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Cobalt Electrodeposition in Nanoporous Anodic Aluminium Oxide Films with

Different Oxidation Time
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The anodic aluminum oxide films with different oxidation times were investigated using electrochemical techniques
including electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV), and open-circuit potential versus
time. The stable open-circuit potential versus time indicates that the longer anodization time provides a larger block for
cobalt electrodeposition. The EIS monitoring revealed the capacitance characteristics of the barrier layer. When the
oxidation time is 4 h, the thickness and porosity of AAO film are 1517 nm and 16.4 % correspondingly, and the radius of
the capacitive reactance arc is the smallest. The reduction peak current of CV is attributed to the change in diffusion

coefficient of cobalt when oxidation time changes.
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1. INTRODUCTION

The template method is an important means for
synthesizing nanowire materials, and its spatial
confinement and structure guiding characteristics can be
used to effectively modulate the size, morphology, and
structure of the material.

The structure of porous anodized aluminum oxide
(AAO) is determined by structural parameters, such as
pore spacing, pore diameter, the barrier layer, porous layer
thickness, pore density, and porosity. The structural
parameters are taken from the oxidation conditions:
electrolyte type, oxidation voltage, current density,
temperature, etc [1-3]. A highly ordered one-dimensional
nanomaterial can be prepared using the template method
combined with electrochemical deposition, chemical vapor
deposition, sol-gel, and other methods [4, 5]. The AAO
template has the characteristics of simple process flow,
adjustable pore size, and thickness of the template, so it is
an ideal template for the synthesis and assembly of
nanomaterials [1, 6].

The AAO template has recently attracted considerable
attention in the fabrication of nanostructures used in
electronic optoelectronic devices, optics, magnetics, and
catalysis [7—15], because of its highly ordered
arrangement.

However, the application of the AAO structure as a
catalyst framework is still an interesting but rarely studied
area. The function of heterogeneous catalysts mainly
depends on their structure on a series of length scales
[16-19].
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By using a series of nanoreactors produced using an
AAO structure with highly ordered nanopores, the
reactants must flow through the nanopores, which makes
these pores function as nanoscale reactors [20—22]. The
pore size and length are controllable, so the one-
dimensional channel structure is conducive to the
deposition of precious metal particles and catalytically
active materials [22].

In this work, we propose an approach for
electrodepositing cobalt in porous anodic aluminum oxide
(AAO) with different anodizing times. With the increase of
oxidation time, the pores of the AAO template will change,
resulting in a change in the electrodeposition process. It is
helpful to understand the deposition process of cobalt in
the AAO template. AAO templates were prepared in
phosphoric acid solution and characterized by micro-
morphology characterization and electrochemical methods.
The effects of oxidation time on the performance and
morphology of AAO templates after cobalt deposition
were investigated.

2. EXPERIMENTAL DETAILS

A high pure (99.999 %) Al foil of 0.2 mm thickness
was ultrasonically degreased in ethanol for 180s and
etched in 1.5mol I NaOH at 60 °C for 30s, rinsed
thoroughly with deionized water. Anodization was
performed in 0.4 mol/L H3PO, aqueous solutions at a
constant voltage of 80V for 1 h at 4 °C. After the first
anodization, the anodic aluminum oxide (AAO) template
was removed immersing in a 20 g/L CrO; and 35 ml/L
H3PO,4 mixture at 60 °C for 5 h. Observe and confirm that
the once anodized aluminum sheet is completely removed,
and then the second anodization was performed under the
same andic conditions.
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Cobalt was electrodeposited into the pores of AAO
templates using a three-electrode cell. The AAO template
with the unstripped aluminum substrate is used as the
working electrode, a palate sheet was used as the counter
electrode. The electrodeposition of cobalt was carried out
in a solution of 8.4 g/L CoSO4 and 30 g/L H3BOs, at room
temperature and 10 min with a current density of 15 mA at
50 Hz. The TAFEL diagrams, Cyclic Voltammogram (CV),
and electrochemical impedance spectroscopy (EIS) are
tested by the CHI 660C electrochemical system. The scan
rate of CV is 0.01 Vs, and the oscillation potential of EIS
is 10 mV. The microstructure of the AAO template was
characterized by a scanning electron microscope (SEM)
(SEM, Hitachi S-3400Nl11).

3. RESULTS AND DISCUSSION

Morphology of the cross-sections of AAO templates
formed by different oxidation times and Co synthesized
within AAO pores are shown in Fig. 1. The oxidation time
of Fig. L a—dis 1 h, 2 h, 3h, and 4 h respectively, and the
corresponding AAO template thickness is 689 nm, 976 nm,
1766 nm, and 1517 nm. It can be seen from the figure that
the AAO template has a uniform and dense structure, with
smooth channels and no cross phenomenon. The bending
part is caused by the stress during the preparation of the
test sample, and the layered structure is arranged neatly
along the growth direction of the template, which is
formed by the fracture of the channels during the
longitudinal cutting of the AAO template. The template has
a stable structure and high pore density, which is suitable
for the electrodeposition of Co nanowires.
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Fig. 2. SEM images and the pore diameter distribution of the AAO template sample anodized: a,e—1 h; b, f-2h;c,g-3h;d, h—4h
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According to the formation theory of AAO film [23],
the barrier layer continues to form and dissolve at the pore
base, the thickness of the barrier layer does not change,
and the porous layer begins to thicken. Therefore, the AAO
film thickness gradually increases as the oxidation time
increases. But when the characteristic time is reached, the
film thickness no longer increases, reaching the limit
thickness. As the oxidation time continues to prolong, the
surface of the AAO film will be partially chemically
dissolved in the electrolyte, so the film thickness decreases
slightly. This is similar to that observed by Pattermarakis
[24] and Shawagfeh [25] that the thickness of AAO formed
in sulfuric acid and phosphoric acid solutions varies with
oxidation time. Fig.2 shows SEM images and the pore
diameter distribution of the AAQO template sample
anodized at different times. The statistical nature of this
analysis provides an opportunity to understand the pore
diameter distribution (Fig. 1). The influence of an
anodization time on the Feret’s diameter, pore density, and
porosity of the AAO template was obtained through the
statistical analysis of SEM images by ImageJ software,
which is listed in Table 1.

Table 1. Statistical parameters of Ag colloidal solution

Oxidation Feret’s Pore density, Porosity,
time, h diameter, nm number/um? %
1 32 32 10.1
2 55 25 11.3
3 54 15 17.4
4 92 21 16.4
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The Feret’s diameter in AAO samples exclusively
comprised the smaller pore classes (30—100 nm). The
porosity observed in the AAO samples: porosity larger
than 17.4% is found, as well as pores in the
10-17 % ranges. The larger pores in the microstructure
also reflect a larger porosity (Table1). The porosity
volume fraction and Feret’s diameter of the AAO samples
represent an increase with the increase of anodization time.
With the extension of oxidation time and the increase of
immersion time in acid, the surface of the film dissolves,
which first occurs around the pores, increasing surface
pore size and porosity [26].

Fig. 3 shows the change of open circuit potential with
time for the AAO template sample oxidized at a different
time exposed to 0.1 mol / L cobalt salt solution. The open
potential is immediately dropped from -0.52 V to -0.39 V
from 0 s to 245 s and gradually decreases to -0.5 V versus
Ag/AgCIl (the anodization time is 1h). The stable
OCP(Open Circuit Potential) of the AAO template with an
anodizing time of 1 h, when compared with the stable OCP
at -0.5V for the AAO template with a longer anodizing
time in the same solution (the anodizing time of 2, 3, 4 h),
indicates that the longer anodization time provides a larger
block for cobalt electrodeposition. In contrast, the OCP for
the AAO template with the anodizing time of 1h was
fluctuating and never stable. The OCP fluctuations are
associated with the onset of pores of the template and the
blocking of the nanoholes by cobalt ions.
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Fig. 3. OCP vs. time for the AAO template sample anodized at a
different time exposed to 0.1 mol / L cobalt salt solution

Fig. 4 shows Nyquist plots of EIS spectra for the AAO
template sample anodized at the different times exposed to
0.1 mol /L cobalt salt solution. The spectra obtained are
similar under different oxidation times. There are relatively
complete capacitive reactance arcs in the low-frequency
and high-frequency regions of the impedance spectrum
under different oxidation times. In the first arc, the
capacitive reactance arc is the largest when the oxidation
time is 2 h, and the capacitive reactance arc is the smallest
when the oxidation time is 3 h; in the second arc, with the
decrease of frequency, the imaginary part of the curve
impedance with oxidation time of 3 h starts to be larger
than that with oxidation time of 2 h. When the real part of
the impedance is about 200 ohm, the capacitive arc with
oxidation time of 1h is the largest; when the oxidation
time is 4 h, the curve is concentrated in the high-frequency

region, the second arc is a capacitive semicircle, and the
capacitive arc is the smallest in all curves. When the real
part of the impedance is about 200 ohm, the capacitive arc
with oxidation time of 1h is the largest; when the
oxidation time is 4 h, the curve is concentrated in the high-
frequency region, the second arc is a capacitive semicircle,
and the capacitive arc is the smallest in all curves.
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Fig. 4. The Nyquist diagrams of EIS spectra for the AAO
template sample were prepared at different anodization
time (1 h,2h, 3 h,and 4 h)

The proposed equivalent electrical circuit is shown in
Fig. 3. Anodic aluminum oxide coating's response to EIS
measurements has been broadly studied for decades. The
equivalent circuit is shown in Fig. 5. The description code
of its equivalent circuit is R (QR) (QR). Rs is the resistance
of electrolyte solution; R, and CPE, is a resistance and a
constant phase element associated with the sealing of the
pores; Ry and CPEj is a resistance and a constant phase
element associated with the barrier layer. The parameters
of each element calculated by Zsimpwin software are listed
in Table 2.
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Fig. 5. The equivalent electrical circuit used to model impedance
data in the case of the AAO template sample

Table 2 shows the values of the different impedance
parameters of the AAO template sample. It is evident from
Tablel that the wvalue of polarization resistance
significantly increases with the oxidation time. The
solution resistance Rs and the resistance R, of the porous
layer have no obvious change, Rs is stable at about 18 Q,
and Rp is stable at about 78 Q. The resistance R, of the
barrier layer is decreased from 1025 Q to 33.75 Q as the
anodization time increases from 1 to 4 h, confirming the
decreasing barrier layer thickness of the AAO template.
Because most of the ny is close to 1, that is, CPE; is close
to the ideal situation, which can be a good substitute for
capacitance. The impedance characteristics of composite
elements mainly reflect the capacitance characteristics of
the barrier layer, which can be related to the thickness of
the barrier layer by the following formula:



Table 2. Impedance parameters of the AAO template sample prepared at different anodization times (1 h, 2 h, 3 h, and 4 h)

Oxidation time, h Rs, Q Rp, Q Rp, Q Np CPEp, S-sec™n Nb CPEp, S-sec™n

1 19.51 78.18 1025.00 0.94 2.94x10® 0.81 2.35x10*

2 18.15 81.65 1492.00 0.96 3.19x108 0.82 1.33x10*

3 18.49 72.54 604.60 0.96 3.35x108 0.79 2.97x104

4 15.40 79.27 33.75 0.95 3.57x108 0.82 1.55x10*
Cb:aeos, (€D)] current decreased from -4.52mA to -0.65mA, the

S,

where ¢ is the dielectric constant of the anodic oxide film
with a value of 10; & is the dielectric constant of vacuum
with a value of 8.854x10*% F/m; S =1 cm?, which is the
surface area of the electrode. It can be calculated that
when the oxidation time is 1 to 4 h, as the oxidation time
is extended, the thickness of the barrier layer becomes
thinner after electrodeposition.

In the Bode diagram (Fig. 6), from the relationship
between frequency and mode value, in the frequency
range of 10 ~ 10%Hz, the larger the mode value is,
which corresponds to the decrease of the thickness of the
barrier layer mentioned above. During the oxidation time
of 3-4h, the mode value decreases sharply; in the
frequency range of 102 ~ 108 Hz, the anodic oxidation
time has no obvious effect on the mode value in a
frequency range, and the curves coincide with each other.
There is only one peak of phase angle in the four figures,
which indicates that the system has only one relaxation
time and the electrochemical process has only a one-speed
control step. Because the electrolyte can directly contact
the impedance layer, the resistance Rp of the porous layer
is too small compared with the resistance Ry of the barrier
layer due to its strong conductivity.

3.0 50

Loglzl, chm-cm™
-Phase angle, degree

20

Logf, Hz

Fig. 6. The Bode diagrams of EIS spectra for the AAO template
sample were prepared at different anodization times (1 h,
2h,3h,and 4 h)

Cyclic voltammetry measurements were carried out
on an AAO sample for Co electrodeposition from
0.1 mol / L cobalt salt bath at a scanning rate of 0.01 V /s.
(Fig. 7). The cathodic current appears from -0.7 V in all
four curves. There is a reduction current peak and an
oxidation current peak on the CV Curve. The reduction
current peak corresponds to the deposition of cobalt, and
the oxidation current peak corresponds to the dissolution
of cobalt. When the oxidation time was 1 h and 2 h, with
the extension of oxidation time, the oxidation peak current
decreased from 10.51 mA to 7.08 mA, the reduction peak

reduction peak current shifted to the negative potential
direction, and the oxidation peak position remained
unchanged.
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Fig. 7. Cyclic voltammograms of the AAO template sample
anodized at different times (1 h, 2h, 3h, and 4h)
exposed to 0.1 mol / L cobalt salt solution

When the oxidation time is 3 h and 4 h, with the
extension of oxidation time, the oxidation peak current
decreases from 11.22 mA to 10.99 mA, the reduction peak
current decreases from -5.66 MA to -5.13mA, the
reduction peak current also moves to the negative
potential direction, and the oxidation peak position is
unchanged.

4. CONCLUSIONS

The impact of the anodization time of AAO on the
electrodeposition of Co was studied. From the analysis of
the AC impedance spectrum and equivalent circuit, it can
be seen that AC impedance mainly reflects the capacitance
characteristics of the barrier layer. When the oxidation
time is 4 h, the radius of the capacitive reactance arc is the
smallest and the thickness of the barrier layer is the
thinnest. The cyclic voltammetry test shows that the
change of reduction peak current is attributed to the
change of diffusion coefficient of cobalt when oxidation
time changes. The reduction peak current is -5.66 mA
when oxidation time is 3 h and -5.13 mA when oxidation
time is 4 h. the corresponding reduction peak area is larger
in both cases.

The characterization of the template by SEM and
ImageJ software shows that the pore size distribution on
the surface of the template is the most uniform after
oxidation for 4 h, and the Feret’s diameter is 92 nm. At
this time, the pore size is the largest, and the thickness of
the template is 1517 nm, which is second only to oxidation
for 3 h. the surface of the template is smooth, with fewer
voids and no cross channels, which meets the
requirements of cobalt deposition. In conclusion, the
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deposition effect is the best when the oxidation time is 4 h.
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