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Abstract—Using the method of electrochemical anodization, aluminum oxide porous films are obtained in a
sulfuric acid solution. The morphology of the aluminum oxide surface is studied by the method of scanning
electron microscopy. The high-quality elemental analysis of the initial and oxidized Al films is performed
using the method of electron microprobe analysis. A protective composite polypyrrole-aluminum oxide film
is produced on the aluminum surface on top of a porous aluminum oxide film in the galvanostatic oxidation
mode by the electrochemical synthesis method. The properties of the polypyrrole–aluminum oxide compos-
ite film are studied by the methods of voltammetry, as well as impedance and FTIR spectroscopy.
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INTRODUCTION
According to the data [1], aluminum (Al) waste due

to corrosion amounts to 2–3% every year; therefore,
the protection of Al and aluminum alloys from corro-
sion is an important industrial problem.

Aluminum is considered to be a metal that is quite
resistant to general corrosion. In some cases, the resis-
tance of Al to corrosion is provided by the natural 5–
100 Å oxide film formed on its surface [2]. Such layers
are not particularly effective in protecting the metal
against pitting corrosion that can affect Al in the chlo-
ride-ion media [3]. During pitting corrosion, the pro-
cess develops locally [4–6]. The transfer of electrons
between regions with a different electrochemical
potential, which can make up a large number on the
Al-base alloy, leads to hazardous, deep fractures
almost through the entire depth of the metal. To
improve the resistance of the metal to corrosion, its
surface undergoes treatment. In this case, the Al-base
alloys are most often oxidized by special compositions
based on the compounds of hexavalent chromium
(Cr6+). However, these substances are very poisonous;
therefore, the researchers are actively looking for a
substitute for them.

Among the electrically conductive organic poly-
mers, we can identify polymers based on five-mem-
bered heterocycles with polypyrrole (PP) as a typical
representative (Fig. 1).

When coated on the surface, conductive polymers
such as PP can protect Al alloys against corrosion
quite well. A necessary condition for this is the correct
selection of an electron transfer mediator used in coat-
ing a conductive polymer [7, 8].

In 1979, A.F. Diaz synthesized PP (Fig. 1) using
electrochemical rather than chemical polymerization
[9]. A film of a doped polyconjugated polymer (PCP)
was obtained on an electrode by electrochemical
machining, which consists in the anode oxidation of a
pyrrole monomer. This electrochemical method has
an important advantage: it allows obtaining thin films
with a controlled thickness, which is interesting in
terms of using such polymers in electronics and opto-
electronics [10].

The use of PCP polymers in composite coatings is
one of the new directions in protecting metals from
corrosion. The correctly selected PCP compositions
exert a pronounced anticorrosion action due to a
number of reasons [11], including the oxidizing-
reducing properties of PCP, which assigns the poten-
tial of the metal surface outside the zone of active dis-
solution. The anticorrosive action is determined by the
reactions of polymer doping leading to anion binding
[12]. In addition, the conventional function of poly-
mer coatings as a mechanical blocker of active sub-
stances has been retained. The PCP deposition cannot
be observed on the Al electrode surface due to the
presence of the oxide layer on the surface.
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Fig. 1. Conductive polymer: polypyrrole.
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The purpose of this work is to synthesize and to
study a PP–aluminum oxide nanocomposite protec-
tive film on the Al surface.
GLASS

Fig. 2. Morphology of aluminum oxide surface on alternating (u
faces on alternating and direct currents, respectively; (b) front 
higher magnification (rulers, 100 and 50 nm).
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EXPERIMENTAL

The experiment conventionally consisted of two
stages.

At the first stage, the technology of coating a highly
developed porous structure of Al oxide on the alumi-
num plate surface was developed. The scientific
research on clarifying the mechanism of corrosive and
electrochemical reactions on Al-electrodes in aqueous
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Fig. 3. Morphology of (а) initial and (b) oxidized alumi-
num surfaces.
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media is performed using direct and alternate current
methods [13–18].

Al2O3 was produced from an aluminum foil (purity
of 99.99%) plate of 3 × 3 cm2, which was 100 μm thick.
The Al plate anode was immersed with a holder in a
500-cm3 cell, which in addition to an electrolyte rep-
resented by an aqueous solution of sulfuric acid con-
tained a counter electrode made of a stainless-steel
plate of 3 × 3 cm2, which was 0.5 mm thick. The
potentials were measured relative to the standard calo-
mel electrode (SCE).

The samples were prepared in two stages. At the
first stage, the aluminum foil was anodized by apply-
ing an armor oxide layer on the electrolyte without a
pyrrole monomer.

At the second stage, a solution with a pyrrole
monomer and sodium sulfate was used.

PP was obtained on the Al plate by the galvanos-
tatic method at the current density of 1 mА/cm2.

A Princeton Applied Research 273 A potentiostat-
galvaostat was used as a device maintaining the elec-
trochemical parameters. Electropolymerization was
performed at a constant current with the density of
1 mА/cm2. The circuit was disconnected after the
necessary electricity had passed.

Figure 2 presents microimages of the surfaces of
the fractures and front surfaces of the Al oxide films
obtained on the alternate (upper row) and direct (bot-
tom row) currents on the Al surface. The microimages
were made by a Merlin scanning microscope (Karl
Zeiss, Germany).

Figures 1 and 2 show that the Al oxide film
obtained on alternate current has a more porous struc-
ture (with a pore size of 5–20 nm) than the film
obtained on a direct current. We may assume that it
should be difficult for PP to penetrate the Al surface
through such porous structures.

In contrast, the structure of Al oxide obtained on
an alternating current has a looser structure, contains
many voids, and the volume of Al oxide is much less
compared to the void space. In our opinion, this structure
better acts as an armor component for the future nano-
composite and it was the only one further considered.

Figures 3a and 3b show microimages of the initial
and Al-oxide-modified aluminum plate surfaces,
respectively.

As shown in Fig. 3a, the initial surface of the alumi-
num plate contains pronounced and mutually parallel
mill pass lines having a periodic character.

Figure 3b shows that the oxidized surface of the
aluminum plate has a pronounced porous character
with a pore size of 100 to 1000 nm.

The upper layer in these images (the lighter region)
refers to Al oxide and has a thickness of ∼2.5 μm, the
other part of the plate, referring to the initial alumi-
num, is found beneath this region (the darker region).
Figure 4 displays the spectra of the elemental analysis
of the distinguished regions in the initial Al (region,
GLASS PHYSICS AND CHEMISTRY  Vol. 45  No. 4  
spectrum 1) and the oxidized film (region, spectrum 2).
No inclusions of other phases were detected in the dis-
tinguished regions related to the initial aluminum. The
distinguished region that is related to the oxide film
was found to contain a large amount of oxygen corre-
sponding to the chemical formula Al2O3, and micro-
scopic amounts of sulfur that remained on the oxide
film surface due to the action of the sulfur-containing
electrolyte.

At the second stage, we studied the technology of
coating PCP on top of the highly developed porous
structure of Al oxide, which covers the aluminum
plate surface, by the method of electrochemical syn-
thesis in the galvanostatic oxidation mode. The exper-
imental structures were coated and their electrochysi-
cal characteristics were studied.

The infrared spectra were collected on a Magna-IR
850Micollet spectrophotometer.

Figure 5 shows the results of the FTIR spectros-
copy [19] that PP films were subjected upon the
2019
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Fig. 4. Morphology of transverse fracture of Al surface coated with aluminum oxide and elemental composition of distinguished
regions (a) and (b), respectively.
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Fig. 5. FTIR spectroscopy of PP films for Al surface (upper
plot) and oxidized Al surface (lower plot).
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reflection from the surfaces of the initial (the upper
plot) Al plate and oxidized (the lower plot) Al plate.

Both spectra showed the bands of valence vibra-
tions that are PP typical and were recorded in [20–27].
The peaks at 772, 811, and 920 cm–1 can be related to the
C–H vibrations, the peaks typical at 1558 and 1487 cm–1

correspond to the С=С vibrations, while the peaks at
1686 and 1315 cm–1 represent the C=N and C–N
vibrations, respectively. The small peaks at 3522 cm–1

indicate the presence of the N–H vibrations.

In general, the IR spectroscopy data show that
both Al-base electrodes are coated with a PP-based
stable protective film.

Figures 6a and 6b show the microimages of the sur-
face of PP deposited on the surface with the initial Al
and Al oxide, respectively.

It is clear that the polymer structure strongly
depends on the surface composition. It has a looser
structure on the Al surface but is more uniform and
denser on the porous Al oxide surface.

DISCUSSION

Figure 7 illustrates the voltamperograms of the gal-
vanostatic synthesis of the PP film on the surface of
the initial (the lower plot) and Al2O3-coated Al plates.
The synthesis on the oxide surface occurs with exces-
GLASS
sive overpotential due to the high impedance of the
oxide film.

Figure 8 plots the dependences for the impedance
log of the sample at a frequency of 0.1 Hz on the time
of holding in the dilute Harrison solution. The imped-
ance measurements were taken with a Gamry PC-4
impedance meter under the procedure described in
[28]. During the entire observation time, the samples
having Al2O3 demonstrated an impedance higher by
an order of magnitude (the upper plot) than the Al sur-
face free of oxide (the lower plot). Thus, we may con-
 PHYSICS AND CHEMISTRY  Vol. 45  No. 4  2019
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Fig. 6. Morphology of surface of polypyrrole deposited on
surface with (a) initial Al and with (b) Al oxide.

(b)

2 μm

2 μm

(a)

Fig. 7. Voltamperogram of synthesis of PP film on surface
of initial (lower plot) and Al2O3-coated Al plates from
0.1 M pyrrole, 1 M Na2SO4 solution at pH3 and current
density of 1 mА/cm2.
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Fig. 8. Plots of dependences for impedance log at fre-
quency of 0.1 Hz on time of holding sample in highly cor-
rosive solution. Lower plot: initial Al served as working
electrode. Upper plot: Al plate coated with oxide served as
electrode.

30252012105
3.0

0

lo
gZ

 [Ω
]

3.4
3.6
3.8
4.0
4.2
4.4
4.6
4.8

3.2

5.0

t, days

Oxidized Al surface              

Nonoxidized Al surface           
clude that the high impedance of the oxidized samples
is determined by the presence of oxide.

The oxidizing and reducing properties of the sur-
face were studied by the potentiodynamic scanning of
the surface under the standard procedure described,
e.g., in [29]. Figure 9 presents the Tafel plots reflecting
the redox processes at the boundaries with the solution
of the initial plate, the PP-coated plate, and the plate
coated with an oxide and PP.

According to the obtained experimental data,
anodization of the Al surface and the subsequent coat-
ing of PP under the given procedure of coating
increase the electrochemical potential of the surface
by ~ 0.8 V, which can significantly slow down the cor-
rosive processes on this surface.

Thus, the oxide coating increases the surface
impedance and the PP coating improves its electro-
chemical potential. An oxide also contributes to better
adhesion of the PP to the surface.
GLASS PHYSICS AND CHEMISTRY  Vol. 45  No. 4  
CONCLUSIONS

The IR spectroscopy data show that both Al-base
electrodes are coated with a PP-based stable protective
film, which is proved by the occurrence of the typical
peaks of the sought material. The impedance mea-
surements showed that the presence of an oxide
together with PCP on the Al surface greatly improves
the barrier properties of the surface, which manifests
itself in increased impedance. The potentiodynamic
measurements showed that, together with an oxide,
PP significantly increases the electrochemical poten-
2019



296 TOMAEV et al.

Fig. 9. Potentiodynamic plots (Tafel plots): (1) for initial
Al plate; (2) for Al plate coated with PP film, and (3) for Al
plate coated with oxide and PP.
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tial of the surface, making it more “noble”, which
improves its resistance to corrosion.
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