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a b s t r a c t

CaFe2O4 nanopowders were prepared via single-step mechanochemical processing of two various mix-
tures of precursors: simple oxides (CaO and �-Fe2O3) and elemental metal and oxide powders (Ca and
�-Fe2O3). The mechanically induced evolution of the CaO/�-Fe2O3 and Ca/�-Fe2O3 mixtures was fol-
lowed by 57Fe Mössbauer spectroscopy, XRD, and HR-TEM. The mechanosynthesis of CaFe2O4 proceeds
very rapidly if starting from the metal/oxide system; after only 1 h of the mechanochemical treatment
eywords:
anostructured materials
echanochemical processing
icrostructure

ore–shell morphology

performed at room temperature, the synthesis of the complex oxide is almost completed. This is in a
strong contrast to the conventional solid-state synthesis of CaFe2O4, which requires prolonged expo-
sure (∼20 h) at considerably elevated temperatures (∼1400 K). It was revealed that mechanosynthesised
CaFe2O4 nanoparticles with an average size of about 15 nm possess the core–shell structure consisting of
an ordered inner core surrounded by a disordered surface shell with the thickness of about 1.9 nm. The

f the
össbauer spectroscopy
ransmission electron microscopy

main structural features o

. Introduction

The unique properties of nanocrystalline materials have kindled
he interest on their newer and simpler preparative techniques
1]. Nanocrystalline materials behave indeed differently from their

acroscopic counterparts; the enhanced properties of these mate-
ials are achieved from their large number of atoms residing in
efect environments such as grain boundaries, near-surface layers,

nterfaces and triple junctions compared to coarse-grained poly-
rystalline materials [1–3].

Ferrite materials have opened a new vista in view of their
echnological applications such as high-density data storage [4],
errofluid technology [5], magnetocaloric refrigeration [6], magnet-

cally guided drug delivery [7], and heterogeneous catalysis [8,9].
he preparation of finely dispersed ferrites has been achieved by
ome novel methods like combustion synthesis [10], citrate gel pro-
ess [11], and co-precipitation technique [12]. Nanosized ferrite

∗ Corresponding author. Tel.: +49 7247 828929; fax: +49 7427 826368.
E-mail address: vladimir.sepelak@kit.edu (V. Šepelák).

1 On leave from the Slovak Academy of Sciences, Watsonova 45, 04353 Košice,
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925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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surface shell of nanoparticles are distorted oxygen octahedra.
© 2010 Elsevier B.V. All rights reserved.

materials have also been prepared by mechanical activation and
mechanosynthesis, and their structural and magnetic properties
have been elucidated [13–15].

The system Ca–Fe–O has for several decades been the subject of
a great number of studies because of its applications as oxidation
catalysts, high-temperature sensors, gas absorbers, etc. [16,17].
Nowadays, Ca–Fe–O complex oxides are promising materials for
high-temperature electrochemical devices, such as ceramic mem-
branes and electrodes for solid oxide fuel cells [18]. The phase
diagram of CaO–Fe2O3 shows the existence of two compounds:
CaFe2O4 with an orthorhombic structure and Ca2Fe2O5 with the
brownmillerite structure. CaFe2O4 is used as pigment [19] or as
anode in lithium batteries [20] and as photocathodic material.
Ca2Fe2O5 is mostly employed as catalytic material [21].

Many methods have been employed to synthesise Ca–Fe–O
complex oxides using simple oxides, carbonates, organic pre-
cursors, hydroxides, and also using solution chemistry. CaFe2O4,
for example, has been synthesised using the ceramic method

by annealing a mixture of CaCO3/Fe2O3 for 24 h at 1453 K [20].
This demonstrates that the conventional solid-state synthesis of
CaFe2O4 proceeds very slowly and requires prolonged exposure
at considerably elevated temperatures. Also the Pechini process
has been used to prepare crystalline CaFe2O4 at 1073 K [22], and

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:vladimir.sepelak@kit.edu
dx.doi.org/10.1016/j.jallcom.2010.03.199
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he co-precipitation process has been successfully employed as
ell [23]. A novel synthesis procedure of both calcium ferrites

CaFe2O4 and Ca2Fe2O5) was proposed in Ref. [24], starting from
echanically activated mixtures of organic precursors (calcium cit-

ate tetrahydrate and iron(III) oxalate hexahydrate). It has been
hown that the mechanically pre-activated mixtures yield, after
8 h annealing at 1073 K (or 1023 K), Ca2Fe2O5 (or CaFe2O4). In
omparison, the same compounds could be obtained, when start-
ng from the non-activated mixtures, only by performing thermal
reatments (for t > 18 h) at 1453 K (Ca2Fe2O5) or 1373 K (CaFe2O4).
hus, mechanical pre-activation of the solid reactants consider-
bly reduced the temperature and duration of the formation of the
errite product during the subsequent step of thermal treatment.

oreover, Ca2Fe2O5 has been prepared by subjecting to mechan-
cal activation a mixture of Ca(OH)2/�-FeOOH and by heating the
ctivated mixture between 673 and 1273 K [25]. The synthesis of
a2Fe2O5 has also been performed by thermal decomposition of
a[Fe(CN)5NO]·4H2O [26]. The above-given analysis of the litera-
ure procedures shows that various precursors have been employed
or the synthesis of Ca-ferrites. It should be emphasized that the use
f a metal/oxide precursor system has not been tested yet.

In this work, we report on the single-step synthesis of CaFe2O4
ith the orthorhombic structure via high-energy milling of two

arious mixtures of precursors: simple oxides (CaO and �-Fe2O3)
nd elemental metal and oxide powders (Ca and �-Fe2O3). To the
est of our knowledge, the single-step mechanosynthesis of nano-
ized CaFe2O4 particles has not been reported before. The present
tudy clearly demonstrates that the yield of the mechanochem-
cal reaction, leading to nanocrystalline CaFe2O4, is considerably
igher if a Ca/�-Fe2O3 mixture is used rather than the CaO/�-Fe2O3
recursor system (at the same preparation conditions). The struc-
ure and morphology of the as-prepared nanocrystalline CaFe2O4
s characterized by 57Fe Mössbauer spectroscopy, X-ray diffraction
XRD), and high-resolution transmission electron microscopy (HR-
EM).
. Experimental

For the mechanochemical synthesis of CaFe2O4, stoichiometric mixtures of �-
e2O3 and CaO as well as of �-Fe2O3 and granulated Ca metal (Merck, Darmstadt,
ermany) were used as starting materials. The mixtures (5 g) were milled for vari-
us times (up to 12 h) in a Pulverisette 6 planetary ball mill (Fritsch, Idar-Oberstein,

Fig. 1. Room temperature 57Fe Mössbauer spectra of (a) the CaO/�-Fe2O3 m
nd Compounds 500 (2010) 68–73 69

Germany) at room temperature. A grinding chamber (250 cm3 in volume) and balls
(10 mm in diameter) made of tungsten carbide were used. The ball-to-powder
weight ratio was 40:1. Milling experiments were performed in air at 600 rpm.

Room temperature 57Fe Mössbauer spectra were taken in transmission geome-
try using a 57Co/Rh �-ray source. The velocity scale was calibrated relative to 57Fe in
Rh. Recoil spectral analysis software [27] was used for the quantitative evaluation of
the Mössbauer spectra. The degree of conversion of the mechanochemical reaction
was calculated from the Mössbauer subspectral intensities.

The XRD patterns were collected using a PW1820 Philips powder diffractometer
(Philips, Eindhoven, Netherlands) with Cu K� radiation. The structure refinement
was performed by Rietveld analysis of the XRD data using the Powder Cell pro-
gram [28]. The JCPDS PDF database was utilized for the phase identification of the
compounds [29]. The orthorhombic crystal structure of the mechanosynthesised
CaFe2O4 was visualized using the Diamond program [30].

The morphology of powders and the sizes of individual crystallites were stud-
ied using a combined field-emission (scanning) transmission electron microscope
(S)TEM (JOEL JEM-2100F) with an ultrahigh-resolution pole piece that provides a
point resolution better than 0.19 nm at 200 kV. Prior to TEM investigations, pow-
ders were crushed in a mortar, dispersed in ethanol, and fixed on a copper-supported
carbon grid.

3. Results and discussion

The mechanically induced evolution of the CaO/�-Fe2O3 and
Ca/�-Fe2O3 mixtures submitted to high-energy milling was fol-
lowed by 57Fe Mössbauer spectroscopy (see Fig. 1). The spectra
of both starting mixtures (CaO/�-Fe2O3 and Ca/�-Fe2O3) show a
sextet with a magnetic hyperfine field of 51.6(4) T correspond-
ing to �-Fe2O3. With increasing milling time, the sextet becomes
asymmetric toward the inside of each line, slowly collapses, and is
gradually replaced by a central doublet. This spectral component
can be assigned to the CaFe2O4 product [17]; the detailed analysis
of Mössbauer data is given below. In this context, it is interesting
to note that the Mössbauer spectrum of �-Fe2O3 exhibits only a
broadened sextet even if the particle size of the material reaches
the nanoscale range; i.e., it does not display a superparamagnetic
doublet and, thus, unreacted hematite can easily be detected in
the Mössbauer spectra [3,13]. The fact that the spectral compo-
nents, corresponding to educt (�-Fe2O3) and product (CaFe2O4)

phases, are clearly resolved in the spectra, gives evidence that 57Fe
Mössbauer spectroscopy provides a very sensitive probe for the
estimation of the yield of this mechanochemical reaction.

The decrease in the intensity of the Mössbauer sextet corre-
sponding to �-Fe2O3, Isext, relative to the total spectral intensity,

ixtures and (b) the Ca/�-Fe2O3 powders milled for various times (tm).
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Fig. 2. Evolution of the degree of conversion of the mechanosynthesis of CaFe2O4

with milling time. Red and blue lines correspond to the mechanosynthesis start-
ing from the Ca/�-Fe2O3 and CaO/�-Fe2O3 mixtures, respectively. The degree
of conversion was calculated from the intensity of the Mössbauer sextet corre-
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Fig. 3. The central part of the room temperature 57Fe Mössbauer spectrum
of mechanosynthesised CaFe2O4 prepared from the Ca/Fe2O3 mixture. Red and
magenta subspectra correspond to Fe3+ cations in non-equivalent octahedral sites
in the orthorhombic structure of the ferrite. The minor (∼7%) white subspectrum

It is found that for both octahedrally coordinated sites, the relative
ponding to �-Fe2O3, Isext, relative to the total spectral intensity, Itot, according
o (1 − Isext/Itot) × 100%. (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of this article.)

tot, reflects a gradual conversion of the reactants to the ferrite
hase during milling. As can be seen, the mechanosynthesis of
aFe2O4 from the metal/oxide system proceeds very rapidly; after
nly 1 h of the mechanochemical treatment, the synthesis of the
omplex oxide is almost completed – the degree of conversion of
he mechanochemical reaction reaches about 93%. This is in strong
ontrast to the mechanochemical processing of the oxide/oxide
recursor system; even after 12 h of the high-energy milling, the
ield of the reaction reaches only about 23% (see Fig. 2).

The reason of the different behaviour of the metal/oxide and
xide/oxide precursor systems during the processing may lie in
oth the different chemical affinity and mechanical properties of Ca
nd CaO (the metal is more ductile than the oxide). Generally, the
ollowing factors are primarily responsible for a favourable effect
f mechanochemical activation on the synthesis: dispersion and
efect formation in starting reactants; the formation of fresh sur-
aces, which accelerates chemical interaction between reactants;
nd the mixing of components at a molecular level [31]. Although in
he last years a surge of investigations in the field of mechanochem-
stry has resulted in the preparation of nanomaterials by forcing the
ystem to acquire metastable and non-equilibrium configurations
2,15], it should be stated that the present mechanochemistry is

ostly phenomenologically oriented, and the microscopic mech-
nisms of mechanochemical processes, including those of the
echanosynthesis of oxides, have scarcely been elucidated. In

he present case, it is clear that oxygen is involved in the
apid one-step mechanosynthesis of CaFe2O4 if starting from the
ixture of Ca metal and Fe2O3 (Ca + Fe2O3 + (1/2)O2 → CaFe2O4).

his is in contrast to the solid–solid mechanochemical reaction
etween CaO and Fe2O3, which could directly lead to the fer-
ite (CaO + Fe2O3 → CaFe2O4). Since the milling experiments were
erformed in air, it can be assumed that oxygen from the vial atmo-
phere plays an active role in the heterogeneous (solid–solid–gas)
echanochemical formation reaction. In the XRD patterns of the
illed Ca/Fe2O3 mixture, it was observed that XRD peaks cor-

esponding to Ca metal disappear within the initial stage of the
illing process (tm ≤ 0.5 h), whereas the XRD lines belonging to

e2O3 broaden gradually. Taking into account this observation,
he following two scenarios can be assumed to occur at the reac-

ion zone: (i) at first, the high-energy milling process decreases
he particle size of Ca to the nanometer level, then, the mechan-
cally activated Ca nanoparticles are oxidized by oxygen present
n the vial atmosphere resulting in the formation of amorphous
is associated with Fe3+ ions in the unreacted �-Fe2O3 phase. The Lorentzian width
� = 0.30 mm/s resulted from the fit of the spectrum. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this
article.)

CaO (that cannot be detected by XRD), and finally, the reactive Ca2+

cations diffuse into the distorted rhombohedral structure of Fe2O3
and/or (ii) Ca atoms from nanocrystalline Ca metal are mechani-
cally driven directly into the FeO6 octahedron network of Fe2O3,
followed by oxidation of a highly metastable Ca–Fe2O3 framework.
Furthermore, it can be assumed that the mechanochemical trans-
formation occurs at the moment of impact by the formation of
high-energy localized sites of short lifetime (sometimes called “hot
spots” or “thermal spikes” [32]). Impact-induced local heating and
high pressures may provide further factors enhancing this synthe-
sis mechanism of the complex oxide. To conclude, the identification
of the factors representing the main driving force for mechanically
induced formation processes, the elucidation of the microscopic
mechanism(s), and the determination of rate-determining steps
of mechanosynthesis represent major challenges for fundamental
research and require further efforts.

In addition to the yield of the reaction, 57Fe Mössbauer spec-
troscopy provided information on the charge states, the local
symmetry and the magnetic state of iron ions in the mechanosyn-
thesised CaFe2O4 material. The slightly asymmetrical central
doublet in the spectrum of mechanosynthesised ferrite (see Fig. 3)
indicates the presence of at least two crystallographically non-
equivalent iron positions in the structure. This spectrum is hence
fitted by using two quadrupole doublets corresponding to the
ferrite and one sextet associated with the unreacted �-Fe2O3
phase. The estimated isomer shifts values (IS1 = 0.216(7) mm/s,
IS2 = 0.210(1) mm/s) of the doublet components are both typical
for ferric (Fe3+) ions in sites octahedrally coordinated by oxy-
gen [33]. The quadrupole splittings of the spectral components
(QS1 = 0.613(7) mm/s, QS2 = 0.924(2) mm/s) reflect different val-
ues of the electric field gradients acting on Fe3+ nuclei in the
two non-equivalent octahedral positions of the mechanosynthe-
sised material. These values are larger than those reported for
the conventionally synthesised (bulk) CaFe2O4 (QS1 = 0.30 mm/s,
QS2 = 0.75 mm/s) [18,34]. Note, however, that larger electric field
gradients are typically observed for mechanosynthesised complex
oxides [35]; they are produced by an asymmetric electronic charge
distribution around the iron ions due to the distortion of polyhedra.
intensities of the spectral components are almost equal, reflecting
the same occupation factor of iron cations within these structural
units. Thus, the crystal chemical formula of the mechanosyn-
thesised material can be written as Ca[Fe]oct1[Fe]oct2O4, where
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ig. 4. XRD pattern of the mechanosynthesised complex oxide CaFe2O4. Diffraction
ines of the mechanosynthesised product with orthorhombic structure (JCPDS PDF
2-0168) are denoted by Miller indices.

rackets enclose Fe3+ cations in non-equivalent distorted oxygen
ctahedra.

To determine the phase evolution of the Ca/�-Fe2O3 and CaO/�-
e2O3 mixtures during high-energy milling by an independently
upporting method, both mechanochemical routes to CaFe2O4
ere also followed by XRD. Fig. 4 shows the XRD pattern of the
echanosynthesised CaFe2O4 product obtained after 1 h of milling

f the Ca/�-Fe2O3 mixture. The Rietveld analysis of the XRD data
f the mechanosynthesised material has revealed both an aver-
ge crystallite size of about 18 nm and the presence of mean
trains of 3 × 10−3 in the produced ferrite. Based on the analysis,
he crystal structure of the mechanosynthesised product is found
o be orthorhombic with the unit cell parameters a = 9.214(3) Å,
= 10.686(3) Å and c = 3.004(4) Å. It should be noted that these unit
ell parameters are smaller than those reported for bulk CaFe2O4,
CPDS PDF 32-0168 (a = 9.230 Å, b = 10.705 Å, c = 3.024 Å) [29]. The
nteratomic distances in [FeO6]oct1 and [FeO6]oct2 octahedra of the

echanosynthesised ferrite are found to be different from those
f the bulk material (see Table 1). This finding explains the dif-
erent QS values, determined by 57Fe Mössbauer spectroscopy, for
anocrystalline and bulk CaFe2O4. Thus, the relatively large QS
alues, i.e., large electric field gradients, for mechanosynthesised
aFe2O4 (QS1 = 0.613(7) mm/s, QS2 = 0.924(2) mm/s) are caused by
highly-asymmetric charge distribution around Fe nuclei originat-

ng from the different bond lengths in [FeO6]oct1 and [FeO6]oct2
ctahedra. Consequently, the smaller QS values for bulk CaFe2O4
QS1 = 0.30 mm/s, QS2 = 0.75 mm/s) reflect the presence of distorted

ut more symmetric FeO6 octahedra in its structure, i.e., octahe-
ra with more converging Fe–O bond lengths. The appearance of
ighly-distorted [FeO6]oct1 and [FeO6]oct2 octahedra in the struc-
ure of mechanosynthesised CaFe2O4 can be a consequence of

able 1
he interatomic distances in [FeO6]oct1 and [FeO6]oct2 octahedra derived from the
ietveld analysis of the XRD data of nanocrystalline mechanosynthesised CaFe2O4

n comparison with the bond lengths reported for bulk CaFe2O4 [29].

Length of Fe−O bond [Å]

Nanocrystalline CaFe2O4 Bulk CaFe2O4

[FeO6]oct1 [FeO6]oct2 [FeO6]oct1 [FeO6]oct2

1.973(1) 1.952(2) 1.9953 1.9797
2.003(2) 1.952(2) 2.0321 1.9797
2.047(4) 1.990(5) 2.0699 2.0168
2.047(4) 2.026(6) 2.0699 2.0404
2.097(3) 2.097(5) 2.0712 2.0874
2.097(3) 2.097(5) 2.0712 2.0874
Fig. 5. The crystal structure of CaFe2O4.

the above-mentioned scenarios of microscopic mechanisms of the
mechanosynthesis, at which the relatively large Ca species are
mechanically driven into the FeO6 octahedron network. Based on
the crystallographic data obtained by Rietveld analysis, the struc-
ture of the mechanosynthesised CaFe2O4 is illustrated in Fig. 5.
As seen, the structure with two distinct iron sites is composed
by corner- and edge-shared FeO6 octahedra, which form pseudo-
triangular tunnels where eightfold-coordinated Ca2+ cations are
located.

Representative TEM micrographs of nanocrystalline
mechanosynthesised CaFe2O4 at high magnification are shown in
Fig. 6. HR-TEM reveals the presence of nanoparticles of irregular
shape with a relatively broad size distribution ranging from about
8 nm to 30 nm (see Fig. 6a), resulting in the average particle
size of about 15 nm. As seen, the mechanosynthesised CaFe2O4
nanoparticles possess the core–shell structure consisting of an
ordered inner core surrounded by a disordered surface shell region.
The thickness of the surface shell was found to be about 1.9 nm,
Fig. 6b. The high-resolution TEM images show lattice fringes
corresponding to the crystallographic plane (220) (d = 3.5 Å) of the
CaFe2O4 phase. The lattice fringes cross the whole particle core
demonstrating its single-crystalline character.

Assuming a spherical shape of mechanosynthesised CaFe2O4
nanoparticles with D = 15 nm and t = 1.9 nm, the volume frac-
tion of surface shell regions was calculated to be w = 0.584. This
indicates that about 58% of atoms in the mechanosynthesised
ferrite are in a structurally disordered state located in the sur-
face shell of the nanoparticles. It can be assumed that distorted
octahedra, evidenced by Mössbauer spectroscopy and XRD, are
located in the surface shell of nanoparticles. The structurally
non-uniform core–shell structure of nanoparticles with the rela-
tively large volume fraction of surface shell regions (∼50%) has
recently been reported for mechanosynthesised MgFe2O4 [3],
NiFe2O4 [13], LiNbO3 [36], and Ca2SnO4 [37]. The shell thickness

in mechanosynthesised CaFe2O4 is comparable to that observed
in other nanosized complex oxides prepared by mechanochemical
routes [3,13,36–38].
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Fig. 6. (a) High-resolution TEM image demonstrating the presence of CaFe2O4

nanoparticles of irregular shape with a relatively broad size distribution ranging
from about 8 nm to 30 nm. (b) The core–shell configuration of mechanosynthesised
n
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anoparticles with the thickness of the surface shell of about 1.9 nm is evident.
he lattice fringes correspond to the crystallographic plane (220) (d = 3.5 Å) of the
aFe2O4 phase (JCPDS PDF 32-0168).

. Conclusions

The possibility of preparing calcium ferrite through chemi-
al transformation by mechanical energy (mechanosynthesis) has
een studied using both Ca/�-Fe2O3 and CaO/�-Fe2O3 mixtures
s the reactants. Nanosized CaFe2O4 with an average crystallite
ize of about 15 nm has been synthesised in 1 h via one-step
echanochemical route from the mixture of Ca and �-Fe2O3

recursors at room temperature. Compared to the conventional
olid-state chemical route, the process used here represents a
imple, high-yield, lower temperature, and faster procedure for
he synthesis of CaFe2O4 nanocrystals. It is evidenced that the

össbauer active 57Fe nuclei provide a very sensitive probe for
he accurate determination of the degree of conversion of the
echanochemical reaction. From the XRD data, the crystal struc-
ure of the mechanosynthesised CaFe2O4 product is found to
e orthorhombic. Due to the ability of 57Fe Mössbauer spec-
roscopy to discriminate between probe nuclei on inequivalent

[

[

d Compounds 500 (2010) 68–73

crystallographic sites, valuable insight into the local structural
disorder in mechanosynthesised CaFe2O4 is obtained. Based on
the results of 57Fe Mössbauer and XRD analyses, the crystal
chemical formula of the mechanosynthesised material can be writ-
ten as Ca[Fe]oct1[Fe]oct2O4, where brackets enclose Fe3+ cations
in non-equivalent distorted oxygen octahedra. High-resolution
TEM studies have revealed that the mechanosynthesised CaFe2O4
nanoparticles possess a non-uniform configuration consisting of an
ordered core with orthorhombic structure surrounded by a disor-
dered surface shell region. The observed lattice fringes crossing the
whole particle core demonstrate the single-crystalline character of
the ferrite nanoparticles. The thickness of the disordered surface
shell is found to be about 1.9 nm. The volume fraction of surfaces
shell regions in the mechanosynthesised nanomaterial is estimated
to be about 58%. It can be assumed that the distorted FeO6 octahedra
are located in the near-surface regions of nanoparticles.
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