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Calcination effects on the crystal structure and magnetic properties of CoR£,
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Cobalt ferrite nanopowders were successfully synthesized by the coprecipitation method and subsequent calcination at 873 and 1073 K. Th
effects of the thermal treatments on the crystal structure, particle size and magnetic properties of the nano-compounds were investigated. Th
particle sizes were determined from transmission electron microscopy, and an increase in sizes with the increment in calcination temperature
was observed. The mean particle sizes were 29 and 42 nm, for samples calcined at 873, and 1073 K, respectively. By X-ray diffraction, it
was determined that the nanoparticles crystallized in the cubic spinel structure. Additionally, Fourier transform infrared spectroscopy studies
confirm the presence of spinel metal oxide. The magnetization measurements as a function of the temperature and the applied magnetic fiel
suggested that a large part of the nanoparticles calcined at 873 K present a superparamagnetic behavior at room temperature, while thos
calcined at 1073 K are mainly in the blocked regime at temperatures below 320 K. Besides remarkably high coercivities of approximately
10.7 and 12.4 kOe were observed at low temperatures, for the nanopowders calcined at 873 and 1073 K, respectively.
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1. Introduction sitive to thermal treatments, and the synthesis method used
[8]. Cobalt ferrite (CoFgQ,) is a partially inverse spinel,

Ferrites are a class of metal oxides with remarkable physiand0.62 < X < 0.93 was reported for this ferrite [9]. Bulk

cal properties, being the most studied ferrimagnetic materieobalt ferrite is a ferrimagnet at room temperature, with a

als, since the 1940s [1,2]. During the last0 years, ferrites  Curie temperature of 790 K [10]. CoFeO, nanoparticles

have been used in many technological applications rangingave been extensively investigated, because of its high coer-

from simple permanent magnets to magnetic recording, mageivity, high magnetocrystalline anisotropy, and its moderate

netic storage, and medical applications such as: hyperthegaturation magnetization [7].

mia, magnetic resonance imaging, and drug delivery [3-6]. ) ) ) )

The ferrites with formula unit AR, (where A are di- In the synthesis of cobalt ferrite nanopa_rt|_cle§, various
valent cations such as: Mh, Fé+, C&+, and N#+) crys- methods have been usgd, such. as: copreC|p|tat|on [11_—13],
tallizes in the well known cubic spinel structure, in which the sol-gel [14'15]} COI’ﬂbL!StIOh react!on [16,17], micro-emulsion
A2+ and Fé* cations are located in interstices with tetrahe-[18]: Nydrolysis reaction [19], high-temperature decompo-

dral and octahedral coordination. The cation distribution beStion Of horganic precursors [.20]' pol;;mhe r pyrolysis d[2(1j].
tween the tetrahedral and octahedral sites occurs in two typ ong them, coprecipitation is one of the most used, due

of structural arrangements, known as normal spinel and in© 'S & very simple, fast, and low-cost method [22].

verse spinel. In the normal spinel, thé#cations are located A nanopowder is made up of an aggregation of nanoparti-

in the tetrahedral sites, while thei’P‘ecatio'ns areinthe octa- ¢jes; which change their characteristics according to the syn-
hedral interstices. On the other hand, in the inverse spineljasis method used and/or type of drying. A as-synthesized
o_ne-half of the F& cations are located in the tetrahedrgl nanopowder commonly presents traces of by-products of the
sites and the qther half of the tn_valent cations, tog_;;ether_wnfgymhesiS process: therefore, it is appropriate to perform ther-
all the A* cations, are located in the octahedral interstices | treatments to the dried material. These heat treatments
However, there are many possible intermediate cation distrig, ajcinations allow obtaining nanopowders cleaner, with

i o . - X )
butions represented by (AxB))T(AxB2-)?0y, whereA  higher crystallinity and nanoparticles of larger sizes [23,24].
is called inversion parameter, afidand O superscripts in-

dicate the tetrahedral and octahedral positions, respectively. In the present investigation, cobalt ferrite nanopowders
These last cation distributions are known as patrtially inversénave been synthesized by the coprecipitation method, using
spinels [3,7]. Cation distribution depends on different fac-metal nitrates and ammonium hydroxide. We report on the
tors, such as the cation radii, thermal history, and particlerystal structure, size, and magnetic properties of GOEe
size. The cation distribution in partially inverse spinels is sennanopatrticles, calcined at 873 and 1073 K.
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2. Experimental 3. Results and discussion

2.1. Synthesis of nanopowders 3.1, Xeray diffraction studies

X-ray diffractograms of the nanopowders calcined at 873 and

Cobalt ferrite nanoparticles were synthesized by the copret073 K are presented in Fig. 1. Both diffractograms exhibit
cipitation method, following the synthesis procedure de-only diffraction peaks corresponding to the standard XRD
scribed below: stoichiometric amounts of cobalt nitratepattern of the cobalt ferrite (JCPDS: 22-1086), which in-
(Co(NG;)»-6H,0) and ferric nitrate (Fe(N§)3-9H,0), for  dicates that a single crystalline phase corresponding to the
2 g of final compound, were dissolved in 100 ml of deionizedcubic spinel structure was obtained in the two powder sam-
water at room temperature and stirred for 15 min continouslyples. Comparing the two XRD patterns, it is observed that
by magnetic stirring. Then, maintaining constant stirring,the diffraction peaks of the calcinated sample at 1073 K are
100 ml of ammonium hydroxide solution (N&@H, 29.66 narrower and more intense, which suggests that it improves
wt% in water) was added, initially dropwise to destabilize the crystallinity and increase the particle sizes with the incre-
the precursor solution and start the precipitation of the comment of the calcination temperature. The unit cell parame-
pound, and immediately the rest in excess to get a solutioter (@) was determined using the Le Bail refinement method.
with basic pH about 12. Then, the solution was stirred vigor-The X-ray density fx.ray) Was calculated using the relation
ously and constantly at room temperature, for 1 hour; The repxray = 8M /N - a*, whereM is the molecular weight of the
sulting solution-precipitate was dried in an oven at 373 K, forcompound,V is Avogadro’s number, and is the lattice pa-
48 hours, until obtaining the as-synthesized nano-compoundameter. The theoretical bulk density) was determined

Later on, to study the influence of the thermal treatmenfrom sample pellets, using the equatipp = m/mr?h,
on the crystal structure, size, and magnetic properties oiherem is the mass; is the radius, and is the height of the
nanoparticles, the as-synthesized compound was divided infegllet. The porosity £) of the two samples was calculated
two samples, which were calcined in a furnace with an aitusing the relation” = ((px-ray — ptn)/pxray) - 100% [25].
atmosphere, at 873 and 1073 K, during 2 hours. The heatinghe values of apy.ray, ptn, and P are tabulated in Table I. It
rate from room temperature to the calcination temperaturel observed that the unit cell parameter increases from 8.343
was PC/min. After calcination, the samples were naturally A, in Co ferrite calcined to 873 K, to 8.36&in the sam-
cooled in the air down to room temperature. ple calcined to 1073 K, which indicates that there is a slight
expansion of the lattice with the increase of the calcination
temperature. They, and P values suggest that densification
occurs, in addition to a samples’ porosity reduction with the

X-ray powder diffraction (XRD) data of the synthesized increase in calcination temperature. These results confirm

nanopowders has been recorded in a Philips diffractometewat the applied thermal treatments generate sintering of the

using Cukx radiation in the 2 range from 15 to 78 to nanoparticles, as has been reported in other studies [24,25].

characterize the crystal structure of the nanoparticles. Tag

know the chemical composition of the nano-compounds,g'z' Infrared spectroscopy studies

Fourier transform infrared (FTIR) spectra were acquired usFigure 2 shows the FTIR spectra of the two samples of cobalt
Ing a PerklnlEImer FTIR spectrophotometer, between 400Qq it nanoparticles in KBr, where absorption bands are ob-
and 380 crr', on sample pellets prepared dispersing the fer-

rite powders at 1.5% in potassium bromide (KBr). Micro-
graphs of the nanopowders were taken employing a JEOL
JEM 1220 transmission electron microscope (TEM), to deter-
mine the particle sizes, and explore the morphology and ag-
gregation of nanoparticles in the samples. For the observatior ~
in the microscope, a drop of diluted suspension of nanopar- (:é
ticles in ethanol was placed on a carbon-coated copper grid. >,
The particle size distribution was evaluated by measuring the’é
largest dimension of at least 150 nanoparticles. Subsequently &
the size histograms were adjusted to a Log-normal distribu- =
tion, obtaining the mean particle sizes. Magnetization mea- (a)
surements were performed by using a SQUID magnetometer
The temperature dependence of the magnetization was mee , - - - .
sured with 10 Oe applied field, in zero-field-cooled (ZFC) 20 o0 40 =l 60 i
and field-cooled (FC) modes, between 5 and 320 K. Hystere- 26 (9)

sis loops were obtained by applying a magnetic field up toFicure 1. X-ray diffractograms of cobalt ferrite nanopowders cal-
55 kOe, at two temperatures: 5, and 320 K. cined at (a) 873 K and (b) 1073 K.

2.2. Characterization techniques

—~
=
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™
=
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TABLE |. Particle size D), unit cell parameterd), X-ray density px.ray), theoretical bulk densityp(,), and porosity P) of cobalt ferrite

nanoparticles calcined at 873 and 1073 K.

Sample D (nm) a (A pxray (QlCNT) pm(glcn?) P (%)
Calcined at 873 K 29 8.343 (1) 5.367 3.749 30.15
Calcined at 1073 K 42 8.362 (4) 5.331 4.182 21.55
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FIGURE 2. FTIR spectra of cobalt ferrite nanoparticles calcined at
(a) 873 Kand (b) 1073 K.
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served at 3414, 2358, 1618, 1384, 590, and 394 'cnThe

first absorption bands are assigned as follows: 341%'cm
corresponds to vibrations of O-H bonds, 2358 and
1618 cnT! are due to N-H vibrations, and 1384 ctnis as-
sociated with vibrations of N-O bonds. Therefore, these first
vibrational bands reveal the presence of impurity molecules
such as adsorbed water, amines, ammonium ions, and nitro
compounds, which are by-products derived from the reagents
used in the synthesis of nanopowders. The last two absorp-
tion bands are produced by the metal-oxygen vibrations of
the ferrite. These vibrational bands correspond to two of
the four vibrations active in the infrared, as predicted by the
group theory for crystals with spinel structure [26]. The
band observed at 590 crh is due to the vibration of the
ions located in the tetrahedral coordination sites of the spinel
structure, whilev, = 394 cm~! is attributed to the vibration

of the ions in octahedral positions [26,27]. Therefore, these
two absorption bands assigned to the Co-O and Fe-O stretch-
ing correspond to the fingerprint of the cobalt ferrite, con-
firming the formation of the cubic spinel crystalline phase in
the synthesized nanopowders. Comparing the FTIR spectra '
of the two samples, it is observed that the absorption bands
associated with impurities in the nano-compound calcined at

04
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1073 K are less intense than those in the sample calcined &cure 3. TEM images and size histograms of CeBa nanopar-
873 K, which indicates that with the increase in the calcina- ticles calcined at (a) 873 K and (b) 1073 K.
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FIGURE 4. Temperature dependence of the ZFC and FC magneti- -\.
zation of CoFeQO, nanoparticles calcined at 873 and 1073 K. : =
1 nanep — | calcinedats7ak & | "%
tion temperature, it is possible to obtain cleaner nanopow- g .
ders. On the contrary, the vibrational bandsand v, are Q - 245K - .
more pronounced in the sample calcined at 1073 K, confirm- §. o n
ing that the crystallinity of the nanoparticles improves with o
the increase in the calcination temperature, in accordance <" 7
with the results obtained from the X-ray diffraction study. =
3.3. Transmission electron microscopy studies

L 1 L 1 L 1 n 1 n 1 L 1
Figure 3 shows the TEM images of both samples of 0 50 100 150 200 250 300
CoFeQy,, in addition to the respective size histograms. Com-
paring the two micrographs taken at the same magnification Temperature (K)
(x40k), it is evident that the size of the nanoparticles in-
creased with the increment in the calcination temperaturefIGURE 5. the Derivative ofMz rc-Mrc concerning to tempera-
It can be noticed a significant agglomeration of nanoparti{ure, as a function of temperature, for CePe nanoparticles cal-
cles with irregular shapes. The histograms reveal that the twgned at 873 and 1073 K.
nano-compounds have wide size distributions, with nanopar- L )
ticle sizes ranging from approximately 12 to 53 nm (for thea@n be_: due to the wide size distributions with Igrge mean par-
sample calcined at 873 K), and from 15 to 85 nm (for the samlicle sizes, but glso Fo the presence of strong mterpartl_cle_m-
ple calcined at 1073 K). Therefore, increasing the calcinatiof€ractions. In Fig. 4 it can be noted that the FC magnetization
temperature increased the particle sizes dispersion. The Lo§at@ does not increase as usually does in a non-interacting
normal fits of the size distributions allowed to obtain meannanoparticle system. This decrease of FC magnetizations

particle sizes of 29, and 42 nm, for the samples calcined awith the lowering temperature is indicative of the presence
873 and 1073 K, respectively. of strong magnetic interactions between the nanoparticles in

the two nanopowder samples [28]. Additionally, it is also ob-
served that th& FC-FC magnetization data of the sample
calcined at 1073 K are greater than those of the sample cal-
Figure 4 ShOWS the temperature dependence of the magneﬁi.ned at 873 K, Wh|Ch iS attributed to the increase in the mag'
zation, in ZFC and FC conditions, for the two cobalt ferrite Netic nanoparticle sizes with the increment in the temperature
samples. In both ZFC-FC magnetization curves, irreversibilOf the applied thermal treatment.

ity between 5 and 320 K is observed, suggesting the coex- The blocking temperature distributions for the two
istence of superparamagnetic nanoparticles together with @oFe O, samples are shown in Fig. 5. These curves were ob-
non-negligible fraction of nanoparticles still in the blocked tained from the derivativé(Mzrc— Mec) /dT', whereM z ¢
regime, at room temperature. The TEM study reveals thahndM ¢ are theZ F'C and F'C magnetizations, respectively.
practically all the synthesized nanoparticles are smaller thain the curve of the sample calcined at 873 K, a maximum
the known critical single domain size for Co ferrite (70 nm) is observed ai” = 245 K, which corresponds to the repre-
[6]. Therefore, both CoR®, samples may have a predomi- sentative blocking temperatur€s) of this nanopowder. On
nantly superparamagnetic behavior at room temperature. Thee other hand, in th&z distribution of the sample calcined
non-overlap of the ZFC-FC curves at 320 K at 1073 K, there is no maximum attributable to the average

3.4. Magnetic studies
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FIGURE 6. Magnetic field dependence of magnetization, at 5 and
320 K, of cobalt ferrite nanopowder samples calcined at (a) 873 K
and (b) 1073 K. The upper insets show schematic representation
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tal data (// vs. 1/H) in the high field range. Table Il shows
the values of coercive fieldH), saturation magnetization,

TABLE Il. Coercive field H¢), saturation magnetization\(s),
and remanent magnetizatioM/(z), measured at 5 and 320 K, of
cobalt ferrite nanopatrticles calcined at 873 and 1073 K.

Sample Tmeas(K) Hc (Oe) Mg Mg
(emu/g) (emu/g)

Calcined at 873 K 5 12396 82.46  67.12
320 703 73.17 2232

Calcined at 1073 K 5 10690 87.33  73.20
320 720 79.79  24.95

and remanent magnetizatiol) extracted from thé// vs.
H curves. The hysteresis loops at 5 K present extremely
large coercive fields of approximately 12.4 and 10.7 kOe,
for cobalt ferrite samples calcined at 873, and 1073 K, re-
spectively. Theséi values are among the highest values
reported for bulk and nanocrystalline cobalt ferrite [29]. For
the sample calcined at 1073 K, the highest value of satura-
tion magnetization was obtainedifs = 87.33 emu/g at 5 K.
This value is very close to the bulk cobalt ferrite saturation
magnetization value of 90 emu/g (at 0 K) [30]. The differ-
ent saturation magnetization values obtained suggest that the
Co?t and Fé* cations are distributed differently in the two
nano-compounds, generating variants in the internal mag-
netic structure of the nanoparticles. These results confirm
that the magnetic properties of ferrites strongly depend on
the cationic distribution between the tetrahedral and octahe-
dral interstices of the spinel structure.

From the saturation magnetization values at 5 K, the in-
version parameter\j of the spinel structure was estimated
for the two cobalt ferrite nano-compounds. The internal mag-
netic order of the nanopatrticles in both samples, at low tem-
Beratures, must correspond to the ferrimagnetic arrangement,
hich is characteristic of bulk cubic ferrites [30]. There-
ore, it was considered a collinear arrangement of the mag-

cations in a formula unit of each nano-compound. The lower insets - - . )
showM (H) curves at 320 K in the region of a small applied field. Netic moments of the cations located in the tetrahedral and

octahedral interstices of the spinel structure. Thus, the mag-
netic moment per formula unif( ,.) of the cobalt ferrite is

of the blocking temperature, which suggests that in this nanog ;... = [A - ico + (2= A) - ire] © = [(1 = A) - e+ A - firel T
compound, most of the nanoparticles are in the blockeavhere yc, is the spin-only magnetic moment of €o (3

regime, even at room temperature.

The results discussed ¢f¥'C' — F'C' magnetization data,

1B), Ire iS the spin-only moment of B& (5 ug), Oand T
superscripts indicate the magnetic sublattices formed by the

and theT’s distributions are consistent with the isothermal cations located in the octahedral and tetrahedral sites, respec-
magnetization curves obtained at 5 and 320 K, shown irively [30]. The values of.; ,,. corresponding td/s (at 5 K)

Fig. 6. The lower insets in this figure shaW (H) curves
at 320 K in the region of a small applied field.

for the samples of Cok©, calcined at 873 and 1073 K are

It is ob- 3.46 .5 and 3.67u g, respectively. The inversion parameter

served that all the magnetization curves exhibit hysteresisjalues calculated are = 0.88 for the ferrite calcined at 873
without achieving saturation magnetization with the maxi-K and\ = 0.83 for the sample calcined at 1073 K. Therefore,
mum applied magnetic field (5.5 T). The saturation magnethe formula unit of cobalt ferrite samples calcined at 873 and
tization (Ms) values were determined from the relationship 1073 K can be written as (GQ2Fe).ss)” (Coy.ssFer.12)° 0,

M = Mg(1-3/H), where3 is a magnetic field-independent and (C@.17Feys3)” (CopssFer17)© 0y, respectively. The
parameter, after extrapolating to infinite field the experimen-obtained) values confirm that the cobalt ferrite crystallizes

Rev. Mex. 5. 66 (3) 251-257



256 G. MARQUEZ, V. SAGREDO, R. GUILIEN-GUILLEN, G. ATTOLINI, AND F. BOLZONI

in a partially inverse spinel structure, observing a reduction irwith inversion parameters of 0.83 and 0.88. The tempera-

the inversion degree with the increase in calcination temperture and magnetic field dependence of the magnetization re-

ature. The upper insets in Fig. 6 show graphical representarealed that both samples are formed by magnetic nanopar-

tions of the two collinear magnetic sublattices formed by theticles with strong interparticle interactions. The sample cal-

Co** anf Fé* cations located in the tetrahedral and octahe-<cined at 873 K exhibits a superparamagnetic behavior at room

dral sites of the spinel structure; these magnetic arrangementismperature, with a considerable portion of nanoparticles in

generate magnetic moments per formula unit that are equiwthe blocked regime, while the particles of the sample calcined

alent to the saturation magnetizations presented by the twat 1073 K are mainly in the blocked regime, in the entire tem-

nanopowders at 5 K. The results obtained confirm that thg@erature range below 320 K. The magnetic properties exhibit

application of thermal treatments affects the cationic distri-some dependence on the calcination temperatiife: and

bution in Co ferrite, which generates changes in the magnetid/z values increases with the increase of calcination temper-

properties of the material. ature. The MS values are close to the saturation magnetiza-
tion of the bulk cobalt ferrite. The maximun values Bt

4. Conclusions are among the highest known values for Cgbe
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