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The paper is a review of the advancements achieved towards the research work done towards inert
anodes for aluminium reduction cell. The research work dedicated towards inert anodes has been for
more than a century, but significant advancement was made only a few decades ago. The aim of the
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the research work done on: (1) Ceramics, which are oxides of Ni, Sn, Fe, and Cu which can be one
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Инертные аноды
в алюминиевой промышленности: обзор
С.К. Падамата, А.С. Ясинский, П.В. Поляков
Сибирский федеральный университет
Россия, 660041, Красноярск, пр. Свободный, 79
В статье представлен обзор достижений в разработке инертного анода для алюминиевого
электролизера. Исследования, посвященные инертным анодам, проводятся более века, но
значительные успехи достигнуты всего несколько десятилетий назад. Целью исследователей
была разработка анода с высокими электропроводностью и коррозионной устойчивостью во
фторидных расплавах, чего на практике весьма трудно достичь. В этой статье рассмотрены
исследования, проведенные на: (1) керамических анодах, содержащих оксиды металлов Ni, Sn, Fe
и Cu или их комбинации, например, NiO-Li2O; (2) металлах и сплавах (3) керметах, т.е. оксиднометаллических композициях. Некоторые результаты, полученные в лабораторных ячейках,
были обнадеживающими и дали возможность проведения промышленных испытаний.
Ключевые слова: инертный анод, электропроводность, коррозия, криолит, ионный расплав,
кермет, электролизер.
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• Resistance towards fluoridation;
• High chemical stability towards oxygen at 1050 °С;
• Low cost and easy fabrication;
• Ability to form protective oxide scale on the anode (cermets and metals);
• High mechanical strength;
• Easy and stable electrical setup;
• High resistance towards thermal shock;
• Easy maintenance;
• Retrofittable in the present cell design.
The properties described by de Nora are difficult to achieve all at the same time but recent
advancements ensure the possibilities of achieving an inert anode. Nevertheless, by using inert anodes,
greenhouse gases can be eliminated and it is economically beneficial to use inert anodes as fabrication
of consumable carbon anode is expensive.
2. Ceramics
Ceramics were the primary interest of researchers because they believed that a ceramics could be
potential materials to fabricate inert anode. Ceramics were tested by Belyaev and Studentsov in 1937.
Ceramics has the desirable property of low rate of dissolution in molten electrolyte at 960 °С but they
also possess poor electrical conductivity and low mechanical strength.
2.1. NiFe2O4 based anodes
Nickel ferrite was the first ceramic material tested by Alcoa. Du et al. [2] conducted a laboratory
scale experiment to know the anodic overvoltage and bubble behaviour of the anode. They discovered
that the anodic overvoltage, cell voltage and back EMF can be reduced by the addition of dopants:
0.5 wt.% V2O5 or 1 wt.% MnO2 or 2.5 wt.% TiO2. They determined that the electrolytic bubble evolution
on the surface of NiFe2O4 inert anodes, including bubble nucleation, growth, coalescence, growth
again, migration and escaping, lasts for 79 seconds whereas for carbon anode it takes 102 seconds.
Augustin [3] tested the corrosion behaviour of NiFe2O4 and stated that the solubility of the NiFe2O4
inert anode in molten cryolite electrolyte was less and they are stable towards oxidation, stating that
the corrosion resistance of the anode was satisfying.
2.2. SnO2 based anodes
In the patent Adler [4] stated the behaviour of SnO2 anode, says that the material has a tendency
to dissolve slowly in molten cryolite. The solubility of SnO2 anode was also found by Haarberg [5] and
was 0.08 wt.% at 1035 °C. The solubility of the anode can be reduced when the cell will be operated
at low temperatures below 780 °C. Adler in his experiment found that the SnO2 shows good chemical
stability but lacks good electrical conductivity and haspoor mechanical strength. Addition of dopants
like Sb2O3, CuO, ZnO, Fe2O3 etc. improves the electrical conductivity and mechanical properties
and experiments were performed by adding different compositions of dopants. SnO2 + 2 wt.% Fe2O3
composition was sintered at 1200–1250 °C, for 5 h and experiments were conducted and was observed
that at low anodic current density the corrosion rate was less and contamination of metal was less. A
sample with the composition of SnO2 + 1 wt.% Sb2O3, + 2 wt.% Fe2O3 was made and the density was
– 20 –
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improved by 50 % and also electrical conductivity of 220 S/cm was obtained. SnO2 + 2 wt.% Sb2O3,
+ 2 wt.% CuO composition has better electrical conductivity of 440 S/cm. The main backdrop of the
anode when it combines with the dopants is the high solubility of dopants in molten cryolite. Dopants
leach from the anode at the time of electrolysis and demands for high cell voltage and cause mechanical
damage to the anode. The anode with dopants can still be used at low bath temperatures and can have
a longer lifetime.
2.3. NiO-Li2O based anodes
Laboratory tests were performed by Zaikov [6], and corrosion rate of NiO-(2.5 wt.%) Li2O
material was determined by keeping the note of the anode’s weight while the electrolysis process was
going on. He determined that the corrosion rate of the anode can be reduced by increasing the sintering
temperature and sintering time during the preparation of the anode, which results in the decrease of
anode’s porosity. The anode was tested with fluoride meltat 700 °C for 4.5 hours, and no physical
damage to the anode was observed.
3. Metals
For many decades, metals have been regarded as the prominent material for the preparation of
inert anodes because of its high mechanical strength and good electrical conductivity than ceramics
and cermets. Some of the advantages of metal anodes are: good thermal shock resistance, low porosity,
easy fabrication into required sizes and shapes, easily electrically connected to the cell. But it also has
disadvantages such as poor resistance corrosion, tendency to dissolve in the electrolyte at higher cell
operational temperature, expensive than ceramics and cermets.
3.1. Aluminium bronze
In laboratory scale experiment, Glucina et al. [11] have investigated two Cu-Al alloys which they
believed to be potential materials to fabricate anodes for aluminium electrolysis. The anode(AB1)
was binary alloy with a composition of 90.25 wt.% Cu, 9.39 wt.% Al and little amounts of 0.02 wt.%
Ni, 0.10 wt.% Fe and impurities of 0.24 wt.%. The Second anode(AB2) was alloyed with 77.81 wt.%
Cu, 10.50 wt.% Al, 5.10 wt.% Ni, 4.95 wt.% Fe and impurities being 1.64 wt.%. Experiments were
performed on anodes AB1 and AB2 twice, with and without Al-based oxide scale. It was observed
that in AB1(no oxide layer or no pre-treated) two oxide layers were formed, the first layer was alumina
with a thickness of 500 µm and the second layer was Copper oxide with a thickness of 200 µm. High
polarization voltage was obtained in this case. Unlike AB1(no oxide layer), AB2(no oxide layer) was
stable and had only one layer formed of Copper oxide. Both the alloys, AB1 and AB2 performed well
as an anode with a steady voltage which was operated at a potential of 2.1 V. It was observed that the
anodic polarisation was between 0.15–0.2 V which is lower than the carbon anode. Huge mass loss
of the anode at the later stage of electrolysis occurred which leads to anode loss and contamination of
metal produced.
3.2. Cu-Ni-Fe based anodes
Metallic anodes have the disadvantage of being corrosive but the Cu-Ni-Fe alloy has been showing
some good results being less corrosive than the rest of the metal anodes [12, 14-15]. When it comes to
– 21 –
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Cu-Ni-Fe anode, it has the ability to generate a protective surface layer of NiFe2O4. NiFe2O4 layer has a
tendency of dissolving slowly in molten cryolite which reduced the anode’s corrosion rate. A Cu-Ni-Fe
metallic anode was doped with oxygen [16], with composition of 65 wt.% Cu, 20 wt.% & 15 wt.% Fe
and tested at a temperature (700 °C) with potassium cryolite. High corrosion resistance was obtained
with a wear rate of 0.8 cm/year and impurities of 0.2 wt.% was found in the aluminium metal produced.
Cu metal wt.% in the alloy places a vital role in the formation of a NiFe2O4 protective layer and a low
percentage of Cu results in instability of anode in the electrolysis process. Firstly, CuO layer is formed
at the initial stages of electrolysis which acts as a protective layer for NiFe2O4 inner protective layer of
the anode [17]. In the later stages, the CuO layer dissolves and leads to the contamination of produced
aluminium. A study was conducted to overcome these criteria, where 5 wt.% Cu was replaced by
(M = Sn, Ag, V, Nb, Ir, Ru) and CuO layer will be replaced by MO, each sample was tested for their
respective oxide scale thickness, homogeneity and solubility. The results obtained showed that Nb was
showing promising results with its thick oxide scale and homogeneity [18].
3.3. De nora metallic inert anode
Nguyen and de Nora [12] introduced a metallic anode Nickel-Iron based alloy with semi-conductor
Nickel-cobalt mixed oxide as an outer coating. Usually, Ni-Fe based alloy is stable towards oxygen due
to the formation of nickel ferrite protective scale as an outer layer but nickel is venerable at fluoridation
reaction with gaseous aluminium fluoride when it is part of Ni-Fe alloy. In the metal-oxide interface,
nickel fluoride layer is formed which is electrically non-conductive. If Fe content is increased to avoid
the fluoridation of Ni, the decrease in oxidation resistance occurs. This scenario can be avoided by
coating Ni-Fe anode with Ni-Co coating. This coating acts as a barrier between the Ni-Fe anode and
the aluminium fluoride gas, which will avoid the formation of nickel fluoride layer from fluoridation of
nickel. The cobalt oxide layer is formed on the Ni-Fe anode which is stable towards the fluoridation and
protects the Ni from forming nickel fluoride. Coming to the experimental procedure, the anode was
tested at 100 – 300 A cell for different durations. At stable conditions, the anode metal core dissolution
rate was 2 mm/year and the CoO layer dissolution rate was 3 mm/year. Estimated anodic lifetime was
1 year with less metal contamination rate of 1340 ppm at laboratory scale and 995 ppm at an industrial
scale. The anode surface factor was 2.3 for an industrial anode which is 0.9 less than laboratory anode.
With the presence of Co-Ni coating,a thermodynamic penalty of 620 mV versus the carbon anode
was observed, but it can be compensated by increasing the active surface of the anode. Overall, anode
possessed promising results with high electrical conductivity and good corrosion resistance.
4. Cermets
Cermets are a combination of two phases: Ceramics and Metals. Cermets have the desirable
properties of both the phases: high electrical conductivity of metals and good chemical stability of
ceramics. The use of cermet anodes for aluminium electrolysis was proposed by Alcoa in the 1980s as
ceramics were showing poor electrical conductivity.
4.1. Fe-(NiFe2O4 + NiO) based anodes
Ray and Rapp [7-8] patented a cermet anode with a composition of 50 wt.%NiO, 20 wt.% Fe and
30 wt.% NiFe2O4. The microstructure of the anode’s surface area was recorded and it was seen that
– 22 –
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there were nickel ferrite matrix and linearly distributed metallic Fe particles on the anodic surface
which resulted in good electrical conductivity of the anode. It was stated that electrical conductivity
is varied with respect to the type of preparation. The electrical conductivity of 700 S/cm was obtained
when hot pressing was performed to prepare the anode. When the composition of iron was reduced
from 20 wt.% to 7 wt.%, drastically low electrical conductivity of 19 S/cm was observed. Anode
possesses good corrosion resistance with mere contamination of metal produced. At higher anodic
current densities, higher current efficiency was achieved and contamination of metal was less. This
Fe-(NiFe2O4 + NiO) anode is the pioneer of the research towards cermet anodes.
4.2. Cu-Ni-NiFe2O4-NiO based anodes
Liu et al. [10] conducted experiments on cermet anode of composition 15.3 wt.% Cu, 8.3 wt.%
NiO, 1.7 wt.% Ni and 74.7 wt.% NiFe2O4. The alloy is prepared in two steps: cold pressing and sintering
the powdered form of all the materials. The aluminium electrowinning was performed at 960 °C. It was
observed that only NiFe2O4 layer was formed on the outer surface whereas NiO layer was expected to
be formed on the anode. As the time progressed, the NiFe2O4 layer was becoming thicker which might
be the reason for the disappearance of NiO layer. To find the corrosion behaviour of the anode, the
purity of electrolyte and produced aluminium was checked. It was observed that the Cu was dissolved
rapidly in the electrolyte whereas no traces of Ni and Fe were observed in the electrolyte. Reducing the
percentage of Cu can reduce the corrosion rate but at the same time decreases the electrical conductivity
of the anode. Much research has to be conducted to improve the anodic properties.
4.3. NiFe2O4 –Cu based anodes
Tian et al. [9] prepared a cermet anode of two phases, NiFe2O4 and Cu. The copper metal was
added to increase the electrical conductivity and maintain the mechanical stability. Two anodes with
different compositions were made, NiFe2O4 –5 wt.% Cu and NiFe2O4 –20 wt.% Cu. The effects of
preparation method on the physical structure and anodic properties were studied. The desired phase
composition on the anodic surface can be obtained by controlling the oxygen’s partial pressure
between the decomposition oxygen pressures of NiO and Cu 2O. High relative density of the anode
can be obtained by increasing the sintering time and temperature. The preparation process of the
anode was difficult due to the low melting point and poor wetting characteristics of copper when it is
combined with NiFe2O4. The sintering temperature of anode with 20 wt.% Cu was 1000 °C whereas
for 5 wt.% Cu in the alloy, sintering can be performed at 1250 °C. Decreasing the metal content in
the anode increases the sintering temperature, but at the same time reduces the electrical conductivity
of the anode. By adding metals such as Ni and Co which has high melting point and good wetting
characteristics when alloyed with NiFe2O4 – Cu alloy results in a good relative density of the alloy also
sintering can be performed at high temperatures which helps to reduce the porosity of the anode.
4.4. Cu2O – Cu based anode
A Cu2O – Cu cermet anode was tested by Feng et al. [25], they stated that the anode is partially
inert and can be used to produce Al alloy and Al with little impurities of Cu. There is more demand for
Al alloys than pure Aluminium, which increases the importance of this kind of anodes. This Cu 2O – Cu
cermet anode was tested for its thermal corrosive behaviour in Na3AlF6 – AlF2 –Al2O3 electrolyte at
– 23 –
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960 °C for different geometrical structures of Cu phase. A passive layer of CuAlO2 was observed on
the anodic surface while performing SEM and the CuAlO2 layer thickness and density were increased
with increasing corrosion time. It was stated that that the density and thickness of the layer were
increased rapidly in the initial stages of the electrolysis process but was later slowed down as the time
progressed. As the Cu content in the anode increased, the thermal corrosion rate also increased i.e. at
10 wt.% of Cu in the anode, the thermal corrosion rate was 0.68 mg/cm 2h, whereas at 35 wt.% of Cu in
the anode, the thermal corrosion rate was about 2.63 mg/cm 2h. Also, the grain size of the Cu particles
effect the thermal corrosion rate( directly proportional). The researchers stated that the ideal content of
Cu would be 25 wt.% where the thermal corrosion rate of 1.5–7.2 mg/cm 2h and less than 6.3 wt.% of Cu
content in the produced aluminium was observed. Researcher’s state that this type of anodes will gain
demand in the near future as the demand for aluminium alloy is more than pure aluminium.
4.5. Ni(NiFe2O4 – 10NiO) based anode
The corrosion behaviour of 17Ni(NiFe2O4 – 10NiO) cermet anode was tested by TIAN et al.
[26]. The anode was prepared at different sintering atmospheric conditions and the electrolysis was
conducted in Na3AlF6 – Al2O3 electrolyte melt. The anode prepared in the atmosphere with oxygen
content of 2*10 –3 possessed corrosion rate of 2.71 cm/a whereas anode prepared in a vacuum has a
corrosion rate of about 6.46 cm/a. A thickness of densification layer of 50 µm was recorded when the
anode was prepared atatmosphere with oxygen content of 2*10 –3 and in the case of anode prepared in
the vacuum, the densification thickness layer of 30 µm was observed. Also, the decrease of oxygen
content in the sintering atmosphere results in the increase of NiO and Fe(ll) content in NiFe2xO4–y–z
which leads to the poor corrosion resistance of the material and rapid mass loss in the anode can be
observed.
5. Unconventional inert anode
5.1. Solid oxide fuel cell
Research on inert anodes was mostly conventional type, but there was also attempts made to
achieve unconventional anode. R.A. Rapp [13] designed a non-consumable solid oxide fuel cell-type
anode for the aluminium electrowinning process. The anode consists of nickel tube (conductor), into
which the combustible fuel is sent. The bottom surface of the anode is layered with the zirconia based
O2– conducting electrolysis. When power is supplied, oxidation of combustible fuel occurs resulting in
the evolution of oxygen as a primary anodic process. Figure 1 shows the working principle of SOFC
type anode.
R.A. Rappclaimed that the SOFC type anode can be retrofitted in the present Hall-Heroult cell
without any changes in the cell geometry and claimed that the cell would possess all the mandatory
anodic properties. Later stages of research revealed that the zirconia layer inthe anode is easily soluble
at high temperature cryolite melt leading to zirconia layer depletion.
5.2. Bipolar electrodes
Making bipolar electrodes for the industrial aluminium reduction cell has been the ultimate goal
for the researchers. Bipolar electrode consists of both anode and cathode with an insulator separating
them. Few advantages can be acquired by using a bipolar electrode like the geometry of the cell
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6.1. Oxygen gas flow
The oxygen gas evolved at the anodic surface has to be removed quickly as soon as it is evolved
to reduce the corrosion rate of the anode. Oxidation on the anodic surface takes place and leads to
corrosion if the oxygen produced on the surface of the anode stays in contact with it for a longer time.
Slotted anodes containing cylindrical bars are preferred rather than monolithic anode blocks, as the
gas escape quickly from the surface of slotted anodes and the statement was supported by Sides and
Prentice [27], where they conducted tests and found that approximately 0.4 V of voltage is saved when
slotted anodes are used. It is also stated that when anodes are inclined, the gas escape quickly from the
surface of the anode and the bubble size is less.
6.2. Current density distribution
The anodic life is expected to be less when the anodic current density is higher and the anodes
with lower anodic current density is advisable. The anodic current density of circular cross-section
anode and triangular cross-section anode were measured and it was found that the current density
of circular cross-section was high compared to that of triangular cross-section anode but it was also
observed that the edges of the triangular cross-section anode possesses higher current density. So, it is
advisable to have an anodic geometry somewhere between circular and triangular.
7. Future scope
In the past, many research organisations claimed that the inert anodes will be used in industrial
cells by 2020, but still the difficulty of inventing an ideal inert anode is in process. A lot scientist
and research organisations are considering to make an advanced cell prototype which will be able to
retrofit the inert anodes without any obstacles. La Camera [22] came up with vertical bipolar electrode
and cathode being highly wettable. Many of laboratory scale anodes have showed some promising
performance and effects are madeto transform them into industrial scale cells as anodes. Polyakov
et al [23, 28–32] have been investigating on novel electrolysis process for aluminium production, in
which slurry is used an electrolyte, where electrodes are placed vertical and interelectrode spacing is
minimal which results in high electrical conductivity in comparison with presently developed inert
anodes technologies. The research is still in initial stage and is expecting to see some promising results
in the nearest future.
8. Conclusion
A lot of research has been done till date and is still continued to attain ideal inert anode. Electrical
conductivity,oxidation behaviour and thermal shock resistance of three different types of anodes were
studied. MolTech has achieved success and claim to use inert anode already in a smaller scale cell. De
Nora anode of MolTech showed promising results and claims that the anode would have a lifetime of
nearly 2 years. Alcoa has completely stopped it’s the research towards inert anodes. Few anodes showed
good results with Fluoride electrolyte when the electrolysis process was performed at low temperature
(700 °C). Alcoa came up with cermet anodes which showed good electrical conductivity and high
oxidation resistance but had a problem of low thermal shock resistance and electrical connections
between the anode and the busbar was complicated. Corrosion rate of the anode can be reduced by
preparing the anode at high sintering temperature and time [4]. R.A. Rapp came up with novel oxygen
– 27 –
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evolving anode, but the anode failed to perform. Kvande and Haupin [19] and Sadoway [20] argue that
even after finally achieving an inert anode, the process of retrofiting the anode into traditional cell
would be difficult task. Researchers are trying to achieve new aluminium electrolysis process which is
still in initial stage. Inert anodes not only eliminate the formation of greenhouse gases but also increase
current efficiency of the cell and are economically advantageous. Nevertheless, industries and research
organisations believe that inert anodes can be prepared and used in the nearest future.
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