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The syntheses of amorphous Fe2O3 nanoparticles of varying size and morphology, their magnetic properties,
crystallization mechanism, and applications are reviewed herein. The synthetic routes are classified according
to the nature of the sample (powders, nanocomposites, films, coated particles). The contributions of various
experimental techniques to the characterization of an amorphous Fe2O3 phase are considered in this review,
including some key experimental markers, allowing its distinction from nanocrystalline “X-ray amorphous”
polymorphs (maghemite, hematite). We discuss the thermally induced crystallization mechanisms depending
on transformation temperature, atmosphere, and the size of the amorphous particles that predetermine the
structure of the primarily formed crystalline polymorph. The controversial description of the magnetic behavior,
including an interpretation of the low-temperature and in-field Mo¨ssbauer spectra, is analyzed.

1. Amorphous Fe2O3 as An Advanced Nanomaterial

In recent years, the iron and iron oxide-based materials,
particularly in the form of nanoparticles, have been found to
possess unique magnetic, catalytic, optical, sorption, and other
properties, enabling their functionalization in many advanced
nanotechnological applications. Thus monodispersed iron nano-
particles, fully encapsulated by fullerene-like shells, can serve
as a carrier for radioisotopes such as99mTc.1 The incorporation
of radioisotopes enables testing and describing the nanometer-
scale delivery vehicles for medical diagnostic and therapeutic
purposes. The excellent catalytic behavior of iron nanoparticles
was utilized for the preparation of pure, aligned, isolated, and
dense carbon nanotubes of small diameters and uniform
thickness.2-4 Such carbon nanotubes show unique mechanical,
electrical, thermal, magnetic, and capillary properties. These
have found application in the field of one-dimensional conduc-
tors for the design of nanoelectronic devices, reinforcing fibers
in superstrong carbon composite materials, and field emission
sources. Magnetic iron oxide nanoparticles (Fe3O4, γ-Fe2O3)
can be widely used as magnetic pigments in recording and
information-storage media,5 catalysis,6 magnetic fluids,7 magneto-
optical devices,8 and studies of macroscopic quantum tunneling.9

It is worthwhile mentioning that nanocrystalline iron oxides have
been found to be effective as image-intensifying agents for
nuclear magnetic resonance imaging,10 magneto-caloric refrig-
eration,11 medical diagnosis,12 controlled drug delivery,13 and
magnetic-induced cancer therapy.14

However, there are advanced applications where the amor-
phous nature of an iron oxide phase and a maximum surface
area are required, rather than a crystal structure with well-defined
properties. Generally, amorphous metal oxides show great
industrial potential in solar energy transformation,15 electron-
ics,16 electrochemistry,17 manufacture of magnetic storage
media,18 sorption and purification processes and catalysis.19,20

In these applications, amorphous iron(III) oxide plays a key role,
especially because of its superior catalytic activity, superpara-
magnetic behavior, and the large specific surface area of the
nanoparticles.

In catalysts, amorphous Fe2O3 nanoparticles are more active
than the nanocrystalline polymorphs or particles of metallic iron
of the same diameter thanks to the “dangling bonds” and a
higher surface-bulk ratio in the amorphous phase.20 For
example, an amorphous Fe2O3 catalyst from sonochemical
synthesis was more effective than the nanostructured iron and
various crystalline polymorphs for the oxidation of cyclohexane,
with a significantly higher selectivity for the target products of
cyclohexanol and cyclohexanone.19,20This catalytic activity was
ascribed to the mesoporous character of the synthesized
amorphous Fe2O3 sample (see Figure 1). When in the form of
a thin layer prepared by the chemical vapor deposition method,
amorphous iron(III) oxide can be applied as a photoelectrode
and a photocatalyst for splitting water into H2 and O2.21

Amorphous Fe2O3 produced by ultrasound radiation was found
to be a suitable precursor for the multistep preparation of a
magnetic fluid composed of superparamagnetic nanoparticles,
which are dispersed in a colloidal solution with hexadecane and
stabilized by oleic acid.22 Among other advanced applications,
the nanocomposites of amorphous ferric oxide with SiO2 are
good candidates for use in the field of magneto-optical sensors
and magnetic devices due to their attractive properties, including
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soft magnetic behavior, low density, and electric resistivity.23

In electrochemical applications, amorphous iron(III) oxide used
in a lithium intercalation cathode improves its properties,
including high electrochemical performance and slow capacity
fading.24 The excellent sorption properties of amorphous Fe2O3

thin films doped by Au were employed for the development of

humidity sensors with high sensitivity, linearity, and good
stability.25 The linear dependence of the resistance (R) on the
relative humidity (RH) is the key sensor parameter, which is
determined by the pore-size distribution and specific surface
area of the film. Figure 2A demonstrates the variations of the
resistance as a function of RH for three iron oxide-based sensors,
including (a) ferrihydrite, (b) amorphous Fe2O3, and (c) hematite.
Clearly, amorphous iron(III) oxide prepared from the ferrihydrite
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Figure 1. Pore-size distribution for an amorphous Fe2O3 mesostructure
prepared by a sonochemical method (Srivastava et al.20).
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precursor by heating at 200°C yields a linear dependence in
the whole range of the RH, while the nanocrystalline hematite
(R-Fe2O3), prepared by heating at 400°C (see the X-ray
diffraction (XRD) patterns in Figure 2B), shows a considerable
decrease in the sensitivity at a relative humidity below 30%.
This is explained by a decrease in the surface area and by a
lowering of the number of active centers for water chemisorp-
tion, resulting in a loss of the sensitivity at low RH. The response
of the film formed by ferrihydrite (5Fe2O3‚9H2O) is also not
linear, showing, however, a saturation effect at high RH> 70%.
This occurs when water molecules condense within the pores
of the sensor, forming a continuous liquid film. Moreover, such
a ferrihydrite sensor reveals a large baseline drift with time,
which is attributed to the progressive hydroxylation of the
sensing surface layer. This baseline drift is significantly smaller
in anhydrous amorphous Fe2O3 and can also be reduced by Au
doping, which helps to stabilize the amorphous iron oxide phase.

As another advanced application, the modification of the Si
surface by amorphous iron(III) oxide is an essential step in the
synthesis of magnetic nanocomposites, thus exhibiting several
unique properties.26 The incorporation of sonochemically pre-
pared amorphous iron(III) oxide onto a high-quality Si wafer,
followed by annealing the composite, leads to multiple func-
tionality (magnetic, metallic, semiconducting, insulating, and
optical) of the material. Upon annealing, Fe(III) is reduced by
the silicon to elemental Fe(0) and SiO. The formed SiO is
volatile and desorbs immediately. Thus, it is possible to use
superparamagnetic amorphous Fe2O3 for the preparation of soft,
ferromagnetic Fe(0) nanoparticles, uniformly distributed on the
flat Si surface (see Figure 3A). This type of material might have
a tremendous impact in the area of magnetic semiconductors
or spintronics and memory devices. Due to the secondary
formation of aâ-FeSi2 semiconductor, this composite material
exhibits multiple infrared emissions at 1.57, 1.61, and 1.65µm,
which are crucial wavelengths for optical fiber communications
(see Figure 3B).

At this point, it is worthwhile stressing that both the above-
mentioned and future potential applications of amorphous Fe2O3

nanoparticles are strongly related to their intrinsic properties
(i.e., size, morphology, surface area, stoichiometry, etc.) and
to the nature of the sample. Thus, the characteristics and
applicability of amorphous iron(III) oxides differ for pure
nanopowders,27-36 nanocomposites with SiO2,37-45 layers and
thin films,46-50 or organically modified coated particles,51,52

depending on the synthetic route.

This short review follows the previous two reviews on the
syntheses and structural and magnetic properties of crystalline
R-, â-, γ-, andε-Fe2O3 polymorphs,53 including their charac-
terization by Mössbauer spectroscopy.53,54 The present work
reports on the synthetic routes leading to various forms of
amorphous iron(III) oxide, together with their magnetic, size-
dependent, and morphological properties. In addition, crystal-
lization mechanisms, techniques suitable for characterization,
and “experimental markers” for distinguishing amorphous Fe2O3

from nanocrystalline polymorphs are discussed in relation to the
authors’ experience with Fe2O3 nanoparticle systems.20,22,28-31,52-57

2. Synthetic Routes toward Amorphous Fe2O3

Nanoparticles in Various Forms

A pure nanopowderwithout the presence of matrices and
other support materials constitutes the most frequent form of
amorphous ferric oxide. From the viewpoint of practical
applications, it is necessary to prepare such a nanopowder by a
cost-effective route, so that one can obtain a sufficient amount
of amorphous ferric oxide nanoparticles with a controlled size,
narrow size distribution, a certain geometrical shape, and desired
properties and functionalities. A few methods for the synthesis
of pure amorphous Fe2O3 nanopowder have been reported in
the literature. Spongelike agglomerates of amorphous Fe2O3

particles (3-5 nm) were prepared by the microwave irradiation
of an aqueous solution of FeCl3‚6H2O with polyethylene glycol
and urea.27 The larger particles of about 25 nm can be synthe-
sized if pure Fe(CO)5 is irradiated with a high-intensity ultra-
sonic horn under 1.5 atm of air at 0°C.28 The synthesis can be
improved and the particle size of amorphous Fe2O3 can be
controlled by concentration of Fe(CO)5 in decalin during
sonication.29,57It was found that the lower the concentration of
Fe(CO)5 in decalin, the smaller is the particle size of amorphous
Fe2O3. This sonochemical synthesis allows control not only of
the particle size but also of their shape with the help of an
applied external homogeneous magnetic field.30 As a result,
highly acicular amorphous particles of 50 nm in length and 5
nm in width were prepared in the presence of an applied field
of 0.7 T (Figure 4). The formation of acicular particles was
explained by direct magnetic interactions between the particles.
In addition to the sonochemical syntheses, iron pentacarbonyl
was also found to be a suitable precursor for the preparation of
amorphous Fe2O3 nanopowder by microwave heating. Thus, the
microwave pyrolysis of Fe(CO)5 in refluxing chlorobenzene,
which acted as a solvent, resulted in amorphous particles with
diameters ranging from 2 to 3 nm.31 In addition to the syntheses
based on ultrasound or microwave irradiation of the suitable

Figure 2. (A) Resistance (R) as a function of relative humidity (RH)
for three iron oxide-based sensors: ferrihydrite (a), amorphous Fe2O3

(b), and hematite (c). (B) XRD patterns of amorphous Fe2O3 and
R-Fe2O3 thin films prepared by annealing of ferrihydrite at 200 and
400 °C, respectively (Neri et al.25).

Figure 3. (A) AFM image of the Fe(0) nanoparticles on a Si(111)
flat surface prepared by annealing an amorphous Fe2O3-Si composite
at 850°C. (B) Photoluminescence spectrum recorded from the Fe-Si
composite exhibiting the multiple light emissions related to the
formation of aâ-FeSi2 semiconductor (Prabhakaran et al.26).
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liquid Fe precursor, precipitation methods represent another
group of preparation routes. Thus, amorphous Fe2O3 powders
with a specific surface area of about 200 m2/g were prepared
by a homogeneous precipitation of an aqueous solution of
Fe2(SO4)3 with urea (60-100 °C), followed by the thermal
dehydration of precipitates at 200-400 °C.32 Among the
hydrolysis products, ferrihydrite was found to be the most
suitable for the preparation of amorphous ferric oxide. Amor-
phous iron(III) oxide nanopowder with particles of about 3 nm
was also precipitated using the principle of reverse micelles.
For this purpose, a stock solution of 0.5 M bis(2-ethylhexyl)-
sodium sulfosuccinate in hexane was prepared, to which 0.2 M
Fe3+ and 0.1 M Fe2+ water solutions were subsequently added.
After that, the obtained solution was slowly mixed with the NH4-
OH solution and some amount of acetone was added. Finally,
the ferric oxide precipitate was separated by centrifugation.33

In a relatively easy way, the short-time hydrolysis (lasting for
several seconds) of ferric chloride with a concentration lower
than 0.01 mol‚dm-3 was found to be effective for preparing
monodispersed spherical 3-5 nm particles.35 Another route
toward amorphous Fe2O3 powder, having an average size of 5
nm, is based on a three-component (a water solution of Fe-
(NO3)3, 2-ethylhexanol, sorbitane mono-oleate) microemulsion
technique, followed by heating the precipitates at 250°C.34 The
particle size can be controlled by the appropriate adjustment of
the concentration of ferric salt (i.e., the lower the concentration,
the lower is the size). A very specific preparation route, that is,
ultrafine powder containing amorphous and nanocrystalline
γ-Fe2O3 particles, was obtained by a laser-induced vapor-phase
reaction with a mixture of Fe(CO)5 and O2 as reactants and
using an IR pulsed CO2 laser as a light source.58 The amorphous
phase, identified from XRD and X-ray photoelectron spectros-
copy (XPS), revealed a particle size range of 5-12 nm in
accordance with transmission electron microscopy (TEM)
observations. Generally, such a CO2 laser pyrolysis technique
is useful for the synthesis of a variety of nanomaterials, including
Fe,59,60 γ-Fe2O3,61 â-Fe2O3,62 Fe-Si,63 or Si64 nanoparticles.

A pure solid-state synthesis of amorphous Fe2O3, based on
the thermal decomposition of Fe4[Fe(CN)6]3 (Prussian Blue)
under air, was reported by Zboril et al.36 The microscopic
(atomic force microscopy (AFM), TEM) observations of
synthesized Fe2O3 nanopowders revealed that the primary
ultrasmall particles (1-3 nm) form the spongelike agglomerates
(80-150 nm) with a circular cross section and a ratio of lateral-
to-vertical dimension near 1 (Figure 5). This method allows
controlling the size of the particles through the size of a Prussian

Blue precursor, as documented by varying the specific surface
area of powders (200-400 m2/g).

Nanocompositescontaining particles dispersed in some
matrix represent the most frequent form of the stabilization of
an amorphous metal oxide phase. For dispersing such amorphous
particles in nonmetallic matrices, sol-gel methods are com-
monly used.65-68 The narrow particle size distribution and
suppressed interparticle interactions are the main advantages
of such nanocomposites in comparison with the powders. All
reported sol-gel syntheses of amorphous Fe2O3-SiO2 nano-
composites include the mixing of tetraethoxysilane and ferric
salt (nitrate, chloride) alcoholic solutions, followed by the
thermal treatment of the gel.23,38-45 The size of the iron(III)
oxide particles can be controlled by both reaction temperature
and iron content, an increase which leads to an increase in the
particle size and the possible appearance of the crystalline
structures (γ-Fe2O3 or R-Fe2O3).

Layers and thin filmsof amorphous iron(III) oxide manifest
interesting magnetic behavior, different from that of powders
and composites. Such layers were developed by the thermal
decomposition of an aerosol upon a heated substrate (thin plate
of fused quartz). The aerosol was generated by pneumatically
or ultrasonically atomizing a solution of FeCl3 (10 wt %) in
butylacetate.46,47 Amorphous Fe2O3 films were also produced
by a conventional diode sputter deposition method under high
sputter gas (Ar) pressure at a substrate temperature of-196°C.49

Another deposition route toward amorphous Fe2O3 films is based
on an electrodeposition process, including a reduction of Fe-
(ClO4)3 or Fe(ClO4)2 in oxygenated acetonitrile.48 The experi-
ments were performed at 25°C under nitrogen in three-electrode
cells in a solution of acetonitrile with 0.1 M But4NClO4.
Furthermore, an amorphous ultrathin film of Fe2O3 can be
synthesized on partially oriented graphite by the oxidation of
an adsorbed monolayer of Fe(CO)5,50 or on submicrospherical
alumina by a sonochemical method.51

The coating of particleswith a suitable surfactant can modify
several properties of amorphous Fe2O3 particles, including
magnetic behavior, thermal stability, and crystallization tem-
perature. Thus, amorphous Fe2O3 particles coated with different
alkanethiols were synthesized by the above-mentioned sonica-
tion of a Fe(CO5) solution in decaline with the subsequent
exposure of the samples to alkanethiol solutions of different
concentrations.52,69 According to thermogravimetry (TG) and
differential scanning calorimetry (DSC) data, the thermal
behavior of such powders is strongly dependent on the thiol-
Fe2O3 molar ratio. If the sonochemical decomposition of Fe-
(CO)5 is carried out in the presence of different surfactants,
amorphous iron(III) oxide nanoparticles (5-16 nm) coated by
undecenoate, dodecyl sulfonate, or octyl phosphonate can be
prepared in one step.70 In this synthetic route, a decane solution
of 0.5 M Fe(CO)5 and 0.05 M surfactants was sonicated at 273 K
for 3 h under an air atmosphere. The resulting black solution
was evacuated to remove any unreacted Fe(CO)5.

Figure 4. TEM images and selected area electron diffractions of (A)
regular amorphous Fe2O3 particles prepared by the sonochemical
method and (B) acicular amorphous Fe2O3 particles prepared by the
same route in an applied magnetic field (Prozorov et al.83).

Figure 5. AFM images of amorphous Fe2O3 prepared from Prussian
Blue: (A) spongelike agglomerates (80-150 nm); (B) dispersed
uniformly sized particles (1-3 nm) (Zboril et al.36).
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The selected syntheses of amorphous Fe2O3 particles in
different forms and with variable sizes are listed in Table 1,
covering preparation conditions and properties of nanoparticles.

3. Magnetic Behavior of Amorphous Fe2O3

Over the past years, the increasing interest in nanoparticle
systems was related to their specific magnetic behavior, which
is markedly different from that exhibited by bulk materials. The
size, morphology, local structure of nanoparticles, and enhanced
surface effects, together with interparticle interactions, are the
key factors influencing the macroscopic magnetic properties of
the system such as magnetization, magnetic susceptibility,
coercive field, or magnetic transition temperature.71,72 Such
magnetic nanoparticles show remarkable new phenomena such
as superparamagnetism, high field irreversibility, high saturation
field, or shifted hysteresis loops after field cooling. The majority
of authors who studied amorphous iron(III) oxide particles have
paid considerable attention to their magnetic behavior. Among
experimental techniques, Mo¨ssbauer spectroscopy, magnetiza-
tion and magnetic susceptibility measurements are the most
powerful experimental tools suited for this purpose.

3.1. Mo1ssbauer Spectroscopy.Valuable information about
the “short-range structure” and magnetic behavior of amorphous
iron(III) oxide can be obtained from Mo¨ssbauer spectroscopy,
mainly when applied at various temperatures and under external
magnetic fields. Generally, the room temperature (RT) Mo¨ss-
bauer spectrum of amorphous Fe2O3 reveals a broadened
doublet. However, the fitting procedures differ among authors.
The hyperfine parameters obtained for variously prepared iron-
(III) oxides are summarized in Table 2. Some authors fit the
spectrum by one broadened doublet having, however, non-
Lorentzian shape, assuming an electric field gradient distribution
as encountered in amorphous materials.28,29,33,36,45,47,49,73Other
authors31,38,39,74fit the RT Mössbauer spectrum of amorphous
Fe2O3 with two doublets originating from the nonequivalent
surface and bulk Fe atoms in amorphous materials (see Table
2). This “surface/bulk” interpretation assumes that the ratio of
the spectral lines corresponding to the surface and bulk Fe atoms
should strongly relate to the particle size. However, the
published data are not quantitatively consistent with this relation
(see the values of relative area (RA) in Table 2).

The values of the isomer shift parameter (0.29-0.46 mm/s,
relative to metallic iron) obtained at room temperature are typical
for high-spin Fe3+ ions in octahedral coordination. The high
values of the quadrupole splitting parameter reflect a large
deviation of the octahedral environment of Fe nuclei from a
spherical symmetry. In the group of iron oxides, such a deviation
is comparable only with the d-site in the cubic “bixbyite”
structure ofâ-Fe2O3. The Mössbauer lines are relatively narrow
in comparison with those of nanocrystalline iron(III) ox-
ides,55,75,76thus indicating the narrower distribution of electric
field gradients than those in nanomaghemite or nanohematite
samples. It seems that the origin of the quadrupole splitting
distribution in Fe2O3 nanoparticle systems can be different in
amorphous and in nanocrystalline phases. In the case of
amorphous Fe2O3 particles, which usually reveal a narrow size
distribution, the quadrupole splitting distribution arises rather
from the nonequivalent (variously distorted) octahedral environ-
ments of Fe nuclei, whereas the broad distributions observed
in nanocrystalline iron(III) oxides are frequently related to a
broad particle size distribution.

Although the RT Mo¨ssbauer spectrum yields important
primary information on the structural and magnetic properties
of iron(III) oxide nanoparticles, additional data can be obtained

from the thermal variation of the Mo¨ssbauer spectra (4-300 K).
The value of the magnetic ordering temperature, the interval of
the coexistence of magnetically nonequivalent components (i.e.,
the transition range), or the saturation value of the hyperfine
magnetic field are strongly affected by the local structure, size,
and morphology of particles, and their interactions. Although
temperature-dependent Mo¨ssbauer spectra were recorded by
several authors,34,36,46,47,49,50,73their interpretations differ depend-
ing on the investigated form of the amorphous iron(III) oxide.

The Mössbauer spectra presented by van Diepen et al. and
Heiman et al.46,47,49for amorphous Fe2O3 filmsshow a magnetic
ordering temperature of 80 and 100 K, respectively. The
magnetic ordering temperature is interpreted as the Ne´el
temperature, below which amorphous Fe2O3 is antiferromag-
netic. The Mössbauer spectra recorded below the magnetic
transition temperature are relatively broad, even at liquid helium
temperatures. Such behavior is explained by the random
variation of the angles between the local hyperfine field and
the axis of the local symmetry over the amorphous iron(III)
sample. Thus, the low-temperature spectrum presents a super-
position of sextets corresponding to all of these angles. In
comparison with the values published for nanocrystallineγ- and
R-Fe2O3 (>50 T), the reduced value of the magnetic hyperfine
field of amorphous Fe2O3 at 5 K (47 T) is presented as an
identification sign of the amorphous nature of the sample.

The thermal evolution of the shape of the Mo¨ssbauer spectrum
of amorphous Fe2O3 nanopowders, synthesized from Prussian
Blue (Figure 6), was explained by the strong interaction between
superparamagnetic particles with a significant shift of the
magnetic regime from inhomogeneous blocking to the glass
collective state, as in spin glass.36,77 The fast temperature
variation of the spectral area of superparamagnetic fraction
indicates that the transition to superparamagnetism retains the
memory of the collective state. The observed independence of
the blocking temperature on the size of amorphous Fe2O3

prepared from Prussian Blue confirms the suggested model.
Below the blocking temperature, a fast increase in the hyperfine
field was observed with decreasing temperature. Nevertheless,
its saturation value measured at 4 K remains reduced (≈49 T).
It seems that the reduced hyperfine field at low temperature is
one of the key markers of the amorphous nature of iron(III)
oxide nanoparticles, independently of their synthesis and form
(powder, film). It is important to note that the average
quadrupole shift parameter is near zero due to a random
distribution of angles between the magnetic hyperfine field and
the electric field gradient in the amorphous Fe2O3 phase.

The in-field Mössbauer spectra were measured for amorphous
Fe2O3 in the form of pure nanopowder,73 and also for the
nanoparticles hosted in a silica aerogel matrix,78 both in an
external field applied parallel to theγ-ray direction. Indepen-
dently of the different degrees of interparticle interaction, the
spectra display negligible changes in comparison with those
recorded in a zero-applied field at the same temperature. In
particular, the intensities of lines 2 and 5 remain almost
unchanged. This fact supports the very specific magnetism of
amorphous Fe2O3, as the intensities of these lines are reduced
or enhanced for ferromagnetic (ferrimagnetic) and antiferro-
magnetic materials, respectively, if an external field is applied
parallel to theγ-ray direction. This unusual response to the
applied field in a Mo¨ssbauer spectrum represents one of the
principal markers for how to identify an amorphous Fe2O3 phase
and distinguish it from nanocrystalline polymorphs (see section
5). In the case of a nanopowdered sample with a high degree
of interparticle interaction, the unchanged line intensities in the
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TABLE 1: Survey of the Selected Syntheses of Amorphous Fe2O3
a

synthetic route precursors exptl condns

condns allowing
the control of
the particle

size or morphology
sample
nature

particle
size
(nm) note ref

microwave
irradiation

aqueous soln of
FeCl3‚6H2O,
polyethylene
glycol, and urea

650 W microwave
oven

P 3-5 agglomerates
of fine
particles

27

sonochemical
synthesis

pure Fe(CO)5 1.5 atm of air at
0 °C

P 25 S) 79 m2/g 28

sonochemical
synthesis

Fe(CO)5, decalin 1.5 atm of air at
0 °C

4 M soln of Fe(CO)5
in decalin

P 18.7 S) 148 m2/g 29

1 M soln of Fe(CO)5
in decalin

P 14.7 S) 181 m2/g 29

0.25 M soln of
Fe(CO)5
in decalin

P 14.2 S) 207 m2/g 29

1 M soln of Fe(CO)5
in decalin,
external magnetic
field of 0.7 T

P 5× 50 acicular
particles

30

microwave
pyrolysis

Fe(CO)5, chlorobenzene air P 2-3 agglomerates
(25-40 nm)
of fine particles

31

precipitation aqueous soln of
Fe2(SO4)3, urea

60-100°C P S) 200 m2/g 32

precipitation aqueous solns of
Fe3+ and Fe2+

aqueous solns of AOT
and NH4OH used
as micellar solns

P 3 acetone used as a
precipitation
agent

33

microemulsion
technique
followed by
precipitation
and heating of
precipitate

aqueous soln of
Fe(NO3)3,
2-ethylhexanol,
and sorbitane
mono-oleate

heating temp of 250°C,
Fe(NO3)3 concn
of 0.312%

P 5 NH4OH used as a
precipitation
agent

34

hydrolysis followed
by thermal
dehydration

aqueous soln of
FeCl3 and HCl

FeCl3 concn of
0.01 mol‚dm3

P 3-5 spherical particles 35

thermally induced
solid-state
decompn

Fe4[Fe(CN)6]3 air, decompn
temp of
250°C

precursor
particle size:
18-29 nm

P 1-3 S) 400 m2/g 36

precursor
particle size:
56-66 nm

P 2-4 S) 200 m2/g

sol-gel followed
by thermal
treatment

alcoholic soln of
Si(OC2H5)4 and
aqueous soln
of Fe(NO3)‚9H2O

Fe-Si ratio) 0.4, gel
heated at 300°C

temp, iron content
in nano-
composite

N 2 S) 212 m2/g 23, 38-45

thermal decompn
of aerosol

FeCl3 soln in
butylacetate

decompn temp
of 250°C

F aerosol generated
pneumatically
or ultrasonically

46, 47

diode sputter
deposition

Fe2O3 target -196°C, high sputter
gas (Ar) pressure

F alternatively Fe3O4

target and O2 plasma
can be used

49

electrodeposition
process
(oxidation of
electrodeposited
metal by
dissolved oxygen)

Fe(ClO4)3, Fe(ClO4)2,
and acetonitrile

25 °C, under nitrogen in
three-electrode
cells in soln of
acetonitrile with
0.1 M But4NClO4

F platinum counter
electrode
Ag/Ag+ reference
electrode

48

surface oxidation of
precursor
monolayer

Fe(CO)5 graphite surface used as a
support material,
1000°C, 10-5 Torr

F precursor monolayer
adsorbed from
the gas state

50

a P, powder; N, nanocomposite; F, thin film or layer;S, surface area.
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zero-field and in-field spectra can be interpreted through a spin-
glass-like behavior.36,73 For the isolated non-interacting amor-
phous Fe2O3 particles, the speromagnetic model is assumed to
explain the same profiles of Mo¨ssbauer spectra recorded without
and in the large external magnetic field.78

A speromagnetic model was originally developed for a
description of the magnetic behavior of ultrasmall amorphous
particles below ordering temperature, where in-field Mo¨ssbauer
spectroscopy is used as the key experimental support. Generally,
speromagnetism is a variety of magnetic order in amorphous
or disordered materials where the atomic spins are frozen in
essentially random orientations with an isotropic probability
distribution. In speromagnetic materials, the magnetism mainly
depends on the balance between exchange interactions and
magnetic anisotropy. Such phases exhibit the absence of long-
range magnetic ordering below a magnetic transition temperature
despite the presence of strong antiferromagnetic exchange
interactions. The speromagnetic structure differs from the

paramagnetic one in the sense that magnetic moments do not
fluctuate in time. Contrary to the spin-glass systems, where the
random spin structure occurs at the level of domains, the
speromagnetic phase is characterized by the spin disorder in
the atomic-nearest-neighbor scale with the adjacent spins being
uncorrelated in the orientation. The application of an external
field does not induce any long-range ordering in the speromag-
netic structure due to the absence of the principal crystal-
lographic axis in an amorphous particle. As a result, the random
spin arrangement is preserved even in high external fields, which
is reflected by nearly the same profile of zero-field and in-field
Mössbauer spectra.79-82

3.2. Magnetic Susceptibility and Magnetization Measure-
ments.Similar to Mössbauer spectra, the magnetic susceptibility
and magnetization curves of amorphous Fe2O3 are significantly
affected by the synthetic route determining the particle size
distribution and the degree of interparticle interaction. The curve
of alternating current (ac) susceptibility versus temperature for
amorphous Fe2O3 nanopowder, prepared from Prussian Blue,36

displays a maximum corresponding to a magnetic transition
temperature at about 50 K. The shape of theø-vs-T curve can
provide information on the distribution of the energy barriers
(EB). For an inhomogenous blocking process, the peak width
increases if theEB distribution broadens. The interactions narrow
theEB distribution, and as a result, a relatively narrow peak is
observed in the sample of amorphous Fe2O3 nanopowder,
representing a strongly interacting system.77 These conclusions
are in good agreement with the Mo¨ssbauer measurements.

Above a magnetic ordering temperature, the temperature
dependence of reciprocal susceptibility (1/ø vs T) fulfills the
Curie-Weiss law, reflecting the paramagnetic or superpara-
magnetic behavior of amorphous Fe2O3.39,46,47,49The values of
the effective magnetic moments per iron atom calculated from
the linear slope of the 1/ø-vs-T curve above the magnetic
ordering temperature were found to be very low: 2.5µB for the
layers prepared by decomposing an aerosol from an FeCl3

solution in butylacetate,46,472.8µB for the nanocomposite from
sol-gel synthesis,39 and 3.0µB for the film obtained by the
sputter deposition process.49 Independently on the synthetic
routes, these values are much lower than the value expected
for Fe3+ ions (∼5µB). It seems that such a decrease in the
effective magnetic moment per one iron atom is not accidental;
however, its explanation is rather questionable. The reduced
value of effective magnetic moment was usually ascribed to
the formation of magnetic clusters46,47,49and to an extremely
low particle size with a high contribution of the surface
anisotropy.36 Indeed, we cannot exclude that this phenomenon
can be directly related to the essence of magnetism of
amorphous Fe2O3 (speromagnetism, spin-glass-like behavior).
Nevertheless, this issue needs further experimental and theoreti-
cal clarification.

As the most powerful measuring tools, sensitive to the
influence of the particle size, morphology, and interparticle
interactions on the magnetic properties of amorphous Fe2O3,
the zero-field-cooled (ZFC) and field-cooled (FC) magnetization
measurements are frequently applied. The differences in the
magnetic characteristics of interacting and non-interacting
particles of amorphous Fe2O3 are clearly seen in Figure 7. For
a nanopowdered sample, representing a strongly interacting
system, the ZFC curve shows a broad maximum atTmax

corresponding to the average blocking temperature through the
sample.83 The FC curve departs from the ZFC curve at the
magnetic irreversibility temperature (Tirr), corresponding to the
blocking temperature of the largest particle. The FC curve

TABLE 2: Hyperfine Parameters of RT Mo1ssbauer Spectra
of Amorphous Iron(III) Oxides Prepared by Different
Routesa

component
δFe

(mm/s)
∆EQ

(mm/s)
Γ1/2

(mm/s)
RA
(%)

size
(nm)

sample
nature ref

D 0.34 1.01 0.62 100 F 47
D 0.33 1.13 0.68 100 F 49
D 0.34 0.87 0.56 100 4-6 N 45
D 0.42 0.93 0.70 100 25 P 28, 29
D 0.33 0.84 0.52 100 1-4 P 36
D 0.39 0.68 100 3 P 33
D 0.36 1.07 0.52 75 5 P 34
S 0.12-0.16 0.50-0.65 25
DI 0.29 0.61 0.36 42 3-4 N 39
DII 0.28 1.07 0.48 58
DI 0.34 0.66 0.38 44 2 N 38
DII 0.34 1.13 0.51 56
DI 0.38 0.56 0.30 66 2-3 P 31
DII 0.40 0.96 0.30 34
DI 0.46 0.69 0.44 20 3 P 74
DII 0.46 1.19 0.44 80

a δFe, isomer shift relative to metallic iron;∆EQ, quadrupole splitting;
Γ1/2, full width at half-maximum; RA, relative area; D, doublet; S,
singlet; P, powder; N, nanocomposite; F, thin film or layer.

Figure 6. Temperature-dependent Mo¨ssbauer spectra (20-300 K) of
the amorphous Fe2O3 nanopowder prepared from Prussian Blue (Zboril
et al.36).
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recorded for amorphous Fe2O3 nanopowder (see Figure 7A)
remains practically constant belowTirr,33,83which is typical for
strongly interacting nanoparticle systems includingγ-Fe2O3

84,85

andR-Fe2O3 nanopowders.86 The shape of the ZFC-FC curves
in such systems with strong interparticle interactions was
explained by a progressive blocking of the magnetic moments
of the superparamagnetic particles, with a distribution of
relaxation times. The interpretation based on strong interparticle
interactions was also supported by magnetic relaxation measure-
ments showing logarithmic decay of relaxation time with
temperature, as depicted by vertical lines in Figure 7A. The
interactions also modify the anisotropy energy barrier (EB),
leading to an increase ofTmax and a narrowing of theEB

distribution.43,84,86-89 The maximum of the FC curve, followed
by a plateau at lower temperatures, is similar to the behavior
observed in spin glass, characterized by a random cooperative
freezing of spins or spin clusters at a well-defined transition
temperature.33,86,90For comparison, Figure 7B shows the ZFC-
FC curves measured for amorphous Fe2O3 dispersed in a SiO2
matrix, a nanoparticle system without interparticle interac-
tions.39,45 Below Tirr, the FC curve ascends steeply with a
decreasing temperature andTmax is shifted to a much lower value
than in the case of amorphous Fe2O3 nanopowder.39

In addition to the degree of interparticle interactions, the FC-
ZFC curves are strongly affected by the particle size distribution
and particle morphology.30,91 With an increasing particle size,
Tmax shifts to the higher temperatures due to the increase in the
average blocking temperature. As the particle size distribution
broadens, the values ofTmax andTirr differ more notably and a
broadening of the ZFC curve is observed.84 The role of the
particle morphology has been studied by Prozorov et al. for
globular particles synthesized by the sonochemical irradiation
of Fe(CO)5 and for acicular particles prepared by the same route

in an external magnetic field of 0.7 T.30 The observed increase
in the blocking temperature from 80 to 150 K was ascribed to
the enhanced magnetic shape anisotropy of the acicular nano-
particles (Figure 8).

Magnetization measurements as a function of the magnetic
field and temperature can significantly contribute to the complex
qualitative (hysteretic/nonhysteretic behavior, saturation vs
nonsaturation) and quantitative (values of coercive field (HC),
saturation magnetization (MS), and remanent magnetization
(MR)) description of the magnetic behavior of the nanoscaled
systems. At room temperature, the magnetization curves re-
corded for amorphous iron(III) oxide are not hysteretic and do
not saturate, even at high applied fields (Figure 9).20,27,28,36,47,70,74,83

Such behavior is in accordance with RT Mo¨ssbauer measure-
ments and is expected in the unblocked regime of superpara-
magnetic particles, when the magnetic moment of particles can
align in its various easy directions during measurement time.
The simplest description of a superparamagnetic material in a
magnetic field employing Boltzmann statistics is based on the
following relation92

where the expression in parentheses represents the Langevin
function,M is the total magnetic moment of particles per unit
volume,µ is the magnetic moment of a single nanoparticle,MS

is the saturation magnetization, andk denotes the Boltzmann
constant. As a result of the Langevin relationship, the saturation
magnetization at a defined temperature is reached at a higher
magnetic field for smaller particles. Such particle-size-dependent
magnetic behavior was unambiguously proved for amorphous
Fe2O3 nanopowders by Cao et al. (Figure 9A).29 The decrease
in the magnetization with decreasing particle size has been
explained in terms of a non-collinear spin arrangement at or
near the surface of the particle.93,94This particle size dependence
is also valid for the nanocrystalline polymorphs of Fe2O3, but
the magnetization curves clearly saturate.20,23,74,84,85,91,95

Below the blocking temperature, the magnetization cannot
relax in the time window of the measurement, and a hysteretic
(irreversible) behavior occurs (Figure 9B).33,36,73,83The nonsat-
uration behavior of the magnetization at a low temperature and
under a high field proves that spins are randomly oriented as in
spin-glass or cluster-spin-glass systems with competing ex-
change interactions below the spin freezing temperature.33 As
a result of the surface spin disorder, the hysteresis loop, after
field cooling, is shifted for an amorphous Fe2O3 nanopowder
prepared from Prussian Blue.36 Such a shift in the magnetization

Figure 7. FC-ZFC magnetization curves for (A) amorphous Fe2O3

nanopowder [the vertical lines depict the relaxation measurements at
different temperatures (Prozorov et al.83)] and (B) Fe2O3-SiO2 nano-
composite (Cannas et al.45).

Figure 8. FC-ZFC magnetization curves for globular and acicular
nanoparticles of amorphous Fe2O3 (Prozorov et al.30).

M ) MS (coth
µH
kT

- kT
µH)
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curve is usually exhibited by fine magnetic particles with spin-
glass magnetic behavior. In such a model, below the transition
temperature, the spin-glass surface shell creates an exchange
field on the core of the particle, which is responsible for the
observed shifted hysteresis loops.90 In regard to the particle size
dependence of the coercive field, it may be a bit complex for
magnetic nanoparticles. Indeed, finite size effects reduce the
coercive field but are often counterbalanced by surface effects
that increase it. Such an increase of coercive field with
decreasing particle size was observed for amorphous Fe2O3

nanopowders prepared from Prussian Blue,36 and also for other
nanometer-size systems including those consisting of iron oxide
nanoparticles.43,85,90,96-98

4. Contribution of Other Experimental Techniques to the
Characterization of Amorphous Fe2O3 Nanoparticles and
to the Study of Their Crystallization Process

In addition to Mössbauer spectroscopy and various magnetic
measurements, a long scale of other experimental techniques
yielding important information on chemical purity, local struc-
ture, size, morphology, or thermal stability of amorphous Fe2O3

nanoparticles has been used by various authors.
X-ray powder diffraction (XRD) represents the most fre-

quently used method for the verification of the amorphous nature
of the sample. A flat line in the XRD pattern is a prerequisite
for the absence of the periodic crystal lattice, and it also indicates
that no parasitic crystalline compounds are contained in the

sample.20,27,28,30,31,35,36,38,39,83Thus, the absence of Bragg peaks
in the XRD pattern is an important marker for the identification
of amorphous Fe2O3 and its distinction from nanocrystalline
Fe2O3 polymorphs, where broadened diffraction peaks usually
appear (see Figure 10). However, the application of XRD for
the detection of a real amorphous phase is limited if the samples
contain the crystalline matrix or ultrasmall nanocrystalline “X-
ray amorphous” polymorphs as the phase admixtures (see
section 5). Possible distinguishing between amorphous phase
and nanocrystalline Fe2O3 polymorphs is also dependent on the
line resolution, which is determined by the wavelengths of the
X-ray radiation (Mo, Cu, Co KR).

In addition to the above-discussed Mo¨ssbauer spectroscopy,
other spectroscopic techniques including infrared (IR), X-ray
photoelectron (XPS), and electron paramagnetic resonance
(EPR) spectroscopy were applied to monitor the electronic
structure, chemical composition, and stoichiometry of an
amorphous ferric oxide phase.20,27,28,31,39,58IR spectroscopy has
been employed by various authors, particularly for the detection
of the gaseous substances adsorbed on the surface of amorphous
Fe2O3 particles.20,27,28XPS is one of the most powerful tools
for obtaining information on the electronic structure and
stoichiometry of solids. Thus, Palchik et al.,31 who characterized
amorphous ferric oxide prepared by pyrolysis of iron penta-
carbonyl using XPS, confirmed a surprisingly good stoichiom-
etry with an O-Fe ratio of 3.1:2. Moreover, a slight difference
from the ideal value can be related to oxygen species adsorbed
on the sample’s surface in the form of water or carbonate. These
oxygen species were identified in XPS spectra through the peaks
at 532.3 and 533.5 eV. EPR measurements were taken on the
amorphous Fe2O3-SiO2 nanocomposites prepared by a sol-
gel method.39 Two main signals were resolved in the spectra
and assigned to a bulk octahedral or tetrahedral site (g ∼ 2)
and a strongly distorted rhombic site located on the surface of
the particle, in contact with the SiO2 matrix (g ∼ 4.3).39 The
position of the two lines is constant in the whole temperature
range (see Figure 11), indicating the absence of an internal field,
which is in good agreement with the magnetic measurements
revealing a very low blocking temperature below 6 K. On the
other hand, an acceptance of the possible tetrahedral positions
in the local environment of Fe(III) contrasts with the Mo¨ssbauer
data proving the octahedral surroundings.

The microscopic techniques, including TEM, high-resolution
TEM (HRTEM), and AFM together with the Brunauer-
Emmett-Teller (BET) surface area measurements, represent a
group of experimental methods providing key information on
the size, size distribution, morphology, and surface properties
of amorphous Fe2O3 nanoparticles. TEM (HRTEM) analysis is
the most frequently used, although its objectivity and applicabil-

Figure 9. (A) Room temperature magnetization curves of amorphous
Fe2O3 with different particle size (Cao et al.29). (B) Hysteresis loop for
amorphous Fe2O3 nanopowder recorded at 5 K. The left inset shows
the low-field region of the hysteresis loops measured at different
temperatures. The right inset shows the temperature dependence of the
coercive fieldHC (Mukadam et al.33).

Figure 10. XRD patterns of amorphous (A) Fe2O3 and (B) nanocrys-
talline γ-Fe2O3 (Prozorov et al.83).
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ity are partially restricted due to the difficulty in sample
preparation resulting rather in the imaging of large agglomerates
than separated particles.20,27,28,30,31,39,83Thus, it is questionable
whether the relatively large objects observed in TEM micro-
graphs of amorphous ferric oxide samples with diameters of a
few tens of nanometers20,29,83represent the real particles or if
they correspond to the agglomerates comprised of ultrasmall
amorphous particles. At this point, and following the analyses
of various data on amorphous Fe2O3, we emphasize that its
amorphicity is related to an ultrasmall dimension and “space
restriction”, leading to the absence of a periodic lattice. From
this viewpoint, the use of transmission electron microscopy to
verify the character of the amorphous sample is also a crucial
point, as the crystallization process can occur under an electron
beam. This drawback can be eliminated if nondestructive atomic
force microscopy is applied.26,36 It offers very precise informa-
tion on the vertical dimensions of particles, and the sample
preparation also allows the imaging of the well-separated
particles (see Figure 5B). On the other hand, the values of the
lateral dimensions are strongly affected due to the “tip-sample
surface” convolution, and thus, the obtained morphological
information is very poor. As an indirect tool for the evaluation
of the particle size, BET surface area measurements could be
realized if general assumptions of globular particle shape,
nonporous sample character, and narrow size distribution are
fulfilled.36 In the case of the porous sample, the existence and
the volume of the pores, together with their size distribution,
can be determined from BET measurements (see Figure 1).20

Thermal analyses, including thermogravimetry (TG), dif-
ferential thermal analysis (DTA), and differential scanning

calorimetry (DSC), significantly contribute to an explanation
of the crystallization mechanism of amorphous iron(III)
oxide.27-31,34,83Table 3 summarizes the results concerning the
crystallization mechanism of amorphous iron(III) oxide pub-
lished by various authors.

They will be discussed with respect to the role of crystal-
lization atmosphere, temperature, sample character, and particle
size, all of which are the principal factors influencing the
structure of the primarily formed crystalline phase.

It is evident that nanocrystalline maghemite is the primary
crystallization product if nanopowdered amorphous Fe2O3 is
heated under air, in full accordance with the conclusions of the
majority of the authors.28,30,31,34,36,83As indirect evidence, two
well-resolved exothermic peaks can be observed in the DTA
and DSC curves of amorphous ferric oxide nanopowder. To
illustrate, the DTA curve for amorphous iron(III) oxide prepared
by a microemulsion technique34 is shown in Figure 12. The first
exothermic peak observed at 292°C can be attributed to the
process of crystallization of amorphous Fe2O3 to γ-Fe2O3, while
the other one, being more intensive and occurring at 396°C,
corresponds to the polymorphous isochemical transformation
of γ-Fe2O3 to R-Fe2O3. The studied phase transitions were found
to be irreversible, and thus, the rescanned DTA curve after the
cooling of the sample revealed none of the described effects,
indicating the presence of thermally stable hematite.

The thermally induced transformation process of amorphous
Fe2O3-SiO2 nanocomposites under air yields the same primary
crystallization product as in the case of nanopowdered samples,
with the only difference being a significantly higher crystal-

Figure 11. X-band EPR spectra of amorphous Fe2O3 dispersed in a
silica matrix recorded between 4 and 30 K (Ennas et al.39).

TABLE 3: Summary of Data on the Thermally Induced Crystallization of Amorphous Iron(III) Oxide under Various
Conditionsa

author particle size of amorphous Fe2O3 (nm) atmosphere Tc (°C) product of crystallization form

Liao27 3-5 air 340 R-Fe2O3 nanopowder
Subrt32 200 m2/g (specific surface area) air 450-500 / nanopowder
Cao28 25 air 268 γ-Fe2O3 nanopowder
Cao29 23.3 nitrogen 280 Fe3O4 nanopowder

18.7 nitrogen 277 Fe3O4 nanopowder
14.7 nitrogen 290 Fe3O4 nanopowder
14.2 nitrogen 298 Fe3O4 nanopowder

Palchik31 2-3 air 250 γ Fe2O3 nanopowder
2-3 vacuum 500 R-Fe2O3 nanopowder

Ayyub34 5 air 292 γ-Fe2O3 nanopowder
Zboril36 1.5-2.5 air 280 γ-Fe2O3 nanopowder
Cannas38 4-6 air 700 γ-Fe2O3 nanocomposite
Diepen46 / air 250 â-Fe2O3, R-Fe2O3 layer
Heiman49 / air 500 / film
Ennas39 3-4 air 700 γ-Fe2O3 nanocomposite

a Tc, crystallization temperature;/, the authors do not specify the crystallization product.

Figure 12. DTA of the amorphous Fe2O3 nanopowder synthesized by
the three-component microemulsion technique (Ayyub et al.34).
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lization temperature (700°C), expected due to the preventive
role of the matrix.38,39 The process of crystallization of an
amorphous Fe2O3-SiO2 nanocomposite at various temperatures
under air is manifested by XRD patterns in Figure 13. Only
the most intensive peaks of maghemite are visible in the XRD
patterns of samples heated at temperatures below 1000°C, while
hematite appears at higher temperatures together with crysto-
balite, which is formed by the crystallization of the amorphous
SiO2 matrix.

In regard to amorphous Fe2O3 films and layers,â-Fe2O3 and
R-Fe2O3 were identified as the crystallization products.46

However, the literature data in this field are very poor.

Cao et al. carried out a complex study of the crystallization
process of amorphous Fe2O3 nanopowder under an inert atmo-
sphere (N2) using XRD, magnetization measurements, DSC, TG,
and magnetic TG measurements.29 On the basis of complemen-
tary experimental results, magnetite (Fe3O4) was determined as
the direct crystallization product of an amorphous ferric oxide
phase in nitrogen. Unfortunately, the identification of magnetite
from XRD and magnetization measurements is moot due to the
structural and magnetic similarity of magnetite to maghemite.
Nevertheless, TG measurements realized in an applied magnetic
field (Figure 14a) and under a nitrogen atmosphere provide
strong support for the primary formation of a magnetite phase.
The mass loss observed in the magnetic TG curve of amorphous
Fe2O3 at about 300°C (curve 1) was ascribed to the conversion
of Fe2O3 to Fe3O4. The mass increase between 300 and 500°C
is related to the presence of a strong magnetic phase (Fe3O4) in
the system, while the final mass loss above 500°C corresponds
to the transition of magnetite from a ferrimagnetic to a
paramagnetic state, which is completed around the Curie point
of magnetite (570°C). Curve 2 in Figure 14a displays the
magnetic TG curve of the amorphous Fe2O3 sample previously
heated up to 900°C in nitrogen. As can be clearly seen, the
shape of the curve and its character are in agreement with those
of commercial Fe3O4 (curve 3 in Figure 14a).

The effect of the particle size of the amorphous ferric oxide
phase on the crystallization temperature was investigated by the
same authors using DSC.29 Four samples were prepared by a
sonochemical method using Fe(CO)5 as a precursor, and their
particle size was controlled through a change in iron penta-
carbonyl concentration. Samples having different surface areas
of 79, 148, 181, and 207 m2/g, reflecting differences in particle
dimensions, were assigned as A, B, C, and D, respectively.
Generally, their DSC curves recorded under a nitrogen atmo-
sphere (Figure 14b) exhibit an endothermic peak at ap-
proximately 150°C, which is attributed to a desorption of
contaminants and gaseous phases from the surface of the
particles. The large exothermic effect is assigned as a manifesta-
tion of the crystallization of amorphous Fe2O3. Obviously, the
crystallization temperature increases with the decreasing particle
size from 280°C for sample A to 298°C for sample D.

Figure 13. XRD patterns of samples prepared by thermal treatment
of amorphous Fe2O3-SiO2 nanocomposite at various temperatures in
air (Ennas et al.39).

Figure 14. (a) Magnetic TG curves of amorphous Fe2O3 nanopowder before heat treatment (1) and after heating to 900°C under nitrogen (2) and
of commercial Fe3O4 (3). (b) DSC curves of amorphous Fe2O3 nanopowders with the average size decreasing in the sequence A, B, C, D, respectively
(solid lines), and DSC curve after previous heating to 400°C (dashed line). All curves were recorded under a nitrogen atmosphere (Cao et al.29).
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It is worth mentioning here that there are almost no literature
data concerning the thermal behavior of amorphous iron(III)
oxide in the reduction atmospheres. However, it was recently
found to be a suitable precursor for solid-state synthesis in a
hydrogen atmosphere, leading to larger magnetic nanoparticles
with a narrow size distribution. Thus, the magnetic composites
of R-Fe and/or Fe3O4 nanoparticles dispersed in a MgO matrix
were prepared by the controlled thermal reduction of amorphous
Fe2O3 nanopowder with nanocrystalline Mg under a hydrogen
atmosphere.99 The excellent magnetic properties of nanopar-
ticles, combined with a low molar weight, biocompatibility, and
high chemical and thermal stability of the nanocrystalline MgO
matrix, make the prepared nanocomposites applicable in various
processes including biomagnetic separations.

5. Amorphous versus Nanocrystalline Fe2O3

From the previous sections, one can conclude that it is very
difficult to distinguish experimentally between a true amorphous
Fe2O3 phase and nanocrystalline polymorphs exhibiting very
small particle size. Similarly, the quantification of the relative
proportions of amorphous and nanocrystalline fractions is a
crucial issue. There are two diffraction techniques yielding direct
structural information: X-ray powder diffraction (XRD) and
selected area electron diffraction (SAED) as part of TEM
analysis. If the (nano)crystalline phase is present in the sample,
its principal diffraction lines should be resolved in an XRD
pattern (see Figure 10), although they are usually significantly
broadened or can grow from the amorphous background. As
the key point, XRD gives only limited information if very small
particles (below 5 nm) are analyzed, when the patterns reveal
largely an undulating background. As a result, it is almost
impossible to resolve and quantify the content of true amorphous
and nanocrystalline X-ray amorphous Fe2O3 phases. Moreover,
the applicability of XRD analysis for distinguishing amorphous
and nanocrystalline iron(III) oxide phases is restricted in the
case of nanocomposite samples with a crystalline matrix and a
low content of Fe2O3 nanoparticles. This problem is also
encountered in SAED analysis. Nevertheless, the amorphous
SAED pattern is clear evidence for the presence of an
amorphous phase because of the absence of any diffraction rings
(see Figure 4). However, it is necessary to take into account
that this indication of amorphicity is usually related to a very
low number of particles involved in such an analysis.

An indirect approach emerging from the monitoring of ther-
mal and magnetic behavior is applicable, but the obtained data
are strongly affected by the sample character and the measure-
ment conditions. As mentioned in section 4, the thermally in-
duced crystallization mechanism is still a controversial subject
and very different primary crystallization products can be iden-
tified depending on the atmosphere, heating conditions (iso-
thermal vs dynamic treatment), sample weight, material thick-
ness, and sample character (layer, powder, composite). Even
in an “ideal” case, when crystallization occurs under air in two
steps via maghemite to hematite (see DTA in Figure 12), we
have no information on the content of the amorphous phase, as
two exoeffects can be observed both for the completely amor-
phous Fe2O3 and for the sample with its negligible concentration.

In regard to the magnetic response to the presence of
amorphous iron(III) oxide in the sample, there are again several
problems with its unambiguous detection. This is mainly due
to the key role of surface effects and interparticle interactions,
which can manifest themselves in the same way in an assembly
of both amorphous and nanocrystalline Fe2O3 particles. Thus,
we cannot draw any conclusion about the presence of the

amorphous phase from the temperature dependence of magne-
tization from FC-ZFC curves (including values of the magnetic
transitionsTB, Tf) and from the width of the magnetic transition,
as these characteristics (see section 3) can be very similar. They
can also be similar for ultrasmall maghemite particles, mainly
if we consider the powdered samples with a high degree of
interparticle interaction.89,100On the other hand, there are some
“magnetic markers”, allowing the direct identification of the
amorphous Fe2O3 phase independently of the sample’s character.
Important information can be extracted mainly from the value
of saturation magnetization (MS) and/or, if the hysteresis loop
does not saturate, from the magnetization at a maximum applied
field (Mmax), which is considerably reduced in amorphous Fe2O3

samples compared to nanocrystalline maghemite,γ-Fe2O3. To
be more specific, the values ofMmax, recorded from hysteresis
loops at 5 K in an applied field of 10 T, are for amorphous
Fe2O3 nanopowders lower than 20 emu/g,33,36,73while nanopo-
wdered maghemite shows, under the same conditions, signifi-
cantly higher values ranging from 50 to 90 emu/g, depending
on the particle size.85,101-107 Even very small 3-nm-sized
maghemite particles exhibit incomparably higherMmax (≈50
emu/g)108 than amorphous particles of almost the same size.33,36,73

It is worth mentioning that nanocrystalline hematite (R-Fe2O3),
being a representative of antiferromagnetic compounds, shows
a very low value ofMS (1-2.5 emu/g)109,110 and thus its
magnetic distinction from amorphous Fe2O3 is also very easy.
The application of theMS and Mmax values as markers for
distinguishing amorphous Fe2O3 from maghemite and/or hem-
atite is partially complicated in the case of the Fe2O3 nano-
composites with some matrix, where these magnetic parameters
are usually reported for the whole composite.43 In such a case,
it is necessary to take into account the weight ratio of a magnetic
Fe2O3 fraction to a nonmagnetic matrix to decide on the
amorphicity of Fe2O3 from the reduced value of the saturation
magnetization.

Two other magnetic markers of the amorphous phase are
extractable from Mo¨ssbauer spectra measured at the lowest
temperatures and in sufficiently high external magnetic fields.
The first is the value of the hyperfine magnetic field (Bhf),
usually registered at liquid helium temperature (THe), which is
drastically reduced compared to that found for nanocrystalline
maghemite and hematite samples. Although the spectra of amor-
phous Fe2O3 recorded atTHe are usually fitted by a distribution
of hyperfine magnetic fields, the determined average fields vary
from 45 T for the nanocomposite with a low degree of inter-
particle interaction,78 via 47 T in the case of an amorphous
film,46,47,49,50 to 49 T for the nanopowdered sample.34,36

Nevertheless, these values are incomparably lower than those
reported for nanocrystalline hematite samples (51-54 T).111,112

Similarly, a Mössbauer spectrum of nanomaghemite atTHe

possesses a largerBhf (≈50-51 T) than the amorphous phase,
mainly if it is fitted by one sextet due to the strong overlapping
of tetrahedral and octahedral subspectra.113-115 If the contribu-
tions of both sublattices in the spinel structure of maghemite are
resolved in the spectrum, the high value ofBhf corresponding to
octahedral Fe(III) ions (≈51.5-52.5 T)116 represents an impor-
tant parameter allowing a distinction from the amorphous phase.

The second Mo¨ssbauer marker, enabling the distinction of
an amorphous Fe2O3 phase from nanocrystalline maghemite and
hematite, is based on its specific magnetic behavior in an
external magnetic field. It is known that in a random distribution
of the magnetic moments within the particle and in a zero-
applied field, the intensity ratio of the six lines of the
magnetically split Mo¨ssbauer spectra is 3:2:1:1:2:3. In most
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cases, when the studied magnetic sample is exposed to the
applied magnetic field, the magnetic moments of the atoms
respond to it by a rearrangement of their orientations, which is
then reflected by a change in the line intensities in the Mo¨ssbauer
spectrum.117 In particular, if the direction of the external
magnetic field is parallel to that of the propagation of gamma
rays, then the second and fifth lines of the Mo¨ssbauer spectrum
vanish from well-crystalline ferromagnetic and/or ferrimagnetic
materials, including maghemite, thus giving an intensity ratio
of 3:0:1:1:0:3.54 This reflects the perfect alignment of the
magnetic moments to a parallel and/or antiparallel direction to
the applied magnetic field, making an angle of 0 and/or 180°
with the direction of gamma rays. Moreover, an external

magnetic field provokes the clear separation of the spectral
contributions from the nonequivalent structural sublattices in
the ferrimagnetic compounds. For antiferromagnetic samples,
including hematite, with a low magnetic anisotropy, the in-field
Mössbauer spectra provide useful information only when
recorded above the critical field, which is characteristic of a
particular compound, above which a sharp spin reorientation
occurs as the directions of all the magnetic moments flip to a
plane perpendicular to the direction of propagation of gamma
rays. This is manifested by an enhancement of intensities of
the second and fifth lines, resulting in an ideal ratio of 3:4:1:
1:4:3.118,119However, it should be stressed that deviations from
the ideal ratios of the line intensities can be observed, especially
in nanocrystalline samples possessing a high degree of spin
frustration. Nevertheless, a remarkable change in zero-field and
external-field Mössbauer spectra of maghemite and hematite is
the principal difference in comparison with amorphous Fe2O3,
exhibiting no change in the line intensities (see section 3.1)

To demonstrate the applicability of a “Mo¨ssbuaer marker”
for the identification and quantification of the amorphous
fraction in the phase mixture with nanocrystalline polymorphs,
we present low-temperature zero-field and in-field Mo¨ssbauer
spectra, including their hyperfine parameters (see Figure 15 and
Table 4), for the Fe2O3-SiO2 nanocomposite sample prepared
by the sol-gel method.78 The in-field spectrum was recorded
in an external magnetic field applied parallel to the direction
of gamma rays. XRD analysis of such a material indicates the
presence ofγ-Fe2O3 and R-Fe2O3 nanoparticles with a mean
diameter of about 8 nm. However, the contribution of the
amorphous phase can not be excluded. Moreover, by the
synthetic route used, it is difficult to evaluate the quantity of
iron (molar ratio of Fe-Si) that has precipitated inside the SiO2

gel. In such a complicated system, the application of other
techniques, including magnetic measurements for the detection
or even quantification of the amorphous phase, is considerably
restricted. On the other hand, Mo¨ssbauer spectroscopy allows
the identification and quantification of the fraction of amorphous
Fe2O3, even from a low-temperature spectrum (see Figure 15,
top). From the parameters listed in Table 4, this is possible
mainly due to the above-mentioned reduced hyperfine magnetic
field (45.0 T) of the amorphous phase, which is significantly
lower than those of the values corresponding toR-Fe2O3 (50.7
T) and both structural positions inγ-Fe2O3 (48.8; 51.6 Tssee
Table 4). A better distinction between all of the phases is
achieved from an in-field spectrum (see Figure 15, bottom),
where the sublattices corresponding to the tetrahedral A (dark
blue line) and octahedral B (light blue line) positions in
maghemite are better separated as the observed isomer shift
parameters (A, 0.43 mm/s; B, 0.53 mm/s) and effective magnetic
fields (Beff) (A, 57.6 T; B, 47.8 T) differ more significantly (see

Figure 15. Zero-field (4.2 K/0 T) and in-field (10 K/6 T) Mo¨ssbauer
spectra of a mixture ofR-Fe2O3, γ-Fe2O3, and amorphous Fe2O3

nanoparticles prepared by the sol-gel method, where corresponding
subspectra are denoted by different colors: violet, amorphous Fe2O3;
brown, R-Fe2O3; dark blue, tetrahedral site ofγ-Fe2O3; light blue,
octahedral site ofγ-Fe2O3 (Casas et al.78).

TABLE 4: Hyperfine Parameters Deduced from the Zero-Field and In-Field Mo1ssbauer Spectra of the Iron(III) Oxide
Nanoparticles Hosted in Silica Aerogel ( Taken from Casas et al.78)a

T (K)/Bext (T) iron oxide δFe (mm/s) ((0.02) 2ε (mm/s) ((0.02) Beff (T) ((0.04) Bhf (T) ((0.04) â (deg) RA (%) ((2)

4.2 K/0 T R-Fe2O3 0.45 -0.17 50.7 16
γ-Fe2O3 0.42 0.03 48.8 20
γ-Fe2O3 0.51 0.03 51.6 40
Am-Fe2O3 0.45 0.05 45.0 24

10 K/6 T R-Fe2O3 0.46 -0.17 54.0 52.3 76 12
γ-Fe2O3 0.43 -0.04 57.6 51.7 8 20
γ-Fe2O3 0.53 -0.02 47.8 52.8 36 44
Am-Fe2O3 0.47 0.00 44.6* 24

a δFe, isomer shift relative to metallic iron; 2ε, quadrupole shift;Bext, external magnetic field;Beff, effective magnetic field;Bhf, hyperfine magnetic
field; Beff ) Bext + Bhf; â, angle between the direction of Fe magnetic moments and theγ-beam; RA, relative subspectrum area; *, the Mo¨ssbauer
component was adjusted with a speromagnetic model.
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Table 4). Moreover, the ferrimagnetic behavior of maghemite
is reflected in the in-field spectrum through the reduced
intensities of the second and fifth spectral lines, although the
nanocrystalline character of particles (the spin frustration effect)
causes these lines do not completely vanish as expected in an
ideal case. Similarly, the subspectrum of hematite (brown line)
is clearly distinguished through the value ofBeff (54.0 T) and
increased intensities of lines 2 and 5, which again differ
somewhat from the theoretical values (3:4:1:1:4:3) for the
antiferromagnetic phase due to the nanoparticle nature. Most
importantly, the amorphous Fe2O3 phase is easily detectable in
the in-field spectrum, as its subspectrum (violet line) does not
reveal any change in the line intensities compared to the zero-
field spectrum, and the observed value of magnetic splitting
remains considerably reduced (44.6 T).

To summarize, the saturation value of the hyperfine magnetic
field and the unchanged intensities of the spectral lines in zero-
field and in-field Mössbauer spectra are excellent magnetic
markers for identifying the amorphous Fe2O3 phase. In the
mixture with nanocrystalline polymorphs, it can be unambigu-
ously distinguished and quantified from the corresponding
spectrum area. Moreover, thanks to the element selectivity of
Mössbauer spectroscopy, these markers have a universal
character and are applicable for monitoring the amorphous iron-
(III) oxide phase both in the powdered form and in the
composite.

6. Summary and Outlook

In this short review, amorphous Fe2O3 is presented as an
advanced material applicable in various fields of modern
nanotechnologies, including catalysis, optical and humidity
sensors, or magnetic fluids. Due to its superior electrochemical,
sorption, magnetic, optical, and other properties, the great boom
in the development of new syntheses towards amorphous ferric
oxide occurred in the last few years. These preparation routes
are summarized and classified according to the nature and
properties of the material and their advantages, together with
their drawbacks. The interesting magnetic behavior is monitored
by a view of Mössbauer spectroscopy and magnetic measure-
ments. The significantly reduced values of saturation magnetiza-
tion, effective magnetic moment, and the hyperfine magnetic
field at liquid helium temperature, and a negligible change
between low-temperature zero-field and in-field Mo¨ssabuer
spectra, are not only the results of the specific magnetism of
amorphous Fe2O3 but also the key markers for its being
identified and distinguished from the nanocrystalline poly-
morphs. The reflections of the particle size, morphology, and
interparticle interactions in the magnetization and FC-ZFC
curves are explored to describe the magnetic regime of variously
prepared amorphous samples. With an increasing degree of
interparticle interaction, the shift in the magnetic behavior from
the superparamagnetic to the spin-glass-like state is obvious.
The collected literature data also agree on maghemite (γ-Fe2O3)
as a primary crystallization product if amorphous ferric oxide
is heated under air, although the crystallization temperature
varies depending on the particle size. On the other hand, the
data concerning the mechanism of thermally induced transfor-
mation to a crystalline state under inert and reduction atmo-
spheres are very poor and unclear, indicating the possible
primary formation of magnetite (Fe3O4), maghemite, and
hematite (R-Fe2O3). There are also many other controversial
points, which should be explained in the near future. They are
related especially to the description of the magnetic regime
below the ordering temperature of amorphous nanoparticles.

Which type of ordering do amorphous nanoparticles exhibit
there? Is a speromagnetic model universally applicable for such
a purpose? Similarly, the structure of the neighboring environ-
ment of Fe(III) in an amorphous ferric oxide phase is still a
subject of discussion. A general accord on the octahedral
environment, confirmed by various techniques, contrasts with
the structure of maghemite as the primary crystallization phase
containing tetrahedral positions in the spinel lattice. According
to the opinion of the authors, the reason for this can be inherent
in the symmetry of the surrounding iron being maximal in both
positions of the maghemite structure, similar to that in amor-
phous ferric oxide, which is clearly proven by low-temperature
Mössbauer spectroscopy. From the experimental viewpoint, the
use of microscopic techniques for the evaluation of the structure
and size of amorphous particles seems to be a questionable issue,
as TEM or HRTEM can induce sample crystallization under
an electron beam, and the application of atomic force micros-
copy is strongly limited at such low particle dimensions due to
the tip-particle surface convolution.
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