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Nickel ferrite (NiFe2O4) and manganese ferrite (MnFe2O4) have been prepared by a soft mechanochemical
route from mixture of (1) Ni(OH)2 and a-FezO3 and (2) Mn(OH)2 and a-FezOs powders in a planetary ball
mill. The mixture was activated for varying duration. Soft mechanochemical reaction leading to formation of
the NiFe2O4 and MnFe>O4 spinel phases were followed by X-ray diffraction, Raman and infrared spectroscopy,
scanning and transmission microscopy. The spinel phase formation was first observed after 4 h of milling (case 1)
and after 3 h (case 2) and its formation was completed after 25 h in both cases. The synthesized NiFe;O4 and
MnFez0y4 ferrites have a nanocrystalline structure with a crystallite size of about 30 and 40 nm for cases (1)
and (2), respectively. There are five Raman and four IR active modes. In order to understand better the whole
process of phase formation, the M&ssbauer measurements were done.

PACS: 75.20.—g, 81.07.Wx, 81.20.Ev, 74.25.nd

1. Introduction

Magnetic nanocrystals and nanosized ferrites have
been attracting extensive attention due to their wide ap-
plications, such as magnetic memory [1], MRI contrast
agents [2], efficient hyperthermia for cancer therapy [3, 4]
and catalysts [5], etc. Among these magnetic materi-
als, spinel-type ferrite nanoparticles, MFeoO4 (M = Mn,
Co, Ni, Zn, Mg, Fe, etc.), have gained great interest
in the past few years because of their good electromag-
netic performance and their applications in information
storage, medical diagnosis technology, sensor technology,
and magnetic warming and cooling technology [6]. The
structural formula of spinel-type ferrites can be writ-
ten as (M1, Fe5™)[M5 T Fet,]04, where parentheses and
square brackets denote cation sites of tetrahedral (A) and
octahedral (B) coordination, respectively. A, which is de-
termined by the preparation process, represents the so-
-called degree of inversion defined as the fraction of the
(A) sites occupied by Fe?T cations [7].

NiFe;O4 and MnFe; O, ferrites have been synthe-
sized by various methods such as solid-state reaction,
co-precipitation,  high-temperature self-propagating,
microemulsion, solvothermal, mechanosynthesis, hy-
drothermal, sol-gel and combustion techniques [8-15].

In this paper, we present the formation of spinel fer-
rite phase through soft mechanochemical treatment [16],
starting from different mixtures of powders. The cases
were: (1) milling of powders mixture of Ni(OH)y +
a-Fe O3 during 4-25 h and (2) milling of mixture of
Mn(OH)s + «a-FesOs during 3-25 h. The Raman

* corresponding author; e-mail: lzorica@yahoo.com

and IR spectroscopy in addition to the X-ray diffrac-
tion, scanning electron microscopy, transmission elec-
tron microscopy and Mdssbauer spectroscopy measure-
ments were used to study the samples mechanochemically
treated for different milling times.

2. Experimental

The following crystalline powders were used as start-
ing materials: (1) nickel(IT)-hydroxide (Ni(OH)3, Merck
95% purity) and hematite (a-FeaO3, Merck 99% purity)
and (2) manganese(II)-hydroxide (Mn(OH)s, Merck 95%
purity) and hematite (a-Feo O3, Merck 99% purity). Soft
mechanochemical synthesis was performed in air atmo-
sphere in planetary ball mill (Fritsch Pulverisette 5). All
samples, with different starting compositions and milling
times, were prepared and milled separately. At the ex-
piration of the selected milling times (4, 10 and 25 h for
the (1) case and 3, 12 and 25 h for (2) case) the mill
was stopped and a small amount of powder was removed
from the vial for examination.

Characterization of the obtained samples was carried
out by:

o X-ray diffraction (XRD) analysis of powders treated
for various periods of milling times by a Philips PW
1050 diffractometer equipped with a PW 1730 genera-
tor (40 kV x 20 mA) using Ni filtered Cu K, radiation
at the room temperature. Measurements were done in
260 range of 10-80° with scanning step width of 0.05° and
10 s scanning time per step. After XRD measurements,
the powder was placed back in a vial to obtain the same
grinding conditions (balls to powder weight ratio).

e The Raman measurements of mixture powders were
performed using Jobin—Ivon T64000 monochromator. An
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optical microscope with 100x objective was used to focus
the 514 nm radiation from a Coherent Innova 99 Ar™
laser on the sample. The same microscope was used to
collect the backscattered radiation. The scattering light
dispersed was detected by a charge-coupled device (CCD)
detection system. Room temperature Raman spectra are
in spectral range from 100 to 800 cm~!. The average
power density on the sample was 20 mW mm 2.

e The infrared (IR) measurements were carried out
with a BOMMEM DA-8 FIR spectrometer. A DTGS
pyroelectric detector was used to cover the wave number
range from 50 to 700 cm™?

e The morphology of powders and the size of soft
mechano-synthesized ferrite crystallites were examined
by scanning electron microscopy (SEM, Model TESCAN
Vega TS130MM) and transmission electron microscopy
(200 kV TEM, Model JEM-2100 UHR, Jeol Inc., Tokyo,
Japan).

e The Mossbauer spectra of powder samples were mea-
sured at room temperature (RT) using a source of °"Co
in Rh (1.85 GBq). The experiments were performed in
standard transmission geometry with constant accelera-
tion calibrated by the laser spectrum. The data were
analyzed by The WinNormos Site program [17]. Sam-
ple thickness correction was carried out by transmission
integral.

3. Results and discussion

Soft mechanochemical synthesis and mechanical
milling of (1) Ni(OH)s + Fe2O3 — NiFeaO4 + H20 and
(2) Mn(OH)2 + FesO3 — MnFe;O4 + H20O was also
carried out under air atmosphere. Figure la shows the
X-ray diffraction patterns of stoichiometric mixtures of
powdered reactants Ni{OH)y and a-FeaOs in a ball mill
for different times (4, 10, and 25 h). The XRD pat-
tern of the starting powder is characterized by diffraction
peaks corresponding to crystalline Ni(OH), (JCPDS card
74-2075), NiO (JCPDS card 89-5881), NiOOH (JCPDS
card 27-0956), a-FeaO3 (JCPDS card 89-8104), FeO(OH)
(JCPDS card 89-6096) and NiFe;O4 (JCPDS card 89-
-4927). Tt can be noticed that the major peaks for the
hematite phase at 20 = 35.6° and 33.15° were continu-
ously reduced by increasing the milling time (Fig. la).
One can observe slightly wider a-FesO3 peaks of lower
intensity and almost disappearing Ni(OH), peaks. Tt
is important to note that during the milling of powder
mixtures between 4 and 10 h occurs a phase FeO(OH)
(JCPDS card 89-6096) and NiO (JCPDS card 89-5881),
too. The main reason for this phenomenon is because
powder FeoOg in an atmosphere wet and heated by in-
tensive milling reacts with water and Ni(OH)s quickly
decomposes through Ni{(OH)2 — NiO + HO, so that af-
ter 4 h of milling (Fig. 1a) there are a negligible num-
ber of peaks corresponding to the starting compound
Ni(OH)2. Further milling up to 25 h leads to full synthe-
sis of new phase. All the diffraction peaks (18.4°,30.1°,
35.6°, 37.3°, 43.4°, 57.4° and 62.8°) of the pattern for

25 h of milling time are well indexed as cubic spinel
phase with the fcc structure (fcc — face cubic centered).
The diffractogram shows different reflection planes in-
dexed as (khl) (111), (220), (311), (222), (400), (511)
and (440), which indicates the spinel cubic structure of
NiFQQO4 [18]
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Fig. 1. X-ray diffraction pattern of the mixture of

(a) Ni(OH)2 and a-Fe2Os and (b) Mn(OH)2 and a-
Fe2O3 powders after various milling times.

Figure 1b shows the X-ray diffraction patterns of mix-
ture of Mn(OH)2 and a-FeoO3 powders mechanochem-
ically activated for different milling times (3, 12,
and 25 h). The XRD pattern of the starting powder
is characterized by sharp diffraction peaks correspond-
ing to crystalline Mn(OH)s (JCPDS card 73-1133) and
a-FesO3 (JCPDS card 89-8103) [19]. With increas-
ing milling time, the diffraction peaks corresponding
to the simple oxide and hydroxide gradually disappear.
All the characteristic peaks of Mn(OH)s and a-FezOs
are well pronouced in the spectrum (Fig. 1b). Dur-
ing mechanochemical treatment (3 h) only sharp peaks
from the well-crystallized Mn(OH)s and a-FexOs are
present in the XRD pattern. The new phases of FeO(OH)
(JCPDS card 89-6096) and MnO (JCPDS card 75-1090)
occur during the milling of powder mixtures between 3
and 12 h. It is known that the milling process leads
to overheating of the vessel, and at temperatures higher
than 100°C — to the evolution of water vapor.

Opening the container leads to partial evaporation of
water. It might be noted that the hydroxides transform
into oxides. At the same time, there can be observed the
peaks characteristic of the hydroxide and oxide (Fig. 1b).
This may be a consequence of opening of the milling ves-
sel. The reason is almost the same for the samples ob-
tained from the mixture of powders for 12 h of milling
time. This means that there is no further milling up to
12 h which leads to full synthesis of new phase. The
appearance of the new peak at 20 = 18.09°, 29.89°,
35.37°, 42.85°, 53.11°, 56.76°, 62.13° and 73.74°, clearly
indicates the formation of the new phase of MnFesOy
(JCPDS card 74-2403) (Fig. 1b). The peaks are well in-
dexed to the crystal plane of spinel ferrite (khl) (111),
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(220), (311), (400), (333), (440) and (533), respectively.
This confirms that the mechanochemical synthesis of
MnFe;Qy is feasible and complete for 25 h milling time.
The full width at half maximum of the XRD peaks was
used to calculate the crystallite size D of NiFeoO4 and
MnFe; Q4 powders using Scherrer’s relation [20]:

D =0.9\/(Bcosb),

where D is the crystallite grain size, A = 1.5406 A is
the wavelength of the Cu K,, [ is the broadening of
the diffraction line measured at half maximum intensity
(radians). The resulting value of the crystallite size, ob-
tained from the (311) strongest reflections, are 30 nm for
NiFesO4 and 40 nm for MnFep Oy, respectively.

XRD is the most useful analysis method for determin-
ing the crystalline structure of materials. But, the XRD
of nanocrystalline materials does not provide sufficient
intensity of diffraction peaks necessary to determine the
complete crystallographic information. Additional meth-
ods, like the Raman and IR analysis, are required to
achieve the structure analysis of nanocrystalline mate-
rials in order to distinguish MFe;O4 (M = Mn, Co, Ni,
Cu, Zn, Mg, Cd, etc.) from FesO4 or 7-FeaOs (possi-
ble impurity phases) with similar structure elements and
therefore similar XRD patterns.

The crystal structure of M2tFe3T03~ (M?** = Mn
or Ni) is spinel (space group Fd%m) in which the lattice
of 0%~ ions forms tetrahedral (A-sites) and octahedral
(B-sites) local symmetry. In normal spinel structure, di-
valent M?7 ions only occupy A sites, and trivalent Fe3*
ions occupy B sites. In inverse spinel structure, divalent
ions occupy half of B sites, and trivalent ions occupy the
rest of B sites and all A sites. Group theory predicts 5
Raman active modes in spinel structure: Aig+ FEg+3F5,
and four Fi, infrared active.

NiFe;0O4 has (mostly) inverse spinel structure. All five
Raman peaks in NiFesO4 are asymmetric, with shoul-
der on the low energy side. Each peak can be presented
like a doublet. Additional peaks are related to the pres-
ence of non-equivalent atoms at the B-sites (but with
structural ordering over B-sites). At a microscopic level
the structure of NiFe;O4 can be considered as a mix-
ture of two sublattices with Fe?t and Ni?*. In nanocrys-
talline samples asymmetry is partly due to confinement
and size-distribution of nanoparticles. It is confirmed
that structure of NiFesO4 depends on the synthesizing
conditions [21]. NiFe2O4 may be characterized as a mix-
ture of normal and inverse spinel ferrite. With the in-
crease of the calcination temperature or milling time the
structure changes from pure normal spinel structure to
mixed spinel structure and single broad bands in the Ra-
man spectra became asymmetric, with double peak like
structure.

The Raman spectra of MnFesO,4 nanocrystalline sam-
ples, obtained by mechanochemical method at low tem-
perature, have hardly visible doublet structure and it
could be concluded that spinel structure of these sam-
ples is mostly normal.
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Fig. 2. Raman spectra at room temperature of the
mixture of: (a) Ni(OH)2 and a-FezO3 and (b) Mn(OH)2
and a-Fe2O3 powders after 25 h milling time.

The Raman spectra of samples, obtained by mixing of
(1) Ni(OH)2 and a-Fe3 O3 and (2) Mn(OH)2 and a-Fe2 O3
for 25 h are analysed by deconvolution (Fig. 2) and modes
are assigned, as usual. In the cubic ferrites, the modes at
above 600 cm ™! mostly correspond to the motion of oxy-
gen in tetrahedral AOQ, groups, so the mode at 679 cm™*
for NiFe;O,4 and dublet modes at 591-670 cm™' for
MnFe;04 can be reasonably considered as A, symmetry.
The other low frequency modes represent the character-
istics of the octahedral sites (BOg). The mode, observed
at around 679 cm~! for NiFesQ4 and 591-670 cn™ for
MnFe;O4 can be assigned to tetrahedral Ni2t and Mn2t
stretching, and band observed at 477 cm ™! and 484 cm ™!
involves the Fe3T vibration at the octahedral site in both
cases. The five first-order Raman modes at about 193,
312, 477, 599 and 679 cm~! (Fig. 2a) and 214, 271,
380, 484 and 591-670 cm™! exhibit the broad charac-
teristics. The obtained three modes at about 193, 477
and 599 cm~! for NiFe,O4 and 214, 380 and 484 cm ™!
for MnFe2O4 belong to the symmetry type Fhe. Also, it
can see that the modes 312 and 271 ecm ™~ belong to same
symmetry F, for NiFe;O4 and MnFe;Oy, respectively.

For further characterization of the synthesized
NiFesO4 and MnFes Oy ferrites, IR spectra were recorded
in the range of 50-700 cm ! (Fig. 3). The most exagger-
ated features in spectra, F1,(3) and Fi4(4), correspond to
the vibrations of positive ions in NiFe;O4 and MnFe;Oy
in octahedral and tetrahedral sites, respectively. It is
known that the higher band at ~ 700 cm~! corresponds
to the intrinsic vibrations of tetrahedral site and the
lower band at ~ 400 cm ! is attributed to the vibrations
of octahedral site. The different values of the energy
position for these modes are due to different values of
metal ion—O?~ distances for octahedral and tetrahedral
sites. In reflectivity spectra of NiFe;O4 TO-LO splitting
of F1,(4) IR mode is visible.
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Fig. 3. IR spectra at room temperature of the mixture
of: (a) Ni(OH)2 and a-Fe2Os and (b) Mn(OH): and
a-FepOs powders after 25 h milling time.
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Fig. 4. SEM images of nanoscale of mechanosynthe-
sized (a) NiFe;O4 and (b) MnFe2O4 powders after 25 h
of milling time.

Figure 4 shows the SEM micrographs for the sam-
ple obtained from the mixture of (1) Ni(OH)y and
FeoO3 and (2) Mn(OH), and FeoOs powders by the soft
mechanochemical synthesis after 25 h milling time, re-
spectively. As result of mechanochemical reaction, the
powders become much finer and uniform in shape. While
the starting powder mixture consisted predominantly of
individual particles, the sample of mechanosynthesized
manganese ferrite consists of aggregates of fine particles.
The shape of the majority of the crystallities appeared to
be spherical. The surface morphology of the sample as
seen from the SEM consists of the grains, with relatively
homogeneous grain distribution, with an average grain
size varying from 1 to 3 pm.

The representative TEM image of the manganese fer-
rite is shown in Fig. 5. It indicates that the manganese
ferrite particles obtained by this method are uniform in
both morphology and crystallite size, but having agglom-

o0 \__BdEc O +Min(OH). 250

Fig. 5. TEM image with corresponding EDP of
Mn(OH)2 and a-Fe2Ogs after milling for 25 h. Spinel-
-type reflections dominate the diffraction pattern
(inset).

eration to some extent, due to the relative higher interac-
tion between magnetic particles. The manganese ferrite
sample obtained after 25 h of milling exhibits the shape
with crystallite sizes in the range of 10-50 nm. In ad-
dition, the electron diffraction pattern corresponding to
the sample obtained for 25 h of milling time shown in
Fig. 5 can be well indexed to (111), (220), (311), (400),
(333), (440) and (533) of cubic spinel structure, which is
consistent with the results of XRD.
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Fig. 6. Mossbauer spectra at room temperature of the
mixture of Mn(OH)2 and a-Fe2O3 powders after 25 h
milling time.

Figure 6 shows two Mdssbauer spectra for samples ob-
tained at room temperature from the mixture of: (1)
Ni(OH); and a-FepOs and (2) Mn(OH), and a-FeaOg
powders after 25 h milling time. The Méssbauer spec-
tra for both samples consist of the twelve subspectra.
They are divided into three groups, depending on the
particles size. A large nanoparticle requires five subspec-
tra to describe cation distribution at the mixed spinel
(Mn,Fe; )" (Mn;_,Fe;.,)MOy4. The first sextet is as-
signed to ferric ion at tetrahedral site (T) with the cu-
bic point symmetry group 7Td. It is confirmed with
zero quadrupole splitting. Cations at this site feel the
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strongest antiferromagnetic hyperfine interaction as re-
sult of the superexchange interaction via oxygen ions.
The ferric ions positioned at octahedral coordination site
(M) show four sextets due to different local environment.
The ferric cations at (M) site are very sensitive to the
distribution of cations at (T) site [17]. Therefore, the
belonged sextets have broadened line widths. The octa-
hedral site has the trigonal point symmetry D3d group,
and one expects certain electric field gradient (EFG). The
strength of hyperfine induction depends on the distance
between the magnetic ions and angle of Fe—-O—Fe bonds.
Also, the strength decreases as the volume of particles
decreases.

The superparamagnetic relaxation effect occurs at very
small nanoparticles and we cannot observe a sextet any
more, as consequence. It is found that the one doublet
and the singlet are presented, originating from octahedral
and tetrahedral coordination, respectively. The cation
site preference is affected when the size of particles is
small, too. We found out in the first sample obtained
from the mixture of Mn(OH)2 and a-FesO3 powders af-
ter 25 h milling time that amount of Mn?T at tetrahe-
dral site decreases from 76% to 51%, as size of parti-
cles decreased. The analysis of the Mo6ssbauer spectra
of the investigated nanocrystalline ferrites obtained by
mechanochemical treatment quantitatively confirm that
NiFesO4 has an inverse spinel structure and MnFe;Oy
has mixed, mostly normal spinel structure.

4. Conclusions

In this paper, we show that it is possible to obtain
NiFe;O4 and MnFes O, ferrites by soft mechanochemical
synthesis starting from the mixture of (1) Ni(OH)s and
a-Fes O3 and (2) Mn(OH)s and a-FeaO3 powders. It has
been shown that mechanochemical treatment of mixtures
with starting materials leads to the amorphization of the
starting powders, forming the phase of Ni(OH)2, NiO,
NiO(OH), FeO(OH) and Fe;O3 after 4 h and 10 h of
milling, and only NiFe;O4 phase after 25 h, (case 1).
On the other hand, observing case (2), Mn(OH)2 and
Fey0O3 phases occur after 3 h of milling, FeoO3, MnO
and FeO(OH) phases after 12 h and finally after 25 h
only MnFe;O4 phase. On the basis of the Raman re-
search there are observed five first-order Raman active
modes. The intensity of the Raman and IR modes in
the formation of NiFe;O4 and MnFeo O, ferrite phases
is rather low, as it is expected for nanocrystalline sam-
ples. The surface morphology of the samples consists of
the grains with relatively homogeneous distribution as
seen from SEM. Crystallite size estimated from Scher-
rer’s formula is consistent with the results of TEM. The
Mossbauer spectra show the one doublet and the sin-
glet, originating from octahedral and tetrahedral coordi-
nation, respectively. The cation site preference is affected
when the size of particles are small, too. We found out
that amount of Mn?™ at tetrahedral site decreases as size
of particles decreased.
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