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Abstract Iron oxide nanoparticles were synthesized by co-
precipitation in air atmosphere at different temperatures and
their structural and magnetic properties were investigated.
The mean particle sizes of iron oxide nanoparticles were
calculated from the X-ray diffraction (XRD) patterns us-
ing the Scherrer equation. Fourier transform infrared spec-
troscopy analysis exhibited the vibration bands at 563 cm™!
and 620 cm~! confirming the formation of Fe3O4 and
y-Fe> O3, respectively. Morphological observation was made
by a transmission electron microscope and the particle size
of iron oxide nanoparticles was found to be around 9 nm
which is consistent with the particle size calculated accord-
ing to the XRD patterns. It was observed that the intensity
of the peaks in the patterns and crystallinity increased as the
temperature increased. Magnetization curves showed zero
coercivities indicating that the samples are superparamag-
netic.
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1 Introduction

Superparamagnetic iron oxide nanoparticles are very attrac-
tive for a broad range of biomedical applications having
said that their magnetization is nearly zero without exter-
nal magnetic field and the risk of forming agglomerates
is negligible at room temperature [1]. A number of suit-
able techniques have been developed to synthesize magnetic
nanoparticles. Sol-gel synthesis [2], hydrothermal reactions
[3], microemulsions [4], co-precipitation [5] can be used
for the synthesis of iron oxide nanoparticles. However, co-
precipitation is most probably the simplest and most com-
mon method for the production of iron oxide nanoparticles
obtained from iron salts, and has also the advantage of syn-
thesizing large amount of nanoparticles. It is known that the
structural properties of nanoparticles can be substantially
influenced by the synthesis conditions such as temperature
[6]. In this study, synthesis of iron oxide nanoparticles was
performed by co-precipitation at different temperatures and
the structural and magnetic properties of these nanoparticles
were investigated and presented.

2 Experimental

Ferrous chloride tetrahydrate (FeCl,. 4H>,O Merck >99%)
and ferric chloride hexahydrate (FeCls. 6H,O Merck >99%)
salts and ammonium hydroxide (NH4OH Merck, 25% of
ammonia) were used for the synthesis of iron oxide nanopar-
ticles. All chemicals were of reagent grade and used with-
out further purification. FeCl, and FeCl; were dissolved in
50 ml deionized water with molar ratio of 2/3. 30 ml of am-
monium hydroxide (25%) was diluted to 50 ml and added to
50 ml mixture of iron salts under a vigorous mechanical stir-
ring. The reaction period was 30 minutes and each one was
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performed at the temperatures of 20, 40, 60, and 80 °C in
air medium. After the reaction, the precipitate was washed
three times with distilled water. To obtain the powder, the
precipitate was dried in an oven.

The crystalline structure of nanoparticles was investi-
gated with Rigaku-rint 2200 X-ray diffractometer system
(XRD) using CuK, radiation (A = 1.54056 A) between
20° and 80°. The samples were characterized by Fourier
transform infrared spectroscopy (FTIR, Perkin Elmer-1600
Series). High resolution transmission electron microscope
(HRTEM, FEI TECNAI G2 F30 model) with an accelerating
voltage of 200 kV was used to obtain information about the
size and also morphology of the nanoparticles. The particle
sizes were obtained from TEM images by using the software
Imagel. The magnetic properties of nanoparticles were stud-
ied by vibrating sample magnetometer (VSM, ADE Tech-
nologies EV9) at £20 kOe.

3 Results and discussion

Figure 1 shows X-ray patterns of the samples synthesized
at different temperatures. The patterns show characteristic
(220), (311), (400), (422), (511), (440), and (533) peaks of
iron oxide at around 26 ~ 30°, 35°, 43°, 53°, 57°, 63°, and
74°, respectively. All samples show a cubic spinel structure
according to the JCPDS 019-0629 and JCPDS 039-1346
cards. It was observed in the patterns that the peaks inten-
sified with the increase of temperature indicating that the
crystallinity becomes stronger; see Fig. 1. The mean parti-
cle sizes, Dxrp of iron oxide nanoparticles synthesized at
20, 40, 60, and 80 °C calculated from the most intense peak
(311) using the Scherrer equation were 8.88, 8.19, 8.18,
and 9.48 nm, respectively. Liu et al. [7] reported that de-
creasing the preparation temperature results in a remarkable
broadening of the peaks, which is due to the size effect and
the particle size increases with the increase of temperature.
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Fig. 2 TEM image of iron oxide nanoparticles synthesized at 20 °C
(scale bar: 50 nm)

However, Babes et al. [8] said that the synthesis tempera-
ture (20-50 °C) showed little or no influence in their exper-
imental setup. The results in this study showed that the par-
ticle sizes were nearly unaffected by the difference of the
preparation temperature that is compatible with the study of
Babes et al. [8]. The particle size of iron oxide nanoparti-
cles synthesized at 20 °C is found to be 8.66 & 3.74 nm and
corresponding TEM image is demonstrated in Fig. 2. The
size obtained from the TEM image matched with the size
obtained from the XRD pattern. It was observed that iron
oxide nanoparticles are not agglomerated.

FT-IR analysis was performed to affirm the structure of
the product and the spectra of the samples are shown in the
1400—400 cm ™! region in Fig. 3. The transmittance peak of
the sample synthesized at 20 °C which is at 563 cm™! con-
firms the Fe3O4 formation and the peak observed at around
620 cm~! declares the y-Fe,03 [9]. Other samples also
show the same peaks of the similar spectrums.

Magnetization curves of the nanoparticles measured at
£20 kOe and the detailed curves drawn at +30 Oe are
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shown in Fig. 4. It is revealed that the magnetization curves
at each temperature show no hysteresis that both the rem-
anance and coercivity are zero. The results indicate that the
iron oxide nanoparticles are single domain and show super-
paramagnetic nature at room temperature as it is expected
for the nanoscale dimension of the particles [10]. The satu-
ration field, H; decreases from 11833 Oe to 10433 Oe with
the increase of temperature. Saturation magnetization, M,
of the samples is between 65.40 and 67.72 emu/g that is
lower than the bulk M, value of magnetite (90-92 emu/g)
but near to maghemite (~80 emu/g) [11]. Therefore, a con-
siderable ratio of maghemite phase accompanying the mag-
netite phase should also be taken into consideration as in-
dicated by the FTIR spectrum. It is also observed that the
slight change in the particle sizes might result in the slight
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Fig. 3 FT-IR spectrum of iron oxide nanoparticles precipitated at dif-
ferent temperatures

Fig. 4 Magnetization curves of

change of the M. The mean magnetic particle size, Dmac
and standard deviation, o can be calculated according to
Chantrell et al. [12], who assume a log-normal size distribu-
tion [13]. The Dyag and o were calculated as 7.01 4 0.55,
7.16+0.49,7.224+0.52, and 7.14 &+ 0.49 nm for iron oxide
nanoparticles synthesized at 20, 40, 60, and 80 °C, respec-
tively. Dymag which is calculated as about 7 nm is smaller
than that observed from TEM image, Dtgm. A number of
possible mechanisms could explain the demagnetization of
the particles but the simplest one was to assume that the sur-
face layer of iron oxide atoms does not contribute to the
magnetic properties of the particles [7]. Thus, the magnet-
ically dead layer [14] on the particle surface explains the
difference between Dyag and D1gMm.

4 Conclusions

The structural analysis of the synthesized nanoparticles
showed the iron oxide structure and FTIR analysis showed
the peaks of Fe3O4 and y-Fe,Os. It is seen that the crys-
tallinity increased with the increase of reaction temperature.
Physical particle sizes calculated from XRD patterns and ob-
tained from TEM images are consistent with each other and
around 9 nm. The remenant magnetization and coercivity
are found to be zero indicating the superparamagnetic nature
of the iron oxide nanoparticles, and the magnetic sizes of all
samples calculated from the hysteresis curves were found to
be almost the same that were around 7 nm.
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