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Changes Produced by Cathodic Polarization in the Electrical Conduction
Behavior of Surface Films on Aluminum
Abstract

The electrochemical behavior of aluminum during cathodic polarization was investigated with the quartz
crystal microbalance, to identify changes in the electrical conduction properties of the surface film, which
result in strongly enhanced electrochemical reaction rates. As a consequence of cathodic charging at potentials
more negative than about −1.45 V vs. NHE in 0.1M solution, the surface film transforms from a high field
electrical conductor to an ohmic conductor, and then begins to grow. The critical potential for forming this
ohmically conducting film agrees with the potential below which aluminum hydroxide is expected to be more
stable than aluminum oxide, near the metal/film interface. The conductivity of the cathodic film is within an
order of magnitude of the proton conductivity of bulk hydrated aluminum hydroxide, . When the potential is
stepped above the open‐circuit potential subsequent to cathodic charging, there is a characteristic current
decay during several seconds, after which the conductivity is three orders of magnitude smaller than at the
cathodic potential. A mechanism is given, based on calculated overpotentials for interfacial reaction and
transport processes, through which the oxide film transforms to hydroxide at cathodic potentials.
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Changes Produced by Cathodic Polarization in the
Electrical Conduction Behavior of Surface Films on Aluminum
Ching-Feng Lina and Kurt R. Hebert*
Department of Chemical Engineering, Iowa State University, Ames, Iowa 50011

ABSTRACT
The electrochemical behavior of aluminum during cathodic polarization was investigated with the quartz crystal
microbalance, to identify changes in the electrical conduction properties of the surface film, which result in strongly
enhanced electrochemical reaction rates. As a consequence of cathodic charging at potentials more negative than about
-1.45 V vs. NHE in 0.1M HC1 solution, the surface film transforms from a high field electrical conductor to an ohmic
conductor, and then begins to grow. The critical potential for forming this ohmically conducting film agrees with the
potential below which aluminum hydroxide is expected to be more stable than aluminum oxide, near the metal/film
interface. The conductivity of the cathodic film is within an order of magnitude of the proton conductivity of bulk hydrated
aluminum hydroxide, AI(OH)3. H20. When the potential is stepped above the open-circuit potential subsequent to cathodic
charging, there is a characteristic current decay during several seconds, after which the conductivity is three orders of
magnitude smaller than at the cathodic potential. A mechanism is given, based on calculated overpotentials for interracial
reaction and transport processes, through which the oxide film transforms to hydroxide at cathodic potentials.

There is a wide potential range on aluminum, of about
1.6 V, where both cathodic hydrogen evolution and anodic
metal oxidation are thermodynamically possible. In acid
solutions, near the open-circuit potential of about -0.8 V
vs. the normal hydrogen electrode (NHE), the rates of anodic and cathodic reactions are limited by the resistance of
the surface oxide film to transport of ions. However, at
potentials more negative than about -1.2 V vs. N H E , there
are greatly increased hydrogen evolution currents I-7 and
corrosion rates,2'3'~'sand surface films are deposited? Also,
in chloride ion containing solutions, the rate of corrosion
pit initiation is observed to be greatly enhanced due to
prior cathodic polarization of the metal below -1.2 V. 10
This effect m a y be responsible for the extremely large pit
number densities found after alternating current (ac) etching of aluminum in chloride solutions. 10-13
Two points of view have been adopted in explaining this
cathodic activation of aluminum. Some investigators attribute the unusual cathodic behavior to increased pH in
the solution near the metal surface, resulting from the cathodic decomposition of water to hydroxide ions. 2'~ The
surface oxide film is known to be soluble in alkaline solutions, so the transport limitation imposed by the film on the
rates of anodic and cathodic reactions would be removed.
Films found to grow at cathodic potentials would have
been precipitated on the electrode surface, due to the large
metal dissolution rate. In contrast to this mechanism, others suggest that the surface oxide film becomes hydrated as
a result of electrochemical processes occurring at cathodic
potentials, and consequently its resistance dramatically
decreasesY ,14
In the preceding paper Lin et al. ~ used the electrochemical quartz crystal microbalance (QCM), together with infrared spectroscopy and capacitance measurements, to investigate the conditions for film growth at cathodic
potentials. When the potential was held at -1.80 V (NHE)
* Electrochemical Society Active Member.
a Present address: Industrial Technology Research Institute,
Materials Research Laboratories, Hsinchu, Taiwan, China.

in O.1M HC1 solution, an oxyhydroxide or hydroxide surface film began to grow after the passage of only 7 mC/em 2
of cathodic charge. Mass transport calculations showed
that at the time film growth initiated, the solution near the
electrode surface was practically unchanged from its initial
composition. Thus, the film growth occurred by direct electrochemical reaction and not by precipitation from solution. Since the high resistance of the oxide film to ionic
conduction would normally severely limit film growth at
cathodic potentials, the original film must have undergone
a structural transformation through which its electrical resistance had diminished greatly.
In the present work, the electrical conduction properties
of the surface film on aluminum were measured before,
during, and after cathodic polarization in 0.1M HC1 solution. Measurements were carried out using the QCM, which
allows the simultaneous monitoring of electrochemical
charge and electrode mass changes, the latter with monolayer sensitivity.1G'17Conductive properties of the surface
film can be inferred, for example, through measurements of
the variation of current flow with film mass during its
growth. Also, a theoretical explanation is given for the
transformation in the chemical composition of the film
which led to the observed change in conduction behavior.
The model for the film, on which this explanation is based,
includes interracial reactions and transport processes of
aluminum and hydrogen ions, and the equilibrium between
solid aluminum oxide and hydroxide in the film. Figure i is
a schematic drawing of the film showing these reactions.

Experimental
Details of the QCM measurements and electrode preparation are the same as given in the preceding paper. 15 The
aluminum electrodes were approximately 0.25 p,m thick
films evaporated from a pure source (99.99% A1 foil, provided by KDK Corporation, Japan) onto AT-cut quartz
crystals (Valpey-Fisher). The electrode area was 0.34 cm 2.
The deposited films were exposed in laboratory ambient
for 24 h. The crystals were then mounted into the wall of
the electrochemical cell. A platinum wire and an Ag/AgC1/
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Fig. 1. Schematic representation of chemical and electrochemical
reactions at the metal/film interface, in the film and at the film/solution interface.
4M KC1 electrode were inserted into the cell as counterelectrode and reference electrode, respectively. Potentials given
in this paper are relative to this reference electrode, unless
otherwise stated. In all experiments the electrolyte was
25 ml aqueous 0.1M HC1 solution at 25~ Prior to polarization experiments, the a l u m i n u m electrode was allowed to
contact with the electrolyte for 5 min at open circuit. This
"pretreatment" was necessary to obtain significant currents and film growth during cathodic polarization. During
QCM experiments, the interval between frequency measurements was 18 ms. Some other electrochemical current
measurements were carried out without the QCM, using a
potentiostat [Princeton Applied Research (PAR) 273]. Fast
current transients were measured using a high speed voltmeter (Keithley 194A).
The crystals were operated at their fundamental reson a n t frequency of 5 MHz. Their mass sensitivity was
17.67 ngHz -1 cm -2, according to Sauerbrey equation 16'17
h f = -2.26 • 10-6f 2 Am

[1]

where f is the resonant frequency of the quartz crystal in
Hz, and Am is the mass change in g/cm 2. This equation
assumes that the surface film on the aluminum electrodes
behaves as a rigid elastic overlayer and that there are no
changes in the mechanical stress of the electrode during the
experiments. These assumptions have been found to be
valid in the present experiments. ~
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Fig. 2. Cathodic Polarization curve and quartz crystal microbalance frequency shift, measured simultaneously during a Potential
sweep from -1.5 to -2.0 V. The solution was 0.1N HCI, and the
potential scan rate was 10 mV/s.
is the potential relative to a hydrogen electrode in equilibrium with the bulk solution. At the experimental pH of
1.25, E~ is 0.27 V more anodic than the potential measured
experimentally. The cell resistance, Ra, had been determined to be 37 ~ - c m 2. 23 After this ohmic correction, the
Tafel slope and exchange current density in the low current
region (between -1.2 and -1.5 V) were -371 mV and 3.3 •
10 -8 A/cm 2, respectively. In the high current region (between -1.65 and -1.79 V), the corrected Tale1 slope and
exchange current density were - 9 6 mV and 5.7 • 10 -19
A/cm 2.
Potentiostatic cathodic polarization.--Results of QCM
measurements for potentiostatic cathodic charging were
given previously. 15 In the present work these results are
analyzed with the use of cathodic kinetic data from potentiodynamic polarization, to determine conduction properties of the surface film. Figure 4 shows the QCM frequency
transient, as well as the charge passed, during cathodic
charging at -2.0 V. After an initial period of about 2 s
during which no frequency change was observed, the frequency decreased linearly with time, suggesting that cathodic products accumulated at a constant rate on the electrode surface. Lin et al. 1~ presented infrared spectroscopy,
surface capacitance, and oxide stripping measurements
which confirmed that the frequency decrease was due to
the deposition of a surface oxyhydroxide or hydroxide film.
The cathodic current transient, corresponding to the QCM
measurements in Fig. 4, is shown in Fig. 5. The current

Results
P o t e n t i o d y n a m i c cathodic polarization.--Electrochemi-1.2.
cal current and QCM frequency transients were measured
simultaneously as the potential was swept between -1.5
and - 2 . 0 V (Fig. 2). The potential scan was in the cathodic
~ -1.4'
direction at a rate of 10 mV/s. No change in the QCM frequency was detected at potentials more positive than about
-1.65 V, indicating that the electrode mass remained con> -1.6'
stant. However, as the potential became more cathodic than
-1.65 V, the cathodic current rose and the frequency decreased with time (or potential). This decreasing frequency
~ -1.8'
indicates an increase in electrode mass, according to Eq. 1.
Figure 3 shows a polarization curve plotted with a logarithmic current axis. The high current region was taken
from the data in Fig. 2, while the low current region was
-2
-1.5
-1
-0.5
0
0.5
measured separately, at higher sensitivity. Separate linear
Log
i
(mA/cm
2)
E vs. log i (Tafel) relationships exist in both potential regions. At potentials more cathodic than -1.8 V, the caFig. 3. Cathodic polarization curve for aluminum in 0.1N HCI,
thodic current falls below the high current Tafel line and
showing the two Tafel regions at low and high cathodic current. The
approaches a plateau. This increase of kinetic resistance
data in the high current region (closed circles) are from Fig. 1; that in
coincides with the significant buildup of mass in Fig. 2.
the low current region (open circles) were measured separately, at
These kinetic data were corrected for the effect of ohmic
higher sensitivity. The Potential scan rate in both regions was
10 mV/s. The Tafel lines are linear regression fits.
potential drop by plotting log i against (EH - iR~), where E H
Downloaded on 2014-02-10 to IP 129.186.176.91 address. Redistribution subject to ECS license or copyright; see ecsdl.org/site/terms_use
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Fig. 4. Quartz crystal microbalance frequency transient and accumulated cathodic charge during cathodic polarization in 0.1N HCI at
-2.0 V. The potential was stepped directly to - 2 . 0 V from the opencircuit potential and then to -0.9 V at 30 s.
increased to a maximum of 6 mA/cm 2 at 7 s, and then began
to decay.
As in the case of the potential sweep experiment, potentiostatic cathodic charging activated the aluminum surface. The initial cathodic current density in Fig. 5 is
1.7 mA/cm 2, which compares favorably to the current density of 1.1 mA/cm 2calculated from the Tafel kinetic expression in the low current region in Fig. 3. The current density
obtained from the other (high current) Tafel law, also at
-2:0 V, is 5.5 mA/cm 2, which agrees with the maximum
current of 6 mA/cm 2 in Fig. 5. Thus, the "activation" of the
aluminum surface, that is, the transition between the two
kinetic rate laws, took place over the initial period of 7 s in
Fig. 5. The subsequent decrease in the cathodic current
with time occurs during the buildup of the surface film
indicated by the QCM results in Fig. 4.
According to Vijh, TM during cathodic hydrogen evolution
on aluminum, there is appreciable resistance to cathodic
current flow in the surface film, and also to reduction at the
metal/film interface. Both resistances influence the overall
kinetic behavior. In agreement with this interpretation, the
cathodic current was obtained by solving the current continuity equation
iHo exp ( - ~ 1 2 ~ 2/) = --K ~

[2]

along with the equation relating the interracial hydrogen
overpotential to the cell potential EH
E~ = ~2) + ~(2) + iR~

[3]

The superscript 12 in these equations refers to the metal/
film interface, and 2 to the film itself (Fig. I). The left side
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Fig. 5. Current transient during cathodic polarization in 0, IM HCI
at - 2 . 0 V, for the same experiment shown in Fig. 4.

Fig. 6. Plot of transient mass increase during constant potential
cathodic charging, vs. the reciprocal of the current density. The mass
increase was calculated from the QCM frequency data in Fig. 4,
during the period 7 to 30 s. The corresponding currents measured in
the same experiment are from Fig. 5.
of Eq. 2 is the hydrogen reduction current at the metal/film
interface, and the right side is the current through the film,
which is driven by the overpotential in the film, ~r Equation 2 incorporates the hypothesis that conduction in the
film follows Ohm's law. In the preceding paper, ~5 the film
was found to have a duplex structure, with an inner layer
with a large electrical resistance, and an outer, more conductive layer. Kin Eq. 2 is an average over these two layers,
and is probably primarily determined by the resistive layer
conductivity. Since the fraction of the total film thickness
occupied by the resistive layer was approximately independent of film thickness, Eq. 2 treats Kas a material property of the surface film. Also, since the high cathodic current Tafel region in Fig. 3 occurs before significant film
growth initiates, it is assumed that the current/potential
relation in this region represents the kinetics of the hydrogen evolution reaction at the metal/film interface.
Equations 2 and 3 can be rearranged to yield a relationship between the cathodic mass increase and the current
Am = K.p (Es - ~]~2)) _ p(KRa + 50)

[4]

Here, the film thickness 8 was expressed as the Sum of the
initial film thickness 8o and the thickness increase during
cathodic charging Am~p, where p is the film density and Am
i s the film mass increase during cathodic charging. Equation 4 is hypothesized to govern the current decay during
cathodic film growth. During this current decay, the expected variation of ~]~2), calculated from the kinetic
parameters obtained from Fig. 3, is only 1.4%. Thus the
term (EH - ~2)) in Eq. 4 is approximately a constant, and
Am is expected to be a linear function of 1/i if the film is an
ohmic conductor. To test Eq. 4, film mass changes were
calculated from the measured frequency shifts in Fig. 4,
according to Eq. 1. After frequency shift was converted into
mass units, it was multiplied by the "stripping ratio" of
1.38 to obtain the corresponding change in film mass. The
stripping ratio represents the ratio of the frequency increase measured while chemically stripping the surface
film, to the cathodic frequency decrease, and was found
to be independent of cathodic charge. ~5 This calculation
may overestimate the film mass because of the possibility
of an open-circuit film-forming reaction after cathodic
charging. I~
Figure 6 shows that the relationship between Am and I/i
is in fact linear for times between 7 and 30 s in Fig. 4 and
5, which indicates that the film at these times is an ohmic
conductor. The intercept of Fig. 6 is -1.47 • 10 -6 g/cm 2.
Using a film density of 2.4 g/cm s for aluminum hydroxide, TM
an initial film .thickness 3.1 nm, ~5 and a cell resistance of
37 s
~, ~s a conductivity of 1 • 10 -8 (s
-~ was calculated. This conductivity was then used to determine .q~2)
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from the slope of Fig. 6. An overpotential of -1.2 V was
obtained, in reasonable agreement with the value of -1.5 V
from the kinetic equation for the high current Tafel region.
This agreement supports the assumption that this kinetic
equation governs hydrogen reduction at the metal surface
during film growth. As noted earlier, the conductivity given
here is an effective value for the two-layer surface film. The
thickness of the resistive layer, which controls the overall
film resistance, was estimated as between 1/8 and 1/3 of the
total film thickness; thus, the resistive layer conductivity
might be as much as eight times smaller than the above
value.
A n o d i c conduction before cathodic c h a r g i n g . - - T h e next
two sections discuss conduction measurements carried out
at anodic potentials, before and immediately after cathodic
polarization. Galvanostatic current step experiments were
carried out to determine the anodic ion conduction rate law
for the surface film prior to cathodic charging, following
the method of Kirchheim. 2~These experiments were at potentials anodic enough to avoid complications from simultaneous cathodic hydrogen evolution. Since pitting corrosion would have occurred at these potentials in chloride
solutions, the electrolyte solution was 0.05M H2SO4 instead
of 0.1M HC1. Its pH of 1.35 was close to that of the HC1
solution.
The initial anodic applied current was set to the "stationary corrosion current density," ico, where the oxide
growth/dissolution reaction

O~ + 2H~q) -~

[5]

H20(aq)

is at equilibrium. At i~o, the potential was constant with
time, as expected. The current was stepped to a larger anodic current, i, held there for a time to, and then stepped
back to ir As in the case of Kirchheim's measurements on
iron, 2~after the current step to i, the potential immediately
increased by AE~, and thereafter increased linearly with
time.
The analysis of these experiments followed Kirchheim's,
and the reader is referred to his paper for a more detailed
account. The initial potential increase AE~ is supplied by
increases in the potential drop across the film, and the overpotential at the film/solution interface
hE1 - ~l(~3)-- ~8o In/~o
i

[6]

Equation 6 assumes that anodic conduction in the film
obeys the high-field conduction law
/
~qcz)\
i : iAoexp ~BA T )
[71
where ~(a/5 is the electric field in the film. A plot of AE1 ~3~ vs. In (i/ico) from the present experimental data is
shown in Fig. 7. ~z3/and i~o were calculated using kinetic
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Fig. 8. An early period of an anodic current transient following a
potential step to - 0 . 9 V, after cathodic polarization at - 2 . 0 V. Cathodic charging was for a period of 3 s (11.2 mC/cm 2 cathodic
charge passed). The experiment was in 0.1N HCI.
expressions for the oxide growth/dissolution reaction, and
the dissolution of aluminum ions from the film. These expressions were written in the forms given previously for the
corresponding reactions on iron; 2~ kinetic parameters for
aluminum were taken from the measurements of VMand
and Heusler, 22 as discussed in greater detail by Lin. 23 The
linearity of Fig. 7 shows that the high-field conduction
equation was in fact obeyed for anodie conduction before
cathodic charging. The high field constant BA, calculated
from the slope of Fig. 7 along with the value of the initial
film thickness, 5~ = 3.1 nm, was 4.9 • i0 -6 cm/V. In good
agreement with this value, Videm 2~ reported BA to be 4.7 •
i0 -6 cm/V for both native oxide films and anodic films, and
Young 25 gave a value of 3.8 x i0 -6 cm/V for anodie films.
A n o d i c conduction characteristics of the f i l m f o r m e d by
cathodic charging.-- The anodic conduction behavior of
the film produced by cathodic polarization was determined
from the current transients measured upon stepping to an
anodic potential after cathodic charging. An example of
the early time portion of such a current transient is shown
in Fig. 8, where the current is plotted on a logarithmic axis.
L i n e t al. ~5 showed that the exponential current decay approached asymptotically at early times (indicated by the
straight line in Fig. 8) was due to capacitive charging of the
part of the film near the metal surface.
Since cathodic conduction in this film was ohmic, the
initial anodic conduction also may follow Ohm's law. The
relation between the current and the measured potential E H
would then be
~(2) = i~ _ E~ - ~3) _ ira - E *

[8]

K --

E* is a constant term which includes equilibrium potentials for aluminum metal oxidation and dissolution from
the film. It is assumed that the overpotential for metal ionization ( ~ ) ) is small compared to the other terms and can
be neglected. The hypothesis of ohmic conduction was
tested by plotting i5, the product of the initial current and
the film thickness, against the corrected potential EH .q~3) _ ira. This "initial current" was taken to be the first
current measured with the QCM data acquisition system, at
a time of 4 ms; this time is well beyond the capacitive relaxation depicted in Fig. 8. ~) was calculated from the measured anodic current, as in the previous section. The film
thickness 5 at the beginning of the anodic period was determined as in Fig. 6.
Figure 9 shows the plot of i5 vs. the corrected anodic
potential. The potential range in the figure corresponds to
experimentally measured potentials between -0.9 and
-0.2 V vs. the Ag/AgCl reference electrode. The linearity of
the current over this wide potential range, as expected from
Eq. 8, is evidence that conduction in the film is ohmic. The
variation in film thickness between the experiments was
about 1 7 %. The film conductivity calculated from the slope

Fig. 7. Plot representing variation of anodic current with ion transport overpotential in the film, prior to calhodic polarization. The
ordinate and abscissa are according to Eq. 6 in the text. The experiments were carried out in 0.05M HzSO4 solution.
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Electrical conduction behavior of the film.--The cathodic polarization curve (Fig. 2) shows that the Tale] slope
for hydrogen evolution decreases significantly at potentials
more negative than about -1.7 V. A calculation is given
here which shows that this change of the Tafel slope is
consistent with a reduction in the resistance for current
flow in the film, while the kinetic resistance at the metal/
film interface is unchanged.
For the low current Tafel region (anodic to -1.7 V), it is
proposed that cathodic conduction, like anodic conduction
in the same film, follows the high field conduction equation

-0.6

Fig. 9. Dependence of i8, the product of the initial anodic faradaic
current density and the film thickness, an potential. Cathodic polarization was for a period of 10 s at - 2 . 0 V, after which the potential
was stepped to various anodic values. The currents in the figure were
measured at a time of 4 ms after the anodic stop, which is much
longer than the time for capacitive charging of the electrode surface.
The solution in all cases was 0.1M H2SO4. Anodic Potentials were
corrected by subtracting ~3) and the ohmic potential drop iR~, according to Eq. 8.

i = -ico exp ( ~- ~l m - > )

[9]

where Bc is the cathodic high-field conduction coefficient.
When the current density in Eq. 9 is set equal to the reaction current density at the metal/film interface (Eq. 2), an
exponential (Tafel) rate law is obtained for the cathodic
current in terms of the combined overpotential, ~1~2)+.q(2)
9

i= -/co \ZHo/

-B C

7

exp rL~{3:2 + Bc (,q(~2) + ~im))]
~ ~12Sc

[i0]

It is assumed that the kinetic parameters of the electrochemical reaction (~12 and iHo) are the same in both Tafe]
regions; their values were therefore determined from the
in Fig. 9 is 3 • 10 -~ (~-cm) 1, three times smaller than the
high current Tafel region, in which the film resistance is
conductivity of 1 x 10 _6 (~-cm) ~from Fig. 6, for cathodic
small. The conduction parameters in Eq. 1O were then obconduction in the same film. The result that both anodic
tained from the Tafel equation for the low current region.
and cathodic conductivities are on the same order of magBc and/co were found to be 2.6 x 10 -6 cm/V and 0.17 mA/
nitude confirms that the film formed during cathodic
cm 2, respectively.
charging is in general an ohmic ionic conductor. The apparThis calculated Bc is a factor of 1.9 smaller than BA, the
ently smaller anodic conductivity is partly the result of the
high-field coefficient for anodic conduction in the same
current decay between 1 ms, just after the capacitive relaxfilm. According to the theory of high-field conduction,2~the
ation, and 4 ms, when the current was measured. Accountratio BA/Bc should be ZA/Zc, the ratio of charge numbers of
ing for this decay, the "initial conductivity" should be
the current-carrying species during anodic and cathodic
about twice the reported value, or 6 • 10 -8 (~l-cm) -~.
conduction. (This prediction assumes that the potential enThe steady-state currents after the anodic current tranergy barriers for cathodic and anodic conduction are the
sients were on the order of i0 ~A/em 2. Figure i0 shows
same.) The cathodic current carrier is likely to be the prothese final currents plotted in the same way as in Fig. 9. The
ton; during anodic oxidation, 50 to 80% of the current is
current again depends linearly on potential over a wide
carried by oxide ions, and the rest by metal ions. 26 Thererange, indicating ohmic conduction behavior. However, the
fore, BA/Bc should probably be in the range 2.2 to 2.5, in
conductivity from the slope of Fig. 9 is 4 • 10 -~2 (~-cm) 1,
good agreement with the experimental value of 1.9. Since
about three orders of magnitude lower than the conductivthe cathodic and anodic conduction equations are mutually
ity immediately after c~thodic charging. In addition to this
consistent, the large Tafel slope at potentials above "-1.7 V
markedly decreased conductivity, the open-circuit potencan be attributed to the high cathodic conduction resisttial after the anodic transient increased by about 0.5 V.
ance of the film.
Conduction in the film during polarization at lower potentials was found to follow Ohm's law. Infrared spectroscopy and QCM film stripping experiments had previ6
ously found that the film after cathodic charging was an
oxyhydroxide or hydroxide which contained appreciable
amounts of water. 15Dzimitrowicz et al. 27showed that bulk
AI(OH)3 - H20 is an ohmic proton conductor, with a conductivity of 6 x 10 -8 (~l-cm) -~, on the same order of magnitude
4
as the conductivity during cathodic charging, 1 x 10 -6 (~cm) -1. The comparison of these conductivities is justifiable,
since protons probably carry current through the cathodic
film9 The aluminum hydroxide studied by Dzimitrowicz
2
et al. was obtained by neutralization of Al(NO3)8 solution;
this material has low crystalline order and very small hydroxide particle sizes. 26Additional water molecules occupy
its interparticle spaces to produce a connected, viscous-liq0
1
/
~
t
{
l
]
{
]
J
{
{
{
{
~
I
]
{
]
uid region through the material, through which the current
=I
-0.S
0
0.S
was considered to flow. The similar conductivity of the cathodic film therefore suggests that it may also have conCorrected potential (V)
nected aqueous pathways, which are responsible for its
ohmic conduction behavior.
Fig. 10. Dependence of the steady-stole anodic current density on
After stepping to an anodic potential, ohmic conduction
anodic potential. The conditions of these experiments were the same
in the film was maintained, but the conductivity decreased
as far Fig. 9, and the potentials were corrected in the same way.
by three orders of magnitude. If the large cathodic conducCorrections for film thickness variations between experiments were
tivity is attributed to its high water content, then the loss of
not made; the film thickness was calculated from the QCM date in
Fig. 4, and was assumecl to be the some in every experiment. The
conductivity may be due to the removal of this entrained
sleady-stote currents were reached at times of typically 30 s after the
water, possibly as the result of reaction between it and the
anodlc potential step.
metal, to form solid a l u m i n u m oxide or hydroxide.
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Mechanism of chemical transformation of the f/lm.--The
onset of film growth and increased currents at cathodic
potentials is explained in this section. The rates of electrochemical metal oxidation and hydrogen evolution at the
metal/film interface are governed by the overpotentials ~]~2)
and ~]~2/,respectively. These overpotentia]s are defined according to the electrochemical potentials of ions in the film
near the interface
, (12).

3F~l~2) = P~A1-- 3p.o -- ~A~+~

[11]

1
F~]~2) = ~ ~ 2 - ~o- - p~+2)

[12]

The aluminum and hydrogen overpotentials are not independent. The relation between them can be expressed in
terms of the film composition near the metal/film interface
(, (21) __ ['~AI(OH)3S
, (2z) ~
~ 2 ) ----~(Al12)+ ~ 1 t,/~A1203

I~OH- = IXH+ + lXO-2

[14]

Further, the electrochemical potentials of Al +3, O z, and
OH- ions have been related to the chemical potentials of
the neutral compounds, A1203 and AI(OH)3, by dissociation
equilibria. As a first approximation, the film is taken to be
an ideal mixture of its components, aluminum oxide and
hydroxide, and water. In this case, p~, the chemical potential of component i in the film, is Ix~ + RT in x~, where x~ is
the mole fraction of the species. Equation 13 then becomes
1

~q(~2)= ,q(~) + ~

RT

(IX%~o3- P~(OH)~)+ ~

(X~2o3 I

In - \Xm(oH)3/

= ~]~2)_ 1.57 V + (8.56 mV) In (xm2~

the aluminum ion concentration near the metal/film interface decreased with time. To preserve electrical neutrality,
the depletion of aluminum ions was compensated by the
inward movement of protons, which were transferred to
oxide ions near the metal/film interface (Eq. 14), forming
hydroxide ions. As the film composition near the metal surface shifted from hydrated aluminum oxide toward alum i n u m hydroxide, the composition term in Eq. 15 became
more negative, causing ~2) to become less cathodic (~]~2)is
approximately constant, as discussed above), and eventually reach zero. At this point, aluminum oxidation began,
and film growth initiated. The highly conductive nature of
the cathodic film is probably attributable to pores created
by dissolution of the hydroxide film material from the film/
solution interface, as film growth proceeds from the metal/
film interface.

Conclusions

[13]

This equation assumes that hydroxide, hydrogen, and oxide ions are in equilibrium in the film

I

[15]

\XAI(OH)3/

The standard chemical potentials of A1203 and AI(OH)3
were taken as -380.5 and -271.9 kcal/mol, respectively.~9
Previous models for oxide films on metals have assumed
that the overpotential for metal atom ionization (~]~21)is
zero;2~the same assumption is made here (except during the
initial moments of cathodic charging, as discussed below).
Thus, the ratio of mole fractions in Eq. 15 varies from i00
at ~]~2) = 1.53 V to 0.01 at -1.61 V. The thermodynamic
transition from AI203 to AI(OH)3 thus occupies a narrow
potential range around ~]~2)= _ 1.57 V. This critical~]~2)can
be compared to the potential of about -1.75 V vs. Ag/AgCI
in Fig. 2 at which the hydrogen evolution is "activated" and
film growth begins. Neglecting ~](2)in the low resistance
film which is present after the transition, the value of ~]~2)
at -1.75 V is -1.48 V, in very good agreement with Eq. 15.
Thus the markedly decreased ion transport resistance in
the film below -1.75 V coincides with the thermodynamic
expectation of a hydroxide, rather than oxide film at these
potentials.
The mechanism of the transformation of the film composition from an oxide into a hydroxide can be understood
using Eq. 15. Immediately after the step from the open-circuit potential (EH = -0.53 V) to the cathodic potential (EH =
-1.73 V, corresponding to - 2 . 0 V vs. Ag/AgC1), the film
composition term in Eq. 15 had not begun to change; therefore, the changes in ~2) and ~]~2)were equal. In order to
supply the initial cathodic current of 1.1 mA/cm 2, the initial ~]~2)at the cathodic potential was -1.5 V, according to
the reaction kinetic expression from Fig. 3. Thus, the
changes of both ~2) and ~3(~i
2) at the potential step were at
least - 1.0 V; as a result, ~3(~2)was about - 1.0 V at the beginning of the cathodic period. Since the cathodic applied potential was close to the equilibrium potential of aluminum
(EH = --1.65 V), the negative ~i(~2) was compensated by an
overpotential of about 1.0 V through the film. The cathodic
~) prevented aluminum oxidation at the metal/film interface, while the large positive film overpotential continued
to drive Al +3 transport out through the film; consequently,
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When aluminum is polarized to potentials more cathodic
than about -1.5 V vs. NHE, cathodic currents are significantly enhanced, and the surface film begins to grow. The
work reported here explored the relation between this cathodic "activation" and the electrical resistance of the surface film. Cathodic polarization at -2.0 V vs. Ag/AgC1 was
found to transform the film from a high field (exponential)
to an ohmic ion conductor. The conductivities for both Cathodic and anodic current flow were on the order of
10 -8 (~-cm) -1, and agree with the conductivity of bulk hydrated aluminum hydroxide, as measured by Dzimitrowicz
et al. 27The conduction mechanism is believed to be similar
to that of the bulk hydroxide in that current flows primarily through connected aqueous pathways. Indeed, in the
preceding investigation using infrared spectroscopy and
QCM stripping measurements, the hydration of the cathodic film was found to be significant. When the potential
is returned to values near the open-circuit potential, the
conductivity increases by a factor of 103 in a time of several
seconds.
An equation was derived which relates the overpotentials of the electrochemical reactions at the metal/film interface (cathodic hydrogen evolution and anodic metal oxidation), and the film composition there. The critical
potential for cathodic activation was shown to coincide
with the potential below which aluminum hydroxide is
thermodynamically stable relative to aluminum oxide, at
the metal/film interface. Conversion of oxide to hydroxide
proceeds from the inner portion of the film, as ionic transport processes cause aluminum ions to be replaced by protons. The high conductivity of the hydroxide film can be
explained by partial dissolution from the .film/solution interface into the acidic electrolyte solution, which leads to a
porous film structure.
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LIST OF SYMBOLS
BA, Bc
EH

E*
F
f
i

anodic and cathodic high field conduction coefficients, cm/V
potential of the aluminum electrode relative to a
hydrogen electrode in equilibrium with the bulk
solution, V
constant potential, V
Faraday constant, 96,487 C/equivalent
resonant frequency of quartz crystal microbalance, Hz
current density, A/cm 2
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iAo, ico
ico

i.o
R
Ra
T
Xi
Greek
AEI
Am

~1(2)
14

p
1.
2.
3.
4.
5.
6.
7.
8.
9.
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pre-exponential current densities for anodic and
cathodic high field conduction, A/cm 2
exchange current density for metal ion transfer
reaction at the film/solution interface, A/cm ~
exchange current density for hydrogen evolution
at the metal/film interface, A/cm 2
gas constant 8.314 J/mol-K
cell ohmic resistance, ~-cm 2
absolute temperature, K
mole fraction of species i, dimensionless
kinetic parameter for hydrogen evolution at the
metal/film interface, V -I
initial potential increase in anodic current step
experiments, V
mass change, g/cm ~
surface film thickness, cm
initial surface film thickness, cm
overpotential of reaction i at interface between
phases j and k, V
overpotential driving current through the surface
film, V
conductivity, (~l-cm) -1
chemical or electrochemical potential of species
i, near interface between phases j and k (on j side
of the interface), J/mol
standard chemical potential of species i, J/mol
density of surface film, g/cm 3
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