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The successful development and implementation of inert anodes in the aluminum industry

could significantly reduce or even completely eliminate greenhouse gas emissions. The

search for suitable inert anode materials with the necessary combination of properties

remains an active area of research. Currently, three main classes of materials are being

considered: ceramics, metal-ceramics, and metals. This study aims to develop a new

type of composite ceramic material for use as inert anodes in the electrolytic reduction

of alumina. Based on an analysis of the requirements for inert anodes in aluminum

electrolysis, the oxidation-resistant and conductive ZrB2–MoSi2 composite ceramic is

proposed for operation within the required temperature range. It has been demonstrated

that these anodes exhibit inert behavior toward atomic oxygen and can operate stably in

atomic oxygen atmospheres at temperatures up to 20000C. Furthermore, the feasibility of

applying a protective ZrB2–MoSi2 coating to conventional carbon anodes via vacuum

arc deposition has been experimentally confirmed. The use of non-consumable anodes

with ZrB2–MoSi2 protective coatings is also proposed for the direct electrolysis of lunar

regolith at 16000C, enabling oxygen and metal extraction on the Moon.

Keywords: inert anodes, aluminum, production, ultra-high-temperature ceramics,

zirconium diboride.
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Introduction
The production of aluminum through the

electrochemical reduction of alumina is a highly
energy-intensive process (about 13–16 kWh per kg of
aluminum) and causes significant environmental
damage: emissions of greenhouse gases (direct
emissions of CO2 and perfluorocarbon compounds
(PFCs), and indirect emissions from electricity
production). More than 400 kg of carbon is consumed
for the production of one ton of aluminum due to the
oxidation of anodes by electrolysis products. The
oxidation of anodes by electrolysis products leads to
the formation of 1220 kg of carbon dioxide.

The successful development and application of
inert anodes can bring significant environmental
benefits to the aluminum industry worldwide –
greenhouse gas emissions can be significantly reduced
or completely eliminated. CO2 and PFC emissions
can be almost fully eliminated since the inert anode
will not contain carbon.

According to experts’ estimates, from a
thermodynamic point of view, carbon should contribute
to the reduction of alumina and, to some extent,
reduce specific energy consumption (by almost 30%)
(Table 1). However, this approach overlooks the costs
of the specific material consumption of the process as
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a whole.
The use of non-consumable inert anodes is more

economically feasible, as it eliminates the need for
their constant renewal. Therefore, the development
of inert anodes for aluminum production is being
pursued by specialists in many countries.

An inert anode for aluminum production by the
Hall-Heroult process must have a set of properties
that ensure its functionality. Namely, an inert anode
should be:

– physically stable at operating temperatures;
– resistant to molten fluoride electrolyte;
– resistant to pure oxygen;
– electrochemically stable;
– electrically conductive;
– resistant to thermal shock;
– mechanically strong,
– easy to install and operate (for example,

electrical connection to the bus, start-up, power
outages).

Materials of three classes are considered for inert
anodes: ceramics, metal-ceramics, and metals [1].

Ceramics
The temperature for the electrolytic reduction

of aluminum by the Hall-Heroult process is 9600C,
and the choice of fully oxidized material, oxide
ceramics, with a high melting point and a wide range
of electrochemical stability is attractive. However, most
oxides have unacceptably low electronic conductivity
and quite high solubility in the electrolyte. Besides,
ceramics have poor resistance to thermal shock and
insufficient mechanical strength.

Tin oxide was considered a potential inert anode
material due to its high electronic conductivity.
However, tin oxide is highly soluble in the Hall bath.
Other ceramics tested include semiconducting oxides
such as ferrites, spinels, and some perovskites. Despite
efforts to improve their electrical conductivity through
doping, their conductivity remains insufficient.
Moreover, they dissolve in the electrolyte, resulting
in aluminum metal products containing unacceptably
high levels of other metals.

Monolithic ceramic ICS was considered
promising, but it was not possible to make pilot
industrial anodes from it due to its low
thermomechanical properties [1].

Table 1

The alumina decomposition voltage

Type of anode Electrochemical reaction 
0

1300G∆ , kJ/mol 0

desinE , V U, V 

inert Al2O3=2Al+1.5O2 1262.0 2.18 2.18 

coal 2Al2O3+3C=4Al+3CO2 667.6 1.15 1.5–1.6 

coal Al2O3+3C=2Al+3CO 583.0 1.01 1.5–1.6 

Cermets
Cermets are composite materials consisting of a

ceramic matrix and dispersed metallic filler. The
ceramic matrix provides chemical stability, while the
metal offers conductivity and strength. However, the
drawbacks of monolithic ceramics, such as solubility
in the electrolyte and unsatisfactory thermomechanical
properties, remain. A promising cermet material
consisting of a ceramic matrix of nickel ferrite and
dispersed copper filler was developed by Alcoa. The
company reported the successful operation of laboratory
cells with a cermet anode. However, the industrial
implementation of cermet anodes was unsuccessful
due to the inability to produce metal of the required
purity and the catastrophic failure of the anodes due
to thermal shock [1].

Metals
Metals surpass the parameters of carbon anodes

in properties such as high electronic conductivity
combined with excellent thermal shock resistance and
mechanical strength. Additionally, metals are easier
to manufacture and maintain.

The chemical and electrochemical stability of
metals is ensured by a surface film containing
aluminum oxide, which is thick enough to prevent
the destruction of the base metal and thin enough to
provide minimal resistance to electronic current.

The main problem is the stability of the surface
film thickness. An example of an anode material of
this type is aluminum bronze: copper containing
7–15% aluminum by weight. The surface film self-
renews during operation. At the Massachusetts Institute
of Technology, a laboratory cell equipped with anodes
made from various copper-aluminum alloys operated
for hours, producing aluminum and oxygen. However,
in other cases, the anode failed catastrophically, and
the aluminum was heavily contaminated with copper.
It should be noted that in these experiments, the
electrolyte was not saturated with alumina, and the
metal anode was able to operate over a wide range of
current densities (from 0.25 to 2.4 A/cm2) [1].

Coatings
Coatings are also being developed as a means of

protecting anodes. The most promising are the
oxyfluorides produced by DeNora, Eltech, and
Moltech. However, the mismatch between the thermal
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expansion of the substrate and the coating leads to
the formation of cracks through which the electrolyte
can penetrate. Various barrier layers have been proposed
to prevent such phenomena, but the problem remains
unsolved.

Currently, metals are considered the most
suitable materials for inert anodes.

An analytical review of the problem of inert
anodes for the electrolysis of oxide melts shows that
they have been developed for many years, but an
energy-efficient technology for aluminum extraction
using them has not yet been created. The search for
materials for inert anodes with the necessary set of
properties continues [1].

The goal of this work is to develop a new type
of composite ceramic material for inert anodes for
the electrolytic reduction of alumina.

Results and discussion

Selection of prospective ceramic materials for 
non-consumable inert anodes

For applications requiring thermal stability in
an oxidizing environment at extremely high
temperatures, a new class of composite materials with
a ceramic matrix of borides, reinforced with continuous
or discrete fibers, whiskers, platelets, or isometric
particles of refractory compounds (carbides, silicides,
borides, and nitrides) has been developed. Due to
their high thermal stability, they are called ultra-
high-temperature ceramics (UHTC). UHTC has
surface structures that protect against oxidation [2].

The best performance parameters for operation
in oxidizing environments are exhibited by ultra-
high-temperature ceramics based on zirconium
diboride (ZrB2), which has a sufficient level of
conductivity, making it a suitable material for inert
anodes for aluminum extraction by the electrolytic
reduction of alumina. Additionally, zirconium
diboride-based ceramics have a high thermal
conductivity of nearly 100 W/m⋅K [3], which enables
reducing the temperature gradient across the material
section and internal thermal stresses.

Monolithic ZrB2 ceramics oxidize to form porous
ZrO2 crystals and glassy B2O3. The latter is liquid and
partially protective at temperatures up to 10000C, but
above this temperature, it evaporates, leaving a porous
zirconium oxide layer that leads to further oxygen
penetration. Resistance to high-temperature oxidation
and mechanical properties can be improved by
“binding” boron and forming borosilicate glass, which
is stable at temperatures up to 16000C, and by
introducing silicon carbide into the ceramic
composition in a wide range of its content [4].

Ceramics based on the ZrB2–SiC composite have
significantly higher resistance in high-temperature

oxidizing environments than their components. The
oxidation process occurs in two stages: at a temperature
of 12000C with the formation of ZrO2 and liquid
boron oxide, and at higher temperatures up to 16000C,
when active oxidation of silicon carbide begins with
the formation of SiO2, which prevents the evaporation
of B2O3 by binding it into borosilicate glass [5].

However, at higher temperatures, intensive
interaction develops according to the following reaction:

SiC+SiO2→2SiO(g)+CO(g).

The formation of gaseous silicon oxide leads to
a decrease in oxidation resistance. Therefore, other
components such as carbides, silicides, and borides of
transition metals are introduced into the ceramic
composition in addition to silicon carbide.

When zirconium disilicide is introduced into
the composite, the main oxidation products are
monoclinic ZrO2 and amorphous SiO2 and ZrSiO4

(zircon). The latter can provide protection for the
base material at temperatures up to 16000C, so ZrSi2
is used to enhance oxidation resistance [6].

An analysis of the properties of existing heat-
resistant materials showed that the weight loss of the
ternary ceramic ZrB2–SiC–ZrSi2 is 0.017 mm over
50 hours and 2.92 mm over a year, which is
2.6 times less than the consumption of iridium anode
materials (~7.7 mm/year), which are considered
among the most promising.

The main parameters of the ZrB2–SiC–ZrSi2
ceramic system, determined experimentally, are
presented in Table 2.

The oxidation resistance of ZrB2-based ceramics
further increases with the addition of MoSi2. This
system has the highest resistance to high-temperature
oxidation among materials of this type [7]. The
optimal content of MoSi2 should be 14–20%. The
formation of protective structures in the oxygen
environment begins at a temperature of 4700C:

2ZrB2+5Î2=2ZrÎ2 (monoclinic)+2Â2Î3↑.

This process continues until Ò=7450C. The
oxidation of MoSi2 begins at 7400C according to the
reaction:

2MoSi2+7Î2=2MoÎ3↑+4SiÎ2,

and at 11500C according to the reaction:

5MoSi2+7Î2=Mo5Si3+7SiÎ2.

In the temperature range of 1155–15300C, a
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fairly stable amorphous SiO2 film with inclusions of
ZrO2 and Mo5Si3 crystallites forms on the surface of
the sample. During the final stage of the oxidation of
the sample at T=1540–16000C, an oxidized layer
forms on the surface, consisting of two sublayers:

– the upper amorphous layer consists of SiO2

(with inclusions of ZrO2) and may lose continuity at
higher temperatures,

– the lower layer has a needle-like lamellar
structure of ZrO2 crystallites.

In the ZrB2–MoSi2 material, small ZrO2 grains
are formed during oxidation, and the molar volume
of the oxidation products does not exceed 200%. This
allows the formation of a dense scale and increases
the strength of the ceramic.

The mass loss with the temperature increase
and the curves of oxidation with time have standard
parabolic dependencies, indicating the formation of a
stable protective film on the material’s surface due to
the diffusion laws that govern the oxidation process.

Thus, at temperatures up to 20000C in an
oxidizing environment, a protective layer forms on
the surface of the ZrB2–MoSi2 material, the
composition of which changes depending on the
temperature. It can ensure the operability of the anode
during aluminum extraction by the reduction of molten
alumina at temperatures of 9600C for an extended
period.

Such anodes can be used at melt temperatures
of up to 1800–20000C, but their lifespan will be
significantly shorter: the higher the operating
temperature in the oxidizing environment, the shorter
the anode’s service life.

Composite ceramic materials based on zirconium
diboride have sufficient conductivity and heat resistance
at extremely high temperatures, making them
promising for use as inert anode materials for the
direct electrolysis of lunar regolith melt. This will
enable the extraction of oxygen and certain metals on
the Moon and could accelerate the establishment of a

lunar base.
Experimental study
Experimental determination of the electrical

conductivity of zirconium diboride-based ceramics
To determine the electrical conductivity, the

zirconium diboride-based ceramics were densified by
hot pressing at a temperature of 1900–21000C under
a pressure of 32 MPa for 15 minutes. According to
the results of electron microscopy, the microstructure
of the ceramics is heterophase and non-porous, as
shown in Fig. 1. The matrix phase for the two
composites is zirconium diboride of a gray color with
inclusions of other phases (SiC – dark color and
MoSi2 – light gray color).

According to ceramic analysis, the grain size of 
zirconium diboride in ceramics varies. The 
microstructure of ZrB2–MoSi2 is finer-grained with 
inclusion sizes up to 1 µm. Meanwhile, the grain 
size of the main phase in ZrB2–SiC ceramics ranges 
from 4 to 20 µm. Different grain sizes and chemical 
compositions, consequently, affect the overall electrical 
conductivity of the ceramics. The results of measuring 
the electrical conductivity of composite ceramics are 
presented in Table 3.

Analysis of the results of the experimental study
of the electrical conductivity of ceramics showed that
the measured values are close to some metallic
materials (titanium) and are within the range of
values for most metals and alloys commonly used
for electrolysis. Ceramics of the SiC–ZrB2 and
ZrB2–MoSi2 systems belong to n-type semiconductors,
where the main charge carriers are conduction
electrons.

Inert anodes made of ZrB2–MoSi2 ceramics
surpass the inert anode materials developed by other
specialists in terms of their properties. The higher the
operating temperatures, the greater the oxidation
resistance of the ceramics. Therefore, ZrB2–MoSi2
ceramics, with their higher heat resistance and electrical
conductivity, will have the longest service life among

Table 2

Parameters of ZrB2–SiC–ZrSi2

Parameter Value 

density (kg/m
3
) 4000–6200, depending on the composition 

electrical resistance at 0–800
0
C (mΩ⋅сm) 0.02–0.08 

heat capacity at 0–2000
0
C (J/g⋅K) 0.5–0.8 

thermal conductivity at 0–2000
0
C (W/m⋅K) 60–100 

elastic modulus (GPa) 490–515 

oxidation in oxygen (mass gain at 1500
0
С for 50 hours) (mg/cm

2
) 6–7 

flexural strength at room temperature (MPa) 400–800, depending on the composition 

flexural strength at 1800
0
С (MPa) 

300–800 or more, depending on the 

composition 

maximum working temperature (
0
С) 1700–1800, depending on the composition 
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all known ceramic materials and are promising for
use in anodes for aluminum extraction by the
electrolytic reduction of alumina.

Development of coatings from ZrB2–MoSi2 ultra-
high-temperature ceramics for the protection of carbon
anodes

The technology for manufacturing products
(plates, rings) from ZrB2–MoSi2 UHTC by hot
pressing has been developed in Ukraine on a pilot-
industrial scale. However, such composite ceramics,
although possessing better properties than conventional
ceramics, are brittle materials, which can lead to the
destruction of large-sized products. Moreover, replacing
carbon anodes will require re-equipping production,
which is economically inefficient. It is more attractive
to use existing carbon anodes protected with heat-
resistant electrically conductive coatings. An undeniable
advantage of choosing ultra-high-temperature ceramics
based on zirconium diboride for application to graphite
anodes, along with a sufficient level of electrical
conductivity and resistance in the flow of atomic oxygen
at high temperatures, is the similarity of the coefficients
of thermal expansion of the substrate and the coating
(Table 4).

Reactive magnetron sputtering and vacuum-arc
deposition methods are most often used to obtain

oxide-free ceramic coatings. Magnetron sputtering is
a low-energy method that cannot provide sufficient
adhesion and coating thickness.

These disadvantages are overcome by the
vacuum-arc deposition method. The fundamental
difference of this method is the deposition of cathode
material onto the surfaces of products from a high-
energy plasma flow generated by a vacuum arc on the
cathode surface. Compared to other vacuum coating
methods, this method has significant advantages,
namely: simplicity and high efficiency of the process,
low energy consumption, and the ability to adjust the
main process parameters, which allows the easy control
of the structure and properties of the obtained coatings
[8].

Yuzhnoye State Design Office has equipment
for vacuum-arc deposition of UHTC-based coatings
(ZrB2). Coatings are applied to the surfaces of samples
in a special vacuum installation based on the vacuum
chamber (Fig. 2).

ZrB2–MoSi2 coatings were deposited by vacuum-
arc method on the UVN-75 (Yuzhnoye) installation
on substrates of steel 40X, steel 12X18H10T, and
carbon.

ZrB2–MoSi2 coating on 40X steel substrate
According to electron microscope studies, the 

ZrB2–MoSi2 coating deposited on 40X steel substrates 
showed weak adhesion between the coating material 
and the substrate (Fig. 3a). The coating thickness did 
not exceed 15 µm (Fig. 3).

The microstructure of steel 40X is characterized

by pearlitic (lamellar) and ferritic matrix phases. The 
coating was not uniformly distributed on the substrate 
surface. The distribution pattern of the coating was 
island-like, with widths ranging from 200 to 500 µm 
and lengths up to 1 mm. The microstructure of the 
coatings is homogeneous and globular in shape. The

Fig. 1. The microstructure of ceramics ZrB2–MoSi2 (à) and ZrB2–SiC (b) produced by hot pressing (×1500)

a b 

Table 3

Electrical conductivity of zirconium diboride-based

ceramics

ZrB
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size of the globules ranges from 1 µm to 20 µm. 
The number of globules sized 20 µm did not exceed 
20 vol.%, indicating the formation of a homogeneous 
coating on the material surface.

The chemical composition of the coating after
deposition corresponds to the cathode material. This
indicates that during deposition, the main elements
evaporate and deposit on the substrate. The amount
of residual oxygen in the coating was 5 wt.%, which
is a standard oxygen content value for ZrB2–MoSi2
coatings obtained by plasma spraying.

Therefore, the ZrB2–MoSi2 coating on the 40X

substrate has a homogeneous structure but weak
adhesion, which may be related to the significant
difference in thermal expansion coefficients between
the coating and the substrate.

ZrB2–MoSi2 coating on 12X18H10T substrate
The coating thickness did not exceed 15 µm. 

The structure and the chemical composition of the 
coating are identical to that applied to steel 40X. The 
adhesion between the coating and the substrate is 
significantly higher than on 40X steel.

ZrB2–MoSi2 coating on a graphite substrate
A general view of the ZrB2–MoSi2 coating

Fig. 3. The interface between the ZrB2–MoSi2 coating and the 40X substrate (at magnification ×948) (a); the microstructure of

steel 40X (b); and the ZrB2–MoSi2 coating (c) after coating application (at magnification ×4700)

Fig. 2. The vacuum-arc deposition installation (a) and its schematic (b)

a b c 

Table 4

Coefficients of thermal linear expansion of ceramics, carbon, and graphite
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deposited on a graphite substrate is shown in Fig. 4.
The ZrB2–MoSi2 coating deposited on a graphite 

substrate has a different microstructure compared to 
the steel substrates. It is characterized by the formation 
of a two-layer coating (Fig. 5). The first layer, which 
is closer to the substrate, has a structure consisting of 
well-defined crystals up to 1 µm in size (Fig. 5a). 
Closer to the surface, the coating structure differs 
significantly and has a globular form (Fig. 5b).

This difference is most likely related to the
cooling rate and heat removal from the surface during
deposition. At the beginning of the process, the rate
of heat removal into the substrate is higher, resulting
in the formation of rectangular parallelepiped-shaped
crystals, whereas, during the deposition of subsequent
layers, the heat removal is lower, leading to the

formation of spherical crystals.
The chemical composition of the coating is

homogeneous and fully corresponds to the chemical
composition of the cathode used during spraying. The
oxygen content in the first and second layers did not
exceed 2 wt.%, which should positively influence the
physical and mechanical properties of the coating.

Therefore, the adhesion between the ZrB2–MoSi2
coating and the carbon substrate is the highest among
all the studied materials, which can be explained by
the similarity in thermal expansion coefficients
(Table 4). Using a carbon substrate is the most
promising among the studied materials.

Conclusions

For the first time, based on the analysis of the
requirements for inert anodes for aluminum extraction

Fig. 5. The microstructure of the ZrB2–MoSi2 coating closer to the graphite substrate (a) and closer to the surface (b),

(at magnification ×47000)

a b 

Fig. 4. A general view of the ZrB2–MoSi2 coating at a ×400 magnification in a SE detector (left) and a BSE detector (right)



101

New electrode materials for aluminum production

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2025, No. 4, pp. 94-102

by the electrochemical reduction of molten alumina,
the use of oxidation-resistant electrically conductive
composite ceramics ZrB2–MoSi2 for inert anodes is
proposed. It has been shown that such anodes are
inert to the effects of atomic oxygen and can operate
for a long time in an atomic oxygen atmosphere at
temperatures up to 20000C.

The possibility of applying a protective
ZrB2–MoSi2 coating to existing carbon anodes by
vacuum-arc deposition has been experimentally
proven.

The use of a non-consumable anode with a
ZrB2–MoSi2 protective coating for the direct electrolysis
of lunar regolith at a temperature of 16000C is proposed,
which can enable the extraction of oxygen and certain
metals on the Moon.
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ÍÎÂ² ÅËÅÊÒÐÎÄÍ² ÌÀÒÅÐ²ÀËÈ ÄËß
ÂÈÐÎÁÍÈÖÒÂÀ ÀËÞÌ²Í²Þ

I.O. Ãóñàðîâà, A.O. Îìåëü÷óê, O.M. Ãðèãîðüºâ, M.Â. Êðàºâ,
O.Á. Âåë³÷åíêî

Óñï³øíà ðîçðîáêà ³ çàñòîñóâàííÿ ³íåðòíèõ àíîä³â â
àëþì³í³ºâ³é ïðîìèñëîâîñò³ äîçâîëèòü çíà÷íî ñêîðîòèòè àáî
ïîâí³ñòþ âèêëþ÷èòè âèêèäè ïàðíèêîâèõ ãàç³â. Íà äàíèé
÷àñ ïðîâîäèòüñÿ ïîøóê ìàòåð³àë³â äëÿ ³íåðòíèõ àíîä³â ç
íåîáõ³äíèì íàáîðîì âëàñòèâîñòåé. Äëÿ ³íåðòíèõ àíîä³â
ðîçãëÿäàþòüñÿ òðè êëàñè ìàòåð³àë³â: êåðàì³êà, ìåòàëîêåðà-
ì³êà ³ ìåòàëè. Ìåòîþ äàíî¿ ðîáîòè º ðîçðîáêà íîâîãî òèïó
êîìïîçèòíîãî êåðàì³÷íîãî ìàòåð³àëó äëÿ ³íåðòíèõ àíîä³â
äëÿ åëåêòðîë³òè÷íîãî â³äíîâëåííÿ îêñèäó àëþì³í³þ. Íà
îñíîâ³ àíàë³çó âèìîã äî ³íåðòíèõ àíîä³â äëÿ âèäîáóòêó àëþ-
ì³í³þ ìåòîäîì åëåêòðîõ³ì³÷íîãî â³äíîâëåííÿ ðîçïëàâëå-
íîãî ãëèíîçåìó çàïðîïîíîâàíî âèêîðèñòàííÿ ñò³éêî¿ äî
îêèñëåííÿ ïðîâ³äíî¿ êîìïîçèòíî¿ êåðàì³êè ZrB2–MoSi2 â
ïåâíîìó ä³àïàçîí³ ðîáî÷èõ òåìïåðàòóð. Ïîêàçàíî, ùî òàê³
àíîäè ³íåðòí³ äî ä³¿ àòîìàðíîãî êèñíþ ³ ìîæóòü ïðàöþâàòè
òðèâàëèé ÷àñ â àòìîñôåð³ àòîìàðíîãî êèñíþ ïðè òåìïåðà-
òóð³ äî 20000Ñ. Åêñïåðèìåíòàëüíî ïðîäåìîíñòðîâàíî ìîæ-
ëèâ³ñòü íàíåñåííÿ çàõèñíîãî ïîêðèòòÿ ZrB2–MoSi2 íà ³ñíó-
þ÷³ âóã³ëüí³ àíîäè ìåòîäîì âàêóóìíî-äóãîâîãî îñàäæåí-
íÿ. Çàïðîïîíîâàíî âèêîðèñòàííÿ íåðóéí³âíîãî àíîäà ³ç
çàõèñíèì ïîêðèòòÿì ZrB2–MoSi2 äëÿ ïðÿìîãî åëåêòðîë³çó
ì³ñÿ÷íîãî ðåãîë³òó ïðè òåìïåðàòóð³ 16000C, ùî äîçâîëèòü
âèäîáóâàòè êèñåíü ³ äåÿê³ ìåòàëè íà Ì³ñÿö³.

Êëþ÷îâ³ ñëîâà: ³íåðòí³ àíîäè, àëþì³í³é, âèðîáíèöòâî,
íàäæàðîì³öíà êåðàì³êà, öèðêîí³ºâèé áîðèä.
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The successful development and implementation of inert
anodes in the aluminum industry could significantly reduce or
even completely eliminate greenhouse gas emissions. The search
for suitable inert anode materials with the necessary combination
of properties remains an active area of research. Currently, three
main classes of materials are being considered: ceramics, metal-
ceramics, and metals. This study aims to develop a new type of
composite ceramic material for use as inert anodes in the
electrolytic reduction of alumina. Based on an analysis of the
requirements for inert anodes in aluminum electrolysis, the
oxidation-resistant and conductive ZrB2–MoSi2 composite ceramic
is proposed for operation within the required temperature range.
It has been demonstrated that these anodes exhibit inert behavior
toward atomic oxygen and can operate stably in atomic oxygen
atmospheres at temperatures up to 20000C. Furthermore, the
feasibility of applying a protective ZrB2–MoSi2 coating to
conventional carbon anodes via vacuum arc deposition has been
experimentally confirmed. The use of non-consumable anodes
with ZrB2–MoSi2 protective coatings is also proposed for the
direct electrolysis of lunar regolith at 16000C, enabling oxygen
and metal extraction on the Moon.

Keywords: inert anodes; aluminum; production; ultra-high-
temperature ceramics; zirconium diboride.
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