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Impurity free �-Fe2O3 nanoparticles have been synthesized by hydrothermal method using two different
precursors, FeCl3·6H2O and Fe(NO3)3·9H2O. The physical properties of the synthesized nanoparticles were
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investigated by X-ray diffraction (XRD), Raman spectroscopy (RS), scanning electron microscope (SEM)
high resolution transmission electron microscope (HR-TEM) and vibrating sample magnetometer (VSM).
The average particle size of the nanoparticles synthesized using FeCl3·6H2O and Fe(NO3)3·9H2O was
calculated to be ∼60 and ∼87 nm, respectively. The magnetic properties of the �-Fe2O3 nanoparticles
synthesized using both the precursors were found be quite different, which may be attributed to the

he na
EM
agnetic properties

different particle size of t

. Introduction

For last few decades, the studies on nanomaterials have been
nhanced by the research community due to its diverse range of
pplications such as magnetic storage media, environment pro-
ection, sensors, catalysis, clinical diagnosis and treatment [1–2].
n most of the studies the emphasis has been given to synthesis
nd characterization of nanomaterials, which have the capability to
xhibit certain superior properties as compared to their bulk form.
mong the various types of nanomaterials, the magnetic materi-
ls of iron oxides such as �-Fe2O3 and Fe3O4 are the most popular
nd promising materials due their many technological applications.
he selection of right materials as the precursor for the synthesis
f iron oxide nanoparticles is a crucial task. The many forms of
ron oxides such as Fe3O4, �-Fe2O3 and �-Fe2O3 can be synthe-
ized by varying the synthesis conditions. The precipitation of the

queous Fe2+/Fe3+ solution [3] or in situ generated Fe3+ solution [4]
ake to form Fe3O4 and �-Fe2O3 nanoparticles. However, the syn-

hesis under high temperature results �-Fe2O3 nanoparticles [5].
erromagnetic nanoparticles can also be synthesized through the
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hematite route owing to the higher stability of hematite and then
subsequently reduced to magnetite [6]. Highly ordered nanoparti-
cles of magnetite have been synthesized using trypsin as a template
[7]. Along with the antiferromagnetic nature, the �-Fe2O3 nanopar-
ticle has very good semiconducting properties with a band gap of
2.1 eV. It is more stable [8], offer high resistance to corrosion [9] and
nontoxic. Therefore, it is a good choice for the technological appli-
cations. It has been widely used as gas sensing material [10–12],
heterogeneous catalyst [13], photocatalyst [14] and pigments [15]
and its nanowires form excellent anodes for electrolysis of water
[16].

To exploit the interesting and useful properties of nanostruc-
tures and to incorporate them into technology, their controlled
and well dispersed synthesis is quite essential. The synthesis
of monodispersed �-Fe2O3 nanoparticles with various structural
morphologies have attracted much interest due to their impor-
tance to have a thorough understanding of several fundamental
phenomenon such as light scattering, particle interaction and elec-
trophoresis. Up to now, several synthesis methods have been
developed for the preparation of �-Fe2O3 nanoparticles which
include sol–gel, hydrolysis of iron salt and hydrothermal synthesis.
The hydrothermal synthesis process has proven to be advantageous

over other methods due to the presence of homogeneous nucle-
ation and grain growth. In addition to synthesis of well disperse and
homogeneous nanoparticles, the hydrothermal method can also be
realized to have less impurity in the synthesized products using a
low processing temperature such as 200 ◦C or even less [17–18].
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Fig. 1. XRD pattern of �-Fe2O3 nanoparticles synthesized by ferric nitrate (a) and
ferric chloride (b) as the precursors.

Table 1
Lattice parameters and particles size of the �-Fe2O3 nanoparticles synthesized by
two different iron precursors.

Precursor Lattice parameter (Å) Particles size (nm)
calculated by
distribution curve
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2.2. Characterization techniques

The crystallographic study of the synthesized product was performed
using powder XRD XPERT-PRO (PW3050/60) equipped with Cu-K� radiation
(� = 1.54060 Å) operated at 30 kV and 30 mA. The room temperature Raman spec-
Fe(NO3)3·9H2O a = b = 5.0354, c = 13.746 ∼87
FeCl3·6H2O a = b = 5.0352, c = 13.743 ∼60

In view of the above mentioned studies on the synthesis and
haracterizations of �-Fe2O3 nanoparticles and its derivatives, and
lso its wide application, it was thought worthwhile to synthesize
ighly ordered and monodisperse �-Fe2O3 nanoparticles through a
elatively simple and low cost method. Although, the various types
f �-Fe2O3 nanostructures have been successfully synthesized via
ifferent synthesis methods but the synthesis of monodisperse �-
e2O3 nanoparticles have been rarely found in the literature. Thus
n the present study we have successfully synthesized monodis-
erse �-Fe2O3 nanoparticles through hydrothermal method using
wo different precursors of iron Fe(NO3)3·9H2O and FeCl3·6H2O
nder a surfactant-free environment. The synthesized �-Fe2O3
as characterized through different experimental techniques for

xploring their particle nature and other physical properties. In
ddition to this we have also investigated the effect of two iron
recursors on the physical properties of the �-Fe2O3 nanoparti-
les. Thus the present study is expected to give a detailed overview
f the synthesis and physical properties of monodisperse �-Fe2O3
anoparticles.

. Experimental

.1. Preparation of samples

The well disperse �-Fe2O3 nanoparticles were synthesized via hydrothermal
ethod at 180 ◦C using Fe(NO3)3·9H2O and FeCl3·6H2O as two different iron pre-

ursors. The 25% aqueous solution of ammonia was used as a mineralizer. The details
f the synthesis procedure adopted in the preset study are as follows. At first, two
ifferent aqueous solutions of high-purity Fe(NO3)3·9H2O and FeCl3·6H2O were pre-
ared in de-ionized water to form a uniform solution by stirring. Subsequently, 25%
queous solution of ammonia was slowly dropped into the above two different solu-
ions under constant-rate stirring and the pH value of the solutions was adjusted
o ∼8.0. The resulted solutions were vigorously stirred and then poured into two
ifferent Teflon vessels until 3/4th of its total volume capacity and then the vessel
as placed in a stainless steel tank to perform the hydrothermal treatment at 180 ◦C
or 24 h. Once the reaction gets over, the autoclave was put separately to bring down
ts temperature. Further, we wait till the autoclave was cooled down to room tem-
erature naturally. The obtained products were washed several times with distilled
ater and dried at 40 ◦C for 12 h. Finally, a brown powder was obtained.
Fig. 2. Raman spectra of �-Fe2O3 nanoparticles synthesized by ferric nitrate (a) and
ferric chloride (b) as the precursors.
Fig. 3. SEM micrograph of �-Fe2O3 nanoparticles synthesized by ferric nitrate (a)
and ferric chloride (b) as the precursor.
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Fig. 4. TEM micrograph and (SAED in the inset bar length is 5 l/nm) pattern of �-
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Raman bands are expected to appear in the Raman spectra of
the material [21]. These seven bands are belonging to mainly;
e2O3 nanoparticles synthesized by ferric nitrate (a) and ferric chloride (b) as the
recursor.

ra were recorded in the range of 200–1200 cm−1 using a Renishaw invia Raman
pectrometer equipped with a high-performance CCD detector. The 514 nm line of
rgon-ion laser was used to illuminate the sample (FEI QUANTA-200 MK2). The
tructural morphology and the particles size were investigated by SEM and HR-TEM
TEM, Tecnai F30). The hysteresis loop, saturation magnetization (Ms) and coerciv-
ty (Hc) of the �-Fe2O3 nanoparticles were also measured by means of VSM at a

aximum applied field of 17,500 Oe at room temperature.

. Results and discussion

.1. Structural characterization

Fig. 1 shows the XRD patterns of the synthesized products
erived from hydrothermal method. Both the products were

ndexed as pure �-Fe2O3 with rhombohedral structure. The diffrac-
ion peaks of both the samples corresponding to (0 1 2), (0 1 4),

1 1 0), (1 1 3), (0 2 4), (1 1 6), (2 1 4) and (3 0 0) planes are in good
greement with the standard XRD pattern of �-Fe2O3 derived from
he JCPDS Card No. 33-664 [19]. The average particle size (Dh k l) was
Fig. 5. HR-TEM image of the �-Fe2O3 nanoparticles synthesized by ferric nitrate (a)
and ferric chloride (b) as the precursor.

calculated by using the following Debye–Scherrer equation [20]:

D = 0.9�

ˇ cos �
(1)

where � is the wavelength of the target Cu-K� 1.54060 Å, ˇ is
the full width at half maximum (FWHM) corresponding to the
most intense diffracted peak corresponding to (3 1 1) plane. The
size of the �-Fe2O3 nanoparticles synthesized using Fe(NO3)3·9H2O
and FeCl3·6H2O as the precursors were found to be ∼60 and
∼50 nm, respectively The calculated lattice constants are shown in
Table 1.

3.2. Raman study of the ˛-Fe2O3 nanoparticles

Hematite belongs to the D6
3d

crystal space group. Thus, seven
two A1g symmetry species, 221 and 498 cm−1 and five Eg sym-
metry species, 244, ∼290, ∼298, ∼401 and 605 cm−1. The room
temperature Raman spectra of synthesized �-Fe2O3 nanoparticles
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Table 2
Magnetic properties such as Ms, Mr and Hc of the �-Fe2O3 nanoparticles synthesized
by two different iron precursors.

Precursor Saturation
magnetization (Ms)
(emu/g)

Remanent
magnetization (Mr)
(emu/g)

Coercivity
(Hc) (Oe)

correspond to the (2 1 0) plane.
ig. 6. Size distribution histograms and Gaussian fits for �-Fe2O3 nanoparticles
ynthesized by ferric nitrate (a) and ferric chloride (b) as the precursor.

ecorded in the range, 200–1200 cm−1 are shown in Fig. 2. The
aman bands appeared in the spectral range, 290–298 cm−1 are
sually reported as a doublet of E1g symmetry and cannot be easily
esolved. No unambiguous signal from other iron oxide phases was
bserved in the Raman spectra. In the present study some differ-
nces in the position of Raman vibrational modes were observed in
omparison to the earlier study on �-Fe2O3 nanowires [22]. This
ould be explained in terms of particle and rod type nature of
lectron confinement in the synthesized �-Fe2O3 nanostructure,
hich essentially affect the phonon modes and thus the Raman

hift.

.3. SEM/HR-TEM/SAED analysis of the ˛-Fe2O3 nanoparticles

The crystallinity, particle size and structural morphology of
he synthesized �-Fe2O3 nanoparticles were further character-
zed with SEM, TEM, HR-TEM and SAED as shown in Figs. 3–5.
EM micrograph of the �-Fe2O3 nanoparticles shows that parti-
les are uniformly distributed. The TEM images of the nanoparticles

eveal that the particles have both, hexagonal and spherical mor-
hologies along with the monodisperse in nature. The size of
-Fe2O3 nanoparticles synthesized by taking both, Fe(NO3)3·9H2O
nd FeCl3·6H2O as the precursors were observed to be in the range
f 30–120 nm. The selected area electron diffraction (SAED) pat-
Fe(NO3)3·9H2O 0.573 0.100 589.0
FeCl3·6H2O 0.340 0.016 303.0

tern (see inset of Fig. 4(a) and (b)) taken from the whole area
of the nanoparticles turned out to be a series of diffraction rings
with bright spots, which may be attributed to the polycrystalline
nature of the synthesized nanoparticles [23]. Every diffraction
ring could be well indexed to the corresponding crystal planes of
hematite, which essentially confirms that the synthesized nanopar-
ticles are �-Fe2O3 [24,25]. Further, to confirm the growth direction
a nanoparticle was selected for HR-TEM study. Fig. 5(a) and (b)
shows the clearly resolved lattice spacing of 3.62 and 3.65 Å, which
Fig. 7. (i) Hysteresis loop of �-Fe2O3 nanoparticles synthesized by ferric nitrate (a)
and ferric chloride as the precursors (b) at the applied field of 17.5 kOe and the figure
in the right corner is the structure of hematite (�-Fe2O3) in the hexagonal setting
with vectors indicating spin directions (ii) hysteresis loop of �-Fe2O3 nanoparticles
at the applied filed of 12 kOe.
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.4. Particle size distribution

The distribution of the particles size obtained through the TEM
icrograph is shown in Fig. 6(a) and (b). In order to analyze the size

istribution quantitatively, the particle size distribution was fitted
s Gaussian function [26]:

(D) = A√
2��D

exp

{
− (D − Dm)2

2�2
D

}

here �D is the standard deviation of the diameter and Dm is the
ean diameter. A mean diameter Dm, for �-Fe2O3 nanoparticles

ynthesized by Fe(NO3)3·9H2O and FeCl3·6H2O were found ∼87
nd ∼60 nm, respectively.

.5. Magnetic properties of ˛-Fe2O3 nanoparticles

Magnetic hysteresis measurements for synthesized samples
ere carried out using vibrating sample magnetometer (VSM) at

oom temperature and the related magnetic parameters are listed
n Table 2. Fig. 7(i) shows the M–H curves of the �-Fe2O3 nanoparti-
les at 300 K. It can be seen that the magnetization increases almost
inearly under an applied magnetic field up to 5000 Oe. The sat-
ration in the magnetization could not be observed even under
he high magnetic field of 17,500 Oe. This observation is similar
o the earlier study [27]. The linear increase in the magnetization
epresents the contribution of the �-Fe2O3 antiferromagnetic core
27–28]. When the spin is oriented in anti-parallel directions along c
xis, as shown in figure [corner of the Fig. 7(i)], the material behaves
ike a uni-axial antiferromagnet. Fig. 7(ii) shows the hysteresis loop
etween 0 and 5000 Oe. Hysteretic behavior is the result of surface
pin disorder [28].

The observed Ms, Mr and Hc of the �-Fe2O3 nanoparticles syn-
hesized by Fe(NO3)3·9H2O is larger than that of synthesized by
eCl3·6H2O as the precursor. It indicates that the magnetization of
erromagnetic materials is sensitive to microstructural character-
stics such as size and shape of the crystal structure [29–32].

. Conclusions

In this report, we have successfully synthesized monodisperse
-Fe2O3 nanoparticles by hydrothermal method without using any

emplate or organic surfactant during the synthesis process. This
rocedure has advantages in producing large-scale nanomaterials
or their industrial application. The effects of two different iron pre-

ursors on the physical properties of �-Fe2O3 nanoparticles have
een also investigated. The structural morphology and size of the
ynthesized nanoparticles were determined using XRD and HR-
EM techniques. The synthesized �-Fe2O3 nanoparticles exhibit a
eak ferromagnetic behavior at room temperature.
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