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Abstract: Electrochemical deposition has been widely used for synthesis of metal nanowires (NWs) on the
porous template. In this paper, the effect of potential and electrolyte concentration on cobalt (Co) NWs
formation through porous anodic alumina template has been
electrodepostion at 0.75~2 V together with the high 0.5 M and low 0.1 M cobalt sulfurate based electrolyte.
Scanning electron microscopy and grazing incidence X-ray diffraction were used to examine the
nanostructure, morphology and phase of Co NWs. The current vs time curve was recorded for
understanding the growth behavior. Too low potential of 0.75 V is not favored for Co NWs formation due to
insufficient driving force while too high potential of 2 V ruins the NWs growth owing to hydrogen generation
in reduction reaction. The uniform crystalline Co NWs can be obtained by the proper potential of 1V and

concentration of 0.5 M at an average growth rate of 964 nm/min.

1. INTRODUCTION

Nanostructured materials are of great interest in theoretical
physics, solid state science and technological applications.
Among the nanoscale materials, the one-dimensional
nanomaterials, especially one-dimensional magnetic metal or
metal oxide materials, have attracted much attention because
of their specific magnetic [1-3], capacitance [4], optical [5]
and biocompatible [6] properties for fundamental research
and potential applications. The ferromagnetic nanowire
arrays in many works were focused on the magnetization
behavior and high-density magnetic recording media.
Methods used to produce metallic nanowires (NWs) can be
categorized as both the lithography-etching patterning
method [7] and the ‘template synthesis’ one [8-10]. The
former is comparatively complex, expensive and not suitable
for large scale production while the latter involves
electrochemically depositing metal into nanopores of the
template. Generally, the template method is cheap and easy
to operate, and has diameters ranging from several
nanometres to hundreds of nanometres in a large area under
proper control for nanowires synthesis. The anodic aluminium
oxide (AAO) template [11-15] has been widely studied for
various categories due to its remarkable properties such as
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corrosion resistance, decorative properties, and nanopore
regularity [16-19]. The arrangement and structure of
nanowires are of importance in the electronic, optical and
magnetic properties. The crystalline or amorphous structure
is essentially different and compared from the experimental
results and theoretical study. The process parameters
employed in the deposition such as electrolyte concentration,
deposition voltage and temperature are responsible for the
structure and properties of nanowire arrays [20-22]. For one-
dimensional magnetic metal or metal oxide materials, the
properties of the nanowires array is related to the character of
individual nanowire and the periodicity or the symmetry of
nanowires. The properties concerned with the crystallization
and symmetry of nanowire arrays was studied by the AAO
template method at fixed diameter [23]. For example, cobalt
(Co) in hcp crystallographic form had the ¢ axis as the easy
axis of magnetization. When the c axis was perpendicular to
the film plane, the film exhibited a large perpendicular
magnetic anisotropy [24-26]. Thus, it is important to study the
crystallographic orientation of Co grains in the pores. Many
researches has focused on changing the characteristics of
the template or varying the electrodeposited parameters [10,
23, 27]. In order to control the length and uniformity of the Co
NWs, the voltage and concentration are of great importance
during electrochemical deposition. In this paper, the effect of
potential and electrolyte concentration on Co NWs formation
through porous AAO template has been investigated using
direct-current electrodepostion at 0.75~2 V together with the
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high 0.5 M and low 0.1 M cobalt sulfurate based electrolyte.
The current vs time curve is recorded for understanding the
growth behavior. The crystallized and more-uniform Co NWs
can be obtained by the proper potential and concentration.

2. EXPERIMENTAL PROCEDURES

The commercial anodic aluminum oxide (Whatman Anodisc,
England) template with the nominal avearge pore diameter of
about 200 nm and thickness of 60 um was used for
electrochemical deposition of Co NWs. Figure 1 showed the
schematic process flow of the electrochemical deposition of
Co NWs into the through-hole AAO template. First, the
commercial AAO template was pre-evaporated with the
titanium and aluminum (Ti-Al) conductive layer. The Ti metal
is benificial for enhancing the adhesion of Al onto AAO. The
opposite side of through pores remained open for deposition
via metal ions diffusion and migration. Then the Ti-Al coated
AAO template was cut into pieces of 0.9 cm x 0.9 cm in size
which was mounted onto a copper foil for easy experimental
handling. Various concentrations of electrolytes were
prepared in volume of 300 ml for each deposition with low 0.1
M and high 0.5 M CoSO04-7H20, respectively, mixed with
0.5M boric acid. Before electrochemical deposition, the
sample was immersed into the deionized water for ultrasonic
cleaning for 10 min. The electrochemical deposition was
performed by means of potentiostat (Jiehan 5000, Taiwan)
and the three-electrode electrochemical cell that consisted of
the copper foil as working electrode, the copper foil as
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Figure 1: Schematic process flow of the electrochemical deposition
of Co nanowires into the through-hole AAO template: (a) a
commercial AAO template, (b) sputtering a Ti/Al conductive seed
layer, (c) the Cu substrate as the bottom for easy handling and (d)
adjusting parameters to electrodeposit Co nanowires.

80

counter electrode, and the standard calomel electrode as
reference electrode. The depotention potential was operated
by direct-current (DC) mode at 0.75~2 V at 25 °C for 10
minutes. All deposition conditions of various voltage and
concentration are listed in Table 1 for comparison. The
current vs time curve was recorded during electrochemical
deposition. The characteristics of Co NWs was examined by
high resolution thermal field emission scanning electron
microscopy (JEOL JSM-7000F, Japan). The crystal structure
of Co NWs was investigated by grazing incidence X-ray
diffractometer (XRD, D8 Discover, Germany). The diffraction
spectra were obtained in the 26 range from 20~80° at a scan

rate of 0.05 degree per second.
Table 1:  The Relationship of the Electrolyte Concentration,
Deposition Voltage and Length of Co Nanowires
Using DC Electrode Position

Electrolyte Voltage Length
0.5MC0S0,-7H,0+ 0.5M H;BO, -0.75V Fail
0.5MC0S0,-7H,0+ 0.5M H;BO, -1V 9.64+1.1 pm
0.5MC0S0,-7H,0+ 0.5M H;BO, 1.5V 34.30+6.4 um
0.5MC0S0,-7H,0+ 0.5M H;B0, 2V 35.09+8.3 um
0.1MC0S0,-7H,0+ 0.5M H;BO, -1V 8.83+2.3 ym
0.5MC0S0,-7H,0+ 0.5M H;BO, -1V 9.64+1.1 ym
0.1MC0S0,-7H,0+ 0.5M H;BO, 1.5V 15.56+3.2 pm
0.5MC0S0,-7H,0+ 0.5M H;BO, -1.5V 34.30+6.4 um

3. RESULTS AND DISCUSSION

Figure 2 shows the relationship between the current density
and deposition time of Co NWs through commercial AAO of
200 nm in pore diameter at DC potentials of 0.75V, 1V, 1.5
V and 2 V. The current density increases with increasing
potential except for 0.75 V of which current density tends to
zero. It is because the 0.75 V is lower than cobalt NWs
reaction potential. Also, the current density at high 2V with a
rapid increase at the initial stage is attributed to unstable
growth behavior. The formation of Co nanowires can be
examined by the SEM cross section as shown in Figure 3. No
Co nanowires is found at low 0.75 V (Figure 3a) while the
length of nanowires increases with DC potential at 1~2 V
(Figure 3b-d). It is consistent with the current density
evolution. Higher current density corresponds to high reaction
rate for longer wires and no current is for no wire. The
reaction potential of Co NWs through 200 nm AAO is
between 0.75 V and 1 V. When 1 V potential is applied, the
cobalt ions diffuse and migrate into pores to gather for
nucleation and growth of nanowires. So the initial current
density increases substantially and then becomes steady with
increasing deposition time. The grown nanowires are uniform
as shown in Figure 3b. As the potential increases to 1.5 V,
the current density initially increases in a manner similar to
that at 1 V but it continues to significantly increase with time.
The non-steady state growth leads to the non-uniform longer
nanowires formation as shown in Figure 3c. The non-uniform
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Figure 2: Current density vs. time curves of Co nanowires formation
at different DC voltages of 0.75 V, 1 V, 1.5 V and 2 V in the same
electrolyte of 0.5 M CoSQO,7H,0+ 0.5 M H3BOs

growth is concerned with the hydrogen gas formation during
reduction. Without stirring during electrodepositon, the charge
transfer speed attributed to potential is higher than cobalt
ions diffusion rate which is caused by concentration gradient
from reduction reaction. Therefore, the hydrogen ions which
migrate faster than cobalt ions can easily result in large
amount of hydrogen for poor uniformity. It becomes more

20um

severe at the condition of 2 V. The longer and highly non-
uniform nanowires is found and even the Co clusters is
formed on the surface of AAO as shown in Figure 3d. The
cluster growth on surface may be linked to the mentioned
unstable growth behavior with initial abrupt increase of
current at 2 V in Figure 2 which is different from the others.
The strong charge transfer caused by the highest 2 V voltage
leads to a great number of cobalt ions consumed in the pores
of AAO substrate and accelerates Co ions reduction for the
formation of non-uniform length of NWs and Co clusters on
the surface of AAO. The mean lengths with deviation of Co
NWs at 1V, 15V and 2 V are 9.64+1.1 ym, 34.30+6.4 ym
and 35.09+8.3 pm, respectively, as listed in Table 1. The
growth rate increases with voltage and the best uniformity of
NWs occurs at1 V.

Besides the voltage, the electrolyte concentration can also
affect the current density and nanowire growth. Because 0.75
V is too low to grow and 2.0 V is too high for closter, we use
the proper 1 V and 1.5 V together with the electrolyte
concentration of 0.5 M and 0.1 M CoS0O4-7H,O at constant
0.5M H3BO3 for electrodeposition at 25 °C for comparison as
listed in Table 1. Figure 4 shows the current density vs. time
curves of Co NWs formation at proper DC voltages of 1 V
and 1.5 V in the low 0.1 M and high 0.5 M CoS0O4:7H20. The
current density decrease with electrolyte concentration at

20um

Figure 3: SEM micrographs of Co nanowires formation at different DC voltages of: (a) 0.75 V, (b) 1 V, (c) 1.5 V and (d) 2 V in the same

electrolyte of 0.5 M CoSQO,7H,0+ 0.5 M H3BOs.
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Figure 4: Current density vs. time curves of Co nanowires formation
at proper DC voltages of 1 V and 1.5 V in the low 0.1 M and high 0.5
M Co0S0,-7H,0 together with 0.5 M H3BOs.

constant voltage and it is higher for the sampling on the
condition of (0.1 M, 1.5 V) than that at (0.5 M, 1 V). Three
samples performed at the conditions of (0.1 M, 1 V), (0.5 M, 1
V) and (0.1 M, 1.5 V) exhibit the steady cuurent at the

10 um
]

.

20um

prolonged time while the (0.5 M, -1.5 V) sample has the non-
steady current behavior. The growth behavior of Co NWs in
the above four samples is examined by SEM cross section as
shown in Figure 5. The corresponding lengths of the
nanowires at the conditions of (0.1 M, 1 V), (0.5 M, 1 V), (0.1
M, 1.5 V) and (0.5 M, 1.5 V) are 8.83+2.3 ym, 9.64+1.1 pym,
15.56+3.2 pm and 34.30+6.4 pm, respectively, as listed in
Table 1. The mean length of Co NWs increases with the
current density and the sample at the condition of (0.5 M, 1
V) has the best uniformity. It indicates low concentration is
not good for the formation of uniform nanowires and the
optimum condition in this study is at (0.5 M, 1 V). The effect
of voltage gradient induced ions migration is more important
for uniform nanowires growth than concentration gradient
induced diffusion.

The deposition voltage and electrolyte concentration also
affect the crystallinity of Co NWs. Figure 6 shows the GIXRD
patterns of four samples of Co NWs deposited at the
parameter conditions of (0.5 M, 1V), (0.5M,15V), (0.1 M,1
V) and (0.1 M, 1.5 V), respectively. The main diffraction
peaks are from the crystalline Al seed layer and Co NWs.
Four Co diffraction planes are identified as (100), (002), (101)
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Figure 5: SEM micrographs of Co nanowires formation at different parameters of (DC voltages, concentration) of: (a) (0.1M, 1V), (b) (0.5M, 1V),

(c) (0.1M, 1.5 V), and (d) (0.5M, 1.5 V).
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and (110). It indicates the electrodeposited Co NWs are
polycrystalline. It is noted that both the (0.5 M, 1 V) and (0.5
M, 1.5 V) samples have greatly higher intensity of crystalline
Co than the other (0.1 M, 1 V) and (0.1 M, 1.5 V) ones. It
reveals that the electrolyte concentration is an important
factor for degree of crystallinity because the high enough
concentration with larger gradient of driving force for diffusion
can speed crystallization of Co NWs. Also, the samples
deposited at 1V has higher intensity than that at 1.5 V i.e. the
(0.5 M, 1 V) higher than (0.5 M, 1.5 V) and the (0.1 M, 1 V)
higher than (0.1 M, 1.5 V). It implies that the better uniformity
at 1V benefits for the crystallization of Co NWs. The optimum
condition at (0.5 M, 1 V) with the best uniform NWs has a
preferred orentation along. In a brief, the concentration
gradient induced diffusion is more related to crystallization of
Co NWs while the voltage induced ions migration is more
concerned with uniform nanowires growth together with the
preferred orentation.
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Figure 6: GIXRD patterns of Co nanowires deposited at different
parameters of (DC voltages, concentration) of (0.5M, 1V), (0.5M, 1.5
V), (0.1M, 1V) and (0.1M, 1.5 V).

4. CONCLUSION

The depostion potential and electrolyte concentration affect
the characteristics of Co NWs deposited in AAO template.
The direct-current electrodepostion at 0.75~2 V together with
the high 0.5 M and low 0.1 M electrolyte concentration have
been studied. In terms of potential at 0.5 M, the high-voltage-
induced high current density corresponds to high reaction
rate for longer wires and no current is for no wire. Therfore,
too small potential of 0.75 V will cause no cobalt ions
reduction while the increased potential accelerates ion
reaction for the prolonged NWs. But too high potential of 2 V
will reduce uniformity of NWs. That is, the effect of voltage
gradient induced ions migration is more important for uniform
nanowires growth than concentration gradient induced
diffusion. In terms of electrolyte concentration, the high
concentration of 0.5 M benefits for high degree of crystallinity
and better uniformity. In contrast, low concentration of 0.1 M
is not good for the formation of uniform NWs together with

Synthesis of Cobalt Nanowires on Porous Anodic Alumina

low crystallinity. The optimum condition is the 05 M
concentration and -1 V potential which can result in the stable
nanowire growth and high crystallization of which preferred
orentation is along.
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