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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-Herault 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 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, exhibits activation control, occurs primarily an 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-Herault cells. This impedance was 
found to have the following characteristics (Strachan et al. 1988): 

• It was largely resistive in nature. 

• It varied as a function of current density, giving a minimum at about 0.5 
A/em<. 

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

• It exhibited a time dependence. Different anodes gave different 
impedances at different times after polarization. 

• At high current densities (> 1 A/cm2), 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 11 film 11

) 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 cryolite electrolyte. It was also proposed that an anode current 
density of 0.5 A/cm2 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 tao 
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 1 s metal phase. The rupturing events in the film were 
indicated by sudden drops in impedance and appeared as "spikesu 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 06-76RLO 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 likely at high alumina 

concentrations (close to saturation) when current densities were above 0.5 
A/cm2. Problems with reproducibility of the experimental results were 

encountered, however, when attempts were made to relate anode impedance 
explicity to alumina concentration. It 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/cm2, Molten 
cryolite baths containing alumina at 100%, 75%, and 50% of saturation at 
983°C were studied. 

2.2 ELECTROCHEMICAL IMPEOANCE 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 frequency 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 1 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 1 

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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3.0 EXPERIMENTAL PROCEDURE 

Experiments were performed using the bench-scale experimental setup shown 
in Figure 3.1. The electrochemical cell used a three electrode arrangement. 
The cermet inert anode was fabricated at PNL (from Ni0/NiFe2o4 oxide powder 
and copper metal powder to contain 17% copper by weight) according to 
procedures discussed in previous reports (Strachan et al. 1988). The anode 
was formed into the shape of a small cylinder with a cross-section of about 1 
cm2. A boron nitride (BN) sheath was used to protect the walls of the anode, 
allowing only one of its circular faces to be exposed to the electrolyte. 
This face was sanded to ensure that the anode surface in contact with the 
electrolyte had a similar morphology for all of the anodes used in these 
studies. The connector bar was a nickel rod that had been brazed to the anode 
during the fabrication procedure as discussed in previous reports (Strachan et 
al. 1988). The cathode, or counter electrode, was a graphite crucible that 
also served as the cell container. The crucible was large enough to hold 
about 1 kg of electrolyte. No aluminum metal seed was used in these tests. 
The reference electrode was the Al/Al 2o3 type, fabricated according to a 
recently published design (Burgman, Leistra, and Sides 1986). 

The electrolyte was prepared by mixing appropriate amounts of reagent 
grade materials to give a bath ratio equal to 1.15, 5.5% (by weight) CaF2, 
1.0% MgF2, and alumina at the desired concentration. Studies were performed 
with alumina concentrations of 50%, 75%, and 100% of saturation. (Alumina 
concentrations in this report are given as a percent of saturation, which for 
these test conditions is approximately 8.0% by weight.) A temperature 
controller/furnace/ thermocouple arrangement was used to melt the raw 
materials to form a 11 bath 11 and control its temperature at 983°C. Bath ratio 
and temperature were effectively constant throughout these short-term tests. 

The anode potential was measured and controlled using a Solartron(a) 1286 
Electrochemical Interface. Voltage and current outputs were monitored in the 
potential-step tests using a strip chart recorder. For the EIS studies, a 

(a) Solarton is a tradename of Solarton Instruments, Farmborough, Hampshire, 
England. 
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Solartron 1250 Frequency Response Analyzer was used to apply a +/- 10 mV 
potential to the controlling voltage, measure the current, and calculate the 
complex impedance. The frequency range of the excitation voltage was 0.1 Hz 
to 10 kHz using 20 steps per decade. Nyquist plots were obtained directly on 
a XY plotter. 

A fresh anode was used in each study performed at a given potential and 
bath composition. Thus, the results of each test were not subject to 
variations resulting from previous polarization conditions. Consequently, in 
a given test, the results could be considered characteristic of only one anode 
potential and one bath composition. 

In a typical test, the bath was first made uniformly molten at 983°C. To 
remove oxidizable bath impurities, a 11 preliminary inert anode .. was then 
inserted and polarized to give a current of about 0.5 A for about 1 h. This 
electrode was then removed and the test anode was inserted. The bath 
temperature was allowed to reequilibrate, then the potential-step test was 
performed. A voltage step was applied using the potentiostat while the anode­
to-reference electrode potential and anode current density were monitored 
using the strip chart recorder. The anode was subsequently maintained at this 
potential for about 1 h. During this time, EIS data were collected on the 
anode. After the 1 h period, the anode was removed from the bath while still 
under polarization conditions; the voltage was then turned off. The anode was 
allowed to cool in air and then submitted for analysis. The entire procedure 
was then repeated with a new anode at another potential. Bath compositions 
were changed by starting the test over and using a different compositional mix 
of raw materials. 

For tests with alumina concentrations less than saturation, the reference 
electrode suffered some deterioration because its alumina outer sheath 
dissolved. As a result, the reference electrode had to be replaced 
periodically during these studies. Based on approximate weight loss 
measurements, it was estimated that a maximum end-of-test error of about 10% 
of saturation was introduced when the alumina was initially at 50% of 
saturation (and the dissolution rate of the reference electrode's alumina 
sheath was a maximum). 
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4.0 RESULTS AND DISCUSSION 

The following is a discussion of the potential-step, EIS, and microscopy 
data obtained during this report period and the conclusions drawn from these 
data. The potential step results seem to follow a simple mathematical model. 
The mathematical model suggests a physical model that also appears to be 
consistent with the EIS and microscopy results. Although the details of this 
physical model are not fully resolved at this time, one possible mechanism is 
presented. The section concludes with discussions of data on alumina 
concentration dependency and surface roughness effects that support the 
proposed mechanism. 

4.1 A MATHEMATICAL MODEL 

As shown in Figures 4.1 through 4.11, the response of current to a 
potential-step was a sudden rise followed by a slower decay to a steady-state 
value. For most conditions, the majority of the current decay occurred during 
the first 10 s after the potential step was applied. This type of response 
occurs for many electrochemical systems but usually over a much shorter time 
interval. For example, the Cottrell equation, which accurately models the 
current-time relationship for many processes under mass transfer control, is 
usually appropriate in the millisecond regime (Macdonald 1977). The longer 
response time in this work suggests that actual changes in the structure and 
composition of the anode's surface layers may be occurring. Structural and 
chemical changes can be relatively slow, as in the case of the passivation of 
iron (Sato and Cohen 1964). 

The points plotted in Figures 4.1 through 4.11 were taken from strip 
chart recordings of cell current. Since the exposed surface area was 1 cm2, 
the ordinate values also correspond to anode current density. 

4.1 
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Various mathematical models were compared with the experimental data. To 
limit the number of viable solutions, no more than two fitting parameters were 
used in any case. Two functions that gave reasonable comparison with the 
experimental data were the following: 

( 4 .1) 

(4.2) 

where I is the current density, t is the time from when the potential step was 
applied, and Iss is the current density at steady-state A, B, C, and 0 fitting 
parameters. A list of the fitting parameters for the various experimental 
conditions tested is given in Table 4.1. The fitted curves are shown with the 
experimental data in Figures 4.1 through 4.11. 

TABLE 4.1. Fitting Parameters 

Voltage & 
Current 
Oensit~, 
V/A/cm %Al2Q3 A B c 0 g2~(a) g2~(a) 

2.0/0.05 100 1.48 -0.44 1.00 0.34 0.999 0.999 
2.0/0.09 100 o. 77 -0.08 0.70 0.50 0.976 0.974 
2.1/0.11 100 0.52 0.06 0.58 0.55 0.996 0.996 
2.3/0.13 100 0.66 0.05 0.72 0.56 0.981 0.983 
2.4/0.45 100 0.42 0.15 0.60 0.61 0.999 0.999 
2.6/0.80 100 0.05 0.40 0.48 0.91 0.995 0.996 
2.0/0.055 75 0.98 -0.24 0.72 0.40 0.996 0.992 
2.4/0.275 75 0.51 0.31 0.84 0.67 0.987 0.990 
2.5/0.55 75 -0.15 0.651 0.50 1.08 0.984 0.982 
2.0/0.05 50 0.70 -0.17 0.99 0.40 0.995 0.990 
2.4/0.36 50 0.08 0.73 0.82 0.91 0.988 0.989 

(a) R2(1) and R2(2) are measures of the "goodness of fit" given by the square 
of the multiple correlation coefficient for the least squares fit using 
Equations (4.1) and (4.2), respectively. 
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Equation (4.1) may be interpreted as the sum of three independent 
contributions to current density. The steady-state current, Iss is constant 
and arises from the oxygen production reaction at the electrode ~urfaceCa) 

o2-__ > 1/2 o2 + 2e-

and/or the steady-state rates of any corrosion processes involving the 
metallic phase of the cermet anode such as 

Ni --> Ni2+ + 2e-

Cu --> cun+ + ne-

where n is either 1 or 2. 

(4.3) 

(4.4) 

(5.5) 

The A-term in Equation (4.1) corresponds to a diffusion-type contribution 
and the 8-term to a process involving the linear growth of a resistive layer. 
(If resistance is linear with time, current is inversely related to time). 
Expressed in the form of a sum, the coefficients A and 8 should give an 
indication of the relative importance of these two dynamic parts of the 
process. 

As shown in Figure 4.12, the coefficients A and 8 appear to be inversely 
related to each other. As A increases in magnitude, 8 becomes smaller. In 
other words, the more important diffusion is in limiting the current density, 
the less important the linear growth term is, and visa versa. Figure 4.13 
shows that, for all of the alumina concentrations examined, A is largest at 
low current densities and decreases almost linearly with increasing current 
density. 8, on the other hand, is smallest at low current densities and 
increases almost linearly with increasing current density. The relationship 
of the terms A and 8 also appears to show a dependency on alumina 
concentration that will be discussed later. 

(a) The oxygen-containing ionic species is given as o2- for simpli~ity. 
Actually the species have been identified as Aly20F~- and Al2o~­
(Sterten 1980). 
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The above results suggest that a diffusion-limited process is important 
at low current densities and a process involving the linear growth of a 
resistive layer is important at high current densities. At intermediate 
current densities (the exact value depends on alumina concentration), both the 
diffusion and linear growth terms are current limiting. 

Similar conclusions are reached by considering Equation (4.2). Figure 
4.14 shows how coefficients C and D vary with current density. D varies from 
about 0.5 at low current density to about 1.0 at high current density, again 
suggesting the transition from a diffusion-type process to a linear growth­
type process with increasing current density. The values for C do not appear 
to contain much relevant information. 

4.2 A PHYSICAL MODEL 

A physical model can be derived from the mathematical relationship in 
Equation (4.1) by first recognizing that the total cell current is the sum of 
currents from the reactions expressed by Equations (4.3), (4.4) and (4.5). 
The oxygen production reaction illustrated by Equation (4.3) occurs mostly on 
the surface of the anode and the corrosion reactions expressed by Equations 
(4.4) and (5.5) occur mainly in the anode's pores (Tarcy 1986). Thus, the 
total current can be expressed as the following: 

(4.6) 

where rgorr is the current from corrosion reactions in the pores and I~x is 
the current from oxygen production occurring mainly on the anode's outer 
surface. 

4.2.1 Low Current Density Behavior 

The decomposition potential for alumina is 2.2 V versus the Al/Al 2o3 
electrode. Consequently, current produced below (or near) this potential 
predominantly arises from the corrosion reactions illustrated by Equations 
(4.4) and (4.5),(a) and occurring primarily in the pores of the anode. 

(a) Some sub-decomposition potential production of oxygen may also contribute 
to this current although its role is probably minor (Tarcy 1986). 
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(low cd) (4.7) 

This supposition is supported by post-mortem microscopy at PNL of cermet inert 
anodes polarized at potentials below 2.2 V. Figure 4.15a is an optical 
micrograph of an unpolarized anode submerged momentarily in molten cryolite; 
Figure 4.15b shows an anode polarized at 2.1 V for 1 h (Figure 4.15c will be 
discussed later). The darker regions in the cermet portions of both 
micrographs are oxide phases; the very light phase is metallic. Only the 
bottom surface of the anode was exposed to the electrolyte. A comparison of 
Figures 4.15a and 4.15b shows that the surface region of the polarized anode 
degraded severely. The degradation was characterized by increased porosity 
and loss of the metallic phase. Clearly, corrosion reactions are important at 
relatively low anode potentials. 

The potential-step data suggest that the low current density data is 
diffusion limited, which is also consistent with the reactions occurring in 
pores. Corrosion of the metal phase in similar cermet anodes was previously 
proposed (Tarcy 1986) to be diffusion limited and occur in pores. In 
addition, diffusion-controlled anodic reactions occurring on some types of 
carbon anodes have been explained by considering the porosity of the carbon 
(Thonstad 1970). As shown in Figure 4.16, EIS data for the cermet inert anode 
at 2.1 V in alumina-saturated molten cryolite are also consistent with a 
diffusion-limited reaction and with the role of porosity. The Nyquist plot 
(or a plot of the real part, Z', versus the imaginary part, -Z 11

, of the 
complex impedance) shows a low-frequency region that is characterized by an 
apparently linear increase of -Z 11 with Z'. This is typical for a Warburg­
type diffusion (Bard and Faulkner 1980). For planar electrodes the phase 
angle, or inverse tangent of the slope of this line, should be 45 degrees. 
For porous electrodes (delevie 1967), the phase angle will be less than 45 
degrees (ideally, 22.5 degrees for semi-infinite pores). The measured phase 
angle is 32 degrees, again consistent with the behavior of a porous electrode. 
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The increased porosity observed on anodes polarized at lower current 
densities can be explained by the following parasitic reaction which was 
proposed to occur in nickel-containing cermets (Tarcy 1986): 

{4.8) 

Corrosion of the nickel in the metal phase of the cermet gives rise to a 
relatively large number of Ni2+ ions that react with the nickel ferrite phase 
of the material. The reaction produces a new microstructure characterized by 
a higher porosity. At lower current densities, therefore, an increase in 
porosity near the anode-electrolyte interface should accompany the increase in 
corrosion and dissolution of the metallic phase . 

4.2.2 High Current Density Behavior 

At anode potentials above 2.2 V, the cell current contains contributions 
from both the oxygen production reaction and corrosion reactions and is given 
by Equation (4.6). As evidenced by the smaller A-term in the potential-step 
tests, the reactions appear to exhibit less diffusion control. This is also 
supported by the results of EIS at potentials above 2.2 V. As shown in 
Figure 4.17, the Nyquist plots for cermet inert anodes above 2.2 V give 
semicircular signatures indicative of charge-transfer processes and lack much 
of the Warburg-like character seen at lower anode potentials. Moreover, at 
440 mA/cm2 the plot consists of two clearly defined semicircles, consistent 
with the two-step electron transfer mechanism previously proposed for oxygen 
production on platinum anodes (Thonstad 1968). These results indicate that, 
above 2.2 V, the anode reactions are primarily under activation control. 

The lack of diffusion control above 2.2 V suggests that the dominant 
reaction at these potentials is the production of oxygen shown by Equation 
(4.3) on the surface of the anode. Since the corrosion reactions occur 
primarily in pores, the small role of diffusion is indicative that these 
reactions provide little contribution to the steady-state current at 
potentials above 2.2 V. 

I = JS ox (high cd, steady-state) 

4.22 
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This conclusion is also supported by microscopy of cermet inert anodes 
polarized at high current densities. As shown in Figure 4.15c, although a 
roughening of the anode's surface appears to accompany electrolysis at 2.7 V 
and 1 A/cm2, the porosity in the surface layer is generally much less than 
that observed at potentials below 2.2 V. Image analysis was used to measure 
the percent area attributed to pores or voids as well as that corresponding to 
the metallic phase. The results are plotted versus current density in Figure 
4.18. The porosity generally decreases with increasing current densities and 
increasing amounts of metallic phase, suggesting that the porosity and amount 
of metallic phase are inversely related. This evidence is consistent with the 
supposition that the principal cause for increased porosity appears to be 
corrosion of the metallic phase. As current density increases, the amount of 
corrosion decreases, which is reflected in smaller losses of the metall ic 
phase and less porosity. 

Even though the steady-state current at higher current densities may 
contain only a small contribution from corrosion, corrosion reactions probably 
do contribute significantly at short times (less than 10 s) after 
polarization. These reactions may, in fact, determine the initial state of 
the electrode, including how rough the surface is. The effect of surface 
roughness will be discussed later. The change-over from a total anode current 
containing a large corrosion component to an anode current dominated by the 
production of oxygen, is, in all likelihood, profiled in the potential-step 
data and embodied in the B-term of Equation (4.1). This term increases in 
magnitude with increasing current density. Some speculation regarding the 
mechanism for this change-over, based on the mathematical relationships 
already presented, is described in the following text. 

Rearranging Equation (4.6) and combining the results with Equation (4.1) 
gives 

(4.10) 
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At higher current densities, however, the magnitude of A is comparatively 
small. In addition, as discussed previously, Iss= I6x· Consequently, we 
can write 

Igorr = Bt-1 (high cd) (4.11) 

Equation (4.11) shows that the t-1 relationship observed over the first 10 
seconds in the potential-step tests arises largely from the shut-down of the 
corrosion reactions. It is interesting that this same relationship describes 
the rate of production of oxygen as given by Faraday's Law. 

Is = NnFt-1 ox (4.12) 

where N is the number of equivalents of oxygen gas produced, n is the number 
of electrons transferred per equivalent weight, and F is Faraday's constant. 
Rearranging Equation (12) and substituting for t in Equation (11) gi ves 

1gorr = (BI6xlnF) (1/N) (high cd) (4.13) 

which indicates that the magnitude of the corros ion reactions are inversely 
related to the amount of oxygen produced. As oxygen is generated, the 
corrosion reactions contribute correspondingly less to the total current. 

4.3 A PORE-BLOCKING MECHANISM 

At least two mechanisms for the physical model discussed above are 
possible. For example, the production of oxygen gas may favor the formation 
of a film that inhibits further corrosion. This mechanism would be consistent 
with previous mechanisms proposed by PNL. 

A second possible mechanism takes into account not only the relationship 
between the amount of oxygen produced and the shut-down in corrosion 
reactions, but also the previously discussed porous nature of the cermet 
electrodes. According to this mechanism, as oxygen gas is produced it plugs 
the pores in the ceramic body and reduces the contribution from corrosion 
reactions. Pore-blocking has already been shown to be an important part of 
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the corrosion behavior of cermets containing nickel metal (Tarcy 1986). 
Therefore, it should not be surprising that the phenomenon also contributes to 
the behavior of copper-containing cermets. 

This second mechanism has a number of distinct advantages over the film­
forming mechanism. Minimal diffusion effects should be observed at these 
current densities if most of the oxygen gas is produced on the surface of the 
electrode. This prediction is consistent with the potential-step and EIS 
data. If a film were formed as previously proposed, transport across it would 
give rise to some diffusional characteristics, particularly if the film is 
resistive as previous reported. Lack of diffusion control leaves the question 
of charge transport across the film unanswered. In addition, the existence of 
the pore-blocking mechanism eliminates the need to "find 11 and unequivocally 
identify a reaction layer or film. 

4.4 THE RELATIONSHIP BETWEEN FITTING PARAMETER B AND THE CONCENTRATION 
OF ALUMINA 

The pore-blocking theory is also consistent with the way in which the 
corrosion processes are influenced by alumina concentration. 

The mechanism (Thonstad 1968) for the production of oxygen gas on an 
inert electrode (Pt) is the following: 

o2- ~> O(ad) + 2e- (4.14) 

(4.15) 

{4.16) 
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where the k values are the various rate constants and (ad) refers to adsorbed 
species. Based on this mechanism, the overall reaction rate of oxygen 
production at the anode surface, dXs/dt, is(a) 

(4.17) 

where c• is the concentration of oxide ion o2- in moles per cm3 of molten 
electrolyte. 

Using the chain rule, 

(4.18) 

where (dRgx/dt) is the rate of increase in electrical resistance resulting 
from oxygen infusing the pores, (dXP/dRgx) is the reciprocal of resistance 
per amount of oxygen gas in the pores (r), and (dxs;dxP) is the reciprocal of 
the fraction of the oxygen produced on the surface that finds its way into the 
pores (f). Rewriting the above equation, 

(4.19) 

Rearranging and integrating Equation (4.19) gives 

(4.20) 

The constant of integration is zero since the initial amount of oxygen in the 
pores is taken as zero along with the initial Rgx. 

Using Ohm's Law, the corrosion current in the pores is therefore given by 

(4.21) 

where VP is the 11 pore potential ... 

(a) Derived by using the steady-state approximation on the adsorbed species 
O(ad) and o2(ad). 
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Comparison of Equation (4.11) and Equation (4.21) gives 

8 = (VP/frk1)(1/C') 

or 

8 = (VP/3frk1)(1/C) 

where C is the concentration of alumina in moles per cm3 of molten 
electrolyte. 

{4.22) 

(4.23) 

Assuming (VP/3frk1) is constant, as a first approximation,(a) and that 
the mechanism holds throughout the range of alumina concentrations, Equation 
(4.23) says that a plot of fitting parameter 8 for various concentrations of 
alumina versus 1/C is a straight line with a 8-intercept equal to zero. 

Fitting Parameter 8 was determined from Figure 4.12 for alumina 
concentrations equal to 100%, 75%, and 50% of saturation. The appropriate 
value for 8 was selected by first determining the current density when A was 
equal to zero. At this current density the contribution from the A-term was 
considered acceptably small (consistent with the use of Equation (4.11) in the 
above derivation). The value of 8 for this current density was subsequently 
determined. A plot of 8 determined in this way versus 1/C is given in 
Figure 4.19; the data used for this plot given in Table 4.2. As expected from 
the previous discussion, the plot is linear with a 8-intercept very close to 
zero. This result not only supports the mechanism for oxygen production 
discussed above, but shows that the B-term and its connection with the 
corrosion processes are tied to oxygen production during the early stages of 
polarization. The calculations also show that a pore-blocking mechanism may 
explain the interrelationship. 

(a) Actually, some of the parameters in this term should vary with current 
density, particularly vP and k1• They may vary, however, in such a way 
as to be self-negating. For example, vP and k1 should both increase with 
current density, so their quotient may not change appreciably. 
Nevertheless, further work is warranted to resolve this uncertainty. 
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TABLE 4.2. Data For Plotting Parameter B Against Aluminum 
Concentration in Moles/cm3 

Al203 (%) 
of Saturation 

100 
75 
50 

~2!h (wt%) 

6.0 
4.5 
3.0 

C (mole/cm3l 1/C 

1.25E-3 802 
9.35E-4 1070 
6.24E-4 1603 

4.5 AN EXPLANATION FOR THE ANODE IMPEDANCE RELATIONSHIP 

B (When A=O) 

0.436 
0.564 
0.780 

If a pore-blocking process is responsible for the reduction in the extent 
of corrosion of the metallic phase of the cermet anodes at higher current 
densities, then an explanation for the impedance previously associated with a 
protective film is required.(a) Examination of Figure 4.15c reveals that a 
certain surface roughening appears to accompany polarization of the anode at 
higher current densities. The roughness was measured(b) for anodes polarized 
for identical times using the same conditions except for potential, current 
density, and alumina concentration. As shown in Figure 4.20, the surface 
roughness, quantified by parameters x and s, generally decreased as current 
density increased to about 0.5 A/cm2. Above 0.5 cm2, the roughness factors 
again increased dramatically. 

Examination of Figure 4.15b shows that surface roughening accompanies the 
corrosion reactions at lower current densities. Figure 4.15c shows that the 
roughening also occurs at higher current densities, although from a presently 
unexplained source. As mentioned previously, corrosion reactions occurring 
very shortly after polarization may determine a characteristic morphology on 

(a) The possibility that a film contributes to the impedance has not been 
eliminated. Optical microscopy has revealed the presence of a reaction 
layer, and its analysis is in progress. However, preliminary inspection 
shows that its characteristics such as thickness, unlike the surface 
roughness, do not seem to correlate with the measured impedance. 

(b) Surface roughness was determined by computing the mean, x, and standard 
deviation, s, of numerous measurements of the distance between the 
anode•s surface and a reference point using optical micrographs of the 
anode sample. x gives an indication of the "depth 11 of the roughness, and 
s measures the extent of 11 bumpiness." 
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the anode's surface. Despite this uncertainty, however, the roughness may 
help explain the impedance relationships observed in previous PNL studies. 

The variation in surface roughness with current density, similar to the 
relationship involving cell impedance, (a) is shown in Figure 4.20. Impedance 
is highly dependent on cell geometry, including electrode area and topography. 
It is possible, therefore, that the observed relationship between impedance 
and current density is caused by changes in surface roughness which, in turn, 
are determined by the anodic current density. 

One possible explanation for the observed correlations is that only a 
portion of the total surface area is active, i.e. serves as a substrate on 
which the oxide ions are discharged. On a rough surface, the active regions 
would probably be those areas which protrude the most into the electrolyte. 
Recessed areas may be blocked by gas bubbles or , perhaps, solid, poorly 
conducting corrosion products. In any event, as a result of the roughening, a 
large portion of the surface area is rendered inactive, causing the "real" 
surface area to be less than that which is "apparent." The resulting 
impedance would be larger than expected. 

The above explanation for the variation in cell impedance can also help 
explain certain issues that were puzzling in the context of the alternative 
film-formation theory. First, the increase in impedance at lower current 
densities could not be explained because a protective film was not formed 
appreciably under these conditions. Al~o, in a number of previous studies at 
PNL it was observed that the anode impedance could be preserved when the anode 
was removed from the molten electrolyte and used at a later date in another 
cell. This observation was explained by proposing that the film which formed 
on the anode could be preserved during the transfer, i.e. the film formed in 
the molten electrolyte under polarization conditions could exist intact on the 
electrode after its removal. This explanation was somewhat suspect since 
microscopic examination gave no unequivocal evidence for such an intact layer . 
It was also improbable that the film could retain its chemical integrity 

(a) This impedance was determined from the high-frequency Z'-intercept of the 
plots in Figures 4.16 and 4.17. The values, determined in this way, 
follow the same relationship with current density reported previously 
(Strachan 1988) and correspond primarily to the electrolyte resistance . 
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considering the drastic physical and chemical changes accompanying the 
electrode transfer. It is more likely that the effects of surface roughness, 
a characteristic of the anode itself, would accompany the anode, surviving a 
transfer from one cell to another. 

Attempts to use impedance measurements to monitor alumina concentration 
(Windisch 1990) also may have been unsuccessful because of the source of the 
anode impedance. Although surface roughness may be affected by alumina 
concentration, the relationship would probably be much less precise than one 
involving, for example, the thickness of a reaction layer or film (as 
previously proposed). Consequently, if impedance were sensitive primarily to 
surface roughness instead of the characteristics of a film, a correlation 
adequate for use as an alumina sensor would seem to be less likely. 
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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 layer 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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