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Abstract: The crystal growth process and ferromagnetic properties of electrodeposited cobalt
nanowires were investigated by controlling the bath temperature and cathodic overpotential.
The cathodic overpotential during electrodeposition of cobalt nanowire arrays, ∆Ecath,
was theoretically estimated by the difference between the cathode potential, Ecath, and the equilibrium
potential, Eeq, calculated by the Nernst equation. On the other hand, the activation overpotential,
∆Eact, was experimentally determined by the Arrhenius plot on the growth rate of cobalt nanowire
arrays, Rg, versus (vs.) reciprocal temperature, 1/T. The ferromagnetic cobalt nanowire arrays with a
diameter of circa (ca.) 25 nm had the preferred crystal orientation of (100) and the aspect ratio reached
up to ca. 1800. The average crystal grain size, Ds, of (100) peaks was estimated by X-ray diffraction
patterns and was increased by decreasing the cathodic overpotential for cobalt electrodeposition by
shifting the cathode potential in the noble direction. Axial magnetization performance was observed
in the cobalt nanowire arrays. With increasing Ds, coercivity of the film increased and reached up to
ca. 1.88 kOe.
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1. Introduction

The standard electrode potential of metallic cobalt (Co/Co2+ −0.28 V vs. normal hydrogen
electrode (NHE)) is nobler than that of metallic iron (Fe/Fe2+ −0.44 V vs. NHE). Hence, cobalt-based
magnetic materials, compared with iron-based, have excellent corrosion resistance when a magnet
is used under a corrosive environment [1,2]. Cobalt alloy nanowires with a large aspect ratio
show excellent magnetic performance, including large coercivity, large squareness and high Curie
temperature [3–5]. Several fabrication processes of metallic alloy nanowire arrays have so far
been reported by researchers. The template-based approach, using a thin film with numerous
nanochannels such as ion-track etched polycarbonate templates and anodized aluminum oxide
(AAO) templates [6–12], is a highly recommended process. The AAO nanochannels with numerous
through-holes can realize straight nanowires with large aspect ratios.

Some researchers have reported the ferromagnetism of cobalt alloy nanowires, which were
electrodeposited from an aqueous solution into the nanochannels of templates [13–16]. Pirota et al.
reported that face centered cubic/ hexagonal close packed (fcc/hcp) bi-crystalline multilayer Co
nanowire arrays were obtained by an electroplating method [17]. They have synthesized the dual-phase
(fcc and hcp) Co nanowires (diameter, D, of 25–29 nm; length, L, of 1.13–2.25 µm; and aspect ratio,
L/D, of 45–78) with a coercivity, Hc, of up to ca. 1.0 kOe and squareness, Mr/Ms, of ca. 0.38. Vivas et
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al. investigated the effects of length on the coercivity of Co nanowire arrays that were fabricated by
an electrodeposition process [18]. They have characterized the Co nanowires (diameter, D, of 35 nm;
length, L, of 0.3–40 µm; and aspect ratio, L/D, of 9–1143) with a coercivity, Hc, of up to ca. 1.3 kOe.
Kaur et al. reported that structurally tailored cobalt nanowires were able to be electrochemically grown
in the nanopores of commercially available AAO templates with a potentio-static electrochemical
growth technique [19]. They obtained the structurally tailored Co nanowires (average diameter, D,
of 20 nm; average length, L, of 1.6 µm; and average aspect ratio, L/D, of ca. 80) with a coercivity,
Hc, of 0.45 kOe and squareness, Mr/Ms, of ca. 0.3. Shaterabadi et al. also investigated the effect of
solution pH on the ferromagnetism of cobalt nanowires that were electrochemically grown in the
nanopores of an AAO layer on metallic aluminum films using an alternating current (AC) process [20].
They synthesized the dual-phase (fcc and hcp) Co nanowires (D: 35 nm, L: ranging from 1 µm to 5 µm,
and L/D: ranging from 30 to 150) with an Hc of 1.45 kOe and Mr/Ms of 0.89 (as-deposited). Srivastav
et al. also studied the effects of solution pH on the ferromagnetism of cobalt nanowires, which were
fabricated using a potentio-static deposition technique [21]. They discovered that the Hc and Mr/Ms

of the Co alloy nanowires (D: 70 nm, L: 10 µm, and L/D: ca. 150) were 0.84 kOe and 0.26, respectively
(at room temperature).

The surface magnetic flux density of magnetic materials depends on the volume of the
ferromagnetic phase. On the other hand, Hc of a ferromagnet decreases with the increase of average
crystal grain size, which results in the formation of a multi-magnetic-domain structure. Therefore, if
nanowires with a single-magnetic-domain structure are used as a permanent magnet with substantial
volume, an industrial maker will require nanowires with a large aspect ratio. However, so far, the
aspect ratio of cobalt nanowires with a coercivity of more than 2.5 kOe has not reached 1000. Recently,
our research group reported that cobalt nanowires with a large aspect ratio (L/D: 1800) can be
electrochemically grown from a bath containing CoCl2 and using AAO templates (D: ca. 25 nm) [22].
It is well known that acid halides in an aqueous solution accelerate the corrosion reaction of metallic
materials and that this will cause harmful effects on the production lines. Hence, in this study, we tried
to use non-halide type aqueous solutions containing sulfuric acid for the electrodeposition of cobalt
nanowire arrays. We used AAO templates with aspect ratios of more than 1000.

2. Materials and Methods

Pure aluminum rods (99%) with a diameter of 10 mm were anodically polished in an ethanol
solution containing perchloric acid to smooth the surface of the cross-section. The polished aluminum
rod was anodized in an aqueous solution containing 0.3 mol L−1 sulfuric acid by applying a constant
cell voltage of 20 V for 24 h to form an AAO nanochannel layer (ca. 45 µm thickness) on the cross-section.
During the anodization, the solution temperature was kept at 2 ◦C using an incubator with a cooling
function. It is well known that highly ordered nanochannel structures can be made by the two-step
anodization process [23]. Pirota et al. reported that Co nanowire arrays, which were electrodeposited
into two-step anodized AAO nanochannels, exhibited a coercivity, Hc, of up to ca. 1.0 kOe and
squareness, Mr/Ms, of ca. 0.38 [17]. In our previous work we demonstrated that Co nanowire arrays
that were electrodeposited into one-step anodized AAO nanochannels, showed a coercivity, Hc of
up to ca. 2.4 kOe and squareness, Mr/Ms of ca. 1.0 [16]. Hence, the size and crystallinity of a
nanowire, the diameter, length and crystal orientation, are significant parameters in the ordering
state of nanochannels. Therefore, in this study, a single step anodization process was employed to
increase the experimental efficiency of making samples with a large aspect ratio. After the anodization,
the nanochannel layer was separated from the aluminum rod by anodic etching of the interface between
the AAO layer and the aluminum rod in an ethanol solution containing perchloric acid. The volume
ratio between ethanol (99.5 wt.%) and perchloric acid (60 wt.%) was adjusted to 1:1. During the
anodic etching, cell voltage was kept at 35 V for 30 s at room temperature. On one side of the AAO
nanochannel templates, a thin gold layer was sputter-deposited to make a conductive layer as a cathode.
For the electrodeposition of cobalt nanowire arrays, an aqueous solution containing 0.5 mol L−1 cobalt
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sulfate heptahydrate and 0.4 mol L−1 boric acid was synthesized using ultra-pure water (resistivity
> 18 MΩ·cm) with ultraviolet light and ion exchange treatment. The electrolytic solution pH was
ca. 4.0 (20 ◦C) to 4.3 (80 ◦C). During the electrodeposition, the solution temperature was kept at a
constant value (20, 40, 60 or 80 ◦C). A gold wire was served as an anode and an Ag/AgCl electrode
was used as a reference electrode. Cobalt nanowire arrays were potentio-statically electrodeposited in
the AAO nanochannel templates and the time-dependence of the cathode current was monitored to
investigate the growth process. During the electrodeposition of nanowires, cathode potentials were
kept at −0.75 V, −0.80 V and −0.85 V vs. Ag/AgCl. After the electrodeposition, the AAO nanochannel
templates were dissolved in an aqueous solution containing 5 mol L−1 NaOH to observe the structure
of cobalt nanowire arrays. To avoid etching the surface of the metallic cobalt, the solution temperature
was kept at less than 25 ◦C.

The structure and constituent phases of cobalt nanowire arrays were investigated by field emission
scanning electron microscopy (FE-SEM, JSM-7500FA, JEOL Ltd., Tokyo, Japan) and X-ray diffractometer
(XRD, Rint-2200, Rigaku Corp, Tokyo, Japan), Cu target, Kα1 (λ1 = 0.15406 nm) and Kα2 (λ1 =
0.15444 nm)). Magnetic properties of cobalt nanowire arrays were evaluated by the magnetic hysteresis
loops, which were measured using a vibrating sample magnetometer (VSM, TM-VSM1014-CRO,
Tamakawa Co., Ltd., Sendai, Japan) at room temperature. During the measurement, the external
magnetic field was applied at up to 10 kOe for saturating the magnetization.

3. Results

3.1. Electrodeposition of Cobalt Nanowire Arrays

Figure 1a shows the effect of bath temperature on the cathode polarization curves for cobalt
electrodeposition on a metallic copper sheet from an aqueous solution containing CoSO4 and H3BO3.
The sweep rate was kept at 50 mV s−1. In the present experimental condition, the equilibrium potential
of Co/Co2+ was estimated to be ca. −0.49 V vs. Ag/AgCl (e.g. −0.4878 V at 20 ◦C, −0.4883 V at 40 ◦C,
−0.4889 V at 60 ◦C and −0.4895 V at 80 ◦C) according to Nernst’s equation, as shown in the following
Equation (1).

Eeq = E0 +
RT
nF

ln
[Mn+]

[M0]
(1)

where E0 = −0.48 V vs. Ag/AgCl, R = 8.3 J K−1 mol−1, T = 293, 313, 333 and 353 K, n = 2,
F = 96,485 C mol−1 and [Mn+]/[M0] = 0.5 (in this study, the activity of metallic cobalt was assumed
to be 1). According to Figure 1a, a sharp increase was observed at the cathode potential ca. −0.5 V.
This sharp increase of current corresponds to the start of cobalt deposition considering the equilibrium
potential of Co/Co2+ (−0.49 V vs. Ag/AgCl). By shifting the cathode potential from −0.5 V into the
less noble direction, the cathode current density was increased and reached a constant value at ca.
−1.5 V (709 A m−2 at 20 ◦C, 1063 A m−2 at 40 ◦C, 1726 A m−2 at 60 ◦C and 2247 A m−2 at 80 ◦C).

Cathodic overpotential, η, is expressed by the following Tafel equation:

η = − RT
αnF

ln
(

i0
)
+

RT
αnF

ln(i) (2)

where i0 and i correspond to the exchange current density and the cathode current density, respectively.
By differentiating Equation (2), with respect to the cathode current density, i, the charge transfer
coefficient, α, is expressed by the following equation:

α =
RT
inF

(
dη

di

)−1
(3)

where dη/di is obtained by differentiating the cathode polarization curves (Figure 1a) with respect to
the cathode current density, i.
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Figure 1b shows the effects of bath temperature and cathode potential on the charge transfer
coefficient, α. Cathode potential ranges nobler than −0.7 V, α fluctuate noticeably due to hydrogen
evolution from the reduction of H+ ions. In the cathode potential range of −0.7 V to −1.1 V, α decreases
by shifting the cathode potential into the less noble direction. Furthermore, in the cathode potential
range of −1.1 V to −1.5 V, α reaches a constant value due to the diffusion limit of cobalt ions and the
decomposition of water solvent [24]. To avoid hydrogen evolution, the optimum cathode potential
range for cobalt deposition should be determined, a cathode potential region nobler than that caused
the diffusion limit of cobalt ions [24]. Furthermore, in this study, the polarization curves were obtained
by employing a metallic copper sheet as a working electrode. However, the narrow channels of AAO
templates strongly affected the diffusion of cobalt ions from the bulk electrolyte to the reaction interface.
Therefore, the optimum cathode potential for cobalt nanowire deposition should be selected from a
range that is less noble than ca. −0.7 V and significantly nobler than −1.1 V to avoid the hydrogen
evolution and diffusion limit of cobalt ions. Hence, in this study, a range ca. −0.80 V (−0.75 V, −0.80 V
and −0.85 V) was selected as the optimum potential for cobalt nanowires deposition.

Figure 1. (a) Effects of bath temperature on cathode polarization curves and (b) the charge transfer
coefficient curves for Co electrodeposition from an aqueous solution containing CoSO4 and H3BO3.
The bath temperature was kept at 20 ◦C, 40 ◦C, 60 ◦C and 80 ◦C. The sweep rate was kept at 50 mV s−1.

Figure 2 shows the effects of temperature on the time-dependence of cathode currents during the
electrodeposition of cobalt nanowires in the nanochannels of anodized aluminum oxide templates.
At the beginning of the electrodeposition, the cathode current exhibited a stable level due to enough
supply of cobalt ions from the bulk of the electrolytic solution to the nanochannels [25]. By increasing
the electrodeposition time, a rapid increase in the cathode current was observed under all conditions
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because of a film-like growth on a surface of a template [26]. After the electrodeposition, this film-like
overgrowth was removed by wiping a swab containing nitric acid over the surface. Before removal,
the color of the surface was metallic gray. After removal, the color was changed to dark black. Hence,
most of the nanowires seemed to reach the surface of template. In this study, a nanochannel template
with a thickness of ca. 45 µm was used. The thickness was the same as the lengths of the cobalt
nanowires. For instance, at a cathode potential of −0.75 V and a bath temperature of 80 ◦C, shown in
Figure 2, the filling time (time was determined by the point where the extrapolated lines intersected, as
shown in Figure 2) was 89.7 s. Hence, the growth rate in these experimental conditions was estimated
to be ca. 557 nm s−1 (−0.75 V, 80 ◦C, 50 µm thickness). At a bath temperature of 20 ◦C, the filling
time was ca. 18,000 s which was significantly longer than that observed at 80 ◦C. Therefore, in these
experimental conditions (−0.75 V, 20 ◦C, 43 µm thickness), the growth rate was estimated to be ca.
2.39 nm s−1 which is considerably smaller than that observed at 80 ◦C. On the other hand, at a cathode
potential of −0.85 V, the filling times at a bath temperature of 80 ◦C and 20 ◦C were ca. 51.7 s (50 µm
thickness) and ca. 3426.8 s (44 µm thickness), respectively. Hence, the growth rates observed at 80 ◦C
and 20 ◦C were estimated to be ca. 967 nm s−1 and ca. 12.8 nm s−1, respectively. These growth rates
were larger than those observed at −0.75 V. The electrochemical growth rate of metallic nanowires in
nanochannels was strongly affected by the diffusion and migration rate of metal ions. The diffusion
rate of metal ions increased with an increase in the bath temperature, while the migration rate of metal
ions was enhanced by an overpotential for the cathodic reaction. It is well known that the diffusion
coefficient of metal ions at different temperatures can generally be predicted by the Arrhenius equation.

Figure 2. Effects of temperature on the time-dependence of cathode currents during the potentio-static
electrodeposition of Co nanowires. The bath temperature was kept at 20, 40, 60 and 80 ◦C. The cathode
potential was kept at −0.75, −0.80 and −0.85 V vs. Ag/AgCl.

Figure 3 shows the effects of cathode potential on the Arrhenius plots between the bath
temperature and the growth rate of electrodeposited Co nanowires. The growth rate increases with
increased bath temperature and there was an obvious linear relationship between the logarithm of the
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growth rate (logRg) and the reciprocal temperature (1/T). The slope of the Arrhenius plot corresponds
to the activation energy divided by the molar gas constant (−∆G/R). The slope varies with cathode
potential, according to Figure 3, and the −∆G/R at the cathode potentials of −0.75 V, −0.80 V and
−0.85 V were determined as −9.4 × 103 K, −7.4 × 103 K and −7.0 × 103 K, respectively. According to
the following equation, ∆G = −nF∆Eact, the activation overpotentials, ∆Eact, at the cathode potentials of
−0.75 V, −0.80 V and −0.85 V are estimated as −0.40 V, −0.32 V and −0.30 V, respectively. According
to the equilibrium potential of Co/Co2+ (−0.49 V vs. Ag/AgCl), the cathodic overpotential, ∆Ecath,
at the cathode potentials of −0.75 V, −0.80 V and −0.85 V are estimated as −0.26 V, −0.31 V and
−0.36 V, respectively. Hence, considering the sum of ∆Ecath and ∆Eact, the maximum activation
overpotentials, ∆Emax, at the cathode potentials −0.75 V, −0.80 V and −0.85 V are determined to be ca.
−0.66 V, −0.63 V and −0.66 V, respectively. Therefore, at a cathode potential of ca. −1.12 to −1.15 V
vs. Ag/AgCl (Ediff), the activation overpotentials, ∆Eact, will be almost zero. According to nucleation
theory, number of nuclei can be expressed as follows:

N = N0 exp
(

nF∆Eact

RT

)
(4)

where N and N0 correspond to the number of nuclei and the maximum number of nuclei, respectively.

Figure 3. Effects of cathode potential on Arrhenius plots of bath temperature and growth rate of
electrodeposited Co nanowires. The schematic figures in the right column represent the relationship
between ∆Ecath and ∆Eact at different cathode potentials.

According to Equation (4), when ∆Eact reaches almost zero, N will approach a maximum. In this
condition, the electrodeposited metallic cobalt will be composed of fine crystals. However, at a less
noble cathode potential region, ca. −1.12 to −1.15 V (e.g. −1.5 V), the reduction process of Co2+ ions
will be controlled by the decomposition process of water solvent.

Figure 4 shows (a) an SEM image and (b) a TEM (Transmission electron microscopy) image of
electrochemically grown Co nanowires, which remained after dissolving the anodized aluminum
oxide template. The SEM image was observed at a 45◦ angle against the long axis of nanowires.
Each nanowire was free-standing and lay in a parallel direction. The average diameter of the
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nanowires was estimated by TEM image to be ca. 25 nm. The length of the nanowire, measured
by SEM image, was assumed to be ca. 45 µm (32 µm × 1.4). Hence, densely packed Co nanowires
with an ultra-large aspect ratio of ca. 1800 were realized in our experimental conditions. Recently,
Barriga-Castro et al. revealed that the cylindrical cobalt nanowires, which were electrodeposited at
−1.2 V vs. Ag/AgCl into AAO nanochannels, have a pseudo-monocrystalline structure [27]. They
investigated the pseudo-monocrystalline structure by SAED (selected area electron diffraction) analysis
with HRTEM (high-resolution transmission electron microscopy). According to their report, (111)
stacking faults existed along the transverse directions of the cobalt nanowires and these crystalline
defects could enhance the crystallization of the fcc phase. As shown in Figure 1, in the cathode potential
range of −1.1 V to −1.5 V, the diffusion limit of cobalt ions and the decomposition of water solvent
occurred. Therefore, the pseudo-monocrystalline structure could be caused by the diffusion limit of
cobalt ions. In this study, the cobalt nanowires were electrodeposited at −0.75 V, −0.80 V and −0.85 V.
Hence, the nanowires consisted of a single hcp phase.

Figure 4. An (a) SEM image and (b) TEM image of electrodeposited Co nanowire arrays separated by
anodized aluminum oxide nanochannel template that was anodized at 20 V.

3.2. Texture and Crystallinity of Co Nanowire Arrays

Figure 5 shows X-ray diffraction patterns of Co nanowire arrays. As predicted in the previous
section, all peaks were assigned to an hcp-Co phase. The peaks corresponding to the fcc-Co phase
were not observed. The peak assigned to (100) in hcp-Co (ca. 41.7◦) was composed of 2 peaks due
to the characteristic X-rays of Kα1 (λ1 = 0.15406 nm) and Kα2 (λ1 = 0.15444 nm) from a Cu target.
A preferential orientation of (100) in hcp-Co was observed in the all experimental conditions. These
results revealed that the c-axis <002> of hcp-Co was not preferentially oriented parallel to the long axis
of the Co nanowires. However, the peak assigned to (002) in hcp-Co (ca. 44.4◦) was clearly observed
in the samples electrodeposited at 80 ◦C. These results suggest that the c-axis <002> of hcp-Co was
partially oriented parallel to the long axis of the Co nanowires obtained at 80 ◦C. In our previous report,
we revealed that the preferential crystal orientation of the c-axis <002> to the long axis of hcp-Co
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nanowires enhanced the coercivity [22]. Therefore, in this study, the samples obtained at 80 ◦C showed
better magnetic properties compared with those obtained at lower temperatures.

Figure 5. X-ray diffraction patterns of Co nanowire arrays that were electrodeposited at the bath
temperatures 20 ◦C, 40 ◦C, 60 ◦C and 80 ◦C.

Figure 6 shows the effects of cathode potential on the average crystal grain size, Ds, obtained from
(100) peaks observed in the X-ray diffraction patterns of Figure 5. Ds was determined by the following
Scherrer equation.

Ds =
Kλ

βcosθ
(5)

where K, λ, β and θ correspond to shape factor (0.9), X-ray wavelength (0.154 nm), hull width at
half maximum of (100) peaks and Bragg angle of (100), respectively. Ds decreased by increasing the
cathodic overpotential, shifting the cathode potential in a less noble direction. It is well known that
Ds depends on the crystallinity of the samples [28]. Ds decreased when the volume of crystal defects,
such as dislocations and stacking faults, increased. By increasing the cathodic overpotential, ∆Ecath,
during the electrodeposition of Co nanowires, the growth rate of Co nanowires also increased. This is
shown in Figure 3. Hence, it is effective for the reduction of crystal defects in Co nanowires to decrease
the growth rate of the electrodeposition process.
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Figure 6. Effects of cathode potential on the average crystal grain size obtained from (100) peaks
observed in the X-ray diffraction patterns of Figure 5.

3.3. Magnetization Performance of AAO Nanochannel Films with Co Nanowire Arrays

Figure 7 shows magnetic hysteresis loops of AAO nanochannel films with Co nanowire arrays.
A magnetic field was applied to the axial (solid lines) and transversal (dotted lines) directions of the
long axis of nanowires. By increasing the magnetic field in the transversal direction, the magnetization
increased gradually and reached saturation at a magnetic field of more than ca. 7 kOe. This result
reveals that the films are hardly magnetized in the transversal direction. The coercivity, Hc, and
squareness (the ratio of the remnants of the saturated magnetization), Mr/Ms, of films with Co
nanowire arrays that were electrodeposited at −0.75 V in a bath temperature of 80 ◦C are 0.14 kOe and
0.06, respectively. By decreasing the bath temperature to 20 ◦C, Hc and Mr/Ms increased to 0.64 kOe
and 0.20, respectively. Furthermore, by shifting the cathode potential in a less noble direction, down to
−0.85 V, in a bath temperature of 20 ◦C, Hc and Mr/Ms increased to 0.76 kOe and 0.29, respectively.
In this study, the cathode circle area of AAO was ca. 28.26 mm2 (circle diameter of ca. 6 mm). The
saturation magnetic polarization of a sample was ca. 1 kG. Therefore, if the saturation magnetic
polarization of cobalt was 17.9 kG, the space factor of the nanowire arrays was estimated to be ca. 6%.

On the other hand, by increasing the magnetic field in the axial direction, the magnetization
increased drastically at a certain magnetic fields and reached saturation at the magnetic field of
ca. 3 kOe. This result suggests that the films are easily magnetized in the axial direction, which
corresponds to the long-axis of Co nanowire arrays. Comparing the magnetization performance in the
axial direction with that observed in the transversal direction, it was found that the axial magnetization
behavior of Co nanowire arrays was caused by the shape anisotropy of the nanowires. Hc and Mr/Ms

of the film with Co nanowire arrays that were electrodeposited at −0.85 V in a bath temperature of
20 ◦C were 1.02 kOe and 0.72, respectively. By increasing the bath temperature to 80 ◦C, Hc and Mr/Ms

increased to 1.44 kOe and 0.74, respectively. Furthermore, by shifting the cathode potential in the
noble direction, up to −0.75 V in a bath temperature of 80 ◦C, Hc and Mr/Ms increased to 1.88 kOe
and 0.84, respectively.

Figure 8 shows the effects of average crystal grain size, Ds, on (a) the coercivity and (b) the
squareness of AAO nanochannel films with Co nanowire arrays. By increasing Ds, Hc and Mr/Ms in
the axial direction increased to 1.88 kOe and 0.91, respectively. On the other hand, when Ds increased
the Hc and Mr/Ms in the transversal direction decreased to 0.14 kOe and 0.06, respectively. As shown
in Figure 6, Ds increased with a decrease in cathodic overpotential when the cathode potential shifts in
the noble direction. This increase in Ds corresponds to the reduction of crystal defects in Co nanowires.
Therefore, it is suggested that the increase in the Hc and Mr/Ms in the axial direction is caused by a
reduction of crystal defects in Co nanowires.
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Figure 7. Magnetic hysteresis loops of AAO nanochannel films with Co nanowire arrays that were
electrodeposited at bath temperatures of 20, 40, 60 and 80 ◦C. A magnetic field was applied to axial
(solid lines) and transversal (dotted lines) directions of the long axis of nanowires.

Figure 8. Effects of average crystal grain size on the (a) coercivity and (b) the squareness of AAO
nanochannel films with Co nanowire arrays. A magnetic field was applied to axial and transversal
direction of the long axis of nanowires.

In Figure 8a, Hc in the axial direction of the samples electrodeposited at bath temperatures of
80 ◦C are greater than those obtained at 20, 40 and 60 ◦C. According to Figure 5, the peaks assigned
to (002) in hcp-Co (ca. 44.4◦) are clearly observed in the samples electrodeposited at 80°C. These
results suggest that the c-axis <002> of hcp-Co is partially oriented parallel to the long axis of the
Co nanowires obtained at 80 ◦C. Therefore, the increase in Hc in the axial direction of the samples
obtained at 80 ◦C is also contributed to by the magneto-crystalline anisotropy. This is due to the (002)
orientation as well as the reduction of crystal defects.
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Fernandez-Roldan et al. investigated the ferromagnetism of Co nanowires and nanotubes with
large diameters (D: 180 nm) that were electrochemically grown in the AAO templates synthesized
by hard anodization at 140 V [29]. They discovered that the Hc and Mr/Ms of Co nanowire arrays
(D: 180 nm, L: 6 µm and L/D: ca. 33) were 0.14 kOe and 0.25, respectively. Zhang et al. studied the
growth mechanisms of Co nanowires that were electrochemically grown in the AAO nanochannels
using an AC electrodeposition method [30]. They revealed that the Hc and Mr/Ms of Co nanowire
arrays (D: 25 nm, L: 2 µm and L/D: ca. 80) were 1.38 kOe and 0.92, respectively. Khan et al. also
examined the ferromagnetism of Co and Co−Fe alloy nanowires that were electrochemically grown
in the AAO nanochannels using an AC (14 V, 50 Hz) electrolysis method [31]. They revealed that the
Hc and Mr/Ms of Co nanowire arrays (D: 18 nm, L: 3 µm and L/D: ca. 167) were 1.19 kOe and 0.81,
respectively. The maximum Hc (1.88 kOe) of the Co nanowire arrays obtained in the present study is
much greater than that in the reference data reported by other researchers [4,5,8,19–21,29–31]. This
large coercivity in the present study was enhanced by the extremely large aspect ratio of ca. 1800.

4. Conclusions

The effects of cathode potential on the Arrhenius plots of the bath temperature and growth
rate of electrodeposited Co nanowires was investigated. The activation overpotentials, ∆Eact, at the
cathode potentials −0.75 V, −0.80 V and −0.85 V were determined as −0.40 V, −0.32 V and −0.30 V,
respectively. Considering the sum of cathodic overpotential, ∆Ecath and ∆Eact, the maximum activation
overpotentials, ∆Emax, were estimated to be ca. −0.63 to −0.66 V. At a cathode potential range less
noble than Ediff (ca. −1.12 to −1.15 V vs. Ag/AgCl), it was predicted that the growth rate of Co
nanowires would be controlled by the diffusion process of Co2+ ions.

The average diameter, D, and length, L, of Co nanowires were determined to be ca. 25 nm and
ca. 45 µm, respectively. In this study, the aspect ratio, D/L, of Co nanowires was achieved at up
to ca. 1800 and a preferential orientation of (100) in hcp-Co was observed in the all experimental
conditions. The average crystal grain size, Ds, of (100) decreased with increased ∆Ecath by a shift of the
cathode potential in the less noble direction. It was suggested that the decrease in growth rate of the
Co electrodeposition process would be effective for the reduction of crystal defects in Co nanowires.

It was predicted that the perpendicular magnetization behavior of AAO nanochannel films with
Co nanowire arrays was caused by the extremely large anisotropy of Co nanowires. By increasing Ds,
the coercivity, Hc, and squareness, Mr/Ms, of AAO nanochannel films with Co nanowire arrays in the
axial direction of magnetic field increased to 1.88 kOe and 0.91, respectively. This study demonstrated
the feasibility of improving the magnetic properties of Co nanowire arrays by controlling the degree of
∆Ecath and crystallinity of Co nanowire arrays.

Author Contributions: Experiments, analysis and writing of the manuscript were mainly carried out by R.S.
The study design, supervision of the project and analyses of the data were mainly conducted by T.O. The final
manuscript was read and approved by all authors.

Funding: All authors acknowledge financial support from the Japan Society for the Promotion of Science (JSPS:
15K06508 and 18H01754), Japan Science and Technology Agency (JST: AS262Z02450K) and IKETANI Science and
Technology Foundation (0271040-A).

Conflicts of Interest: The authors declare no conflicts of interest directly relevant to the content of this article.

Abbreviations

AAO anodized aluminum oxide
FE-SEM field emission scanning electron microscopy
hcp hexagonal close packed structure
VSM vibrating sample magnetometer
SAED selected area electron diffraction
HRTEM high-resolution transmission electron microscopy



Materials 2018, 11, 2355 12 of 13

References

1. Li, J.; Pan, M.; Yu, Y.; Ge, H.; Wu, Q. High-performance Sm2Co17 based alloy with enhanced magnetic
properties and improved corrosion resistance. Int. J. Electrochem. Sci. 2018, 13, 8897–8904. [CrossRef]

2. Feng, D.Y.; Liu, Z.W.; Wang, G.; Zheng, Z.G.; Zeng, D.C.; Li, Z.; Zhang, G.Q. Zr and Si co-substitution
for SmCo7 alloy with enhanced magnetic properties and improved oxidation and corrosion resistances.
J. Alloy Comp. 2014, 610, 341–346. [CrossRef]

3. García Fernández, J.; Vega Martínez, V.; Thomas, A.; de la Prida Pidal, V.M.; Nielsch, K. Two-Step
Magnetization Reversal FORC Fingerprint of Coupled Bi-Segmented Ni/Co Magnetic Nanowire Arrays.
Nanomaterials 2018, 8, 548. [CrossRef] [PubMed]

4. Kac, M.; Zarzycki, A.; Kac, S.; Kopec, M.; Perzanowski, M.; Dutkiewicz, E.M.; Suchanek, K.; Maximenko, A.;
Marszalek, M. Effect of the template-assisted electrodeposition parameters on the structure and magnetic
properties of Co nanowire arrays. Mater. Sci. Eng. B 2016, 211, 75–84. [CrossRef]

5. Gandha, K.; Elkins, K.; Poudyal, N.; Liu, X.; Liu, J.P. High energy product developed from cobalt nanowires.
Sci. Rep. 2014, 4, 1–5. [CrossRef] [PubMed]

6. Whitney, T.M.; Searson, P.C.; Jiang, J.S.; Chien, C.L. Fabrication and magnetic properties of arrays of metallic
nanowires. Science 1993, 261, 1316–1319. [CrossRef] [PubMed]

7. Martin, C.R. Nanomaterials: A membrane-based synthetic approach. Science 1994, 266, 1961–1966. [CrossRef]
[PubMed]

8. Darques, M.; Piraux, L.; Encinas, A. Influence of the diameter and growth conditions on the magnetic
properties of cobalt nanowires. IEEE Trans. Magn. 2005, 41, 3415–3417. [CrossRef]

9. Yang, P.; An, M.; Su, C.; Wang, F. Fabrication of cobalt nanowires from mixture of 1-ethyl-3-methylimidazolium
chloride ionic liquid and ethylene glycol using porous anodic alumina template. Electrochim. Acta 2008, 54,
763–767. [CrossRef]

10. Han, X.; Liu, Q.; Wang, J.; Li, S.; Ren, Y.; Liu, R.; Li, F. Influence of crystal orientation on magnetic properties
of hcp Co nanowire arrays. J. Phys. D Appl. Phys. 2009, 42, 095005. [CrossRef]

11. Maaz, K.; Karim, S.; Usman, M.; Mumtaz, A.; Liu, J.; Duan, J.L.; Maqbool, M. Effect of crystallographic
texture on magnetic characteristics of cobalt nanowires. Nanoscale Res. Lett. 2010, 5, 1111–1117. [CrossRef]
[PubMed]

12. Garcia, J.; Prida, V.M.; Vega, V.; Rosa, W.O.; Flores, R.C.; Iglesias, L.; Hernando, B. 2D and 3D ordered arrays
of Co magnetic nanowires. J. Magn. Magn. Mater. 2015, 383, 88–93. [CrossRef]

13. Ghemes, A.; Dragos-Pinzaru, O.; Chiriac, H.; Lupu, N.; Grigoras, M.; Shore, D.; Stadler, B.; Tabakovic, I.
Controlled electrodeposition and magnetic properties of Co35Fe65 nanowires with high saturation
magnetization. J. Electrochem. Soc. 2017, 164, D13–D22. [CrossRef]

14. Schiavi, P.G.; Altimari, P.; Rubino, A.; Pagnanelli, F. Electrodeposition of cobalt nanowires into alumina
templates generated by one-step anodization. Electrochim. Acta 2018, 259, 711–722. [CrossRef]

15. Cattaneo, L.; Franz, S.; Albertini, F.; Ranzieri, P.; Vincenzo, A.; Bestetti, M.; Cavallotti, P.L. Electrodeposition
of hexagonal Co nanowires with large magnetocrystalline anisotropy. Electrochim. Acta 2012, 85, 57–65.
[CrossRef]

16. Neetzel, C.; Ohgai, T.; Yanai, T.; Nakano, M.; Fukunaga, H. Uniaxial magnetization performance of Co-Al2O3

nano-composite films electrochemically synthesized from acidic aqueous solution. J. Solid State Electrochem.
2016, 20, 1665–1672. [CrossRef]

17. Pirota, K.R.; Beron, F.; Zanchet, D.; Rocha, T.C.R.; Navas, D.; Torrejon, J.; Vazquez, M.; Knobel, M. Magnetic
and structural properties of fcc/hcp bi-crystalline multilayer Co nanowire arrays prepared by controlled
electroplating. J. Appl. Phys. 2011, 109, 083919. [CrossRef]

18. Vivas, L.G.; Vazquez, M.; Vega, V.; Garcia, J.; Rosa, W.O.; Real, R.P.; Prida, V.M. Temperature dependent
magnetization in Co-base nanowire arrays: Role of crystalline anisotropy. J. Appl. Phys. 2012, 111, 07A325.
[CrossRef]

19. Kaur, D.; Chaudhary, S.; Pandya, D.K.; Gupta, R.; Kotnala, R.K. Magnetization reversal studies in structurally
tailored cobalt nanowires. J. Magn. Magn. Mater. 2013, 344, 72–78. [CrossRef]

20. Shaterabadi, Z.; Soltanian, S.; Koohbor, M.; Salimi, A.; Servati, P. Modification of microstructure and magnetic
properties of electrodeposited Co nanowire arrays: A study of the effect of external magnetic field, electrolyte
acidity and annealing process. Mater. Chem. Phys. 2015, 160, 389–397. [CrossRef]

http://dx.doi.org/10.20964/2018.09.44
http://dx.doi.org/10.1016/j.jallcom.2014.05.081
http://dx.doi.org/10.3390/nano8070548
http://www.ncbi.nlm.nih.gov/pubmed/30029525
http://dx.doi.org/10.1016/j.mseb.2016.06.004
http://dx.doi.org/10.1038/srep05345
http://www.ncbi.nlm.nih.gov/pubmed/24939036
http://dx.doi.org/10.1126/science.261.5126.1316
http://www.ncbi.nlm.nih.gov/pubmed/17731862
http://dx.doi.org/10.1126/science.266.5193.1961
http://www.ncbi.nlm.nih.gov/pubmed/17836514
http://dx.doi.org/10.1109/TMAG.2005.855221
http://dx.doi.org/10.1016/j.electacta.2008.06.064
http://dx.doi.org/10.1088/0022-3727/42/9/095005
http://dx.doi.org/10.1007/s11671-010-9610-5
http://www.ncbi.nlm.nih.gov/pubmed/20596344
http://dx.doi.org/10.1016/j.jmmm.2014.10.165
http://dx.doi.org/10.1149/2.0441702jes
http://dx.doi.org/10.1016/j.electacta.2017.11.035
http://dx.doi.org/10.1016/j.electacta.2012.08.065
http://dx.doi.org/10.1007/s10008-016-3175-x
http://dx.doi.org/10.1063/1.3553865
http://dx.doi.org/10.1063/1.3676431
http://dx.doi.org/10.1016/j.jmmm.2013.05.031
http://dx.doi.org/10.1016/j.matchemphys.2015.04.057


Materials 2018, 11, 2355 13 of 13

21. Srivastav, A.K.; Shekhar, R. Crystal anisotropy induced temperature dependent magnetization in cobalt
nanowires electrodeposited within alumina template. J. Magn. Magn. Mater. 2014, 349, 21–26. [CrossRef]

22. Saeki, R.; Ohgai, T. Effect of growth rate on the crystal orientation and magnetization performance of cobalt
nanocrystal arrays electrodeposited from aqueous solution. Nanomaterials 2018, 8, 566. [CrossRef] [PubMed]

23. Masuda, H.; Fukuda, K. Ordered metal nanohole arrays made by a two-step replication of honeycomb
structures of anodic alumina. Science 1995, 268, 1466–1468. [CrossRef] [PubMed]

24. Ohgai, T.; Tanaka, Y.; Fujimaru, T. Soft magnetic properties of Ni–Cr and Co–Cr alloy thin films
electrodeposited from aqueous solutions containing trivalent chromium ions and glycine. J. Appl. Electrochem.
2012, 42, 893–899. [CrossRef]

25. Blanco, S.; Vargas, R.; Mostany, J.; Borrás, C.; Scharifker, B.R. Modeling the Growth of Nanowire Arrays in
Porous Membrane Templates. J. Electrochem. Soc. 2014, 161, E3341–E3347. [CrossRef]

26. Ohgai, T.; Enculescu, I.; Zet, C.; Westerberg, L.; Hjort, K.; Spohr, R.; Neumann, R. Magneto-sensitive nickel
nanowires fabricated by electrodeposition into multi- and single-ion track templates. J. Appl. Electrochem.
2006, 36, 1157–1162. [CrossRef]

27. Barriga-Castro, E.D.; Garcıa, J.; Mendoza-Resendez, R.; Prida, V.M.; Luna, C. Pseudo-monocrystalline
properties of cylindrical nanowires confinedly grown by electrodeposition in nanoporous alumina templates.
RSC Adv. 2017, 7, 13817–13826. [CrossRef]

28. Ohgai, T.; Shimono, R.; Saitoh, H.; Hayashi, Y. Structure and soft magnetic properties of Fe-N thin films
RF-sputtered on heated substrate. Mater. Trans. JIM 1997, 38, 503–507. [CrossRef]

29. Fernandez-Roldan, J.A.; Chrischon, D.; Dorneles, L.S.; Chubykalo-Fesenko, O.; Vazquez, M.; Bran, C. A
comparative study of magnetic properties of large diameter Co nanowires and nanotubes. Nanomaterials
2018, 8, 692. [CrossRef] [PubMed]

30. Zhang, H.; Jia, W.; Sun, H.; Guo, L.; Sun, J. Growth mechanism and magnetic properties of Co nanowire
arrays by AC electrodeposition. J. Magn. Magn. Mater. 2018, 468, 188–192. [CrossRef]

31. Khan, H.R.; Petrikowski, K. Magnetic and structural properties of the electrochemically deposited arrays of
Co and CoFe nanowires. J. Magn. Magn. Mater. 2002, 249, 458–461. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.jmmm.2013.08.041
http://dx.doi.org/10.3390/nano8080566
http://www.ncbi.nlm.nih.gov/pubmed/30042366
http://dx.doi.org/10.1126/science.268.5216.1466
http://www.ncbi.nlm.nih.gov/pubmed/17843666
http://dx.doi.org/10.1007/s10800-012-0472-7
http://dx.doi.org/10.1149/2.039408jes
http://dx.doi.org/10.1007/s10800-006-9200-5
http://dx.doi.org/10.1039/C7RA00691H
http://dx.doi.org/10.2320/matertrans1989.38.503
http://dx.doi.org/10.3390/nano8090692
http://www.ncbi.nlm.nih.gov/pubmed/30200558
http://dx.doi.org/10.1016/j.jmmm.2018.08.013
http://dx.doi.org/10.1016/S0304-8853(02)00453-5
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results 
	Electrodeposition of Cobalt Nanowire Arrays 
	Texture and Crystallinity of Co Nanowire Arrays 
	Magnetization Performance of AAO Nanochannel Films with Co Nanowire Arrays 

	Conclusions 
	References

