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Thin oxide films were prepared electrochemically on the aluminum surface using the high-voltage discharge and potentiostatic
methods in deionized water as an electrolyte. The growth of continuous films occurred only at potentials lower than the breakdown
potential. The films obtained by the discharge method are more uniform and can grow to a higher thickness in comparison to
those formed by the potentiostatic mode, as demonstrated by electrochemical impedance spectroscopy (EIS), transmission electron
microscopy (TEM), and scanning Kelvin probe force microscopy (SKPFM). The data herein obtained can be used as a reference to
understand better the properties of the films produced in conventional electrolytes where apart from water other species are present.
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Anodizing treatment is widely used on aluminum and its alloys
in industrial practice to enhance surface performance (corrosion re-
sistance, hardness and wear resistance) and to modify physical and
chemical properties of the metal surface.!? Anodization is a conve-
nient and important method of oxide film formation owing to low cost,
flexibility and easiness.>”” There are several anodization processes
that are currently used: conventional anodic oxidation (potentiostatic
or galvanostatic) and plasma electrolytic oxidation (PEO).>>7 The
conventional anodization is well studied and allows growing oxide
films of controlled thickness and quality.>’ The films can be par-
tially hydrated.’> The other method, PEO, which utilizes potentials
above the breakdown voltage of the oxide film growing on the anode
surface, makes possible to prepare well adherent, hard, ceramic-like
coatings.>* Both methods are currently applied in industry although
they are still under investigation. One of the problems, which appears
when studying the anodic oxides, is related to the impossibility of
preparing a pure oxide film without foreign atoms apart from metal
atoms of the substrate, oxygen and hydrogen atoms. In all electrolytes
used for anodization, different ionic species are added to increase
the conductivity of solution and the foreign atoms are trapped into
the growing oxide.? According to the literature, the concentration of
the foreign atoms during anodic oxidation usually does not exceed
1%,” however, impact of them on anodic film parameters, such as
concentration of ionized donors, conductivity and photosensitivity, is
significant. It was shown that the electrolyte concentration used for
anodization influences the dopant content in the oxide® and even small
amount of ionic species in solution results in changes of the film prop-
erties. Thus, in order to have a reference point for further research it
is important to obtain an oxide film with minimal influence of foreign
atoms. One of the electrolytes that can help to decrease the amount
of entrapped foreign atoms in the oxide is anodization in hydroxide
solutions. Although the concentration of extraneous elements is lower
than the elements entrapped from the conventional electrolytes (such
as ammonium pentaborate), even in this case foreign cations will be
entrapped to the bulk of the film. Of course, impurity-free oxide on
the metal surface can be prepared by other methods, such as oxidation
in oxygen atmosphere at high temperature! or in boiling water,'” but
the properties of the obtained films will be different of those prepared
by electrochemical oxidation. This motivates the present work where
only deionized water was used as an electrolyte.

The properties of the films obtained in the present work were
studied by scanning (SEM) and transmission electron microscopies
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(TEM), electrochemical impedance spectroscopy (EIS) and scanning
Kelvin probe force microscopy (SKPFM). SKPFM allows simultane-
ous mapping of topography and Volta potential distribution on passive
surfaces in air.'"!'> The Kelvin probe methods are based on measure-
ment of Volta potential difference (VPD) between a surface and a
reference electrode. Several factors can influence the Volta potential
measurements, i.e. composition and structure of the oxide film cov-
ering the aluminum surface and intermetallics, tip—sample distance
and adsorption of different molecules at the surface. Previously it was
shown!%!? that the VPD distribution observed on some metal surfaces
correlates, for example, with their corrosion properties.

The main aim of the present work is to demonstrate the possibility
of preparing impurity-free anodic oxide films on valve metals, partic-
ularly aluminum, by high-voltage anodization in deionized water. The
current paper is the first part of a research focused on the preparation
of impurity-free oxides by electrochemical methods.

Experimental

The electrochemical cell used for anodization consisted of an alu-
minum (Alfa Aesar, 99.999%) anode with a working surface of 4 cm?
and Ti cathode (Alfa Aesar, 99.7%) with about 20 times larger surface
area. Titanium was chosen as a cathode material due to its high me-
chanical strength and chemical inertness. The electrodes were abraded
using abrasive papers up to grit 4000. Then the Ti electrode was chem-
ically polished in a HF:HNO; (1:3 by volume) mixture. Aluminum
was electrochemically polished in C;HsOH:HCIO4 (4:1 by volume)
electrolyte in potentiostatic regime at 20 V to a mirror finish. Af-
ter polishing, both electrodes were thoroughly rinsed with deionized
water.

Deionized water (18 x 10° - cm) prepared from distilled water
was used as an electrolyte for Al anodization. Preparation of the ox-
ide film on Al was performed by two different ways: potentiostatic
and high-voltage discharge methods. In the former, a constant voltage
in the range from 1000 to 2000 V with 200 V step was applied to
the electrodes using a Matsusada AU-3P400 high voltage power sup-
ply, and anodization was performed for different time intervals. The
discharge method was another technique, in which a low-inductance
100-wF capacitor bank, with a measured internal resistance of 2.2 x
10° €, charged to the same voltages as in the potentiostatic mode,
was then discharged to the cell. In order to prepare films with differ-
ent thicknesses, the capacitor was discharged sequentially through the
electrochemical cell between 1 and 30 times to the residual voltage
of 100 V. The length of discharge varied in the range of 200-350 s
depending on the film thickness. The thickness of the oxide film
was controlled by two parameters: initial voltage and number of
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discharges. In both methods, the resistance of the electrolyte plays
a very important role. During anodization, the resistance of deionized
water decreases from 8 x 10° Qto 1 x 10° 2, which could affect sig-
nificantly the process. The electrolyte was replaced by fresh portions
and all electrodes were carefully rinsed with deionized water after each
two discharges or if the resistance of the water in the electrochemical
cell, measured at the frequency of 1000 Hz, became lower than 6
x 10° Q. To compare the properties of the obtained anodic oxides,
anodization of Al was also performed in galvanostatic mode at a cur-
rant density of 10 mA/cm? followed by potentiostatic anodization in a
0.1 M ammonium pentaborate (NH4),B0016) aqueous solution.

Determination of the potential distribution in the electrolyte plays
an important role for this work. Theoretically, the potential drop can
be estimated by dividing the applied potential by the distance between
electrodes, but several parameters, such as potential drop on the elec-
trode surfaces, edge effects and nonuniformity of the electrolyte will
result in significant error. A better way is the measurement of the
potential between the counter electrode and a neutral point in the
electrolyte. In this case it is possible to determine non-uniformities of
the electrolyte conductivity and avoid errors connected with processes
on the electrode (the current between the counter electrode and tip is
negligible). However, in this case the geometry plays a role (flat elec-
trode vs. point tip), thus modelling and calculations become difficult.
To avoid this problem two electrodes with platinum tips (10 pwm in
diameter) were placed in the electrolyte bulk between the cathode
and the anode. In this case the geometry is not relevant (point tip
vs. point tip). The distance between tips can be varied, and they can
be placed in different parts of the electrolyte bulk to determine the
field distribution. To determine the potential at the electrode surface,
E, the cell geometry was taken as two parallel electrodes in high-
resistance electrolyte. Over the main part of the surface the potential
distribution is uniform. Due to the high resistivity of the electrolyte,
the influence of the volume and distance to the walls of the cell can be
ignored.

In highly resistive electrolytes, like deionized water, the anodic
film thickness cannot be estimated by the applied voltage or by the
charge passed through the cell during the discharge as in the case of
the traditional anodization. Electrochemical impedance spectroscopy
(EIS) is an effective tool to estimate the thickness of oxide films
as well as to obtain information about their structure, for example,
crystallinity and defects. In the present work, the thickness of the
alumina films was evaluated using EIS measurements and confirmed
by TEM. For the sake of comparison, thickness of the oxide was also
estimated for the discharge-prepared films from the voltage vs time
plots.

The EIS measurements were performed using a Gamry FAS2 Fem-
tostat with a PCI4 Controller in a frequency range from 10° to 1072
Hz with 7 points per decade. The measurements were carried out at

room temperature in a conventional three-electrode cell consisting of
a mercury—mercurous sulfate reference electrode, a cylindrical plat-
inum foil as a counter electrode and the working electrode with an
exposed area of 1 cm?. Impedance spectra were recorded by applying
a 10 mV (RMS) sinusoidal perturbation at the open circuit potential.
The cell was placed in a Faraday cage to avoid interferences with
external electromagnetic fields. A 0.1 M ammonium pentaborate so-
lution was used as the electrolyte for EIS measurements. At least
five samples prepared in the same conditions were tested to ensure
reproducibility of the results. The impedance plots were fitted using
equivalent circuits by means of the Echem Analyst software from
Gamry Inc.

Transmission electron microscopy (TEM) was carried out using
a Hitachi H9000 microscope at an acceleration voltage of 300 kV.
Electron transparent sections of the samples for TEM were cut with a
Leica Reichert Supernova ultramicrotome. Investigation of the surface
topography was performed using a Hitachi SU-70 SEM.

A Digital Instruments Nanoscope III atomic force microscope with
conductive Pt-Cr probes (AppNANO) was used for SKPFM mea-
surements. The obtained VPD values are presented versus the VPD
measured for pure Ni as a reference.

Results and Discussion

The results of Al anodization in deionized water under high-voltage
potentiostatic and discharge modes with applied voltages between
1000 and 2000 V (Table I) showed that up to 1600 V in both cases
oxide films with different properties can be obtained. For the first
method the film thickness ranged from 5 to 12 nm (lower values are
for lower voltages). Between 1000 and 1600 V the film was found to
be uniform if anodization was performed during 1-2 minutes depend-
ing on the applied potential (Table I). In the case of the lower voltage
range (1000-1200 V) it was possible to generate films up to 2 minutes
of anodization. However, anodization for a period less than 1 minute
resulted in formation of thin films, which thickness was comparable
with natural oxide. In the case of the higher voltages (1400-1600 V)
anodization was performed for 1 or 1.5 minute. The film thickness
is limited by two parameters: the thickness of the natural oxide from
the lower side and the breakdown of the film from the higher one.
Longer anodization of the electrodes resulted in breakdown of the
films. Application of potentials of 1800 and 2000 V in the potentio-
static method also resulted in breakdown of the film (Fig. 1A). For
the discharge method, the film thickness was between 9 and 11 nm
after 20 discharges and between 14 and 16 nm after 30 discharges
for U = 1000-1200 V. When the voltage increased up to 1400-1600
V, the thickness rose to 15 nm after 10 discharges and 26 nm after
20 discharges. Under discharge mode the film still grew at 1800 V,

Table I. Anodic film thickness, applied potential at the electrode after correcting for the ohmic drop in solution (E) and oxide growth parameters

for aluminum anodized in deionized water at different applied voltages.

Potentiostatic method

Discharge method

Uy/V Time, min. Thickness, nm Number of discharges Thickness, nm Parameter  x 102 E/V
1000 2 5+3 20 9+3 5,8 62
30 14+4
1200 2 6+2 20 11+3 53 75
30 16 +4
1400 1,5 9+4 10 14+2 4,6 88
20 24+2
1600 1 12+4 10 15+2 44 100
20 26+ 2
1800 - Breakdown occurs from the 5-7 16 +£2 49 115
beginning of the process.
2000 - Breakdown occurs from the - Breakdown occurs 130
beginning of the process. after the first
discharge.
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Figure 1. SEM images of the film breakdown on the oxides prepared at applied
voltage of 2000 V by the potentiostatic (A) and discharged (B) methods.

reaching a maximum thickness of 16 nm after 5-7 discharges. At
2000 V the oxide film cannot be prepared by either methods, since
breakdown occurred (Fig 1B). It should be noted, that in the case
of the high-voltage potentiostatic method, the results show very poor
reproducibility of breakdown events: even small fluctuations of pa-
rameters such as resistivity and amount of gases (oxygen and nitrogen)
in the electrolyte, preparation and purity of the electrode surface can
influence the process.

In contrast to the high-voltage discharge anodization in highly
conductive electrolytes,'*'¢ the process in deionized water cannot be
explained by the same mechanism and has a significant difference
in duration. As it was shown previously'” in highly conductive elec-
trolytes, such as 0.1 M ammonium pentaborate, the full discharge
takes less than 0.5 s. In deionized water the applied voltage decays
down to 100 V over a period of more than 100 s (Fig. 2). In deionized
water, the measurements do not reveal the presence of plasma since
besides the time elapsed, the current is low compared to previous
works.®!> This is due to a large potential drop in the electrolyte bulk.
In the conventional electrolyte, a plasma layer is formed on the anode
surface and the oxide growth occurs in this layer.®!> Taking into ac-
count the growth rate of the films, their composition and structure, it
can be suggested that the growth mechanism is similar to that obtained
in potentiostatic method in conventional solutions where plasma is not
similarly formed during film growth.'’

In highly conductive solutions such as potassium hydroxide, an
increase of the voltage to values higher than 100 V usually results in
the formation of oxide film by PEO process, where a breakdown of the
oxide followed by formation of plasma discharges and rapid growth
of the porous anodic film occurs. However, in deionized water due to
its high resistivity, no faradaic processes take place up to voltages of
1000 V. Further increment of the voltage to higher values leads to the
formation of a thin oxide film. The growth of the oxide under such
conditions is limited to the range of 1000 kV-1800 kV (Table I). Ata
certain voltage applied to the electrode, breakdown occurs only when a
certain thickness of the oxide is reached. The same happens if the film
is thick enough, but the voltage is lower than that required for filament
formation (this voltage is the border between conventional anodization
and PEO). In the case of potentiostatic oxidation, a constant potential
is applied to the electrode, resulting in breakdown of the oxide when
the thickness is enough (critical thickness) for the filament formation.
Thus the thickness of the oxide is a limiting factor for dense oxide
growth in high voltage anodization.

Electron microscopy (TEM and SEM) examination of the Al sam-
ples anodized by the potentiostatic method demonstrates a nonuni-
form oxide thickness distribution across the electrode surface (Figs.
3A, 3C). However, the films prepared by the high-voltage discharge
method were found to be more uniform, without defects and fluctua-
tions of the thickness (Figs. 3B, 3D). The oxide structure in the latter
case is similar to the films previously prepared by powerful pulsed
oxidation in ammonium pentaborate.'’

SKPFM measurements (Fig. 4A) on the Al surfaces treated in
deionized water by potentiostatic oxidation demonstrate nonuniform

charge distribution on the surface: the Volta potential changed across
the film, rising in the most defected zones (up to +10 mV vs. Ni) and
decreasing in the intact areas (down to —9.7 mV vs. Ni). These results
are a consequence of the nonuniform thickness of the oxide in the
different areas.'®'> It was also observed that applying a constant high
voltage to the electrochemical cell with deionized water (for periods
longer than 1-2 min) led to the appearance of breakdown processes
on the surface.

In contrast to the case of potentiostatically prepared samples,
SKPFM studies of the discharge prepared ones (Fig. 4B) showed
low fluctuation of the Volta potential. Furthermore, the surface po-
tential rose as the oxide film thickness increased (Fig. 4C), which is
in a good agreement with the observations reported previously.'* In
the case of this method, as the voltage was applied through discharge
of a capacitor, the conditions for film breakdown were not met. The
voltage applied to the electrodes was lower than the minimum needed
for breakdown of the oxide film. Thus, the pulse method seems to be
effective for preparing impurity free thin anodic oxide films in highly
resistive electrolytes.

The current flowing through an electrode depends on the total
overpotential, , which can be divided!” in the following components:

N = Nres + Neone + Nacr [1]

where 1,.; describes the resistance overpotential resulting from the
ohmic drop in the bulk of the electrolyte, N, is the concentration
overpotential which is related to mass transfer and n,,, is the acti-
vation overpotential. Due to the high resistivity of deionized water,
the overpotential 1, should be significantly higher in comparison
to the conventional electrolytes. In order to estimate the v,., value,
two platinum tips were placed in the middle part of the cell and the
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Figure 2. (A) Discharge plots for the aluminum anodization by discharge
method at different potentials applied to the Al electrodes. (B) Discharge plots
for the aluminum anodization by discharge method at 1000 V applied to the
electrode covered with oxide film with different thicknesses.
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Figure 3. TEM cross sectional images (A, B) and SEM images (C, D) of
aluminum oxide prepared by high-voltage potentiostatic (A, C) and discharge
(B, D) methods.

voltage between them was measured. The distribution of the field in
the bulk of the electrolyte was found to be uniform. The voltage avail-
able for the electrochemical process at the electrode for the initial
voltage (time = 0):

E=U- Nres [2]

can thus be estimated for the different applied potentials (Table I).

During the film growth some ions can be injected from the elec-
trode into deionized water (even in small amount), resulting in local
fluctuations of the solution resistance. In such regions, the electrode
potential can change. The film growth occurs preferentially in these
areas and the amount of charge used for the oxide film growth on the
rest of the surface will be lower. In the case of the discharge method,
the electrolyte can homogenize and the layer near the electrode can be
restored due to the diffusion process between the discharges, resulting
in more uniform film growth (Fig. 3).

To understand better the processes, that occur during the dis-
charge anodization, the temporal evolution of the applied voltage
was recorded (Figs. 2A, 2B). It was found that the discharge plot con-
sisted of two parts, both of which can be described by the equation of
capacitor discharge,? but with different resistance parameters:

U, = Uy (ﬂ%) [3]

where U, is the voltage after the time (s), ¢, from the beginning of the
discharge, U, is the initial applied voltage, C is the capacitance and f is
the resistance parameter. Both parts of the plots can be easily separated
(Figs. 2A, 2B); the first part is highly influenced by the applied voltage
and does not change with the oxide thickness, while the second part is
displaced positively with the film thickness. Fitting the first part of the
plots obtained at different applied voltages (Fig. 2A) using Equation
3, the parameter p can be estimated (Table I). In the second part, the
faradaic process related to the oxide growth does not take place. The
resistance between electrodes becomes significantly higher than the
internal resistance of the capacitor and the only process that takes
place, is self-discharge of the capacitor. Thus the film growth occurs
only during the first period of the discharge and only depends on the
initial voltage applied. The change in the voltage U, in the second
part of the plot is linearly related to the thickness of the oxide formed.
Thus it is possible to estimate the thickness of the film using the value
of U obtained from the fitting of this section of the discharge plot.
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Figure 4. SKPFM images of aluminum samples with oxide thickness of 15
nm anodized by high-voltage anodization at applied voltage of 1600 V by
potentiostatic (A) and discharge (B) methods. Volta potential difference versus
thickness of the alumina films (different number of discharges) prepared by
discharge method at an applied voltage of 1600 V (C).

Considering that the resistance parameter p is the same for all
the films and very close to the values found for self-discharge of a
capacitor (2.2 x 10° Q), it is possible to fit the second part of the
plot using Equation 3 and reveal the parameter U,. Estimated values
of thickness were found to be in good agreement (less than 5%) with
values in Table I obtained from EIS and TEM measurements.

EIS measurements of the anodized aluminum samples with an
oxide thickness of 20 nm prepared by different methods are displayed
in Fig. 5. The impedance values of the specimens prepared by high-
voltage potentiostatic anodization (red dash line) are higher than those
measured on the pure metal coated only by the native oxide (black solid
line), but significantly lower in comparison with those prepared by the
discharge method (dash dot green line) and conventional anodization
in ammonium pentaborate solution (dot blue line). This last film was
prepared for the sake of comparison by galvanostatic followed by
potentiostatic anodization in solution of ammonium pentaborate. The
advantages of the two-step method of anodization in comparison with
pure galvanostatic are described in the literature.!*!'®!® Alumina films
prepared in this way have been well studied and have a dense uniform
structure.'®1>1819 According to the data from electron microscopy
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Figure 5. The impedance spectra recorded on as-polished Al with a native
oxide film (black solid) and anodized aluminum in different conditions: Al
with: 10 nm thick oxide prepared by potentiostatic method in deinonized
water (red dashed line); oxide with thickness of 20 nm prepared by discharged
method in deionized water (blue dotted line); oxide with thickness of 20
nm prepared by conventional anodization in ammonium pentaborate solution
(green dash-dot). Experimental: points; Fitting: lines.

(Figs. 3B, 3D) and SKPFM (Fig. 4B), the topography of the films
prepared by the discharge method is similar to those obtained by the
conventional method.

The EIS spectra were fitted with a model, that consists of a constant
phase element (CPE) in parallel with a resistor (R) corresponding to
the oxide film, in series with an additional resistor element, which
describes the electrolyte. The physical origin of the CPE has been
widely discussed in the literature.>' The impedance of the CPE, Zcpg,
depends on frequency, w, according to the following equation:

Zepe =10 (jo)n]™ (4]

where Q is a parameter numerically equal to the admittance (|Z|~") at
o = 1rad s~ and n (< 1) is a power coefficient calculated as the ratio
of the measured maximum phase angle and —90 degrees. The fitting
of the spectra shows a high goodness (<10~¢ according to the Echem
Analyst software) and low error (< 1% for all parameters) (Fig. 5).
The value of effective capacitance, Ceg, was estimated by assuming a
normal time-constant distribution through a surface layer by equation
5 derived by Hirschorn et al.:*?

Copp = Q"R (5]

The capacitances of all films prepared by the discharge method were
higher by 5-10% than for the films prepared by conventional method.
Capacitance, C, is related to thickness, d, by the following equation:

S

C = ssod [6]
where S is the surface area and ¢ is the dielectric constant of the film
and ¢y is the vacuum permittivity (8.854 x 1072 F- m~"). Taking into
account that the thickness of the samples prepared by both methods is
similar (20 nm) and using Eq. 6 it was found that the aluminum oxide
prepared by electrochemical oxidation of Al in deionized water has a
dielectric constant of 9.3-9.9 with a mean value of 9.8. This value is
slightly higher than the value obtained for the alumina (9.0) produced
by conventional anodization.

Conclusions

The formation of oxide films on the aluminum surface in deionized
water was demonstrated in the current work by several methods: TEM,
EIS, SKPFM. Images and properties of the films are in good agreement
with those widely presented in literature for different conditions.

Discharge and potentiostatic methods were used to prepare thin
oxide films on the surface of aluminum in deionized water. The maxi-
mum thickness of the anodic film increased with increasing the applied
voltage, but at voltages over 1800 V oxide film cannot be prepared
by either methods due to film breakdown. The maximum thickness
of the film was 12 nm for the potentiostatic method and 26 nm for
the discharge method. The alumina films obtained by the discharge
method have also better uniformity in comparison to those prepared
by the potentiostatic method. Both films have a dielectric constant
comparable to that for the alumina films obtained in conventional
electrolytes.

The data here obtained can be used as a reference for better un-
derstanding of the properties of anodic films prepared in conventional
electrolytes. Further investigation allowing to obtain additional pa-
rameters, such as nature of defects, charge carriers concentration,
etc., will be pursued.
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