ?Cu,O.

formed during the corrosion process. While an
adherent film would tend to impede anode
attack, a highly soluble and/or conversion of
this oxide to a soluble fluoride would enhance
the corrosion process. Solubilities and ratios of
activities of metal fluoride to metal oxide are
given in Table 3. Both FeO and CuO are more
soluble than NiO in molten cryolite containing
5wt % AlLO; [7]. Their greater solubility may
limit oxide growth and thereby account for the
near steady state behaviour for iron and copper
anodes soon after the start of prepolarization
whereas the lower solubility of NiO would
enhance the growth of surface oxide. Conver-
sion of surface oxide to a soluble fluoride does
not appear to be an important factor since the
ratios in Table 3 are 1072 or smaller.

Anode corrosion rates can be reduced sub-
stantially by using some ceramic oxides and
especially cermet electrode compositions. A
number of ceramic oxide compositions corrode
at a slower rate than most metals in cryolite—
alumina melts. Complex oxides, being less
soluble, corrode less than simple oxides. The
solubility of a simple oxide in a cryolite—
alumina melt decreases when the oxide is stabil-
ized in a complex oxide structure, e.g. the solu-
bility of a NiFe,0, spinel is lower than the

solubility of either the NiO or Fe,0; oxide com-
ponents [8, 11]. The corrosion rate of an anode
made from a complex oxide such as a ferrite
spinel may also be reduced further in cermet
form. Anode corrosion rates were obtained for a
number of nickel~, iron— and copper—cermet
compositions. These screening experiments were
carried out for a period of 24 h under electrolysis
conditions in a large test cell constructed for this
purpose. See (12] for a detailed description of
this test cell, measurement of bath parameters
and electrolysis conditions used for measuring
anode corrosion rates during 100-h corrosion
tests. The corrosion test results show that Ni/
(Mn, Zn) ferrite and Ni/Ni ferrite Ni~cermet
compositions corrode at a much slower rate than
either the nickel metal or ferrite components,
e.g. cermets, 50-100mm per year; NiFe,O,,
200mm per year. A further comparison shows
that iron and copper-based cermet electrodes
with the above ferrite spinel structures corrode
at a much faster rate than the corresponding
nickel—cermet compositions.

Stabilization of a simple oxide in a spinel
structure should affect its activity, and hence a
change in the value of RP is expected for the
above cermet compositions, e.g. for an increase
in activity the RP would be larger. In addition,
a mixed potential is possible when more than
one cation is present in the spinel structure. This
would also cause a change in RP. The values of
RP for a number of nickel-, iron- and copper—
cermets containing a (Mn, Zn)Fe, ,,0, ceramic
phase are listed in Table 4. Polarization curves
for the nickel-cermets in runs 1, 2 and 5 are
shown in Fig. 3. The values of RP for many of
the nickel—-cermet anodes agree well with values
observed for the nickel anodes in Table 1. The
values listed here range from 1.47 to 1.502V for
the Mn, Zn ferrite compositions with the excep-
tion of run 5. (In this case extensive prepolar-
ization and scanning to lower potentials shifted
the RP value to 1.64 as shown in Fig. 3c.) In the
absence of prepolarization, a small amount of
adherent anodic oxide is formed at the surface of
the nickel metal phase during pen alignment
prior to recording of the polarization scan. An
increase in current density expected in the metal
component of the ceramic surface because of the
high metal conductivity would enhance the
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Table 4. Reversible potential of nickel~, iron— and copper—cermet anodes containing a (Mn,Zn)Fe, 4,0, ceramic phase

Run Metal Prepolarization Final anode® Bath Reversible Sparging
number phase (vol %) time (min) potential (V) temperature potential (V) gas
€C)
1 7 Ni 0 970 1.488 0,
1.545F
2 16 Ni 0 971 1.476 0,
1.550%
3 0 971 1.502 0,
1.535%
4 25 Ni 0 973 1.502 0,
1.550%
5 30 ~4.30 969 1.5408 0,
1.640!
6 40 Ni 0 ~970 1.470 none
7 16 Fe 30 969 1.760 0,
8 10 2.94 971 1.644 Ar
9 10" 2.93 970 1.638 Ar
10 334 3.00 970 1.672 0,
11 16 Cu 20 3.08 971 2,135l 0,
12 20 2.95 971 1.655 0,

* Potential at end of prepolarization period.
T Sharp decrease in anodic current density (see Fig. 3A).

{ Small dip in anodic current density (see polarization curve for run 2 in Fig. 3B).

$ Small break in cathodic current density (see Fig. 3C).

I Start at anodic potential for current of 1A and scan to lower voltage.
% Additional period of anodic polarization following previous run.

formation of an adherent NiO layer. In this case
the Ni/NiO couple is expected to determine the
potential-current profile and therefore the RP
value. Values for the RP obtained from polar-
ization scans run on two 16 vol % Ni/Ni ferrite
cermet samples with the same composition are
listed in Table 5. Polarization curves for these
samples are shown in Fig. 4. The value of
1.505V observed with the first sample inrun 1 is
in good agreement with the RP values for runs
3 and 4 of Table 4. Different results were
obtained with the second sample in runs 2 and 3,
however. In each case only a small dip was
observed in the cathodic current at ~1.44V
which is near the RP expected for the Ni/NiO
couple. Small changes in microstructure most
likely account for the difference observed here*.

* Microstructure is affected by changes in the sintering cycle.
Sample 1 was sintered for 2h at 1225° C in a vacuum. Sample
2 was sintered for 30h at 1325°C in a N, atmosphere.
Surface nickel was apparently converted to an oxide struc-
ture by the water vapour and/or O, present in the N, during
the long sintering cycle. As a result of this decrease in nickel
activity the RP expected for nickel at ~1.5V was not
observed with this sample.

In runs 1 to 4 of Table 4 and run 1 of Table 5
a passivating layer formed during the initial
oxidation of nickel caused either a sharp
decrease or a small dip in the anodic current
density at a potential of ~ 1.55V. However, the
current decrease observed in run 1 for Table 4
(Fig. 3A) was not reproducible during one
attempt where the active electrode surface was
not repolished to remove previously formed
anodic oxide. In run 2 of Table 5 (Fig. 4B) the
sharp decreases in current density associated
with passivation were observed in the interval
1,514 to 1.55V. An EDX analysis has shown
that a small amount of iron is present in the
nickel phase. Iron may affect the electronic
properties such that the initial anodic oxide layer
acts as an insulator since there is no evidence for
a similar passivation occurring with a pure
nickel rod (Fig. 1A).

Activity values calculated for oxide films on
nickel-, iron— and copper—cermet anodes are
listed in Table 6. For a NiO DP of 0.693V, the
oxide activity increases from a value of 0.78 for
a nickel anode to a value of ~1 for both
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Fig. 3. Polarization curves for selected Ni/(Mn,Zn)Fe, 0,0,
cermet anodes. Curves are shown for runs 1(A), 2(B) and
5(C) in Table 4. Metal phase given in vol %.

-

nickel-cermet compositions. A jarge oxide
activity indicates that the surface oxide formed
during anodic polarization, i.e. NiQ is present as
a dense adherent layer on the ‘nickel phase’ of
the active surface. Reaction of a part of this
oxide with the adjacent ferrite spinel component
to form a stabilized surface oxide layer that
remains dense and adherent would minimize
electrolyte penetration of the anode surface and
help explain the low corrosion rates observed
with nickel—cermet compositions. Stabilization
energy for this solid-state interaction can be as
high as 12 kcalmol ™' for spinel oxide structures
{8] and may involve the diffusion of cations in
spinel and NiO-type structures [13]. In a
previous work [13] the examination of nickel—
cermets containing a NiFe,O, spinel phase has
shown that the cermet material becomes
oxidized during Hall-cell electrolysis and that
the oxidized product close to the cermet/cryolite
interface forms a relatively dense layer. Micro-
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Fig. 4. Polarization curves for two 16vol % Ni/NiFe,,, O,
anodes. Curves are shown for runs 1{A), 2(B) and 3C) in
Table 5. Metal phase given in vol %. First sample, run |;
second sample, runs 2 and 3.

probe analysis was used to identify spinei-like
phases and an iron oxide phase as the com-
ponents of this layer. In the present work, meas-
urement of oxide activity by an i sity method
suggests that a NiQ phase could be one com-
ponent involved in the formation of a dense
surface oxide structure.

The RP values observed for the iron-cermet
compositions in Tables 4 and 5 are larger than
the values observed for the iron rod anode listed
in Table 1. The value of 1.284V in run 6 of
Table 5 suggests that Fe,0, with an activity of
~0.11 is the dominant oxide on the ‘iron metal’
phase of the active surface of the 16 vol % Fe/
NiFe, ,,0, cermet composition after extensive
prepolarization. This low value indicates a lack
of surface oxide stabilization which may account
for the large corrosion rates observed with
iron—cermet compositions. The larger RP
values observed for the 16vol% Fe/(Mn,Zn)
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Table 5. Reversible potential of nickel—, iron— and copper—cermet anodes containing a NiFe,,,0, ceramic phase

Run Metal Prepolarization Final anode* Bath Reversible Sparging
number phase (vol %) time (min) potential (V) temperature potential (V) gas
O

1 16 Ni 0 - ~973 1.505 0,
1.54s%

2 0 - 969 1.445% 0,
1.514-1.55%

3l 0 - 971 ~1.4401 0,
1.60—1.62

4 16 Fe 12 3.08 970 1.244 0,

5 12%%* 3.14 972 1.268 0,

6 30%* - 972 1.284 0,

7 16 Cu 10 3.26 970 1.456 0,

8 10** 3.30 968 1.624 Ar

9 40** 3.19 968 1.703 Ar

* Potential at end of prepolarization period.
T Sharp decrease in anodic current density (see Fig. 4A).
 Small dip in cathodic current density (see Fig. 4B).

§ Three or more sharp decreases in current density were observed in this interval of anode potential (see Fig. 4B).
Il This run was made at a later date with sample from run 2 without polishing surface to remove oxide product of previous

olarization scan.
Small break in cathodic current density (see Fig. 4C).

** Additional period of anodic polarization following previous scan.

Fe, 0,0, cermet compositions in Table 4 are
most likely the result of a mixed potential
involving manganese and/or zinc oxide activity.

Similar RP values were observed for both
copper—cermet compositions. The increase to a
value of 2.135 for run 11 in Table 4 results from
scanning to lower potentials. For the largest
value observed in Table 5 (run 9), the oxide
activity calculated as Cu,0 is ~ 0.26 which is an
increase of 0.1 over the value in Table 2. Again,
this low value suggests a lack of surface oxide
stabilization and as in the case of iron—cermets
it may serve as an indicator for the large

Table 6. Activity of oxide films on cermet anodes

Run Metal  Calculated®*  Observed  Oxide

number oxide  DP (V) DP (V) activity

3 (Table 4) NiO 0.693% 0.688 1.00
0.6331 0.688 0.63

6 (Table 5) Fe, O, 0.866 0.906 0.11

9 (Table 5) Cu,O 0.416 0.487 0.26

* Free energy for metal oxide formation taken from JANAF
Thermochemical Tables [3] except where noted.

T Reference [S].

1 Reference [6].

corrosion rates observed with copper—cermet
compositions.

4. Conclusion

1. Reversible potential measurements provide
an in situ method for obtaining the activity of
surface oxide formed during anodic polarization
in a cryolite—alumina electrolyte.

2. The activity of ~ 0.78 calculated for NiO on
nickel suggests that a dense adherent layer of
this oxide is formed on a nickel electrode. The
lower values calculated for the activities of
oxides on iron and copper suggest that these
surface layers are less stable, most likely because
of the increased oxide solubilities in cryolite—
alumina melts.

3. The activity of surface oxide calculated for
NiO is close to one for nickel—cermets, suggest-
ing that a NiO phase may play a major role in
the formation of a dense, adherent surface oxide
layer which helps minimize electrolyte penetra-
tion of the anode surface.
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