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Hematite (R-Fe2O3) nanoparticles were prepared by forced hydrolysis of ferric chloride under acidic pH
conditions. Without introduction of any additives, hematite nanoparticles with varying sizes and morphologies
were obtained by controlling the nucleation rate, Fe3+ concentration, and aging time. Synthesized primary
nanocrystals show such morphologies as cubic, spherical, sheetlike, and hexagonal structures and unusual
disklike and tetrahedral aggregates. In addition to previous findings that phase transformation usually occurs
from akaganeite (β-FeOOH) to hematite during forced hydrolysis, direct transformation of amorphous iron
oxides to crystalline hematite at an early stage of hydrolysis were also observed and confirmed by X-ray
diffraction and Raman spectroscopic analysis.
Introduction
Synthetic iron oxides have been widely used in commercial
and industrial applications such as pigments, catalysts,
adsorbents, magnetic materials, and sensors.1,2 Since Matijević and co-workers reported the preparation of hematite
(R-Fe2O3) colloidal particles by forced hydrolysis or hydrothermal reactions in dilute Fe(III) salt solution,3,4 extensive
studies have been carried out in investigating the formation
mechanisms and morphological controls for the synthesis of
R-Fe2O3 nanoparticles. It has been known that the hydrolysis
of Fe3+ and the formation of iron oxide nanocrystals strongly
depend on, among other factors, solution pH, reaction
temperature, aging time, solvents, and the type of Fe(III) salt
and its concentration.5–16 In forced hydrolysis of Fe(III) salts,
morphologies of R-Fe2O3 nanoparticles are strongly influenced by organic/inorganic additives, such as inorganic
salts10,17–22 or organic compounds.23–29 For examples, singlecrystalline R-Fe2O3 nanotubes could be formed in existence
of NH4H2PO4,22 while nanorods of R-Fe2O3 with a high aspect
ratio could be obtained with assistance of cationic surfactant,
cetyltrimethylammonium bromide (CTAB).29 Depending on
the addition of various organic or inorganic additives, the
formation processes of hematite particles are usually thought
to contain a phase transfer process either from akaganeite
(β-FeOOH) to R-Fe2O34,9,11,22,23,30 by using FeCl3, or from
goethite (R-FeOOH) to R-Fe2O3 by using Fe(NO3)3.7 However, detailed formation mechanism of R-Fe2O3 nanocrystals,
especially in early stage of the hydrolysis reaction, is still
not fully understood. In this work, we investigated the effect
of nucleation rate, reactant concentration, and aging time on
the formation and morphological properties of synthesized
hematite by forced hydrolysis under acidic pH conditions.
Without introducing any additives, we report that hematite
nanoparticles with varying sizes and morphologies can be
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synthesized via a direct phase transformation from amorphous
iron oxides to R-Fe2O3.
Experimental Section
Anhydrous ferric chloride (g98%) and hydrochloric acid
(GR) were purchased form EM Sciences and used for the
preparation of the FeCl3 and HCl stock solutions. Hydrolysis
experiments were performed at 100 °C ((1 °C) under two
different nucleation processes: (1) a slow nucleation, in which
stock solutions were mixed with deionized water in a glass bottle
at room temperature, and the reaction mixture was heated to
100 °C by 8 °C/min in a water bath, and (2) a fast nucleation,
in which the stock solution was quickly poured into boiling
deionized water under vigorous stirring, and the reaction mixture
was kept at 100 °C without further mixing.
The size and morphology of synthesized nanoparticles were
evaluated by both transmission and scanning electron microscopic analyses. A Hitachi HF-2000 transmission electron
microscope (TEM) under an acceleration voltage of 200 kV
and a Hitachi S-4700 scanning electron microscope (SEM)
operated at 15 kV were used for direct imaging of synthesized
colloidal nanoparticles. A drop of the colloid suspension was
placed and dried on a lacey carbon film supported by a 200mesh Cu grid for TEM observations. For SEM analysis, a
drop of colloid suspension was placed on a piece of copper
foil and coated with iridium before analysis. The crystalline
structure of synthesized nanoparticles was identified by
Raman spectroscopy using a Renishaw Raman spectrometer
equipped with a Leica microscope and a 785-nm diode laser.
The spectral resolution was ∼2 cm-1. A drop of the colloid
suspension was placed on a quartz slide and allowed to dry
before Raman scattering measurements. The laser power was
set at ∼20 mW at the exit of the microscope objective. The
crystalline structure was also examined by X-ray diffraction
(XRD) analysis with a Scintag XRD 2000 powder diffractometer.
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Figure 1. TEM images of as-synthesized hematite nanocrystals by a slow nucleation process at various aging times of (a) 15 min, (b) 1 h, (c) 4 h,
(d) 8 h, (e) 16 h, and (f) 48 h at 100 °C. The initial reactant concentrations were 1 × 10-2 M FeCl3 and 2 × 10-3 M HCl.

Figure 2. High-resolution TEM images of iron oxide nanocrystals of different morphologies: (a) cubic hematite, d ) 0.251 nm, 110 crystal face,
(b) hexagonal hematite, d ) 0.251 nm, 110 crystal face, and (c) sheetlike maghemite, d ) 0.295 nm, 220 crystal face.

Results and Discussion
Effect of Aging Time on Particle Growth and Transformation. The effect of aging time on the size and morphology
of R-Fe2O3 nanocrystals was first examined under slow
nucleation conditions at initial reactant concentrations of 1
× 10-2 M FeCl3 and 2 × 10-3 M HCl at 100 °C (Figure 1).
Results indicated that primary particles first formed as
aggregates with irregular shapes at an early stage of the
hydrolysis (Figure 1a, aged for 15 min). With an increase of
aging time, irregularly shaped particles transformed into barshaped nanoparticles (aged for 1-2 h), followed by the
appearance of quasi-cubic-shaped nanoparticles (aged for
4 h). At aging time of 8-16 h, a large fraction of these barshaped nanoparticles transformed into cubic shaped particles
(parts d and e of Figure 1d and e), and ultimately all barshaped particles became large cubic R-Fe2O3 nanoparticles
(∼80-90 nm in size) at an aging time of 48 h (Figure 1f).
A close examination of the morphology of these particles
also revealed the presence of a few sheet or hexagonal shaped
nanocrystals. High-resolution TEM images revealed that these

cubic and hexagonally shaped particles have a d spacing of
0.251 nm (Figure 2), corresponding to 111 plane of hematite
structure, as expected, and confirmed by RDX. However, the
sheetlike nanocrystals exhibit a d spacing of 0.295 nm,
corresponding to the 220 plane of the maghemite (γ-Fe2O3)
structure. This is an interesting observation because sheetlike
maghemite impurities were not reported in the synthesis of
hematite by forced hydrolysis. Additionally, alternative bright
and dark fields (or stripes) were observed for hexagonally
shaped hematite nanocrystals (Figure 2b) as well for some
cubic-shaped nanocrystals (Figure 1f and 5c) in TEM images.
This phenomenon was previously attributed to the presence
of multilayer cage structures of hematite nanoparticles by
X. Wang et al.27 However, we believe that the phenomenon
originates from thickness fringes in electron microscopy as
evidenced by the high-resolution TEM image (Figure 3),
showing three bright and dark fields or stripes from a single
hematite nanocrystal.
Hematite belongs to the D63d crystal group. Seven phonon
lines (two A1g modes, 225 and 498 cm-1, and five Eg modes,
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Figure 3. High-resolution TEM image of the edge of a hexagonal
shaped hematite nanocrystal showing thickness fringes as three alternative bright and dark fields or stripes.

Figure 4. Raman spectroscopic analysis of particle structural evolution
from amorphous iron oxide to hematite at different stages of the
hydrolysis under a slow nucleation process.
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Figure 6. Raman spectra of as-synthesized amorphous iron oxide and
hematite nanocrystals by the fast nucleation process at different stages
of the hydrolysis.

247, 293, 299, 412, and 613 cm-1) are expected in its Raman
spectrum.31–33 We monitored the particle structural evolution
using Raman spectroscopy (Figure 4). At an early stage of
the hydrolysis (<0.5 h), no clear vibrational bands could be
identified except weak broad bands at around 566 and 374
cm-1 due to amorphous iron oxides (Figure 4a). With an
increase in aging time (1 h), a band at 332 cm-1 appeared
(Figure 4b) and might be attributed to β-FeOOH structures,
corresponding to the formation of bar-shaped nanoparticles
(Figure 1b). With further increasing aging time in hydrolysis,
spectra show the evolution of R-Fe2O3 with characteristic
bands at 610 (Eg), 497 (A1g), 410 (Eg), and 292 cm-1 (Eg)
(Figure 4c), which also coincide with the appearance of cubic
shaped hematite nanoparticles shown in parts c-f of Figure
1. As expected, band intensities of R-Fe2O3 increased,
whereas that of β-FeOOH decreased with increase of
hydrolysis time (parts c-e of Figure 4). At 48 h, the band at
332 cm-1 completely disappeared, and only pure-phase
R-Fe2O3 was observed (Figure 4f). Therefore, Raman spectroscopic analysis provided direct evidence of structural
transformation of bar-shaped β-FeOOH and the evolution of
cubic dominant R-Fe2O3 nanoparticles during the forced
hydrolysis. These observations are in good agreement with
those reported in the literature.9,11,15,26 We note that maghemite

Figure 5. TEM images of as-synthesized hematite nanocrystals by the fast nucleation process with an aging time of (a) 15 min, (b) 16 h, and (c)
48 h. The initial reactant concentrations were 1 × 10-2 M FeCl3 and 2 × 10-3 M HCl at 100 °C.
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Figure 7. XRD patterns of as-synthesized iron oxide nanoparticles
formed in a slow nucleation process at an aging time of 30 min (a)
and in a fast nucleation process at aging times of 30 min (b) and 48 h
(c). The initial reactant concentrations were 1 × 10-2 M FeCl3 and 2
× 10-3 M HCl.

structures were neither identified in Raman nor XRD because
of its extremely low fraction in R-Fe2O3 as impurities.
Effect of Nucleation Rate on Particle Formation. The rate
of nucleation during forced hydrolysis appeared to have a
significant influence in particle transformation. Previous mechanistic studies indicate that R-Fe2O3 nanocrystals are formed by
the phase transformation from β-FeOOH or R-FeOOH during
forced hydrolysis. 4,7,9,11,22,23,30 Here we report that a direct phase
transformation from amorphous iron oxides to hematite nanocrystals through a rapid nucleation process. Under the same initial
conditions (with respect to reactant concentrations and temperature), the rapid nucleation process first produced small spherical
iron oxide nanoparticles (Figure 5a), instead of irregular or barshaped nanoparticles as observed in the slow nucleation process
(parst a and b of Figure 1). Within the early stage of the
hydrolysis (<2 h), Raman spectroscopic analysis showed no
characteristic scattering bands of either β-FeOOH or R-Fe2O3,
suggesting the formation of amorphous ferric oxides initially
(parts a and b of Figure 6). With increasing aging time, cubic
shaped R-Fe2O3 nanocrystals formed whereas primary spherical
nanoparticles gradually disappeared (parts b and c of Figure
5). Ultimately (48 h), all primary particles transformed to cubicshaped R-Fe2O3 nanoparticles with a size range from ∼80 to
90 nm (Figure 5c), which are essentially the same as those
formed in the slow nucleation process (Figure 1f). Again, no
Raman scattering bands of β-FeOOH were observed, but the
phase transformation coincided with increased intensities of
Raman scattering bands at 612, 497, 411, and 293 cm-1 (parts
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c-f of Figure 6), thereby providing additional evidence of the
structural transformation from amorphous Fe2O3 to hematite
nanocrystals. XRD analyses (Figure 7) also slowed only
amorphous structures at an early stage of hydrolysis by the fast
nucleation process. We can thus reasonably conclude that the
rate of nucleation leads to different mechanisms of phase
transformation and the growth of Fe2O3 particles in the forced
hydrolysis of Fe3+.
Effect of Ferric Ion Concentration on Particle Growth.
The particle morphology evolution by the fast nucleation process
was also studied under varying Fe3+ concentrations while
holding the HCl concentration constant at 2 × 10-3 M at 100
°C. Different sizes and morphologies of hematite nanocrystals
were obtained at an aging time of 16 h (Figure 8). At a low
Fe3+ concentration (1.25 × 10-3 M), only small spherical
R-Fe2O3 particles (∼5-10 nm) were obtained. With an increase
in the Fe3+ concentration (at 2.5, 5, and 7.5 mM), larger particles
in the size range of ∼30-50, ∼40-60, and ∼50-70 nm were
formed over small spherical primary particles. These results
suggest the importance in controlling the initial Fe3+ concentration so that different sized and shaped iron oxide nanocrystals
can be obtained.
Furthermore, primary cubic-shaped R-Fe2O3 particles were
found to self-assemble into disklike aggregates when the reaction
media slowly evaporated to three-fourth of its original volume
in 48 h, and the size of the disks depended on the initial Fe3+
concentration (Figure 9). If the reaction media was evaporated
to half of its original volume in a period of 16 h, primary
particles self-assmbled to form large tetrahedral aggregate
structures (∼1-3 µm in dimension, Figure 10). We note that
some nanoparticles moved to and concentrated at the air/water
interface during solvent evaporation, which may have resulted
from an increased hydrophobicity by losing surface hydroxyl
groups on R-Fe2O3 and thus promoted the formation of these
large particle aggregates. These disklike and tetrahedral particles
aggregate were also found to be stable in suspension and could
not be broken up into primary nanocrystals by sonification. Such
disklike particle aggregates have been observed previously only
in hydrothermal hydrolysis of ferric chelates at high temperatures
(g180 °C)5,8,34 or in the presence of additives such as polyvinyl
alcohol.25 To our knowledge, this is the first report that
tetrahedral and disk-shaped hematite nanoparticles or aggregates
are formed by forced hydrolysis at a relatively low temperature
(100 °C) without introducing any chelates or additives. These
observations again demonstrate the dependence of the particle
size and morphology on nucleation rates and the Fe3+ concentration during forced hydrolysis of Fe3+.
Conclusions
Despite extensive studies of the forced hydrolysis of FeCl3
under acidic pH conditions, this study demonstrates that,
without introducing any organic or inorganic additives, the
size and morphology of synthesized hematite nanoparticles
could be controlled by varying the Fe3+ concentration,
nucleation rate, and aging time. Raman spectroscopic analysis
revealed two different structural evolution routes during the
growth of hematite nanoparticles. At an early stage of the
hydrolysis reaction, a slow nucleation process resulted in the
formation of irregularly shaped amorphous structure and then
bar-shaped β-FeOOH primary particles, while a fast nucleation process produced spherical primary particles with
amorphous structures. With increasing aging time, however,
both bar-shaped and spherical primary particles eventually
all transformed into cubic shaped hematite nanocrystals. In
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Figure 8. TEM images of as-synthesized hematite nanocrystals by the fast nucleation process at a fixed HCl concentration of 2 mM but varying
concentrations of FeCl3 at (a) 1.25, (b) 2.5, (c) 5, and (d) 7.5 mM. Samples were aged for 16 h at 100 °C.

Figure 9. SEM images of disklike hematite particle aggregates formed by the fast nucleation process at 100 °C with an aging time of 48 h. Solvent
was evaporated to about three-fourths of its original volume during the reaction period. The initial reactant concentrations were 2 × 10-3 M (a,b)
and 1 × 10-2 M (c,d) FeCl3 in 2 × 10-3 M HCl solution.

contrast to previous findings that phase transformation usually
occurs from β-FeOOH to hematite, direct transformation of
amorphous iron oxides to crystalline hematite was observed

during the fast nucleation process. For the first time, we found
that primary hematite nanoparticles readily self-assemble into
large aggregates of unusual morphologies such as disklike
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Figure 10. SEM images of tetrahedral-like hematite particle aggregates formed by the fast nucleation process at 100 °C with an aging time of 16 h.
The solvent was evaporated to half of its original volume during the reaction period, and initial reactant concentrations were 1 × 10-2 M FeCl3 and
2 × 10-3 M HCl.

and tetrahedral structures by evaporating solvent during the
thermal hydrolysis reaction.
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