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CoFe,0,,NiFe,0, and ferrites ZnFe, O, were prepared by the auto-combustion method. Scan-
ning electron microscopy (SEM) was used for investigating the microstructural features of
combustion reaction products. The structural evolution at different process stages of spinel
ferrites are investigated by powder X-ray diffraction (XRD) and Fourier transform infra-
red techniques (FTIR). The XRD patterns of obtained products after calcination confirm
the single-phase cubic spinel type. The average crystallite sizes for different compounds
were found to be in nanometer range. The FTIR studies show two fundamental absorp-
tion bands which are assigned to the vibration of tetrahedral and octahedral complexes of
the spinel structure. The powder-specific surface area was measured using the multi-point
Brunauer-Emmet-Teller method (BET). The BET results show that after calcination sub-
micrometer-sized primary particles have been agglomered into larger secondary particles.
Atomic force microscopy (AFM) was used to study the dimensions of calcined ferrite par-
ticles. AFM images show that particles are of nanometer dimensions. Room temperature
D. C. electrical conductivity measurements of the spinel ferrites show that the obtained
compounds are of lower coductivity compared with spinel ferrites obtained by the con-

venctional ceramic technique.
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1. INTRODUCTION

Nano-sized spinel ferrite nanoparticles are perspective mate-
rials for modern industries and technologies such as electri-
cal engineering, electronics and information. Ferrites made
from nanoparticles can show different properties unlike tho-
se observed in bulk material. The different properties of these
materials can be attributed to the small size, a large surface-
to-volume ratio, cation distribution, concentration of locali-
zed electric charge carriers, and stoichiometry. For these rea-
sons, unusual electric and magnetic properties of nano-sized
spinel ferrites can be observed [1].

The spinel ferrite structure with the general formula
AB,0, can be described as a cubic close-packed arrangement
of oxygen atoms, which contains eight A-sites where metal
cations are coordinated tetrahedrally, and sixteen B-sites
which posses an octahedral coordination. When sublattice A
contains Me** ions and sublattice B contains Fe** ions, the
ferrite has a normal spinel structure. If the A-sites are com-
pletely occupied by Fe** ions and B-sites are randomly taken
up with Me?* and Fe**, the structure is attributed to an inverse

spinel. In mixed spinel ferrites, both divalent and trivalent ca-
tions are distributed between A and B sites [2].

The bulk zinc ferrite posses a normal spinel structure
where the A site contains all the Zn** ions. In NiFe,0,, the
nickel ion, due to its superior radius (0.74 A) [3] in compa-
rison with Fe** radius (0.67 A) [1], tends to occupy B sublat-
tice states by making an inverse spinel structure [4]. Recent
investigations have shown that cation distribution in nano-
sized ZnFe 0, and NiFe 0, is partly inverted, which means
that both sites contain Me** and Fe’* cations [5, 6]. CoFe,0,
forms an inverse spinel structure and, independently of the
preparation technique and particle size, it has a high magne-
tic anisotropy and saturation magnetization [7].

The mentioned structural modifications of nanosized
spinel ferrite materials increase its potential technological
applications, thus an effective, simple method with a low
energy consumption is significant. The preparation method
strongly affects not only the size of ferrite powders, but also
their properties; thus, the aim of the present paper was to
demonstrate the properties of various spinel ferrites obtained
by the sol-gel auto-combustion method.
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2. METHODOLOGY

In order to obtain zinc, nickel and cobalt ferrites, metal
nitrates as iron nitrate (Fe(NO,), - 9H,0), nickel nitrate
(Ni(NO,), - 6H,0), zinc nitrate (Zn(NO,), - 6H,0) or cobalt
nitrate (Co(NO,), - 6H,0) were dissolved in distilled water.
Also, one mole of citric acid monohydrate (CH,0, - H,0)
was added to nitrate solution. Ammonia water (NH,OH) was
added to the prepared solution to addjust the pH value to 7.
Then a highly viscous gel was formed after intensive stirring
and evaporation at 100 °C. The resulting gel was heated up to
250 °C to initiate combustion; as a result, as-burnt product
powder mixture of different oxide compounds was obtained.
The obtained oxide mixture was calcinated at 800 °C for 1 h.

The XRD patterns of the combustion reaction and annea-
led powders were recorded for 20 from 5° to 60° at a scan rate
of 2° min™' using an X-ray Rigaku Ultima+ diffractometer
with Cu, radiation (A = 1.5418 A).

The IR absorption spectra of calcinated powders were re-
corded in the wave number range of 4000-400 cm™" with a
Shimadzu Prestige-21 spectrometer. Sample preparation for
FTIR measurements included mixing ferrite powder with po-
tassium bromide (KBr) powder.

Microstructural features of as-burnt powders were cha-
racterized with a SEM Hitachi TM 1000. The particle di-
mensions of calcinated ferrite powders were collected with a
Digital Instruments CP-II scanning probe microscope, Veeco
Instruments Inc., by the non-contact mode. The particle size
was determined by AFM topographical analysis, taking into

account at least 100 particle diameters. Samples for AFM ana-
lysis were prepared by dispersing ferrite particles in heptane
with a subsequent ultrasound treatment to destroy particle
aglomerates and agregates. A drop of dispersion onto a mica
sheet was analyzed after drying.

The specific surface area was determined by the physical
adsorption of N, employing the multi-point BET calculati-
on method and using a Surface Area and Pore Size Analyser
NOVA 1200e.

DC resistivity measurements were performed by the two-
probe method with a E6-13A tera-ohmmeter. Samples for
resistivity measurements were made in the form of tablets
1 mm thick and 10 mm in diameter. Tablets were pressed
from auto-combustion reaction products at a pressure of
20 MPa, using 5 wt% propanol-2 as a binder. The pellets were
sintered / calcinated at 1100 °C for 2 hours. To ensure good
electric contacts, the samples were painted on either side
with a high purity conductive silver paint.

3. RESULTS AND DISCUSSION

3.1. X-ray studies

The X-ray diffraction patterns of as-burnt and calcined Co-
Fe,0,,ZnFe 0,, and NiFe O, ferrite samples are presented in
Fig. 1.

The XRD patterns of as-burnt products, besides the cubic
spinel structure, indicate the presence of other minor pha-
ses caused by impurities. At 800 °C calcined products con-
tain single-phase ZnFe O,, NiFe O, and CoFe 0, spinel. The
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Fig. 1. XRD pattern of as-burnt and calcined powders: A — CoFe,0,; B~ ZnFe,0,; C— NiFe,0,
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Table. Various properties of obtained ferrite powders

Ferrite | D, nm | V, ™’ | V,, am™’ | Specific surface area, m*/g | 6,Q"-am’
As-burnt ZnFe,0, 20 548 409 36 -
Calcined ZnFe,O, 35 550 413 8 1.83E-06
As-burnt NiFe,0, 28 579 - 36 -
Calcined NiFe,O, 33 584 - 5 1.22E-06
As-burnt CoFe,O, 24 578 - 33 -
Calcined CoFe,O, 35 586 - 25 2.26E-07

crystallite size (Table), determined by using Debye-Scherrer

equation, for differently prepared ferrite compounds is at na-

nometer dimensions and increases with taking calcination at

800 °C. The lattice parameter a of the as-burnt and calcined

ferrites was determined by using the following formula [9]:
a2k 40"

1/2
+1)" (1)
2 sin®

where X is the wavelength of CuKa, (hkl) are the Miller in-
dices, and 0 is the diffraction angle of a corresponding (hkl)
plane. Parameter a was calculated from the (220) plane due
to its amenability by changes in both A and B sites as conclu-
ded by He et al. [10].
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Fig. 2. Changes in lattice parameter by calcination at 800 °C of
obtained spinel ferrites

The lattice parameter in all cases increases by ferrite tre-
atment at an elevated temperature (Fig. 2); this suggests the
formation of a compositionally stoichiometric spinel ferrite
[9]. The observed lattice parameter values for calcined fer-
rites are in good agreement with the results for nanosized
ferrites obtained by other authors [11, 12].

3.2. Fourier transmission infrared spectroscopy studies

From FTIR results presented in Table we can observe typical
spinel ferrite absorption bands which are attributed to me-
tal-oxygen vibrations. The first one, V,, mostly noticed in the

range between 600-540 cm™ [13], corresponds to intrinsic
stretching vibrations at the tetrahedral site, and the second
one, V,, is observed in the diapason 450-385 cm™" which cor-
responds to the octahedral site [11]. These absorption bands
are highly sensitive to changes in interaction between oxygen
and cations, as well as to the size of the obtained nano-par-
ticles [13].

The observed V| bands (Table) in all cases were higher for
calcined samples due to formation of stoichiometric ferrite,
as well as Fe’* ion replacement with Zn*", Ni** or Co?*.

For NiFe 0, and CoFe, 0, ferrites, we could not observe
an accurate value of V, vibrations because the spectra were
recorded in the range of 4000-400 cm™,but octahedral site
vibrations for these samples were located below 400 cm™.

3.3. Microscopy studies

From the SEM image (Fig. 3) one can see that durig the auto-
combustion reaction highly porous and fluffy products are
formed. Also, sub-micrometer-sized primary particles are
agglomerated into larger secondary particles. The shape and
size of individual particles cannot be determined from the
obtained micro-photograph.

Non-contact AFM topographical images and topograp-
hical analysis of ZnFe O,, NiFe,0, and CoFe 0, are shown
in Fig. 4. As we can see, ferrite powders c0n51st of individual
particles and superior sized clusters which consist of smaller
individual particles as was concluded by Dias et al. [14].
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Fig. 3. SEM microphotography of the CoFe,0, as-bumnt powder
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Fig. 4. AFM topographical image and topographical analysis of ferrite powders
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Particle sizes for ZnFe O, were 25-70 nm, for NiFe O,
10-45 nm and for CoFe,0, 10-40 nm. In the case of Zn-
Fe O, there were larger particles and particle clusters.
Higher zinc ferrite average particle and cluster sizes are
due to the Zn?* jon which to increase the combustion re-
action temperature, resulting in an intensified individual
particle growth [15],as well as liquid phase presence of zinc
in the sintering process, attributed to its low melting point
(470 °C), which draws the particles together because of ca-
pillary forces [16].

From the specific surface area of as-burnt powders (Ta-
ble) we can see that as-burnt powders have a mesoporous
character. As a result of calcination, the products showed a
clear decrease of the surface areas because sub-micrometer-
sized primary particles have been agglomerated into larger
secondary particles.

3.4. Conductivity
The measured electrical conductivity values are shown in Ta-
ble. The comparetively low conductivity values, due to spinel
ferrites, belong to the group of so-called hopping semicon-
ductors in which the basic conduction mechanism is attri-
buted to the hopping of electrons from one cation to another
[17] and not due to the thermal creation of charge carriers.
In general, the observed electrical conductivity was lower
than that for ferrites obtained by the convectional ceramic
technique, attributed to small-grain sizes and a larger num-
ber of insulating grain boundaries which act as barriers to
the flow of electrons [18].

4. CONCLUSIONS

To sythesize nanosized Ni-Zn ferrite powders, the combus-
tion sythesis method was used. The FTIR studies and lattice
parameter changes show that by annealing at 800 °C, compo-
sitionaly stoichiometric ferrite compounds are formed. The
topographical images obtained by AFM indicate that ferrite
powders consist of nanometer-sized individual particles and
of particle clusters.
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FERITINIU SPINELIU, GAUTU SAVAIMINIO
DEGIMO METODU, CHARAKTERISTIKOS

Santrauka
CoFe,0,, NiFe 0, ir feritas ZnFe,0, buvo gauti savaiminio degimo
metodu. Degimo reakcijos produkty mikrostruktarinéms savybéms
tirti buvo panaudota skenuojanti elektroniné mikroskopija (SEM -
Scanning elektron microscopy). Skirtingais proceso etapais strukta-
riné $pineliy ferity raida buvo tiriama rentgeno spinduliy difrakcija
(XRD - X-ray diffraction) ir Furjé transformacine infraraudonyjy
spinduliy technika (FT-IR - Fourier transform infrared techniques).
Gauty produkty XRD vaizdas po kalcinacijos atitinka vienfazj ku-
binio $pinelio tipg. Skirtingy junginiy kristalitai ne didesni nei na-
nometras. FT-IR tyrimai parodé dvi pagrindines sugérimo juostas,
priskiriamas ketursieniy ir astuonsieniy $pinelio struktros kom-
pleksy vibracijai. Specialiais milteliais padengto pavirsiaus sritis
buvo matuojama daugiataskiu Brunauer-Emmet-Teller metodu
(BET). BET tyrimo rezultatai parodé, kad po kalcinacijos pirminés
mikrometrinés dalelés buvo sukauptos j didesnes antrines daleles.
Kalcinuoty ferity daleliy matmenys buvo tiriami atominés jégos mi-
kroskopija (AFM — Atomic force microscopy). AFM vaizdai rodo, kad
dalelés yra nanometro ribose. Spineliy struktiiros ferity DC elektros
laidumo matavimai parodé, kad gautieji junginiai mazina laiduma,
palyginti su feritais, gautais jprastiniu keraminiu badu.
RaktazodZiai: feritiniai $pineliai, nanodalelés, degimo reakcija,
atominés jégos mikroskopija

Anppuc Cytka, [yupapc MesuHnckuc, Aprypc Ilnynonc,
Canra Jlasguns

XAPAKTEPUCTUKU ®EPPUTOBBIX IIIIMHEJIEN,
IIOJIYYEHHBIX METOJOM COBCTBEHHOTIO I'O-
PEHIA

Peswme
CoFe O

27
COOCTBEHHOTO TOpeHu. HHH NCCIenoBaHmMA CBOJICTB MUKpPOCTPYK-

NiFe,0, u deppur ZnFe O, 6butu momydeHbl MeTOROM

TYPHBIX IIPOAYKTOB TOPEHNS MCIONb30BAHA CKAHMPYIOIIAs /IeK-
TpoHHas Mukpockonus (SEM - Scanning elektron microscopy). Ha
PA3IMYHBIX 3TANAX HPOIecca CTPYKTYPHOE pasBUTIE LIMIMHENei
(beppuToB MCCIEROBANTOCH C MOMOLIBI0 PEHTTEHOBCKOI Audpak-
uun (XRD - X-ray diffraction) u @ypse TpaHcHOpMALNOHHOI Tex-
Hukoit nudpaxpacHeix nydeit (FI-IR — Fourier transform infrared
techniques). Bug nomydennsix mpogykros (XRD) mocre mporecca
Ka/IBLIMHALIMI COOTBETCTBYET TUIY OFHO(ASHOIO KyOUYECKOro
IIIMMHeNA. BeudnHa KpUCTa/IUTOB PA3/IMYHbIX COCMHEHNIT He
npeBbIlIaeT ogHoro HaHoMerpa. Mccnegosannsa FT-IR mokasamm
JiBe OCHOBHbIE IIOIOCHI (30HBI) NOIMOIEHNA, COOTBETCTBYIOLINE
BMOpAIMM YeThIpeX- U BOCBMUTPAHHBIX CTPYKTYPHBIX KOMIITEK-
coB mmuHeneit. O6macTh OBEPXHOCTH, HOKPHITASA CIEeIMATbHBIMI
MOPOLIKAMI, CCIE[0BAIACh MHOTOTOYHBIM MeTOfloM BpyHayep—
Emmer-Ternep (BET). PesynbraTsl 9TOr0 MccefoBaHys IOKa3aIi,
9TO MOCTIE KA/IbLMHALNN [IEPBIUYHbIC YACTHUIBI (BETMYMHA — MIUK-
pometp) OBUIM CKOHIIEHTPMPOBAHBI B OOJIBIINX BTOPMYHBIX Yac-
Tunax. PasMepbl Ka/lbIMOHMPOBAHHBIX YacTUI] (EPPUTOB IC-
C/IefloBa/IUCh MUKpOCKomueit aroMHbix cunt (AFM - Atomic force
microscopy), THe TOTy4eHO, YTO YACTUIBI 10 BETMYNHE OCTAIOTCA
B IpefieiaX HaHOMeTpa. VI3MepeHNs 971eKTPOIPOBOIHOCTH IIIIN-
Herneit (DC) mokasasm, 4TO MOMy4YeHHbIe COCANHEHNA YMEHDIIAIOT
37eKTPONPOBOJHOCTD 110 CPABHEHUIO C (peppUTaMU, ONYYeHHbI-
MU 0OBIKHOBEHHBIM KePaMIUYeCKIM METOFOM.

Knmrouesble cmoBa: QeppyuTOBbIE NIMMHENN, HAHOYACTHUILBI,
PpeaKIVy TOpeHNs, MUKPOCKOIINA aTOMHBIX CHIT



