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Structural and magnetic properties, methods of synthesis, and applications of seven iron-
(1) oxide polymorphs, including rare beta, epsilon, amorphous, and high-pressure forms,
are reviewed. Thermal transformations resulting in the formation of iron oxides are classified
according to different parameters, and their mechanisms are discussed. ’Fe Mdssbauer
spectroscopy is presented as a powerful tool for the identification, distinction, and
characterization of individual polymorphs. The advantages of Mdssbauer spectroscopy are
demonstrated with two examples related to the study of the thermally induced solid-state

reactions of Fey(SO4)s.

Lead-In

Iron(l11) oxide is not only a strategic industrial
material but also a convenient compound for the general
study of the polymorphism and the mutual polymor-
phous changes in nanoparticles. The existence of amor-
phous Fe,0O3 and four polymorphs (alpha, beta, gamma,
and epsilon) has been established. Their discoveries as
well as the majority of formation processes are con-
nected with thermal transformations of iron-bearing
materials in an oxidizing atmosphere. "Fe Modssbauer
spectroscopy is a unique method that allows one to
distinguish and identify individual structural forms,
amorphous and nanostructured Fe,Os particles, to
analyze their magnetic properties and to study their
formation mechanism during thermally induced solid-
state reactions. In this review, thermal processes re-
sulted in the Fe,O3 formation are classified from dif-
ferent viewpoints and their mechanism is discussed.
Applications, structural and magnetic properties, and
methods of synthesis of all known forms of iron(111)

" Dedicated to R. L. Mdsshauer on the occasion of the 40t jubilee of
Nobel Prize presentation.

* To whom correspondence should be addressed. Fax: +420 68 522
5737. E-mail: zboril@risc.upol.cz.

10.1021/cm0111074 CCC: $22.00

oxide and their Mdossbauer characterization are also
summarized. A detailed survey of the properties of rare
forms (amorphous Fe;03, -Fe;03, e-Fe,03, and high-
pressure Fe,Og3) is presented for the first time. With
respect to the more known o-Fe;O3 and y-Fe;O3, the
presented data spring from a series of previous works,
including the excellent book by R. M. Cornell and U.
Schwertmann.! Some unresolved problems, such as the
relation between the properties of the original ferrog-
enous precursor and the structure of the formed iron-
(111) oxide, or the experimental possibility to distinguish
the amorphous Fe,O3 from nanostructured y-Fe,O3 or
o-Fe,03 particles are discussed. The value of Mdssbauer
spectroscopy for the characterization of iron(l11) oxides
produced by thermal processes is demonstrated with two
experimental examples taken from our work in the field.

1. Introduction

Iron(111) oxide in all its forms is one of the most used
metal oxides with various applications in many scientific
and industrial fields. The polymorphic nature of Fe,O3
has been known for a long time. Its most frequent
polymorphs alpha and gamma have been found in
nature as minerals hematite and maghemite. The other
polymorphs, beta and epsilon, and nanoparticles of all
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forms have been synthesized and extensively investi-
gated in recent years. Thermal transformations of iron-
bearing materials in an oxidizing atmosphere represent
a large group of heterogeneous reactions leading to
different Fe,O3 polymorphs.

57Fe Mossbauer spectroscopy is a very effective tech-
nique for the study of the individual Fe,O3 forms
including amorphous and superparamagnetic nanopar-
ticles. The method presents several important advan-
tages in comparison with other analytical methods in
studying polymorphic transformation of Fe,Os. For
example, its selectivity for iron with no interference
from other elements is very important when the iron
oxide phase constitutes only a small fraction of the
sample. In addition, it is a nondestructive technique
suitable for the study of both crystalline and amorphous
materials and in this respect it is superior to X-ray
diffraction; it is a “fingerprint” method for compound
identification, and it allows “in situ” studies to be
performed.

The 5"Fe Mdssbauer spectra are sensitive to the local
environment of the iron atoms in the crystal lattice. The
hyperfine parameters, isomer shift (IS), quadrupole
splitting (QS), quadrupole shift (¢), and magnetic split-
ting (B), provide information about the electronic den-
sity and its symmetry and also about the magnetic
properties of the 5Fe Mossbauer probe nucleus. Two
more quantities extractable from Mdssbauer spectra are
directly related to lattice vibrations. One is the recoilless
resonant fraction and the other the so-called tempera-
ture shift (second-order Doppler shift). Valuable infor-
mation is also obtained from the widths of spectral lines,
their relative intensities, and asymmetries and also
from the temperature dependence of hyperfine param-
eters. From the Mdssbauer parameters the following
information applicable to Fe,O3; studies can be ob-
tained: valence state, number, and identification of
nonequivalent iron positions in a crystal lattice, type of
coordination of iron in its individual positions, level of
ordering and stoichiometry, cation substitution, mag-
netic ordering, and magnetic transition temperature.
Following the discovery of the Mdssbauer effect,? several
works have been published describing the fundamentals
of Mdssbauer spectroscopy.3—6

2. Thermal Transformations of Iron-Bearing
Materials—Classification and Mechanism

Thermal transformations of iron-bearing materials in
an oxidizing atmosphere are processes investigated in
the framework of inorganic and physical chemistry,
materials chemistry, solid-state chemistry as well as
mineralogy, engineering, and industrial chemistry. Many
researchers studied the mechanism and kinetics of these
complex reactions that can be classified into several
groups according to the nature of the initial iron-bearing
phase. Examples are as follows: the thermal decompo-
sitions of iron(l111) compounds including FeO(OH),”~20
Fez(CZO4)3,21_23 FEQ(SO4)3,24_26 Fe(OH)3,27 (NH4)2FG-
(804)2,28 FE(OH)SO4,29_32 NaFe(SO4)2, Na3FE(SO4)3,33’34
FeCl3,3536 Fe(OH)CO03,%” and NH4Fe(C,0,),;28 the ther-
mally induced oxidation of metal iron,3240 Fe30,4,4142 and
iron(11) compounds including FeCl,* FeSO,,*3~51 FeS,5253
FeC,04,28%4756 and iron(ll) malate;®” the thermally
induced solid-state reaction of NaCl with Fey(SO4)3;3334
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the thermal transformations of iron complexes such as
iron carbonyl systems,%®-61 iron carboxylate com-
plexes,5263 and (NH,)s[Fe(C204)3];6* and the conversions
of iron-bearing minerals including goethite,55~71 aka-
ganeite,’? lepidocrocite,’74 siderite,”® pyrite,’6-82 pyr-
rhotite,”®828% almandine,?* biotite,?>8 phlogopite,®® ver-
miculite,® illite,® or ilmenite.88-%0

The common point of these processes is the formation
of different iron oxides as conversion and/or oxidation
products. Calcined samples can contain some of the four
iron(111) oxide polymorphs. In the primary nascent
phase, iron oxides can be produced in the form of
ultrafine particles with sizes of a few nanometers. The
crystallization of these amorphous or nanostructured
particles as well as the thermally induced polymorphic
changes of the less thermally stable polymorphs (3, v,
and ¢) to o-Fe,O3 very often accompany the basic
conversion process. Thus, the quantitative and qualita-
tive phase composition of calcination products depends
on many factors, such as temperature, time, pressure,
rate of gas flow, material thickness, particle size, and
the chemical composition and structure of the original
material.

The identification of the particular iron oxide form
and the mechanism of its formation during thermal
transformations are problems not only of scientific but
also of technical importance. The mechanism of Fe,O3
formation from the iron precursor is very often different.
For example, iron(l11) oxide can be the product of the
following: one-step transformation during thermal out-
gassing of Fe phases containing SO3, CO,, NH3, or H,O
as in 2FeO(OH) — Fe,03 + H,0;7720 a multistage
process during which different intermediate phases are
formed, for instance, in the thermal transformation of
FeSO4-7H,0 where FeSO4-H,0, FeSO4, Fe(OH)SO4,
Fe,(S0,)3, and other intermediate phases are identi-
fied;*3—51 a process accompanied by a change in the iron
valency, e.g., 2FeCl; + 3/,0, — Fe,0O3 + 2Cly;* and a
process in which the iron(l11) oxide is formed as one of
the products of a solid-state reaction, for example,

30NaCl + 10Fe,(S0,); + *°/,0, — 6Na,Fe(S0,); +
4NaFe(S0,), + 5Fe,0, + 4Na,SO, + 15CL,*

Concerning the relation between the original iron
precursor and the crystal structure of the primarily
formed Fe,03, no general dependence has been found.
In some cases, the Fe,O3 particles showed the tendency
to maintain the symmetry of the iron environment and
some structural or morphological features of the original
compound.1826 Depending on the structure of the pri-
mary Fe,O3, thermal processes can be divided into four
other groups. The structure of the primary product is
that of a-Fe,O3 (e.g., oxidation of FeCly),*® B-Fe 03
(decomposition of NazFe(S0,)3),%* and y-Fe,O3 (conver-
sion of lepidocrocite),»:7374 or more polymorphs can be
formed as primary phases depending on experimental
conditions (e.g., conversion of Fey(SO4)s with possible
formation of 5-Fe,O3 or y-Fe,03).%t

Although the thermal transformations of iron-bearing
materials can be classified into several of the above-
mentioned groups, the general description (or the physi-
cal model) of each individual reaction group is very
difficult. This is connected with specifics of solid-state
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reactions and the necessity to fix some of many experi-
mental parameters (heating temperature and time,
material purity, weight and thickness, and particle size)
to obtain comparable data. To date, the thermal dehy-
droxylations of FeO(OH) polymorphs (goethite, akaga-
neite, lepidocrocite, feroxyhyte, and synthetic 6-FeO-
(OH)) to hematite represent the only subgroup of
reactions whose mechanism was successfully described
through a general physical model. A common feature
of the dehydroxylation of all iron oxyhydroxides is the
initial development of microporosity due to the expul-
sion of water. This is followed by the coalescence of these
micropores to mesopores. Pore formation is accompanied
by a rise in sample surface area. At higher tempera-
tures, the product sinters and the surface area drops
considerably. During dehydroxylation, hydroxy bonds
are replaced by oxo bonds and face sharing between
octahedra (absent in the FeO(OH) structures, but typi-
cal for hematite; see section 4.1) develops and leads to
a dense structure. As only one-half of the interstices are
filled with cations, some movement of Fe atoms during
the transformation is required to achieve the two-thirds
occupancy found in hematite.!

In concluding this section, it is worth mentioning that
certain thermally induced reactions can also be used as
methods for the preparation of different iron oxide
forms. The right choice of experimental conditions
during heat treatment and the postprocessing physical
or chemical methods of separation (sedimentation, dis-
solution, and magnetic separation) play a key role in
the synthesis of a particular polymorph.

3. Applications of Iron(111) Oxides and Thermal
Processes

Iron(l11) oxides are components of many geologically
and archeologically important earth samples as well as
extraterrestrial materials. Maghemite was found in an
Atlantic red clay sample, while hematite and maghemite
were found on the Martian surface. Iron oxides and their
transformations are the basis for magnetic prospecting
of archeological areas.®? From a technical point of
view, the oxides are important materials in several
fields. Their utilization as inorganic pigments is well-
known.93-9 Both natural and synthetic pigments are
used in the manufacture of red, brown, and black paints
or as admixtures, for example, in colored glasses.®”—9°
The thermal decomposition of FeSO4-7H,0 is the basis
for the red ferric pigment manufacture (“copperas red”).
The mechanism of this multistage process is one of the
most investigated chemical and industrial processes.

The catalytic properties of iron(l11) oxides are used
in many important reactions of chemical industry. Iron
oxides are one of the catalytic components in the
manufacture of styrene by the dehydrogenation of
ethylbenzene,190-103 in Fischer—Tropsch synthesis of
hydrocarbons,1%4-107 or in Super Claus catalysis.%” They
have been proved effective catalysts for the selective
oxidation of polyaromatic hydrocarbons,1°¢ catalytic
burning of fuels, coal liquefaction,° and vapor-phase
oxidation of benzoic acid to phenol.11%112 I[n many cases,
Fe,O3 catalysts are prepared by thermal processes and
their catalytic activity depends on the conditions of
preparation.113

Iron oxides are also the starting materials in the
production of ferrites. Hard ferrites (e.g., BaFe;20;9 Or
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SrFe;2019) are made from Fe,O3 by a sintering process.
They are used in ceramic, in permanent magnets, in
high-density digital storage media, and as antiforgery
devices in the magnetic strips of checks and cards. A
potential use of these materials may be as “hot sources”
in the treatment of certain tumors.?

Iron oxides are the most important components of
several ores used for the production of iron and steel.
On the other hand, high-temperature corrosion of steel
involves the formation of some iron oxide phases.114-117
They are always formed on the surface of steel and
sometimes cause serious problems in the fabrication
processes. A comprehensive understanding of the for-
mation and transformation mechanism of iron oxides
is indispensable for the optimization and control of the
manufacture process and for good quality steel.

In the electronics industry, hematite is a potential
candidate as a photoanode for possible photoelectro-
chemical cells.'8 Iron oxides can also be incorporated
into the interlayer of layered compounds as semiconduc-
tor pillars that show excellent photocatalytic activity.11°

o-Fe;03 and y-Fe,03 have attracted much attention
as gas sensor materials because their surface resistivi-
ties decrease in an atmosphere of combustible gases
such as CHg, C3Hs, and i-C4H10.12°7122 In situ studies
of conversion electron Mdéssbauer spectroscopy (CEMS)
has significantly contributed to the clarification of the
sensing mechanism of these materials.1?3

Owing to their hardness, iron oxides have been used
as abrasives and polishing agents. A lightly calcined
form of hematite (Jeweler’s rouge) is used to polish gold
and silver, while a more strongly calcined hematite
(crocus) serves to polish brass and steel.! Fe,O3 has been
utilized as high-density coatings for concrete seabed
pipelines that bring oil and gas to shore. These coatings
stabilize the pipelines on the sea floor and provide
protection against physical damage in shallow water.!

Small iron oxide particles with diameters of a few
nanometers exhibit unique features that strongly differ
from those of bulk phases. Electronic, magnetic, and
optical properties of superparamagnetic nanoparticles
are of fundamental importance in many industrial
applications, including the development of new elec-
tronic and optical devices, information storage, magne-
tocaloric refrigeration, color imaging, bioprocessing,
ferrofluid technology, or manufacture of magnetic re-
cording media.'?*~127 In the latter fields the use of small
particles of iron(ll1) oxides is particularly important.
The advantage of using Fe,O3z nanoparticles relies on
their chemical stability, in contrast to commonly used
ultrasmall particles of pure metals (Fe, Co, and Ni). A
variety of routes for the synthesis of iron oxide nano-
particles has been reported. Various compositions and
morphologies have been attained by oxygen—hydrogen
flame pyrolysis,?8129 electrochemical synthesis, 20 sol—
gel methods,317133 vaporization—condensation process
in a solar furnace,'3* microemulsion techniques,® diode
sputter deposition,3¢ and thermal decomposition of an
aerosol upon a heated substrate.’37138 The final stage
in the majority of these preparation methods includes
a thermal transformation of iron-bearing material. In
some cases, thermal processes can be used as direct
routes of synthesis of iron oxide nanoparticles. The
simplicity of preparation is the principal advantage of
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Figure 1. Crystal packing in the structure of a-Fe,Os, the
view onto (001). Fe, shaded circles; O, white circles.

these direct thermal methods but their application
strongly depends on the nature of the initial iron
compound. Compounds with a partially amorphous or
colloidal character [Fe,(C,04)3, y-FeO(OH)] have been
used in this direction. Fine maghemite particles are
essential components in magnetic recording media for
computer hard and floppy disks, credit cards, and audio
and video recording tapes.13® Superparamagnetic iron
oxides have also been evaluated in clinical trials as very
good contrast agents in magnetic resonance imaging
(MRI) for liver, spleen, and other organs.13%140 Maghemite
has been identified in the core of magnetoferritin, which
as a biocompatible ferrofluid has considerable potenti-
alities in various medical areas.'4!

4. Iron(l11) Oxides

4.1. a-Fe,0O3 (Hematite). a-Fe,O3 is the most re-
searched and most frequent polymorph existing in
nature as the mineral hematite. Hematite has a rhom-
bohedrally centered hexagonal structure of the corun-
dum type with a close-packed oxygen lattice in which
two-thirds of the octahedral sites are occupied by Fe!!!
ions. 192142143 The space group R3c, lattice parameters
a=5.0356 A, c = 13.7489 A, and six formula units per
unit cell—these are the basic structural characteristics
of a-Fe;03.1%* A noticeable feature of the hematite
structure is the arrangement, where the FeOg octahedra
share edges inside the basal (001) plane and one face
in Fe,Og dimers along the [001] ¢ axis (Figure 1).

Hematite shows very interesting magnetic characteris-
tics.192.142,143.145-147 At Jow temperatures (T < 260 K) it
is antiferromagnetic with the spins oriented along the
electric field gradient axis. At a temperature known as
Morin temperature (Ty), around 260 K, a reorientation
of spins by about 90° takes place whereby the spins
become slightly canted to each other (by ~5°), causing
the destabilization of their perfect antiparallel arrange-
ment and the development of weak (parasitic) ferro-
magnetism between Morin and Neel temperature (Ty).
The Neel temperature of magnetic transition, at which
hematite loses its magnetic ordering and above which
shows paramagnetic features, is most frequently re-
ported at 950 K. However, it is necessary to note that
the magnetic features of hematite, including the tem-
perature values of magnetic transitions, can be largely
influenced by numerous factors, such as pressure,
external magnetic fields, lattice defects, presence of
impurities, surface phenomena and, in particular, ion
substitution, and the size of particles. As the crystal-
linity of particles decreases, the lowering of the transi-
tion temperature becomes evident. In addition, ultrafine
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Figure 2. Mdssbauer spectrum of the pure synthetic hematite

at 260 K, showing the coexistence of both the AF and WF
phases.

nanoparticles of a-Fe;O3 (<10 nm) show superparamag-
netism as a result of the increase of the relaxation time
due to the decreasing size of the particles.148-152
Mossbauer spectroscopy verifies the mentioned struc-
tural and magnetic characteristics. The hyperfine pa-
rameters at room temperature, 1Sge (isomer shift related
to metalic iron) = 0.37 mm/s, ¢ = —0.21 mm/s, B =51.7
T, can be used to identify hematite in synthetic and
natural samples. Moreover, recording the Mdssbauer
spectra in a wide range of temperatures allows one to
study and register the temperature changes in the
magnetic features of a-Fe,03, including the magnetic
transition temperatures. It is possible to detect not only
those transitions related to the loss of magnetic ordering
(Tn and Tg, the latter being the blocking temperature
of superparamagnetic particles), reflected by a sextet
to doublet change in the spectra, but also transitions
related to changes in magnetic ordering from antifer-
romagnetic (AF) to weakly ferromagnetic (WF) states
at Ty. This transition is manifested by a change in the
parameters of magnetic splitting and, in particular, the
guadrupole shift at Morin temperature. While in a WF
state at room temperature B is 51.7 T, at Ty it decreases
by 0.8 T.143 The value of the quadrupole shift parameter
changes even more markedly. The quadrupole shift
parameter ¢ depends on the canting angle ¢ of the spins
with respect to the electric field gradient (Eg) axis [111],
given by € = AEq(3 cos? ¢ — 1)/2 and thus yields values
with opposite sign for AF (¢ = 0°) and WF (¢ = 90°)
states. In this way both magnetically nonequivalent
phases can be probed separately (Figure 2), in contrast
to magnetic measurements where mainly the WF phase
is observed. Moreover, the Morin transition temperature
and the transition width (ATy) can be determined from
the temperature response of the relative spectral areas.
The Morin transition temperature is defined as that
temperature at which the AF contribution of the spec-
trum is reduced to half of its low-temperature saturation
value, whereas ATy corresponds to that temperature
region in which the AF and WF portions mutually
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Figure 3. Temperature dependence of the AF and WF relative
areas in Mossbauer spectra of hematite substituted by 0.1 wt
% Mg.

change (Figure 3). As the values of Ty and ATy are
highly sensitive to factors such as particle size, impuri-
ties, structural defects, and cation substitution, the
Mdossbauer spectroscopy is an ideal method for the char-
acterization of natural hematite samples.92:143.146,147,153

Concerning the formation and possibilities of prepa-
ration of a-Fe,O3, it was already mentioned that hema-
tite is one of the final products of thermal conversion of
a variety of iron(I1) and iron(l11) compounds as well as
the final product of the thermally induced transforma-
tions of other iron oxides. Besides thermal processes, a
whole range of methods of hematite synthesis by the
“wet way” is known. Hematite can be prepared by
hydrolysis of ferric salts in strongly acidic environments
(pH = 1-2) at higher temperature (100 °C),'>* by
decomposition of iron chelates in alkaline media (pH >
12) in an autoclave,%® or by transformation of ferrihy-
drite at pH 7—8 in the presence of NaHCO; buffer.15*
Accordingly, the preparation of this structural poly-
morph poses no great problem compared to the prepara-
tions of some other polymorphs, in particular, - and
e-Fe,03. Finally, we note that hematite is thermally the
most stable polymorph of iron(l11) oxides undergoing a
thermal reduction to magnetite (Fe3O,) at temperatures
above 1200 °C.156

4.2. B-Fey03. The beta polymorph of iron(l11) oxide
has been prepared only synthetically without any men-
tion of natural occurrence. It has a body-centered cubic
“bixbyite" structure with la3 space group and two
nonequivalent octahedral sites of Fe!'! ions in the crystal
lattice (see Figures 4 and 5). The cubic unit cell with a
= 9.404 A contains 32 Fe'! ions, 24 of which have a C,
symmetry (d position) and 8 a Csi symmetry (b posi-
tion).33157-163 There are 16 formula units per unit
cell.

p-Fe203 is magnetically disordered at room temper-
ature and exhibits paramagnetic behavior, a feature
that notably distinguishes it from alpha, gamma, and
epsilon polymorphs. The Neel temperature below which
p-Fe203 shows antiferromagnetic features has been
observed by different authors to be in the range of 100—
119 K.33,160,163

The Mbossbauer spectra of -Fe,O3 consist of two
subspectra, the relative intensities of which are in the
ratio 3 to 1, in accordance with the ratio of Fe!" in
nonequivalent octahedral positions (d/b = 24/8).33.157.160.163
The parameters of the room temperature (RT) Mdss-
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Figure 4. Crystal packing in the structure of 5-Fe,Os, the
view onto (110). Fe, shaded circles; O, white circles.

* Cs

o*

G o
O Fe*'-bsite
© Fe'-dsite

Figure 5. Schematic representation of nonequivalent sites
of Fe in the structure of -Fe,0s.

bauer spectrum are ISg. = 0.37 mm/s and QS = 0.69
mm/s for the d position and ISk = 0.37 mm/s and QS
= 0.90 mm/s for the b position.3* The difficulty in
distinguishing between nonequivalent cation positions
could lead to the fitting of the RT spectrum by one
doublet with ISk = 0.37 mm/s and QS = 0.75 mm/s.33
Figure 6 indicates that nonequivalent sites in the
structure of p-Fe O3 are better distinguished at low
temperatures (below 110 K, in a magnetically ordered
state) than at room temperature.l®® In Table 1 the
magnetic hyperfine values are shown for both structural
positions derived by measuring the Mossbauer spectra
at temperatures below Ty.160

The formation of $-Fe,O3 has so far been verified in
only a few chemical and physical processes and only two
methods of preparation of pure S-Fe,O3; have been
developed. This rare form of Fe,O3 was identified during
thermal processes of Mn steel,*®* as an intermediate
product in the reduction of hematite by carbon,65 among
the products in a spray pyrolysis of an FeClz solution,>®
and during the thermal decomposition of Fe,(SO4)3.26
In a pure state, without the presence of other structural
forms, this polymorph was prepared on various sub-
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Figure 6. Madssbauer spectrum of 5-Fe,O; measured (a) at
room temperature and (b) at 20 K.

Table 1. Values of Magnetic Induction for d and b
Positions of f-Fe;O3

T (K) B (d position) (T) B (b position) (T)
4.1 49.6 51.9

30 47.4 50.2

60 42.9 47.9

80 355 41.0

90 30.5 37.3

95 27.1 31.2

strates in the form of a thin film at approximately 300
°C in the atmosphere of O, using the chemical vapor
deposition method when an organometallic compound
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Figure 7. Crystal packing in the structure of y-Fe,Og3, the
view onto (100). Fe, shaded circles; O, white circles.

. 07, vacancies
Fe™ - Assite
O Fe'-Bsite

Figure 8. Schematic representation of nonequivalent sites
of Fe in the structure of y-Fe>Os.

was used as a precursor material, most frequently iron-
(1) acetylacetonate.157:158.160.161 A second method of
synthesis of pure -Fe,Oj3 is based on its isolation from
a reaction mixture during a thermally induced solid-
state reaction between NaCl and Fe,(SO,)s in air.3334

p-Fe203 is thermally metastable and at temperatures
around 500 °C is transformed into hematite.33.157,161-163
It is this instability that complicates its synthesis
because hematite is frequently present as a contaminat-
ing component.

4.3. y-Fe;O3 (Maghemite). y-Fe,Os3 is the second
polymorph that occurs in nature as the mineral
maghemite. Representation of the maghemite struc-
ture is shown in Figure 7. Maghemite is an inverse
spinel with a cubic unit cell (a = 8.351 A, space group
P4,32).1%5 It contains, as in Fe30y, cations in tetrahedral
A and octahedral B positions, but there are vacan-
cies (O), usually in octahedral positions, to compensate
for the increased positive charge (Figure 8). Stoichi-
ometry can be formally described by the formula FeA-
(Fe5/3D1/3)BO4.1,92,143,146

Synthetic maghemite often displays a superstructure,
which arises as a result of cation and vacancy ordering.
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Figure 9. Madssbauer spectrum of a well-crystallized mag-
hemite at 4 K in an external field of 6 T. Reproduced from ref
143.

This ordering causes a reduction in symmetry from
cubic to tetragonal. The tetragonal unit cell has a = 8.33
A and ¢ = 25.01 A.1 Owing to the spinel structure with
two sublattices, maghemite is a typical representative
of ferrimagnetic materials that give high susceptibilities
to all samples that it is contained in. Its thermal
instability disables direct determination of the Curie
temperature of magnetic transition. The ultrafine par-
ticles of maghemite show, similarly to the hematite,
superparamagnetism,130-135.167-169 .,.Fe,03 was one of
the first and experimentally most researched materials
for building the theory of superparamagnetic relaxa-
tion.

The RT Mdossbauer spectrum of maghemite forms a
“slightly asymmetric” sextet with the following param-
eters: 1Sge = 0.34 mm/s, e = 0 mm/s, and B = 50 T.146.170
The zero value of the € parameter and the slightly lower
value of B are the main features enabling one to identify
maghemite in a mixture with hematite (¢ = —0.21 mm/
s, B=51.7 T). In an ideal case and in accordance with
the structure of maghemite, the RT Mdssbauer spec-
trum can also be fitted with two overlapping subspectra,
with the following parameters: sextet” ISge = 0.27 mm/
s, e =0 mm/s, B = 48.8 T; sextet® ISg. = 0.41 mm/s, €
=0mm/s, B=49.9 T, with the ratio of subspectra areas
Ag/Ap = 5/3.92170 Nevertheless, at room temperature
and in a zero external magnetic field, both nonequiva-
lent cation positions in the structure of maghemite are
practically indistinguishable, as in the case of the beta
polymorph. But by an application of an external mag-
netic field the contributions of the two sublattices can
be separated. The A and B site fields make parallel or
antiparallel alignment with respect to the applied field
and the resultant fields differ significantly (see Figures
9 and 10). In such Mdéssbauer spectra the relative areas
of the six lines are given by 3:x:1:1:x:3 where x = 4 sin?2
0/(1 + cos? 0) with 6 being the angle between the
magnetic hyperfine field and the gamma ray direc-
tion.1” Thus, lines 2 and 5 vanish when the spins are
completely aligned with the external field as demon-
strated on the spectrum of a well-crystallized maghemite
at 4 K in an external field of 6 T (Figure 9). With
decreasing crystallinity of maghemite, the spins do not
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Figure 10. Madssbauer spectrum of a poorly crystalline
maghemite at 10 K in an external field of 6 T fitted with two
bidimensional B—6 distributions. Reproduced from ref 13.

align perfectly but exhibit canting as shown by the
nonzero intensity in lines 2 and 5 of the sextets.13.143.171
This behavior suggests that the directions of atomic
moments are disordered due to spin frustration. The
spectra of small-particle (<10 nm) y-Fe,O3 in an exter-
nal field have been interpreted in terms of spin canting
in the work of de Bakker et al.’® Both hyperfine field B
and canting angle 6 were assumed to vary and the
fitting procedure gave probability distributions of each.
A bidimensional “hyperfine field-canting angle” distri-
bution was found to reproduce the experimental line
shapes with remarkable adequacy. An example of such
a fit is shown in Figure 10.

The common routes of formation that can also be used
as methods of preparation of y-Fe,O3 are the thermal
dehydration of lepidocrocite, y-FeO(OH),1873.74154 and
the careful oxidation of magnetite, Fe30,4.4142154.172
Several other thermally induced syntheses have been
developed, for example, thermal decomposition of Fe!!
malate or other Fe!' organic salts,>” heating of goethite
or ferrihydrite in air at 450 °C in the presence of an
organic material such as sucrose,'”® and thermal de-
composition of FeOOCH3 at 290 °C in a vacuum.'’#
Superparamagnetic nanoparticles of y-Fe,O3; can be
prepared by thermal transformation of iron(l1l) ox-
alate.?1-22 Another approach in the production of variable
size y-Fe,O3 nanoparticles is based on the thermal de-
composition of iron—carboxylate complexes.53 Maghemite
has also been identified as the primary product of
crystallization of amorphous Fe;03.1% In addition to
solid-state preparations, several solution syntheses are
known, for example, slow oxidation of a mixed Fe'l//Fe'!!
solution at RT and pH = 7,175 oxidation of Fe'!' salt
solution with air, urotropin, sodium iodate, or sodium
nitrate or with air in the presence of a complexing agent
such as pyridine or sodium thiosulfate,1’6 and electroly-
sis of Fe!'' nitrate solution.1””

y-Fe203 is thermally unstable and is transformed to
hematite at higher temperatures. The temperature and
mechanism of the structural transformation are de-
pendent on experimental conditions and particularly on
the size of the maghemite particles. For well-developed
crystals of y-Fe,O3 the temperature of transformation
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Figure 11. Crystal packing in the structure of e-Fe,O3 the
view onto (100). Fe, shaded circles; O, white circles.

has been determined at approximately 400 °C and a
direct transformation mechanism to o-Fe;O3 is ex-
pected.! In the case of very small particles, a notably
higher transformation temperature was noticed with
e-Fe,03 being an intermediate of the structural trans-
formation y-Fe,03 — a-Fe,03.178 According to Tronc et
al., the mechanism of transformation to hematite (either
directly or via e-Fe,O3) is dependent on the degree of
particle agglomeration.1’8

4.4. e-Fe,03. e-Fe,03 can be marked as the “youngest”
of iron(Ill) oxides, as its structure was completely
described only in 1998 by Tronc et al.1”® However, the
first report about the existence of a magnetically ordered
polymorph, structurally different from both hematite
and maghemite, comes from 1934 when Forestier and
Guiot-Guillain first mentioned this oxide.l”® In 1963,
Schrader and Battner prepared identical material from
atomized iron in an electric discharge under oxygen flux
and named it e-Fe,03.3°

e-Fe,0O3 is orthorhombic with space group Pna2;,
lattice parameters a = 5.095 A, b = 8.789 A, ¢ = 9.437
A, and eight formula units per unit cell. The structure
derives from a close packing of four oxygen layers. It is
isomorphous with AlFeO3;, GaFeOs, «-Al,03, and pre-
sumably e-GayO3. The structure itself (Figure 11) con-
sists of triple chains of octahedra sharing edges and
simple chains of tetrahedra sharing corners which run
parallel to the a direction.1’® In the structure there are
three nonequivalent anion (A, B, and C) and four cation
(Fe1, Fey, Fes, and Fes) positions. Position Fey is
tetrahedrally coordinated, and the other three positions
are octahedrally coordinated (Figure 12).

The comparison of the e-Fe,O3 structure with the
structures of maghemite and hematite unveils that the
former has a number of intermediate features, for
example, the anion arrangement (double hexagonal), the
fraction of four-coordinated Fe'"' (25%), and the volume
per formula unit (5.29 x 10°% pm3). As in hematite, all
oxygen layers contain the same percentage of iron: 0.67
Fe per atom of oxygen. As in maghemite, oxygen
sandwiches containing six-coordinated iron alternate
with oxygen sandwiches containing six- and four-
coordinated iron. Thus, ¢-Fe,O3 may be viewed as an
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Figure 12. Schematic representation of nonequivalent sites
of Fe in the structure of e-Fe,Og; the projection of the successive
oxygen sandwiches onto (001).

intermediate polymorph between y-Fe,03; and o-Fe;03.178
The structure of e-Fe,O3 often shows two types of lattice
disorders associated with the occupation of cation posi-
tions and their orientation. Both types of disorders,
observable in X-ray diffraction (XRD) patterns, influence
the symmetry of the elementary cell. The differences
in the intensities of XRD lines, observed by individual
researchers in relation to the method of preparation of
e-Fe,03, arise from a different degree of cation ordering.
The degree of cation ordering is reflected mainly in the
stoichiometric ratio of four- and six-coordinated iron
(deviations from the ideal ratio being 3/1).

From the viewpoint of magnetic features, e-Fe;O3 is
a noncollinear ferrimagnet with Curie temperature near
470 K.39.178,180.181 The RT Mdssbauer spectrum of e-Fe,O3
is complex and can be approximated by four sextets
corresponding to the individual cation positions with the
subspectra areas being nearly equal (Figure 13). The
IS values indicate three octahedral sites (ISge = 0.37—
0.39 mm/s) and one tetrahedral site of Fe!'! (ISg, = 0.21
mm/s). Two of the octahedral sites are characterized by
close values of a magnetic hyperfine field (=45 T)
causing their overlap. Even so, both positions can be
distinguished on the basis of different ¢ values (see
Table 2). The third octahedral site exhibits a smaller
hyperfine field (=40 T). In contrast, the value corre-
sponding to the tetrahedral position (=26 T) is unusu-
ally low. The hyperfine parameters of the RT Mdssbauer
spectrum of e-Fe,O3 are summarized in Table 2.178

The processes for the e-Fe,O3 formation are even
poorer than those for the equally rare -Fe,Os. Pure
e-Fe;,03 has so far not been prepared. In structural
mixtures with gamma and alpha polymorphs, e-Fe;O3
has been prepared by the oxidation of atomized iron in
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Figure 13. Results of mathematical processing of the RT
Mdossbauer spectrum of e-Fe,Os.

an electric discharge,?® by a sol—gel method with iron-
(1) nitrate as the starting material, 33 or by the boiling
of an aqueous solution of potassium ferricyanide with
sodium hypochlorite and potassium hydroxide with
subsequent calcination of the formed precipitate at 400
°C.180.181 The fact that ¢-Fe,O3 has always been detected
together with gamma and alpha polymorphs is, besides
the structural data mentioned, yet another indication
that e-Fe,O3 is an intermediate product in the structural
transformation of y-Fe,O3 to a-Fe,O3. Definite proof of
this hypothesis comes from the work of Tronc et al., 178
who obtained the epsilon polymorph as the dominating
phase (70%) in the direct thermal transformation of
ultrafine particles (<10 nm) of y-Fe,O3 well-dispersed
in a silica xerogel. The transformation temperature of
e-Fe>03 to a-Fe,03 falls within the range, according to
the method of preparation, of 500—750 °C.3%:178-181 On
the other hand, the particle size of e-Fe,O3 prepared by
various methods falls within the relatively narrow range
of 30—80 nm. So far, a process of formation of large
e-Fe,03 crystals has not been described.

4.5. Other Forms of Fe;Os. In this part, it is
intended to give a brief description and characterization
of other Fe,O3; forms, the formation of which is not
related to thermal transformations of iron compounds
in an oxidative atmosphere, but it completes the list of
the structural forms of Fe,O3 so far known.

4.5.1. Fe,O3 Formed during the Thermal Decom-
position of f-FeO(OH) in Vacuum. Braun and Gal-
lagher reported in 1972 the discovery of a new tetrag-
onal modification of iron(ll11) oxide which was, rather
inadequately, named “beta”, that is, as the case of the
cubic modification described in Chapter 4.2.8 This new
form with porous structure was prepared by thermal
decomposition of f-FeO(OH) at 170 °C in a vacuum. In
1975 Howe and Gallagher reinvestigated the dehydra-
tion mechanism and structure of this iron oxide.® They
found that the oxide had a defect structure derived from
a strong tendency to preserve all structural features of
the original compound. Four models of distribution of
the anion vacancies in the crystal lattice of the oxide
were suggested. These models are in accordance with
the tubular structure retained during the dehydration.
All internal Fe!" ions in the proposed defect structure
are five-coordinated while the surface Fe'!! ions are four-
coordinated. The Neel temperature of the magnetic
transition lies between 300 and 380 K and the average
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value of magnetic induction of the magnetic field at 4.2
K is 49.5 T. The RT Mdgssbauer spectrum of this oxide
shows the superposition of magnetically split and
paramagnetic components. The spectrum measured
above Neel temperature comprises a wide asymmetric
doublet with QS = 1.0 mm/s and ISk, (extrapolated to
295 K) = 0.31 mm/s. Except from the dehydration of
B-FeO(OH) there is no other known process for the
formation of this defect structure of iron(I11) oxide.

4.5.2. High-Pressure Form of Fe,O3. A number of
papers have focused on the study of a high-pressure
form of o-Fe,03.1827188 Reid and Ringwood!8? predicted
the existence of perovskite-type Fe,O3; at pressures
between 60 and 120 GPa and in shock wave experi-
ments. Later, the phase transformation of a-Fe,O3 was
observed under the static pressure conditions using
diamond anvil cells, and the structure of high-pressure
modification was studied using primarily XRD83184 gand
Massbauer spectroscopy.184-187 Stan Olsen et al. carried
out high-pressure XRD experiments on hematite using
synchrotron radiation and observed the structural
transformation at 55 GPa.l88 The transformation is
reversible and the structure reverts to that of a-Fe;O3
upon release of pressure. The researchers showed that
the high-pressure form of a-Fe,O3 is orthorhombic of
the GdFeO3; type with the Pbnm space group and lattice
parameters at 60 GPa: a=4.59 A, b=4.97 A, c =6.68
A, Z = 4. The volume per formula unit in this ortho-
rhombic structure is 10% smaller than that in a-Fe,Os.
It is suggested that this volume change arises from a
combination of a valence change and high-spin/low-spin
transition. The RT Mdssbauer spectrum consists of two
subspectra indicative of the existence of two different
iron positions in the structure. Syono et al. determined
the following RT spectrum parameters measured at 60
GPa: IS =0.40 mm/s, e =1.15mm/s,and B=324T
for the magnetically ordered component (sextet) and
ISge = 0.07 mm/s and QS = 0.89 mm/s for the para-
magnetic component (doublet).185

4.5.3. Amorphous Fe;O3;. According to Ayyub et
al.,x3% an amorphous iron(l11) oxide is formed from very
small particles, <5 nm in diameter. Van Diepen and
Popma suggest that, in amorphous Fe,03, Fe''' ions are
surrounded by oxygen octahedra with the respective
symmetry axes randomly orientated in a nonperiodic
lattice.’3” Results obtained from Mdssbauer spectroscopy
and magnetic susceptibility measurements show that
amorphous Fe;O3 is paramagnetic at temperatures
above Ty = 80 K with a magnetic moment of 2.5 ug per
atom of iron.13%137 This unexpectedly low value (the
usual value for Fe"' ~ 5 ug) is ascribed to the formation
of clusters.’3” The RT Mdssbauer spectrum displays a
paramagnetic doublet, with I1Sge = 0.33—0.35 mm/s and
QS = 0.95—1.1 mm/s.135-137.189 Ayyub et al. further
reported that the RT Mdssbauer spectrum of the amor-
phous Fe,O3 contains an additional singlet component
(ISpe = 0.12—0.16 mm/s), constituting approximately
25% of the overall area of the spectrum.®> The origin
of this singlet still remains unexplained. The value of
magnetic induction of the magnetic field at 4.2 K is
reported to be approximately B = 47 T.136.137 One of the
principal problems in the study of ultrafine particles of
Fe,O3 is the experimental difficulty of distinguishing
between an amorphous state of Fe;O3; and superpara-
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Table 2. Parameters of the RT Mdssbauer Spectrum for e-Fe>O3

octahedral sites

tetrahedral site

Fe, Fe, Fes Fes
ISge = 0.37 mm/s ISge = 0.39 mm/s ISge = 0.38 mm/s ISge = 0.21 mm/s
e =—0.19 mm/s e =—0.06 mm/s e=0mm/s e =—0.07 mm/s
B=450T B=452T B=395T B=262T

magnetic nanoparticles of y- or a-Fe,O3. Heiman and
Kazamal®® prefer the interpretation that amorphous
Fe,03 shows specific magnetic behavior, which is dis-
tinct from superparamagnetism. Their suggestion is
based on Mdéssbauer data, listing two differences in the
behavior of amorphous and superparamagnetic par-
ticles. First, while in the case of amorphous particles it
is possible to observe even small decreases in the
intensity of the internal magnetic field (H;nt) with
increasing temperature, the value of Hiyt remains
relatively unchanged with superparamagnetic particles
and only the area of the sextet component decreases.
The second difference arises from the comparison of the
magnetically split spectra (measured below Ty or Tg,
respectively) of amorphous and superparamagnetic
particles, with higher values of the width of spectral
lines corresponding to amorphous particles. The amor-
phous iron(l11) oxide can be prepared by a three-stage
microemulsion technique ending with a calcination of
the precipitated Fe(OH); at 250 °C,135 by a surface
oxidation of monolayers of Fe(CO)s adsorbed on graph-
ite, 189 and by thermal decomposition of aerosol gener-
ated by atomization of an FeCl; solution in butyl
acetate.’3 The thermally induced crystallization of
amorphous Fe;0z3 is carried out in two steps. Ayyub et
al. detected two exothermic effects on the DTA curve.13%
The first at approximately 290 °C was ascribed to the
formation of y-Fe;O3; and the other at 400 °C to the
structural transformation of y-Fe,O3 to a-Fe;O3. How-
ever, van Diepen and Popma prefer the formation of
metastable f-Fe,O3; as the primary crystallization
phase.137

5. Mdssbauer Spectroscopy in Studies of
Iron(l11) Oxides Formed during Thermal
Processes

The advantages of Mdssbauer spectroscopy for the
study of iron oxides formed during thermal transforma-
tions of ferrogenous sources were described in previous
sections. In this section we wish to demonstrate that
Madssbauer spectroscopy can be a powerful tool for the
identification of iron(lll) oxides as well as for the
elucidation of the manner of their formation. The
examples are taken from our work in the field. The first,
related to the thermal decomposition of Fe,(SO4)s, shows
in a unique way the polymorphic character of iron(l11)
oxide. In addition, the value of Mdssbauer spectroscopy
for the elucidation of the reaction mechanism in the
thermally induced solid-state reaction between NaCl
and Fe,(SO,)s is presented.

5.1. Thermal Conversion of Fe;(S04)3.2591 The
mechanism of thermal decomposition of Fex(SOa)z in air
strongly depends on temperature. At 520 °C, near the
minimum conversion temperature, superparamagnetic
nanoparticles of y-Fe,O3 are formed as a primary
conversion product. A broad (fwhm = 0.72 mm/s)
superparamagnetic doublet with I1Sge = 0.37 mm/s and

QS = 1.0 mm/s is dominant in RT spectra of samples
heated for shorter times at 520 °C. With increasing the
heating time, the nanoparticles of y-Fe,O3 are gradually
transformed into the thermally stable o-Fe,O3; via
intermediate e¢-Fe,O3 formation. Four nonequivalent
sites of iron in the structure of e-Fe,;O3 result in the very
specific Mdssbauer spectrum, which allows easy iden-
tification of this polymorph. Therefore, the mechanism
of the thermal conversion of Fe,(SO4); at 520 °C can be
described through the model of the consequent solid-
state transformations: Fe,(SO4); — y-Fe,03 — e-Fe,03
— a-Fe;03. The RT Mossbauer spectrum of the interest-
ing mixture of three Fe;O3; polymorphs formed by
heating Fe,(SO4)s at 520 °C for 5 h is shown in Figure
14a.

Increasing the calcination temperature to 600 °C
changes the reaction mechanism. Gamma and epsilon
polymorphs were not detected in thermally treated
samples. However, the narrow doublet (fwhm = 0.25
mm/s) with parameters corresponding to -Fe;O3, ISke
= 0.37 mm/s and QS = 0.74 mm/s, was observed in the
RT Mossbauer spectra of samples heated at 600 °C
(Figure 14b). With an increase in the heating time,
pB-Fe,03 is also transformed into hematite. This poly-
morphic change is proven by a gradual increase of the
sextet areas in the Mdssbauer spectra. It is evident that
this second mechanism of thermal decomposition of Fe,-
(S0O4)3 occurring at 600 °C can be expressed as a result
of the transformations: Fey(SO4); — -Fe;03 — a-Fe0s.
In summary, the thermal conversion of Fe;(SO4);3 rep-
resents a unique solid-state process during which four
polymorphs of Fe,O3; are formed and Mdssbauer spec-
troscopy is an elegant technique to characterize the
different phases and transformation mechanisms.

5.2. Thermally Induced Solid-State Reaction of
NaCl with Fey(SOy4)3 in Air.3* Understanding the
mechanism of solid-state reactions in cases where two
or more solid reactants are involved is not easy. In such
case it is necessary both to determine the molar ratio
of reactants and to identify and quantify all reaction
products, including the gaseous phases. Many experi-
ments and different experimental techniques are needed
to obtain the required information. 5"Fe Madssbauer
spectroscopy can significantly contribute to the study
of such reactions where some solid reactants are Fe-
bearing compounds. To demonstrate it, we present the
example of the thermally induced solid-state reaction
between NaCl and Fex(SO4)3 in air.

Experimental determination of the initial molar ratio
of NaCl and Fe,(SO4)s was performed indirectly on the
basis of the identification and quantification of reaction
products. The mixture of sulfate and chloride in an
arbitrarily selected molar ratio (1/1) was heated in air
at 400 °C for 5 h and analyzed. -Fe;03, NazFe(SOg)s,
NaFe(S0,),2, and Na;SO,4 were unambiguously identified
as solid reaction products by XRD. The excess of the
initial iron(l11) sulfate and therefore low weight per-
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Figure 14. RT Mdossbauer spectra of iron(l11) oxides prepared by the thermal conversion of Fe;(SO,); in air: (a) at 520 °C for 5

h; (b) at 600 °C for 2 h.

centages of some products complicated the correct
guantitative determination of products by XRD, a
problem suitable for 3’Fe Mdssbauer spectroscopy. To
react the entire Fe,(SO,)s3, a sample with excess NaCl
(molar ratio 5/1) was heated at the same conditions as
in the previous case. Three iron phases were revealed
by Madssbauer spectroscopy results (Figure 15). The
same isomer shift (0.46 mm/s) was observed for the two
sulfates phases. The hexagonal NasFe(SO,); corre-
sponds to a doublet with a very low value of quadrupole
splitting (0.05 mm/s). The monoclinic NaFe(SQO,), shows
the doublet with a higher QS (0.4 mm/s) as a result of
lower symmetry of the iron environment. The third
doublet with significantly lower 1Sge (0.37 mm/s) was
assigned to -Fe,03. The percentages of the subspectra
areas indicated that the products contained approxi-
mately 50% ferric ions in the form of 5-Fe;O03, 30% in
the form of NazFe(SO4)s, and 20% in the form of NaFe-
(SO4)2. The ratio of ferric ions of 5:3:2 corresponds to
the molar ratio of Fe;O3:NazFe(SO4)3:NaFe(SO,), =
5:6:4 (Fe,0O3 contains two ferric ions in contrast to both
double sulfates). On the basis of these results, quantita-
tive data for other phases were calculated and the
following reaction mechanism was suggested:

30NaCl + 10Fe,(S0O,); + *°/,0, — 6Na;Fe(S0,); +
4NaFe(S0,), + 5p-Fe,0, + 4Na,SO, + 15Cl,

To confirm the suggested reaction mechanism, NaCl and
Fe»(SO4)s were heated in a calculated molar ratio (3/1)
at 400 °C for 5 h. The obtained phase mixture did not
contain reactants, in accordance with XRD and Mdgss-
bauer spectroscopy results, and the weight decrease

A=203% NaFe(SO,),
A=295% NasFe(SO,);

transmission

exp. points

velocity [mm/s]

Figure 15. RT Maéssbauer spectrum of the products of
thermally induced (400 °C) solid-state reaction between Fe,-
(SO4)3 and NaCl in air. A, relative spectrum area.

determined from isothermal TG measurements (14.3%)
corresponded closely to the suggested reaction mecha-
nism. This example shows that 5’Fe Mdssbauer spec-
troscopy is an excellent tool in studying the mechanism
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of solid-state reactions where some solid reactants are
Fe-bearing compounds.

6. Summary and Outlook

During recent years, considerable progress has been
made in the synthesis and study of the structural and
magnetic properties of different forms of iron(l11) oxide.
New knowledge with respect to the properties of super-
paramagnetic nanoparticles of iron(l11) oxide led to their
expansion in various industrial fields. The last two
decades also brought the new view on the mechanism
of many thermal processes ending by the Fe,O3 forma-
tion. The advances so far achieved are the result of
extensive experimental investigations whose essential
part is today >’Fe Mossbauer spectroscopy. However, we
can expect that experimental scientists will be pressed
to solve several unsolved problems in the future. Why
has there not been success in synthesizing the pure
e-Fe,O3 or in preparing the large crystallites of this form
up to now? How to explain the controversial magnetic
behavior and transformation mechanism of amorphous
Fe,03? What role does particle size play in the mecha-
nism of isochemical thermally induced structural trans-
formations of iron(l11) oxides? How many other struc-
tural forms are waiting to be discovered? The step by
step larger society of “iron oxide scientists” as well as
the rapid progress in experimental techniques (synchro-
tron methods, modern microscopic techniques—scanning
tunneling microscopy, and atomic force microscopy) give
hope that answers to these issues will be known soon.

From the viewpoint of theoretical physics and chem-
istry, the main objectives will be to find the general
physical model for the individual types of thermally
induced solid-state reactions and to explain the narrow
relation between the properties (structure, particles size,
and morphology) of the original thermally treated
materials and the properties of the formed iron(l11)
oxide. Nevertheless, the theoretical description of the
mechanism of the thermal dehydroxylation of iron(I11)
oxyhydroxides is clear evidence that this gap in solid-
state chemistry can also be filled soon.
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