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Multiferroic bismuth ferrite (BiFeOs) nanotubes have been
synthesized using a modified template methodology and
characterized by a number of techniques, including XRD,
SEM, TEM, HRTEM as well as EDX and SAED.

One-dimensional (1D) nanostructures, such as nanowires, nanor-
ods, and nanotubes, have become the focus of studies because of
their unique size-dependent properties and their relevant applica-
tions in mesoscopic physics and nanoscale device fabrication.!
We have recently synthesized 1D structures of ternary transition
metal oxide materials such as BaTiO; and SrTiO;.*° By analogy,
the production of magnetic materials at the nanoscale promises to
be significant for technologies involving data storage density,
quantum computing, spintronics, and technologies involving
memory and sensor development.®® In this manuscript, we
focus on the synthesis of 1D structures of magnetoelectric
multiferroics.!° These materials possess a spontaneous polariza-
tion, magnetization, and piezoelectricity that can be switched on by
an applied electric field, magnetic field, and elastic force or stress,
respectively.

In particular, BiFeO; shows ferroelectricity with a high Curie
temperature (7c) of ~1103 K, and antiferromagnetic properties
below a Néel temperature (T'y) of 643 K.” Structural analysis of
BiFeOs indicates that it possesses a rhombohedrally distorted
perovskite structure with R3. symmetry (¢ = b = ¢ = 5.63 A, o0 =
B =y = 594° at room temperature.'’ In its bulk form,
measurement of ferroelectric and transport properties in bismuth
ferrite have been limited by leakage problems, likely due to low
resistivity, defects, and non-stoichiometry issues. To address this
problem, recent approaches have focused on developing novel
structures of BiFeO;.”!? For instance, thin films of BiFeO; show
physical properties such as spontaneous polarization, saturation
magnetization, and a piezoelectric response, that are significantly
enhanced relative to that of the bulk.” In addition, BiFeO,
nanoparticles have been synthesized by a sol-gel process using
organic precursors in the presence of dilute nitric acid solution.
Preliminary magnetic property measurements of these nanoparti-
cles were performed, showing enhanced properties corresponding
to reduction of size.!

To our knowledge, there have not been any viable syntheses of
1D nanostructures of BiFeO; reported. The fabrication of 1D
nanostructures of BiFeOs; is of fundamental importance in
investigating size correlation of the basic physical properties of
these materials, with implications for their device applications. In
the current work, for the synthesis of BiFeO; nanotubes (NTs), we
have employed a template-based technique'>'* because of its
practicality in the sol-gel process, its relative simplicity, and its
prior versatility in the preparation of high aspect ratio nanos-
tructures of ternary metal oxides.'>'® As-prepared BiFeO; 1D NTs
were subsequently characterized by a number of techniques,

& including XRD, SEM, TEM, HRTEM as well as EDX and
& SAED.
o
3
§ 1 Electronic supplementary information (ESI) available: experimental
§ details, powder X-ray diffraction (XRD) measurements, SEM data on bulk
-- samples, and SQUID results. See http:/www.rsc.org/suppdata/cc/b4/
8  b409988e/
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In a typical synthesis, Bi(INO3);-5H,0 and Fe(NO;);-9H,0 with
a molar ratio of 1 : 1 were added successively to ethylene glycol.!”!®
The resulting mixture was stirred at 80 °C for 1 h, after which a
transparent sol was recovered upon evaporation of the excess
ethylene glycol. Droplets of the sol were deposited using a syringe
onto a porous anodic alumina (AAO) template (Whatman
Anodisc™) surface with application of pressure.'® AAO mem-
branes with different pore sizes, such as 200 nm and 100 nm, have
been used. The resultant samples, i.e. AAO templates containing
the BiFeO; precursors, were subsequently oven-dried at 100 °C for
an hour, and then preheated to 400 °C for three separate runs at a
ramp-rate of 5 °C min~ ! in order to get rid of excess hydrocarbons
and NO, impurities. The sample was further annealed at 600 °C for
30 min. BiFeO3; NTs were isolated after the removal of the AAO
template, following its immersion in 6 M NaOH solution at room
temperature for 24 h. Thereafter, to retrieve reasonable quantities
of nanotubes, the base solution was diluted in several steps with
distilled water and lastly ethanol. Tubes were collected by
centrifugation.

Fig. 1 shows scanning electron microscopy (SEM) images
revealing the morphologies of BiFeO; NTs. Figs. 1A and 1B
illustrate as-prepared BiFeO; NTs, grown in AAO membranes
having 200 nm and 100 nm sized pores, respectively. The
micrographs show dispersed individual BiFeO; NTs as well as
some degree of NT bundling. It is evident that BiFeO; NTs
generated from AAO membranes having pore sizes of 200 nm
(Fig. 1A), mainly consist of straight and smooth structures with
relatively few extraneous particulate debris. These tubes have outer
diameters in the range of 240 to 300 nm, with lengths ranging from
several microns to as much as 50 pm, corresponding to the entire
length of the template membranes used. In the case of BiFeO; NTs
generated from 100 nm diameter pores (Fig. 1B), the lengths of the
NTs are not only understandably shorter but also more irregular
and polydisperse. Their lengths attain several microns at best with
diameters in the range of 140 to 180 nm. Tubular morphologies
show a higher degree of roughness, as compared with those of
BiFeO3; NTs possessing larger diameters. The larger diameters of
NTs can be presumably ascribed to larger internal diameters than
surface ones of AAO membranes used.'*?

Figs. 2A and 2B illustrate transmission electron microscopy
(TEM) images of an individual NT, generated from the alumina
membrane with 100 nm and 200 nm diameter pores, respectively.

Fig. 1 SEM images of BiFeOs; nanotubes (NTs) prepared in alumina
membranes with 200 nm (A) and 100 nm (B) diameter pores, respectively.
The insets of (A) and (B) show higher magnification images of as-prepared
BiFeO; NTs, respectively. Scale bars in the insets of (A) and (B) indicate
500 nm.
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Fig. 2 TEM images of individual BiFeO; nanotubes (NTs) prepared in
alumina membranes with 100 nm (A) and 200 nm (B) diameter pores,
respectively. Insets of (A) and (B) are the corresponding SAED patterns of
the individual NTs, respectively. (C) EDX data indicate that this individual
NT is composed of Bi, Fe, and O and contains an Al impurity. The Cu and
C peaks originate from the TEM grid. (D) HRTEM image of BiFeO3 NTs
generated from a template having 200 nm diameter pores.

The diameters are consistent with measurements from SEM data.
EDX data (Fig. 2C) show the expected elemental signals of NTs
arising from Bi, Fe, and O. We do observe varying intensities of Al
peaks, ascribed to residue from the template. Even though both
tubes have similar levels of Al layers on their surface, the
discrepancies between the morphologies of each tube can be clearly
seen. Fig. 2B shows straight and relatively smooth structures, while
Fig. 2A indicates that straight but relatively rough and irregular
structures are observed. The wall thickness for a BiFeO; NT
obtained from the template with 200 nm diameter pores was
~10 nm (Fig. 2B). Not surprisingly, analogous measurements for
the BiFeO3; NT generated from 100 nm diameter pores could not
be properly obtained due to the roughness of the tube surface
(Fig. 2A). Precedence for the observation of this type of
morphology has been found with Cos0, fibers synthesized using
a sol—gel process.”!

Selected area electron diffraction (SAED) data taken from each
individual BiFeO; NT show identical ring patterns. The broad
continuous ring patterns in the insets of Figs. 2A and 2B validate
our view that the generated BiFeO; NTs consist of polycrystalline
as well as amorphous states. HRTEM images further confirm the
crystalline nature and composition of our as-prepared NTs.
Fig. 2D shows a typical crystalline domain with an interplanar
spacing of about 2.82 A, which corresponds to the (110) ring in the
SAED spectrum.

The purity and crystallinity of both the BiFeO; bulk and NT
samples were examined using powder XRD (Fig. SI, part A; see
ESIf). Very few if any impurity peaks were present in the bulk
samples, prepared by an identical experimental protocol. Peaks can
be indexed to the rhombohedral structure of BiFeO; which is in
good agreement with literature results (i.e. JCPDS#20-0169). The
XRD pattern of BiFeO3; NTs is also shown for comparison and is
in agreement with bulk and reference data. We note that since the
template synthesis method produces relatively small amounts of
confined nanostructures for XRD, data for the BiFeO3; NTs were
obtained indirectly (Fig. SI, part B; see ESI{) by subtracting the
signal due to the alumina template from that of the template/
BiFeO; sample itself.

In this work, to overcome the lack of wettability of the template
by the sol, we engloyed a pressure-filter technique to force reagents
into the pores.'>?® Hence, the nature of the wetting of the precursor
sol on the inner surface of the template membrane likely had a
substantial effect on the morphology of the final products. For

example, the duration of sol deposition as well as the viscosity of
the sol itself are all important factors in considering interactions of
sol constituents with the template membranes.> That is, the
difference in morphology of the tubes synthesized in 100 vs. 200 nm
pore-sized templates could have arisen not only from differential
chemical interactions of the various sol constituents deposited with
the pore walls themselves but also from contrasting geometric
configurations of the sol constituent molecules within each
individual template membrane, induced by spatial constraints.
Moreover, as the nucleation of the BiFeO; particles likely starts
from sites randomly located on the wall of the template, the net
effect would be formation of polycrystalline BiFeO; NTs,
consistent with the SAED and HRTEM results observed.

This current work demonstrates the first reported synthesis of
1D multiferroic BiFeO3 nanotubes, using a pressure-filter variation
of a template synthesis involving the sol-gel technique. The
generation of BiFeO3; nanotubes will be relevant for the design of
future nanoscale building blocks for soft magnetic materials with
applications in transformers and inductors. Future research will
focus on property (such as ferroelectric, ferromagnetic, and
ferroelastic) measurements of these BiFeO; NTs to determine
the net effect of morphology.
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