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Hematite (a-Fe2O3) nanoparticles were synthesized via a simple chemical precipitation method. The
impact of varying the concentration of precursor on the crystalline phase, size and morphology of a-
Fe2O3 products was explored. The characteristic of the synthesized hematite nanoparticles were evalu-
ated by X-ray diffraction (XRD), Transmission Electron Microscopy (TEM), Scanning Electron
Microscopy (SEM), Fourier Transform Infra-Red (FT-IR) spectroscopy, Raman spectroscopy, Differential
Thermal Analysis (DTA), Thermo Gravimetric Analysis (TGA), Ultraviolet–Visible (UV–Vis) analysis and
Photoluminescence (PL). XRD data revealed a rhombohedral (hexagonal) structure with the space group
R-3c in all samples. Uniform spherical like morphology was confirmed by TEM and SEM. The result
revealed that the particle sizes were varied between 21 and 82 nm and that the increase in precursor con-
centration (FeCl3, 6H2O) is accompanied by an increase in the particle size of 21 nm for pure a-Fe2O3 syn-
thesized with [Fe3+] = 0.05 M at 82 nm for pure a-Fe2O3 synthesized with [Fe3+] = 0.4 M. FT-IR confirms
the phase purity of the nanoparticles synthesized. The Raman spectroscopy was used not only to prove
that we have synthesized pure hematite but also to identify their phonon modes. The thermal behavior of
compound was studied by using TGA/DTA results: The TGA showed three mass losses, whereas DTA
resulted in three endothermic peaks. Besides, the optical investigation revealed that samples have an
optical gap of about 2.1 eV and that this value varies as a function of the precursor concentration.

� 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

The synthesis of hematite particles (a-Fe2O3) of different sizes
and shapes was thoroughly examined because their new chemical
and physical properties compared to bulk materials, and their
potential applications in inorganic pigments [1], catalysts [2], gas
and humidity sensors [3,4], photoanode for photo-
electrochemical cells [5], photoelectrolysis reactors [6], water
treatment [7], and lithium ion batteries [8]. Different techniques
have been developed to synthesis hematite particles, such as
polyol method [9], sol–gel method [10–12], spray pyrolysis [13–
15], hydrothermal technique [16], chemical vapor deposition
[17], pulsed laser deposition [18], co-precipitation [19,20] and high
vacuum evaporation [19]. In these synthesis methods, size and
shape of the compounds change depending on the synthesis
parameters, such as the reactant concentration, time and temper-
ature reaction, pH solution, ionic strength, the anions, the surfac-
tant, and the nature of iron salts [21–26]. Moreover, multiple
reaction steps are required to obtain the final products. Chemical
precipitation method is particularly attractive thanks to its low
cost, high purity, short preparation time, high homogeneity, well-
crystallized product and relatively low reaction temperature. Liu
et al. [27,29] successfully obtained nearly spherical nanoparticles
of a-Fe2O3 with a diameter of 60–80 nm.

However, in this work we have attempted to explore the effects
of changes in the concentration of precursor used in the synthesis
of hematite nanoparticles at the level of size, morphology and opti-
cal band gap. We have used precipitation method which stands for
a simple procedure to synthesize a-Fe2O3 nanoparticles. The
nanoparticles are well characterized for their structural, morpho-
logical and optical properties by various characterization tech-
niques such as the X-ray diffraction (XRD), Transmission Electron
Microscopy (TEM), Scanning Electron Microscopy (SEM), Fourier
Transform Infra-Red (FT-IR) spectroscopy, Raman spectroscopy,
Thermo Gravimetric Analysis (TGA), Differential Thermal Analysis
(DTA), Ultraviolet–Visible (UV–Vis) analysis and Photolumines-
cence (PL).
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Experiments

Materials

All reagents used in the investigation were analytical grade and
used without further purification. Iron(III) chloride hexahydrate
(FeCl3, 6H2O) (Sigma-Aldrich) was the iron precursor, while ammo-
nia hydroxide (NH4OH) was the precipitating agent, and ethanol
(C2H6O) (Sigma-Aldrich) was used for washing. All solutions were
prepared with deoxygenated distilled water.

Synthesis of hematite nanoparticles

Pure hematite nanoparticles were synthesized with the chemi-
cal precipitation method .In this procedure, aqueous solution was
prepared by dissolving an amount of iron(III) chloride hexahydrate
(FeCl3, 6H2O) in 100 mL of deoxygenated distilled water under
magnetic stirring for 30 min at 80 �C to obtain a 0.05 M concentra-
tion solution (the same principle to obtain solutions of different
concentrations (0.1, 0.2 and 0.4 M)). 50 mL aqueous solution of
2 M of NH4OH was used as the precipitating agent. Base solution
(NH4OH) was added gradually drop wise to maintain a pH value
of 11. The reaction vessel was heated up to the temperature of
80 �C under magnetic stirring for 3 h. The resulting precipitations
were collected and centrifuged at 6000 rpm and then washed with
distilled water and ethanol for several times and finally dried in air
at 80 �C and calcined at 700 �C for 4 h (Fig. 1).

Characterization

XRD characterizations
The X-ray diffraction patterns of the samples were identified

using German Bruker D2 PHASER X-ray diffractometer with CuKa
FeCl3, 6H2O + deoxygenated 
distilled water

Stirred for 30 min at 80°C

Stirred for 3h at 80°C

NH4OH addition 
Drop by drop 

Dried and calcined at 700°C 

Washed and 
centrifuged 

-Fe2O3

Ph = 11 

Fig. 1. Flowchart for the synthesis of hematite (a-Fe2O3) nanoparticles by precip-
itation method.
radiation (1.5418 Å) as a source. The intensity data were collected
over the range of 20–80� using a step scan mode (0.001�/s).

TEM and SEM measurements
The TEM micrographs were obtained on a JEOL 2011 transmis-

sion electron microscope with an accelerating voltage of 200 kV.
Micro structural characteristics such as morphology and particle
size of samples were analyzed through scanning electron micro-
scope (SEM) with KYKY-EM3200, 25 kV type.

Spectroscopy measurements
Fourier Transform Infra-Red (FT-IR) spectra of samples were

explored by a NICOLET IR200 FT-IR spectrometer with transmis-
sion from 4000 to 400 cm�1. The Raman spectra were collected
using a Renshaw in Via Raman microscope with a 50� objective
coupled to a 632.8 nm He-Ne laser excitation source (Renshaw
RL633). The Ultraviolet–Visible (UV–Vis) absorption of the samples
was recorded on SHIMADZU (UV-3101 PC) UV–Vis Spectropho-
tometer. Solid photoluminescence (PL) spectra were taken using
a time-resolved Edinburgh Instrument FLSP920 spectrofluorimeter
with a Red-PMT detector and a Xenon bulb as an excitation source.

Thermal analysis
The thermal behavior was evaluated by Thermo Gravimetric

(TGA) and Differential Thermal Analysis (DTA) in the air using
TGA Q500 TA instrument.

Results and discussion

X-ray diffraction analysis

Fig. 2 shows the X-ray patterns of the samples prepared at 80 �C
for 3 h at different concentrations of iron(III) chloride hexahydrate
(0.05, 0.1, 0.2 and 0.4 M). All the patterns exhibit the characteristic
XRD pattern of hematite (ICDD card no. 33-0664) [29,30]. All the
observed peaks can be indexed in agreement with the expected
rhombohedral (hexagonal) structure of a-Fe2O3 (space group: R-3c),
with lattice constants of a = 0.5034 nm and c = 1.375 nm [31].
The peaks appearing at 2h range of 24.16�, 33.12�, 35.63�, 40.64�,
Fig. 2. XRD patterns of iron oxide (a-Fe2O3) obtained with chemical precipitation
method using different concentrations of precursor.



Table 1
Particle size of different synthesized samples.

Samples Particle size (nm)

a-Fe2O3 synthesized with [Fe3+] = 0.05 M 21
a-Fe2O3 synthesized with [Fe3+] = 0.1 M 39
a-Fe2O3 synthesized with [Fe3+] = 0.2 M 56
a-Fe2O3 synthesized with [Fe3+] = 0.4 M 82
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49.47�, 54.08� and 57.42� can be attributed to the 012, 104, 110,
113, 024, 116 and 018 crystalline structures corresponding to pure
a-Fe2O3 nanoparticles. The narrow sharp peaks indicate that the
hematite products are highly crystalline, implying that the high
purity of synthesized hematite particles is obtained by using this
synthesis method. Moreover, Fig. 2 indicate that when increasing
the precursor concentration (FeCl3, 6H2O), the intensity of the
(1 0 4) diffraction peak decreases gradually and that its half height
width is decreased and subsequently the particle size increases.

Given that line broadening of diffraction peaks is affected by the
crystallite size and internal strains, the approximate crystallite size
‘‘Dc” is evaluated using the following Scherer’s equation [32].

Dc ¼ Kk
b cos h

where k is the so-called shape factor (0.9), k is the wavelength
(0.15418 nm, CuKa), b is the full width at half maximum (FWHM),
and h is the diffraction angle. The (1 0 4) plane was selected to cal-
culate the crystallite size a-Fe2O3.

The average crystallite sizes associated with XRD data ranged
between 21 and 82 nm. It is thus observed that the size of pure
a-Fe2O3 nanoparticles synthesized with FeCl3, 6H2O increases
when the concentration of precursor is increased due to
the enhancement in the density of nucleation centers in the
synthesized samples.
Fig. 3. TEM observation of a-Fe2O3 prepared with different concentrations of FeCl3, 6H
Transmission Electron Microscopy (TEM)

Size and morphology of the nanoparticles are determined by
analyzing the recorded TEM images. The TEM images of a-Fe2O3

nanoparticles obtained from precipitation method and calcined
at 700 �C for 4 h are shown in (Fig. 3). After the heat treatment
at 700 �C for 4 h, the a-Fe2O3 particles were found in the range
of 21–82 nm. It is clear that hematite nanoparticles are mainly pre-
sent as granules with small and big spherical shaped particles and
are well crystallize in nature. The nanoparticles size depends lar-
gely on the concentration of precursor used in the synthesis of
hematite. In fact the former varies as we vary the latter. The sizes
of nanoparticles were listed in Table 1, which proved that the par-
ticle size increased with the raise of the concentration of precursor
(FeCl3, 6H2O) (Fig. 3) because the reactant with the higher concen-
tration enhanced the merge of crystal nucleus and agglomeration
of particles.
2O: (a) [Fe3+] = 0.05 M, (b) [Fe3+] = 0.1 M, (c) [Fe3+] = 0.2 M and (d) [Fe3+] = 0.4 M.
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Scanning Electron Microscopy (SEM)

The surface morphologies of the prepared samples were studied
using Scanning Electron Microscope. The average sizes of the syn-
thesized hematite nanoparticles under the effects of various prepa-
Fig. 4. SEM observation of a-Fe2O3 prepared with different concentrations of FeCl3, 6H

Fig. 5. Spectra FT-IR of pure a-Fe2O3 uncalcined, calcin
ration conditions are shown in (Fig. 4). All the nanoparticles are
spherical in shape. For the effect of the precursor concentration
(Fig. 4), the average particle diameter of hematite increases from
21 nm to 82 nm with increasing precursor concentration from
0.05 M to 0.4 M. The reason is that the (FeCl3, 6H2O) precursor
2O: (a) [Fe3+] = 0.05 M, (b) [Fe3+] = 0.1 M, (c) [Fe3+] = 0.2 M and (d) [Fe3+] = 0.4 M.

ed at 700 �C synthesized by precipitation method.
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aggregation creates the nuclei of hematite and the Fe content in
this aggregation limits the size of the hematite particles [33]. How-
ever, the precursor concentration cannot be further decreased
because a low concentration of precursor (e.g., C = 0.05 M) requires
longer time to reach the saturation.
Fourier Transform Infra-Red (FT-IR) spectroscopy

The formation of nanoparticles was further confirmed by FT-IR
spectroscopy. (Fig. 5) shows FT-IR spectra of hematite uncalcined
and calcined at 700 �C synthesized with [Fe3+] = 0.05 M.
Fig. 6. Raman spectra for hematite synthesized

Fig. 7. Thermal analyses (TGA, DTA) for pure h
For the uncalcined hematite product, the strong absorption
peaks at 556 and 443 cm�1 can be attributed to the Fe–O band
vibrations [34,35]. The very broad absorption band centered at
3331 cm�1 and reaching peak at 1625 cm�1 is assigned to the
stretching and bending vibrations of the hydroxyl groups and/or
water molecules [36], respectively. The findings indicate the pres-
ence of not only a small amount of absorbed water on the surface
of the product but also structural hydroxyl groups on the same sur-
face as the products were prepared in the aqueous solution. In
addition, there is a peak at 1437 cm�1 that is assigned to the defor-
mation of CH3.
with different concentrations of precursor.

ematite synthesized with [Fe3+] = 0.05 M.
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FT-IR spectrum investigations of pure hematite calcined at
700 �C prepared by precipitation method shows the absence of
all bands related to the hydroxyl group OH. Yet, all organic species
were removed after calcination. Then we noticed the appearance of
two bands at 527 and 434 cm�1 that can be attributed to the Fe–O
vibration in the rhombohedral lattice of hematite [37].

Raman spectroscopy

(Fig. 6) portrays the Raman spectra of pure a-Fe2O3 synthesized
with different concentrations of precursor (0.05, 0.1, 0.2 and 0.4)
recorded at room temperature using 632.8 nm excitation wave-
lengths. Pure hematite belongs to the R-3c crystal space group
and seven phonon lines are expected to appear in the Raman spec-
trum, namely two A1g phonon modes and five Eg phonon modes
[38]. The peaks at 227.12 and 494.14 cm�1 are associated with
the A1g phonon mode while the peaks at 245.73, 292.74, 299,
409.9 and 609.4 cm�1 are related to Eg phonon modes. These
results prove that the calcined product is a-Fe2O3. No other iron
oxide, such as magnetite or maghemite, was detected, which indi-
cates the high purity of the product. Similar results have been
reported with a-Fe2O3 nanoparticles [39] Indeed, Xu et al. [40]
used Raman spectrum to explore the nanoparticles of a-Fe2O3 syn-
thesized by oxygenating pure iron and identified A1g (225,
498 cm�1), Eg (252, 293, 411, 612 cm�1).

The Raman spectrum of hematite synthesized with [Fe3+]
= 0.05 M is identical to the Raman spectra of a-Fe2O3 synthesized
with the other precursor concentrations (0.1, 0.2 and 0.4).

Thermal study

The findings associated with formation and decomposition
phase occurring during heat treatment of synthesized samples
are in good agreement with Thermo Gravimetric Analysis and Dif-
ferential Thermal Analysis (TGA and DTA) results. Thermal analy-
ses were carried out from room temperature to 700 �C. TGA of
the prepared compound was performed by heating the samples
Fig. 8. UV–Vis DRS spectra of a-Fe2O3 obtained through the chemical
in air atmosphere at 10 �C/min in alumina crucible. (Fig. 7) depicts
the thermal analyses (TGA, DTA) for pure hematite synthesized
with [Fe3+] = 0.05 M.

As for a-Fe2O3 prepared by precipitation method (Fig. 7), there
are three distinct mass loss steps in the temperature ranges. The
first weight loss step occurred gradually between [44–182 �C].
The mass loss was of 5.56%, and this loss of weight is attributed
to the removal of water existing on the surface of a-Fe2O3. Using
DTA enabled us to find one endothermic peak at 99.82 �C, The sec-
ond step corresponds to a mass loss of 3.04% occurring at [182–
540 �C], which is due to the combustible organic products present
in our prepared sample. Through the use of DTA we recorded one
endothermic peak at 186.28 �C. The third step stands for a minor
weight loss (1.38%) occurring in the range of [540–660 �C], which
is due to the transition phase of synthesized compounds. Finally
using DTA helped us find one endothermic peak at 656.02 �C. After
660 �C, the curve becomes parallel to the temperature axis, which
emphasizes high stability of a-Fe2O3 nanoparticles. There is no
associated signal with the thermal processes of a-Fe2O3 nanoparti-
cles in the TGA curve confirming the crystallization and phase tran-
sition of a-Fe2O3 nanoparticles associated with them.
UV–Visible analysis

The absorption spectra in the UV–Vis range of hematite synthe-
sized with different concentrations of precursor show that all
absorption curves exhibit an intense absorption in the range of
500–700 nm wavelength (Fig. 8). This result is consistent with data
from other studies [40–42]. The optical band gap (Eg) for hematite
nanoparticles can be determined by extrapolation from the absorp-
tion edge which is given by the following equation [43]:

ðahmÞn ¼ A ðhm � EgÞ

where a is the absorption coefficient, A is constant, hm is the energy
of light and n is a constant depending on the nature of the electron
transition [44]. Hematite has a direct band gap (n = 2) [45]. (Fig. 9)
precipitation method with different concentrations of precursor.



Fig. 9. Tauc plot obtained with UV–Vis DRS spectra of a-Fe2O3 resulting from the chemical precipitation method using different concentrations of precursor.
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shows the plot of (ahm)2 versus hm. The energy gap can be obtained
from the intercept of the linear absorption edge part with the
energy axis. When (ahm)2 is zero, the photon energy is Eg. The
decrease in the particle size of hematite synthesized with different
concentrations of precursor is responsible for increasing the optical
band gap of 1.96–2.09 eV where, the relation between them is
inverse relationship.
Fig. 10. Excitation fluorescence profile of he
Photoluminescence

Taking into account the excellent luminescent properties of d6

metal complexes and to explore the potential application as lumi-
nescent materials, solid-state fluorescent properties of the title
compound was studied. The PL spectrum of the sample at room
temperature excited at 250 nm is depicted in (Fig. 10). This
matite synthesized with [Fe3+] = 0.05 M.



Fig. 11. Simple model for the formation and recombination of the exciton in the
title compound.
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material shows one band of luminescence located at 370 nm
(3.35 eV), this luminescence can be observed even with the naked
eye at room temperature and is due to exciton emission [46]. The
luminescence originates from electronic transition within the iron
oxide (a-Fe2O3). In this compound, the lowest exciton state arises
from excitation between the Valence Band (VB), which consists of a
mixture of Fe (3d) and O (2p) states, and the Conduction Band (CB)
which derives primarily from Fe (4s) states. Under excitation of
363 nm irradiation, an electron (�) is excited from the VB to the
CB, leaving a hole (+) in the VB. The exciton (�) and the hole (+)
move freely in the CB and VB, forming an exciton, the recombina-
tion of the electron and hole in the exciton yields a red emission at
370 nm (Fig. 11).
Conclusion

In this study, hematite nanoparticles were prepared by precip-
itation method with different concentrations of precursor (0.05,
0.1, 0.2 and 0.4 M). The effects of changes in the concentration of
precursor used in the synthesis of a-Fe2O3 nanoparticles at the
level of size, morphology and optical band gap were explored.
XRD, TEM, SEM, FT-IR, Raman spectroscopy, DTA, TGA, UV–Vis
and PL techniques were used to characterize the synthesized sam-
ples. The results of the different techniques show that the increase
of the precursor concentration leads to an increase of size of
nanoparticles. In conclusion, the lowest concentration of FeCl3,
6H2O ([Fe3+] = 0.05 M) resulted in the smallest size (21 nm) and
best crystallinity of hematite nanoparticles. Moreover, hematite
synthesized with [Fe3+] = 0.05 M yielded the biggest band gap
(Eg = 2.09 eV). Future work will investigate the photocatalytic
application of a-Fe2O3 compound in effluent water treatment.
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