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In the present work, the sinterability and formation of nanosized yttrium iron garnet (Y;FesO,), yttrium perovskite ferrite
(YFeO;), cobalt, nickel and zinc iron spinel (CoFe,O,4, NiFe,0, and ZnFe,0,, respectively) powders by an aqueous sol-gel
processes are investigated. The metal ions, generated by dissolving starting materials of transition metals in the diluted acetic
acid were complexed by 1,2-ethanediol to obtain the precursors for the transition metal ferrite ceramics. The phase purity of
synthesized nano-compounds was characterized by infrared spectroscopy (IR) and powder X-ray diffraction analysis (XRD). The
microstructural evolution and morphological features of obtained transition metal ferrites were studied by scanning electron

microscopy (SEM).
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1. INTRODUCTION

Iron-containing transition metal oxide phases have
been the subject of extensive investigations. These oxides
possess unique magnetic, magneto-optical, magnetoresis-
tive, thermal, electric and mechanical properties such as
ferrimagnetizm, excellent creep and radiation damage
resistance, high thermal conductivity, high electrical
resistivity, controllable saturation magnetization, moderate
thermal expansion coefficients, energy-transfer efficiency,
narrow linewidth in ferromagnetic resonance and others
[1-9]. These properties make iron-containing oxides
suitable for numerous device applications, including
magnetic materials (circulators, oscillators, phase shifters
for microwave region), sensors, magneto-optic sensors,
anode materials for batteries, catalysts, sensors in space
applications, lasers, phosphorescent sources, microwave
and electrochemical devices, black and brown pigments.
Since these magneto-particles have also been shown to be
non-cytotoxic, they would be suitable for biotechnological
applications.

Nanostructured iron-containing transition metal oxide
materials are known to exhibit interesting physical and
chemical properties, significantly different from those of
conventional bulk materials, due to their extremely small
size and large specific surface area. Among these
nanostructured materials of different shapes and sizes,
transition metal ferrite nanoparticles have found
considerable interest due to their technological promising
applications in the microwave industries, in fields as
magnetic storage, for high speed digital tape or disk
recording, the production of repulsive suspensions for use
in levitated railway systems, for bioassay application and
application in biomedicine, ferrofluids, catalysts and
magnetic refrigeration systems [10— 18].

The preparation and characterization of nanosized
structures have attracted increasing attention to researchers

*Corresponding author. tel.: +370-5-2193110; fax: +370-5-2330987.
E-mail address: aivaras.kareiva@chf.vu.lt (A. Kareiva)

302

and scientists in the last decade. Moreover, all mentioned
properties of iron-containing oxide ceramics are highly
sensitive not only to the changes in dopant composition or
host stoichiometry, but also to the processing conditions,
which are very much responsible for the crystallinity,
crystal shape, crystal size, crystal size distribution and
phase purity of the resulting powders. In order to prepare
these iron-containing mixed oxides, the oxide-mixing
method based on the solid state reaction between the
component metal oxides is still utilized because of its
lower manufacturing cost and simpler preparation process
[19]. However, this method, in general, requires the
calcination temperature higher than 1000 °C to eliminate
the unreacted starting oxides and to obtain the final product
of a single phase. In order to overcome these inevitable
disadvantages arising from the solid state reaction, some
methods including sol-gel [20], hydrothermal [21], com-
bustion [22], auto-combustion [23], polymeric precursor
route [24], solvothermal [25] and coprecipitation [26]
techniques can be used.

Over the last few decades, the sol-gel techniques have
been used to prepare a variety of mixed-metal oxides,
nanomaterials and nanoscale architectures, nanoporous
oxides, organic-inorganic hybrids [27—-31]. It has been
demonstrated that the sol-gel process offers considerable
advantages such as better mixing of the starting materials
and excellent chemical homogeneity in the final product.
Moreover, the molecular level mixing and the tendency of
partially hydrolyzed species to form extended networks
facilitate the structure evolution thereby lowering the
crystallization temperature. Recently for the preparation of
different garnets, aluminates, cobaltates and superconduc-
tors we elaborated an aqueous glycolate sol-gel processing
route [29,31—34]. In this paper we present results of a
systematic study of modified aqueous sol-gel synthetic
approach to pure nanosized selected transition metal
ferrites (yttrium iron garnet (Ys;FesOyy), yttrium perovskite
ferrite (YFeO;), cobalt, nickel and zinc iron spinel
(CoFe,04, NiFe,O4 and ZnFe,0,, respectively) powders).
The results are presented herein.



2. EXPERIMENTAL

All transition metal ferrite ceramic samples (YFeOs;,
Y;Fes0yn, CoFe 04, NiFe, 0,4, ZnFe,04) were synthesized
by an aqueous glycolate sol-gel method. The gels were
prepared using stoichiometric amounts of analytical-grade
iron nitrate nonahidrate Fe(NO;);-9H,O, yttrium oxide
Y,0;, cobalt acetate tetrahydrate Co(CH;COO),-4H,0,
nickel acetate tetrahydrate Ni(CH;COO),-4H,0, and zinc
acetate dihydrate Zn(CH;COO),-2H,0, as Fe**, Y**, Co*,
Ni** and Zn*" raw materials, respectively. For the
preparation of all samples by the sol-gel process, iron
nitrate was first dissolved in 50 mL of 0.2 mol/L
CH;COOH at 65°C. To this solution, yttrium oxide
dissolved in acetic acid, or cobalt acetate, or nickel acetate,
or zinc acetate dissolved in 50 mL of distilled water was
added and the resulting mixture was stirred for 1 h at the
same temperature. In a following step, 1,2-ethanediol
(2mL) as complexing agent was added to the reaction
solution. After concentrating the solutions by a rapid
evaporation at 95 °C under stirring, the Y-Fe-O, Co-Fe-O,
Ni-Fe-O or Zn-Fe-O nitrate-acetate-glycolate sols turned
into brownish transparent gels. The oven dried (110 °C)
precursor gel powders were ground in an agate mortar and
preheated for 2 h at 800°C in air. After grinding in an
agate mortar, the powders were additionally sintered in air
for 10 h at 1000 °C without an intermediate grinding. The
flow chart of the sol-gel synthesis of transition metal
ferrites is presented in Fig. 1.
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Fe(NO3)y9H.0 Co(CH;CO0),4H;0 or
Ni(CH;COO);-4H;0 or
Stirring at 60-65 °C for 1 h Zn(CH3CO0),2H,0

aqueous solutions

Transparent solution *solution in 0.2 M CH;COOH

Stirring at 60-65 °C for 1 h 1,2-Ethanediol
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CoFe204, NiFe 04,
ZnFe,04

Fig. 1. Scheme of sol-gel preparation of nanosized YFeOs;,
Y3FC§O]2, COF6204, NiFezO4, and ZHF6204

Infrared spectra of samples in KBr pellets were
recorded with a Bruker Equinox 55/S/NIR FTIR
spectrometer (resolution 1 cm™). X-ray diffraction analysis
(XRD) was performed on a Bruker AXE D8 Focus
diffractometer with a LynxEye detector using Cu K,
radiation. The particle size and morphology of the resultant
transition metal ferrite powders were examined using
FE-SEM Zeiss Ultra 55 field emission scanning electron
microscope with In-Lens detector.
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3. RESULTS AND DISCUSSIONS

IR spectroscopy was used as additional tool for the
structural characterization of the ceramic materials
obtained by the aqueous sol-gel method. The IR spectra of
ceramic materials obtained after the calcinations of the
Y-Fe-O gels having different molar ratio of metals
Y:Fe=1:1and Y:Fe=3:5 are shown in Figs. 2 and 3,
respectively.
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Fig. 2. Infrared spectrum of YFeOs
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Fig. 3. Infrared spectrum of Y3FesO,

The IR spectrum of synthesized YFeO; ceramics show
broad absorption bands arising from O-H stretching and
bending vibration of water due to the exposure of the
sample to the atmosphere at ~3500 cm ™' and ~1600 cm ™',
respectively. Weak band at ca. 2350 cm™' presented in
spectrum belongs to carbon dioxide from atmosphere. This
band appears in many spectra due to inequalities in path
length. Importantly, in the 1300cm '-400cm™ fin-
gerprint region, one sharp band was present at around
564 cm™ is typical metal-oxygen absorption for the
perovskite-type compounds. Evidently, the character of
this region of IR spectrum for Y:Fe=3:5 sample (see
Fig. 3) is a little different. The most important feature is
that several intensive bands are determined in the region of
900 cm ' —450 cm ™', which may be attributed to the
stretching modes of the isolated [AlO,4] tetrahedra and
[AlO¢] octahedra in the garnet structure, i.e. these bands
correspond to the formation of crystalline IAG. According
to the literature data [35, 36], these peaks could also



correspond to the metal-oxygen vibration in the

dodecahedral units of garnet structure.
Fig. 4 represents IR spectra of Co-Fe-O, Ni-Fe-O and
Zn-Fe-O nitrate-acetate-glycolate gels heated at 1000 °C.
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Fig. 4. Infrared spectra of CoFe,0, (1), NiFe,04 (2) and ZnFe,O,
(3)

As seen, all three IR spectra are almost identical with
characteristic intensive absorption band located nearly
600 cm™'. In preceding Fig. 4 this envelope of broad
absorption is not resolved into several narrow absorption
bands, as was observed for yttrium iron garnet. The
observed peaks are M—-O vibrations and probably are
characteristic ~ for  spinel  structure = compounds.
Consequently, the obtained IR results let us to conclude,
that heat treatment of Co-Fe-O, Ni-Fe-O and Zn-Fe-O
precursor gels produces corresponding spinels.

The XRD results are consistent with crystallization
process observed by IR measurements. The XRD patterns
of YFeO; ceramics heated at 1000 °C for 10 h is shown in
Fig. 5.
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Fig. 5. X-ray diffraction pattern of YFeOj; ceramics synthesized
using sol-gel method at 1000 °C. Annealing time was
10 h. The Miller indices of YFeO; phase are marked

According to the XRD analysis, a fully crystallized
single-phase oxide YFeO; with well pronounced
perovskite crystal structure has formed (PDF No. 39-
1489). No any impurity phases in the sample have been
detected. The most intensive lines (121), (002) and (123)
are observed at 26~ 33.1 (100 %), 33.9 (31 %) and 60.2
(27 %), respectively. The monophasic yttrium iron garnet
has also formed during heating the Y-Fe-O (Y :Fe=3:5)
precursor gel at 1000 °C (see Fig. 6).
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The XRD pattern completely corresponds to the
reference data (PDF No. 43-507). For the synthesized
Y;FesO4, the most intensive lines (420), (642) and (422)
are observed at 28~ 32.3 (100 %), 55.5 (48 %) and 35.5
(46 %), respectively.
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Fig. 6. X-ray diffraction pattern of Y;FesO;, ceramics
synthesized using sol-gel method at 1000 °C. Annealing
time was 10 h. The Miller indices of Y;FesO;, phase are
marked

The XRD patterns of the spinel structure compounds
heated at the same temperatures for 10 h are shown in
Figs. 7—9. Surprisingly, all the samples obtained after
heating of Co-Fe-O, Ni-Fe-O and Zn-Fe-O precursor gels
at 1000 °C are monophasic materials. No even traces of
impurity phases in the samples can be determined. The
XRD data (see Fig. 7) clearly confirm the crystalline spinel
structure of cobalt ferrite (CoFe,O4) to be the main
crystalline component (PDF No. 22-1086). For the sol-gel
derived CoFe,O,4 the most intensive lines (311), (440) and
(220) are observed at 268~ 35.5 (100 %), 62.7 (41 %) and
30.2 (32 %), respectively.
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Fig. 7. X-ray diffraction pattern of CoFe,0, ceramics synthesized
using sol-gel method at 1000°C. Annealing time was
10 h. The Miller indices of CoFe,0, phase are marked

The XRD pattern of NiFe,O4 sample heated for 10 h is
shown in Fig. 8. As seen, with substituting cobalt for
nickel the obtained X-ray diffraction results consist very
well with reference data (PDF No. 10-325). For the spinel
structure nickel ferrite NiFe,O4 the most intensive lines
(311), (220) and (440) are observed at 28~ 35.8 (100 %),
30.3 (42 %) and 63.0 (37 %), respectively. Again, the
formation of impurity phases does not proceed.
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Fig. 8. X-ray diffraction pattern of NiFe,O, ceramics synthesized
using sol-gel method at 1000°C. Annealing time was
10 h. The Miller indices of NiFe,O4 phase are marked

Fully crystalline single-phase oxide ZnFe,O, with well
pronounced spinel crystal structure have also formed at
1000 °C using the same sol-gel technique (PDF No. 22-
1012). As seen from Fig. 9, for the zinc ferrite ZnFe,0, the
most intensive lines (311), (220) and (440) are observed at
20=354 (100%), 29.8 (39%) and 62.3 (34 %),
respectively.
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Fig. 9. X-ray diffraction pattern of ZnFe,0, ceramics synthesized
using sol-gel method at 1000°C. Annealing time was
10 h. The Miller indices of ZnFe,O, phase are marked

The most interesting fact is that the same synthesis
conditions and the same sol-gel synthetic parameters were
suitable for the preparation of monophasic different
structure compounds: perovskite YFeOs, garnet Y;FesO,
and spinels CoFe,O,, NiFe,O4 and ZnFe,O4. This
observation let us to conclude that the proposed simple sol-
gel chemistry approach could be used for the preparation
of variety crystal structure compounds.

Fig. 10 shows the SEM micrograph of YFeO;
ceramics. Evidently, the scanning electron micrograph
indicates the formation of nanosized -crystallites of
~200 nm in width and ~1000 nm in length. The crystallites
are necked to each other forming highly symmetric
ornaments. Scanning electron micrograph of sol-gel
derived Y;FesO,, ceramics synthesized for 10 h at 1000 °C
is shown in Fig. 11. For yttrium aluminium garnet the
similar microstructure was observed as well. The same
necked to each other crystallites having approximately the
same size was formed. However, the particles of Y;FesO,,

formed with very well pronounced agglomeration,
indicating a good connectivity between the grains.
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Fig. 10. Scanning electron micrograph of sol-gel derived YFeOs
ceramics heated for 10h at 1000°C. Magnification
15000x
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Fig. 11. Scanning electron micrograph of sol-gel derived
Y3FesO;, ceramics heated for 10h at 1000 °C.

Magnification 10000x

It is interesting to note that almost identical surface
microstructure was observed for all spinel crystal structure
ceramic samples. Fig. 12 shows the SEM micrograph of
CoFe,0, spinel obtained at 1000 °C.
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Fig. 12. Scanning electron micrograph of sol-gel derived
CoFe,O; ceramics heated for 10h at 1000°C.
Magnification 4000x

The SEM micrograph suggests that the CoFe,O, solids
synthesized by sol-gel route are composed of spherical
submicron grains (less than 1000 nm). The spherical
particles are formed also in the case of nickel ferrite
NiFe,0, (see Fig. 13).
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Fig. 13. Scanning electron micrograph of sol-gel derived NiFe,O,
ceramics heated for 10h at 1000 °C. Magnification
10000x

However it seems that particle size of spinel ferrites
are dependent on the nature of transition metal. NiFe,O4
crystallites mostly composed of nanoparticles with size
between 100 nm and 150 nm. SEM micrograph of ZnFe,O,
ceramics is presented in Fig. 14. Zinc iron spinel ceramics
was formed with an average grain size of less than 500 nm
and more than 200 nm. Thus, once again we can conclude
that the particle size of spinels depends on the nature of
transition metal (CoFe,04> ZnFe,04 > NiFe,04). More-
over, all three spinels have formed with mesoporous
structure.
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Fig. 14. Scanning electron micrograph of sol-gel
ZnFe,O,; ceramics heated for 10h at
Magnification 10000x

4. CONCLUSIONS

In this work for the synthesis of yttrium perovskite
ferrite (YFeOs), yttrium iron garnet (Y;FesOp), cobalt,
nickel and zinc iron spinels (CoFe,O4, NiFe,O4 and
ZnFe,0y, respectively) environmentally benign an aqueous
sol-gel process has been suggested. The present study
demonstrates the versatility of the solution method to yield
a monophasic transition metal ferrites at low sintering
temperature (up to 1000°C) when compared to the
temperature required for the solid-state synthesis
(>1400°C-1600°C). It was demonstrated that IR
spectroscopy is indispensable tool for the characterization
of perovskites, garnets and spinels in the region of
900 cm ' —450 cm™'. The most interesting fact is that
monophasic different structure compounds (perovskite
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YFeO;, garnet Y3;FesO1, and spinels CoFe,O4, NiFe,O4
and ZnFe,O4) have been successfully obtained by this
method using the same synthetic parameters. To the best
our knowledge, the nanosized transition metal ferrites were
prepared by a soft sol-gel chemistry approach for the first
time. Besides, the particle size of spinel ferrites is
dependent on the nature of transition metal. Finally, the
proposed sol-gel method of preparation of transition metal
ferrites in aqueous media is inexpensive and thus
appropriate for the large scale production of such type
ceramics.
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