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Wire-in-tube structure fabricated by single capillary
electrospinning via nanoscale Kirkendall effect: the case
of nickel–zinc ferrite†

Jiecai Fu,‡*a Junli Zhang,‡a Yong Peng,a Changhui Zhao,a Yongmin He,a

Zhenxing Zhang,a Xiaojun Pan,a Nigel J. Mellorsb and Erqing Xie*a

Wire-in-tube structures have previously been prepared using an electrospinning method by means of

tuning hydrolysis/alcoholysis of a precursor solution. Nickel–zinc ferrite (Ni0.5Zn0.5Fe2O4) nanowire-in-

nanotubes have been prepared as a demonstration. The detailed nanoscale characterization, formation

process and magnetic properties of Ni0.5Zn0.5Fe2O4 nanowire-in-nanotubes has been studied

comprehensively. The average diameters of the outer tubes and inner wires of Ni0.5Zn0.5Fe2O4

nanowire-in-nanotubes are around 120 nm and 42 nm, respectively. Each fully calcined individual

nanowire-in-nanotube, either the outer-tube or the inner-wire, is composed of Ni0.5Zn0.5Fe2O4

monocrystallites stacked along the longitudinal direction with random orientation. The process of

calcining electrospun polymer composite nanofibres can be viewed as a morphologically template

nucleation and precursor diffusion process. This allows the nitrates precursor to diffuse toward the

surface of the nanofibres while the oxides (decomposed from hydroxides and nitrates) products diffuse

to the core region of the nanofibres; the amorphous nanofibres transforming thereby into crystalline

nanowire-in-nanotubes. In addition, the magnetic properties of the Ni0.5Zn0.5Fe2O4 nanowire-in-

nanotubes were also examined. It is believed that this nanowire-in-nanotube (sometimes called core–

shell) structure, with its uniform size and well-controlled orientation of the long nanowire-in-nanotubes,

is particularly attractive for use in the field of nano-fluidic devices and nano-energy harvesting devices.
Introduction

Nanocables or composite one-dimensional nanostructures with
core–shell heterostructures offer a wealth of interesting appli-
cations, include nano-catalysis, nano-machinery, sensing, drug
delivery, environmental protection and use as building blocks
for functional devices.1–6 Numerous synthetic methods for the
formation of such nanocable structures have been developed.
For example, radial metal-semiconductor heterostructures
(Au–Te) have been obtained by carefully coating one face of the
membrane pore with a metal lm, thus forming metal nano-
tubes, and then further electrodepositing the semiconductors
radially inside the metal nanotubes with a slow deposition rate.7

Silicon carbide and silicon oxide sheathed with boron nitride
and carbon have been successfully synthesized by means of
reactive laser ablation.8 Still, the above-described methods
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possess some distinct disadvantages, such as high cost and the
involvement of a complicated multi-step process. It has thus
been difficult to realize any practical industrial production and
currently there is a lack of sophisticated nanotechnologies to
develop these free-standing nanowire building blocks into
functional nano-devices. The ever-increasing applications of
nanocables or radially core–shell heterostructures in the new
eld of bio-medicine and nano-energy demand novel fabrica-
tion methods which have a promising potential to realize large-
scale production of high quality free-standing nanostructures.
The use of electrospinning is believed to offer the possibility to
achieve this goal.

There has been rapidly expanding interest in electrospinning
during recent years, owing to its many attractive features, such
as its comparatively low-cost and relatively high production
rate, its ability to generate materials with large surface area-to-
volume ratios and its applicability to many types of mate-
rials.9–12 By controlling the electrospinning conditions, various
interesting structures with unique properties, including
ultrane nanobres, beaded nanobres, porous nanobres,
nanotubes, and nanobelts and three-dimensional architectures,
can easily be obtained.13–18 More interestingly, nanowire-in-
nanotubes (WIT, or core–shell structures) can currently be
fabricated, which is usually under two different strategies: rapid
Nanoscale, 2013, 5, 12551–12557 | 12551
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annealing or tributyltin (TBT) addition.19,20 In rapid-annealing,
aer the electrospun nanobres are prepared, they are annealed
at a high heating rate, such as 100 �Cmin�1. On the other hand,
the TBT addition method will introduce the unnecessary
component (TBT), and it always relies on the properties of select
materials. It is known that the electrospinning nanobre
morphologies are oen dependent on the conict arising
between the phase separation dynamics and the ion diffusion
kinetics, which is caused by the Kirkendall effect and deter-
mined by the ion type during the calcination process.21,22

However, the published literature does not take fully into
consideration such dynamical advantages, focusing only on
post-modication. Moreover, the literature does not converge to
a unifying explanation of morphology determination during the
electrospinning process.

Recently, Haifan Xiang and Yongliang Cheng et al. have
contributed a method andmechanism to interpret the formation
of hollow nanobres.23,24 They reported that the hollow nano-
bres can be obtained when the ion (decomposed oxides
precursors) diffusion speed dominates the phase separation. A
sharp interface develops in the hollow bre only when the ion
diffusion speed rate is relatively high, whereas a solid structure is
obtained at a relative low ion diffusion speed. These studies
suggest that it is possible to control the calcined structure by
adjusting the ion diffusion rate and path. Here, we demonstrate
that nanowire-in-nanotubes can be fabricated through electro-
spinning by intentionally creating partial hydrolysis/alcoholysis
with a relatively low ion diffusion speed in the electrospun
polymer composite nanobres. The partial hydrolysis/alcoholysis
sol–gel was introduced by using a heating enclosure enclosing
the glass syringe in order to increase the temperature of the sol–
gel in the glass syringe during the electrospinning process.

Ni0.5Zn0.5Fe2O4 has been used widely in the eld of high
frequency devices and giant magnetoelectric resistance owing to
its distinctive properties, such as high resistivity value, little eddy
current loss in high frequency and excellent chemical
stability.25,26 Studies on the preparation of Ni0.5Zn0.5Fe2O4 nano-
structures have been reported extensively in terms of various well-
established techniques and several nanostructures have been
fabricated, such as nanoparticles and nanocrystals embedded in
thin lms.27,28 However, little research has been reported on
Ni0.5Zn0.5Fe2O4 WIT, which might be very useful in developing
new applications for Ni0.5Zn0.5Fe2O4. For example, in the eld of
bio-medical applications WIT, in terms of its structural attri-
butes, has great advantages in biological applications owing to its
distinctive inner and outer surfaces, in comparison to conven-
tional structures. Inner voids can be used to capture, concentrate
and release species ranging in size from large proteins to small
molecules because the tube dimensions can easily be controlled
by adjusting the experimental parameters. Distinctive outer
surfaces can be differentially functionalized with environmen-
tally friendly and/or probe molecules to respond to a specic
target. Therefore, by combining the desired tubular structure
with magnetic properties, the magnetic nanotube could be an
ideal candidate for providing multifunctional nanomaterials in
biomedical applications, such as targeting drug delivery with a
magnetic resonance imaging capability.
12552 | Nanoscale, 2013, 5, 12551–12557
In this project, Ni0.5Zn0.5Fe2O4 WITs have been fabricated by
electrospinning. The detailed nanoscale characterization,
growth mechanism and magnetic properties of Ni0.5Zn0.5Fe2O4

WITs have been comprehensively studied. In addition, a
possible mechanism based on the nanoscale Kirkendall effect
was proposed to explain the formation of Ni0.5Zn0.5Fe2O4 WITs.
It is believed that this work may suggest a new route for devising
the large-scale production of various materials with WIT
structures and, in addition, may expand future applications in
semiconductor energy harvesting, photo-detection and in the
eld of bio-medical applications.
Experimental
Synthesis of Ni0.5Zn0.5Fe2O4 WITs

Ni0.5Zn0.5Fe2O4 WITs were prepared using an electrospinning
technique. In a typical synthesis, 0.25 mmol nickel nitrate
hexahydrate (Ni(NO3)2$6H2O, A.R., Alfa-Aesar Inc., USA),
0.25 mmol zinc nitrate hexahydrate (Zn(NO3)2$6H2O, A.R., Alfa-
Aesar Inc., USA), 1 mmol iron nitrate nonahydrate
(Fe(NO3)3$9H2O, A.R., Alfa-Aesar Inc., USA), and 0.17 g poly
vinylpyrrolidone (PVP, Mw z 1 300 000, Sigma-Aldrich Inc.,
USA) were dissolved in a mixed solution of 1.25 mL ethanol
(A.R., Tianjin Chemical Corp., China) and 1.25 mL N,N-
dimethyl formamide (DMF, A.R., Tianjin Chemical Corp.,
China) under continuous and vigorous stirring by a magnetic
stirrer for 4 h. A homogenous PVP/nickel nitrate/iron nitrate/
zinc nitrate sol–gel was obtained and then transferred into a
dedicated electrospinning setup (Fig. 1a). A special feature of
this setup is that a heating accessory was mounted outside the
glass syringe to maintain a constant temperature of the sol–gel
solution, which ensured a controllable partial hydrolysis (or
alcoholysis) of the nitrates. Therefore, the sol–gel precursor was
composed of PVP, nitrates, hydroxides (iron hydroxide, nickel
hydroxide, zinc hydroxide), ethanol, and DMF. The electro-
spinning process was performed at 12 kV DC voltage with 15 cm
spacing between cathode (a metal collector) and anode (needle),
and a feed rate of 0.4 mL h�1 pumped by a syringe pump
(LSP01-1A, Baoding Longer syringe pump Corp., China). The
electrospun polymer composite bres were collected using an
alumina crucible and then dried in a vacuum chamber at 60 �C
for 6 h. The nanobres were subsequently annealed in an air
atmosphere at 200 �C with a heating rate of 1 �C min�1, and
then sintered at 650 �C for 2 h with a heating rate of 1 �C min�1

in an air atmosphere. The sample was eventually cooled down
to room temperature with a cooling rate of 2 �C min�1.
Characterization

The morphological, crystal structural and chemical character-
ization of the electrospun polymer composite nanobres and
calcined Ni0.5Zn0.5Fe2O4 WITs were analyzed at the nanoscale
using a high-resolution transmission electron microscope
(HRTEM, Tecnai� G2 F30, FEI, USA) equipped with energy-
dispersive X-ray spectroscopy (EDAX, AMETEK Co., LTD, USA),
high angle annular dark eld and scanning transmission elec-
tron microscopy (HAADF-STEM), and X-ray diffraction (XRD,
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 (a) Schematic illustration of the dedicated electrospinning apparatus for
preparing WITs, which consists of four major components: a high voltage power
supply; a syringe with a metallic spinneret needle; a grounded collector; and a
heated enclosure. A heated circulating water system was used to increase the
temperature of the body. Top-left inset shows a drawing of the electrified Taylor
cone. The middle-left inset displays a typical SEM image of the electrospun
polymer composite nanofibres collected from a metal collector. (b) A represen-
tative low-magnified TEM image of Ni0.5Zn0.5Fe2O4 WITs; (c) low-magnified
HAADF-STEM images of individual Ni0.5Zn0.5Fe2O4 WITs, and inset is a HAADF-
STEM image of two crossed Ni0.5Zn0.5Fe2O4 WITs; (d) SAED pattern of the WITs in
(b); (e) a highly magnified TEM image showing the detailed structure of WIT; (f)
and (g) lattice fringe images corresponding to the nanoparticles made up of WIT
in the TEM image (marked by blue and red squares).
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Philips X'pert Pro MPD, Netherlands). The transformation of
the precursor nanobres into Ni0.5Zn0.5Fe2O4 WITs was inves-
tigated by a commercial thermogravimetry/differential thermal
analysis apparatus (TG-DTA, Diamond, USA) with a heating rate
of 1 �C min�1. The magnetic properties of Ni0.5Zn0.5Fe2O4 WITs
were measured by a superconducting quantum interference
device (SQUID, MPMS-XL, Quantum design, UK).
Results and discussions
Ni0.5Zn0.5Fe2O4 WITs morphology and structure

Fig. 1b shows a representative TEM image of calcined
Ni0.5Zn0.5Fe2O4 nanobres. A continuous structure and
virtually uniform diameter can be seen in each nanobre aer
the PVP was removed by the calcination process. The tubular
structure with one wire inside can be seen clearly. EDX
spectrum and mappings (see ESI Fig. S1† for details) of a
single Ni0.5Zn0.5Fe2O4 nanobre indicates the elements O, Ni,
Zn and Fe are evenly distributed throughout the whole
nanobre, revealing a uniform chemical phase. The quanti-
tative analysis shows that the average diameter of the outer
nanotubes is about 120 nm (ranging from 100 nm to 130 nm),
whilst that of the inner nanowires is approximately 42 nm,
ranging from 35 nm to 50 nm.
This journal is ª The Royal Society of Chemistry 2013
In order to observe the morphology of the Ni0.5Zn0.5Fe2O4

nanobres better, the HAADF-STEM technique was adopted. In
comparison to the bright eld TEM, the contrast of incoherent
high-resolution HAADF-STEM images depends directly on the
sample atomic number Z and the thickness of the materials.9

HAADF-STEM also has a much better spatial resolution because
of a better depth of eld, which makes it very useful in
observing the spatial shape of nanomaterials. Fig. 1c shows a
representative HAADF-STEM image of the Ni0.5Zn0.5Fe2O4

nanobres, revealing a much clearer image of the tubular
structure with one wire inside. A high-magnication HAADF-
STEM image (inset of Fig. 1c) clearly shows that the inner wire
sticks onto the inner wall of the outer tube of each nanobre,
seeming to act as a support for the outer tube. Therefore, the
nanobres are named Ni0.5Zn0.5Fe2O4 wire-in-tube nanobres
(WITs) in this work. The WIT structure should have a much
better mechanical hardness in comparison with a purely
tubular nanobre because of the support of the inner nanowire.
Both the outer tubes and inner wires consist of individual
Ni0.5Zn0.5Fe2O4 nanoparticles, of which the sizes are uniform.
The particles are bonded together one-by-one to form a one-
particle-thick tube. It is also seen that individual WITs have a
continuous and well-dened structure, consistent with the
above HRTEM observation. Quantitative analysis shows that the
particle size measured is on average 17 nm, and ranges from
12 nm to 24 nm. The diameter of the outer walls of the
Ni0.5Zn0.5Fe2O4 WITs is the same as the above quantitative
analysis of bright-eld TEM images.

The crystalline structure of the Ni0.5Zn0.5Fe2O4 WITs was
characterized in detail by HRTEM and selected-area electron
diffraction (SAED). Fig. 1d shows a representative SAED pattern
of a single Ni0.5Zn0.5Fe2O4 WIT taken from the area in Fig. 1b,
which indicates a face-centred cubic polycrystalline structure.
Fig. 1f shows a lattice-resolution HRTEM of the single nano-
particle marked by the blue square in Fig. 1e which belongs to
the outer tube of the Ni0.5Zn0.5Fe2O4 WIT, whilst Fig. 1g comes
from the nanoparticle of the inner wire marked by the red
square. Both HRTEM images reveal a single-crystalline struc-
ture. The interplanar spacings were measured to be 2.41 Å
(Fig. 1f) and 2.52 Å (Fig. 1g), respectively, which match well with
the (222) and (113) planes of cubic Ni0.5Zn0.5Fe2O4. Further
experiments show that the different nanoparticles (either from
the outer nanotubes or from inner nanowires) on the same
Ni0.5Zn0.5Fe2O4 WIT have various crystallographic orientations.
These results prove that the crystal orientations of individual
Ni0.5Zn0.5Fe2O4 nanoparticles on a Ni0.5Zn0.5Fe2O4 WIT are
arranged randomly.
Formation mechanism of the Ni0.5Zn0.5Fe2O4 WITs

To understand the formation mechanism of the Ni0.5Zn0.5Fe2O4

WITs, the morphologies of the precursor nanobres calcined at
ve temperature stages (room temperature, 200 �C, 300 �C, 450
�C and 650 �C) were observed by TEM (Fig. 2), which provides a
direct insight into the WIT structural evolution during the
calcination. Fig. 2a and its inset show the electrospun nano-
bres before calcination, revealing a smooth surface. When the
Nanoscale, 2013, 5, 12551–12557 | 12553
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Fig. 2 TEM images showing the morphology evolutions of the successive
processes occurring during electrospun polymer composite nanofibre calcination
at five different temperature stages and the insets showing the enlarged view of
single nanofibres: (a) room temperature; (b) 200 �C; (c) 300 �C; (d) 450 �C; (e)
650 �C. (f) The relationship between calcination temperature and the average
diameters (outer-tube-diameter and inner-wire-diameter). All the scale bars are
200 nm.

Fig. 3 (A) Schematic diagram of the formation mechanism of Ni0.5Zn0.5Fe2O4

nanotubes; (B) schematic diagram of the formationmechanism of Ni0.5Zn0.5Fe2O4

WITs.
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temperature rises to 200 �C (Fig. 2b), the morphology of the
Ni0.5Zn0.5Fe2O4 WITs does not show any obvious change apart
from a smaller diameter. However, the highly magnied TEM
image, as shown in the inset of Fig. 2b, shows that their surfaces
are not smooth any more. Tiny particle-like structures on each
nanobre were formed, indicating that the precursor nano-
bres start to crystallize with the decomposition of metal
nitrates (iron nitrate, nickel nitrate and zinc nitrate) as
precursors to metal oxides (conrmed by TG-DTA and XRD
measurement, see ESI Fig. S2 and S3† for details). Aer
annealing at 300 �C, the contrast of the TEM image shown in
Fig. 2c clearly reveals that the WIT structures have been formed.
The tiny particles have grown bigger than the size shown in
Fig. 2b. Fig. 2d shows a TEM image of the nanobres calcined at
450 �C, revealing a much larger grain and rougher surface than
the 300 �C bres in Fig. 2c. The highly magnied TEM image
(inset of Fig. 2d) reveals that the nanoparticles in the outer tube
were well crystallized, but not the nanoparticles in the inner
wire. The nal calcination at 650 �C for 2 h caused all inter-
mediate products and the polymer residues to be removed, as
proved by the TG-DTA and XRD measurement shown in ESI
Fig. S2 and S3.† As is clearly seen in the inset of Fig. 2e, the
Ni0.5Zn0.5Fe2O4 WITs, in both the outer-tube and the inner-wire,
are composed of individual Ni0.5Zn0.5Fe2O4 nanocrystallites
accumulated along the longitudinal direction. The changes in
the average inner and outer diameters of the nanobres
calcined at ve temperature stages were measured as shown in
Fig. 2f, which provides quantitative evidence of the structural
evolution of the Ni0.5Zn0.5Fe2O4 WITs. With the calcination
temperature increasing, the outer-tube-diameter of the nano-
bres always shrinks due to the evaporation of solvent at the
relative lower temperature (lower than 200 �C), decomposition
of metal nitrates, crystalline growth and burning out of PVP.
Before the appearance of an inner-wire, the diameter of the
inner-wire was regarded as zero. With the metal (Ni, Zn, Fe)
12554 | Nanoscale, 2013, 5, 12551–12557
oxides (decomposed from the corresponding hydroxides)
diffusing to the core region of nanobres gradually, the inner-
wire-diameter increases. With further temperature increases,
the crystallite in inner-wire growth, along with the cost of
merging the relative smaller crystallite and the formation of Ni–
Zn ferrite phase, make the structure of inner-wire much denser,
as a result, the inner-wire diameter decreases. The chemical
reactions and phase transformations of the Ni0.5Zn0.5Fe2O4

WITs were also veried by TG-DTA and XRD (see ESI Fig. S2 and
S3† for details).

Based on the aforementioned experiments and observations,
a possible formationmechanism of Ni0.5Zn0.5Fe2O4WITs in this
work is proposed, of which schematic diagrams are shown in
Fig. 3. The formation started from a sol–gel solution composed
of PVP, nitrates, hydroxides (iron hydroxide, nickel hydroxide,
zinc hydroxide), ethanol, and DMF. During the electrospinning
process, once the bres were spun out from the spinneret, the
solvent (especially for ethanol) will evaporate at a relatively
faster rate from the nanobres at the surface compared to that
of the centred region, and then a concentration gradient of
solvent would form along the radius direction of the bres. The
solvent concentration at the centre of the bres is higher than
that near the surface, and this type of concentration gradient
would eventually push the system into an unstable phase state.
The nitrates and hydroxides would separate out gradually from
the surface to the core-region under the action of the concen-
tration gradient of the solvent. It seems that the nitrates- and
hydroxides-rich surface will form when the electrospun nano-
bres are loaded on the metal collector. However, the formation
of a nitrates-rich surface rather than a hydroxides-rich surface is
due to two aspects. One aspect is the low content of hydroxides
This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 (a) Hysteresis loops of Ni0.5Zn0.5Fe2O4 WITs measured at 2 K, 50 K, 100 K
and 300 K. Inset shows the hysteresis loops at low magnetic field range; (b) ZFC
and FC curves of the Ni0.5Zn0.5Fe2O4 WITs measured at temperatures ranging
from 5 K to 300 K with an applied magnetic field of 50 Oe from SQUID
measurements.
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at each nanobre, and the solvent concentration gradient
makes almost no effect on the diffusion of hydroxides. Another
aspect is the intrinsic difference of nitrate and hydroxides. At
the same conditions, the diffusion rate of nitrates is much
higher than that of hydroxides (this phenomenon is also the key
point of Kirkendall effect reported in previous literature), which
makes the formation of a hydroxides-rich surface almost
impossible. The nitrates-rich surface of nanobres is believed to
act as an initial template in the later process during the
formation of nanotubes. When the calcination temperature
reaches or is a little higher than the decomposition temperature
of the metal nitrates (�250 �C in this work), the nitrates-rich
layers on the surfaces of individual precursor nanobres
decompose into oxide (nickel oxide, zinc oxide and iron oxide)
nanoparticles due to the rich presence of oxygen near the
surface of the nanobres. In addition, it promotes the increase
of the nitrates concentration gradient from the core to the
surface of the nanobres, which makes most of the nitrates in
the core of the nanobres diffuse to the bre surface and
decompose into oxides, eventually forming the outer nanotube
structure. It is noteworthy that the Ostwald ripening effect also
plays an important role during the growth of decomposed
oxides nanocrystalline at this stage, which has been reported in
the literature.29 Meanwhile, the oxides concentration gradient
from the surface to the core of nanobres also appears.
According to the diffusion principle, the oxides would diffuse
toward to the core region. However, the diffusion speed of
oxides (Tm > 1500 �C) is much slower than that of nitrates (Tm <
500 �C) due to the Kirkendall effect, which makes it impossible
for the oxides to diffuse to the core region in large quantities.
The designed strategy in our work, hydrolysis/alcoholysis of
nitrates introduced by the heating accessory to generate a small
amount of hydroxides in the nanobres, allows the concentra-
tion to can be controlled by the additional heating accessory.
The decomposed oxides (hydroxides decomposing into corre-
sponding oxides at this temperature range) were dispersed
uniformly in the nanobres. Due to the short diffusion path,
those factors’ co-action eventually makes the formation of the
inner wire structure possible. Until the metallic salt, hydroxides
and polymer have been fully exhausted, Ni0.5Zn0.5Fe2O4 wire-in-
tube structures (Fig. 3B) continue to be formed. More experi-
ments prove that larger diameters of inner nanowires were
formed when the hydrolysis-/alcoholysis-degree of nitrates in
the precursor sol–gel had been increased (for a detailed
description see ESI Fig. S4†). In comparison with the traditional
formation of electrospun nanotubes (as illustrated in Fig. 3A),
the reason for the formation of the wire-in-tube structure has its
origins in the existence of the hydroxides.
Table 1 Magnetic properties of Ni0.5Zn0.5Fe2O4 WITs measured at different
temperatures

Temperature He/Oe Ms/emu g�1 Mr/emu g�1

2 K 317 101 27.0
50 K 218 98 20.3
100 K 174 92 15.6
300 K 43 61 3.0
Magnetic properties of Ni0.5Zn0.5Fe2O4 WITs

The magnetic properties of the Ni0.5Zn0.5Fe2O4 WITs were
surveyed by SQUID magnetometry. Fig. 4a shows representative
magnetic hysteresis loops of the Ni0.5Zn0.5Fe2O4 WITs
measured at four different temperatures (2 K, 50 K, 100 K, and
300 K) in an applied eld sweeping from �20 to 20 kOe. The
inset shows the hysteresis loops at low magnetic eld range to
This journal is ª The Royal Society of Chemistry 2013
demonstrate the coercivity force. The detailed values of the
coercivity force (Hc), saturation magnetizations (Ms), and
remnant magnetization (Mr) of Ni0.5Zn0.5Fe2O4 WITs plotted in
Fig. 4a are summarized in Table 1. It is found that the
Ni0.5Zn0.5Fe2O4 WITs reveal a typical ferromagnetic behavior
and the hysteresis properties observed are strongly dependent
on the temperature. The coercivity force of the Ni0.5Zn0.5Fe2O4

WITs decreases with the increase of temperature, from 317 Oe
at 2 K to 43 Oe at 300 K; these values are much larger than those
obtained in a previous study for spherical nanoparticles and
nanocrystal-embedded thin lms.25,26 It is believed that the
large coercivity force derives from the particular WITs' special
morphology. As demonstrated in our previous works and
others,9,30,31 a system containing magnetic dipoles arranged in a
Nanoscale, 2013, 5, 12551–12557 | 12555
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linear chain will exhibit an increase in coercivity force. In this
work, the Ni0.5Zn0.5Fe2O4 nanoparticles contained in each WIT
(either the inner-wires or the outer-tubes) were also aligned
along its length, as in the above TEM observation. Therefore,
the dipole–dipole interactions between nanoparticles should
tend to align all magnetic dipoles along the WITs' longitudinal
axis, which leads to the larger coercivity force. The 43 Oe
reading of coercivity at 300 K indicates that the Curie temper-
ature (Tc) of the Ni0.5Zn0.5Fe2O4 WITs is above the room
temperature. The Ms versus temperature also displays a
decreasing trend between 101 emu g�1 at 2 K and 61 emu g�1 at
300 K. However, the decreasing trend is slower than that of the
Hc–T curve when the temperature increases from 2 K to 300 K.
The saturation magnetization (Ms) of the Ni0.5Zn0.5Fe2O4 WITs
at room temperature (61 emu g�1) is larger than that of bulk
nickel-zinc ferrite (57 emu g�1). It is deduced that this
derives from the spun-glass-like layer on the surface of the
Ni0.5Zn0.5Fe2O4 WITs.32

Fig. 4b shows zero-eld-cooled (ZFC) and eld-cooled (FC)
curves of the Ni0.5Zn0.5Fe2O4 WITs measured at temperatures
ranging from 2 K to 300 K with an applied magnetic eld of
50 Oe. In the ZFC measurements, the sample was cooled down
to 2 K from room temperature (RT) without the application of
an external magnetic eld and then heated under an applied
magnetic eld of 50 Oe while the net magnetization of the
sample was recorded. It is observed that there is a large thermal
irreversibility and wide energy-barrier distribution in this ZFC
curve. This phenomenon could be explained as follows. At the
beginning of a ZFC experiment, the magnetic moment of each
atom was randomly frozen to an easy axis of a particle. Because
the particles contained in the Ni0.5Zn0.5Fe2O4 WITs were
randomly aligned, the net magnetization was small when the
eld was applied initially. As the temperature increased, the
thermal energy freed the spins from the alignment along
the easy axis of the Ni0.5Zn0.5Fe2O4 WITs and allowed the
magnetic moments to align with the external applied eld. As a
consequence, the magnetization exhibited an increasing trend
with the increase of temperature. When all the magnetic
moments aligned with the external applied eld, the magneti-
zation became a constant.

The FC curves were measured by cooling the Ni0.5Zn0.5Fe2O4

WIT samples under an applied magnetic eld of 50 Oe aer the
ZFC measurement and the FC data provide information about
coupling between magnetic moments. The FC magnetization
shows a marked decreasing trend with the increase of temper-
ature, indicating a weak dipolar magnetostatic interaction
between individual magnetic moments of magnetization. As the
temperature decreased the thermal uctuations also decreased
and the magnetic moments of the Ni0.5Zn0.5Fe2O4 WITs were
more easily aligned with the direction of the external applied
eld. As a result, the Ni0.5Zn0.5Fe2O4 WITs' magnetization
showed a rise in the FC data.
Conclusions

In conclusion, we have demonstrated that WITs with uniform
diameters (outer-tube diameter and inner-wire diameter) could
12556 | Nanoscale, 2013, 5, 12551–12557
be directly fabricated by electrospinning tuned hydrolysis/
alcoholysis of the precursor solutions, followed by a calcination
process based on the nanoscale Kirkendall effect. The capability
and feasibility of this technique have been demonstrated by the
fabrication of Ni0.5Zn0.5Fe2O4 WITs. Each fully calcined indi-
vidual WIT, either the outer-tube or inner-wire, is composed of
Ni0.5Zn0.5Fe2O4 monocrystallites stacked along the longitudinal
direction with random orientation. Detailed nanoscale charac-
terization and formation process investigations reveal that the
formation of Ni0.5Zn0.5Fe2O4 WITs mainly involves morpho-
logical template nucleation and precursor diffusion, and a
formation mechanism is then proposed based on the Kirken-
dall effect. It is believed that the method described here will be
extendible to many other materials with potential applications
in catalysis, energy-harvesting, sensing, encapsulation and drug
delivery. The magnetic property studies of Ni0.5Zn0.5Fe2O4 WITs
have demonstrated that dipole–dipole interactions between the
nanoparticles contained in the WIT play a dominant role in the
magnetization process, which result in the larger coercivity
force and saturation magnetization. This new structural form of
WIT is expected to have applications in the elds of bio-
magnetic nano-ferrouid, magnetic separation, magnetic
sensors, etc.
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