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The method of the electrochemical and chemical treatment of an aluminum surface to obtain selective coloration
of the anodic aluminum oxide films (AAOF) with high index of the reflection and wide range of the color tones
was developed. AAOF were formed and both Ag and Au were chemically deposited. The physical and chemical
properties of the obtained color AAOF were studied. It was shown that the additional chemical deposition of
the noble metal leads to the enhancement of the selective reflection ability and the interference contrast. Silver
nanoparticle formation on the surface of the pores after chemical deposition was shown by electron microscopy.
The optical reflection spectra at different angles (10° — 85°) of metalized AAOF were measured and the effective
refractive index (n ~ 1.6) and thickness were calculated. The spectral shift of the reflection peaks of nanoporous
metalized AAOF was shown to depend on the nature of the marked solvents.
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1. Introduction

When anodized in an acidic electrolyte, aluminum forms a porous oxide with uniform
and parallel pores open at top end and sealed at the other. Anodic aluminum oxide film (AAOF)
has been the subject of numerous studies due to its porous nature and has numerous practical
application. The use of the anodic aluminum oxide on aluminum is an effective way to increase
the corrosion stability of the metal. Special interest in this material is raised as a result of
its use as a template medium for creating nanostructures inside the pores. Among different
approaches to fill materials into the pores of anodic aluminum oxide templates, electrochemical
deposition technology has received considerable attention for its simplicity and high efficiency.
Different metals including Au, Ag, Cu, and Ni [1-12] and some semiconductors [13] have
been deposited into AAOF by electrochemistry. This process is applied for the electrochemical
interference coloration of the anodic aluminum to get the protective decorative coating [14].
Little attention has been paid to the possibilities of the double electrochemical and chemical
deposition of the two metals on the anodic aluminum oxide surface for coloration. This is quite
possible in the case of the chemical reduction of noble metals from their salt solutions on the
first electrodeposited active metals such Zn, Bi, Cu, Ni, Co, Fe, Cd, Sn, Pb and others. The
conditions and regimes of the aluminum electrochemical anodization and electrochemical and
chemical metallization are not investigated from the point of view the influence of the additional
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metal deposition on the effect of the interference coloration. Today, we are not aware of any
articles on this topic.

The goal of this research is the development of the electrochemical and chemical treat-
ment processes for the aluminum surface to obtain selective coloration of the aluminum anodic
films with a high index of reflection and a wide range of color tones.

2. Experimental Section

Porous anodic oxide films were formed on the metal surface by anodization of Al in
acidic solution. Anodization of the samples was processed in 2 % solution of sulfuric acid
at 20 °C in potentiostatic mode. The oxidation time, applied voltage magnitude and current
density were the following: 1.5 — 50 minutes, 12 — 20 volts and 200 A/m?, respectively.
A high purity (99.95 %) aluminum foil with 0.1 mm thickness was used for fabrication of
porous anodic oxide films. The foil was cleaned in a solution of 10 % sodium hydroxide and
then electrochemically polished at 60 °C in a mixture of 34 g orthophosphoric acid (specific
weight 1.7), 34 g sulfuric acid (specific weight of 1.84), 4 g chromic anhydride, water (to 100 g)
at a constant voltage of 12 volts for 2 min to achieve a mirror finished surface. From analysis
of the oxidation time and applied voltage magnitude, parameters for the anodic oxidation were
optimized. The optimal oxidation time, applied voltage magnitude and current density were the
following: 3 — 5 minutes, 12 volts and 200 A/m?, respectively. Porous alumina was prepared by
electrochemical anodization [15] and metallization, into which noble metal nanoparticles were
chemically or electrochemically deposited. To improve the interference properties of anodic
porous alumina film, three types of processes have been produced: polishing, electrochemical
deposition of metal nanoparticles (Cu, Ni) inside the pores of the aluminum oxide and additional
chemical deposition of the noble metals (Ag, Au) on the aluminum surface. Electrochemical
deposition of nickel particles in pores of anodic alumina was performed using alternating current
(potentiostatic regime). The optimal deposition time, applied voltage magnitude, current density
and frequency of alternating current were the following: 3 — 4 minutes, 12 - 15 volts, 150 A/m?
and 50 Hz, respectively. The electrolyte consisted of nickel sulfate (40 kg/m?), cobalt sulfate
(40 kg/m?) and boric acid (40 kg/m?®). Electrochemical deposition of copper particles in pores of
anodic alumina was done using alternating current (potentiostatic mode). The optimal deposition
time, applied voltage magnitude, current density and frequency of alternating current were the
following: 3 — 4 mins, 12 - 14 volts, 200 - 500 A/m? and 50 Hz, respectively. The electrolyte
consisted of copper sulfate (50 kg/m?®), magnesium sulfate (20 kg/m?®) and sulfuric acid (to
pH = 1). The aim of this procedure, which was to form particles of gold or silver by the
exchange reactions layers, went in the following manner. The processing of gold was conducted
by a solution of the following composition: chloroauric acid (HAuCly) (1 kg/m?), sulfuric acid
(to pH =1 — 2). Silver processing was conducted by a solution of the following composition:
silver nitrate (1 kg/m?), sulfuric acid (to pH = 2). The processing time was 3 — 4 minutes.

Reflection and absorption spectra of the studied films were recorded on a AvaSpec1024
spectrometer. Resolution of spectrometer is about 0.5 nm. The light source was a halogen
lamp (AvaLightDHS). The spectra were recorded under various input angles. The range of
the input angles of light varied from 10° to 85°, as is shown on the measurement scheme
(fig. 1). High-resolution scanning electron microscopy was performed using Zeiss MERLIN VP
Compact scanning electron microscope operating at high-resolution mode at 20 kV with 5 nm
resolution.
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FIG. 1. Measurement scheme of reflectance spectra

3. Results and Discussion

Immediately after anodization of the poled aluminum and formation of the oxide layer
the interference color is not visible. The interference is very weak (curve 4 on the fig. 2)
on the thin oxide layer. In our case, the kinetics of the anodic aluminum oxide layer growth
is slower than in usual sulfate electrolytes due to the lowered sulfuric acid concentration and
the thin layer of anodic aluminum oxide formed. After electrodeposition of the Cu or Ni
inside the pores of anodic aluminum oxide the interference color appears, depending on the
thickness of the initial oxide layer or on the time of the anodic film growth. Due to the low
degree of the metal deposition, the metal absorbance is weak and the interference color is
bright. It was shown that the controlled interference color of the metal surface was obtained by
combination of the chemical and electrochemical aluminum surface treatment. After additional
metal electrodeposition, we observe the growth of the metal nanoparticles absorption and a
reduction of the interference color.

The reflection spectra of the aluminum oxide films colored by Cu deposition, in reference
to the Al mirror, is shown on the fig. 2. One can observe the growth of the interference minima
and maxima of the reflection peaks. The metal cuprum is in the left side in the electrochemical
series compared to the silver and gold and it displace the noble metals from the solution of their
salts. Both Ag and Au were chemically deposited on the Cu electrodeposited nanoparticles. The
additional chemical deposition changes the relationship between interference peaks and leads to
a small red shift for the maximum on the left and blue shift for the maximum on the right in the
visible spectral range. The chemical deposition of the noble metal on the copper nanoparticles
electrodeposited in anodic aluminum oxide leads to a noticeable enhancement of the selective
reflectivity of the anodized film (see fig. 2).

The blank AAOF without deposited metals has a very weak, on the noise level interfer-
ence reflection. The first Cu electrodeposition on anodic aluminum oxide leads to a three-fold
amplification of the reflection peaks compared to AAOF. Second chemical deposition of the
noble metals leads to the formation of AAOF with Cu—Au nanoparticles. The obtained film
showed an additional two-fold amplification of the reflection peaks and enhanced contrast (dif-
ference between the maximum and minimum) of the interference peaks.
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F1G. 2. Reflection spectra of the anodized films with chemical deposited gold (1)
and silver (2) nanoparticles by substitution of copper in reference to Al mirror.
The solid curve (3) is spectrum of the anodized film with Cu. The solid curve
(4) 1s spectrum of the blank anodized film. It is seen that the difference between
the maximum and minimum increases. The input angle of light is 75°

The reflection spectra of the obtained color AAOF were measured under different in-
cident angles of the light and are shown in fig. 3 for AAOF with Cu-Au nanoparticles. One
can see that the spectral changes are dependent on the angle, with the interference maxima in
the spectra being shifted to the short-wavelength side when the angle of incident light on the
sample increases. The appearance of the number of contrasted reflection peaks can be explained
by interference phenomena. This is clearly seen in fig. 4, where the reflection spectra of the
anodized 20 min films with electrochemical deposited silver nanoparticles are shown. The high
contrast interference reflection spectra are shifted one half of phase when changing the input
angle from 20° to 40°. The formation of the interference color reflection in anodic aluminum
oxide metalized structure is shown schematically in fig. 5.

Both interfaces Al,Os/air and Al/Al,O3 are partly reflective, and reflectivity is enhanced
by the combination of the electrochemical and chemical metal deposition on the anodic alu-
minum oxide surface. For films with the thickness h, the wavelengths \ of the reflection
intensity maxima are given by the interference condition:

2h\/n? — sin? @ = mA, m=1,2, 3, ...,

where n is refractive index, h is film thickness, ¢ is incident angle corresponding to the
maximum with wavelength.
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F1G. 3. The reflection spectra under different incident angles. The solid curve
(blank) is reflection spectrum of the blank AAOF for the input angle of light 25°

Using the theory of interference in thin films, it is possible to calculate the refractive
index (n) and thickness () of the film from the angle dependence the reflection peak spectral
shift. For the m-th order of the reflection peak, we have next original relationships:

m2\2
4(n? —sin® )’
2
sin? p — %Sim2 0
2 _ 2
M
A3
where ¢ is incident angle corresponding to the maximum with wavelength A\q, 6 is incident angle
corresponding to the maximum with wavelength \,. The angular dispersion of the reflection
peak in coordinates (A? + sin® ) is shown in fig. 6. The experimental points are in good
agreement with the modeling theoretical line.

The calculated values for the effective refractive index of the measured films is ap-
proximately 1.6. This result is in good agreement with the data obtained by other authors for
AAQF [14]. The calculated value of h for the measured film was found to be ~ 0.2 um.

The obtained metalized AAOF were studied by high-resolution scanning electron mi-
croscopy. The electron microscopy image of the film is shown in fig. 7. The Cu-Ag metalized
AAOF with high nanopore density and minimal baffle thickness are observed in the image.
The diameter of nanopores is about 30 — 50 nm. The thickness of porous layer is ~ 0.2 pm.
This value coincides well with the thickness calculated from the interference reflection angle

h? =

1



Controlled interference color of the metal surface . . . 723

30+

154

Reflection (%)

| = - | : | ' | = | : 1 s 1
200 300 400 500 600 700 800
wavelength (nm)

F1G. 4. Reflection spectra of the anodized 20 min films with electrochemical
deposited silver nanoparticles in reference to Al mirror. The solid curve (1) is
spectrum for the input angle of 20°. The dot curve (2) is spectrum for the input
angle of 40°. It is seen that the high contrast interference reflection spectra are
shifted one half of phase when changing the input angle from 20° to 40°

F1G. 5. Scheme of formation of the interference color

dispersion data. The bright spheroid particles on the top of porous film are 20 — 50 nm Ag
nanoparticles.

We explain the enhancement of the reflection interference intensity and contrast by
the specific deposition of the effective additional metal layer on the anodic aluminum oxide
surface leading to the formation of the nanostructure metalized AAOF like the structure of
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F1G. 6. Angular dispersion of the reflection peak. The dark squares are the
experimental data. The solid curve is calculated using the theory of interference
in thin films

Fabry—Perot interferometer (see the right part of the 5). According to common knowledge,
the electrodeposition of the metal in anodic aluminum oxide occurs inside the aluminum oxide
pore and is initiated near the bottom of the pore [16]. During chemical noble metal deposition,
metal nanoparticles cover the open ends of the pores on the surface of the film according to the
electron microscopy image (fig. 7). This is possible due to the reduction of the silver cations
and oxidation of the copper nanoparticles inside the pore comes through the formation of the
solvated Cu™ intermediate cation in close contact with Ag® atoms. The diffusion of the solvated
intermediate valence compounds (Cu™,Ag") to the top of the pore leads to the formation of
noble metal nanoparticles predominately on or near the surface of the AAOF. The possible
reactions are shown in the scheme below.

Cu’ +Ag" — (Cu*, Ag”)_ (1)
(Cut, Ag?)_ . ™ (Cut, Ag) non )
(Cu*, Ag”) ngory — Agp + Cuf 3)
Cuf +Agl — Cuf? + Ag’ (4)
Cuf — Cu? + Cu? (5)

Reactions (3 — 5) occur on the surface of the film. The disproportionation of the Cu™
intermediate cations regenerates the Cu’ atoms (stage 5) that actively reduce silver cations
on the top surface of the pore and then reactions (1 — 5) repeat with aggregation of the
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F1G. 7. The high-resolution scanning electron microscopy image of nanoporous
layer of anodic aluminum oxide with sequential electrochemical (Cu) — chemical
(Ag) metal deposition

silver nanoparticles on the AAOF surface. A similar reaction may occur in the case of the
gold chemical deposition. By this way, the process of chemical deposition of noble metal
on anodic aluminum oxide with electrochemically pre-deposited copper nanoparticles leads to
the redistribution of the metal nanoparticles from the bottom and walls to the top surface of
the pores. The thin surface of the Ag or Au nanoparticle-rich layer has a high contribution
to the imaginary part to the complex index of the refraction due to the plasmonic nature of
the nanoparticles absorption and the reflectivity of this layer became higher. Formation of the
Fabrey—Perot interferometer-like nanostructure gives the effect of the mutual reflection inside
the anodic aluminum oxide layer and enhances the interferometric contrast of the reflection
peaks.

The porous nature of the AAOF allows it to efficiently absorb the different solvents
and substances. Solvent absorption and removal reversibly changes the reflection spectra. The
measured reflection spectra of the Cu—Ag metalized AAOF covered by water, ethanol and
dimethylsulfoxide are shown on fig. 8. In the absence of water, the spectral maximum is
located at 538 nm (see curve 1). In the presence of water, the spectral maximum is shifted
to the long-wave region by 29 nm (see curve 2). A similar shift in the spectra of reflection
is observed for ethanol and dimethylsulfoxide (see curve 3 and 4, respectively). The organic
solvent fills porous layer and increases the refractive index of anodic aluminum oxide, so the
wavelength of the reflection maximum is shifted to the long-wave spectral region. After solvent
removal, the reflection maximum returns to its initial position. The observed reversible spectral
shift effect gives the possibility of creating simple chemical sensors based on metalized AAOF.
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F1G. 8. Reflection spectra of Cu—Ag metalized AAOF (1) with water (2), ethanol
(3) and dimethylsulfoxide (4)

4. Conclusion

The combination of the electrochemical and chemical metal deposition on the anodized
aluminum film leads to the appearance of selective interference reflection colors and to the
enhancement of the reflection interference contrast. Interference coloration of the anodic alu-
minum can be use for protective and decorative coatings. The optical reflection spectra of
metalized AAOF were measured and the effective index of refraction and thickness of AAOF
were calculated based on the conditions of optical wave interference. Noble metal nanoparticles
were found to be redistributed to the surface of the porous layer during chemical deposition of
silver and gold. The spectral shift of the reflection peaks for nanoporous metalized AAOF were
shown to be dependent upon the nature of the used solvents. These phenomena are important
for applications in the aerospace industry and for the manufacturing of chemical sensors.
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