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SUMMARY

This progress report addresses activities conducted at Pacific Northwest
Laboratory (PNL) between April 1989 and December 1989 to characterize the
reaction layer or film previously proposed by PNL to form on cermet anodes
during the electrolytic production of aluminum in Hall-Heroult cells.
Formation of this resistive film was thought to protect the cermet anode from
corrosion reactions that would otherwise occur in the molten cryolite
electrolyte.

The results of potential-step studies, electrochemical impedance
spectroscopy, and post-mortem microscopic analysis of polarized anodes suggest
that the processes of corrosion of the metallic phase of the anode and the
production of oxygen gas are separable and exhibit very different kinetic
behavior. The corrosion reactions occur predominantly at Tow anode
potentials, appear to show diffusion control, and may be related to the
porosity of the anode. The oxygen production reaction is the predominant
reaction above 2.2 V, exhibits activation control, occurs primarily on the
surface of the anode, and is accompanied by an increase in surface roughness
at higher current densities.

Evidence presented in this report indicates that the production of oxygen
shuts down the corrosion reactions, possibly through a pore-blocking
mechanism. In addition, roughness effects may help explain some of the
impedance relationships previously observed by PNL for these anodes. Although
the present results do not rule out the formation of a protective layer or
film, they strongly indicate mechanisms other than the formation of a
macroscopic protective film for the apparent attenuation of corrosion
reactions at typical operating current densities.
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1.0 INTRODUCTION

Experimental studies conducted at Pacific Northwest Laboratory (PNL)(a)
in FY 1988 and early FY 1989 indicated that the cermet inert anodes being
evaluated by PNL exhibit a characteristic impedance during the electrolytic
production of aluminum in bench-scale Hall-Heroult cells. This impedance was
found to have the following characteristics (Strachan et al. 1988):

« It was largely resistive in nature.

« It vsried as a function of current density, giving a minimum at about 0.5
Afcmé.

» It appeared to depend on alumina concentration in the electroiyte. In
general, the impedance seemed to increase with increasing alumina
concentration,

= It exhibited a time dependence. Oifferent anodes gave different
impedances at different times after polarization.

* At high current densities (> 1 A/cm?), discontinuous changes in the
impedance occurred, causing "spikes" in the current or voltage data.

Based on these characteristics, PNL originally proposed that a resistive
reaction layer or film (hereafter called "film") formed on inert anodes during
electrolysis. It was argued that the formation of this film was necessary to
protect the inert anode from corrosion reactions that would otherwise occur in
the molten ¢ryolite electrolyte. It was also proposed that an anode current
density of 0.5 A/cm? formed a film with optimum passivating-like
characteristics. At lower current densities, the film was proposed to be
incompletely formed, resulting in corrosion of the cermet's metallic phase.
At higher current densities, it was proposed that the film would become too
thick and its resistance would become too high to sustain the current density.
Consequently, the film would rupture, resulting in sudden and severe corrosion
of the electrode's metal phase. The rupturing events in the film were
indicated by sudden drops in impedance and appeared as "spikes" in the voltage
data for a cell under galvanostatic (constant current) control.

(a) PNL is operated for the U.S. Department of Energy by Battelle Memorial
Institute under Contract DE-AC 06-76RL0O 1830.
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It was also proposed that the quality of the film depended on the alumina
concentration in the electrolyte. Higher alumina concentrations seemed to
favor a more resistive, presumably thicker, film. Consequently, film
rupturing behavior was considered to be more Tikely at high alumina
concentrations (close to saturation) when current densities were above 0.5
A/cmé.  Problems with reproducibility of the experimental results were
encountered, however, when attempts were made to relate anode impedance
explicity to alumina concentration. [t was then concluded that the film
impedance was dynamic, changing with time and with small fluctuations in cell
conditions.

Attempts to identify the composition of the film have been largely
unsuccessful (Strachan et al. 1988). Post-mortem analyses of the anode
surface region have shown the presence of alumina. However, it is uncertain
whether the alumina was part of a film or whether it simply precipitated from
the electrolyte adhering to the anode surface during cool-down.

During the latter part of FY 1989, experiments were performed to identify
the composition of the film and to determine its characteristics more
precisely, particularly those that have an impact on electrolysis efficiency.
This progress report presents the results of these studies.
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2.0 APPROACH TO FILM CHARACTERIZATION

Three principal techniques were used during this report period to
characterize the film on the cermet inert anodes being evaluated at PNL:
potential-step tests, electrochemical impedance spectroscopy (EIS), and post-
mortem microscopic examination of polarized anodes.

2.1 POTENTIAL-STEP TESTS

Studying the time-dependent response of the anode to a change in cell
conditions was selected since the properties of the film were proposed to be
dynamic (changing with time). The approach taken in these tests was to
monitor the response of current with respect to time after a sudden,
controlled step in anode potential. By comparing the observed current
response to that expected for different types of rate control {e.g. diffusion
or charge-transfer), it was hoped that some of the mechanistic details of the
reactions at the anode surface could be determined.

This report covers potential-step tests on PNL inert anodes in molten
cryolite. Anode potentials range from below the decomposition potential for
alumina to potentials giving current densities of about 1 A/cm?. Molten
cryolite baths containing alumina at 100%, 75%, and 50% of saturation at
983°C were studied.

2.2 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY (EIS)

In these experiments, a small ac voltage signal of varying frequency was
added to the controlling voltage of a cell operating potentiostatically. The
resultant ac current response was measured for each freguency and used to
calculate the complex impedance of the anode, also as a function of frequency.
Experiments were performed for cells at various controlling anode voltages.
Plots of the real versus the imaginary portions of the complex impedance over
the entire frequency spectrum contain signatures that may provide mechanistic
information regarding the reactions occurring at the various potentials at the
anode surface. Such plots are also called Nyquist plots.
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This report discusses the results of PNL's EIS studies on cermet inert
anodes in alumina-saturated molten cryolite at 983°C over a range of anode
potentials.

2.3 POST-MORTEM MICROSCOPIC EXAMINATION OF POLARIZED ANODES

Optical microscopy, scanning electron microscopy (SEM), transmission
electron microscopy (TEM), x-ray diffraction, and electron diffraction
analysis were to be performed as needed on cermet inert anodes that had been
polarized to specific potentials and current densities in molten cryolite
baths of precise composition for a set period of time. It was hoped that a
combination of the analytical techniques would succeed in identifying the
composition of the film and determining how it depended on cell conditions,
especially anode potential and alumina concentration.

Results of these studies are not yet complete. This progress report
covers the results of optical microscopy on the cermet inert anodes polarized
at various potentials and alumina concentrations studied by PNL.
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5.0 CONCLUSIONS

The results of potential-step studies, electrochemical impedance
spectroscopy, and post-mortem microscopic analysis of polarized anodes suggest
that the processes of corrosion of the metallic phase of the cermet anode and
the production of oxygen gas are separable and exhibit very different kinetic
behavior. The corrosion reactions occur predominantly at low anode
potentials, appear to show diffusion control, and may be related to the
porosity of the anode. The oxygen production reaction is the predominant
reaction above 2.2 V, shows activation control, occurs primarily on the
surface of the anode, and is accompanied by an increase in surface roughness
at higher current densities. These studies suggest that the production of
oxygen shuts down the corrosion reactions, possibly through a pore-blocking
mechanism, and contributes to a surface roughening that may help explain some
of the impedance relationships previously observed by PNL for the cermet inert
anodes. The formation of a protective Tayer or film is not unequivocally
ruled out by the results of these studies. However, alternative mechanisms
for the apparent attenuation of corrosion reactions at typical operating
current densities should be considered more viable explanations of observed
behavior. In particular, the effects of surface porosity and roughness should
be more closely examined as indicators (or predictors} of long-term corrosion
behavior.
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