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The syntheses of amorphous,©g 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 amorphe@s please 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-fieldsktmauer spectra, is analyzed.

1. Amorphous FeOs as An Advanced Nanomaterial However, there are advanced applications where the amor-
In recent years, the iron and iron oxide-based materials phous nature of an iron oxide phase and a maximum surface
particularly in the }orm of nanoparticles, have been found to, area are required, rather than a crystal structure with well-defined
possess unique magnetic, catalytic, optical, sorption, and otherﬁ}rggsetrrtizs' O(tj’eenr;ﬁarlailrl]y’soagoer%?us tgﬁ;?(l)r%x;?igs IZZE\(I)Vn?reat
properties, enabling their functionalization in many advanced . P gy e

16 i 7 i
nanotechnological applications. Thus monodispersed iron nano-'rzse’ diaﬂi‘;}:oggﬁgfgﬁurmggtlf;?fturgiezger:1%%62;;;;@96
particles, fully encapsulated by fullerene-like shells, can serve ’ P P P )

as a carrier for radioisotopes such®®8Tc.! The incorporation In these applications, amorphous iron(lll) oxide plays a key role,

of radioisotopes enables testing and describing the nanometer-eSpec'alIIy because of its superior catalytic activity, superpara-

scale delivery vehicles for medical diagnostic and therapeutic magnetic behavior, and the large specific surface area of the
purposes. The excellent catalytic behavior of iron nanoparticles nanoparticles. ) ,

was utilized for the preparation of pure, aligned, isolated, and N catalysts, amorphous #®; nanoparticles are more active
dense carbon nanotubes of small diameters and uniform than the nanocrystalline polymorphs or particles of metallic iron
thicknes€ Such carbon nanotubes show unique mechanical, Of the same diameter thanks to the “dangling bonds” and a
electrical, thermal, magnetic, and capillary properties. These higher surfacebulk ratio in the amorphous pha3e.For
have found application in the field of one-dimensional conduc- €xa@mple, an amorphous £ catalyst from sonochemical
tors for the design of nanoelectronic devices, reinforcing fibers Synthesis was more effective than the nanostructured iron and
in superstrong carbon composite materials, and field emission Various crystalline polymorphs for the oxidation of cyclohexane,

sources. Magnetic iron oxide nanoparticles sFe y-Fe0s) with a significantly higher selectivity fpr the target prgducts of
can be widely used as magnetic pigments in recording and cycl(_)hexanol and cyclohexanoH& This catalytic activity was
information-storage medfaatalysi€ magnetic fluidg, magneto- ascribed to the mesoporous character of the synthesized

optical device$,and studies of macroscopic quantum tunneting. @morphous F£s; sample (see Figure 1). When in the form of
It is worthwhile mentioning that nanocrystalline iron oxides have & thinlayer prepared by the chemical vapor deposition method,
been found to be effective as image-intensifying agents for @morphous iron(lll) oxide can be applied as a photoelectrode
nuclear magnetic resonance imagiignagneto-caloric refrig- ~ and a photocatalyst for splitting water into, tand Q.**
eration!! medical diagnosi&? controlled drug delivery?® and Amorphous FgO; produced by ultrasound radiation was found
magnetic-induced cancer therayy. to be a suitable precursor for the multistep preparation of a
magnetic fluid composed of superparamagnetic nanoparticles,
*To whom correspondence should be addressed. E-mail: zboril@ which are dispersed in a colloidal solution with hexadecane and
prinw.upol.cz. Phone:+420585634947. Fax:-420585634954. stabilized by oleic acid? Among other advanced applications,
Univli(raspig/r-tments of Experimental Physics and Physical Chemistry, Palacky the nanocqmposnes of a'morph'ous ferric oxide Wlt.hZSa(fb
* Centre for Nanomaterial Research, Palacky University. good candidates for use in the field of magneto-optical sensors
8 Bar-llan University. and magnetic devices due to their attractive properties, including
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degree in Physical Chemistry at Palacky University in Olomouc (Czech
Republic) in 1996 and 2000, respectively. He underwent a series of 24}
foreign stays (Wits University, Johannesburg, Republic of South Africa; "
University of Delaware, U.S.; University of Tokyo, Japan), focused
mainly on nanomaterial and nanotechnology research. In 1998, he was 0.0 — 2
awarded for his significant work in the field of thermal decomposition 1d . 10 10
of iron salts by the Ministry of Education of the Czech Republic. His Pore Diameter (3)

research activities include syntheses, characterization and applicationgsigure 1. Pore-size distribution for an amorphous®gmesostructure
of iron oxide-based nanomaterials, and the study of the mechanism of hrepared by a sonochemical method (Srivastava #).al.

thermally induced solid-state reactions, mainly using sstmauer

spectroscopy. He is the author or co-author of more than 60 publications o . . . . .

and the co-investigator in several international research projects. ~ humidity sensors with high sensitivity, linearity, and good
stability 2> The linear dependence of the resistanRedn the

soft magnetic behavior, low density, and electric resistitaty.  relative humidity (RH) is the key sensor parameter, which is

In electrochemical applications, amorphous iron(l1) oxide used determined by the pore-size distribution and specific surface

in a lithium intercalation cathode improves its properties, area of the film. Figure 2A demonstrates the variations of the

including high electrochemical performance and slow capacity resistance as a function of RH for three iron oxide-based sensors,

fading?* The excellent sorption properties of amorphougdze including (a) ferrinydrite, (b) amorphous £2, and (c) hematite.

thin films doped by Au were employed for the development of Clearly, amorphous iron(lll) oxide prepared from the ferrihydrite
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RH (%) 260(°) flat surface prepared by annealing an amorphou®#€Si composite

at 850°C. (B) Photoluminescence spectrum recorded from theSte
composite exhibiting the multiple light emissions related to the
formation of a-FeSj semiconductor (Prabhakaran et@l.

Figure 2. (A) ResistanceR) as a function of relative humidity (RH)
for three iron oxide-based sensors: ferrihydrite (a), amorphog@;Fe
(b), and hematite (c). (B) XRD patterns of amorphousUzeand
o-Fe0;s thin films prepared by annealing of ferrihydrite at 200 and
400°C, respectively (Neri et &f). This short review follows the previous two reviews on the

syntheses and structural and magnetic properties of crystalline
precursor by heating at 20 yields a linear dependence in -, -, y-, ande-Fe&;03 polymorphs3? including their charac-
the whole range of the RH, while the nanocrystalline hematite terization by Mssbauer spectroscopy>* The present work
(a-Fe0s), prepared by heating at 400C (see the X-ray reports on the synthetic routes leading to various forms of
diffraction (XRD) patterns in Figure 2B), shows a considerable amorphous iron(lll) oxide, together with their magnetic, size-
decrease in the sensitivity at a relative humidity below 30%. dependent, and morphological properties. In addition, crystal-
This is explained by a decrease in the surface area and by dization mechanisms, techniques suitable for characterization,
lowering of the number of active centers for water chemisorp- and “experimental markers” for distinguishing amorphougize
tion, resulting in a loss of the sensitivity at low RH. The response from nanocrystalline polymorphs are discussed in relation to the
of the film formed by ferrihydrite (5F€3-9H,0) is also not  authors’ experience with E®; nanoparticle systen§2228-31.52-57
linear, showing, however, a saturation effect at high RR0%.
This occurs when water molecules condense within the pores2. Synthetic Routes toward Amorphous FgO3
of the sensor, forming a continuous liquid film. Moreover, such Nanoparticles in Various Forms
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 #&; 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(lll) oxide is an essential step in the
synthesis of magnetic nanocomposites, thus exhibiting several
unique propertie3® The incorporation of sonochemically pre-
pared amorphous iron(lll) oxide onto a high-quality Si wafer,

followed by annealing the composite, leads to multiple func- 5 icles (3-5 nm) were prepared by the microwave irradiation
tionality (magnetic, metallic, semiconducting, insulating, and ¢ 4 aqueous solution of Fe@H,0 with polyethylene glycol
optical) of the material. Upon annealing, Fe(lll) is reduced by anq yreg? The larger particles of about 25 nm can be synthe-
the silicon to elemental Fe(0) and SiO. The formed SiO is gjzeq if pure Fe(CQ)is irradiated with a high-intensity ultra-
volatile and desorbs immediately. Thus, it is possible to use gonjc horn under 1.5 atm of air at@ .28 The synthesis can be
superparamagnetic amorphous®gfor the preparation of soft, improved and the particle size of amorphous@gcan be
ferromagnetic Fe(0) nanoparticles, uniformly distributed onthe ¢onrolled by concentration of Fe(CO)n decalin during
flat Si surface (see Figure 3A). This type of material might have sonjcatior?®57 It was found that the lower the concentration of
a tremendous impact in the area of magnetic semiconductorsge(coy in decalin, the smaller is the particle size of amorphous
or spintronics and memory devices. Due to the secondary Fe,0, This sonochemical synthesis allows control not only of
formation of aB-FeSp semiconductor, this composite material  he particle size but also of their shape with the help of an

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 E®3; nanopowder have been reported in
the literature. Spongelike agglomerates of amorphouy®©4fe

exhibits multiple infrared emissions at 1.57, 1.61, and 65 applied external homogeneous magnetic f8lds a result,
which are crucial wavelengths for optical fiber communications highly acicular amorphous particles of 50 nm in length and 5
(see Figure 3B). nm in width were prepared in the presence of an applied field

At this point, it is worthwhile stressing that both the above- of 0.7 T (Figure 4). The formation of acicular particles was
mentioned and future potential applications of amorphou®fe  explained by direct magnetic interactions between the particles.
nanoparticles are strongly related to their intrinsic properties In addition to the sonochemical syntheses, iron pentacarbonyl
(i.e., size, morphology, surface area, stoichiometry, etc.) and was also found to be a suitable precursor for the preparation of
to the nature of the sample. Thus, the characteristics andamorphous F£€; nanopowder by microwave heating. Thus, the
applicability of amorphous iron(lll) oxides differ for pure  microwave pyrolysis of Fe(CQ@)in refluxing chlorobenzene,
nanopowders/—36 nanocomposites with SiF"*° layers and which acted as a solvent, resulted in amorphous particles with
thin films,*6-50 or organically modified coated particl&s52 diameters ranging from 2 to 3 nfhln addition to the syntheses
depending on the synthetic route. based on ultrasound or microwave irradiation of the suitable
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Figure 4. TEM images and selected area electron diffractions of (A)
regular amorphous E®; particles prepared by the sonochemical
method and (B) acicular amorphous,Beg particles prepared by the
same route in an applied magnetic field (Prozorov éal.

Machala et al.

A)

Figure 5. AFM images of amorphous F®; prepared from Prussian
Blue: (A) spongelike agglomerates (8050 nm); (B) dispersed
uniformly sized particles (23 nm) (Zboril et aF®).

B)

Blue precursor, as documented by varying the specific surface
area of powders (260400 n¥/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, sejel methods are com-
monly used> % The narrow particle size distribution and

liquid Fe precursor, precipitation methods represent anothersuppressed interparticle interactions are the main advantages

group of preparation routes. Thus, amorphougOzg@owders
with a specific surface area of about 206/gnwere prepared

of such nanocomposites in comparison with the powders. All
reported sot-gel syntheses of amorphous,Bg—SiO, nano-

by a homogeneous precipitation of an aqueous solution of composites include the mixing of tetraethoxysilane and ferric

Fe(SOy)s with urea (66-100 °C), followed by the thermal
dehydration of precipitates at 26@00 °C32 Among the
hydrolysis products, ferrihydrite was found to be the most
suitable for the preparation of amorphous ferric oxide. Amor-
phous iron(lll) 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)-

salt (nitrate, chloride) alcoholic solutions, followed by the
thermal treatment of the gét3%45 The size of the iron(lll)
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 %-Fe0s or a-Fe03).

Layers and thin filmsof amorphous iron(lll) oxide manifest

sodium sulfosuccinate in hexane was prepared, to which 0.2 Minteresting magnetic behavior, different from that of powders

Fett and 0.1 M Fé" water solutions were subsequently added.
After that, the obtained solution was slowly mixed with the NH

and composites. Such layers were developed by the thermal
decomposition of an aerosol upon a heated substrate (thin plate

OH solution and some amount of acetone was added. Finally, of fused quartz). The aerosol was generated by pneumatically

the ferric oxide precipitate was separated by centrifugafion.
In a relatively easy way, the short-time hydrolysis (lasting for
several seconds) of ferric chloride with a concentration lower
than 0.01 modm™2 was found to be effective for preparing
monodispersed spherica-3 nm particle$® Another route
toward amorphous E©3; powder, having an average size of 5

nm, is based on a three-component (a water solution of Fe-

(NOs)3, 2-ethylhexanol, sorbitane mono-oleate) microemulsion
technique, followed by heating the precipitates at 266 The

or ultrasonically atomizing a solution of FeQ10 wt %) in
butylacetaté847 Amorphous FgOs films were also produced
by a conventional diode sputter deposition method under high
sputter gas (Ar) pressure at a substrate temperaturé @6 °C 49
Another deposition route toward amorphous®sfilms is based

on an electrodeposition process, including a reduction of Fe-
(ClOg4)3 or Fe(CIQ), in oxygenated acetonitri®. The experi-
ments were performed at 2& under nitrogen in three-electrode
cells in a solution of acetonitrile with 0.1 M BiNCIO,.

particle size can be controlled by the appropriate adjustment of Furthermore, an amorphous ultrathin film of ;Pg can be

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

synthesized on partially oriented graphite by the oxidation of
an adsorbed monolayer of Fe(G{®) or on submicrospherical
alumina by a sonochemical meth@id.

v-Fe0s particles, was obtained by a laser-induced vapor-phase  The coating of particlesvith a suitable surfactant can modify

reaction with a mixture of Fe(C@)and Q as reactants and
using an IR pulsed CQaser as a light sour& The amorphous
phase, identified from XRD and X-ray photoelectron spectros-
copy (XPS), revealed a particle size range of12 nm in
accordance with transmission electron microscopy (TEM)
observations. Generally, such a £@ser pyrolysis technique

is useful for the synthesis of a variety of nanomaterials, including
Fe59.80 y-Fe03,51 B-Fe03,52 Fe—Si %2 or S nanoparticles.

A pure solid-state synthesis of amorphous®s based on
the thermal decomposition of fEe(CN)]s (Prussian Blue)
under air, was reported by Zboril et ®l.The microscopic
(atomic force microscopy (AFM), TEM) observations of
synthesized F©; nanopowders revealed that the primary
ultrasmall particles (23 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

several properties of amorphous,Be particles, including
magnetic behavior, thermal stability, and crystallization tem-
perature. Thus, amorphous;Bg particles coated with different
alkanethiols were synthesized by the above-mentioned sonica-
tion of a Fe(C@) solution in decaline with the subsequent
exposure of the samples to alkanethiol solutions of different
concentration82° According to thermogravimetry (TG) and
differential scanning calorimetry (DSC) data, the thermal
behavior of such powders is strongly dependent on the-thiol
Fe,03; molar ratio. If the sonochemical decomposition of Fe-
(CO)s is carried out in the presence of different surfactants,
amorphous iron(lll) oxide nanoparticles{%6 nm) coated by
undecenoate, dodecyl sulfonate, or octyl phosphonate can be
prepared in one stef.In this synthetic route, a decane solution

of 0.5 M Fe(CO3 and 0.05 M surfactants was sonicated at 273 K
for 3 h under an air atmosphere. The resulting black solution

controlling the size of the particles through the size of a Prussianwas evacuated to remove any unreacted Fe{CO)
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The selected syntheses of amorphousOzeparticles in from the thermal variation of the Msbauer spectra {800 K).
different forms and with variable sizes are listed in Table 1, The value of the magnetic ordering temperature, the interval of
covering preparation conditions and properties of nanoparticles.the coexistence of magnetically nonequivalent components (i.e.,

the transition range), or the saturation value of the hyperfine
3. Magnetic Behavior of Amorphous FeO3 magnetic field are strongly affected by the local structure, size,
and morphology of particles, and their interactions. Although
temperature-dependent “Bkbauer spectra were recorded by
several authorg}36:46:47.49.50.7fheir interpretations differ depend-
ing on the investigated form of the amorphous iron(lll) oxide.

The Messbauer spectra presented by van Diepen et al. and
Heiman et af'®474%for amorphous F£;s films show a magnetic
ordering temperature of 80 and 100 K, respectively. The
magnetic ordering temperature is interpreted as thel Ne
ﬁemperature, below which amorphous,Bg is antiferromag-
netic. The M®sbauer 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(lll)
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 nanocrystallinand
o-Fe0s3 (>50 T), the reduced value of the magnetic hyperfine

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 temperattié Such
magnetic nanoparticles show remarkable new phenomena suc
as superparamagnetism, high field irreversibility, high saturation
field, or shifted hysteresis loops after field cooling. The majority
of authors who studied amorphous iron(lll) oxide particles have
paid considerable attention to their magnetic behavior. Among
experimental techniques, Msbauer spectroscopy, magnetiza-
tion and magnetic susceptibility measurements are the most
powerful experimental tools suited for this purpose.

3.1. Mtssbauer SpectroscopyValuable information about
the “short-range structure” and magnetic behavior of amorphous . )
iron(111) oxidegcan be obtained fro?n Msbauer spectrosco%y, 1_‘|e|d .O.f ar_norp_hous RO at 5 K (47.T) is presented as an
mainly when applied at various temperatures and under external'dem'f'C"JItlon sign of the amorphous nature of the sample.
magnetic fields. Genera”y’ the room temperature (RWMO The thermal evolution of the Shape of the $dbauer SpeCtrum
bauer spectrum of amorphous ,Bg reveals a broadened ©f amorphous F£©; nanopowderssynthesized from Prussian
doublet. However, the fitting procedures differ among authors. Blue (Figure 6), was explained by the strong interaction between
The hyperfine parameters obtained for variously prepared iron- SUperparamagnetic particles with a significant shift of the
(1) oxides are summarized in Table 2. Some authors fit the Magnetic regime from inhomogeneous blocking to the glass
spectrum by one broadened doublet having, however, non-collective state, as in spin gla¥s’’ The fast temperature

Lorentzian shape, assuming an electric field gradient distribution variation of the spectral area of superparamagnetic fraction
as encountered in amorphous mater?&Rs:3336:45.47.49.7®ther indicates that the transition to superparamagnetism retains the

author§138.3974fit the RT Mossbauer spectrum of amorphous Mmemory of the collective state. The observed independence of
Fe,O3 with two doublets originating from the nonequivalent the blocking temperature on the size of amorphousOfe
surface and bulk Fe atoms in amorphous materials (see TablePrepared from Prussian Blue confirms the suggested model.
2). This “surface/bulk” interpretation assumes that the ratio of Below the blocking temperature, a fast increase in the hyperfine
the spectral lines corresponding to the surface and bulk Fe atomdield was observed with decreasing temperature. Nevertheless,
should strongly relate to the particle size. However, the its saturation value measureti4aK remains reduced<(49 T).
published data are not quantitatively consistent with this relation It seems that the reduced hyperfine field at low temperature is
(see the values of relative area (RA) in Table 2). one of the key markers of the amorphous nature of iron(lll)
The values of the isomer shift parameter (6-946 mm/s, oxide nanoparticles, independently of their synthesis and form
relative to metallic iron) obtained at room temperature are typical (Powder, film). It is important to note that the average
for high-spin F&' ions in octahedral coordination. The high dquadrupole shift parameter is near zero due to a random
values of the quadrupo|e sp||tt|ng parameter reflect a |arge distribution of angles between the magnetic hyperfine field and
deviation of the octahedral environment of Fe nuclei from a the electric field gradient in the amorphous;B¢ phase.
spherical symmetry. In the group of iron oxides, such a deviation  The in-field M&ssbauer spectra were measured for amorphous
is comparable only with the d-site in the cubic “bixbyite” FeQOs in the form of pure nanopowdé?,and also for the
structure of3-Fe,0Os. The Mtssbauer lines are relatively narrow  nanoparticles hosted in a silica aerogel matfixoth in an
in comparison with those of nanocrystalline iron(lll) ox- external field applied parallel to theray direction. Indepen-
ides®>7576thus indicating the narrower distribution of electric  dently of the different degrees of interparticle interaction, the
field gradients than those in nanomaghemite or nanohematitespectra display negligible changes in comparison with those
samples. It seems that the origin of the quadrupole splitting recorded in a zero-applied field at the same temperature. In
distribution in FeOs nanoparticle systems can be different in particular, the intensities of lines 2 and 5 remain almost
amorphous and in nanocrystalline phases. In the case ofunchanged. This fact supports the very specific magnetism of
amorphous F®s particles, which usually reveal a narrow size  amorphous F£j3, as the intensities of these lines are reduced
distribution, the quadrupole splitting distribution arises rather or enhanced for ferromagnetic (ferrimagnetic) and antiferro-
from the nonequivalent (variously distorted) octahedral environ- magnetic materials, respectively, if an external field is applied
ments of Fe nuclei, whereas the broad distributions observedparallel to they-ray direction. This unusual response to the
in nanocrystalline iron(lll) oxides are frequently related to a applied field in a Mesbauer spectrum represents one of the
broad particle size distribution. principal markers for how to identify an amorphous®g¢phase
Although the RT Masbauer spectrum yields important and distinguish it from nanocrystalline polymorphs (see section
primary information on the structural and magnetic properties 5). In the case of a nanopowdered sample with a high degree
of iron(lll) oxide nanoparticles, additional data can be obtained of interparticle interaction, the unchanged line intensities in the
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TABLE 1: Survey of the Selected Syntheses of Amorphous F®32

Machala et al.

condns allowing

the control of particle

the particle sample size
synthetic route precursors exptl condns  size or morphology nature (nm) note ref
microwave aqueous soln of 650 W microwave P 3-5 agglomerates 27
irradiation FeCk-6H,0, oven of fine
polyethylene particles
glycol, and urea
sonochemical pure Fe(COy 1.5 atm of air at P 25 S=79 /g 28
synthesis 0°C
sonochemical Fe(CO}), decalin 1.5 atm of air at 4Msolnof Fe(CO) P 18.7 S=148nt¥/g 29
synthesis 0°C in decalin
1Msolnof Fe(CO) P 147 S=181nt/g 29
in decalin
0.25 M soln of P 142 S=207nt/g 29
Fe(CO}
in decalin
1Msolnof Fe(CO) P 5x 50 acicular 30
in decalin, particles
external magnetic
fieldof 0.7 T
microwave Fe(COj}, chlorobenzene air P -2  agglomerates 31
pyrolysis (25—-40 nm)
of fine particles
precipitation aqueous soln of 60—100°C P S= 200 n¥/g 32
FexSOy)s, urea
precipitation aqueous solns of aqueous solns of AOT P 3 acetoneusedasa 33
Fet and Fé+ and NH,OH used precipitation
as micellar solns agent
microemulsion aqueous soln of heating temp of 250C, P 5 NH,OH used as a 34
technique Fe(NG)s, Fe(NG;)3 concn precipitation
followed by 2-ethylhexanol, of 0.312% agent
precipitation and sorbitane
and heating of mono-oleate
precipitate
hydrolysis followed aqueous soln of FeCk concn of P 3-5 spherical particles 35
by thermal FeCk and HCI 0.01 motdm?
dehydration
thermally induced Fe[Fe(CN)|s air, decompn precursor P 1-3 S=400nt/g 36
solid-state temp of particle size:
decompn 250°C 18—29 nm
precursor P 2-4 S=200nt/g
particle size:
56—66 nm
sol—gel followed  alcoholic soln of Fe—Siratio= 0.4, gel temp, iron content N 2 S=212 nt/g 23,38-45
by thermal Si(OGHs)4 and heated at 300C in nano-
treatment aqueous soln composite
of Fe(NG;)-9H,0
thermal decompn FeCksolnin decompn temp F aerosol generated 46, 47
of aerosol butylacetate of 250°C pneumatically
or ultrasonically
diode sputter FeOs target —196°C, high sputter F alternatively FeD, 49
deposition gas (Ar) pressure target and @plasma
can be used
electrodeposition  Fe(CIQy)s, Fe(ClQ),, 25°C, under nitrogen in F platinum counter 48
process and acetonitrile three-electrode electrode
(oxidation of cells in soln of Ag/Ag™ reference
electrodeposited acetonitrile with electrode
metal by 0.1 M BuuNCIO,4
dissolved oxygen)
surface oxidation of Fe(CO} graphite surface used as a F precursor monolayer 50

adsorbed from
the gas state

precursor
monolayer

support material,
1000°C, 1075 Torr

aP, powder; N, nanocomposite; F, thin film or lay&;surface area.
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TABLE 2: Hyperfine Parameters of RT Md&'ssbauer Spectra paramagnetic one in the sense that magnetic moments do not
of Amorphous Iron(lll) Oxides Prepared by Different fluctuate in time. Contrary to the spin-glass systems, where the
Routes random spin structure occurs at the level of domains, the
Ore AEq Il RA size sample speromagnetic phase is characterized by the spin disorder in
component (mm/s) (mm/s) (mm/s) (%) (nm) nature ref the atomic-nearest-neighbor scale with the adjacent spins being
D 0.34 1.01 0.62 100 F 47 uncorrelated in the orientation. The application of an external
D 0.33 113 0.68 100 F 49 field does not induce any long-range ordering in the speromag-
D 0.34 0.87 0.56 10046 N 45 netic structure due to the absence of the principal crystal-
D 0.42 0.930.70 100 25 P 2829 lographic axis in an amorphous particle. As a result, the random
D 0.33 0.84 0.52 100 14 P 36 ? . o L .
D 0.39 0.68 100 3 P 33 spin arrangement is preserved even in high external fields, which
D 0.36 1.07 0.52 75 5 P 34 is reflected by nearly the same profile of zero-field and in-field
S 0.12-0.16 0.56-0.65 25 Mdssbauer spectrd. 82
B:I ggg gg% 8:23 gg 34 N 39 3.2. Magnetic Susceptibility and Magnetization Measure-
DI 0.34 0.66 0.38 44 2 N 38 ments. Similar to Méssbauer spectra, the magnetic susceptibility
DIl 0.34 1.13 051 56 and magnetization curves of amorphous@=sare significantly
DI 0.38 0.56 0.30 6623 P 31 affected by the synthetic route determining the particle size
B:' 8-32 8‘23 8'?;.91 % 3 - distribution and the degree of interparticle interaction. The curve
DIl 0.46 119 044 80 of alternating current (ac) susceptibility versus temperature for

amorphous F£3; nanopowder, prepared from Prussian Bigie,

30k, iso_mer shift relative_to metallic iromE_Q, quadrupole splitting; displays a maximum corresponding to a magnetic transition
Iy, full width at half-maximum; RA, relative area; D, doublet; S, temperature at about 50 K. The shape of thes-T curve can
singlet; P, powder; N, nanocomposite; F, thin film or layer. provide information on the distribution of the energy barriers
300 K (Eg). For an inhomogenous blocking process, the peak width

‘ increases if th&g distribution broadens. The interactions narrow

the Eg distribution, and as a result, a relatively narrow peak is
observed in the sample of amorphous,®£ nanopowder,
representing a strongly interacting systérthese conclusions
are in good agreement with the 8kbauer measurements.

Above a magnetic ordering temperature, the temperature
dependence of reciprocal susceptibilityy(ds T) fulfills the
Curie—Weiss law, reflecting the paramagnetic or superpara-
magnetic behavior of amorphous Bg.39464749The values of
the effective magnetic moments per iron atom calculated from
the linear slope of the %#vs-T curve above the magnetic
ordering temperature were found to be very low: 3.%5or the
layers prepared by decomposing an aerosol from an sFeCl
solution in butylacetaté472.8ug for the nanocomposite from

80 K

transmission

o, Y "~ P sol-gel synthesig) and 3.@is for the film obtained by the
4 ‘,’”z‘ _.'/“\‘.*' Vo ,\\I; sputter deposition proceé.Independently on the synthetic
oV ¥ routes, these values are much lower than the value expected

-10 -5 0 5 10
v [mmi/s]

for FE¥* ions (~5ug). It seems that such a decrease in the

effective magnetic moment per one iron atom is not accidental;
however, i xplanation is rather ionable. The r

Figure 6. Temperature-dependent B&bauer spectra (2800 K) of owever, its explanation is rather questionable e reduced

the amorphous E©; nanopowder prepared from Prussian Blue (Zboril value of effectlve magn(_etlc momer;tAQNas usually ascribed to
et al3). the formation of magnetic clustéfs’’#°and to an extremely

low particle size with a high contribution of the surface
zero-field and in-field spectra can be interpreted through a spin- aNisotropy2° Indeed, we cannot exclude that this phenomenon
glass-like behavio?s73 For the isolated non-interacting amor- ¢an be directly related to the essence of magnetism of
phous FgOs particles, the speromagnetic model is assumed to @morphous F; (speromagnetism, spin-glass-like behavior).
explain the same profiles of Msbauer spectra recorded without Neverthgless, this issue needs further experimental and theoreti-
and in the large external magnetic fiéfd. cal clarification.

A speromagnetic model was originally developed for a  As the most powerful measuring tools, sensitive to the
description of the magnetic behavior of ultrasmall amorphous influence of the particle size, morphology, and interparticle
particles below ordering temperature, where in-fielddgtoauer interactions on the magnetic properties of amorphou®©ke
spectroscopy is used as the key experimental support. Generallythe zero-field-cooled (ZFC) and field-cooled (FC) magnetization
speromagnetism is a variety of magnetic order in amorphous measurements are frequently applied. The differences in the
or disordered materials where the atomic spins are frozen inmagnetic characteristics of interacting and non-interacting
essentially random orientations with an isotropic probability particles of amorphous E®; are clearly seen in Figure 7. For
distribution. In speromagnetic materials, the magnetism mainly a nanopowdered sample, representing a strongly interacting
depends on the balance between exchange interactions andystem, the ZFC curve shows a broad maximumTaix
magnetic anisotropy. Such phases exhibit the absence of long-corresponding to the average blocking temperature through the
range magnetic ordering below a magnetic transition temperaturesample?® The FC curve departs from the ZFC curve at the
despite the presence of strong antiferromagnetic exchangemagnetic irreversibility temperatur@&i(), corresponding to the
interactions. The speromagnetic structure differs from the blocking temperature of the largest particle. The FC curve
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in an external magnetic field of 0.73P.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

R nonsaturation) and quantitative (values of coercive fiéld)(
e :;o;oslout;o;o 'aio': saturation mqgnetizatiodv@), and remanent magnetization
T (K) (Mg)) description of the magnetic behavior qf th_e nanoscaled
systems. At room temperature, the magnetization curves re-
Figure 7. FC-ZFC magnetization curves for (A) amorphous,®Ge corded for amorphous iron(lll) oxide are not hysteretic and do
nanopowder [the vertical lines depict the relaxation measurements atpot saturate, even at high applied fields (Figuré®9j28.36:47.70,74:83
different temperatures (Prozorov et’} and (B) FeOs—SiO, nano- Such behavior is in accordance with RT Mauer measure-
composite (Cannas et 8). . . .
ments and is expected in the unblocked regime of superpara-
recorded for amorphous §@; nanopowder (see Figure 7A)  magnetic particles, when the magnetic moment of particles can
remains practically constant beldly,,2383which is typical for align in its various easy directions during measurement time.
strongly interacting nanoparticle systems includjnge,038485 The simplest description of a superparamagnetic material in a
anda-Fe,0; nanopowderg® The shape of the ZFEFC curves magnetic field employing Boltzmann statistics is based on the
in such systems with strong interparticle interactions was following relatiorf?
explained by a progressive blocking of the magnetic moments
of the superparamagnetic particles, with a distribution of M=M (COth’[ﬁ _ ﬂ)
relaxation times. The interpretation based on strong interparticle S kKT uH
interactions was also supported by magnetic relaxation measure-
ments showing logarithmic decay of relaxation time with where the expression in parentheses represents the Langevin
temperature, as depicted by vertical lines in Figure 7A. The function, M is the total magnetic moment of particles per unit
interactions also modify the anisotropy energy barrigs)( volume,u is the magnetic moment of a single nanopartitle,
leading to an increase Ofmax and a narrowing of theEg is the saturation magnetization, akdlenotes the Boltzmann
distribution43.84.86-89 The maximum of the FC curve, followed constant. As a result of the Langevin relationship, the saturation
by a plateau at lower temperatures, is similar to the behavior magnetization at a defined temperature is reached at a higher
observed in spin glass, characterized by a random cooperativemagnetic field for smaller particles. Such particle-size-dependent
freezing of spins or spin clusters at a well-defined transition magnetic behavior was unambiguously proved for amorphous
temperaturé386.%0For comparison, Figure 7B shows the ZFC ~ Fe,0s; nanopowders by Cao et al. (Figure 9&)The decrease
FC curves measured for amorphous®@gdispersed in a Si© in the magnetization with decreasing particle size has been
matrix, a nanoparticle system without interparticle interac- explained in terms of a non-collinear spin arrangement at or
tions3945 Below Ty, the FC curve ascends steeply with a near the surface of the partiée?* This particle size dependence
decreasing temperature afgxis shifted to a much lower value  is also valid for the nanocrystalline polymorphs 0£8g but
than in the case of amorphous,Bg nanopowde?? the magnetization curves clearly satur&é?74:84.8591,95

In addition to the degree of interparticle interactions, the-FC Below the blocking temperature, the magnetization cannot
ZFC curves are strongly affected by the particle size distribution relax in the time window of the measurement, and a hysteretic
and particle morpholog§f-°1 With an increasing particle size, (irreversible) behavior occurs (Figure 98)36.73.83The nonsat-
Tmax Shifts to the higher temperatures due to the increase in theuration behavior of the magnetization at a low temperature and
average blocking temperature. As the particle size distribution under a high field proves that spins are randomly oriented as in
broadens, the values @f.x and T differ more notably and a  spin-glass or cluster-spin-glass systems with competing ex-
broadening of the ZFC curve is obser/dlhe role of the change interactions below the spin freezing temper&fute.
particle morphology has been studied by Prozorov et al. for a result of the surface spin disorder, the hysteresis loop, after
globular particles synthesized by the sonochemical irradiation field cooling, is shifted for an amorphous J& nanopowder
of Fe(CO} and for acicular particles prepared by the same route prepared from Prussian Bl§&Such a shift in the magnetization




Review Article

A)

magnetization/emu g~

-4 0
magnetic field / 10" T

-8

20 y
2
0] 5K
104
E -2
E T
O 4%
§ 0
=
S 1.5
® -
g § 1.0
2 -10 %
3 1° 0.5
0.0
§ 10 15 20 25
-20 Te:'nperalure (K)

-100 -50 0

magnetic field / 10" T

Figure 9. (A) Room temperature magnetization curves of amorphous
Fe,03 with different particle size (Cao et &). (B) Hysteresis loop for
amorphous F©; 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 th
coercive fieldHc (Mukadam et afd).
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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 exchang

field on the core of the particle, which is responsible for the
observed shifted hysteresis lod8$n 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 amorphou®sFe
nanopowders prepared from Prussian Bliand also for other
nanometer-size systems including those consisting of iron oxide
nanoparticle$3.85.90.96:98

4. Contribution of Other Experimental Techniques to the
Characterization of Amorphous Fe;0O3; Nanoparticles and
to the Study of Their Crystallization Process

In addition to M@sbauer spectroscopy and various magnetic
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Figure 10. XRD patterns of amorphous (A) K&; and (B) nanocrys-
talline y-Fe03 (Prozorov et afd).
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sample?0:27,28,30,31,35,36,38,39.88n 5, the absence of Bragg peaks
in the XRD pattern is an important marker for the identification
of amorphous F£; and its distinction from nanocrystalline
Fe03; 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 F®; polymorphs is also dependent on the
line resolution, which is determined by the wavelengths of the
X-ray radiation (Mo, Cu, Co k).

In addition to the above-discussed S&tauer 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 phad@?7.28.31.39.5R spectroscopy has
been employed by various authors, particularly for the detection
®f the gaseous substances adsorbed on the surface of amorphous
Fe03 particles?®2726 XPS is one of the most powerful tools
for obtaining information on the electronic structure and
stoichiometry of solids. Thus, Palchik et &l who characterized
amorphous ferric oxide prepared by pyrolysis of iron penta-
Sarbonyl 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 F£3;—SiO, nanocomposites prepared by a-sol
gel method® Two main signals were resolved in the spectra
and assigned to a bulk octahedral or tetrahedral gite Q)
and a strongly distorted rhombic site located on the surface of
the particle, in contact with the SiOnatrix (g ~ 4.3)3° 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

measurements, a long scale of other experimental techniquesn the local environment of Fe(lll) contrasts with the dbauer

yielding important information on chemical purity, local struc-
ture, size, morphology, or thermal stability of amorphougze
nanoparticles has been used by various authors.

X-ray powder diffraction (XRD) represents the most fre-

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

quently used method for the verification of the amorphous nature group of experimental methods providing key information on
of the sample. A flat line in the XRD pattern is a prerequisite the size, size distribution, morphology, and surface properties
for the absence of the periodic crystal lattice, and it also indicates of amorphous F£3 nanoparticles. TEM (HRTEM) analysis is
that no parasitic crystalline compounds are contained in the the most frequently used, although its objectivity and applicabil-
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Figure 11. X-band EPR spectra of amorphous,Bedispersed in a
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silica matrix recorded between 4 and 30 K (Ennas é&f)al. emperature [*C]

Figure 12. DTA of the amorphous K©; nanopowder synthesized by

ity are partially restricted due to the difficulty in sample the three-component microemulsion technique (Ayyub éfal.

preparation resulting rather in the imaging of large agglomerates
i 27,28,30,31,39,8 iti 1 . . . .
than separated pgrtlclé%. . Thus, itis quesnonab_le of the crystallization mechanism of amorphous iron(lll)
whether the relatively Iarge ot_)jects observe(_j In TEM micro- ;. i4e27-313483Tgple 3 summarizes the results concerning the
graphs of amorphous ferric oxide samples with diameters of & oy sajlization mechanism of amorphous iron(lll) oxide pub-
few tens of nanometet®?°83represent the real particles or if  |ighaq by various authors.
they corresponq to the ag.glom.erates compri.sed of ultrasmall They will be discussed with respect to the role of crystal-
amorphous particles. At this point, and following the analyses |i,4tion atmosphere, temperature, sample character, and particle
of various data on amorphous &, we emphasize that its  gj;e 4|l of which are the principal factors influencing the
amorphicity is related to an ultrasmall dimension and “space gt cture of the primarily formed crystalline phase.
re_strlgtlon”,_leadlng to the absen_ce _of a periodic Iattlce. From |t is evident that nanocrystalline maghemite is the primary
this viewpoint, the use of transmission electron microscopy t0 ¢rystallization product if nanopowdered amorphousCseis

verify the character of the amorphous sample is also a crucial heated under air, in full accordance with the conclusions of the
point, as the crystallization process can occur under an elec”onmajority of the authord830.3134.36.8g indirect evidence, two

beam. This drawback can be eliminated if nondestructive atomic \ye||-resolved exothermic peaks can be observed in the DTA

force microscopy is appliet:*It offers very precise informa-  gnq DSC curves of amorphous ferric oxide nanopowder. To
tion on the vertical dimensions of particles, and the sample jjystrate, the DTA curve for amorphous iron(lll) oxide prepared
preparation also allows the imaging of the well-separated py 5 microemulsion technigétis shown in Figure 12. The first
particles (see Figure 5B). On the other hand, the values of the gygthermic peak observed at 292 can be attributed to the
lateral dimensions are strongly affected due to the-“pmple process of crystallization of amorphous,8gto y-Fe0s, while
surface” convolution, and thus, the obtained morphological the other one, being more intensive and occurring at 396
information is very poor. As an indirect tool for the evaluation corresponds to the polymorphous isochemical transformation
of the particle size, BET surface area measurements could begf y-Fe0s to a-Fe0s. The studied phase transitions were found
realized if general assumptions of globular particle shape, tg be irreversible, and thus, the rescanned DTA curve after the
nonporous sample character, and narrow size distribution arecogling of the sample revealed none of the described effects,
fulfilled.38 In the case of the porous sample, the existence and indicating the presence of thermally stable hematite.
the volume of the pores, together with their size diStribUtion, The therma”y induced transformation process of amorphous
can be determined from BET measurements (see Figut¢ 1). Fe,0;—SiO, nanocomposites under air yields the same primary
Thermal analyses, including thermogravimetry (TG), dif- crystallization product as in the case of nanopowdered samples,
ferential thermal analysis (DTA), and differential scanning with the only difference being a significantly higher crystal-

calorimetry (DSC), significantly contribute to an explanation

TABLE 3: Summary of Data on the Thermally Induced Crystallization of Amorphous Iron(lll) Oxide under Various
Conditions?

author particle size of amorphous;Bg (hm) atmosphere T. (°C) product of crystallization form
Liao?” 3-5 air 340 o-Fe0s nanopowder
Subrg? 200 n/g (specific surface area) air 45600 * nanopowder
Cac® 25 air 268 y-Fe0s nanopowder
Cad® 23.3 nitrogen 280 RO, nanopowder
18.7 nitrogen 277 =N nanopowder
14.7 nitrogen 290 =N nanopowder
14.2 nitrogen 298 RO, nanopowder
Palchilé* 2-3 air 250 y FeOs nanopowder
2-3 vacuum 500 o-Fe0s nanopowder
Ayyub®* 5 air 292 y-Fe&0s nanopowder
Zboril®® 15-25 air 280 y-Fe0s nanopowder
Canna¥® 4—6 air 700 y-Fe0s nanocomposite
Diepert® * air 250 B-Fe0;, a-Fe0s layer
Heimart® * air 500 * film
Ennag® 3-4 air 700 y-Fe0s nanocomposite

aT,, crystallization temperature;, the authors do not specify the crystallization product.
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LARARERARRN ARARE RARAS REARD RARRI RARLN ARM Cao et al. carried out a complex study of the crystallization
*Y Feo,0, process of amorphous #&; nanopowder under an inert atmo-
e0Fe,0, sphere (N) using XRD, magnetization measurements, DSC, TG,

. 4 Crystobalite and magnetic TG measuremeff©n the basis of complemen-
. ;*. ; o tary experimental results, magnetite {6¢) 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
Fe05 at about 300C (curve 1) was ascribed to the conversion

of Fe&O3 to Fe&O,. The mass increase between 300 and ¥D0

is related to the presence of a strong magnetic phas©{-a

the system, while the final mass loss above 30@orresponds

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 1l4a displays the
magnetic TG curve of the amorphous,6g sample previously
heated up to 900C in nitrogen. As can be clearly seen, the
shape of the curve and its character are in agreement with those

of commercial FgO4 (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 DS€ Four samples were prepared by a
sonochemical method using Fe(G@}p a precursor, and their
lization temperature (700C), expected due to the preventive particle size was controlled through a change in iron penta-
role of the matrix383° The process of crystallization of an carbonyl concentration. Samples having different surface areas
amorphous F£;—SiO, nanocomposite at various temperatures of 79, 148, 181, and 207 #y, reflecting differences in particle
under air is manifested by XRD patterns in Figure 13. Only dimensions, were assigned as A, B, C, and D, respectively.
the most intensive peaks of maghemite are visible in the XRD Generally, their DSC curves recorded under a nitrogen atmo-
patterns of samples heated at temperatures belowID08hile sphere (Figure 14b) exhibit an endothermic peak at ap-
hematite appears at higher temperatures together with crystoproximately 150°C, which is attributed to a desorption of
balite, which is formed by the crystallization of the amorphous contaminants and gaseous phases from the surface of the
SiO, matrix. particles. The large exothermic effect is assigned as a manifesta-

In regard to amorphous F@; films and layers$-Fe,03 and tion of the crystallization of amorphous #&. Obviously, the
o-Fe0; were identified as the crystallization produéfs.  crystallization temperature increases with the decreasing particle
However, the literature data in this field are very poor. size from 280°C for sample A to 298C for sample D.

a) b)

26(°)
Figure 13. XRD patterns of samples prepared by thermal treatment
of amorphous F£;—SiO, nanocomposite at various temperatures in
air (Ennas et al?).
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Figure 14. (a) Magnetic TG curves of amorphous;Be nanopowder before heat treatment (1) and after heating t6©@@thder nitrogen (2) and
of commercial Fgl4 (3). (b) DSC curves of amorphousJ4a2 nanopowders with the average size decreasing in the sequence A, B, C, D, respectively
(solid lines), and DSC curve after previous heating to 40Qdashed line). All curves were recorded under a nitrogen atmosphere (Cad)et al.




4014 J. Phys. Chem. B, Vol. 111, No. 16, 2007 Machala et al.

It is worth mentioning here that there are almost no literature amorphous phase from the temperature dependence of magne-
data concerning the thermal behavior of amorphous iron(lll) tization from FC-ZFC curves (including values of the magnetic
oxide in the reduction atmospheres. However, it was recently transition—Tg, Tr) and from the width of the magnetic transition,
found to be a suitable precursor for solid-state synthesis in a as these characteristics (see section 3) can be very similar. They
hydrogen atmosphere, leading to larger magnetic nanoparticlescan also be similar for ultrasmall maghemite particles, mainly
with a narrow size distribution. Thus, the magnetic composites if we consider the powdered samples with a high degree of
of a-Fe and/or FgD4 nanoparticles dispersed in a MgO matrix interparticle interactiof?1°°0n the other hand, there are some
were prepared by the controlled thermal reduction of amorphous “magnetic markers”, allowing the direct identification of the
Fe03 nanopowder with nanocrystalline Mg under a hydrogen amorphous F£€3; phase independently of the sample’s character.
atmospheré® The excellent magnetic properties of nanopar- Important information can be extracted mainly from the value
ticles, combined with a low molar weight, biocompatibility, and  of saturation magnetizatiods) and/or, if the hysteresis loop
high chemical and thermal stability of the nanocrystalline MgO does not saturate, from the magnetization at a maximum applied
matrix, make the prepared nanocomposites applicable in variousfield (Mmay), Which is considerably reduced in amorphous®e

processes including biomagnetic separations. samples compared to nanocrystalline maghemi€eOs. To
be more specific, the values Mnay recorded from hysteresis
5. Amorphous versus Nanocrystalline FgO3 loops @ 5 K in an applied field of 10 T, are for amorphous

Fe03 nanopowders lower than 20 emd##8-"3while nanopo-
wdered maghemite shows, under the same conditions, signifi-
cantly higher values ranging from 50 to 90 emu/g, depending
on the particle siz&10%197 Even very small 3-nm-sized
maghemite particles exhibit incomparably highéfax (50
emu/gj°8than amorphous particles of almost the same3i%&e’3

It is worth mentioning that nanocrystalline hematiteFe,O3),
being a representative of antiferromagnetic compounds, shows
a very low value ofMs (1—2.5 emu/g}®® 110 and thus its
magnetic distinction from amorphousJ® is also very easy.
The application of theMs and Mmax values as markers for
distinguishing amorphous F@; from maghemite and/or hem-
atite is partially complicated in the case of the,Gg nano-
composites with some matrix, where these magnetic parameters
are usually reported for the whole compoditén such a case,

it is necessary to take into account the weight ratio of a magnetic
Fe0; fraction to a nonmagnetic matrix to decide on the

the applicability of XRD analysis for distinguishing amorphous amorph_lClty_ of FgOs from the reduced value of the saturation
and nanocrystalline iron(lll) oxide phases is restricted in the magnetization.
case of nanocomposite samples with a crystalline matrix and a TWO other magnetic markers of the amorphous phase are
low content of FgOs; nanoparticles. This problem is also extractable from Mesbauer spectra measured at the lowest
encountered in SAED analysis. Nevertheless, the amorphoustemperatures and in sufficiently high external magnetic fields.
SAED pattern is clear evidence for the presence of an The first is the value of the hyperfine magnetic fiellq,
amorphous phase because of the absence of any diffraction ringg!sually registered at liquid helium temperatufed, which is
(see Figure 4). However, it is necessary to take into accountdrastically reduced compared to that found for nanocrystalline
that this indication of amorphicity is usually related to a very Mmaghemite and hematite samples. Although the spectra of amor-
low number of particles involved in such an analysis. phous FgOz recorded affye are usually fitted by a distribution
An indirect approach emerging from the monitoring of ther- of hyperfine magnetic fields, theldete.rmined average field's vary
mal and magnetic behavior is applicable, but the obtained datafrom 45 T for the nanocomposite with a low degree of inter-
are strongly affected by the sample character and the measurepParticle interactiorf? via 47 T in the case of an amorphous
ment conditions. As mentioned in section 4, the thermally in- film, #4749 to 49 T for the nanopowdered sampfe®®
duced crystallization mechanism is still a controversial subject Nevertheless, these values are incomparably lower than those
and very different primary crystallization products can be iden- reported for nanocrystalline hematite samples{54 T) 111112
tified depending on the atmosphere, heating conditions (iso- Similarly, a Mtssbauer spectrum of nanomaghemiteTat
thermal vs dynamic treatment), sample weight, material thick- Possesses a largBys (~*50—51 T) than the amorphous phase,
ness, and sample character (layer, powder, composite). Evernainly if it is fitted by one sextet due to the strong overlapping
in an “ideal” case, when crystallization occurs under air in two ©Of tetrahedral and octahedral subspeétfal! If the contribu-
steps via maghemite to hematite (see DTA in Figure 12), we tions of both sublattices in the spinel structure of maghemite are
have no information on the content of the amorphous phase, ag'eésolved in the spectrum, the high valueBaf corresponding to
two exoeffects can be observed both for the completely amor- octahedral Fe(ll) ions¥51.5-52.5 T)*6represents an impor-
phous FgOs and for the sample with its negligible concentration. tant parameter allowing a distinction from the amorphous phase.
In regard to the magnetic response to the presence of The second Mssbauer marker, enabling the distinction of
amorphous iron(lll) oxide in the sample, there are again severalan amorphous K83 phase from nanocrystalline maghemite and
problems with its unambiguous detection. This is mainly due hematite, is based on its specific magnetic behavior in an
to the key role of surface effects and interparticle interactions, external magnetic field. It is known that in a random distribution
which can manifest themselves in the same way in an assemblyof the magnetic moments within the particle and in a zero-
of both amorphous and nanocrystalline,®gparticles. Thus, applied field, the intensity ratio of the six lines of the
we cannot draw any conclusion about the presence of themagnetically split Mgsbauer spectra is 3:2:1:1:2:3. In most

From the previous sections, one can conclude that it is very
difficult to distinguish experimentally between a true amorphous
Fe0; 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,©¢ phases. Moreover,



Review Article J. Phys. Chem. B, Vol. 111, No. 16, 2004015

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
Mossbauer 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:
1:4:31811%However, 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 M@sbauer spectra of maghemite and hematite is
the principal difference in comparison with amorphous®ze
exhibiting no change in the line intensities (see section 3.1)
To demonstrate the applicability of a “Msbuaer 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 9dbauer
spectra, including their hyperfine parameters (see Figure 15 and
Table 4), for the FgO3—SiO, nanocomposite sample prepared
| by the sol-gel method’® The in-field spectrum was recorded
in an external magnetic field applied parallel to the direction
T=10K,H=6T h l of gamma rays. XRD analysis of such a material indicates the
0.90 4 r ; r r . r presence of/-Fe03 and a-Fe;0O3 nanoparticles with a mean
-12 -8 -4 0 4 8 12 diameter of about 8 nm. However, the contribution of the
amorphous phase can not be excluded. Moreover, by the
v (mm/s) synthetic route used, it is difficult to evaluate the quantity of
Figure 15. Zero-field (4.2 K/0 T) and in-field (10 K/6 T) Msshauer iron (molar ratio of Fe-Si) that has precipitated inside the SiO
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spectra of a mixture ot-Fe0Os; y-Fe0s and amorphous @ gel. In such a complicated system, the application of other
”ag‘)pa”'c'es prc’fparedd bby tg.‘?fsg'e' meIthOd' ‘.’VTere Correﬁpgj':”g techniques, including magnetic measurements for the detection
subspectra are denote y different colors: violet, amorpho e t . . .

brown, a-Fe:Os; dark blue, tetrahedral site gf-FeOs; light blue, or even guantification of the arporphous phase, is considerably
octahedral site of-Fe,0; (Casas et dP). restricted. On the other hand, N¥&bauer spectroscopy allows

the identification and quantification of the fraction of amorphous
cases, when the studied magnetic sample is exposed to thé€0s, even from a low-temperature spectrum (see Figure 15,
applied magnetic field, the magnetic moments of the atoms top). From the parameters listed in Table 4, this is possible
respond to it by a rearrangement of their orientations, which is mainly due to the above-mentioned reduced hyperfine magnetic
then reflected by a change in the line intensities in thessbauer field (45.0 T) of the amorphous phase, which is significantly
spectrumtl’ In particular, if the direction of the external lower than those of the values correspondingibeOs (50.7
magnetic field is parallel to that of the propagation of gamma T) and both structural positions iFeOs (48.8; 51.6 TF-see
rays, then the second and fifth lines of thé ddbauer spectrum  Table 4). A better distinction between all of the phases is
vanish from well-crystalline ferromagnetic and/or ferrimagnetic achieved from an in-field spectrum (see Figure 15, bottom),
materials, including maghemite, thus giving an intensity ratio where the sublattices corresponding to the tetrahedral A (dark
of 3:0:1:1:0:3%* This reflects the perfect alignment of the blue line) and octahedral B (light blue line) positions in
magnetic moments to a parallel and/or antiparallel direction to maghemite are better separated as the observed isomer shift
the applied magnetic field, making an angle of 0 and/or°’180 parameters (A, 0.43 mm/s; B, 0.53 mm/s) and effective magnetic
with the direction of gamma rays. Moreover, an external fields Bes) (A, 57.6 T; B, 47.8 T) differ more significantly (see

TABLE 4: Hyperfine Parameters Deduced from the Zero-Field and In-Field Mdssbauer Spectra of the Iron(lll) Oxide
Nanoparticles Hosted in Silica Aerogel ( Taken from Casas et dF)2

T (K)/Bext (T) iron oxide  dre (Mmm/s) @&0.02) 2 (mm/s) @&0.02)  Bes (T) (£0.04) B (T) (£0.04)  f (deg) RA (%) ¢2)

42K/I0T o-FeOs 0.45 —0.17 50.7 16
y-Fe0s 0.42 0.03 48.8 20

y-Fe03 0.51 0.03 51.6 40

Am-Fe0s 0.45 0.05 45.0 24

10K/6 T o-Fe0s 0.46 —-0.17 54.0 52.3 76 12
y-Fe0s 0.43 -0.04 57.6 51.7 8 20
y-Fe03 0.53 -0.02 47.8 52.8 36 44

Am-Fe,03 0.47 0.00 44.6* 24

3 0re isomer shift relative to metallic irong2quadrupole shiftBex, external magnetic fieldBer, effective magnetic fieldBys, hyperfine magnetic
field; Beit = Bext + Brr; 3, angle between the direction of Fe magnetic moments ang-tieam; RA, relative subspectrum area; *, théddloauer
component was adjusted with a speromagnetic model.
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Table 4). Moreover, the ferrimagnetic behavior of maghemite Which type of ordering do amorphous nanoparticles exhibit
is reflected in the in-field spectrum through the reduced there? Is a speromagnetic model universally applicable for such
intensities of the second and fifth spectral lines, although the a purpose? Similarly, the structure of the neighboring environ-
nanocrystalline character of particles (the spin frustration effect) ment of Fe(lll) in an amorphous ferric oxide phase is still a
causes these lines do not completely vanish as expected in arsubject of discussion. A general accord on the octahedral
ideal case. Similarly, the subspectrum of hematite (brown line) environment, confirmed by various techniques, contrasts with
is clearly distinguished through the value Bf; (54.0 T) and the structure of maghemite as the primary crystallization phase
increased intensities of lines 2 and 5, which again differ containing tetrahedral positions in the spinel lattice. According
somewhat from the theoretical values (3:4:1:1:4:3) for the to the opinion of the authors, the reason for this can be inherent
antiferromagnetic phase due to the nanoparticle nature. Mostin the symmetry of the surrounding iron being maximal in both
importantly, the amorphous K@; phase is easily detectable in  positions of the maghemite structure, similar to that in amor-
the in-field spectrum, as its subspectrum (violet line) does not phous ferric oxide, which is clearly proven by low-temperature
reveal any change in the line intensities compared to the zero-Moéssbauer spectroscopy. From the experimental viewpoint, the
field spectrum, and the observed value of magnetic splitting use of microscopic techniques for the evaluation of the structure
remains considerably reduced (44.6 T). and size of amorphous particles seems to be a questionable issue,
To summarize, the saturation value of the hyperfine magnetic as TEM or HRTEM can induce sample crystallization under
field and the unchanged intensities of the spectral lines in zero- an electron beam, and the application of atomic force micros-
field and in-field Messbauer spectra are excellent magnetic copy is strongly limited at such low particle dimensions due to
markers for identifying the amorphous #& phase. In the  the tip—particle surface convolution.
mixture with nanocrystalline polymorphs, it can be unambigu-
ously distinguished and quantified from the corresponding Acknowledgment. This work was supported by the Projects
spectrum area. Moreover, thanks to the element selectivity of of the Ministry of Education of the Czech Republic (1M-
Méssbauer spectroscopy, these markers have a universaf198959201; MSM6198959218). The authors also gratefully
character and are applicable for monitoring the amorphous iron- thank Jiri Tucek (Palacky University Olomouc, Czech Republic)
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