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We have investigated the effects of post annealing on iron oxide nanoparticles synthesized by the novel hydro-
thermal synthesis method with the FeSO,7H,0. To investigate the post annealing effect, the as-synthesized iron
oxide nanoparticles were annealed at different temperatures in a vacuum chamber. The morphological, struc-
tural and magnetic properties of the iron oxide nanoparticles were investigated with high resolution X-ray pow-
der diffraction (XRD), high resolution transmission electron microscopy (HRTEM), Mdssbauer spectroscopy,
and vibrating sample magnetometer analysis. According to the XRD and HRTEM analysis results, as-synthe-
sized iron oxide nanoparticles were only magnetite (Fe;0,) phase with face-centered cubic structure but post
annealed iron oxide nanoparticles at 700°C were mainly magnetite phase with trivial maghemite (y-Fe,0;)
phase which was induced in the post annealing treatment. The crystallinity of the iron oxide nanoparticles is
enhanced by the post annealing treatment. The particle size of the as-synthesized iron oxide nanoparticles was
about S nm and the particle shape was almost spherical. But the particle size of the post annealed iron oxide
nanoparticles at 700 °C was around 25 nm and the particle shape was spherical and irregular. The as-synthe-
sized iron oxide nanoparticles showed superparamagnetic behavior, but post annealed iron oxide nanoparticles
at 700 °C did not show superparamagnetic behavior due to the increase of particle size by post annealing treat-
ment. The saturation of magnetization of the as-synthesized nanoparticles, post annealed nanoparticles at
500°C, and post annealed nanoparticles at 700 °C was found to be 3.7 emu/g, 6.1 emu/g, and 7.5 emu/g, respec-
tively. The much smaller saturation magnetization value than one of bulk magnetite can be attributed to spin
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disorder and/or spin canting, spin pinning at the nanoparticle surface.
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1. Introduction

The magnetic nanoparticles are key materials for advan-
cements in ferrofluids [1], biomedical applications such
as medical diagnosis with contrast enhancement of mag-
netic resonance imaging (MRI) [2, 3], AC magnetic field-
assisted cancer theraphy [4], magnetic separation of bacteria
[5], and isolation of genomic DNA and protein [6, 7].
Many structural and magnetic studies have been publish-
ed regarding ferrimagnetic magnetite or maghemite nano-
particles. It is important to establish the synthesis condi-
tions to control the size and shape of the iron oxide
nanoparticles to possibly tune their properties to a specific
application. After the synthesis of the nanoparticles, ther-
mal treatment provides a powerful method to optimize the
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morphological and magnetic properties of the iron oxide
nanoparticles [8].

The several techniques have been used for the synthesis
of iron oxide nanoparticles, which including coprecipita-
tion of ferrous (Fe**) and ferric (Fe*") ions by a base in an
aqueous solution [9], thermal decomposition of iron
pentacarbonyl (Fe(CO)s) in the presence of oleic acid
followed by oxidation [10], and organic solution-phase
decomposition of the iron precursor at high temperature
[11]. In this study, the iron oxide nanoparticles were
synthesized by the novel hydrothermal process with the
FeSO4-7H,0 using ultrasonic homogenizer followed basket
milling. This process is economic, nontoxic, and environ-
mental-friendly process suitable for mass production. The
FeSO47H,0 is a low cost residuum of synthesis of TiO..
The low cost, mass production and environmental-friend-
ly process are very important issues to practical applications.
The morphological, structural and magnetic properties of
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the as-synthesized iron oxide nanoparticles and post
annealed iron oxide nanoparticles from 400°C to 700°C
were investigated with various analysis including high
resolution X-ray powder diffraction (XRD), high resolu-
tion transmission electron microscopy (HRTEM), Mossbauer
spectroscopy, and vibrating sample magnetometer analysis.

2. Experimental Details

To synthesize the iron oxide nanoparticles, 2.0 g of
FeSO47H,0 was dissolved in 225 ml deionized (DI) water,
and 60 mg of KNOj; and 0.56 g of NaOH were dissolved
in 90 ml DI water. The two solutions were heated to 75
°C and mixed the two solutions while stirring which was
used a stirring rod not a magnetic stirring bar. A green
suspension was formed and rapidly turned black. The
mixed solution was heated to 90°C for 10 minutes while
stirring with a stirring rod. The ultrasonication with Ultra-
sonic Homogenizer (Han Tech Co.) at frequency 28 kHz
+ 200 Hz was performed to prevent agglomeration which
was induced from van der Waals force in the initial stage
of nanoparticle formation. The black suspension was
cooled to room temperature and added H,O, for oxida-
tion. The sodium hydroxide was added to the cooled
solution to neutralize and rinsed with DI water. The sus-
pension was dispersed with DI water and milled with the
basket milling machine. Finally the suspension was rinsed
with DI water and dried in a dehydrofreezing machine. To
investigate the post annealing effect, as-synthesized iron
oxide nanoparticles were annealed in the range of 400 °C
to 700 °C in a vacuum chamber for 30 minutes. The base
pressure of the vacuum chamber was under 3 x 107° Torr
which was achieved by turbomolecular pump.

The crystallographic structural properties of the iron
oxide nanoparticles were characterized by high resolution
X-ray powder diffraction (XRD, Bruker AXS: D8 Discover),
high resolution transmission electron microscopy (HRTEM,
JEOL: JEM-3011). The HRTEM images got with 500,000
magnifications to observe the individual nanoparticle. The
selected area diffraction (SAD) patterns of the iron oxide
nanoparticles got to analyze the crystalline phase. The
camera length was 50 cm in the SAD analysis. The mag-
netic properties of the iron oxide nanoparticles are charac-
terized with the Mdssbauer spectroscopy and the vibrating
sample magnetometer (VSM, Princeton Measurement: Micro-
Mag 3900) analysis at room temperature.

3. Results and Discussion

The XRD patterns of the as-synthesized iron oxide
nanoparticles and post annealed iron oxide nanoparticles
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Fig. 1. XRD patterns of the (a) as-synthesized iron oxide
nanoparticles and (b) post annealed iron oxide nanoparticles at
700 °C. Inset is magnified XRD patterns to compare JCPDS
reference patterns of the iron oxides (No. 19-0629: magnetite,
No. 39-1346: maghemite).

at 700 °C were shown in Fig. 1. The XRD peaks of the as-
synthesized iron oxide nanoparticles are coincided with
the JCPDS reference patterns of iron oxides (No. 19-0629:
magnetite Fe;04). The XRD peaks of the post annealed
iron oxide nanoparticles at 700 °C are larger and sharper
than those of the as-synthesized iron oxide nanoparticles.
It can be attributed to the increase of crystallinity of the
iron oxide nanoparticles by post annealing treatment. Inset
of Fig. 1 is magnified XRD patterns to compare JCPDS
reference patterns of iron oxides (No. 19-0629: magnetite
Fe;04, No. 39-1346: maghemite y-Fe,O;). There was a
shoulder which represented mixture of the magnetite phase
and maghemite phase. The XRD results indicated that as-
synthesized iron oxide nanoparticles were magnetite phase
but post annealed iron oxide nanoparticles at 700 °C were
mainly magnetite phase with trivial maghemite phase which
was induced in the post annealing process. The particle
size of the iron oxide nanoparticles was estimated from
the full width at half maximum of XRD (311) peak and
two theta of the (311) plane diffraction peak using Scherrer’s
formula [12]. The particle size of the as-synthesized iron
oxide nanoparticles and post annealed iron oxide nano-
particles at 700 °C was 5 nm and 25 nm, respectively.
The HRTEM analysis carried out to investigate more
detailed structural properties of the iron oxide nano-
particles. The HRTEM images and SAD patterns of the
as-synthesized iron oxide nanoparticles and post annealed
iron oxide nanoparticles at 500 °C and 700 °C were shown
in Fig. 2. The particle size of the as-synthesized iron
oxide nanoparticles was about 5 nm and the particle shape
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Fig. 2. HRTEM images of the (a) as-synthesized iron oxide nanoparticles, (b) post annealed iron oxide nanoparticles at 500 °C, (c)
post annealed iron oxide nanoparticles at 700 °C, and the SAD patterns of the (d) as-synthesized iron oxide nanoparticles, (e) post
annealed iron oxide nanoparticles at 500 °C, (f) post annealed iron oxide nanoparticles at 700 °C. The asterion (*) represents the

maghemite phase.

was almost spherical. But the particle size of the post
annealed iron oxide nanoparticles was gradually increased
with increase of annealing temperature. The particle size
of the post annealed iron oxide nanoparticles was around
10 nm, 15 nm, 20 nm, 25 nm at 400 °C, 500°C, 600 °C,
and 700 °C, respectively. The particle shape of the post
annealed iron oxide nanoparticles was almost spherical up
to 600 °C. But the particle shape of the post annealed iron
oxide nanoparticles at 700 °C was spherical and irregular
(Fig. 2(c)). The increase of particle size and the change of
particle shape are agreed with the previous report by J. M.
Vargas et al. [13]. The structural properties of the iron
oxide nanoparticles from HRTEM analysis agree with the
XRD results. The SAD patterns of the post annealed iron
oxide nanoparticles at 700 °C are brighter and clearer than
those of the as-synthesized iron oxide nanoparticles, which
is due to the increase of crystallinity in the post annealing
process. As shown in Fig. 2(f), the asterion(*) represents
the maghemite phase which is induced in the post
annealing process. It supports the XRD results.

The Mossbauer spectra of the as-synthesized iron oxide

nanoparticles and post annealed iron oxide nanoparticles
at 500 °C and 700 °C were shown in Fig. 3. The spectra of
the as-synthesized iron oxide nanoparticles are consisted
with a central doublet which is corresponding to super-
paramagnetic state, and two Zeeman sextets. Mdssbauer
parameters are listed in Table 1. The cation distribution in
magnetite (FesO,) can be described by the formula
Fe*'[Fe’'Fe’"]0, with Fe cations without brackets on
tetrahedral (A) sites and those in brackets on octahedral
(B) sites of the cubic spinel lattice [14]. The Mdssbauer
spectrum of the as-synthesized iron oxide nanoparticles
was fitted using the three magnetic components of hyper-
fine fields H,,4 = 486 kOe corresponding to Fe* ions at
tetrahedral sites 4, and Hy,, 5 = 452 kOe, H,,,, s = 393 kOe
corresponding to [Fe?" Fe**] ions at octahedral site B with
the quadrupole splitting QS =-0.013 mm/s, —0.005, 0.047
mm/s and isomer shift IS = 0.205 mm/s, 0.407 mm/s, and
0.238, respectively. The Mossbauer spectra of the as-syn-
thesized iron oxide nanoparticles indicate that as-synthe-
sized iron oxide nanoparticles are magnetite phase. The
as-synthesized iron oxide nanoparticles exhibit super-
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Fig. 3. The Mgssbauer spectra of the (a) as-synthesized iron
oxide nanoparticles, (b) post annealed iron oxide nanoparticles
at 500°C, and (c) post annealed iron oxide nanoparticles at
700°C. The black solid lines are the best fits to experimental
data (filled circles), and colored solid lines represent each
component of the total fit.

paramagnetic phase with 37% spectral area. According to
XRD and HRTEM analysis, the particle size of as-
synthesized nanoparticles is around 5 nm diameter, which
exhibits superparamagnetic behavior. The rest portion of
nonsuperparamagnetic state nanoparticles represents thermal
relaxation effects with above 10 nm diameter [15]. If the
as-synthesized iron oxide nanoparticles are monodispers-
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ed nanoparticles with 5 nm diameter, the spectra show
only a central doublet [14]. The spectra of the post an-
nealed iron oxide nanoparticles at 500°C are consisted
with the magnetite phase, maghemite phase, and super-
paramagnetic phase. The spectra of the post annealed iron
oxide nanoparticles at 700 °C are consisted with the mag-
netite phase and maghemite phase. There was no super-
paramagnetic state due to the increase of the particle size.
The particle size is an important parameter for superpara-
magnetic behavior. The magnetic nanoparticles with above
10 nm diameter have no superparamagnetic behavior [15].
According to the Mdossbauer analysis, there was occurred
partially phase change from magnetite to maghemite during
the post annealing process at 500 °C and 700 °C with 7%,
11% spectral area, respectively.

The hysteresis loops of the as-synthesized iron oxide
nanoparticles and post annealed iron oxide nanoparticles
at 500 °C and 700 °C were shown in Fig. 4. The saturation
magnetization (M) of the iron oxide nanoparticles was
found to be 3.7 eum/g 6.1 emu/g, and 7.5 emu/g for the
as-synthesized, post annealed at 500°C, and 700°C,
respectively. The saturation magnetization value of the
bulk magnetite is 85~95 emu/g [16]. The measured M,
value of the iron oxide nanoparticles was much lower
than the bulk magnetite. Extremely low values of M, have
been measured in ferrimagnetic spinel particles with
d<15 nm, attaining values as small as ~0.06 MY
where M ™ were the corresponding values of the bulk
materials [17-19]. Spin canting has been proposed as the
mechanism for the M, reduction in spinel nanoparticles
[20]. The origin of the M, reduction can be attributed to
the spin disorder at the nanoparticle surface and/or spin
pinning and spin canting at the nanoparticle surface [21].
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Fig. 4. Hysteresis curves of the iron oxide nanoparticles at
room temperature: (a) as-synthesized iron oxide nanoparticles,
(b) post annealed iron oxide nanoparticles at 500°C, and (c)
post annealed iron oxide nanoparticles at 700 °C.
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Table 1. Hyperfine parameters of iron oxide nanoparticles extracted from Mdssbauer spectra at room temperature: magnetic hyper-
fine field (H), isomer shift (IS), quadrupole splitting (QS), and spectral area (Area).

Samble Phase H, Fe-ion Crystallne IS QS Area
p (kOe) state Structure (mm/s) (mm/s) (%)
486 (A) a Tetrahedral 0205 ~0.013 27.00
_ Fe;0, 452 (B) Octahedral 0.407 ~0.005 30.20
As-Synthesized 393 (B) +2 Octahedral 0.628 0.047 5.62
SPM - +3 - 0238 0.680 37.18
486 (A) a Tetrahedral 0.181 ~0.019 29.61
Fe;0, 455 (B) Octahedral 0.497 ~0.012 40.16
Post- 410 (B) 2 Octahedral 0.630 0.093 10.77
Annealed 478 Tetrahedral 0266 0.010 440
etranedra . V. K

at 500°C F 4
1-Fe:05 438 3 Octahedral 0.192 0.016 241
SPM - +3 - 0213 1.083 12.65
498 (A) B Tetrahedral 0205 0.001 64.17
Post- Fes0, 481 (B) Octahedral 0.178 ~0.019 18.15
Annealed 403 (B) +2 Octahedral 0.700 ~0.056 6.79
at 700°C Fe.O 478 3 Tetrahedral 0.266 -0.011 7.03
Yot 438 Octahedral 0.192 0.016 3.86

Smaller nanoparticles have more disordered spins or spin
pinning and spin canting than larger nanoparticles. The
increase of the M; of the post annealed iron oxide nano-
particles can be attributed to the increase of the particle
size and crystallinity by post annealing treatment. The
increase of the coercive field of the post annealed iron
oxide nanoparticles is due to the spin pinning at the
irregular nanoparticle surface.

4. Conclusions

We have investigated the effect of post annealing on
iron oxide nanoparticles synthesized by novel hydro-
thermal process. The crystallinity of the iron oxide nano-
particles is enhanced during the post annealing treatment
in a vacuum chamber. The particle size of the post an-
nealed iron oxide nanoparticles at 700°C is increased
from 5 nm to 25 nm. The particle shape of the post an-
nealed iron oxide nanoparticles at 700 °C is changed from
spherical to spherical and irregular. According to the
Mossbauer spectroscopy, as-synthesized iron oxide nano-
particles exhibit superparamagnetic behavior. As increase
of the iron oxide particle size by post annealing treatment,
superparamagnetic behavior is disappeared, and saturation
magnetization of the iron oxide nanoparticles is increased
slightly. The much smaller saturation magnetization value
than one of bulk magnetite can be attributed to spin dis-
order and/or spin canting, spin pinning at the nanoparticle
surface. According to the XRD, HRTEM, and Mdssbauer
spectroscopy analysis, there was occurred partially phase

change from magnetite to maghemite during the post
annealing process.
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