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We report on hydrothermal synthesis, plate-like morphology, microstructure and magnetic properties
of hematite (a-Fe,03) plate-like particles. The sample is obtained immediately after the hydrother-
mal process without using any template and without further heat treatment. The so-obtained sample
is characterized by X-ray powder diffraction (XRPD), energy-dispersive X-ray spectroscopy (EDX),
field-emission scanning electron microscope (FE-SEM), transmission electron microscopy (TEM), high-
resolution TEM (HRTEM), and superconducting quantum interference device (SQUID) magnetometer.
XRPD confirms the formation of a single-phase hematite sample whereas EDX reveals that iron and oxy-
gen are the only components of the sample. SEM, FE-SEM, TEM and HRTEM show that the sample is
composed of plate-like particles. The width of the particles is ~500 nm whereas thickness is ~100 nm
(aspect ratio 5:1). The HRTEM images exhibit well defined lattice fringes of a-Fe,03 particles that con-
firm their high crystallinity. Moreover, the HRTEM analysis indicates the plate-like particles preferring
crystal growth along [0 1 2] direction. Magnetic measurements display significant hysteretic behavior at
room temperature with coercivity Hc = 1140 Oe, remanent magnetization M; =0.125 emu/g and satura-
tion magnetization Ms =2.15 emu/g as well as the Morin transition at Ty ~ 250 K. The magnetic properties
are discussed with respect to morphology and microstructure of the particles. The results and compar-
ison with urchin-like, rods, spherical, hexagonal, star-like, dendrites, platelets, irregular, nanoplatelets,
nanocolumns and nanospheres hematites reveal that the plate-like particles possess good magnetic prop-
erties. One may conjecture that the shape anisotropy plays an important role in the magnetic properties
of the sample.
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1. Introduction Hematite (a-Fe;03) is the most stable iron oxide with a high

resistance to corrosion, low cost, environmentally friendliness

During the last decade iron (III) oxides have been at the focus of a
remarkable research interest due to a wide variety of properties, as
well as possessing a huge potential for applications [1-20]. Among
seven polymorphs of iron (III) oxide, a-Fe; 03 (hematite) in various
forms (such as bare nanoparticles, nanowires, microcubes, rods,
microspheres, nanorods, nanotubes, and nanoparticles embedded
in an inert matrix) has been under extensive investigation in order
to understand the influence of size, shape, anisotropy, microstruc-
ture, inter-particle interaction and surface effects on its physical
properties.
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and non-toxicity. It is used as a pigment, catalyst, sensor, elec-
trode material, biomedical and magnetic material [1,2,21-23].
Hematite crystallizes in the rhombohedral system space group R-
3c¢ (corundum structure) with n-type semiconducting properties
(2.1eV band gap) [1,2]. Despite intensive research, some of its fea-
tures are still not fully known. Some of these unknowns concern
the magnetic properties [24-46]. Hematite’s magnetic properties
may display three critical temperatures: the Néel temperature,
the Morin temperature, and the blocking temperature. In bulk
hematite the Néel temperature is Ty ~ 960K and the Morin tran-
sition takes place at the temperature Ty~ 263K [1]. Below Ty
the spins are antiparallel and the material behaves as a uniax-
ial antiferromagnet (AF). Above Ty, the spins show slight canting
and a small net magnetic moment appears (weak ferromagnetism,
WF) [1]. As the particle size decreases the Morin temperature
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is reduced, and tends to zero for particles smaller than about
8-20nm [1,37,38,44-46]. If the particles become small enough,
the direction of the magnetic moment in a single domain fluc-
tuates due to thermal agitation, leading to superparamagnetic
behavior above the blocking temperature Tg, and to spatial freez-
ing of these moments below Tg [37]. It is well-known that the
magnetic properties of a-Fe, 03 are also very sensitive to the mor-
phology and microstructure of the samples [38-55]. Therefore,
complex magnetic properties of hematite have been widely dis-
cussed and a wide range of magnetic properties has been obtained.
Song et al. reported star-like like arrayed hematite particles and
a weak ferromagnetic behavior with a remanent magnetization
of 0.569 emu/g and coercivity of 156.08 Oe at room temperature
[43]. Bharathi et al. reported three samples a-Fe, 03 with different
morphologies and their magnetic properties at room temperature:
dendrite (Ms=2.534emu/g, M;=0.202emu/g and Hc=157 Oe),
single-layered snowflake (Ms=1.379 emu/g, M; =0.119 emu/g and
Hc=2390e) and double-layered snowflake (Ms=0.834emu/g,
M;=0.236 emu/g and Hc =436 Oe) [47]. On the other hand, Liang
and Wang synthesized micro-snowflake-like morphology with
weak ferromagnetic property at room temperature (Hc =134 Oe,
M;=0.67 emu/g) [42]. A recent paper by Gupta et al. reported
on hematite rods with nonzero coercivity Hc =107 Oe and rema-
nent magnetization M; =0.064 emu/g at room temperature, as well
as dependence of the Morin transition on the applied magnetic
field [48]. Darezereshki prepared hematite nano-particles by direct
thermal-decomposition of maghemite with coercivity Hc =101 Oe
and remanent magnetization M; =0.00654 emu/g at room temper-
ature [30], whereas Tsuzuki et al. prepared hematite nano-platelets
by mechanochemical/thermal processing with Hc=1600e and
M;=0.2emu/g at room temperature [27]. Moreover, the mag-
netic properties are strongly affected by the synthetic conditions
and the search for methods capable of tailoring these parame-
ters is a current research field. In this context, the development
and improvement of the synthesis methods of materials is an
effective strategy for modifying their properties. Various meth-
ods for the synthesis of hematite are reported, such as sol-gel,
combustion, composite-hydroxide-mediated, template, aqueous
solution-based, precipitation, oxalic acid etching process, high
energy ball milling, alcohol-thermal reaction, solvothermal, ther-
mal decomposition, catalytic and hydrothermal [1,2,14-21,37-63].
Among these techniques, hydrothermal is one of the most reliable
and effective synthesis methods. The morphology and crystallinity
in hydrothermal process can be controlled by varying parame-
ters such as pressure, temperature, reaction time, solution pH
value, reactant concentration, solvent, surfactant and precursor
[1,10,16,19,21,26,28,31,39-42,61,62,64-68]. This technique pro-
vides relatively low process temperature and reduces processing
time. Various morphologies of a-Fe;03 such as stalactite-like,
coral-like, cluster-like, cube, porous, snowflake-like, star-like, ring-
like, urchin-like, hexagonal, nanotubes, nanoplatelets, nanorods,
flower-like, nanospheres, nanoaggregates and nanorhombohe-
dra with a wide range of the magnetic properties have been
reported showing huge possibilities of the hydrothermal method
[1,10,16,19,28,31,38,39,42,43,61-71]. However, only a few reports
involve the formation of a-Fe, 03 plate-like structures [59,70-75].

In continuation of our research on a-Fe,05 [35,37,38,46,76],
in this paper we report on hydrothermal synthesis of a-Fe;03
particles and their morphology, microstructure and magnetic
properties. The investigation of the sample showed high phase
purity of a-Fe,;03, well-crystallized sample, plate-like morphol-
ogy with width~500nm and thickness ~ 100 nm, perfect lattice
fringes of the particles, preferring crystal growth along [01 2]
direction, the Morin transition at Ty; ~ 250 K and hysteretic behav-
ior at room temperature with coercivity Hc =1140 Oe, remanent
magnetization M;=0.125emu/g and saturation magnetization

1400

Fe
1200 - 104
1 (o]
~ 1000
=. Fe Fe
© k )
— 800 S
3, | 0 2 4 6 8 10 keV
‘6004 6
c
8 ]
= 400

200

Fig. 1. X-ray diffraction pattern of the sample. The Miller indices (h kI) of the peaks
are also shown. Inset: EDX spectrum of the a-Fe, 03 particles.

Ms =2.15 emu/g. The motivation for this work was an investigation
of hematite plate-like particles that have the potential importance
in fundamental research as well as the technological applications.
Moreover, plate-like particles have a large shape anisotropy and
should therefore exhibit magnetic properties that have not been
thoroughly examined. There are few reports about hematite with
plate-like structures in the literature that investigate magnetic
properties. The results of this work show that hematites with a
plate-like morphology have better properties than some hematites
with various shapes. Therefore, plate-like hematite particles should
be subject of further investigations. Moreover, we have shown that
the hydrothermal process provides an easy route to synthesis of
hematite particles with a plate-like morphology.

2. Experimental

The a-Fe, 05 particles were prepared by the hydrothermal method: an appropri-
ate preparation route was found for production of single-phase hematite plate-like
structures. The starting point for the formation of the sample is a solution
of deionised water and ethanol in ratio 1:1 (11). Next 0.2mol of iron nitrate
(Fe(NOs3)3-9H,0, Aldrich 98%), 3 g of oleic acid and 0.5 mol of NaOH were added
in the water/ethanol solution. The solution was mixed by stirring and then put in a
21 Parr stainless steel hydrothermal reactor. The hydrothermal reactor was heated
up to 200°C and was held at that temperature for 1 h. Thereafter, it was quenched
down to room temperature. Constant stirring of 800 rpm was applied during the
hydrothermal process. Red powder was collected by centrifugation, washed four
times in deionised water and ethanol, and dried at 80°C for 4 h.

The X-ray powder diffractometer (Phillips PW-1710) employing CuKoa
(A=1.5406 A, 20=10-80°) radiation was used to characterize the crystal structure
of the sample. The size and morphology of the iron oxide particles were observed
with a FE-SEM (field-emission scanning electron microscope, Zeiss Supra 35VP). The
size, morphology and microstructure were observed by TEM (transmission electron
microscopy, JEOL 2010 F) operating at 200 kV. Elemental components were deter-
mined using energy-dispersive X-ray spectroscopy (EDX, Oxford Instruments, INCA
PentaFETx3) provided in the SEM. Magnetic measurements were performed on a
commercial Quantum Design MPMS-XL-5 SQUID-based magnetometer in a wide
range of temperatures (5-300K) and applied DC fields (up to 5T).

3. Results and discussion

The structure and phase composition of the sample were deter-
mined by X-ray powder diffraction (XRPD) measurements (step
0.02°, exposition 15 s/step). The recorded and indexed diffraction
pattern is depicted in Fig. 1 where sharp peaks can be observed,
as expected for a highly crystalline sample. The positions of all
the maxima coincide with the peaks characteristic of the hematite
phase (JCPDS card 33-0664). No diffraction line corresponding to
other phases has been observed, indicating a high purity of the
sample. Inset of Fig. 1 shows the EDX spectrum of the sample where
iron and oxygen are the main components. The atomic ratio of Fe
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Fig. 2. FE-SEM images of the plate-like a-Fe, 03 particles.

and O is ~39:61 that is close to the stoichiometric composition of
a-Fe;03. The C, Au, Zn and Cu peaks in the EDX spectrum originate
from the holder and paste which were used for the preparation
of the sample for EDX observation. No other impurities have been
identified.

The size, morphology and microstructure of the sample were
characterized using FE-SEM, TEM and HRTEM techniques. The FE-
SEM images of a-Fe,03 particles are shown in Fig. 2(a)-(d). The
figures clearly show that the sample is composed of plate-like par-
ticles. The width of the particles is ~500 nm whereas thickness
is ~100 nm (Fig. 2). The aspect ratio is about 5:1. The corners of
these hematite plate-like particles are rounded, with various cur-
vatures. The surfaces of the particles are smooth. Moreover, TEM
and HRTEM investigations give a deeper insight into the mor-

phology and microstructure of the a-Fe, 03 particles. As shown in
Fig. 3, a plate-like morphology of the individual o-Fe,03 could be
observed in TEM images. The TEM images clearly show particles
in two perspectives: perpendicular and oblique perspective. The
inset of Fig. 3(a) is selected area electron diffraction (SAED) pattern
of the plate-like particles. The SAED of the particles shows a reg-
ular spot pattern, which confirms the single-crystalline nature of
the plate-like particles. Fig. 4 shows HRTEM images of the plate-
like particles. A HRTEM images (Fig. 4(a) and (b)) show perfect
lattice fringes of selected regions of perpendicular perspective, that
demonstrate good crystallization of particles. In addition, HRTEM
images of oblique perspective are shown in Fig. 4(c) and (d) also
showing good crystallinity. The observed lattice planes with a spac-
ing of 0.37 (perpendicular perspective, shown in Fig. 4(b)) and

Fig. 3. (a)-(d) Transmission electron micrographs of the plate-like a-Fe,03 particles: perpendicular and oblique perspectives. Inset shows selected electron diffraction

pattern of the sample.
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Fig. 4. (a)-(d) HRTEM images of the plate-like a-Fe, O3 particles. (a) and (b) are selected regions of the perpendicular perspective whereas (c) and (d) are selected regions of

the oblique perspective.

0.22nm (oblique perspective, shown in Fig. 4(d)) are consistent
with the (012)and (11 3) planes of the hematite, respectively. The
HRTEM analysis indicates the plate-like particles preferring crystal
growth along [0 1 2] direction.

Magnetic properties of the sample were investigated by a SQUID
magnetometer. The temperature dependence of the magnetization
M(T) was measured in magnetic field H=1000Oe in zero-field-
cooling (ZFC) and field-cooling (FC) modes as shown in Fig. 5. The
M(T) (Fig. 5) of the a-Fe, 03 particles clearly shows their tempera-
ture dependence and a separation between the ZFC and FC curves.
Such a divergence between the magnetization in a ZFC process and
a FC process does not exist in bulk hematite and is characteristic of
small particles [44,48,50]. A sharp increase of the magnetization at
Tm ~ 250K is clearly observed in both curves (ZFC and FC), which
temperature may be assigned as the Morin temperature. The inset
of Fig. 5 is the corresponding differential of the ZFC curve and the
Tw is found to be 248.2 K. This, somewhat lower, value Ty, ~ 250 K of
the Morin transition temperature, obtained with the present sam-
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Fig. 5. Temperature dependence of the zero-field-cooled (ZFC, solid squares) and
field-cooled (FC, solid circles) magnetization measured in a field of 1000 Oe. Inset is
ZFC corresponding differential curve.
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Fig. 6. The hysteresis loops of the a-Fe,03 particles at room temperature (a) and
5K (b). Insets show low field magnetization behavior.
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Table 1

Comparative review of magnetic parameters at room temperature of several distinct hematite systems.
Morphology Mean particle size Ms (emu/g) M; (emu/g) Hc (Oe) Ref.
Urchin-like (nanorods) d~80nm, [~800nm ~045at1T 46783 x 103 92.235 [65]
Rods [~50 um - 0.064 107 [48]
Spherical d~100nm 11.05 1.798 155.76 [49]
Star-like Length ~ 350 nm, width ~ 110 nm, thickness ~ 35 nm - 0.569 156.08 [43]
Dendrites Length~5pum 1.05at1.5T - 163 [83]
Hexagonal d~100nm 0494 at1T 0.077 185.28 [64]
Irregular d~200nm 2at3T - 286 [82]
Hexagonal platelets Edge length ~ 3 wm, thickness ~0.3 um - 0.11521 430.57 [81]
Nanoplatelets, Nanocolumns d ~ 120 nm, heights ~ 50 nmd ~ 80 nm, heights ~ 130 nm 7.36at1T,10.32at1T 1.72,2.15 485, 550 [41]
Nanospheres d~70nm - - 838.65 [80]
Plate-like d~500nm, t~ 100 nm 1.232at5T,2.15at 0T 0.125 1140 This work

ple (Fig. 5) than the value obtained for bulk hematite Ty ~ 263 K can
be explained as a consequence of its submicron form [44,48,50,79].
Below Ty the magnetizations (ZFC and FC) are almost constant
down to 5 K. Fig. 6 shows the magnetic field dependence inthe —5T
to 5T range of the isothermal magnetization at room temperature
(a) and 5K (b). The existence of a hysteresis loop at room temper-
ature, as well as the absence of magnetization saturation should
be noticed (Fig. 6(a)). The M(H) curve at higher field shows almost
linear dependence of magnetization on the applied magnetic field.
The coercivity, remanent magnetization and saturation magnetiza-
tion values are Hc = 1140 Oe, M, =0.125 emu/g and Ms =2.15 emu/g,
respectively. The value of Ms was determined by extrapolating 1/H
to zero-field in the M vs. 1/H plot based on the high field data. Hys-
teretic behavior shows a weak ferromagnetic state (WF region) of
the sample at room temperature (Fig. 6(a)). In Fig. 6(b), the M(H)
data of the sample at 5K are shown, exhibiting behavior of a anti-
ferromagnetic material. However, a small hysteresis loop (inset of
Fig. 6(b)) with the remanent magnetization M; =0.0027 emu/g and
coercivity Hc = 150 Oe is observed in the sample at 5 K. These values
are much smaller than the corresponding values at room temper-
ature. The existence of the hysteresis loop below Ty, (AF region)
shows that uncompensated spins exist at the surface of particles.
The influence of the shape and microstructure of the particles on
the coercivity is well known and an increase of the coercivity with
increasing aspect ratio has been reported [26-34,39-43,47,55,78].
For example, in nanosized Fe, increases of aspect ratio by a factor
5 (from one to five) increases coercivity ten times [78]. Moreover,
Mitra et al. reported the coercivity dependence on the shape of
the hematite nanocrystals, Hc ~3300e (nanocube)<H¢ ~ 390 Oe
(nanospindle) < Hc ~ 1250 Oe (nanorhombohedra) [53]. In general,
the coercivity increases with the increase of aspect ratio, i.e. with
an increase of shape anisotropy. Spherically shaped crystals do not
have any net shape anisotropy (aspectratio ~ 1).In addition, Table 1
provides a comparative review of values of Hc, M; and Mg for differ-
ent a-Fe; 03 forms. The dependence of the magnetic properties on
the morphology is noticeable and the shape anisotropy may play
important role in the magnetic properties of samples in Table 1. It is
interesting that the «-Fe, O3 plate-like particles reveal higher coer-
civity in comparison with the hematite urchin-like, rods, spherical,
hexagonal, star-like, dendrites, platelets, irregular, nanoplatelets,
nanocolumns and nanospheres (Table 1), i.e. an improvement in
coercivity can be seen in the plate-like particles. On the basis of the
above comparisons, it can be concluded that the plate-like parti-
cles possess good magnetic properties. Moreover, on the basis of
the above listed results and the discussion it also can be concluded
that the system under consideration (aspect ratio 5:1) shows the
effects of the shape anisotropy on the magnetic properties which
can increase the coercivity. Good magnetic properties and high
coercivity at room temperature are also obtained in maghemite
plate-like particles [77]. It is well known that, in particles with
aspect ratio higher than one, the magnetic spins are preferentially

aligned along the long axes and their reversal to the opposite direc-
tionrequires higher energies in comparison with spherical particles
[44]. The plate-like morphology may improve the magnetic prop-
erty of hematite.

4. Conclusions

In summary, plate-like hematite particles were prepared by
one-step template-free hydrothermal route using iron nitrate,
oleic acid, ethanol and deionised water as starting materials.
This method has the advantage of being simple, and allowing
an easy production of highly crystalline hematite particles. The
XRPD, EDX, FE-SEM, TEM and HRTEM measurements reveal pure
phase of the a-Fe;03 and the submicron plate-like morphol-
ogy of the sample. The micrographs show a width of ~500 nm
and a thickness of ~100nm (aspect ratio 5:1) of the plate-like
particles. The HRTEM shows perfect lattice fringes and prefer-
ential crystal growth along the [012] direction. The values of
the coercivity, remanent magnetization and saturation magnetiza-
tion at room temperature are Hc =11400e, M;=0.125 emu/g and
Ms =2.15 emu/g, respectively. Moreover, the Morin temperature is
observed at Ty ~ 250K that is lower than in bulk hematite showing
sized effect. The obtained coercivity in the sample is higher than
that of the hematite urchin-like, rods, spherical, hexagonal, star-
like, dendrites platelets, irregular, nanoplatelets, nanocolumns and
nanospheres (Table 1). We conjecture that the higher coercivity
in the sample may be associated with the unique morphology of
a-Fe, 03 particles because shape anisotropy can exert a high influ-
ence on their magnetic properties. Experimental investigation of
the sample and comparison with various a-Fe; 03 forms indicate
that the plate-like particles may improve magnetic properties of
materials. In addition, it is still unclear how the microstructure,
morphology, and magnetic properties are correlated in this mate-
rial and demands further investigations.
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