Synthesis and Structural Characterization of Cobalt
Nanostructures in AAO Membranes
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Metallic nanostructures have attracted the interest of researchers due to their fundamental importance and
potential applications in nanodevices, sensors and catalysts. Co-AAO nanocomposites were obtained by
using a sol-gel method that uses ultrasonic vibrations to induce the penetration of a colloidal solution through
the pores of an anodized aluminum oxide (AAO) template. The AAO template, with the sol into its pores,
was annealed at 648 K. The entire dip-anneal-dip’process was repeated three times. Finally, the metal
nanostructures were formed by further annealing at 873 K in hydrogen atmosphere for 1 h. The morphology

and structure of Co-AAO were investigated by using SEM, HRTEM, XRD and EPR methods.
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The recent theoretical studies and experimental
techniques led to the discovery of new materials, processes
and phenomena at nanoscale sizes. Such innovative
research provides new opportunities in the development
of nanosystems and nanostructured materials. Their
usefulness in a variety of important applications such as:
electronic devices, detection, mechanical and magnetic
nanoscale [1, 2], information storage systems [3, 6], due
to the optical, electrical, magnetic and catalytic properties,
are widely recognized.

A low-cost technique for fabrication of metallic
nanostructure arrays is the deposition of nanodots,
nanowires, nanorods, nanotubes or nanocylinders in self-
assembled anodized aluminum oxide membrane (AAO)
from colloidal solutions or electrodeposition [7-13]. It was
established that the pores ordering and structure can be
controlled by the nature of the electrolyte, the voltage
applied during the anodization and electrolyte temperature.

Due to their properties and possible advanced
applications, metallic nanostructures attracted the interest
of many researchers [14-26]. If some of the researchers
have focused on their magnetic properties [27-31], others
have studied the mechanism of formation of their
formation [30-36].

It was shown that the size of the metal nanostructures
depends on synthesis conditions and that elongated shape
may give rise to significant effects and shape anisotropy
[35]. When the magnetic field is applied parallel to the
long axis of the magnetic nanowires, the resulted coercive
field is inversely proportional to the pore’s diameter and
the squareness of the hysteresis loop can be increased.

Cobalt nanostructures are interesting due to the large
magnetocrystalline anisotropy that lies along the c-axis
(cobalt is the only magnetically uniaxial crystal). Various
parameters including shape, size, and texture strongly
induence the magnetic properties and it was shown that
they can be controlled during fabrication process [37-39].
Certain experiments shown that fcc phase of cobalt
nanowires can be changed to hcp phase by varying the pH
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of the solution during fabrication and that the easy axis of
magnetization can be tuned either perpendicular or parallel
to the wire long axis by changing the length of wires [36-
41]. It was experimentally observed that Co wires with
small diameters (20 nm) have an isotropic saturation
(same value with the field parallel or perpendicular to the
wires) and was concluded that the magnetization behavior
is a result of a competition of demagnetization of the
individual wires and dipole-dipole interaction between
the wires.

The present study is focused on the synthesis of cobalt
nanostructures using aluminum oxide template (AAO) and
on their structural characterization by using scanning
electron microscopy (SEM), high resolution electron
microscopy (HRTEM, EDX), X-ray diffraction (XRD) and
electron paramagnetic spectroscopy (EPR).

Experimental part

There are a variety of techniques for self-assembly used
to obtain metallic nanostructures. The chemical
techniques use nanoporous membranes, which have a
quasi-regular network of pores with pore diameters
between 10 nm to several hundred nm.

In this study, metal nanostructures were synthesized by
immersing the AAO template in a colloidal solution
submitted to an ultrasonic vibration.

Preparation of AAO

An important factor in achieving an ordered distribution
of the pores is the surface roughness (may initially be in
the nm). In order to reduce the surface roughness, the
aluminum foil (with a thickness of 0.2 mm and 99.99%
purity) was degreased with acetone, annealed at 773K for
5 h and subjected to a mechanical grinding process. The
resulted foil was used as an anode in an aqueous solution
of oxalic acid (concentration of 0.3%) and as cathode a
led foil was used. For the anodization process a constant
potential of 50 V was applied at room temperature for 10
hours.
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The scheme of the experimental arrangement is shown

in figure 1.
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The anodization process comprises three chemical
reactions that take place at the anode (aluminum oxidation
(1), aluminum dissolution (2)) and cathode (hydrogen
evolution (3)) electrodes:

2AI+3H20 = ALOs+6H +6e @
_ ALOs+6H* = 2A1**3H20 )
6H+62 = 3H2 (3

The resulted anodized aluminum oxide foil (AAO) was
corroded in an aqueous solution of CuCl, in order to remove
the metallic aluminum.

In order to enlarge the pore diameter, AAO foil was
immersed in a phosphoric acid solution (concentration of
6 mass %) for 40 minutes at a temperature of 303K.

Synthesis of cobalt nanostructures using AAO template
The AAO foils obtained through the anodization process
were used as template for the synthesis of Co
nanostructures. For this purpose, colloidal solutions (0.8
M), formed from ethylene glycol (as solvent), citric acid
(as etching agent) and cobalt acetate, were obtained by
heating the mixture at 303K for 10 hours in a thermostat

deap . anneal - deap
) &

[41]. _
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AAD ARD ingal annealing at 848 K—‘(

For nanostructures synthesis the AAO template was
immersed in the sol for about 10 min. The sol penetrated
the AAO pores by means of ultrasonic vibration. The AAO
template, which incorporated the sol into its pores, was
taken out and the template was heated from the room
temperature to 648 K with a heating rate of 1.5 K min™in
open air. The entire dip-anneal-dip process was repeated
three times for each sample. Finally, the metal
nanostructures were formed by further annealing at 873 K
in hydrogen atmosphere for 1 h.

The procedure of metallic nanostructures synthesis is
schematically shown in figure 2.

The morphology of AAO template and of metallic
nanostructures formed inside the pores of AAO was
investigated using a scanning electron microscope
QUANTA INSPECT F.

The structure and elemental chemical composition of
cobalt nanostructures were investigated by the mean of a
high-resolution transmission microscope TECNAI G2 with
and EDX detector. The nanocomposite structure and
magnetic properties were investigated using a X’PERT Pro
MPD diffractometer (CuKa radiation) and a X-band CMS
8400 spectrometer operating at9.407 GHz.

Results and discussion

SEM images of the anodized template matrix having
into the pores Co nanostructures evidenced pore sizes
between60 to 90 nm (Fig. 3. a), suggesting that the
nanostructure’s length is smaller than the AAO pore lengths.

HRTEM analysis of nanostructures grown into AAO
matrix allowed evidencing the crystalline planes belonging
to Co nanostructures. Fig. 3.c) shows the (101) crystalline
planes of hcp Co. The image was taken on the nanotube
wall, as is shown if Fig. 3. b).The cobalt peaks evidenced
by EDX analysis indicate the presence of cobalt in AAO
pores (Fig.3.d). The other signals originate from the
substrate materials. The elemental chemical composition

Fig. 2. Metallic nanotubes synthesis process:
1) AAO matrix filled with solution; 2) annealing at
648 K; 3) reduction under hydrogen atmosphere.

Fig. 3. @) and b) SEM image of Co
nanostructures formed in AAO; c)
HRTEM image - (101) crystalline
planes of hcp Co; d) EDX spectrum
of Co-AAQ.
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allowed determining the chemical formula of AAO matrix
as ALO, . and the content of cobalt as 0.17%.

XKD pattern, registered with the AAO pores parallel with
the X-Ray direction, evidenced only the (002) peak
attributed to hcp structure of cobalt (Fig.4). No other XRD
peaks belonging to hcp crystalline planes or other
crystalline phases were observed, suggesting that cobalt
nanostructures have a strong preferential crystallographic
orientation, with ¢ axis parallel to the pore axis. The unit
cell parameter, ¢, as determined from the 2q value of (002)
XRD peak, has the value ¢=0.4041 nm. Using the
interplanar distance evidenced by HRTEM analysis, the unit
cell parameter a vas determined as a=0.2533 nm (c/
a=1.603). A medium nanostructure diameter of 88 nm
was determined with the formula D=(0.9x1.54)/
(wxcosq), where wis the width of the diffraction peak, in
radians, at a height half-way between background and the
peak maximum. This value is in good agreement with the
values observed in SEM analysis. The geometrical
condnement of small diameter pores favored the growth
of single crystals [36, 41].

Fig. 4. XRD of Co
nanostructures
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EPR measurements were performed at room
temperature for sample different orientations. The Co-AAO
sample was oriented with the AAO surface perpendicular
to the plane of static-magnetic field. The sample was
rotated in the plane of static magnetic field, in order to
investigate the magnetic anisotropy. No change in the EPR
signal was observed. Figure 5 shows the EPR spectrum of
Co-AAOQ for the sample oriented with AAO pores parallel
with the magnetic field direction and parallel with c axis.
The signal observed at g=2.06 with a line width of 340 G
can be characterized as superparamagnetic signal or as a
ferromagnetic isotropic signal due to nanostructures with
low L/D ratio (L- nanostructure length, D - nanostructure
diameter). The EPR signal is weak, because of the small
amount of magnetic material present for the
measurements and has symmetric Gaussian line.

The superparamagnetic (SPM) state is characterized
by random fluctuations of the magnetization due to thermal
excitation. It appears in ferromagnetic nanostructures,
which are sufficiently small and thus single domain (For
cobalt spherical nanoparticles, a diameter size of 80 nm
represents the maximum mono-domain magnetic size
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[11]), typically in the nanometric range (1-100 nm). SPM
occurs at temperatures below the Curie transition where
exchange interaction is effective, and spins are coupled.
Also, the literature showed for cobalt nanostructures with
ferromagnetic properties that the angular dependence of
the resonance field depends on the aspect ratio, L/D (L-
nanowire length, D nanowire diameter) flattening with the
decrease of it. In our case, due to the low content of cobalt
in the AAO matrix is possible to have nanostructures with
low L/D ratio with c axis parallel to the pores.

To acquire more information about the magnetic
properties of cobalt nanostructures formed into the AAO
pores, EPR measurements as a function of temperature
will be performed and discussed in a future paper.

Using the same synthesis method, future experiments
will be developed for more deap-anneal-deap processes
and different post-annealing treatments, in order to control
the shape of obtained nanostructures.

Conclusions

Cobalt nanostructures were synthesized using an AAO
template that was immersed in a sol for about 10 min,
under ultrasonic vibration, submitted to an annealing
process at 648K and an another one at 873 K in hydrogen
atmosphere for 1 h. SEM, HRTEM and XRD investigations
evidenced a low content of cobalt nanostructures with a
low L/D ratio, highly textured, with ¢ axis parallel to the
pore axis. EPR investigations, performed at room
temperature, in a plane perpendicular to (002) crystallo-
graphic plane, evidenced an isotropic signal. To elucidate
this result future measurements as a function of
temperature are necessary. Further researches will be
focused on preparing titanium, silver and gold nanotubes
following the same procedure due to their uses in medical
field, as these nanomaterials possesses unique
characteristics such as biocompatibility, osseointegration,
smart drug delivery and antimicrobial properties.
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