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Abstract

Nanocrystalline cobalt ferrite powder has been synthesised by citrate precursor and co-precipitation methods.
Structural characterization of the samples has been carried out using powder X-ray diffraction, Fourier transform
infrared spectroscopy (FT-IR) and field emission scanning electron microscope (FE-SEM). Distribution of cations
among the two interstitial sites (tetrahedral and octahedral sites) has been estimated by analysing the powder X-ray
diffraction patterns by employing Rietveld refinement technique, and the résults reveal the existence of samples as
a mixed type spinel with cubic structure. It is observed that the distribution of cations and structural parameters are
strongly dependent on synthesis method and annealing temperature. The vibrational modes of the octahedral and
tetrahedral metal complex in the sample have been examined using FI-IR in ‘the wave number range of 390 to 750
cm™', and it shows an absorption band within this range, which confirms the spinel structure of the sample. The
existence of constituents in the sample, i.e, Co, Fe and O has been authenticated using energy dispersive spectrum

with the help of a FE-SEM.
Keywords: XRD, Rietveld, Spinel, Cation distribution

Background

Magnetic nanoparticles of spinel ferrites are of great inter-
est in fundamental science especially in addressing the re-
lationship between magnetic properties and their crystal
chemistry. Crystal chemistry shows how the, chemical
composition, internal structure, distribution of cations,
and physical properties are linked together, and it gives a
clear understanding of magnetic properties of spinel ferrite
nanoparticle. Spinel ferrites are isostructural with the min-
eral MgAl,O, and have the general molecular formula
(M?") [Fe,>*] O,". Here, M?** and Fe®* are the divalent and
trivalent cations, respectively. It crystallises in a face-
centred cubic structure belonging to the space group
Fd 3~ m composed of large unit cells containing eight for-
mula units [AB,O4ls, ie. a total of 56 ions per unit cell.
The lattice consists of 32 divalent oxygen ions which are
in direct contact to one another forming a closed pack face-
centred cubic arrangement with 64 tetrahedral interstitial
sites (A sites) and 32 octahedral interstitial sites (B sites).
Out of these, eight tetrahedral (A sites) and 16 octahedral
(B sites) sites are occupied by the divalent and trivalent
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cations [1]. Thus, the large fraction of empty interstitial
sites makes its crystal structure a very open structure con-
ducive to cation migration. Therefore, a whole range of
distribution of cations is possible in spinel ferrites which
can be represented by the general formula (M>*,_sFe**s
[M** sFe®*,_5]O,, where cations inside the round and square
brackets are said to occupy the tetrahedral and octahedral
site, respectively. Delta (J) represents the degree of inver-
sion (defined as the fraction of tetrahedral site occupied
by Fe®* cations) which depends on the synthesis method
and thermal treatment. If § = 0, the spinel ferrite is
normal; when § = 1, the spinel ferrite is inverse. However,
if 0 < § < 1, the spinel ferrite is mixed [2]. At room
temperature, cobalt ferrite (CoFe,O,4) shows some excel-
lent physical properties, such as high coercivity, large
magnetic anisotropy, moderate saturation magnetization,
high resistivity, and good mechanical and chemical stabili-
ties [3]. It is a hard magnetic material with a magnetic or-
dering temperature around 520°C [4]. The spinel cobalt
ferrite has a cubic symmetry, and it has six crystallo-
graphic easy axes (directions) along the cube edges of the
crystal, represented as <100>, and four crystallographic
hard axes (directions) across the body diagonals denoted
as <111> [5-7]. This material is a promising candidate for
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technological applications at or above room temperature,
such as data storage devices, magnetic sensors, actuators,
targeted drug delivery, medical diagnosis, etc. [8-10].
However, the nanocrystalline cobalt ferrite is in infant
stage to be used in technological applications.

The magnetic properties in this material mainly arise
due to strong superexchange interaction. The strength
of the superexchange interaction depends on metal
cations (Co and Fe) present at the octahedral and tetra-
hedral sites, as well as its distribution over the two inter-
stitial (tetrahedral and octahedral) sites, as the
interaction between Fe,>* — Fey*" is much stronger than
the Co A2+ — FeB?’+ [11,12]. The distribution of cations over
the two interstitial sites is strongly affected by the vari-
ation of lattice constants, size of the crystallites, and
bond angles and bond lengths between the cations [13].
These parameters are sensitive to synthesis method and
annealing temperature. However, to distribute the
cations between the two interstitial sites in a controlled
way to get a desire magnetic property is still a challen-
ging task.

One requires detailed knowledge of the crystal struc-
ture and distribution of cations over the interstitial sites
to understand the physical properties. Such detailed
structural information including cation distribution over
the interstitial sites can be obtained by diffraction tech-
nique which gives a volume-averaged picture of the
atomic ordering. In contrast, imaging techniques such as
transmission electron microscope or atomic force mi-
croscopy reveal only structural features projected down
on one axis or onto a surface [14]. As magnetic proper-
ties of nanocrystalline cobalt ferrite are sensitive to the
crystal structure, many researchers have carried out the
investigation on nanocrystalline cobalt ferrite (CoFe,Oy).
Waje et al. [15] have synthesised cobalt ferrite nanopar-
ticles using mechanical alloying method and found that
crystallite size depends on the milling time, ball-to-pow-
der ratio, and annealing temperature. Abbas et al.
[16] have prepared nanocrystalline CoFe,O, by co-
precipitation and ceramic method. They have found that
structural parameters depend upon synthesis method.
Thang et al. [17] have prepared fine particle of cobalt
ferrite by complexometric method using ethylene di-
amine tetra acetic acid as a complexing agent and found
that CoFe,O4 powder calcined at above 850°C shows
single phase crystallographic structure. Zi et al. [18]
synthesised cobalt ferrite by a modified chemical co-
precipitation route and found that thermal heating chan-
ged the cation distribution in tetrahedral-octahedral
sites. Very limited efforts have been made to compare
the structural properties as well as the distribution of
cations over two chemically inequivalent sites in nano-
crystalline cobalt ferrite prepared by different synthesis
techniques using identical annealing conditions. In order
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to get better understanding of the effect of synthesis
method as well as annealing condition on the structural
properties (lattice constants, atomic positions, site occu-
pancies, bond lengths, bond angles, and crystallite sizes)
and cation distributions over the tetrahedral and octahe-
dral sites, we have synthesised the nanocrystalline
CoFe;O, by the citrate precursor and co-precipitation
methods using identical annealing conditions. Here, we
focus on to understand the tunning of cation distribu-
tion over the two interstitial sites with increasing anneal-
ing temperatures. In the present work, we have shown
that increasing the heat treatment, the metastable cation
distribution (non-equilibrium) move towards to the
stable (equilibrium) cation distribution over the two
chemically inequivalent sites. Also, the ionic radii of Co
and Fe cation in tetrahedral and octahedral environ-
ments are different. So, the distribution of cations over
the interstitial sites with the heat treatment may lead to
different lattice strains. However, no deviation from
cubic symmetry has been observed even in metastable
state, which reveals that crystal symmetry is retained
with increasing annealing temperature.

Methods

Materials

The reagents, cobalt nitrate (Co(NO3),-6H,0), iron ni-
trate (Fe(NOs3)3-9H,0), NaOH, and citric acid (CcHgO-.
H,0), of analytical grade with very high purity were used
to prepare the materials and were from E. Merck Ltd.,
Mumbeai, India.

Synthesis of cobalt ferrite nanocrystals

Citrate precursor method: sample S1

In the citrate precursor method, Co(NO3),-6H,O and Fe
(NO3)3:9H,0 were dissolved in deionised water (Milli-Q
grade, Millipore Corp., Billerica, USA) to produce a so-
lution with Co/Fe mole ratio of 1:2. An aqueous solution
of citric acid was mixed with metal nitrate solutions.
The molar ratio of metal nitrate solution-to-citric acid
was taken as 1:3. The mixed solution was heated at 80°C
with constant stirring using hot plate. The solution be-
came viscous and finally formed brown gel. The gel was
dried overnight using an oven at 80°C in order to re-
move excess water. During the process of drying, the gel
swells into a fluffy mass and eventually broke into brittle
flakes. The resulting material was heat-treated in air at-
mosphere at 200°C, 400°C, and 800°C for 2 h per
temperature. We name this sample as S1.

Co-precipitation method: sample S2

In the co-precipitation method, an aqueous solution of
0.5 M cobalt nitrate and aqueous solution of 0.5 M iron
nitrate was prepared with Fe-to-Co mole ratio of 2:1. An
aqueous solution of 2 M NaOH was used as the
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precipitant agent. The desired amount of aqueous solu-
tion of cobalt nitrate and iron nitrate were taken and
subjected to stirring using a magnetic stirrer for half an
hour. Under stirring, the aqueous solution of NaOH was
added dropwise to the mixed solution until a pH = 11.5
was reached. The liquid precipitate was then brought to
reaction temperature of 80°C and stirred for 1 h. The
product was then cooled to room temperature. The pre-
cipitates were filtered and washed several times with
deionised water. Finally, the precipitated powders were
dried overnight using an oven at 80°C in order to re-
move excess water. The resulting material was annealed
at 200°C, 400°C, and 800°C for 2 h per temperature. We
denote this sample as S2.

Characterization

Elemental analysis

The compositions of all the samples were studied by en-
ergy dispersive spectroscopy (EDS) with the help of
Hitachi S4800 field emission scanning electron micro-
scope (FE-SEM; Hitachi Ltd., Tokyo, Japan).

Powder X-ray diffraction study

The crystalline phase of all the samples was identified at
room temperature using Rigaku Miniflex diffractometer
(Rigaku Corporation, Tokyo, Japan) with Cuk, radiation
(A = 15418 A). All the X-ray diffraction (XRD) patterns
were analysed with the help of FullProf programme by
employing Rietveld refinement technique. The XRD pat-
terns for all the samples could be refined using the
Fd 3~ m space group [19]. The Rietveld method is a
well-established technique for extracting structural
details from powder diffraction data. The method
employs a least-squares procedure to compare Bragg in-
tensities and those calculated from a possible structural
model. In the first step of refinement, the global para-
meters, such as background and scale factors, were
refined. In the next step, the structural parameters such
as lattice parameters, profile shape and width para-
meters, preferred orientation, asymmetry, isothermal
parameters, atomic coordinates, and site occupancies
were refined in sequence. The fitting quality of the ex-
perimental data is assessed by computing the parameters
such as the ‘goodness of fit' y* and the R factors R, =
profile factor, Rg = Bragg factor, and R = crystallo-
graphic factor) [20]. When these parameters reached
their minimum value, the best fit to the experimental
diffraction data is achieved, and the crystal structure is
regarded as satisfactory [20]. The site occupancies of the
cations in the two interstitial sites (tetrahedral and octa-
hedral sites) are constrained so as to preserve the stoi-
chiometric composition of the materials. The proposed
occupancies of the cations in the two interstitial sites
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(tetrahedral and octahedral) are calculated by consider-
ing that the A site has a sum of cationic distribution
equal to one and that for B site is two. The initial model
and atomic coordinates are taken from literature [19].

The analysis of the crystallite size has been carried out
using the broadening of the XRD peaks. Peak broaden-
ing comes from several sources, i.e. instrumental effect,
finite crystallite size, and strain effect within the crystal
lattice [21]. Taking care of all the sources, crystallite size
has been calculated using Scherrer's formulae, Williamson-
Hall plot, and Rietveld method. We have calculated the
crystallite size by the above three methods to compare
their sizes different methods: The Scherrer's formula [22]
is defined as

kA

b= Bcosf’ (1)
where constant k depends upon the shape of the crystallite
size (which is equivalent to 0.89, assuming the circular
grain), 8 is the full width at half maximum of the intensity
(a.u.) vs. 20 profile, A is the wavelength of the CuK, radi-
ation (equal to 0.1542 nm), 0 is the Bragg's diffraction
angle, and D is the crystallite size. In Scherrer's formula,
the average crystallite size has been calculated using Gauss-
ian fit, fitted to the peaks in XRD pattern. D has been taken
average for all the peaks. According to the Williamson-
Hall method [21], the individual contributions to the
broadening of reflections can be expressed as

kA
PBcost = 5} + 4esind, (2)

where 4esin@ is the strain effect on the crystallites. A
complete expression used in Rietveld method [20] is
defined as

1G
cos26

(3)

FWHM? = (U + D%;)(tan®6) + V(tan6) + W +

where U, V; and W are the usual peak shape parameters;
IG is a measure of the isotropic size effect, and Dgr is
the coefficient related to strain.

Spectral measurement

The FT-IR spectroscopy is a very useful technique to de-
duce the molecular dynamics. The FT-IR absorption
bands of the crystalline solid are usually assigned to the
vibration of ions in the crystal lattice. The FT-IR spectra
of the samples are recorded at room temperature using
PerkinElmer (Model 400; PerkinElmer Inc., MA, USA)

in the range of 390 to 750 cm ™.
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Results and discussion

Elemental analysis

Typical FE-SEM image of the sample S1 annealed at
800°C is shown in Figure 1. The image shows that the
particles have an almost homogeneous distribution, and
some of them are in agglomerated form. The compos-
ition of samples S1 and S2 are determined using the
EDS analysis. The EDS patterns reveal the presence of
Co, Fe, Ay, and O elements in the sample. We have
observed no other peaks except the extra gold (Au)
peak. The gold peak appears due to the thin coating on
the sample surface to make it conducting, which is
required to record the SEM picture. It reveals that there
is no contamination in the samples. In addition, the EDS
results indicate that the atomic ratio of Fe/Co for all
samples is maintained at about 2:1.

Structural analysis

The X-ray diffraction patterns along with Rietveld
refined data have been shown in Figures 2a,b,c and 3a,b,
c for the samples S1 (prepared by the citrate precursor
method) and S2 (prepared by the citrate precursor
method), respectively. Each panel (a, b, and c) in the fig-
ures represent the samples annealed at 200°C, 400°C,
and 800°C, respectively. XRD patterns for the sample S1
annealed at 200°C and 800°C are similar to our earlier
publication [23,24]. Also, the parameters obtained in the
current samples are close to our earlier reported values.
Here, the experimental data are shown as open circles,
and calculated intensities are shown-as solid line. The
bottom line represents the difference between the mea-
sured and the calculated intensities. The allowed Braggs
positions for the Fd 3~ m space group are marked as verti-
cal lines. We have observed that all the experimental
peaks are allowed Bragg 26 positions for Fd 3~ m space
group. In the refinement, the oxygen positions (x = y = z)

S4R00 0.0 10T rm w3l D BEAT

Figure 1 FE-SEM image of the sample S1 (CoFe,0,/citrate
method) annealed at 800°C.
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have been taken as free parameters. However, all other
atomic fractional positions have been taken as fixed.
Other parameters such as lattice constants, isothermal
parameters, occupancies, scale factors, and shape para-
meters have been taken as free parameters. The back-
ground has been corrected by pseudo-Voigt function.
Typical fractional positions of the atoms for samples S1
and S2 annealed at 800°C are given in Table 1. The
refined XRD patterns show that the samples are in sin-
gle phase form. The XRD pattern annealed at 200°C
shows very broad peaks, which indicate the small crys-
tallite size. Increasing the annealing temperature further,
decrease in the broadening of the diffraction peaks sug-
gests the formation of CoFe,O, crystals with enhanced
crystallinity.

The various R factors are listed in Table 2. The values of
R factor such as'R,, are found to be large. Similar high
values of R factors for nanocrystalline materials have been
observed by the other authors [16,25]. It could be due to
the large noise-to-signal ratio of XRD patterns for nano-
crystalline materials. However, we have observed a low
value of y* (goodness of fit) which justifies the goodness of
refinement. In the diffraction pattern of nanocrystalline
materials, diffuse scattering is dominant than in those of
bulk crystalline materials, and it is due to the large ratio of
surface to volume atoms. The diffuse scattering becomes
significant at the nanoscale while Bragg scattering gets
diminished which leads to decline in crystallinity and large
R factors [26].

The refined lattice parameters and unit cell volumes for
samples S1 and S2 annealed at 200°C, 400°C, and 800°C
have been listed in Table 2 along with the errors in paren-
theses. The unit cell volume and lattice constants increase
with the annealing temperature, irrespective of the
method of preparation. It is due to growth of the crystal
with increasing temperature. The lattice parameters are
comparable to the values reported in the literature [27].
Under identical annealing condition, the lattice constants
of samples Sland S2 are different from each other, which
reflect the different cation distribution in the samples
(discussed in the next section).

Bond lengths and bond angles were calculated using
refined lattice parameters and fractional coordinates
with the help of Powder Cell programme. The effective
bond lengths (R) between two cations were calculated
using the formula below [28]:

R= Koot oo = ()
[RA—O + RB—O]

where, Rr, and Rp, are bond lengths of A and B
cations with oxygen anions, respectively. Typical unit
cell showing bond length between cations and anions for
sample S1 annealed at 800°C has been depicted in
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Figure 2 Rietveld refined XRD patterns for sample S1 (CoFe,O,: citrate method) annealed at (a) 200°C, (b) 400°C, and (c) 800°C. The
circles represent experimental points, and the solid line represents Rietveld refined data. The bottom line shows the difference between the
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Figure 3 Rietveld refined XRD patterns for sample S2 (CoFe,0,: co-precipitation method) annealed at (a) 200°C, (b) 400°, and (c) 800°C.

The circles represent experimental points, and the solid line represents Rietveld refined data. The bottom line shows the difference between the
experimental and refined data. The marked 26 positions are the allowed Bragg peaks.
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Table 1 Typical atomic coordinate (x, y, z) of different
atoms for samples S1 and S2 annealed at 800°C

Method

Atoms X y z

Citrate method

Co/Fe 0.12500 0.12500 0.12500
Fe/Co 0.50000 0.50000 0.50000
o] 025027 0.25027 025027
Co-precipitation method
Co/Fe 0.12500 0.12500 0.12500
Fe/Co 0.50000 0.50000 0.50000
O 0.25078 0.25078 0.25078

Figure 4. The values of bond lengths and bond angles
for samples S1 and S2 are listed in Table 3. The bond
lengths and bond angles in both the samples S1 and S2
change with the annealing temperature. It is due to the
change in the distribution of cations and change in lat-
tice constants with the annealing temperature. In both
samples (S1 and S2), effective bond lengths increase with
the increase of annealing temperature which occurs due
to the increase of lattice constant (expansion of unit
cell). We have observed that under identical annealing
condition, effective bond lengths are more in sample S2
than those in S1.

Crystallite sizes calculated by Scherrer's formulae,
Williamson-Hall plot, and Rietveld method are listed in
Table 4 for the samples S1 and S2 annealed at 200°C,
400°C and 800°C. We have observed that for both the
samples, crystallite size increases with the increase of
annealing temperature. It is due to the growth of the
crystal with the increase of annealing temperature. Dur-
ing the thermal annealing, solid-vapour surface of the
crystals was replaced by solid-solid interface via diffusion
to reduce the overall surface energy which leads to the
expansion of volume. The size of the crystallite is less
for sample S1 annealed at 200°C and 400°C than S2. At
800°C, sample S1 has a larger crystallite size than sample
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S2. With the increase in the annealing temperature from
400°C to 800°C, there is a considerable increase in the
crystallite size of sample S1; such trend is not observed
in sample S2. Although both samples were prepared
under identical conditions, the crystallite size was not
the same. The crystallite size is related to the relative
interdependence between the nucleation and growth
steps, and it is strongly affected by the synthesis route
which gives different rates of ferrite formation [29-31].
This implies that at 200°C and 400°C, the nucleation rate
was higher than the growth rate in sample S1 compared
to S2. At the annealing temperature of 800°C, sample S1
has a bigger crystallite size than sample S2, which indi-
cates that nucleation rate is less and growth rate is high
which gives high degree of crystallinity. Thus, the citrate
precursor method makes the formation of crystallites
easier due to suitable growth of the crystals. We see that
the crystallite size obtained by Rietveld method is less
than that of Williamson-Hall method within the 1% to
2% error bar. It is due to the correction of peak broaden-
ing taking into account all instrumental factors in the
Rietveld method. Also, crystallite size obtained by
Williamson-Hall method is less than that obtained by
Scherrer's formula within the same error bar. It is be-
cause the strain correction factor has been taken into ac-
count in the Williamson-Hall method, whereas it was
not taken into account in Scherrers's method.

The cation distribution in 8 tetrahedral and 16 octahe-
dral interstitial sites were estimated using the Rietveld
refinement of the occupancy values. The estimated
cation distribution and degree of inversion from the
Rietveld analysis for samples S1 and S2 are enlisted in
Table 5. One can see that Co ions are present on both
tetrahedral and octahedral sites, which reveals that the
samples are in mixed spinel structure irrespective of the
preparation method. The degree of inversion [2] (defined
as the fraction of tetrahedral sites (A sites) occupied by
Fe** ions) of both samples S1 and S2 increases with the
annealing temperature.

Table 2 Rietveld agreement factors, lattice constant, and unit cell volume of samples S1 and S2 at various annealing

temperatures
Sample S1 (CoFe,0,: citrate method) Sample S2 (CoFe,0,: co-precipitation method)
Annealing temperature (°C) Annealing temperature (°C)
200 400 800 200 400 800
Ro (%) 1645 17.00 16.05 17.10 1830 16.50
Rg (%) 824 597 4.56 7.85 9.70 6.96
Re (%) 6.21 4.25 329 5.96 862 6.12
)(2 1.34 0.84 1.14 1.20 148 204
a=b=c@) 83602 (67) 8.3667 (55) 83792 (27) 83303 (84) 83520 (49) 83750 (24)
Vv (A% 584.31 (81) 585.68 (67) 588.31 (31) 578.07 (98) 582.60 (59) 58742 (29)

R, profile factor; Rg, Bragg factor; R, crystallographic factor; X% goodness of fit factor; g, lattice constant; V, unit cell volume. Errors of lattice parameters and unit

cell volumes are shown in parentheses.
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Figure 4 The crystal unit cell of nanocrystalline CoFe,0, (citrate method) annealed at 800°.
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The site occupancy analysis for sample S1 annealed at
200°C reveals that 25% tetrahedral sites have been occu-
pied by the Co ions and the remaining 75% tetrahedral
sites by Fe ions; 38% of the octahedral sites have been
occupied by Co ions and the other 62% octahedral sites
by Fe ions. Hence, the Rietveld refinement results sug-
gest that the chemical formula for sample S1 annealed at
200°C is (CogosFeq76)[Cog7sFeq 24]04 where cations in
round and square bracket occupy the tetrahedral and
octahedral sites, respectively. The given chemical for-
mula suggests that there is random distribution of
cations (mixed spinel) among the tetrahedral and octa-
hedral in the structure. As the annealing temperature is
raised (200°C to 800°C), the Fe ions at the octahedral
site continues to move to the tetrahedral site, and Co
ions continuously migrate from the tetrahedral to the
octahedral sites. At 800°C, Rietveld refinement results
suggest that the chemical formula for sample S1 is
(Cog.04F€0.95)[CoposFe1 05]0O4 which indicates an almost

inverse spinel distribution. Hence, the refinement result
shows that for sample S1, the random distribution
(metastable ‘or in equilibrium distribution) of cations
over the tetrahedral and octahedral sites could be chan-
ged into an inverse distribution (stable or equilibrium
distribution) by annealing at higher temperature. As the
crystallite size of sample S1 annealed at 800°C is about
48 nm and the distribution of cations over the interstitial
sites is almost an inverse spinel, it appears that annealing
at 800°C, sample S1 might have changed from nanocrys-
talline form to bulk form. The above observation sug-
gests that at relatively low annealing temperature, the
thermal energy is low to overcome the energy barrier to
an ordered (stable) cation distribution [11,32]. As the
annealing temperature is increased, there is a redistribu-
tion of cation between the tetrahedral and octahedral
sites in order to relax the strain at the lattice site. At
relatively higher annealing temperature, there is suffi-
cient energy which enables the cations to migrate

Table 3 Bond lengths, bond angles and effective bond lengths (R)

Sample S1 (CoFe,0,: citrate method)

Sample S2 (CoFe,0,4: co-precipitation method)

Annealing temperature (°C)

Annealing temperature (°C)

200 400 800 200 400 800
0-Co (A) 1.756 1807 1827 1.868 1,889 1,849
O-Fe (A) 2122 2092 2094 2051 2042 2087
R (A'?) 1968 1974 1.980 1.979 1.982 1984
L 0-Co-00) 10945 10947 10949 10947 10947 10947
L Co-0-Fe() 12643 12534 125.15 12385 12339 12501
L O-Fe-0() 8833 89.89 89.82 87.98 8733 89.64

Data are from both samples (S1 and S2) at different annealing temperatures.
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Table 4 Average crystallite size calculated using Scherrer's, Williamson-Hall and Rietveld methods

S1 (CoFe,0,: citrate method)

S2 (CoFe,0,: co-precipitation method)

Crystallite size (nm)

Crystallite size (nm)

Annealing Scherrer's Williamson-Hall Rietveld Scherrer's Williamson-Hall Rietveld
temperature (°C) method method method method method method
200 9(1) 8 (1) 6 (1) 12 (1) 11(1) 9(1)
400 12.(1) 1 9 (1) 14 (1) 13(1) 11(1)
800 50 (1) 49 (1) 48 (1) 36 (1) 35 (1) 33 (1)

Both samples were annealed at different annealing temperatures. Error bars are in parentheses.

between the two interstitial sites which lead to an ordered
cation distribution. The migration of cations between the
interstitial sites continues unless its free energy attains a
minimum value. This change of cation distribution is con-
sistent with the change of lattice constant and bond
lengths. Similar behaviour has been observed in nanocrys-
tals of Mn-Fe ferrite and MgFe,Oy [3,31,32]. As there are
8 tetrahedral sites and 16 octahedral sites inside a unit cell
and the cation distribution shows the more occupancy of
Fe ions in tetrahedral site, it suggests that there would be

more and more Fe,®>" — Feg® interaction with in-
creasing annealing which will enhance the saturation
magnetization.

The cation distribution in the tetrahedral and octahedral
sites for sample S2 is different from S1. In S2 sample
annealed at 200°C, 24% of the tetrahedral sites have 'been
occupied by Co ions and the remaining 76% tetrahedral
sites by Fe ions; 38% octahedral sites have been occupied
by Co ions and the other 62% octahedral sites by Fe ions.
However, increasing the annealing temperature from 200°C
to 400°C, the cation distributions in-the tetrahedral and
octahedral sites remain almost unchanged. Further, in-
creasing the annealing temperature from 400°C to 800°C
would result in a significant change in the cation distribu-
tion in the tetrahedral and octahedral sites. We observed
that annealing at 800°C, S2 is still in mixed (random)
spinel phase, whereas S1 approaches towards the inverse
spinel phase. Also, under identical annealing conditions,
sample S1 has a higher degree of inversion than S2. This
could be due to the different nucleation and growth rates
in the formation of sample S1 and S2. From the above dis-
cussion, it is clear that the distribution of cations in the
tetrahedral (A site) and octahedral (B site) sites depends

upon the annealing as well as on the synthesis conditions.
The details of annealing effect and synthesis condition on
the magnetic properties of nanocrystalline spinel cobalt
ferrite have been discussed in our recent publication [33].

In bulk cobalt ferrite material, the Co?* ion shows a
strong preference for octahedral site (B site) [34]. Here,
we observed that Co*" ion occupies both the tetrahedral
(A site) and octahedral sites (B site). It reveals that in
case of nanocrystalline materials, the cation preference
over a particular site does not hold well due to surface
effects. Thus, the distribution of cations between tetra-
hedral and octahedral sites in nanocrystalline form is en-
tirely different from the bulk. It suggests that in
nanocrystalline form, cation distribution is in metastable
state.

FT-IR analysis

The formation of the spinel structure of cobalt ferrite in
the nanocrystalline form and its cation distribution is
supported by FT-IR analysis. Typical FT-IR spectra for
sample S1 annealed at 200°C, 400°C and 800°C are
shown in Figure 5a,b,c. The spectra indicate the pres-
ence of absorption bands in the range of 390 to 750 cm™
which is a common feature of the spinel ferrite [35].
The higher frequency absorption band (v;) lies in the
range 500 to 600 cm™' and is assigned to vibration of
the tetrahedral metal complex which consists of a bond
between the oxygen ion and the tetrahedral site metal
ion (O-Mrey), and the lower frequency absorption band
(v,) lies in the range of 400 to 490 cm™ and is assigned
to vibration of the octahedral metal complex which con-
sists of a bond between the oxygen ion and the octahe-
dral site metal ion (O-Mgp.) [36]. The appearance of

Table 5 Site occupancies of cations and degree of inversion (8) for both samples at various annealing temperatures

S1 (CoFe,04: citrate method)

S2 (CoFe,04: co-precipitation method)

Annealing Tetrahedral Octahedral Degree of Tetrahedral Octahedral Degree of
temperature (°C) site site inversion (8) site site inversion (8)
200 Cooa4Fenss CoozeFera 0.78 Coopa4fenss Cooz6Fer2a 0.76
400 Coor6Feosa CoogaFeris 0.84 Copasfenss Copz7Feras 0.77
800 CoooFense CoogsFeroa 097 Coo1.Feoss CoogsFer 0.38
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Figure 5 FT-IR spectra of the sample S1 (CoFe,0,: citrate method) annealed at various temperatures. (a) 200°C, (b) 400°C, and (c) 800°C.

600 700

higher frequency band is due to the 'stretching vibration,
while the lower frequency band is due to the bending vi-
bration [37]. These band positions are found to be in
agreement with the characteristic infrared absorption
bands of cobalt ferrite nanocrystals [38]. The 1

absorption band in the spectra has not appeared prop-
erly for the sample annealed at relatively lower
temperature (200°C and 400°C) which reflects the pres-
ence of local structural disorder due to finite size effect
(surface effect) [39]. This fact is in agreement with XRD,
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Figure 6 FT-IR spectra of the sample S2 (CoFe,0,: co-precipitation method) annealed at different temperatures. (a) 400°C and (b) 800°C.



http://www.SID.ir
http://www.SID.ir

Kumar et al. International Nano Letters 2013, 3:8
http://www.inl-journal.com/content/3/1/8

which shows the low crystallinity (broadening of the
peak) in the sample. However, at relatively higher
annealing temperature of 800°C, the appearance of v;
band becomes sharper due to the minimization of lattice
distortion and enhancement of crystallinity (reduction of
surface effect). The broadening of v; band continuously
increases with the annealing temperature which reflects
the presence of high degree of crystallinity, as it is evi-
dent from large crystallite size at high temperature. It
has been observed that as the annealing temperature is
increased, the v; band continues to shift towards the
high wave number. The reasons might be as follows: the
tetrahedral site dimension is less compared to the octa-
hedral site, and the absorption band has an inverse rela-
tionship with the bond length. The radius of Fe** (0.64 A)
is smaller than Co®* (0.74 A). It suggests that at the tetra-
hedral sites, site radius has been decreased due to the in-
creasing occupancy of smaller Fe** ions [40]. Also, the
increasing annealing temperature shifts the position of the
v1 and v, bands, which might be attributed to the changes
that occurred in the cation distribution (i.e. migration of
cations from tetrahedral to octahedral sites and vice versa)
and variations in the cation-oxygen bond length for octa-
hedral and tetrahedral complexes [38]. The FT-IR results
are in close agreement to cation distribution obtained by
XRD. Similar behaviour has been observed for sample S2.
Typical FT-IR spectra for sample S2 annealed at 400°C
and 800°C area shown in Figure 6. Thus, the absorption
band observed within these specific frequency limits
reveals the formation of single phase spinel structure hav-
ing two interstitial sites.

Conclusions

Different sizes of nanocrystalline cobalt ferrites were
successfully synthesised by the citrate precursor and co-
precipitation methods. The samples were crystallised to
Fd3m space group with cubic symmetry. It has been
observed that the crystallite size increases with the
increase in annealing temperature, and the crystallite
size can be controlled by controlling the annealing
temperature. The distribution of cations between the
interstitial sites could be tuned up by a subsequent
annealing of the nanocrystalline material. Under identi-
cal annealing conditions, the nanocrystalline samples
synthesised by the citrate method show high degree of
inversion. An ordered cation distribution could be
achieved at higher annealing temperature in the citrate
precursor-derived sample. Also, we have observed a suit-
able growth of crystallites for citrate precursor method
samples. The lattice parameters, unit cell volume and ef-
fective bond lengths increase with the crystallite size.
FT-IR absorption bands within the specific frequency
limit support the migration of the cations between the
octahedral and tetrahedral sites.
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