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A new set of criteria for Hall cell anode
materials is presented. Fundamental
thermodynamic data are used to estimate how
well a variety of oxides will satisfy these
criteria in the context of the total
environment of an operating industrial cell.
In addition, the results of tests of
candidate anode materials performed in this
laboratory are presented.

INTRODUCTION

While the current efficiency in modern
Hall - Héroult cells exceeds 90% the voltage
efficiency is less than 30%. In large
measure the latter is a consequence of the
present choice of electrode materials, which
imposes severe limitations on cell design,
most notably the need to separate the
electrodes by a spacing so great that more
than 40% of the total cell voltage is
associated with the so - called iR drop
across the electrolyte. The discovery of
materials for an inert anode, wettable
cathode, and inert sidewall would pave the
way for radical innovation in cell design and
operation with attendant improvements in
productivity. This paper will be restricted
to the discussion of inert anode materials.

The search for inert anode materials has
proved to be one of the most difficult
challenges for modern materials science.
While a variety of formulations has been
proposed and numerous patents have been
granted (1) no material has proven to be
fully satisfactory. Indeed, it may well be
that there is no material that can meet the
requirements of an industrial cell. At
least, this seems to be the conclusion of all
previous research which was directed to find
“the inert anode material". It is the
opinion of the authors that a totally
different approach must be adopted, i.e., not
to look for "the inert anode material" but
rather to consider the entire cell in the
context of a dynamic materials system. The
purpose of this paper is then to state
clearly the criteria of selectlion and to pose
the problem in the light of the above.

Until recently, materials used for inert
anode formulations were selected from those
oxides that have low solubilities in cryolite
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(Na_AlF_), for example Fe,O0_., Sn0O,, and
Craa . "Electrical conductiei%y is gnhanced
by2ddping with oxide additions to the host
materials or by the presence of a distinct
metal phase to form a cermet. The
disadvantage in such cases is that the host
is selected without consideration of all the
criteria and on the basis of a relatively
small and frequently inaccurate data base.
By consideration of other fundamental
materials property data, in particular
thermodynamic data, it 1s possible to
establish an improved rationale for materials
selection. Laboratory testing is necessary
to confirm that candidate materials behave
according to expectations.

MATERIALS SELECTION

in selecting candidate anode materials
one must consider as nearly as possible how
that material will behave in its total
environment. In an operating Hall cell this
environment is not homogeneous. While the
electrolyte consists of cryolite (NaaﬂlFE) -
AlF. - CaF, - Al,0, there are severe
graaients gn che&igal potential across the
interelectrode gap. In the vicinity of the
inert anode the melt is highly oxidizing due
to the evolution of pure oxygen at pressures
exceeding one atmosphere. Near the cathode
the melt is highly reducing due to the
presence of dissolved elemental aluminum.
All the while as the cell operates electrical
currenz is passing at current densities near
1 A/cm”. Given this complex set of
conditions it should be apparent that
consideration of chemical dissolution of a
candidate material in pure cryolite or even
cryolite containing dissolved Al O, cannot
alone serve as the basis for matgrgals
selection.

For example, the interaction of the
candidate material with the aluminum
dissolved in the electrolyte must be
considered. The aluminum may reduce the
metal oxide allowing the metal to itself
dissolve in the electrolyte. Alternatively,
a metal oxide may dissolve by forming a metal
fluoride through an exchange reaction with
the electrolyte.

since cryolite will dissolve most, if not




all, oxides to some extent, one must consider
what happens to a metal oxide once it is in
solution. The metal can co-deposit with
aluminum by electrolytic reduction or
dissolve in the molten aluminum cathode
following a metallothermic - type
displacement reaction. The second new
criterion, then, uses the electrochemical
series in the Hall cell electrolyte to
predict whether or not a metal will co-
deposit. The third new criterion considers
whether or not elemental aluminum will
displace the impurity metal from the
electrolyte by chemical reaction.

The diagram shown in Figure i1 can be used
as an aid in discussing the concepts behind
the proposed selection criteria. Similar to
a decision tree, the dilagram shows the tests
a metal oxide must pass in order to be deemed

useful as an anode. The first test considers
the exchange reaction between the candidate
metal oxide and dissolved aluminum. If

aluminum reduces the metal oxide the material
fails this test. However, as will be
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Figure 1. Stages in Materials Selection.

discussed in more detail below, an oxide can
be protected from chemical attack by
dissolved aluminum by the oxygen evclving on
the anode. Thie oxygen acts to oxidize the
dissolved elemental aluminum thereby reducing
its concentration in the vicinity of the
anode. Thus protected, it can still pass the
first test, hence, an alternate route through
"function of current density" has been
included.

The third and fourth boxes determine if
the oxide passes both stages of the second
test. The issue here is the chemical
dissolution of the metal oxide through the
exchange reaction between the oxide and the
molten fluorides. The first stage of this
test, "5 = 0" refers to a condition where the
metal changes valence when going into
solution. It will be shown that it is
undesirable to have the valence of the metal
increase as shown by a negative value for é.
An oxide that does not go into solution
through the oxide - flucride exchange process
will pass the second stage of this test. &An
oxide that fails this test should not be
dropped from consideration, however. The
material could still be acceptable if it can
pass both of the last two tests, "co-
deposition” and "metal - fluoride exchange".
The following discussion will consider each
test in turn starting from the top of the
diagram. An examination of the applicable
thermodynamic data will indicate which oxides
will pass which tests. The end result of
this examination will be a list of oxides
that are acceptable for use as anode
materials on the basis of the criteria
enumerated in this paper.

Both the metal - metal oxide and metal
oxide - metal fluoride reactions can be
thought to occur at the anode surface. The
former reaction between the anode and
dissclived elemental aluminum can be
represented by

Doy o B
MeO, + Al == GA1,04 + Me (1)
2

This reaction is also referred to as the
"crucible reaction”, i.e., would a crucible
made of the metal oxide under consideration
be acceptable as container of molten aluminum
at Hall cell operating temperatures? If
aluminum oxide is stabler than the metal
oxide of the crucible a reaction will occur
consuming the crucible until the melt is
exhausted of dissolved aluminum or is
saturated with alumina. The free energy
change for reaction (1) calculated per mole
of metal, Me, at 1300 K is given for various
oxides in Table I. All thermodynamic data
for this and subseguent analyses have been
taken from Barin and Knacke (2,3). Evidently
a series of oxides from Zro, to Y 03 will
satisfy the first criterion. Thegr positive
AG indicates that dissolved aluminum will not
reduce the oxide -if it is assumed that the
activities of dissolved metals are unity. Of
course during electrolysis, the anode will be
surrounded by a "shroud" of 0,- The



Table I. Free Energy of Reaction for Metal - Oxide Exchange at 1300 K

OXIDE AG, (kJ) | OXIDE AG, (kJ) | OXIDE aG, (kJ)
PbO, -829 Ta,0, -303 CeO, -30
WO, -733 Nio -301 Ba0 -12
Rh,0, -613 cdo -295 Li,0 -11
Sbo, -609 Co0 -284 Ti0 -8
sno, -528 FeO -233 zro, 19
Bi,0, -522 cr,0, -231 uo, 22
V,04 ~521 Zno -229 Sr0 31
GeO, -507 Cu,0 -184 Mgo 33
WO, -482 V,0, -181 BeO 54
Sb,0, -448 X,0 -165 cao 72
cuo -385 sio, -150 La,0, 76
Fe,0, -384 B,0, -145 Nd,0, 17
Nb,0, -370 Mno -139 sm,0, 82
PbO -347 Ti0, -130 Ce,0, 110
vo, -330 Na,0 -124 sc,0, 129
Mn,0, -321 vo -108 ¥,0, 132
8a,0, -304 Ti,0, -48

Table II. Free Energy of Reaction for Metal Oxide - Metal Fluoride Exchange at
1300 K

OXIDE AG, (kJ) | OXIDE AG, (kJ)

Sro -190 51203 33
* % - * g

PbO2 156 F8203 5
Y293 -119 Nh205 112
= 36

58203 50 V203 1
Pb0o -47 Hn203 144
T1203 -6 PbO2 148
Co0 =3 V02* 174
MnO 24 V02 223
* 7 55

M‘n203 28 WOS 2
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Figure 2. Metal Solublity Plotted Against AGz.

resulting high oxygen pressure, P,, will
certainly lower the dissclved met%l activity.
This effect could move reaction (1) in either
direction, depending on the metal valence, n,
and the relative metal activities. For this
reason some oxides may still satisfy the
first criterion due to the activity shift.
The importance of Table I is that it
indicates that some oxides will be more
susceptible to attack than others. It will
be seen that the following criteria are more
stringent in any case.

The metal oxide - metal fluoride exchange
reaction occurring at the anode surface can
be described by reaction 2

n-é
+_—
Al?a

8
3 + =0

MEOE iy

2

== -n—_a—
MeF . + —g Al0 (2)

& 3 2

The value of & is non — zero when the metal
oxide changes valence state as it goes into
solution. In such cases the thermodynamics
of the reaction are influenced by the P, .
When § < 0, the reaction is forced to tﬁe
right at higher values of the P,, clearly not
a desirable result. One can ar%ue that AG

is related to the solubility of the metal R

oxide. Evidence of this can be seen in
Figure 2 where solubility is plotted against
AG, per mole of Me at 1300 K. The solubility
dafa used in Figure 2 were taken from Table
10.3 in the book by Grjotheim et al. (45,
This plot also shows that a positive AG, is
no assurance that a metal oxide will nc% go
into solution but rather indicates only that
the metal oxide will dissalve at a reduced
activity level. In fact, the values of AGZ
are useful primarily to rank oxides in
relation to relative reactivities. The
values of AG, for some oxides whose
solubilities“have not been measured are
1isted in Table II. The attached "*"'s
indicate a condition where & > 1, "*" meaning
5§ = 1, and "**" meaning & 2. A guestion
arises at this stage as to the importance of
the second criterion in comparison with other’
criteria. If an oxide did not go into
solution then it would certainly be
acceptable as far as this criterion goes.
However, it is safe to assume that all metal
oxides will go into sclution in varying
degrees, the extent depending on the driving
force, AG,. Rather, it is better to consider
what happgns to the oxide once it has
dissolved ‘in the electrolyte. The final two
criteria consider the behavior of the
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dissolved metal at the cathode.

The metal Me can report to the aluminum
product through two mechanisms - electrolytic
co-deposition or chemical reduction by
aluminum itself. Once in the metal, the
impurity must either be removed or tolerated.
If the metal is not returned to the cell in
some form, the contamination of the aluminum
product by the metal constitutes consumption
of the anode material.

The co-depositicn critericn can be
employed using the calculajed reversible
decomposition potential, E , at 1300 K for
the reaction :

==> Me + E0

MeOE 1% (3)
2
This can be calculated using the eguation :
AG
] 3
By =~ zF (4)

where F is the Faraday constant. The values
of E° are given in Table III. According to
these thermodynamic data those oxides whose

E is more negative than that of Al 0,4 will
not co-deposit with aluminum. aasumgng the
electrolyte is saturated with the metal
oxide. The metal may, however, co-deposit in
the aluminum peol at an activity less than 1.
Howeyer, the magnitude of the cathodic shift
in E is only about 0.2 V for a metal

activity of 0.01 in molten aluminum. Kinetic
factors are also not expected to be
significant on a liquid metal cathode.
Mergault (5-7), Grjotheim et al (8), and
Monnier and Grandjean (9) have measured the
order of deposition for some oxides using a
carbon anode. The resulting series, starting

from the least negative potentials is : Nio,

V205, M0304, 00304. Fezﬂa, WOar TiOz, szoa.
Crzoa, Tazos, 002, A1203. The cxides that
were more stable than Alzoa were BeO, MgoO,
Ca0, Sr0, Ba0O, and La,0,. "The order of the

former series of oxid%sais in reasonable
agreement with that shown in Table III. The
order of the latter series was not obtained
as decomposition potentials were higher than
that for alumina.

can also dissolve in the
through a metallothermic type

The metal
aluminum pool
reaction :

+ Me

Man + 3

n n
Eﬁl = EAIF (8)

The thermodynamic data for this exchange
reaction are given in Table IV.

Tables III and IV indicate that there are
a few metal oxides capable of resisting
attack by electrolytic and metallothermic
reduction into the product aluminum. These
are MgO, Sro, La203,N6203, cao, cezos,
Sc 03, ¥.0,, and possibly Li_ 0, BaO, UO,, and
Bea. Thg gecond criterion i%dicates thgt all

Table III. Oxide Decomposition Fotentials at 1300 K
L=] [+ (=]
OXIDE -ES (V) OXIDE »Ea (V) OXIDE —Ea (V)
PbO2 0.043 FeO 0.987 CeO2 2.115
Rh203 0.054 Zno 1.052 Tio 2.158
*
cul 0.206 Mn203 1.067 h1203 2.173
Cu20 0.380 V205 1.069 5120 2.180
Bi20a 0.409 Nazo 1.117 BaO 2.202
Pbo 0.466 Gazo3 1.146 ZrO2 2.213
5b02 0.597 V02 1.302 002 2.234
Nio 0.640 Cr203 1.3863 MgO 2.375
szoa 0.647 Nb205 1.388 sSro 2.397
cdo 0.705 MnoO 1.486 BeO 2.440
Caol 0.727 T3205 1.529 La203 2.462
K20 0.748 V203 1.544 Ndzoa 2.484
Sno2 0.813 5203 1.638 szoa 2.505
Fezo3 0.842 vo 1.638 ca0 2.592
Geo2 0.846 3102 1.757 0e203 2.599
Wo 0.87¢9 '1':102 1.822 Sc203 2.621
W02 0.911 T1203 2.007 Y203 2.643
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Table IV.

Free Energy of Reaction for Metal - Fluoride Exchange at 1300 K

FLUORIDE AG5 (kJ) FLUORIDE AGs (kJ) FLUORIDE AGS (kJ)
NFG ‘ -989 VFa -317 KF 3
PbF‘ -976 CdF2 -306 UF3 6
VF5 -785 PbF2 -299 NaF 13
GDFa -657 BDF2 -283 Ber 52
WE -646 FQF2 -257 LiF 20
B:I.F3 -555 ZnF2 -257 MgF2 109
VF4 -553 CrF2 -180 NdFs 167
NbF5 -481 TiF‘ -165 ScF3 179
Mn?s -466 MnF2 -163 Ban 195
Cqu -430 SiF4 -126 Can 211
FeFa -422 T1F2 -78 SrF2 221
TEF5 -375 ZrF4 -46 YFS 2561
GrFa -353 UP‘ -42 CEFa 259
CuF -340 TiFs -42 LaF 289
Hin -329

of these oxides have or will probably have
significant solubilities in cryolite. For
this reason these oxides have not been of
great interest in anode formulations to date.
However, the high solubility must be viewed
in the light of their resistance against
further decomposition. Simply stated, it is
not so important that the oxide resist
dissolution : it is extremely important,
however, that the oxide resist exsolution.

Cerium oxide has been proposed for use as
a self forming anode (e.f.a.) material (10).
The desirability for the use of such a
material becomes apparent from the
consideration of the above criteria. The
oxide will go into solution with cryolite,
but only contaminates the metal pad in low
concentrations. Since AG, for the material
is strongly positive it cgn be easily removed
from the metal pad and returned to the cell.
Since & probably equals 1 for this material
it has the additional attribute cof a
solubility that is inversely proportional to
oxygen pressure, i.e., it becomes more
resistant the harder the cell is driven.

Oxides like Fe20 have been used in inert
anode formulations {?1), largely due to their
low solubility in the electrolyte.
Consideration of the other criteria
demonstrates the weakness in using solubility
as the only criterion for selecting
materials. Fezo does not satisfy the first
criterion, the "grucible reaction"; thus,
only if the oxygen evolving on the anode
completely removes dissolved aluminum form
the melt can Fe,0, be spared from attack by
metallothermic gaauction. From the
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standpoint of the second criterion Fe 03
looks attractive; in fact, a relativeiy low
solubility has been measured. Nevertheless,
this oxide still does not meet the second
criterion because it does dissolve in the
electrolyte as do all oxides. Fe,O4 does not
meet the third criterion because gt is
decomposed electrolytically, and iron reports
to the molten aluminum product. As well,

AlF, forms in preference to either of the

irog fluorides. Thus, the fourth criterion
is not met, and the metal can be
metallothermically displaced from the melt as
well. This also indicates that it would be
difficult to remove the iron from the
aluminum product through the addition of
AlF.. So while the solubility of Fe O, in
the melt appears to be low, a more cgmglete
consideration of the other criteria show that
this property is insufficient to make the
material acceptable as an anode. It has been
suggested (12) that corrosion may be reduced
by the addition of Fezoa to the cell through
additions to the feed. “"While this may slow
down the "wear rate" of the anode, the iron
will deposit in the aluminum and contaminate
the cell product.

In addition to the above issues one must
also address prcoblems of adeguate electrical
conductivity along with a variety of design
considerations. However, as a result of
having done a materials systems analysis, a
number of candidate oxides has been
identified for further research.



TESTING OF CANDIDATE FERRITE ANODE MATERIALS

This laboratory has been involved with
the measurement of electrical conductivity of
anode materials and the testing of these
materials in a bench - scale Hall cell.
Ferrite materials were chosen for study
because of earlier industrial interest in
them (13-17). Some Hall cell testing results
taken on a single crystal of cobalt ferrite
have been previously reported (18). Not
reported in that paper are some interesting
results obtained from a subsequent SEM
examination of the interface layer between
the ferrite sample and the electrolyte as
shown in Figure 2.

Thg sample was electrolyzed at 3.0 V,
1 A/cm”, for about 1 hr in an alumina
saturated bath containing 5% CaF, at a_ bath
ratio of 1.11 and a temperature 3f 960 C.
Figure 3 shows first a normal SEM micrograph

$:90908 PF:o0044

786K . 3IKU WD:21MM

A

with the cobalt ferrite crystal at the left
and the frozen electrolyte at the right. The
contrast was reversed for the other
micrographs so that the elemental trace would
show. The light square at the left side of
each micrograph indicates the position on the
sample represented in the chemical analysis
trace and defines the zero concentration
baseline for the profiles. This sample shows
a reaction zone of about 8 Ym in thickness.
The reaction zone for a cobalt ferrite sample
of identical composition tested in an
electrolyte of the same composition for the
same immersion time and electrolyzed only at
2.00 V was 25 to 30 Ym thick with similarly
shaped profiles. The current density for the
sample alectrolyzgd at 2 V increased from
0.20 to 0.29 A/cm”® during electrolysis. The
profiles indicate that the reaction zone is
mostly oxide with a small amount of fluoride.
The concentrations of iron and cobalt show a
gradual decline towards the outside of the

Figure 3.
the Ferrite — Salt Interface Region for a Cobalt Fegrite Crystal Sample

(25 wt% CoO in Fe203

at 960 C.

Scanning Electron Micrographs and Elemental Concentration Profiles of

) Electrolyzed at 3.0 V, 1 A/cm”, for 1 hr, in an
Electrglyte of BR"="1.11, Containing 5% CaF

2 11% Alzoa’ in Greenland Cryolite,




(Figure 3 cont.)

zone. The most interesting feature is the
high concentration of aluminum in this zone.
Microprobe analyses indicate that the
aluminum concentration is higher than the
concentrations of iron and cobalt combined as
well as being higher than the aluminum
concentration in the salt. This is
reasonable in view of the fact that the
activity of Alzo is one in the melt and zero
in the bulk of tﬁe cobalt ferrite ancde.

This chemical potential gradient is the
driving force for the formation of an alumina
rich solid solution. For the zone to grow
aluminum must diffuse from the melt through
the interface to the ferrite, while cobalt
and iron must diffuse from the ferrite to the
melt.

The reaction zone keeps the ferrite from
coming into direct contact with the
electrolyte. Since iron and cobalt must
diffuse through the layer the dissolution
process predicted in Part 1 will be slowed
down. However, the process does not stop,
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and any iron and cobalt that go into soluticn
in the electrolyte will certainly co-deposit
with aluminum. It may be that the "wear
rate" is low enough as a result of this
protection. The zone will continue to grow,
however, and at longer times may cause an
unacceptable increase in the electrical
resistance of the anode.
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