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On the question of using solid electrodes in the electrolysis
of cryolite-alumina melts. Part 1.
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Abstract: This article is aimed at identifying issues associated with the use of solid cathodes in the electrolysis of cryo-
lite-alumina melts in order to determine conditions for their practical application. The contemporary technology of using
solid anodes and cathodes is reviewed from its inception to the present time. The problems of stable electrolysis are dis-
cussed, such as effects of the electrode surface on the technological process. It is shown that all attempts undertaken
over the recent 100 years to use solid electrodes, both reactive and inert, have been challenged with the emergence of
electrolysis instability, formation of precipitates of varying intensity on the electrodes and impossibility of maintaining a
prolonged process at current densities of above 0.4-0.5 Alcm?. Information is provided on the attempts to use purified
electrolyte components with different ratios, metal-like and ceramic electrodes with a high purity and a smooth surface in
order to approach real industrial conditions. However, to the best of our current knowledge, these experiments have not
found commercial application. The authors believe that the most probable reason for the decreased current efficiency
and passivation of solid electrodes consists in the chemical inhomogeneity and micro-defects of the bulk and surface
structure of polycrystalline cathodes and anodes. It was the physical inhomogeneity of carbon electrodes that directed
the development of the nascent electrolytic production of aluminium towards the use of electrolytic cells with a horizontal
arrangement of electrodes and liquid aluminium as a cathode. This reason is assumed to limit the progress of electrolytic
aluminium production based on the use of inert anodes and wettable cathodes in the designs of new generation electro-
Iytic cells implying vertically arranged drained cathodes. The theoretical and experimental examination of this assumption
will be presented in the following parts of the article.
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K Bonpocy o npumeHeHUn TBepAbIX INEKTPOAOB ANS 3NeKTPonum3a
KPMONMUTOrNMUMHO3EeMHbIX pacnnaBoB. Yactb 1.

© E.C. lopnaHoB
00O «3KCIIEPT-All», e. CaHkm-lTemepbype, Poccus

Pesrome: Llenb — 0603HaveHne npobnem v onpegeneHne ycnoBuii NpuMeHeHns TBepabix katoaoB. MNpeactaeneH 063op
TEXHOMNOIMU 3NEKTPONN3a KPUONUTOMNMMHO3EMHBIX pacniaBoB C UCMONb30BaHMEM TBEPAbIX aHOAOB U KaTOAO0B B UCTOP U-
YECKOM pasBuTUM — OT ee n3obpeTeHns n go Hactoswero spemeHun. ObcyxaaTcsa npobnemel cTabubHOrO BeaeHus
3MNeKTponn3a, HO rnmaBHbIM 00pa30M — BMUSIHWE COCTOSIHUS MOBEPXHOCTW 3NEKTPOAOB HA TEXHONMOMMYECKMA NpoLecc.
MokasaHo, YTO BCE MOMbITKM MCMOMb30BAHWUS TBEPALIX 3M1EKTPOLOB, PEAKTUBHBIX W UHEPTHLIX, Ha NPOTsKeHWU Gonee
100 neT BCTpevanuchb C BO3HWKHOBEHWEM HECTAOMNIBHOCTU 3MEKTPONun3a, obpa3oBaHMsl Ha 3MeKTpodax 0cadKkoB pas-
NIMYHON WHTEHCWMBHOCTM W HEBO3MOXHOCTW BeeHUs npoLiecca B TeYeHMe ANMUTENbHOrO neproga Npu NIOTHOCTSAX TOKa
Bbiwe 0,4+0,5 Alcm?., MpuBEAEHbI AaHHbIE, YTO ANS NPUBNMKEHMS K MPOMbBILUNIEHHBIM YCIOBUSAM WCCNEA0BATENU NbITa-
NUCb NPUMEHSATb OYULLEHHBIE KOMMOHEHTbI 3NIeKTPONMTA C Pas3NNYHbIM UX COOTHOLLEHWEM, MeTannonofobHble U kepa-
MUYECKIE INEKTPOAbLI C UCXOOHOMN BbICOKOW YNCTOTOMN U rNaaKon NOBEPXHOCTLID. TEM HE MEHEe, KOMMEPYECKOoro Bbixoaa
3TUM MHOTOYMCNIEHHBLIM MOMbITKAM B JOCTYMHLIX MCTOYHMKAxX He obHapyxeHo. B npegnaraemon kK o6CyXaeHuo ctaTbe
npegnonaraeTtcs, YTo Hanbonee BEPOATHOW NPUYMHON YMEHbLUEHMS BbIXOA4a MO TOKY W NaccuBaLuu TBEPAbIX 3NEKTPO-
[OB SIBNSIETCS XUMUYECKAs HEOOQHOPOAHOCTb U MUKPOAEedEKTHOCTb OOBLEMHOM 1 NOBEPXHOCTHON CTPYKTYPbI MOMNMKPY-
CTannU4ecknx KaTofoB ¥ aHoJoB. IMEeHHO hu3anyeckass HEOAHOPOAHOCTb YroNbHbLIX 3NEKTPOLOB HanmpaBuna passnuTue
3apoxaarLLencs TEXHONOrMK NIeKTPONMTUYECKOTO NPOU3BOACTBA alIlOMUHMST HA NPUMEHEHUE 3NEKTPOSIM3EPOB C rop u-
30HTanbHLIM PaCMONOXEHNEM SNIEKTPOAOB W UCMOMb30BAHME B KayecTBe kaToga OAHOPOAHOM MOBEPXHOCTU XKWMOKOro

BECTHWK UPKYTCKOIO rOCYAAPCTBEHHOIO TEXHWYECKOIO YHUBEPCUTETA 2020;24(6):1324-1336
1324 ISSN 1814-3520
PROCEEDINGS OF IRKUTSK STATE TECHNICAL UNIVERSITY 2020;24(6):1324-1336



http://dx.doi.org/10.21285/1814-3520-2020-6-1324-1336

Gorlanov E.S. On the question of using solid electrodes in the electrolysis of cryolite-alumina melts. Part 1

Fopnaroe E.C. K eonpocy o npumeHeHuu meepdbix 351ekmpodoe 01151 31eKmpou3a KpuoaumoanuHo3eMHbIX ...

anwoMUHUs. OTa Ke NMpUYMHa orpaHUYMBaeT pasBUTME JMEKTPONUTUYECKOTO MOJTyYEHUs! antoMUHUS C UCMONb30BaHUEM
MHEPTHbIX aHOZOB U CMayMBaEeMbIX KaTOOB B KOHCTPYKLIMAX 3MEKTPONU3EpOB HOBOMO MOKOMEHNA — C APEHNPOBAHHBIMM
kaTogaMu U BepTUKanbHLIM PacrooXeHUeM aNeKTpoaoB. PasBuThe 3TOro NPeAnoNoXeHUs, TeopeTieckoe M akcne-
puMeHTanbHoe, ByaeT ob6cyxaaTbCs B CEAYHLLMX YacTaX CTaTbul.

Knwoueenie cnoea: QJIEKTPOSING, TBEPAbIE 3NEKTPOAbI, q‘)I/ISVI‘-IeCKaH HEeOOHOPOAHOCTb, NaccmBauna Katoga, MHEPTHbIE
aHodbl, CMa4YnBaeMble€ KaToabl

Ans yumupoeaHus: MopnaHos E.C. K Bonpocy o npuMeHeHUN TBEPAbIX 3MEKTPOLOB LM SNEKTPONIN3a KPMONNUTOTIUHO-
3eMHbIX pacnnaBoB. Yactb 1. BecmHuk Mpkymckoao eocydapcmeeHH020 mexHuyeckoao yHugepcumema. 2020. T. 24.
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INTRODUCTION

Attempts to develop an approach to the elec-
trolysis of cryolite-alumina melts using solid
electrodes have been ongoing since the incep-
tion of aluminium production. Such persistence
can be explained, on the one hand, by the pro-
spect of increasing the specific productivity of
the process using vertically arranged electrodes
in the limited volume of an electrolytic bath. On
the other, there has always been a desire to
minimize power consumption to the theoretically
possible values of 6.242 and 9.162 kWh/kg Al
when using carbon and inert electrodes, respec-
tively [1]. These values are assumed attainable
under the polar-to-polar distance (PPD) of about
1.5+2.0 cm, which can be achieved only be-
tween solid electrodes. Nevertheless, for more
than 130 years, the industrial production of alu-
minium has relied on electrolytic cells with a hor-
izontal arrangement of electrodes and the use of
the uniform surface of liquid aluminium as the
cathode. Researchers in [2, 3] explained the
long-term lack of progress in the commercial
development of electrolysis based on inert elec-
trodes by micro-defects of polycrystalline cath-
ode surfaces. The results of these studies are
generalized in, but require further research un-
der laboratory and industrial conditions. It is of
primary importance to elucidate the causal rela-
tionship between the surface heterogeneity of
electrodes, their passivation and the instability of
the electrolysis process. This understanding can
contribute to elaborating on the conditions of
using solid cathodes. In this part of the article,
we will discuss the pioneering works on the
electrolytic production of aluminium and modern

studies developing methods for the electrolysis
of cryolite-alumina melts using solid electrodes
through the prism of contemporary knowledge
and achievements in the field.

19th CENTURY

It is common knowledge that the electrolytic
production of aluminium from halide melts be-
gan with the use of solid electrodes. Among
numerous methods for the electrolysis of molten
salts at the end of the 19th century, only the
methods proposed by Paul L.T. Héroult, Charles
M. Hall and Adolphe Minet were of industrial im-
portance. In fact, these researchers patented
compositions of electrolytes based on cryolites
and the dissolved aluminium oxide. In their first
prospecting works, patents and industrial units,
the authors used metal and carbon electrodes
arranged vertically and parallel to each other in
electrolytic cells.

P. Héroult submitted his first patent applica-
tion on April 23, 1886 in France and registered it
in September of the same year [4]. Later in
1887-88, the same process with minor modifica-
tions was patented in England and Belgium. Ac-
cording to this method, cryolite-alumina melts
underwent electrolysis to yield aluminium. The
walls of a graphite crucible served as the cath-
ode; a cylindrical carbon anode was immersed
in the melt in the centre of the cell, the tempera-
ture in which was maintained by an external
source. Thus, in a crucible with a depth of 20 cm
and an inner diameter of 14 cm, at a current of
400 A and a voltage of 20-25 V, relatively pure
aluminium was obtained at current densities at
the cathode and anode of 0.45 Alcm? and 1.70

'Gorlanov ES. Doping of cathodes used in aluminium electrolytic cells by a low-temperature synthesis of titanium dibo-
ride: Dissertaion for the Degree of Dr. Sci. in Engineering: 05.16.02. Saint-Petersburg, 2020. 391 p. / l'opnaxos E.C.
lNernpoBaHue KaTodoB anmOMUHUEBBLIX 3MEKTPONU3EPOB METOAOM HU3KOTEMMEpPaTypHOro CuHTe3a aubopuia TuTaHa:
Auc. ... A-pa TexH. Hayk: 05.16.02. CIM6., 2020. 391 c.
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Alem?, respectively. Héroult mentioned no limi-
tations of the presented electrolytic process, ex-
cept for the resistance of the carbon crucible
and the increased consumption of the anode.

Charles Hall filed his first patent application
on July 9, 1886 under No. 207601 [5]. Hall pa-
tented an electrolytic cell with external heating
and a carbon lining, in which the negative and
positive electrodes were immersed vertically in
the molten salt NaF-AlF; (NaAlF,) with the addi-
tion of alumina under the cryolite ratio (CR) = 1.
After melting the dry salts, the electrolysis cur-
rent was switched on. The anode was made ei-
ther of carbon (to obtain pure Al) or Cu, Pt and
other metals. It should be noted that, when a
carbon anode was used, CO was released at
the electrode. Conversely, the use of a copper
anode resulted in the release of oxygen. In order
to reduce the melting point, it was proposed to
substitute some part of NaF with LiF. Aluminium
at the cathode was reduced in the form of glob-
ules, which sank to the bottom of the crucible.

Since the productivity of an electrolysis unit
working on this principle was rather low, Hall
continued to improve his method. In an addi-
tional application No. 226206 submitted on Feb-
ruary 2, 1887, Hall presented a different electro-
lyte composition — KF-AlF3; (KAIF4) with alumina
(CR =1) [6]. The optimal voltage across the cell
was indicated to equal 3—-4 V. Similar to the pre-
vious application, the possibility of using the
walls of a carbon crucible as the cathode was
confirmed, thus resembling Heroult's patent in
its key aspects.

Continuous testing of the proposed method
failed to solve issues associated with unstable
electrolysis. In his next application No. 282954
dated August 17, 1888 Hall noted that, when
using the electrolyte composition according to
the previous patents, a black or dark substance
would form in the near-cathode electrolyte. This
substance impeded electrolysis, increasing the
electrical resistance in the system and requiring
frequent renewal of the melt [7]. Therefore, the
purpose of the patented invention was to pro-
vide an electrolyte composition, under which
electrolysis could be carried out continuously
without adjusting the current and terminating the
electrolysis. It was proposed to use the compo-
sitions CaF,-2AIF; (CaAl;Fg) and 3CaF,-2AlF;
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(CazAlyF12) with the addition of BaAl,Fg and
SrAl;Fg. These compositions were heavier than
metal, thus allowing aluminium to be floating on
the surface. Therefore, a carbon baffle was
needed between the anode and cathode regions
to protect the cathode from oxidation. At the
same time, to reduce the density of the electro-
lyte, it was proposed to add 2KF-2AIF; (K,Al,Fs)
to the ready-made compositions in the amount
of 2/3 of its weight. Then the obtained aluminium
would remain under the melt, requiring no baffle.
It should be mentioned that, according to the
scheme proposed by Hall, the size and, there-
fore, the entire cathode area was much smaller
than that of the anode. This meant that the cur-
rent density at the cathode was higher than that
at the anode. Perhaps Hall provided for a possi-
bility of working at lower anode densities to re-
duce anode consumption.

According to the supplementary patent ap-
plication No. 282955 also filed on August 17 in
1888, a black precipitate was largely formed in
an electrolyte consisting of sodium and alumini-
um fluorides rather than in that consisting of po-
tassium, calcium and aluminium fluorides [9]. In
this regard, Hall proposed to use the melt com-
position Na,Al,Fg + CaAlbFg (NaF-AlF; +
CaF,-2AIF; = NaF-CaF,-2AlF3), i.e. with a molar
ratio of CR = 0.5. This composition is character-
ized by a lower density than aluminium, which
allowed the metal to sink to the bottom of the
crucible. It was noted that addition of aluminium
oxide in amounts larger than could be dissolved
was not problematic, since its excess would de-
posit at the bottom in the form of a precipitate
and would be consumed upon its lack in the
electrolyte. The electrolytic cell was operated at
a voltage of about 6 V, although larger voltage
ranges were also possible.

Charles Hall registered his last application in
this series (No. 286034) on September 21, 1888
[9]. It was noted that the disruption of the pro-
cess began with passivation of the carbon cath-
ode. Thus, under the same conditions and the
use of the same electrolytes, metal cathodes did
not passivate. Following numerous experiments,
Hall concluded that the stability and the very
possibility of electrolysis depended on the elec-
trolyte composition. In this regard, it was pro-
posed to use electrolytes of compositions speci-
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fied in his previous applications, but with the ad-
dition of 3—4 % wt. calcium chloride, in the pres-
ence of which the process would proceed with-
out noticeable decomposition of the electrolyte
at a voltage of 4-8 V.

In this brief review of Héroult's and Hall's
methods, we deliberately drew attention to the
stability of cathodic processes and the entire
electrolysis of molten salts. The design of
Heroult's electrolytic cell, in which a carbon
cathode was operated at current densities lower
than 0.5 Alcm?, allowed a stable process under
laboratory conditions with a rise of up to 400 A.
Conversely, in Hall's designs with equal geomet-
ric current densities at the anode and cathode
(the current intensity was not indicated), the
process was unstable and was followed by pas-
sivation of the carbon cathode with dark precipi-
tates. It can be assumed that the use of an elec-
trolyte composition with a cryolite ratio of 0.5-
1.0 and a corresponding low solubility of alumin-
ium oxide, an insufficient content of dissolved
alumina in the melt made the electrolytic cell
operate at limiting values of diffusion current
densities. In that case, the cathode potential
shifted towards more electronegative voltages
(without changing the total current) up to the de-
composition potentials of the electrolyte compo-
nents. It goes without saying that the composi-
tion of the electrolyte with a low CR had a signif-
icant effect on the stability of the entire process.
However, Hall noted that, in the same electro-
lytes, the process was stable when using metal
cathodes. In this regard, we cannot assume any
other reason for the instability of electrolysis and
passivation of the carbon cathode, except for
the condition of the cathode surface, i.e. the
physical inhomogeneity of the electrode surface
(pores, irregularities, cold shuts, scratches and
other defects). It is known that the electrical en-
gineering industry was only at the beginning of
its development at that time. It was impossible to
purchase carbon electrodes with a diameter of
more than 50 mm, and the available carbon
products were of low quality.

On the basis of these preliminary findings, it
becomes possible to explain the results ob-
tained by Adolphe Minet, a famous French re-
searcher and electrical engineer. In 1887 and
1888, at the Bernard Bros. at Creil, Minet exper-

imented with the electrolysis of cryolite-alumina
melts containing sodium chloride, producing
about 15-20 kg of aluminium per day [10]. In
fact, his process and industrial units differed
from those proposed by Hall and Héroult only by
the addition of NaCl to the electrolyte. However,
unlike his colleagues, Minet investigated not on-
ly electrolysis, but also conducted systematic
theoretical studies under laboratory and indus-
trial conditions. In particular, he investigated the
dependence of current efficiency (CE) on cur-
rent density and cathode material. Small labora-
tory cells with iron cathodes, which were operat-
ed for 12-24 hours at current densities of up to
0.5 A/cm? and voltages of 5.5-5.75 V, produced
the CE of no more than 52%. However, when
carbon cathodes were used, the CE of about
75% was achieved. The opposite situation was
observed when the current density was raised
above 0.5 A/cm®. Then the CE on carbon cath-
odes did not exceed 52-54%, although this indi-
cator ranged from 68 to 82% in cells with iron
cathodes. These findings were confirmed on
semi-industrial electrolytic cells with a current of
3000 A. The only difference was that, at higher
current densities, the values of current efficiency
depended more strongly on the cathode material
used: the application of carbon cathodes result-
ed in the CE of 66-70%, while iron electrodes
made it possible to reach CE = 90%. Generaliz-
ing the results of his experiments, Minet as-
sessed the electricity consumption for the pro-
duction of 1 kg of aluminium at the level of 32
and 23 kWh for carbon and iron cathodes, re-
spectively. Unfortunately, the author did not pro-
vide any explanation for these results. However,
the current level of knowledge about the influ-
ence of the cathode surface on electrochemical
processes [11-14] allows us to propose the fol-
lowing assumption. At a low geometric current
density (in our case, up to 0.5 Alcm?), its uneven
distribution over the surface of polycrystalline
electrodes does not approach critical levels, i.e.
the limiting current density. The cathodic pro-
cess proceeds in a stable diffusion mode with a
potential that ensures the discharge of the target
melt components — aluminium ions. On a carbon
cathode with surface micro-defects, the actual
current density will be higher than that on a rela-
tively uniform surface of an iron cathode. There-
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fore, the rate of the process, and hence the al-
uminium output over a particular time period will
be higher. This situation changes when a certain
current density is exceeded (in our case, 0.5
Alcm?). An increase in current density intensifies
its non-uniform distribution, similar to the corre-
sponding current concentration on the defects of
the surface structure — on the peaks or sharp
edges of pores and irregularities. In this case,
the current density at the carbon cathode can
reach the limiting value not only for the dis-
charge of aluminium ions, but also for more
electronegative ions, e.g., calcium. Under an
avalanche-like development of the process, a
simultaneous discharge of electronegative impu-
rities (sodium, calcium) and the decomposition
of aluminium fluoride and cryolite are possible,
followed by partial or complete passivation of
the electrode. When describing the course of
electrolysis, Minet did not indicate problems as-
sociated with the stability of the process; how-
ever, a moderate manifestation of these effects,
l.e., current consumption for inappropriate reac-
tions, could lead to an overestimated power
consumption and an underestimated current ef-
ficiency when using carbon cathodes. In conclu-
sion, let us emphasize that, in 1890, a more
powerful electrolysis plant was built in Saint-
Michel, Savoy, based on Minet's method. By
1894, this plant had been producing 450 kg of
aluminium per day. However, the facility was
transferred to Hall's process in 1895, reportedly
due to the relatively high cost of production.

It is essential to understand the reasons ex-
plaining the popularity and spread of Hall's tech-
nology and industrial units in the USA, Canada
and Europe. Note that two patent applications
dated 1886 and 1887 refer to the period of Hall's
work in his own laboratory (table).

The other three applications, August—
September 1888, were submitted immediately
after the severance of Hall's relations with the
Electric Smelting and Aluminium Co° (Cowles
brothers), operating in Lockport, NY (Lockport,
NY). This breakup was triggered by the unsatis-
factory results of Hall's experiments on a small
scale, and the additional patent applications
were aimed at eliminating the flaws in the pro-
cess. Having registered applications for the pro-
duction of aluminium by an electrolytic method,
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Hall went to Pittsburgh in September 1888 to
negotiate the establishment of the Pittsburgh
Reduction Company (PRC) — the predecessor of
Alcoa. The owners immediately began the con-
struction of the plant, which had been producing
22-23 kg of aluminium per day by November
1888. The electrolytic cells were small cast iron
baths (cathode casing) with the dimensions of
60 x 40 cm and a depth of 50 cm, lined inside
with carbon plates 75 mm thick and containing
up to 90-136 kg of electrolyte (figure) [15]. The
electrolyte level was about 15 cm with a cryolite
ratio NaF/AlF; = 1.

Eight cylindrical carbon anodes (8 cm in di-
ameter) in two rows were suspended from
above on copper current leads 1 cm in diameter.
Each of the anodes received from 220 to 250 A,
a total of 1800 A of direct current was supplied
to the reduction cell. The soles of the anodes
were kept from the bottom at a pole-to-pole dis-
tance (PPD) of 1.3-2.6 cm, but the voltage was
maintained at about 8 V. To reduce the con-
sumption of fluorine salts and to protect the an-
odes from oxidation, carbon powder (covering
material) was poured on the electrolyte surface
with a layer of 2-3 cm. The productivity of such
electrolytic cells was up to 12 kg Al/day with an
anode consumption of 1 kg and an energy con-
sumption of about 30 kWh per 1 kg of Al pro-
duced. The service life was about several
weeks, during which the electrodes were pas-
sivated by precipitation causing unstable opera-
tion of the electrolytic cells.

The above-described scheme exhibits sev-
eral inconsistencies related to current density,
electrolyte level and cell voltage. For example, if
it is assumed that all the current passed be-
tween the lower plane of the anode and the cell
floor, the anode current density at the bottom
was about 5-6 A/cm? and the cathode current
density ranged from 0.75 to 1.0 Alcm?. At the
same time, it is obvious that not only the cell
floor could serve as the cathode surface, but
also the carbon walls of the side lining, the dis-
tance from the anodes to which was about 8 cm.
This partly explains the increased operating
voltage; however, the actual anode and cathodic
current densities are difficult to estimate. On the
other hand, if the electrolyte level did not exceed
15 c¢m, its amount would have corresponded
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Charles Hall’s patents obtained during 1886-89
MateHTbl Y. Xonina B nepuog 1886—1889 rr.

No. pp Application No./date Patent No. * Patent name
1 207601/ 07.09.1886 400766 Process of reducing aluminium by electrolysis
2 226206 / 02.02.1887 400664 Process of reducing aluminium from its fluoride salts by electrolysis
3 282954 /17.08.1888 400665 Manufacture of aluminium
4 282955 /17.08.1888 400666 Process of electrolyzing crude salts of aluminium
5 286034 /09.21.1888 400667 Process of electrolyzing fused salts of aluminium

*All the patents were registered simultaneously on April 2, 1889 / Bce naTeHTbl 3aperucTpupoBaHbl OAQHOBPEMEHHO 2

anpens 1889r.

Pittsburgh Reduction Company cells in 1888 (Pittsburgh, Smallman Street plant) [16]
Anekmponu3sepel Pittsburgh Reduction Company 1888 2. (Pittsburgh, Smallman Street plant) [16]

to lower values of about 50-55 kg, rather than
90-136 kg. In other words, it is obvious that the
first industrial electrolytic cells, having a cell
depth of 50 cm, comprised a liquid aluminium
cathode. Then it becomes possible to explain the
increased consumption of anodes and a rather
high daily output of aluminium, as well as the de-
cision of stockholders in 1990 to expand the plant
switching to larger electrolytic cells of 10 kA.

Why are we discussing Hall's laboratory
tests in such detail, as well as his patents for the
method of electrolytic production of aluminium
and the first steps of the aluminium industry?
First, at the stage of making a decision to im-
plement his experiments in practice, Charles
Hall took advantage of his patents and chose
the option of an electrolysis cell with an anode in
the centre of the bath and the cathodic surface
of the crucible. In all of his five patents, this con-
struction design was not the major feature and
coincided exactly with Héroult's patent deci-
sions. Secondly, even before the introduction of
the method into practice, in 1888, Hall, PRC

stockholders and factory specialists abandoned
the idea of using solid cathodes, which failed to
ensure stable operation of electrolytic cells. It
was with this collective stockholder decision that
the Pittsburgh Reduction Company laid the
foundations for the modern aluminium produc-
tion process. In this regard, and thirdly, the de-
velopment of a new method of the electrolysis of
cryolite-alumina melts using a uniform surface of
liquid aluminium as the cathode, revised electro-
lyte compositions and other technical and de-
sign solutions gave aluminium companies
grounds to restrict access to their plants to out-
side specialists. In the late 19th and early 20th
centuries, European and American aluminium
plants became the most closed industrial enter-
prises inaccessible for visiting [17].

20th CENTURY

In the subsequent pre-war and post-war
years, some attempts to return to the use of sol-
id cathodes were made [18, 19]. These attempts
failed at the stage of obtaining patents, since
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carbon electrodes are not wettable with alumini-
um. Interest in cell designs using solid cathodes
revived in the 1950s after the publication of
Ch.E. Ransley’s patents on the use of borides
and carbides of refractory metals, which are
wettable with aluminium and resistant to ag-
gressive working environments, as cathode ma-
terials [20-22]. Although these inventions have
not found commercial application, numerous
studies were carried out to employ the unique
properties of products and coatings based on
carbides and borides of refractory metals in the
designs of conventional aluminium reduction
cells and new generation reduction cells with
drained cathodes and vertically arranged elec-
trodes [23-30]. Investigations of compact prod-
ucts made of titanium diboride (TiB,) or its com-
posites demonstrated not only their effective-
ness but also their vulnerability associated with
increased cracking as a result of inter-granular
corrosion and a relatively rapid wear.

When developing a technology for using ver-
tically arranged inert electrodes, researchers
faced a more serious problem (which was famil-
jar at the time to Charles Hall). This problem
was associated with aluminium-wetted cathodes
based on titanium diboride, rather than with inert
anodes. The work of C.W. Brown published in
1998 [31] reported the results obtained by The-
odor Beck, whose first series of experiments
with the electrolysis of low-melting potassium-
sodium electrolytes with increased alumina con-
tent at 700° C resulted in passivation of TiB,-
cathodes with a grey or white sediment. Alumin-
ium was found in the cell in the form of small
spheres. The author found these results per-
plexing.

The following series of experiments was un-
dertaken to elucidate the behaviour of TiB,-
based cathodes at 750° C in low-temperature
electrolytes (NaF:44%A1F; and
NaF:AlF;+KF:A1F3+4%LiF). Round metal-alloy
anodes were placed at the bottom of the cell
made of corundum with a volume of 500 ml.
Cathodes of two types were placed above the
anodes in the cell. The first type was a pure hot-

AlF; + %C = Al + %CF,,

NazAlFg + %C = Al + 3NaF + %CF,,

MeTannyprusa n matepuanosegeHue
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pressed TiB, produced from a tank armour plate
supplied by Ceradyne. The second type was a
composite with graphite, designated as TiB,-
10%G, provided by the Great Lakes Carbon
company. For each test, fresh diamond-polished
cathode specimens were used. The current
density, cathode and electrolyte compositions
were varied. The anode current density was
maintained within 0.13-0.5 A/cm?. The tests
were carried out at three cathode current densi-
ties by changing the cathode surface area -
0.08 Alcm?, 0.3 Alcm? and 1.2 Alcm?, depending
on which the experiment lasted for 320, 80 and
20 minutes, respectively.

After all the experiments, the cathode was
found to be covered with a thin layer of Al, but
there was always a grey or black electrolyte lay-
er on top of the aluminium. This sediment was of
two types. The first type was present only on
TiB,-G cathodes operating at high current densi-
ties. This grey and hard residue could not be
removed from the electrode surface. Visually,
aluminium was absent on these cathodes, but
energy dispersive spectroscopy discovered a
thin layer of aluminium between the cathode and
the deposit, which consisted of cryolite. All other
cathodes had a mixed, relatively soft layer of
grey electrolyte with black inclusions and alu-
minium.

Beck reported additional observations, ac-
cording to which the formation of sediments de-
creased at low current densities and increased
alumina concentrations. No residue was formed
at temperatures above 800°C. Based on the ex-
perimental results and these observations, it
was concluded that the cathodes passivated
due to insufficient dissolution of aluminium
oxide.

However, the results of the conducted EDS
analysis, i.e. the presence of a thin layer of alu-
minium between the cathode and the passivated
deposit, may indicate the cathode operation at
the limiting current densities in terms of alumini-
um and the potential shift up to the values of the
decomposition voltage of the electrolyte compo-
nents:

E%,=2.144V; (1)

E% =2.520 V. )
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It should be noted that preliminary polishing
of cathode samples gives a short-term effect,
since an intercrystalline oxide phase formed dur-
ing manufacture and/or heating is always pre-
sent on both the surface and in the bulk. Upon
interaction with the electrolyte, these oxides,
oxyborides and oxycarbides dissolve followed
by the formation of progressive physical surface
heterogeneity. Therefore, Beck’s observations
can be interpreted from the standpoint of une-
ven distribution of the current and potential over
the cathode surface. This non-uniform distribu-
tion decreases with a decrease in the total load
on the electrodes, since an increase in tempera-
ture decreases the viscosity of the melt, thus
removing restrictions on mass transfer.

When developing a technology of new gen-
eration reduction cells comprising vertical elec-
trodes at the turn of the 1990s and 2000s, spe-
cialists at the Alcoa research centre noted the
emergence of problems associated with the op-
eration of cathodes from hot-pressed TiB, rather
than with the operation of low-consumable an-
odes. Unfortunately, the information from Alcoa
was very limited and not informative [32]. Alt-
hough the essence of the problem was not dis-
closed, the company reported on the presence
of oxides in dense cathode products, which ap-
peared at the stage of their manufacture, in the
process of firing and starting the bath. It seems
obvious that the problem lies not only in the high
cost of titanium diboride products, but also in the
peculiarities of cathodic processes on solid pol-
ycrystalline cathodes during the electrolysis of
cryolite-alumina melts.

21st CENTURY

A more informative report was issued in
2005 by the Northwest Aluminium Technologies
(NAT) on a 4-5 year experience of working on
the same issue [33]. Metallic Cu-Ni-Fe anodes
and TiB, cathodes were used in 200 to 5000 A
electrolytic cells operating at a current density
from 0.25 to 1 Alcm? in experiments lasting for
5-300 h. Standard problems were noted for TiB,
cathodes, with the major problems concerning

the formation of sediments and passivation of
the cathode surface at current densities of
above 0.5 A/cm?. Among the underlying reasons
for these phenomena were mentioned the po-
rous structure and presence of titanium oxides
on the surface and in the bulk of the cathodes.
The conclusion was made that hot-pressed
cathodes made of titanium diboride were unsuit-
able for commercial use. In a postscript, Dr
Bradford, the author of the NAT report, con-
cludes: “Therefore, the most important condition
for the successful operation of the system under
development is the creation of cathodes suitable
for long-term use in the technology of inert an-
ode with low-temperature electrolytes.”

A study published in 2007 [34] investigated
the behaviour of inert anodes in a conventional
electrolyte at 960°C and in low-temperature
electrolytes KF-AlF3 and K3AlFg-NazAlFs-AlF; at
700-800°C. It was observed that the electrolysis
was more stable in a readily-fusible electrolyte
at 800°C, whereas significant voltage fluctua-
tions (5.96-19.6 V) associated with the for-
mation of a passivating sediment on the cathode
were noted at 700°C. Similar observations were
recorded at the Institute of High-Temperature
Electrochemistry of the Ural Branch of the Rus-
sian Academy of Sciences [35].

Low-temperature electrolysis with the use of
KF-AIF potassium electrolytes, CR = 1.3 and the
working temperature of 700-770°C was investi-
gated in? [36]. In some experiments, sodium flu-
oride was added to a potassium electrolyte. The
concentration of alumina was maintained at the
level of 4.5-5.5 %wt. All the experiments used
electrolytic cells operated at 20 and 100 A with
vertically arranged anodes and cathodes. Alu-
minium bronze was used as the anode, while
the cathode was composite TiB,-C. The dis-
tance between the cathode and anode plates
was 2 cm. The proposed experimental cell im-
plied the use of a vertical anode in the centre
and two cathodes on the sides. According to the
scheme, all electrodes were of the same size in
section. The paper specified the size of the an-
odes, as well as the anode and cathode densi-

Tkacheva OYu. Low-temperature electrolysis of alumina in fluoride melts: Dissertation for the degree of Dr. Sci. in
Chemistry: 05.17.03. Ekaterinburg, 2013. 24 p. / TkayeBa O.}0. HuskoTemnepaTtypHbIA 3NEKTPONN3 rMMHO3eMa BO (pTo-
PUAHBIX pacnnaeax: auc. ... A-pa xum. Hayk: 05.17.03. Ekatepunbypr, 2013. 245 c.
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ties of 0.45 A/cm and 0.52 Alcm, respectively.
The size of the cathodes and the approach used
for maintaining the electrode load were not giv-
en, thus hampering the analysis of the published
data. A 1.5-litre corundum crucible was used as
a container. During the electrolysis, the voltage
on the bath, current, temperature, anode and
cathode potentials were recorded using the
Labview software at a rate of 1 measurement
per second. During the entire experiment, the
voltage increased from 5.5 to 8.5 V. Even the
disconnection of the current (for the dissolution
of the anode film as stated) did not lead to a de-
crease in voltage. After the experiment, the
cathode was found to be covered with a thick
layer of a grey substance (cake), which showed
the presence of only KAIF, and K3AlFg according
to X-ray analysis. No aluminium oxide was
found. According to the authors [36], the sedi-
ment on the cathode was to be associated with
the enrichment of the near-electrode region with
potassium fluoride, the increase in CR and, as a
result, its melting temperature. Eventually, the
electrolyte "freezes" on the cathode surface,
thus passivating it. Therefore, an increase in
electrolysis temperature removes the sediment
from the cathode and normalizes the process.

In our opinion, an increase in temperature is
capable of melting the sediment on the cathode
formed for other reasons as well, e.g., due to a
decrease in the electrolyte viscosity and an im-
proved hydrodynamics of the melt in the polar
space. Moreover, the cathode process in these
experiments, considering the proposed scheme
(anode in the centre, cathodes on the sides),
took place at reduced current densities. In addi-
tion, all the parameters — the process tempera-
ture, the solubility of aluminium oxide and the
electrolysis stability — were directly proportional.

Similar results were presented in 2018 fol-
lowing a series of large-scale laboratory studies
of electrolysis in a cell with vertical electrodes
[37]. Inert ceramic materials were used as an-
odes; cathodes were prepared from composite
TiB,-C. For a molten environment, a low-floating
electrolyte KF-NaF-AlF; was prepared by mixing
the corresponding quantities of sodium cryolite,
potassium fluoride and alumina of industrial va-
rieties. After the mixture had been melted, the
KF content was about 20%wt; the ratio

MeTannyprusa n matepuanosegeHue
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[NaF]+[KF])/[AIF3] was 1.4-1.5; and the alumina
content was 4.2-5.3%wt. In experiments with a
current density of 0.07 A/cm?, no aluminium on
the cathode was observed. In experiments with
a current density ranging from 0.15 to 0.26
Alcm? and stable electrolysis parameters, a
dense layer of aluminium was formed on the
wetted surface. However, when the current den-
sity was raised above 0.4 Alcm?, the process
destabilized, leading to a dramatic decrease in
current efficiency. A layer of electrolyte compo-
nents and aluminium carbide was formed on the
cathode. The authors [37] reasonably explained
this situation with a local increase in the cryolite
ratio in the near-electrode layer due to an in-
crease in the polarization of the cathode, under
which values the discharge of Na and K ions
was intensified.

However, sodium and potassium in atomic
form are capable of interacting with the cathode
material followed by micro-degradation of its
surface. This was confirmed by the work [38],
which examined the interaction between Na and
hot-pressed cylindrical samples of TiB, in an
installation for thermogravimetric analysis. TiB;
showed a high reactivity with regard to gaseous
Na. The weight gain after a 72-hour exposure to
sodium vapours was 0.26 and 0.43 wt% at
750°C and 850°C, respectively. At the same
time, visually, the sample had no clear changes
in size, although changing its colour from grey-
ish to black. According to EDS analysis, the sur-
face black layer of 30—40 microns thick consist-
ed mainly of Ti, Na and O. Noteworthy, the
dense phase in the titanium diboride surface
layer was sodium borate with the formula
NaBO,, while the upper porous phase consisted
of sodium oxides and titanium. This means that
Na and oxygen are involved in the reaction with
TiB,. According to the authors, this process un-
der the experimental conditions (750°C) takes
place according to the following scheme:

TiB, + 8Na(gaseous) + 4.50,(gaseous) —
NayTiO4 + NayB,Os(liquid)
AG®; = -3528.4 kJ/mol 3)

The authors [38] noted that, in an industrial
electrolytic cell, the formed liquid borate phases
would dissolve in the electrolyte, thus exposing
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the new surface to the next decomposition cy-
cle. This would lead to a continuous degradation
of the cathode. If these effects were limited sole-
ly to the cathode surface corrosion, which might
be acceptable for the commercial use of titani-
um-diboride-based electrodes, the development
of inert cathode technology could be considered
a success. However, the problem of surface cor-
rosion and the associated increased physical
and chemical heterogeneity of the cathode sur-
face can be a serious obstacle to ensuring a
normal process of electrolysis.

CONCLUSION

On the basis of the presented analysis of
available publications, we attempted to establish
a functional connection between various elec-
trolysis parameters and the state of the elec-
trode surface in the context of historical evolu-
tion of this research field. During the develop-
ment of electrolysis of cryolite-alumina melts
using solid electrodes, both contemporary re-
searchers and 19th-century scientists observed
and sought to overcome the same problems, i.e.

increased consumption and dissolution of an-
odes, passivation of cathodes and disruption of
the electrolytic process. In the 19th century, this
problem was solved by the use of liquid cath-
odes and horizontally arranged electrodes. De-
spite the high production costs, particularly elec-
tricity, this approach was justified by an ex-
tremely high demand in aluminium. Therefore, in
the 20th century, researchers aimed to improve
this method by increasing the unit capacity of
electrolytic cells. In today’s world, with its severe
environmental constraints and threatening ener-
gy shortages, a return to the origins of the alu-
minium industry seems possible. It is hoped that
all the problems of electrolysis on solid elec-
trodes could be solved by accumulated
knowledge, new materials and automated tech-
nological procedures. This requires additional
theoretical investigations and experimental stud-
ies, which will be described in the following parts
of the article devoted to the specific features of
electrolysis using solid electrodes — reactive and
inert cathodes and anodes.
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