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Abstract. Thanks to their good electronic conductivity and their low solubility in cryolite melts,
nickel ferrites are considered to be among the most suitable ceramic materials that could be used as
inert anodes in the electrowinning of aluminium. In this work, electrodes composed of single
phased and stoichiometric nickel ferrite NiyFe; 4 O4 (0<x<1) have been studied by electrochemical
techniques (linear voltammetry and potentiostatic electrolysis) in a molten cryolite mixture at
960°C. The aim was to understand the oxidation reactions susceptible to take place inside the
material under anodic polarization and oxygen evolution. EX situ characterization of the electrodes
by SEM-EDX and microprobe analysis allows proposing a degradation mechanism of the pure
nickel ferrites: the formation of haematite Fe,O; at the grain boundaries was evidenced and it
resulted in a slow degradation. The influence of the Ni content in the ceramic phase was
investigated, and it was shown that rich-Ni compositions exhibit a better resistance to corrosion.

Introduction

One of the main actual stakes concerning the primary aluminium production is the development of
a new inert anode material in place of the usual consumable carbon anode in order to achieve the
following cell reaction:

AL Oj3dissolved) = 2 Al(tiquid) T 3/2 O2(gar) (1)
This process would allow suppressing the massive amount of CO, released at the carbon anode in
the present Hall-Héroult cells and help reducing the world green-house gases emissions [1].
Among the required properties for the anode material, the stability under strong oxidative
conditions (production of oxygen, at 1000°C, in a corrosive fluoride melt composed mainly of
cryolite Na3AlFs) is one of the most difficult to achieve. Many materials (metals, ceramic phases
and ceramic-metal composites called cermets) have been developed for this application [2], but up
to date none of them was found resistant enough against corrosion for a long term (about 2 years)
industrial application.
Corrosion studies involving pure ceramic phases for a use as inert anodes are quite scarce. Among
the studied materials are tin oxide electrodes (SnO,) [3-5], cobalt ferrites (CoFe,O4) [6, 7] and more
recently zinc ferrite (ZnFe,O4) [8]. Thanks to their good electronic conductivity and their low
solubility in cryolite melts, nickel ferrites are also considered to be among the most suitable
ceramic materials [9].



In this work, electrodes composed of pure and stoichiometric nickel ferrite NixFe; O4 (0<x<1),
elaborated under controlled conditions [10], have been studied by electrochemical techniques
(linear voltammetry and potentiostatic electrolysis) in a molten cryolite mixture at 960°C. The aim
was to understand the oxidation reactions susceptible to take place inside the material and which
could provoke its deterioration under anodic polarization and oxygen evolution. Subsequent SEM-
EDX characterization and microprobe analysis were performed on the cross-section of the
electrodes in order to determine the corrosion products and propose a degradation mechanism.

Experimental

Cell. The liquid cryolite mixture was contained in a vitreous carbon crucible, placed in a graphite
liner protecting the inside wall of a cylindrical vessel made of refractory steel. The cell was closed
by a stainless steel lid cooled by circulating water.

The atmosphere in the cell was composed of U-grade inert argon dehydrated with a purification
cartridge (Air Liquide), containing less than 5 ppm of O, and H>O. An absolute pressure of 1.3 bars
was maintained during the runs.

Techniques and equipment. Electrochemical measurements were carried out using an Autolab
PGSTAT30 potentiostat controlled by GPES software. Two electrochemical techniques were used.
Steady state current versus potential curves were recorded by applying a sweep rate of 0.01 V/s;
short (30 min) electrolyses at fixed potential allowed to record the evolution of current with time.
The electrodes were then cut, embedded in resin and polished for surface analysis of their cross-
sections. Scanning electron microscope (SEM) observations were made on a LEO 435 VP. A
microprobe CAMECA Sx100 was used for composition measurements.

Electrolyte. The mixture was composed of pure NasAlFs (Cerac, purity 99.5%), with an 11 wt.%
excess of AlF; (Acros, purity 99.9+%) leading to a cryolite ratio (CR = molar ratio NaF/AlF3) of
2.2. In addition, 5 wt.% of CaF, (Merck, purity 99.95%) and 9 wt.% of alumina were included. The
liquidus temperature was calculated to be 934°C [11].

Two hundred grams of the mixture were placed in the cell, heated to 500°C and dehydrated under
vacuum (107 bar) for 24 h. A temperature of 25°C above the melting point was maintained during
electrochemical experiments, i.e. 960°C. At this temperature, the alumina solubility is 8.3 wt.%
according to Skybakmoen et al. [12]; the melt was then saturated with alumina, with an excess of
about 0.7 wt.%.

Electrode materials. A classic three-electrode set-up composed of a graphite auxiliary electrode, a
nickel comparison electrode and a ceramic working electrode was used. The auxiliary electrode was
an 8 mm diameter graphite rod (Carbone Lorraine). Potentials were measured with respect to a
nickel wire (1 mm in diameter) protected by an insulating boron nitride cylinder drilled with a 0.2
mm hole at the bottom. The equilibrium potential of this comparison electrode was calibrated in
regard of the oxygen evolution potential, determined by cyclic voltammetry on a platinum working
electrode. It was found to be stable within £10 mV during the course of the electrochemical
measurements, even under strong oxygen bubbling at the anode.

The working electrodes were made of nickel ferrite with a cylindrical shape (8§ mm in diameter and
20 mm in height). The connexion to the inconel current lead was assured by a graphite holder
protected by a copper foil to avoid any reaction between the graphite and the ceramic. The nickel
ferrites rods were prepared by Corso et al. [10]. The elaboration of these semi-conducting ceramics
was focused on obtaining single phased spinel with a stoichiometric O/metal ratio equal to 4/3. Six
compositions (three rods per composition) were tested in this study. In each case, the composition



(noted as x in NixFe; <O4) was determined by microprobe analysis of Ni and Fe. The compositions
are: x=0 (pure Fe;04); x=0.22; x=0.48; x=0.72; x=0.78 and x=0.90. In some cases, a platinum
cylinder (5 mm in diameter) was also used as working electrode.

Results

Electrochemical characterizations. Since the nickel ferrite electrodes are to be used as anodes
during the electrowinning of aluminium, their behaviour was investigated at potentials comprised
between their open-circuit potential (OCP) (1.40-1.50V/ref.) and the oxygen evolution potential
(2.20 V/ref.). In a first step, the alumina-saturated cryolite melt was checked with a platinum
electrode, which is considered as inert [13] and thus allows plotting a blank signal of the
electrolyte. In a second step, the nickel ferrites were characterized in the same way and their
behaviour was compared to platinum.

Linear voltammogram obtained on Pt is presented in Fig. 1. In addition of the oxygen evolution
reaction that produces a strong current at potentials above E=2.20 V/ref, a small residual current is
observed in the 1.30-2.20 V/ref potential range. A potentiostatic electrolysis on Pt at E=1.95 V/ref
(Fig. 1) confirms the existence of this residual current (about 15 mA/cm?). The source of the
reaction has not been established in this work, but it is believed from other experiments that it is
linked to the presence of oxides in the melt.
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Fig.1: Linear voltammogram at s=10 mV/s (left) and potentiostatic electrolysis at E=1.95V/ref.
(right) on a platinum electrode in a cryolite melt (CR=2.2; 9%A1,03; 5%CaF,) at 960°C.

Linear voltammograms plotted on nickel ferrites (Fig. 2) indicate a strong influence of their
composition (x). Ni-rich nickel ferrites (x=0.78 and 0.90) exhibit roughly the same behaviour as the
Pt electrode: a residual current is recorded before the oxygen evolution potential. For lower Ni
contents (x=0 and 0.22 and 0.48), a noticeable reaction takes place at potentials below the oxygen
evolution, and the current density of the oxidation peak increases when the Ni content decreases.
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Fig.2: Linear voltammogram at s=10 mV/s on nickel ferrites of various composition x (NixFe; xO4)
in a cryolite melt (CR=2.2; 9%A1,03; 5%CaF;) at 960°C.

The influence of the composition of the nickel ferrites is further evidenced by potentiostatic
electrolyses at E=1.95 V/ref. (Fig. 3): the decrease of the current with time, which is typical of a
diffusion-controlled process, becomes slower with the increase of the Ni content. The total charge
applied during the electrolyses is plotted versus the Ni content in Fig. 3; the charge recorded on the
Pt electrode is deducted in order to get rid of the influence of the residual current. This plot clearly
confirms that the oxidation reaction is linked with the Ni content, as the total charge decrease from
about 43 C/cm” for x=0 to less than 5 C/cm® for x=0.90.
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Fig.3: Evolution of the current density with time during potentiostatic electrolysis at E=1.95V/ref.
on nickel ferrites of various composition x (NixFe; O4) in a cryolite melt (CR=2.2; 9%Al,0s3;
5%CaF,) at 960°C.



Ex situ material characterizations. In order to understand the oxidation reaction evidenced by
electrochemical measurements, the nickel ferrite electrodes were analysed after 30 minutes of
polarization under three different conditions. Two electrolyses were performed at potential lower
than the oxygen evolution potential (E=1.95 V/ref and E=2.10 V/ref) and one electrolysis was
performed at constant current (i=0.5 A/cm?), with oxygen evolution.

Optical and SEM characterizations of the cross section of the electrodes were performed after the
electrolyses. As evidenced in Fig. 4 and Fig. 5, in some cases haematite (Fe,O3;) was formed in the
outer part of the anodes, close to the interface with the molten salt, at the grain boundaries of the
nickel ferrite. The amount of haematite was found to be higher for low Ni-content nickel ferrites
(low x). This corrosion reaction was not attributed to the presence of O,(g) at the surface of the
anode, since haematite formation was evidenced even after electrolysis at potential below the
oxygen evolution potential.
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Fig. 4: Micrographs (SEM-BSE) of the cross section of a nickel ferrite (x=0.22) after 30 minutes of
polarization at E=1.95 V/ref. in a cryolite melt (CR=2.2; 9%Al1,03; 5%CaF;) at 960°C. Grey phase:
haematite; white phase: nickel ferrite.
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Fig. 5: Optical (left) and SEM (right) micrographs of the cross section of a nickel ferrite (x=0.72)
after 30 minutes of polarization at E=2.10 V/ref. in a cryolite melt (CR=2.2; 9%A1,03; 5%CaF,) at
960°C.



A summary of the characterization of the cross-sections of the anodes is presented in Table 1.
These experimental results indicate that the haematite formation depends both on the electrolyses
conditions (more anodic potentials favour the occurrence of haematite) and on the nickel ferrite
composition (lower Ni content favour the occurrence of haematite). Among all the nickel ferrites
that were studied, only one (x=0.90) proved to be corrosion-resistant after 30 min of electrolysis
under oxygen evolution.

Table 1: Detection (yes/no) of haematite in nickel ferrite electrodes after 30 min of electrolysis at
three different potentials in a cryolite melt (CR=2.2; 9%A1,03; 5%CaF,) at 960°C.

Composition x in NixFes; cO4 E=1.95[V/ref.] E=2.10[V/ref/] E>EO,

0 y y y
0.22 y y y
0.48 y y y
0.72 n y y
0.78 n y y
0.90 n n n

Concentration profiles were measured by microprobe analysis of the Fe and the Ni content in the
centre of the grains composing the nickel ferrites, from the bulk of the electrodes to the surface. As
shown in Fig. 6 in the case of a nickel ferrite with an initial composition x=0.48 submitted to an
electrolysis at i=0.5 A/cm?, the Ni content was found to gradually increase at the proximity of the
interface: x was equal to 0.48 (i.e. the bulk composition) at a distance of 500 um from the interface,
and reached 0.92 on the surface of the anode. Similar concentration profiles were observed with
other nickel ferrite compositions.
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Fig. 6: Composition profile of a nickel ferrite (x=0.48) after 30 minutes of polarization at i=0.5
Alem’ina cryolite melt (CR=2.2; 9%Al,03; 5%CaF,) at 960°C.



Discussion: oxidation mechanism of the nickel ferrites

A close understanding of the oxides constitution is necessary to comprehend the oxidation reaction.
On the one hand, the nickel ferrites have a spinel structure with the following cationic distribution:

(F&’ ) eu[Ni*'x Fe* 1« Fe' e O™ 2)
where tetr indicates tetrahedral sites and oct octahedral sites of the spinel structure. An increase of
the Ni content x in the nickel ferrite leads to a proportional decrease of the Fe*" content in the
octahedral sites. Using the Kroger and Vink notation, the nickel ferrite structure can also be written
as:

Ni Fe, O, =Fel, +(1-x)Fel . +xNil +Fel

octFe octNi octNi tetr + 403 (3)
On the other hand, stoichiometric haematite is composed uniquely of Fe*" cations: Fe*",0%.
It is believed that the oxidation reaction evidenced by the experimental study is due to the oxidation
of Fe** cations of the spinel phase into Fe'* cations, which form the haematite phase. The
simplified half-cell reaction is then:

Fe*'(spinel) = Fe*' (haematite) + ¢ 4)
This reaction allows explaining why the intensity of the reaction measured by linear voltammetry is
enhanced when x decreases: the amount of Fe*" available in the spinel phase increases.
The disappearance of the ferrite lattice and the growth of the haematite is shown in Eq. (5) with the
Kroger and Vink notation:

1

Fel . +FeX . +Fel +4Oé+—02’=iFeZO3+e’ (5)
2 2

octFe octNi tetr

Taking into account the solid phases, Eq. (4) can also be written as:

Ni_Fe, .0, +(1-X)0* =~ Ni,Fe, .0,
2 o o

2a ~ X YFe,0, +(1-2)e" (6)
2 o o

with x< o <I.

Eq. (6) indicates that one mole of spinel (composition x) in the bulk oxidises into x/a moles of
spinel (composition a) and 3/2(1-x/ a) moles of Fe;Os. As a consequence, the total amount of spinel
decreases, as well as the amount of Fe on the octahedral sites. This fits with the material
characterization and especially with the concentration profiles (Fig. 6).

Eq. (5) and Eq. (6) also indicate that the formation of one mole of haematite requires 1/3 mole of
0%, diffusing from the cryolite melt into the bulk of the anode. This anions transport explains how
the oxidation of the anode is observed despite the absence of O,(g) evolution at the anode.
Dissolved O ions present in the melt (due to Al,Os dissolution) penetrate thus the nickel ferrite
from the surface and participate in the formation of haematite.

Conclusions

The characterisation of a wide range of composition of nickel ferrites used as anodes for the
purpose of aluminium production was performed by electrochemical methods combined with SEM
and microprobe analysis. It was shown that high Ni-content nickel ferrites are less subject to
corrosion; these materials seem then to be better suited for a use as inert anode.

However, the electronic conductivity of the nickel ferrites is ensured by a Fe*'/Fe’" hopping
mechanism: when the Ni content increases, the Fe’'/Fe’" ratio decreases, and so does the
conductivity. As a consequence, high Ni-content nickel ferrites have a low conductivity (typically
10 S/cm? for x=0.9 at 1000°C), which is not fully compatible with an industrial application, in spite
of their satisfying behaviour against molten salts corrosion. Further research is then aiming at
improving the electronic conductivity of such corrosion-resistant ceramic materials.
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