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This paper describes a modified method to prepare monodisperse FesO4 magnetic nanoparticles with
different shapes (cube, octahedron, and sphere). The shape of the magnetic nanoparticles could be
conveniently controlled by changing the types of precursor/capping agent and concentration of
capping agent. The prepared samples were characterized using scanning electron microscopy, X-ray
diffraction and vibrating sample magnetometry. Cubes and octahedra were formed using ferrous
sulfate heptahydrate as an iron source, ethylene glycol as a solvent and potassium hydroxide (KOH) as
a capping agent while spheres were formed by using ferric chloride hexahydrate as an iron source,
ethylene glycol as a solvent and ammonium acetate as a capping agent. By varying KOH

concentration (0.5 M, 1 M, 1.5 M, and 5 M), the shape was transformed from cubes to octahedra
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Accepted 15th June 2018 because octahedra are developed dominantly at higher concentration of KOH within the reaction
mixture. The magnetic studies show superparamagnetic behavior for all samples at room temperature.
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Introduction

Magnetic nanoparticles (MNPs) have been attracting much
attention because of their prospective applications either as
a separator in bioseparation of proteins, DNA, etc.," contrast
agent in magnetic resonance imaging,> heating mediator for
magnetic hyperthermia,® sensor for the detection of urea* and
glucose,’® transport agent in gene delivery® and drug delivery,
and cell sorting.” Particularly, iron oxide (Fe;0,) nanoparticles
have attracted considerable interest, because of their
biocompatibility, unique magnetic properties, high electrical
resistivity and high chemical stability.*? It is commonly known
that the activity of Fe;0, MNPs strongly depends on their size,
shape and crystal phase."™ Notably, the shape has a great
impact on the resulting properties of Fe;0, MNPs and their
potential applications. Indeed, changing the crystal shape of
Fe;O, MNPs alters the exposed crystal facets and hence the
atomic arrangements in each facet, which will have significant
impacts on their various properties.**

The interesting potential applications of Fe;O, MNPs have
encouraged the rapid development of several synthetic tech-
niques such as coprecipitation,'>** hydrothermal treatment,*
spray pyrolysis,*® ultrasound irradiation,"” microwave-assisted
method'®" and solvothermal method.”® Recently, a variety of
novel shapes such as nanorods,** nanowires* and nanosheets*
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g*1 for spheres, cubes, and octahedrons, respectively.

have been reported. It still remains challenging for the material
scientist to control the shape of Fe;0, MNPs by controlling the
type/concentration of reactant, type of surfactant and reaction
temperature.

Herein, we demonstrate that, under appropriate experi-
mental conditions, uniform spinel nanostructures of cube,
octahedron, and sphere can be successfully synthesized via
a facile, safe and convenient method. Depending on the iron
source and type of surfactant, different shapes of Fe;0, MNPs
were prepared. The magnetic properties are also compared for
different shapes of Fe;O, nanoparticles.

Experimental section

All the chemicals in this study were commercially available and
of analytical grade, including ferrous sulfate heptahydrate
(FeSO,-7H,0, =98%) and ferric chloride hexahydrate (FeCls-
-6H,0, =98%), ammonium acetate (NH,Ac, =98%), potassium
hydroxide (KOH), ethylene glycol (EG), ethanol and concen-
trated hydrochloric acid (HCI, 36.5%).

Synthesis of Fe;0, MNPs by using an iron precursor of
FeSO,-7H,0

0.2780 g of the FeSO,-7H,0 was dissolved in 5 mL of EG to
form a homogeneous solution. Then, the controlled amount of
KOH solution (0.5 M, 1 M 1.5 M or 5 M) was added to the
prepared iron salt solution at room temperature under
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Table 1 Synthesis conditions to prepare FesO4 MNPs with various morphologies
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Transformation Transformation

Sphere (S) Cube (C) undergoing undergoing Octahedron (O)
Morphologies of product cC—0 cC—0
Iron precursor FeCl;-6H,0O FeSO,-7H,0 FeSO,4-7H,0 FeSO,4-7H,0 FeSO,-7H,0
NH,Ac 1M — — — —
KOH quantity (mol L") — 0.5M 1M 1.5M 5M
Solvent EG EG EG EG EG
Size 216.6 nm 158.5 nm 160 nm 581.2 nm 4.9 pm

stirring. The mixture stirring was continued to get a homoge-
neous solution. The resultant homogeneous mixture solution
was then transferred to a 30 mL Teflon lined stainless steel
autoclave, was sealed and maintained at 200 °C for 24 h. After
the completion of the reaction, the black solid products were
collected by magnetic separation and washed with ethanol
three times. The final products were dried in a vacuum oven at
40 °C for 6 h.

Synthesis of Fe;0, MNPs by using an iron precursor of
FeCl,-6H,0

Typically, a solution of EG containing 0.1 M FeCl;-6H,O (Sigma-
Aldrich, =98%) and 1 M of NH,Ac (Sigma, =98%) was made
and well mixed for 7 h. The solution mixture was then trans-
ferred to a Teflon-lined autoclave cell, was sealed and main-
tained at 200 °C for 24 h. The autoclave cell was allowed to cool
down quickly to room temperature by spraying tap water on it.
The synthesized particles were separated by a magnet and
washed with ethanol and water, respectively, three times and
then were dried in a vacuum oven at 60 °C for 6 h before
characterization.

Characterization of Fe;0, MNPs prepared

The scanning electron microscopy (SEM) measurements of
surface and cross-section of the product particles were carried
out with a Hitachi S-4800 ultra-high resolution SEM equip-
ment using a 15 kV electron beam with the resolution of 1 nm.
Powder X-ray diffraction (XRD) patterns were recorded with
a Philips X'Pert PRO MPD X-ray diffractometer using Cu Ko
radiation (k51.54060 A°, 40 kV, 30 mA). The samples were
scanned in step of 0.017° in the 26 range of 20-80°. The
magnetic properties of product particles were also measured
with a Lake Shore £7300 vibrating sample magnetometer
(VSM).

Results and discussion

The different synthetic conditions of Fe;O, MNPs are
described in Table 1. The morphologies of the as-synthesized
products were investigated by SEM. The Fe;O, MNPs with the
shapes of cube, octahedron and their mixtures were formed,
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when FeSO,-6H,0 was used as the iron source with various
KOH concentrations (0.5 M, 1 M 1.5 M, and 5 M). It is shown
that the type of precursor and concentration of surfactant are
critically important for controlling the shape of nano-
particles without the need of shape sorting or seeding
processes. The nanoparticle shape was invariably cubic (see
Fig. 1a and b), when 0.5 M KOH concentration was added.
The main driving force for the transformation from cubic to
octahedron is the change in KOH concentration and the
increase in OH'~ concentration favors the formation of the
octahedron. For the increase in KOH concentration to 1 M, the
shape transformation from cube to octahedron was observed
with an average particle diameter ranging from 200-300 nm.
The formation of octahedron may be attributed to the
continued growth along the corners of cubic shape as shown in
Fig. 1c and d. Further increase in KOH concentration to 1.5 M
resulted in the unsymmetrical octahedron. Small cubes were
also present with irregular boundaries (Fig. 1e and f). Higher
concentration of KOH in the reaction mixture provides the
higher concentration of OH'~ ions to generate higher chemical
potential within the solution, which is the favorable condition
for the formation of octahedral structures (Fig. 1g and h).*
One more study also confirms that the increase in KOH
concentration favors the crystal growth along [111] plane
which helps develop octahedral structures.** The shape of the
nanocrystal is mostly dependent on the growth rate along
different planes. Wang et al.>* suggested that the shape of
Fe;0, MNPs face-centered cubic (fcc) structure varies with the
ratio of two different growth planes i.e. [100] and [111]. Their
results demonstrate that higher concentration of KOH during
synthesis favors the faster growth rate along [111] plane than
that of [100] plane. Swaminathan et al.>® also studied the
impact of crystal growth rates along different planes on the
shape of nanoparticles. The faster crystal growth along [111]
plane develops octahedral structures, while the cubes are
formed due to the faster growth along [100] plane. The
experimental yield of Fe;O, MNPs obtained in this study is
about 80.5%. There are two main causes of yield loss. Firstly,
some particles are lost during the magnetic separation and
washing. Especially, smaller sized particles have the higher
chances to be lost due to their low magnetic strength.

This journal is © The Royal Society of Chemistry 2018
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Fig.1 SEM images of FesO4 MNPs for different KOH concentrations using iron precursor of FeSO,4-7H,0. (aand b) 0.5 M, (cand d) 1 M, (e and f)

1.5Mand (g and h) 5 M.

Secondly, some particles can be lost during ultrasonic clean-
ing, because some droplets are generated and lost during this
process. We can increase the collection yield by reducing the
number of washing and also designing more carefully the
magnetic separation and washing.

The crystal structures of the samples were also studied by
XRD. The intensities and positions of diffraction peaks of the
cube (Fig. 2a) and octahedron (Fig. 2b) match with those of
Fe;04 MNPs in the literature.?® The diffraction peaks at 26 = 44°
assign to the fcc structure of Fe;O, nanoparticles. For both

This journal is © The Royal Society of Chemistry 2018

samples, X-ray diffraction peaks corresponding to Bragg
diffractions of the crystal planes of (111), (220), (311), (222),
(400), (422) and (511) agree with standard JCPDS patterns,
which indicates the high crystal phase purity of synthesized
Fe;0,, (from Pdf reference code, Fig. 2a = 01-086-1344 and
Fig. 2b = 01-089-0688).>* Moreover, the (111) facet becomes
stronger at 26 = 18 as the morphology of Fe;0, MNPs transfers
from cubic to octahedron which is consistent with the literature
reported.*”
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Fig. 2 XRD patterns of FesO4 MNPs derived from different concen-
trations of KOH, using iron precursor of FeSO4-7H,0. (a) 0.5 M (cube)
and (b) 5 M of KOH concentration (octahedron).

Spherical Fe;0, MNPs with an average particle size of 200-
300 nm were formed by using FeCl;.6H,O iron precursor as
shown in Fig. 3. The spheres formed in Fig. 3a shows the
uniform morphology and narrow size distribution and are vital
to gain the maximum susceptibility at low magnetic field.®
Magnified SEM images show that spherical nanoparticles are
composed of many smaller grains (Fig. 3b). X-ray diffraction
patterns were recorded to determine the phase purity of Fe;0,
spherical nanoparticles (Fig. 4). X-ray diffraction peaks corre-
sponding to Bragg diffractions of the crystal planes of (220),
(311), (222), (400), (422), (511) and (440) agree with standard
JCPDS patterns, which indicates high crystal phase purity of
synthesized Fe;O, spherical nanoparticles. The diffraction
peaks show the fec structure of spherical Fe;O, nanoparticles
with high crystallinity.

The magnetic properties of Fe;0, nanoparticles of different
shapes were studied with a VSM at room temperature. Fig. 5
shows the magnetic hysteresis curves measured for the
samples synthesized. Magnetization hysteresis was close to

zero for all samples and this is common for

22920 | RSC Adv., 2018, 8, 22917-22923
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Fig. 3 (a and b) SEM images of FesO4 MNPs using iron precursor of
FeCls-6 H,O (spheres).

superparamagnetic iron oxide nanoparticles and confirms
their superparamagnetic nature of Fez;O, nanoparticles
prepared in this study.* The magnetic saturation values of 87
emug ', 85emug ', and 82 emu g~ ' were observed for Fe;0,
nanoparticles with the shapes of spheres (216.6 nm), cubes
(158.5 nm), and octahedral (4.9 um), respectively. The satu-
ration magnetization values were found to be higher than
those of Fe;O4 nanowires (71 emu g~ *),* nanopyramid (52.5
emu g '),* 40 emu g ' nanocubes® and 31 emu g ' nano-
spheres® in the literature.

In principle, shape anisotropy alters the magnetic saturation
values of nanostructures.** The high symmetry of Fe;0, MNPs
will lead to low shape anisotropy, which is one reason for the
spherical sample to have higher magnetization values relative to
the cubes or octahedron. Zhao et al. reported the shape
anisotropy of different shaped nanoparticles as follows; spheres
< cubes < transformed particles < octahedron.”® The symmet-
rical particles show high magnetization values and are easier to
magnetize along the long direction than along the short direc-
tions,* which will help to release more heat even at low
concentration during hyperthermia heating. The unsymmet-
rical shape results in the breaking of the local symmetry of
nanoparticles which breaks the symmetry bond and cause
surface strain,* which will eventually reduce the magnetization
values.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 XRD pattern of FesO4 MNPs using iron precursor of FeCls-6 H,O (spheres).
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Fig. 5 VSM profile of FezsO4 nanoparticles of different shapes using iron precursors of FeSO4-7H,0 (cubes & octahedron) and of FeClz-6 H,O

(spheres).

Conclusion

concentration of capping agent. A modified method to prepare
monodisperse Fe;O, magnetic nanoparticles with different

We synthesized the Fe;0, magnetic nanostructures of different shapes (cube, octahedron, and sphere) has been presented
shapes by changing the types of precursor/capping agent and using an autoclave system in the presence of KOH/NH,Ac as

This journal is © The Royal Society of Chemistry 2018
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a capping agent. Cubes and octahedron were formed using
FeSO,-7H,0 as an iron precursor and KOH as a capping agent
while spheres were formed by using FeCl;-6H,0 as an iron
source and NH,Ac as a capping agent. By varying KOH
concentration (0.5 M, 1 M, 1.5 M, and 5 M), the shape was
transformed from cube to octahedron that is due to the pres-
ence of higher number of OH'~ ions within the reaction mixture
which favors the formation of the octahedron. Moreover,
a higher concentration of KOH also favors the faster growth rate
along [111] plane than that of [100] plane. The prepared Fe;0,
magnetic nanoparticles have the fcc structure and the particle
sizes are about 200-300 nm. The Fe;0, nanoparticles show the
superparamagnetic properties and have the magnetic satura-
tion values of 87 emu g~', 85 emu g~ ', and 82 emu g ' for
spheres, cubes, and octahedrons, respectively.
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