FULL PAPER

DOI: 10.1002/ejic.201100840

Controllable Synthesis of Single-Crystalline Fe;O4 Nanorice by a One-Pot,
Surfactant-Assisted Hydrothermal Method and Its Properties

Ramesh Rajendran,*!?! Rajalakshmi Muralidharan, Ramya Santhana Gopalakrishnan, !
Muthamizhchelvan Chellamuthu,*! Suruttaiya U. Ponnusamy,!? and
Elayaperumal Manikandan!‘!

Keywords: Hydrothermal synthesis / Nanostructures / Nanoparticles / Magnetic properties / Vibrational properties /

Magnetite

Single-crystalline Fe3;O, nanorice has been prepared by a
simple one-pot, surfactant-assisted hydrothermal method
using dodecyltrimethylammonium bromide (DTAB) as a sur-
factant. X-ray powder diffraction, field emission scanning
electron microscopy (FESEM), TEM, high-resolution (HR)-
TEM, micro-Raman spectroscopy and magnetic measure-
ments have been employed to study the properties of the
product. The importance of NaAc and ethylene glycol in the

formation of the pure magnetite phase has been established.
The as-synthesized products have a regular rice-like shape
with an average diameter of 150 nm and length of 500 nm
and are monodisperse. Shape evolution from cauliflower- to
rice-like morphology has been achieved by controlling the
DTAB concentration. A possible formation mechanism for the
Fe3O, nanorice is explored. Furthermore, the product
showed ferromagnetic properties at room temperature.

Introduction

In recent years, the size- and shape-dependent properties
of nanocrystals (NCs) have been intensively studied due to
their varied applications.['-] Magnetic nanostructured ma-
terials have received intensive attention due to their vital
application in numerous areas such as ferrofluids,’® medical
diagnostics, advanced magnetic materials,®! catalysts,[
colored pigments,””) and high-density magnetic recording
media.’®] Among magnetic materials, magnetite (Fe;0,4) is
particularly important because of its potential in biomedi-
cal applications such as magnetic resonance imaging® and
targeted drug delivery.l'% To date, differently shaped Fe;O,4
NCs such as rods,'1 wires,'?! tubes,!'3! pyramids,!'¥ octahe-
dra,[’] rings, [ triangles,!' 7! flowers,['8] and spheres!!®! have
been synthesized. Different synthetic routes, such as reverse
micelles, decomposition of organometallics, and solvo- or
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hydrothermal treatment, have been employed to fabricate
Fe;04 NCs with different morphologies. 1D Fe;O,4 nano-
structures such as nanorods and wires have potential appli-
cations in biomedicine, such as drug/gene delivery and tar-
geting applications, because of their more efficient interac-
tion with biological entities than spherical nanoparticles.*”!
Furthermore, nanocylinders have been used more effec-
tively for drug delivery than their spherical counterparts be-
cause they persist in the circulation for longer after intrave-
nous injection. There are only a few reports on the synthesis
of rice-like nanostructures. Wang et al. have reported the
highly tunable plasmon resonances of a-Fe,Os/Au core/
shell nanorices (NRs) synthesized through the seed-medi-
ated growth of Au on spindle-type a-Fe,O; nanopar-
ticles.’!l Liang et al. have reported the synthesis of rice-
shaped silver nanocrystals with a uniform size distribution
by the polyol process.?”l Rebolledo et al. have reported the
two-step synthesis of superparamagnetic NRs by thermal
reduction of FeOOH obtained by the aerobic oxidation of
FeSO, solutions.*’l Zhang et al. have reported that a spin-
dle-like Fe;O4 mesoporous nanostructure was successfully
synthesized by reducing the spindle-like a-Fe,O; NPs,
which were prepared by forced hydrolysis.>*! No reports are
currently available on the one-step synthesis of rice-like
Fe;04 NCs with a uniform size distribution. For the first
time we report the synthesis of single crystalline Fe;O, NRs
with uniform size distribution through a facile surfactant-
assisted hydrothermal method. We have explored a simple
and efficient method for the synthesis of controlled mor-
phologies with well-defined shape and size for Fe;O, NCs.
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The surfactant-assisted hydrothermal method is effective
for shape- and size-controlled synthesis of single phase
Fe;04 NCs without using an inert atmosphere. Li et al. have
reported the synthesis of single-crystalline Fe;O,4 triangular
nanoprisms (TNPs) by a surfactant-assisted hydrothermal
method using 1,3-propanediamine (PDA) as the surfactant
and ethylene glycol (EG) as the reaction medium.!'7 It was
found that the EG/PDA volume ratio played an important
role in the formation of the TNPs and evolution of the mor-
phology of the Fe;O4 nanoparticles. In this study, we have
used dodecyltrimethylammonium bromide (DTAB) as a
surfactant and EG and water as the reaction medium. The
concentration of DTAB has been varied and was found to
play a crucial role in controlling the evolution of the mor-
phology of the Fe;O4 nanoparticles.

Results and Discussion

Structural Study

The phase formation of the product was identified by
powder XRD. Figure 1 shows the powder XRD pattern of
the Fe;O4 NRs. The diffraction peaks are quite similar to
those of bulk Fe;O,4 and can be indexed as the face-centered
cubic (FCC) structure of Fe;O4 with a lattice constant ¢ =
8.397 A, which is consistent with the standard data file
(JCPDS file no. 82-1533). No diffraction peaks from any
impurities were observed, which indicates the high purity of
the products. During the hydrothermal synthesis
NaAc-3H,O may react with FeCl5-3H,O to form the inter-
mediate product Fe(Ac);, which is easily decomposed into
Fe;0, in the presence of EG. No resultant product was ob-
tained without addition of NaAc:3H,O in the reaction me-
dium. The a-Fe,O; phase was obtained when water was
used as a solvent instead of EG and water under the same
reaction conditions. Hence, EG and NaAc were crucial for
the synthesis of the Fe;O,4 phase under hydrothermal condi-
tions.

JCPDS NO : 82-1533
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Figure 1. X-ray diffraction pattern of Fe;04 NRs.
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Morphology

The morphology of the Fe;O,4 product was examined by
field emission scanning electron microscopy (FESEM) and
TEM. Figure 2 (a—c) show high magnification images of the
sample obtained at 200 °C for 12 h with DTAB (0.75 g).
The surface morphology of the nanorice with an average
diameter of about 150 nm and length of about 500 nm was
observed. The energy dispersive X-ray spectrum (EDX,
Figure 2, d) further confirms the presence of Fe and O in
the product (C is from the substrate). The TEM image of
the product (Figure 3, a) also shows rice-like morphology,
which confirms the observation from the FESEM images.
Figure 3 (b) shows a HRTEM image that exhibits a con-
tinuous lattice strip, which confirms the single-crystalline
nature of the material. From the HRTEM image an in-
terplanar spacing of 0.49 nm was calculated, which corre-
sponds to the (111) plane of Fe;O4. From the spot-like se-
lected area electron diffraction (SAED) pattern, it was con-
cluded that the nanoparticles were single crystals and the
growth direction was along the [111] direction. Figure 4 (a,
b) show the FESEM and TEM images of the product syn-
thesized without DTAB. This product exhibits cauliflower-
like architectures, which are composed of 7 nm spherical
nanoparticles. An elongated spherical nanostructure was

Figure 2. a—c: FESEM images with different magnifications. d:
EDX spectrum of Fe;O4 NRs.

Figure 3. TEM and HRTEM image of Fe;O, NRs.
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Figure 4. a: FESEM, b: TEM, and ¢: HRTEM image of cauliflower-like nanoparticles (without DTAB). d: FESEM, e: TEM, and
f: HRTEM image of elongated spherical Fe;O0,4 nanoparticles (0.25 g of DTAB). g: FESEM, h: TEM, and i: HRTEM image of polyhedra

and rice-like nanoparticles (0.5 g of DTAB).

obtained when the amount of DTAB was 0.25 g (Figure 4,
d and f). Increasing the amount of DTAB to 0.5 g led to a
product that consisted mostly of polyhedra with a few rice-
like nanostructures (Figure 4, g and h). Parts ¢, f, and i1
of Figure 4 show HRTEM images of the cauliflower-like,
polyhedral, and elongated spherical nanostructures. The
lattice plane could be assigned to the (111) plane of Fe;Oy4
with a lattice spacing of 0.49 nm.

Formation Mechanism

The synthesis of rice-like Fe;04 nanoparticles could be
useful for biomedical applications. Therefore, we designed
a simple, nontoxic, and economically viable route using EG
and water as the reaction medium and DTAB as the surfac-
tant. In order to understand the growth mechanism of the
Fe;04 NRs, control experiments were performed by varying
the concentration of DTAB and keeping the other condi-
tions constant, i.e. the concentration of the Fe3* source, sol-
vent, reaction time, and temperature. The shape transfor-
mation in the nanostructures is mainly derived from the
capping of DTAB on certain facets. From a crystal growth
point of view, the reduction in surface energy is the primary
driving force for simple particle growth, and the evolution
of morphology is driven by the further reduction of surface
energy due to minimization of the area of high surface-en-
ergy faces.* From a crystallographic point of view, the
magnetite is a cubic inverse spinel structure with oxygen
anions that form FCC close packing in an --*ABCABC:---
sequence along the [111] direction. The Fe ions are located
at the tetrahedral sites and octahedral interstitial sites so
5386
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the activity in the [111] direction is much higher than that
in the [100] direction.!*>! As has already been reported, the
sequence for the variation of surface energies of FCC Fe;Oy4
is Y{111}<< y{100}<y{110},% as {111} facets have the
highest atomic density and less open sites for the head
group of DTAB to attach to. Whereas, {100} facets have
lower atomic density, and the centers of the octahedral in-
terstitial sites of the lattice are located on the plane, which
offers more open sites to attract DTAB.I?”] The high surfac-
tant coverage on the {100} facets constitutes a barrier to
further growth. Figure 5 shows the morphology evolution
of Fe;04 NCs with respect to DTAB concentration. In the
absence of DTAB, only cauliflower-like products were ob-
tained, which are composed of nanoparticles with a dia-
meter of about 7 nm. The cauliflower-like Fe;O, nanostruc-
ture was formed through the oriented attachment of the
primary individual particles to minimize their surface en-
ergy and magnetic dipole alignment. With the addition of
a small amount of DTAB (0.25 g), the product was mainly
composed of elongated spheres. The shape transformation
from small spherical nanoparticles to elongated spheres is
attributed to the effective capping of DTAB on the {100}
facets, which caused the growth in the [111] direction to be
rapid in comparison to that from the {100} facets. As the
amount of DTAB was increased to 0.5 g, the product con-
sisted mostly of polyhedra with a few rice-like Fe;0O4 nanos-
tructures. This is because the amount of capping agent was
increased on the {100} facet, which effectively inhibits
growth, so the growth tends to proceed along the [111] di-
rection. The rice-like structures tended to form as single
crystals with higher amounts of surfactant (0.75 g) because

Eur. J. Inorg. Chem. 2011, 5384-5389
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of the more effective surfactant barrier on the {100} facets
of Fe;04. Furthermore, the influence of reaction time was
investigated. When a short reaction time of 3 h was used,
an irregular aggregation of nanoparticles was obtained (see
Supporting Information, Figure Sla). This is because the
time was not sufficient to produce rice-like crystals. By in-
creasing the reaction time to 8 h, aggregated rice-like nano-
structures were obtained (Figure S1b). A uniform distribu-
tion of Fe;04 nanorice was achieved when the reaction time
was 15 h (Figure S1b).

DTAB(0g)
—_—
DTAB (0.25g)
—
FeCl,. 6H,0+ 200°C
Ethylene glycol+
Water+
NaAc 15h DTAB (0.5g)
DTAB (0.75g)
—

Figure 5. Morphology evolution Fe;O, NCs with respect to DTAB
concentration.

Vibratonal Properties

Two reaction media were used to synthesize the Fe;Oy4
nanostructures: (i) a mixture of water and EG and (ii) water
alone. In the first case, a Fe;O4 phase was obtained,
whereas in water alone an a-Fe,O5; phase was obtained. To
identify the phase of the nanostructures, micro-Raman
spectra of the products were recorded. Raman spectroscopy
is a powerful tool to distinguish between Fe;O, and a-
Fe,O; phases. Fe;04 has a Fd3m space group, in which half
of the Fe3* cations are located on tetrahedral (A) sites, and
the other Fe3* and all of the Fe?* cations are randomly
distributed on the octahedral (B) sites. According to space
group symmetry and factor group analysis, the optical
phonon modes are distributed over the symmetry species of
the Fd3m group as C = 5T, + Aj, + E, + 3T,,.P% Of
these, five are IR-active vibrations (5T,) and five are Ra-
man-active vibrations (A;,, E, and 3T,,). Figure 6 (a—d)
shows micro-Raman spectra of the Fe;O4 samples synthe-
sized with various amounts of DTAB. The predominant
peak seen at 670 cm ™! in all the spectra represents the A,
vibration mode of Fe;O,, which is consistent with the re-
ported value for single-crystalline and nanophase
Fe;0,.12%-3% Figure 6 (d) corresponds to the spectrum of the
Fe;O, nanorice and shows the predominant peak at
670 cm ! in addition to peaks at 474 and 538 cm™!, which
are assigned to the T, (2) and Ty, (3) modes of Fe;Oy,
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respectively.3!! The peaks at 832cm! and in the range
1115-1130 cm™! are not related to iron oxide and represent
DTAB bound to the surface. The intensity of these bands
increased with the increasing amount of DTAB. Figure S2
shows the micro-Raman spectrum of the nanostructures
produced in water alone, which shows the predicted Raman
modes of a-Fe,O3 nanoparticles. The formation of Fe;O4
from reactions with EG and water and a-Fe,O5 from those
with water alone was confirmed by Raman measurements.
It was concluded that EG is crucial for the formation of a
single phase of Fe;0,.
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Figure 6. Micro-Raman spectra of a: cauliflower-like, b: elongated
spherical, c¢: polyhedra and rice-like, and d: rice-like Fe;O,4 nano-
structures.

Magnetic Properties

Figure 7 shows the magnetization curve of the Fe;Oy
nanomaterials at room temperature. All the synthesized
products show a hysteresis loop, which implies their ferro-
magnetic nature. The magnetic properties of the synthesized
products with respect to their different morphologies are
listed in Table S1 and show that the magnetic properties are
sensitive to the crystal size and morphology of the sample.
The saturation magnetization (M) values of the samples
are smaller than those of the bulk materials (92 emug™). It
is well known that the magnetic properties of materials are
greatly influenced by many factors, such as size, structure,
morphology, crystallinity, and crystal defects.3>3* The M,
value of the cauliflower-like nanostructures is lower than
that of the spherical, polyhedral, and rice-like nanopar-
ticles, which may be attributed to the smaller crystal size
(7 nm) of the nanoparticles. As shown in Table S1, the H.
and M, values of Fe;0,4 nanorice were higher than those of
the cauliflower-like, spherical, and polyhedral nanopar-
ticles. The increased H, value is attributed to the shape and
magnetocrystalline anisotropy of the 1D nanostructures. It
has been reported that an increase in the H. and M, values
of a 1D nanostructure are due to an increase in both mag-
5387
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netocrystalline and shape anisotropy, which exert an in-
fluence on the magnetic properties. Shape anisotropy can
increase the coercivity, which arises from the alignment of
the magnetic spins along the long axis and to reverse the
direction requires more energy for long particles than for
other shapes.[33
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Figure 7. Magnetization curves of a: cauliflower-like, b: elongated
spherical, c: polyhedran and rice-like, and d: rice-like Fe;O4 nano-
structures.

Conclusions

We have synthesized Fe;O4 NRs by a facile one-pot, sur-
factant-assisted hydrothermal method by variation of the
concentration of DTAB. The morphology evolution of the
NCs was investigated by varying the DTAB concentration
and reaction time. The proposed formation mechanism for
the NRs was that capping DTAB molecules on the {100}
facets of the FCC structure resulted in the inhibition of
growth along a particular crystallographic direction and in-
creased the tendency for growth along the [111] direction.
The room temperature magnetization measurements show
that the NCs have ferromagnetic properties. Such Fe;Oy4
NRs could be of interest for applications in biomedicine.

Experimental Section

Materials and Method: All reagents were of analytical grade and
used without further purification. In a typical procedure,
FeCl5-6H,0 (0.9 g) was dissolved in EG (20 mL) and distilled water
(20 mL) to form a clear solution. CH;COONa (1.9 g) and DTAB
(0.75 g) were added with stirring. The mixture was stirred for one
hour and transferred to a 50 mL Teflon®-lined autoclave. The auto-
clave was sealed and maintained at 200 °C for 15 h before being
allowed to reach room temperature. The black precipitate was col-
lected by centrifugation, washed several times with distilled water
and absolute ethanol, and dried in vacuo at 60 °C overnight. Cauli-
flower-like, elongated spherical, and polyhedral Fe;O4 nanopar-
ticles were synthesized by using 0 g, 0.25 g, and 0.5 g of DTAB,
respectively, keeping all other conditions constant.
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Characterization: XRD patterns were recorded with a powder X-
ray diffractometer (X'Pert PRO MPD, Panalytical, Cu-K,, radia-
tion, 4 = 0.154178 nm). The morphology of the samples was in-
spected using a Quanta 200 FEG scanning electron microscope
(FESEM). TEM and HRTEM images and SAED patterns were
measured by TEM. One drop of the magnetic fluid was placed on
a carbon coated copper grid, dried in vacuo and the TEM image
was taken with a JEM 2100 (JEOL) transmission electron micro-
scope with an accelerating voltage of 200 kV. Size analysis from
the TEM images was performed using image processing software
ImageJ. Micro-Raman measurements were carried out with an HR
800 (Jobin—Yvon) Raman microscope equipped with a 1,800
grooves/mm holographic grating. A He-Ne laser of 633 nm was
used as an excitation source. The laser spot size focused on the
surface was approximately 3 um, and the depth resolution was
0.5 um. The output of the filtered He-Ne laser was 5 mW. The
magnetization measurements were performed with a VSM JDM-
13 vibrating sample magnetometer. All the measurements were per-
formed at room temperature.

Supporting Information (see footnote on the first page of this arti-
cle): The aggregation of nanoparticles obtained from different reac-
tion times, the micro-Raman spectrum of the nanostructures pro-
duced in water alone, the magnetic properties of the synthesized
products with respect to their different morphologies.
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