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Magnetic Ni nanotubes (NTs) were fabricated in the pores of the self-aligned TiO2 NT arrays by direct cur-
rent electro-deposition. Crystal structure and morphologies of the TiO2/Ni hybrid NT arrays were charac-
terized by XRD, TEM, and SEM. The results indicated that the Ni NTs have no preferred orientation and
were polycrystalline structure. Room-temperature magnetic property of the NTs was studied. The mag-
netic easy axis was parallel to the nanotube’s channel axis attributing to the large shape anisotropy. Tem-
perature dependent magnetization showed that the thermal energy decreasing caused an increase in
coercivity by the enhanced magnetocrystalline anisotropy and dipolar interactions between NTs at lower
temperatures.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, much attention has been focused on the study
of regular arrays of magnetic metals with dimensions in the nano-
meter range, such as nanoparticles, nanowires (NWs), nanotubes
(NTs), or nanobelts, etc. Their potential applications in nonvolatile
magnetic memory devices or high-resolution magnetic field sen-
sors have been widely studied [1,2]. Moreover, magnetic metals
with one-dimensional nanostructures as well as obvious mag-
neto-anisotropy are good candidates for high-density magnetic
recording media [3]. Various techniques are employed for the
fabrication of magnetic NTs/NWs like hydrothermal method, elec-
tro-spinning or chemical techniques, etc. [3–6]. A more straightfor-
ward approach is the template technique in which the NTs/NWs
are grown into pores of a template generally of a porous alumina.
It is proved to be simple, cost-effective, and could precisely control
the length, diameter, and composition of the NTs/NWs [7,8].
Although various magnetic metal or oxide NTs, such as Fe, Co, Ni,
Fe2O3 or Co3O4 NTs, have been fabricated in the anodic alumina
oxide (AAO) membranes by electro-deposition [9–11], limited
information is available regarding the magnetic metal NTs grown
into TiO2 nanoporous arrays. These TiO2/M (M = magnetic metal,
oxide or composition) hybrid NT layers may be significant for
exploring nano-scaled multiferroic materials (such as BaTiO3/M,
PbTiO3/M) after a simple hydrothermal reaction for the TiO2 tem-
plate [12,13]. Strain-mediated indirect magnetoelectric coupling
could arise in these separate but intimately connected phases [14].
ll rights reserved.
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In this paper, TiO2 nanoporous arrays were prepared by anod-
ization of Ti foils. Ni NTs were electrodeposited into the self-
aligned TiO2 membranes. Structure and morphologies of the hybrid
NT arrays were characterized. And the influence of geometric
shape and temperature on the magnetic properties of the samples
was discussed.
2. Experiments

In a typical procedure, highly ordered TiO2 NT arrays were prepared by anodiza-
tion from the 99.9% purity Ti foil as described elsewhere in detail [13]. The re-
mained Ti foils under the TiO2 templates serves as the working electrode. The
precursor electrolytes for depositing Ni NTs contained a mixture of 100 g L�1 Ni-
SO4�6H2O, 30 g L�1 NiCl2�6H2O. The pH value of the solutions was adjusted with
1 M H3BO3 until the hydrolysate in the solutions disappeared completely. Electro-
deposition process was carried out at room temperature using a two-electrode sys-
tem with a platinum foil as anode. The deposition current density maintained at
1 mA/cm2 for 3 h during the process. Then the samples were cleaned in ethanol
and DI water.

Crystal structures of the specimens were determined by X-ray diffraction (XRD
2500, Rigaku, Tokyo, Japan). Microstructures of the NTs were observed by a field
emission scanning electron microscope (FE–SEM, LEO-1530, LEO, Oberkochen,
Germany) and a transmission electron microscope (TEM, JEOL-2010, Japan). For
TEM observations, the hybrid NT layers were dispersed in acetone in an ultrasonic
bath, and then carefully rinsed out with deionized water for several times. Magnetic
characterization of the samples in the configurations parallel and perpendicular to
the NTs axis was carried out by a vibrating sample magnetometer (VSM, 730T, Lake
Shore, America). All the samples for magnetic characterizations had the same
experimental conditions: sample size, temperature, etc.
3. Results and discussion

Fig. 1 shows the FE–SEM images of the as-prepared TiO2 NT ar-
rays (Fig. 1a) and the TiO2/Ni hybrid NTs after electro-deposition
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Fig. 1. FE–SEM images of TiO2 template (a) and TiO2/Ni hybrid NT arrays obtained under current density of 1 mA/cm2 (b), cross-section view of b (c) and schematic
illustration for the preparation of Ni NTs into TiO2 template (d).

Fig. 2. TEM images of individual Ni NT (a, inset is corresponding SAED pattern) and HRTEM observation of a (b).

Fig. 3. XRD pattern of as-prepared TiO2/Ni NT arrays.
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under current density of 1 mA/cm2 for 3 h (Fig. 1b). The TiO2 tubu-
lar templates have a thickness about 20 lm and an opened porous
structure at the top end with diameter around 200 nm. From the
top-surface views, it reveals that the outer diameters of the NTs
have no distinct changes before and after deposition. But the thick-
ness of the tubular walls has an evident increase after deposition
and the uniformity of the porous layer has a little deterioration.
Fig. 1c is the cross section view of the TiO2/Ni NTs, which shows
that these Ni NTs are inserted into the TiO2 template with uniform
diameters and smooth walls. The diameter of Ni NTs is correspond-
ing to the inner diameter of TiO2 nano-holes which demonstrates
that the cations in the solution are inclined to concentrate on the
pore wall of TiO2 membranes by the driving electric field during
the deposition process. Fig. 1d shows the schematic illustration
of the fabricating processes for Ni nanotubes.

TEM images of the deposited Ni NT are displayed in Fig. 2,
revealing that the diameter and wall thickness of the NTs is about
100 and 25 nm, respectively by deposition current of 1 mA/cm2 for



Fig. 4. M-H curves of the TiO2/Ni hybrid NT arrays. (a): H||, H\ denote the applied field parallel and perpendicular to NT’s axis respectively, (b): Measured at 100, 200 and
300 K when the applied field parallels the NT’s axis.
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3 h (Fig. 2a). This agrees well to the SEM results. SAED pattern of
the isolated Ni NT is inserted. The weak diffuse rings doped with
bright spots suggest that these Ni NTs are polycrystalline. HRTEM
observation is also performed on the particles consisted in the Ni
NTs. The clear lattice fringes (Fig. 2b) demonstrate that the Ni par-
ticles are well-crystallized. For further characterizing the structure
of the hybrid NTs, XRD pattern of the as-prepared samples after
electro-deposition is displayed in Fig. 3. Besides the Ti substrate
(the anodized TiO2 NTs are amorphous without diffraction peaks),
all the other peaks agree well with those of standard face centered
cubic (FCC) Ni (PDF, Card No. 4-850). The relative intensity of these
peaks has no obvious difference with the criteria card, which fur-
ther confirms that the deposited Ni NTs are mainly polycrystalline
structure with no preferred orientation.

Magnetic hysteresis loops (M–H, Fig. 4a) of the Ni NTs embedded
in the TiO2 templates are measured at a maximum field of 10 kOe at
room temperature with the external applied field parallel or per-
pendicular to the NTs axis. As the applied field is up to 8 kOe, the
samples are saturated in both of the applied field directions and
the saturated magnetization (Ms) value is about 6 emu/g. Moreover,
the Ni NT arrays exhibit uniaxial magnetic anisotropy and the easy
axis is parallel to the NTs axis. Typical coercivities are Hc// � 47.5
and Hc\ � 60.7 Oe (inset of Fig. 4a), which is higher comparing to
that of bulk counterparts (around 0.7 Oe for Ni) [15]. Due to the
intrinsic shape anisotropy of the NTs, the parallel hysteresis yields
even higher values of remanent magnetization (Mr, 2 emu/g). This
is consistent with previous reports on Ni NT arrays [6,15]. Under
a field applied parallel the NTs axis, the M–H curves of sample mea-
sured at 100, 200 and 300 K are shown in Fig. 4b respectively. It is
observed that the shape of the curves, values of Ms or Mr have no
distinct changes for the sample at different temperatures. But the
Hc increases evidently with the reducing of temperatures because
of the decrease of thermal energy at a lower temperature which
weakens the shape anisotropy energy. Qualitatively speaking, the
shape anisotropy is weakened by the preferential increase of the
effective magnetocrystalline anisotropy as well as the dipolar inter-
actions between the NTs at lower temperatures [11]. Further works
for deeper processing of the TiO2/Ni NT arrays, investigation of their
electric or magnetoelectric coupling properties are underway.

4. Conclusions

In summary, highly ordered Ni NTs with uniform wall thickness
and tube diameter have been electrodeposited into anodized TiO2
NT arrays. All the Ni NTs show face-centered cubic polycrystalline
structure. Room temperature M–H curves reveal that the easy axis
of the sample parallel to the NT’s channel axis attributing to the
large shape anisotropy. Temperature dependent magnetization
show that the coercivity of Ni NTs increases with the decreasing
of temperatures because of the enhanced magnetocrystalline
anisotropy as well as the dipolar interactions between the NTs un-
der lower thermal energy.
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