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Current  interest exists in development of  nonconsumable anodes for the Ha l l -Hr rou l t  process of  
aluminium product ion and also in situ analytical probes for determination of  A1203 content  in the 
cryolite melts used in this process. A comparison of  the behaviour of  glassy carbon and metals 
such as tungsten, tungsten carbide, nickel and stainless steel (SS~316)used" as anodes in a lumina  
cryolite melts is investigated by means of  electrochemical transient techniques (cyclic vol tammetry 
and chronoamperometry)  and Tafel anodic polarization experiments. The results show that only 
glassy carbon could be used as a successful sensor electrode for an in situ determination of  A120 3 
in a lumina-cryol i te  melts and that the metals investigated are unresistant to anodic at tack in such 
melts. Consequently,  the metals investigated cannot  be used as sensor electrodes for in situ electro- 
analytical determination of  alumina in a lumina-cryol i te  melts, nor as anodes in the product ion of  
aluminium by the Ha l l -Hr rou l t  process. 

1. Introduction 

The principal basis for production of aluminium 
metal by the Hall-Hrroult process with a consum- 
able graphite anode can simply be described in 
terms of the following reactions, for which the 
respective, thermodynamically calculated E ° values 
are indicated as shown: 

A1203 + 3 C ,  ' 2A1 + 3 C O  2 
(1) 

(E ° = 1.163V at 1010°C) 

and 

A1203 + 3C, ' 2A1 + 3CO 
(2) 

(E ° = 1.024V at 1010°C) 

Consumable carbon anodes have long been used 
and have become of major significance in the tech- 
nology of aluminium production practice. However, 
recently, the possibility of using inert, or so-called 
'nonconsumable', anodes has become attractive for 
the following reasons: 
(i) Inert anodes would not be consumed during 
electrolysis. 
(ii) The oxygen which would then be formed at the 
anode could be utilized industrially. 
(iii) The problems related to contamination of the 
working environment, when the Hall-H+roult pro- 
cess is used could be reduced. 
(iv) The corresponding cell design would permit 
electrolysis with higher current efficiencies than is 
currently possible with carbon anodes. 

(v) All the above mentioned factors could represent 
significant savings to the aluminium production 
industry. 

In the case of inert (nonconsumable) anodes, the 
production of aluminium would be represented 
formally by the equation: 

A1203 . ~ 302 + 2A1 
(3) 

(E ° = -2.19V at 1010°C) 

In the search for an inert anode for use in Hall- 
Hrroult electrolysis, among many accessible materials, 
oxides, metals, refractory hard metals and gaseous- 
fuel anodes have been investigated. Among the 
oxides, investigated as materials for anodes in electro- 
lysis of an alumina-cryolite melt should be mentioned 
the cold pressed and sintered anodes of Fe304,  SnO2, 
C0204, NiO, CuO and Cr203 [1], the ferrites such as 
SnO 2 • Fe203,  N i O .  Fe203 and  Z n O -  Fe203 [2], s tabi-  
l ized ZrO2 as a possible inert material for production 
of less corrosion resistant anodes [3], the SnO2-based 
anodes [4-6] and complex oxides with a base ofY203 
[7]. The Cu-containing cerrnets (NiFe204 spinel, NiO 
and a metallic phase which was mostly Cu) have also 
been investigated as possible anode materials for the 
primary aluminium industry [8]. 

In the case of gaseous-fuel anodes, the production 
of aluminium metal can be described [9] by the follow- 
ing reactions: 

A1203 + 3CH4, ' 2A1 + 23-H20 (4) 

A1203 + 3H2, ' 2A1 + 3H20 (5) 

* Present address: Sherritt Inc., Fort Saskatchewan, Alberta T8L 3W4, Canada. 
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Several authors have investigated this type of anode 
process for aluminium production [10-12]. 

The hard refractory materials such as borides, 
carbides and nitrides of the transition metals have 
also been tested as inert anode materials, among 
which should be mentioned the following: TiB2 and 
TiBz-BN mixtures [13], TiC, ZrB2, MoSi and TiCr 
[ 14 ] .  

Various metal anodes for application in alumina- 
cryolite melts have also been investigated. Metals 
such as copper, nickel, chromium and silver, accord- 
ing to Belyaev and Studentsov's results [1, 8, 13] are 
unresistant. Experiments with platinum [15-17] and 
gold [17], as anodes in alumina-cryolite melts, 
showed formation of an oxide film on the electrode 
surface and/or corrosion. Platinum anode corrosion 
occurred at high current densities [15] in a melt with- 
out A1203 as well as in melts saturated with A1203. 
Such behaviour was attributed to discharge of F-.  
Metallic anodes are usually not completely inert, 
because of their tendency to become oxidized. 
Although, in general, such processes usually depend 
on the physical and chemical properties of the 
metal, reactions involving the anode material and 
alumina can be represented by the following equation: 

A1203(cryolite) + nM(s) ~ MnO 3 + 2Al(1) (6) 

In the present work the behaviour of materials such 
as glassy carbon, W, Ni, stainless steel (SS-316) and 
WC has been examined comparatively by means of 
various transient or nonsteady-state electroanalytical 
techniques, not so much for the possibility of their 
use as the main anodes for industrial electrolytic pro- 
duction of aluminium, as for their applicability as 
anode probes for in situ electroanalytical determi- 
nation of A1203 in the cryolite electrolyte [18, 19]. 
For such a purpose, either a nonreactive, i.e. noncon- 
sumable, anode is also required so that either a direct 
electroanalytical response current, proportional to the 
A1203 content of the melt associated with oxygen 
evolution, is produced, or a very reactive consumable 
anode is required so that its oxidation rate is limited 
by diffusion of the O-containing ions in the melt, 
arising from the A1203 to be determined. 

2. Experimental details 

In the present work, the study of the anodic processes 
at glassy carbon and several metal anodes in cryolite/ 
alumina melts has involved investigation of the type 
of anode material by means of comparative exami- 
nation of their behaviour using electrochemical 
measurement techniques such as cyclic voltammetry 
and chronoamperometry, as well as by their anodic 
Tafel polarization responses. 

Experiments were carried out in an open graphite 
crucible exposed to the atmosphere in a manner simi- 
lar to that involved in industrial practice and also as 
outlined in previous papers [18, 19]. A bath contain- 
ing 650g Na3A1F6 (product of Bayer), 30g Baker 
reagent-grade CaF2, 22 g A1 metal (to simulate condi- 
tions similar to those in industrial cells) with additions 
of A1203 (reagent grade) was used for investigations 
of the anodic reactions. The anodes consisted of 
rods of metals such as W, WC, Ni and SS-316 or 
glassy carbon sealed inside cylindrical boron nitride 
holders. The exposed surface areas of the working 
electrodes were 2.5mm 2, 4.5ram 2, l mm 2, 2.4mm 2 
and 7.5mm 2 for W, WC, Ni, SS-316 and glassy car- 
bon, respectively. The counter electrode (a graphite 
rod having a diameter of 1 cm) was immersed to a 
depth of about 2 cm into the melt. An aluminium 
metal reference electrode was housed in a separate 
boron nitride compartment provided with a small 
hole giving access to the melt. The experiments were 
carried out at ~ 1010°C in a thermostatically con- 
trolled electric furnace. 

The electrochemical measurements were carried 
out using a universal potentiostat/galvanostat (PAR 
model 273). Prior to performing experiments, as well 
as after experimentation, the surfaces of the working 
electrodes were examined by means of scanning elec- 
tron microscopy (SEM). 

3. Results and discussion 

3.1. Tungsten electrode 

The open-circuit potential at this metal was not stable 
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Fig. 1. Anodic Tafel polarization curve for tungsten 
electrode in cryolite melt at 1010°C with 20 g of added 
A1203. 
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and had values between 0.06-0.17 V with respect to 
the aluminium reference electrode. A typical anodic 
Tafel plot is shown in Fig. 1. It is clear that the 
anodic processes involved are not under diffusion con- 
trol. Thus, the quantity of alumina in the electrolyte 
did not systematically affect the values of exchange 
current density. In other words, the plot of exchange 
current density (determined by extrapolation of the 
Tafel relations) or of current densities at higher poten- 
tials vs A1203 concentration did not give a smooth 
relationship. 

Figure 2 shows a cyclic voltammogram obtained at 
a tungsten working electrode over the potential range 
0.4 to 2.25 V vs A1. In the region of increasing current, 
two anodic peaks can be seen: the first at about 0.83 V 
and the second at about 1.2V. In the negative-going 
sweep direction, a cathodic current peak at about 
0.8 V is observed (Fig. 2). 

It was found that, with increase of square-root of 
sweep rate, the anodic peak current at about 1.2V 
increases. However, this dependence does not follow 
a smooth linear relationship typical of a diffusion- 
controlled process. This behaviour corresponds to 
the shapes of the Tafel plots obtained for the tung- 
sten electrode. The dependencies of peak currents on 
A1203 concentration do not follow any significant sys- 
tematic trend suitable as a basis for an analytical 
application. 

The chronoamperometric experiments were 
restricted to responses to potential steps from the 
open-circuit potential to 1.2V. The potential of 
1.2 V was chosen because the peak at that potential 
was the most reproducible one. The plot of 1-1 vs 
t 1/2, in the chronoamperometric experiments, again 
did not follow a linear relationship typical of a diffu- 
sion controlled process, which is consistent with the 
cyclic voltammetry measurements, as well as with 
the shapes of the Tafel plots for the tungsten 
electrode. 

Under the investigated conditions, it seems that 
only three anodic processes should be possible: (i) 
discharge of O 2- or other oxygen-containing species, 
(ii) discharge of F -  and (iii) dissolution of W or 
oxide film formation at the W surface. 

Fig. 2. Cyclic voltammogram obtained at the tungsten 
working electrode (sweep rate 60V s -1, 20g AI203 pre- 
sent in the melt). 

Taking into consideration that the experiments 
were restricted to a maximum potential of 2.4 V and 
in analogy to similar processes on graphite anodes, 
it can be concluded that the discharge of F -  (or 
some corresponding complex-ion species) takes place 
only at more positive potentials [16]. The dissolution 
of tungsten is probably a chemical process under the 
investigated conditions, arising from anodic forma- 
tion of WO3. It has been reported [16] that 87.2% of 
WO3 can be dissolved in cryolite media at elevated 
temperatures. 

The anodic oxidation at tungsten electrodes may 
first of all be related to discharge of oxygen- 
containing species. The discharge of such species at a 
tungsten electrode is under mixed control. If oxygen 
species were being discharged as gaseous oxygen, sub- 
stantial amounts of gas should be visible. Under these 
conditions, the tungsten would react with the oxygen 
according to the following reaction: 

02 + W = WO2 (7) 

having an E ° =  0.73V at 1010°C (calculated from 
thermodynamic data), which corresponds reasonably 
to the observed potential of the anodic peak at 
about 0.8 V. 

It is possible to correlate the peak at about 1.2 V 
with the following reaction: 

3WO2 + 4A1. ' 2A1203 + 3W (8) 

which has E ° = 1.14V at 1010 ° C. 
Under the conditions investigated, the following 

reactions are also possible: 

2WO 2 ÷ 0 2 , ~ 2WO 3 (9) 

and 

W + 302 ,  ' 2WO 3 (10) 

The tungsten oxides are acidic and could react 
chemically with bases. Thus, the tungsten electrode 
may be consumed in cryolite melts, which is clearly 
confirmed by photos from SEM examination and 
from literature data on dissolution of WO3 in cryolite 
melts [16]. The cathodic peak may be related to the 
reverse of the reaction in Equation 8. 
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Fig. 3. Anodic Tafel polarization curve for a tungsten carbide work- 
ing electrode (a) 0 g A1203, (b) 20 g A1203 added to the cryolite melt. 

3.2. Tungsten carbide electrode 

The results at a tungsten carbide electrode showed a 
high degree of nonreproducibility. The open-circuit 
potential had values between 0.2V and 0.5 V. 

The anodic Tafel plots, based on experiments at a 
tungsten carbide electrode in the cryolite melt with- 
out addition of alumina, show that passivation of 
the working electrode sets in. This is clearly illu- 
strated in Fig. 3(a). It is noted that similar behaviour 
arose when 5 g of alumina were added to the melt. 
However, after 5h delay, the passivation current 
becomes minimized. With further addition of 

alumina, the passivation current was not observed. 
A typical example is presented in Fig. 3(b). 

In the first cycle of cyclic voltammetry experiments, 
unexpectedly high anodic currents arise. This behav- 
iour is observed at the beginning and for experiments 
where no alumina had been added to the melt. How- 
ever, for voltammograms recorded on succeeding 
cycles, the above mentioned behaviour was not 
observed. To avoid this background current, experi- 
ments were restricted to small sweep rates, less than 
1 V s -1. In the resulting cyclic voltammograms an 
anodic current peak arises at about 1.3V (Fig. 4). 
Unfortunately, no meaningful dependence of this 
peak current on sweep rate and/or alumina concen- 
tration was found. Figure 4 shows indications 
(ripples, but no cathodic wave) for potentials above 
about 1.8 V. This could be attributed to the oxygen 
evolution reaction, forming, with tungsten carbide, 
WO2 and/or WO3, which become dissolved in the 
cryolite melt at elevated temperatures (see discussion 
below). 

The results obtained by means of the chrono- 
amperometric technique are impaired by noise which 
was shown not to be simply instrumental in origin. 
According to the chronoamperometric experiments, 
as for cyclic voltammetry, any significant dependence 
of the corresponding current functions, evaluated 
from the chronoamperograms, on alumina concen- 
tration, is not observable. 

SEM photographs showed that, at the tungsten 
carbide electrode, material consumption had also 
been occurring. It was found, however, that in the 
case of this material, the surface has been changed 
much less than in the case of experiments with pure 
tungsten or other anode materials. 

Because of the oxygen evolution reaction, the passi- 
vation of tungsten carbide is probably related to, or 
originates from, the reaction: 

WC + 202 ,  ' WO2 + CO2 (11) 

It is obvious that substantial amounts of oxygen 
would be consumed in Reaction 11 by formation of 
CO2 from the carbon component of WC as well as 
by formation of WO2. In the following step, when 
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Fig. 4. Cyclic voltammogram for the tungsten carbide 
working electrode (5 g A1203, sweep rate 0.5 V s-l). 
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the carbon is not available for the reaction with 
oxygen, which occurs in the melt at the WC after a 
delay ,  a n d / o r  w i t h  a d d i t i o n  o f  A1203,  o x y g e n  wil l  

r eac t  w i t h  W O 2  a c c o r d i n g  to  t he  process :  

2 W O 2  4- 0 2 , " 2 N O  3 (12) 

As mentioned, WO3 oxide could be dissolved in cryo- 
lite melts, leading, in this way, to consumption of the 
WC electrode with resulting visible morphological 
changes. 

3.3. Nickel electrode 

The open-circuit potential of this anode had values 
0.2-0.3 V. Anodic Tafel polarization curves for the 
nickel electrode are shown in Fig. 5. It seems, accord- 
ing to the shapes of the polarization curves, that 
addition of alumina to the cryolite melt leads to passi- 
vation (compare results in Fig. 5(a) and (b)). 

Similarly, the chronoamperometric results do not 
show any smooth linear relationship between 1-1 
and t 1/2 as expected for diffusion control. In addi- 
tion, these experiments again showed a high degree 
of nonreproducibility. 

The application of fast cyclic voltammetry, was also 
not successful for sweep rates higher than 20 V s -~ for 
melts saturated with alumina and for sweep rates 
greater than 40Vs -1 for melts with low alumina 
content. In most cases, fast cyclic voltammetry 
measurements did not show any usefully distinguish- 
able cathodic and/or anodic peaks. One example is 
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Fig. 5. Anodic Tafel polarization curve for a nickel working elec- 
trode (a) 0 g A1203, (b) 20 g A1203 added in the cryolite melt. 
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Fig. 6. Cyclic voltammogram for the nickel working electrode (a) 
10g A1203, sweep rate 20Vs-1; (b) 5g A1203, sweep rate 10Vs q . 
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Fig. 7. Cyclic voltammogram for the nickel working electrode (a) 5 g 
1 A1203 present, sweep rate 0.1Vs- ; (b) 10g A1203, sweep rate 

0.1Vs-1; (c) 20g A1203, sweep rate 0.1Vs -1 . 
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Fig. 8. Anodic Tafel polarization curve for a stainless 
steel working electrode (40 g A1203 added in the cryolite 
melt). 

presented in Fig. 6(a). However, in the case of  lower 
concentrations of  A1203, as seen in Fig. 6(b), an 
anodic peak at about 1.5 V is observable. 

More interesting behaviour was found when cyclic 
voltammetry at sweep rates less than 10Vs -1 was 
applied; several examples are shown in Fig. 7, where 
two current peaks or current response waves are 
distinguishable: an anodic one at about 1.7 V and a 
cathodic one at about 1.0V. Similar shapes of volt- 
ammograms were recently reported by Windisch and 
Marshman [8] for the case of  Cu and Cu-containing 
cermet anodes in alumina-cryolite melts. The oxi- 
dation peak at about 2.16-2.20V at 970°C was 
explained in terms of  the following reaction: 

Cu20(s) + AI203 , ' 2CuO(s) + O2(g ) q- 2A1 

(13) 
The reduction peak at 2.00V was assigned to the 
reverse of  Reaction 13. 

In analogy with their explanation, the oxidation 
peak in the present work at about 1.6V could be 
associated with the reaction 

3NiO + 2A1, ' 3Ni + A1203 (14) 

which has a standard potential at 1010°C of  1.61V 
(value calculated from thermodynamic data). One 
possible source of  the NiO is that it is formed 
chemically by reaction of Ni with A1203 in the 

molten cryolite prior to recording the cyclic volt- 
ammograms. Another possibility is that the oxide 
was part of an original air-formed film. However, 
the most likely source of  NiO is anodic oxidation 
according to Equation 14. The cathodic peak at 
about 1.0 V could then be attributed to the reverse 
of  Reaction 14. 

It was found by SEM photography that the nickel 
anode, like tungsten, had also been consumed. 

3.4. Stainless steel electrode 

The open-circuit potential at this electrode gradually 
changed with time and also shifted with increase of 
alumina concentration in the melt. It had a value of  
about 0.26V at the beginning, when alumina was 
not added, and about 0.45V later,  when the melt 
contained 40 g of A1203. 

The anodic Tafel polarization plots shown in Fig. 8 
exhibit two straight segments as also found at 
tungsten. Similar results were obtained with higher 
A1203 concentrations. 

Figure 9 shows the cyclic voltammogram obtained 
at the stainless steel electrode. The application of  
fast cyclic voltammetry, as in the case of  the nickel 
working electrode, was not successful for sweep 
rates higher than 10Vs -] in the case of  the melt 
not containing any alumina. Consequently, these 
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Fig. 9. Cyclic voltammogram for a stainless steel working 
electrode (10g A1203 added in the cryolite melt, sweep 
rate 0.3 V s-l). 
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experiments were restricted to sweep rates less than 
1 V s -1. On the increasing potential side of  the cyclic 
voltammogram, can be seen an anodic peak at 
about 1.3 V (Fig. 9). However, in the negative-going 
sweep in the voltammograms, no cathodic currents 
arise; this behaviour indicates, of  course, a severe 
irreversibility of  the process involved. It was found 
that an increase in square-root of  sweep rate leads 
to some increase in peak current. The potential of 
the anodic peak did not, however, change with 
increase of  sweep rate in the case of  lower alumina 
concentrations. For  the melts with higher alumina 
concentrations, the potential of  the anodic peak 
became changed from 1.18 to 1.55 V with increase of 
sweep rate from 0.1 to 0.5 V s -1 . However, the depen- 
dence of  peak current on alumina concentration again 
did not follow any significant systematic trend suit- 
able for an analytical application. 

Based on chronoamperometr ic  measurements at 
the stainless steel electrode, the dependencies of I -1  
vs t 1/2 do not follow the linear relationship expected 
for diffusion control, as also found for the other 
anodes investigated. 

The peak at about 1.3 V could be related to the 
discharge of  oxygen-containing species leading to 
formation of  various oxides, as films, which become 
dissolved in the cryolite at elevated temperatures. As 
in the case of the other metals, SEM photography 
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0.4 

Fig. 10. Anodic Tafel polarization curve for a glassy carbon in a 
melt containing 30 g A1203 per 650 g cryolite. 

showed that the stainless steel anode becomes con- 
sumed in the cryolite medium. 

3.5. Glassy carbon electrode 

The failure, even of  WC, as an anode probe material 
for electroanalytical determination of  A1203 in cryo- 
lite melts led us to examine glassy carbon as a 
possible nonconsumable material. In this case, the 
experiments were more successful, as described below. 

First, the open-circuit potential in these experi- 
ments was quite consistent. It had, most commonly, 
stable values at about  0.4V vs A1. Figure 10 shows 
the anodic Tafel plot for this material and it exhibits 
a clear approach to a limiting current thus correspond- 
ing to diffusion control; agitation of the melt increases 
this current appreciably but in an irregular way. Also, 
current irregularities arise due to unavoidable forma- 
tion and detachment of  CO or CO2 bubbles from 
the carbon surface, confirming the role of diffusion 
control. 

In Fig. 11 is shown a cyclic voltammogram 
obtained at the glassy carbon electrode over the 
potential range 0.4 to 2.25 V vs A1. This voltammo- 
gram displays a significant anodic peak at a potential 
of about 1.8V which increases from 1.6 to 2.0V 
(depending on the AI203 content in the bath) with 
increase of sweep rate from 10 to 80V s -1. This peak 

&8 1:2 1;6 2'0 
E/V 

Fig. 11. Cyclic voltammogram for anodic oxi- 
2.4 dation process at glassy carbon electrode (10g 

A1203, sweep rate 80Vs-1). 
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was attributed to the discharge of oxygen-containing 
species [18]. Furthermore, the peak currents depend 
quite linearly on square-root of sweep rate, the 
characteristic feature of diffusion control. This is 
also consistent with the shape of the Tafel plot in 
Fig. 10. Finally, the dependence of peak current on 
A1203 content in the melt was found to follow a 
linear relationship as presented in Fig. 12. The conclu- 
sions reached from the combination of cyclic volt- 
ammetry and Tafel polarization experiments [18] 
were confirmed by chronoamperometry [19] which 
showed that a plot of the current function (It 1/2) 
evaluated from chronoamperometric I - t  curves vs 
A1203 content in the melt, follows a satisfactorily 
linear relationship providing also a basis for appli- 
cation of this method for analytical purposes. 

4. Conclusions 

Comparative experiments at a series of anode 
materials, including glassy carbon, show that results 
obtained at the latter material used as an indicator 
electrode for A1203 determination are, by far, the 
most satisfactory for establishing a meaningful 
electroanalytical response current, i.e. one linear 
in the anolyte concentration. On the other hand, 
metals such as W, WC, Ni and SS-316 in cryolite/ 
alumina melts at 1010 ° C are unresistant as anodes for 
the Hall-H&oult process or as anodes for analytical 
probes. Consequently, the results obtained by electro- 
analytical techniques are not reproducible nor are 
they systematically related to A1203 concentration 
as required for in situ analytical application. Thus, 
the results obtained have demonstrated that the 
metals, or WC, investigated cannot be used as 
anodes for determination of alumina in alumina 
cryolite melts nor, implicitly, as materials for the 
main cell anodes in the electrolytic smelter. How- 
ever, for a detailed explanation or understanding of 

Fig. 12. Dependence of peak current in cyclic voltam- 
metry at glassy carbon on A1203 content in the melt for 
different sweep rates (working electrode: glassy carbon, 
sweep potential range from 0.4 to 2.25 V vs A1 reference 
electrode) [18]. 

the processes involved at anode materials investi- 
gated (W, WC, Ni and SS-316) in cryolite melt at 
elevated temperatures, more experimental studies are 
needed. 
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