
CERAMICS
INTERNATIONAL

Available online at www.sciencedirect.com
0272-8842/$ - se

http://dx.doi.or

nCorrespond

E-mail addr
Ceramics International 39 (2013) 6735–6741

www.elsevier.com/locate/ceramint
Study of cation distribution for Cu–Co nanoferrites synthesized
by the sol–gel method

Imran Ahmada,n, Tahir Abbasa, M.U. Islama, Asghari Maqsoodb

aDepartment of Physics, Bahauddin Zakariya University, Multan 60800, Pakistan
bCentre for Emerging Sciences, Engineering and Technology (CESET), I 10/3 Islamabad 45320, Pakistan

Received 22 October 2012; received in revised form 19 January 2013; accepted 1 February 2013

Available online 10 February 2013
Abstract

Nano sized polycrystalline soft ferrite particles with composition Cu1�xCoxFe2O4 (x ¼0.1, 0.3, 0.5, 0.7, 0.9) were synthesized by the

sol–gel technique. The existence of well-defined single cubic spinel structure was confirmed in all the samples by X-ray diffraction. The

crystallite size found by XRD varied from 14.8 to 34.0 nm. The microstructure was also characterized by scanning electron microscopy

(SEM) and transmission electron microscopy (TEM). Slight expansion of the unit cell was detected with the increase of Cobalt

concentration, which may be attributed due to larger ionic radius of Co2þ . Lattice parameter ranged from 8.34 Å to 8.37 Å for Co2þ

from 0.1–0.9. The distribution of cations amongst A- and B-sites of the lattice was estimated by X-ray diffraction by using the R-factor

technique. The results showed that both Cu2þ and Co2þ ions occupy mainly the B-site while Fe3þ ions were equally distributed among

A- and B-sites. The data obtained from cation distribution analysis was used to determine the magnetic moment for each sample and

VSM studies were also carried out to validate these calculations. Magnetic measurements showed that the saturation magnetization

(Ms) and coercivity (Hc) increased with increasing cobalt content.

& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Spinel ferrites have numerous applications in different
fields due to their significant structural, electrical and
magnetic properties. Estimation of the cation distribution
is of huge importance because the hypothetical explanation
of the chemical and physical properties of these oxides
depends upon the distribution of cations amongst A- and
B-sites of the lattice [1]. Site preference of cations is
strongly related to the factors like ionic radius, crystal
and ligand fields, electronic configuration and anion
polarization [2]. Cubic spinel ferrites (space group Fd3m)
have either of the two structures: the normal spinel or the
inverse spinel.

The spinels having all the divalent cations (Me2þ ) on the
A-sites and trivalent cations (Me3þ) on the B-sites are called
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. A
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the normal spinels i.e.Me2þ [Me3þ ] O4 and those with
divalent cations (Me2þ ) on the B-sites and equally distrib-
uted trivalent cations (Me3þ) among the A- and B-sites are
called the inverse spinels i.e. Me3þ [Me2þ Me3þ ] O4 [3].
Many techniques have been used for the determination of

cation distribution by using the X-ray diffraction such as
R-factor [4,5], Furuhashi [6] and Bertaut methods [7]. The
additional techniques include neutron diffraction [8], ther-
moelectric measurements [9], and electron spin resonance
[10]. The intensity of X-ray reflections reveals a reliance on
the possession of cations amongst the interstitial sites. So all
of the above said methods in which X-ray diffraction has
been used, are based upon the comparison of experimentally
observed intensities with those, calculated for the hypothe-
tical crystal structure [11]. Cobalt ferrite is reported as an
inverse spinel and the degree of inversion is strongly
dependent on the preparation conditions and methods
[12,13]. The distribution of cations in copper ferrites,
prepared by co-precipitation technique is reported as
ll rights reserved.
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Fig. 1. Schematic of the preparation of Co–Cu nanoferrites.
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Fig. 2. X-ray diffraction pattern of CoxCu1�xFe2O4 ferrite system.
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Cu0.2 Fe0.8 [Cu0.8 Fe1.2] O4. Although a lot of work has
been done on CoFe2O4 and CuFe2O4, a little work is
found in literature on mixed Co–Cu ferrites. Tailhades
et al. [14] prepared mixed cobalt–copper spinel ferrites
CoxCu1�xFe2O4 with acicular shape from oxalate precur-
sors and reported that the cation distribution is sensitive to
the thermal history of the samples. However, there is no
reported work in the literature for the cation distribution of
mixed Co–Cu ferrites prepared through the sol–gel route.
The aim of this work was to prepare Co–Cu ferrites by the
sol–gel method and to estimate cation distribution in these
ferrites. In the present work, the R-factor method has been
used to calculate the distribution of cations.

2. Experimental

Polycrystalline ferrites of the formula CoxCu1�xFe2O4

(where x¼0.1, 0.3, 0.5, 0.7, 0.9) were prepared by the sol–
gel (auto-combustion) method. Stoichiometric amounts of
metal nitrates and citric acid were first dissolved into
deionized water to form a mixed solution. The molar ratio
was fixed as 1:1 of nitrates to citric acid. The homogenous
distribution and segregation of the metal ions was achieved
by the use of citric acid. In order to speed up the reaction
the pH value of the solution was maintained between the
range of 7–8 by drop wise addition of ammonia solution
(base catalyst) [15]. The solution was constantly stirred
using a magnetic agitator and formation of a polymer
complex took place through condensation reaction
between the metal nitrates and the molecules of citrates
[16]. Then the obtained sol was heated at 135 1C on hot
plate under regular stirring to condensate it into a dried
gel. Additional heating led to the ignition of the dry gel
and a loose ferrite nanopowder was obtained through
the burning of the gel in a self-propagating combustion
manner. During the combustion process, exothermic deco-
mposition of a redox mixture of the metal nitrates and
citric acid took place along with the removal of a large
amount of gases such as N2, H2O, and CO2. The prepared
powder samples were then annealed for 5 h at 500 1C in
order to enhance the crystallinity. The processing steps
involved are shown in Fig. 1. The X-ray diffraction was
used to characterize the samples for their structure, density
and average particle size. X-ray diffractometer (PANaly-
tical) with Cu-Ka radiation (wavelength l¼1.5406 Å) was
used for this purpose.

3. Results and discussion

3.1. Structural studies

The XRD patterns of the CoxCu1�xFe2O4 ferrite
system (with X¼0.1, 0.3, 0.5, 0.7, 0.9) are shown in
Fig. 2. Indexing was carried out for the confirmation of
fcc cubic spinel structure. It was found that all the
compositions have a well-defined crystalline fcc cubic
phase and there is no indication of the development of
mixed phases. Substitution of Cu with Co increased the
overall crystallinity of the spinel phase [17]. The observed
XRD peaks, interplaner spacing and corresponding crystal
planes of each composition were recorded. Linear increase
in the lattice constant by the increase of Co2þ ion
concentration in Co–Cu ferrites was observed, which
follow the Vegard’s law [18] and is shown in Fig. 3. This
increase is due to the difference in cationic radii of Co2þ

(0.82 Å) and Cu2þ (0.70 Å) ions. Substitution of larger
Co2þ ions with relatively smaller Cu2þ ions causes the
slight expansion of unit cell. Lattice constant values,
calculated using the standard equation, are given in
Table 1.

a¼ dðh2þk2þ l2Þ1=2



Table 1

Lattice constant, particle size, X-ray density of CoxCu1�xFe2O4.

Composition (x) 0.10 0.30 0.50 0.70 0.90

Lattice constant (Å) 8.340 8.350 8.362 8.363 8.372

Particle size (nm) 14.80 33.60 34.00 33.20 29.20

X-ray density (g/cm3) 5.48 5.43 5.38 5.36 5.32

Fig. 4. (a–c) Scanning electron micrographs of Cu1�xCoxFe2O4 (for

x¼0.1, 0.5 and 0.9) ferrite nanoparticles.
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Fig. 3. Variation of Lattice parameter and X-ray density as a function of

Co content.
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Reported lattice constant value of copper ferrites (co-
precipitation method) is 8.371 Å [19] and of cobalt ferrites
(sol–gel method) is 8.377 Å [20]. In the case of our samples
while moving towards the copper ferrite side the lattice
parameter values were found to be slightly lesser than the
reported ones. The reduced lattice parameters might be
occurred due to the sol–gel method. X-Ray density values
for all the compositions were calculated from the following
relation (Table 1).

Dx ¼ 8M=Na3

M is the molecular weight, N is Avogadro’s number
(¼6.0225� 1023 atom/mole) and ‘a’ is the lattice constant.
‘8’ stands for the number of formula units/cell. The
decreasing trend in X-ray density is due to the increase
in volume and gradual decrease in mass as well (Fig. 3).

By the use of classical Scherrer formula [21], average size
of the prepared ferrite particles was determined:

Dhkl ¼ 0:9l=Bcos y

where, Dhkl is the particle size found from (3 1 1) peak, B is
full width of the peak at half- maximum intensity
(radians), and l is the wavelength of x-ray (1.5406 Å).

SEM and TEM micrographs (Figs. 4–5) show that the
samples of Cu1�xCoxFe2O4 (x=0.1, 0.5 and 0.9) are
composed of nanoparticles with dimensions ranging from
20 to 55 nm. The larger size of the nanoparticles compared
to the values given by the Scherrer formula may be caused
by the agglomeration.

3.2. Estimation of the site occupancy of cations

The X-ray diffraction, in combination with the computa-
tional technique can be used to calculate the degree of
inversion and oxygen positional parameter [5]. A computer
program based upon the R-factor method was formulated to
determine the distribution of cations over tetrahedral-A and
octahedral-B-sites in the fcc lattice of a Co–Cu ferrite system.
R-factor method works for the selection of best structure by
diminishing the value of residual function, R, and it provides



Fig. 5. TEM micrograph of Co0.5Cu0.5Fe2O4 nanoparticles.
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the simultaneous calculation of cation distribution, oxygen
positional parameter and thermal scale factor. The minimum
value of residual function R was required, so the program was
run for 10–100 iterations until the least value was reached.

Expressions for the residual function R are as under:

R1 ¼

P
hkl Iobs

hkl�Ical
hkl

�� ��
P

hklI
obs
hkl

R2 ¼

P
hkl

ffiffiffiffiffiffiffiffi
Iobs

hkl

q
�

ffiffiffiffiffiffiffi
Ical

hkl

q���
���

P
hkl

ffiffiffiffiffiffiffiffi
Iobs

hkl

q

where Iobs
hkl and Ical

hkl are the observed and calculated inten-
sities for hkl reflections. For the calculation of the relative
integrated intensity of a specified diffraction line, the
following formula is pertinent.

Ihkl ¼ 9F92PLP

where F is the structure factor, P, the multiplicity factor
and Lp is the Lorenz-polarization factor. For the structure
factor calculations, the atomic scattering powers for
various ions were taken from the literature. In our
intensity calculations temperature correction was not
necessary because in spinels, the thermal vibration of the
atoms at room temperature should not differ greatly from
that at absolute zero [11].

The spinel structure consists of a cubic closed-pack arrange-
ment of 32 oxygen ions, forming an fcc lattice with two types
of interstitial sites. Eight out of 64 tetrahedral sites (A-sites)
and 16 out of 32 octahedral sites (B-sites) are occupied by the
cations [22]. Each A-site is surrounded by 4 oxygen ions and
B-site by 6 oxygen ions. To calculate the structure factors,
complete understanding of the geometry of spinel structure is
required. The most of the compounds having spinel structure
fit in to the space group Fd3m (O7

h, number 227 in the
International Tables) with the cations occupying the special
positions 8a and 16d and anions the universal positions 32e
[22].The origin is taken on 43 m at A-site cation and positional
coordinates of the filled lattice sites of the cubic unit cell are
given in the Table 2. The general formula used to find the
distribution of cations amongst the tetrahedral A-sites and
octahedral B-sites can be expressed as [23].

Me2þd Fe3þ1�d [Me2þ1�d Fe3þ1þd] O4

where the square brackets are used for the octahedral
cations, and the tetrahedral ones are given infront of the
square brackets, d is a measure of the inversion (distribu-
tion) parameter and depends upon the conditions for the
preparation. d¼0, for an inverse spinel, d¼1, for a normal
spinel, 0o do1 for intermediate spinels and Me is
representing here a divalent cation or a combination of
divalent cations. The values of inversion parameters d,
oxygen positional parameters u and the residual functions
R, for all the prepared compositions of Co–Cu ferrite
system are tabulated in the Table 3.

The ideal u parameter values for a perfect cubic closed-
pack arrangement of anions are 3/8(0.375) and 1/4(0.250), for
origins at 43 m and 3 m (center of symmetry), respectively
[22]. By the variation of the value of u, expansion or
contraction of the anion sub lattice takes place awaiting the
volume of A- and B-site match the radii of the constituent
cations. The value of u is greater than 0.375 for this case.
Estimated cation distribution for these samples, shown in

the Table 3, clearly indicates that both Cu and Co ions are
distributed over the B-sites and Fe ions are evenly dispersed
among A- and B-sites.
3.3. The interionic distances

Cation-anion distances at the A-site (tetrahedral bond)
and the B-site (octahedral bond) are calculated by inserting
the values of lattice parameter ‘a’ and positional oxygen
parameter ‘u’ in the following eqns. [21]:

dTL ¼ a
ffiffiffi
3
p
ðu20:25Þ ðtet�bondÞ

dOL ¼ að3u2211=4uþ43=64Þ1=2 ðoct�bondÞ

Anion–anion distances can be calculated using the next
eqns.

dTE ¼ a
ffiffiffi
2
p
ð2u21=2Þ ðtet�edgeÞ

dOE ¼ a
ffiffiffi
2
p
ð122uÞ ðsharedoct�edgeÞ

dOEU ¼ að4u223uþ11=16Þ1=2ðunsharedoct�edgeÞ

Cation–cation distances at A- and B-sites are calculated
using the following eqns.

dA ¼ a
ffiffiffi
3
p

=4

dB ¼ a
ffiffiffi
2
p

=4

Obtained values are listed in the Table 4.
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3.4. Magnetic moments

The net magnetic moments of the spinel can be calcu-
lated on the basis of occupancy of cations among A- and
B-sites of the lattice. The magnetic moments of both the
A-site and B-site cations counter each other in an applied
magnetic field. The ionic magnetic moments of Fe3þ ,
Cu2þ and Co2þ are 5 mB, 1 mB and 3 mB respectively. The
net magnetic moment values collected on the basis of
Table 2

Positional coordinates of the filled lattice sites.

Lattice site Equipoint Point

symmetry

A-site cation 8a 43 m

B-site cation 16d 3m

Anions 32e 3 m

Table 3

Inversion parameters d, Oxygen positional parameters, Residual functions R

Composition

(x)

Distribution parameter

(d)

Oxygen positional parameter

(u)

Resid

(R)

0.10 0.10 0.379 0.06

0.30 0.00 0.377 0.07

0.50 0.00 0.377 0.06

0.70 0.00 0.377 0.05

0.90 0.00 0.377 0.08

Table 4

Cation-anion, Anion-anion, and Cation-cation distances at A- and B-sites of

X dTL(Å) dOL(Å) dTE(Å)

0.10 1.8634 2.0522 3.0430

0.30 1.8367 2.0708 2.9993

0.50 1.8394 2.0738 3.0036

0.70 1.8396 2.0740 3.0039

0.90 1.8415 2.0762 3.0072

Table 5

Magnetic moments of CoxCu1�xFe2O4.

Composition Magnetic moment of tetrahedral ions (mB ) Magnetic mo

(X) Co2þ Cu2þ Fe3þ Co2þ

0.1 0.03 0.09 4.5 0.27

0.3 0.00 0.00 5 0.9

0.5 0.00 0.00 5 1.5

0.7 0.00 0.00 5 2.1

0.9 0.00 0.00 5 2.7
cation distribution (A–B interactions) are listed in the
Table 5 and are in good consistency with the values
calculated from magnetic measurements..

3.5. Magnetic studies

Magnetization measurements at room temperature were
carried out for Cu1�xCoxFe2O4 (x¼0.1 and 0.9) using
VSM with the maximum applied field of 25 kOe. The
Fractional coordinates of lattice sites

Origin on 43 m at A-site cation (1/8,1/8,1/8 from 3m on

octahedral vacancy) (0, 0, 0; 0,1/2,1/2; 1/2,0,1/2; 1/2,1/2,

0)þ

0, 0, 0; ¼,1/4,1/4

5/8,5/8,5/8; 5/8,7/8,7/8; 7/8,5/8,7/8; 7/8,7/8,5/8

u; u; u;u,u; u; (1/4 –u),(1/4-u),(1/4-u);(1/4þu),(1/4þu),(1/

4-u) u; u; u;u; u; u; (1/4þu),(1/4-u),(1/4þu);(1/4-u),(1/
4þu),(1/4þu)

and Cation Distribution.

ual function Cation distribution

Tetrahedral site (A-site) Octahedral site (B-site)

Co2þ Cu2þ Fe3þ Co2þ Cu2þ Fe3þ

0.01 0.09 0.90 0.09 0.81 1.10

0.00 0.00 1.00 0.30 0.70 1.00

0.00 0.00 1.00 0.50 0.50 1.00

0.00 0.00 1.00 0.70 0.30 1.00

0.00 0.00 1.00 0.90 0.10 1.00

CoxCu1�xFe2O4.

dOE(Å) dOEU(Å) dA(Å) dB(Å)

2.8543 2.9494 3.6113 2.9486

2.9050 2.9526 3.6156 2.9522

2.9091 2.9568 3.6208 2.9564

2.9095 2.9572 3.6213 2.9568

2.9126 2.9603 3.6252 2.9599

ment of octahedral ions (mB ) Magnetic moment per molecule (mB )

Cu2þ Fe3þ CoxCu1�xFe2O4

0.81 5.5 1.96

0.7 5 1.60

0.5 5 2.00

0.3 5 2.40

0.1 5 2.80
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Fig. 6. M–H curves of Cu1�xCoxFe2O4 (for x¼0.1and 0.9) ferrite

nanoparticles samples at room temperature.

Table 6

The saturation magnetization (Ms), coercivity (Hc) and magnetic moment

values of CoxCu1�xFe2O4 (x¼0.1 and 0.9) nanoparticles.

Composition Saturation magnetization

(Ms) emu/g

Coercivity

(Hc) Oe

Magnetic

moment (lB)

Co0.1Cu0.9Fe2O4 45.2 545 1.93

Co0.9Cu0.1Fe2O4 66.1 960 2.78
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obtained hysteresis loops of the samples are shown in
Fig. 6 and the calculated values of the experimental
magnetic moments (mB) and the saturation magnetization
are listed in Table 6. The values of Ms and Hc for
Cu1�xCoxFe2O4 (x¼0.1 and 0.9) increased with increasing
Co concentration. The increase in saturation magnetization is
due to the enhancement of the super-exchange interaction
between the A and B-sites. As the cobalt concentration
increases, the magnetization of the B-site increases and the
net magnetization increase. The increase in Hc values with
cobalt content may be due to the domain structure and
anisotropy of the crystal. The experimental magnetic moment
(mB) is determined from the saturation magnetization data
using the following relation [24]: mB ¼Mw �Ms=5585
where, MW is the molecular weight of the sample and MS is
the saturation magnetization in emu/g.
4. Conclusion

In this work Co–Cu ferrite nanoparticles have been
synthesized by the sol–gel technique, which is a much easier
and advantageous way to synthesize nanoparticles. X-ray
diffraction (XRD) analysis confirmed the fcc cubic phase
development in the samples. The results indicated slight
expansion in unit cell and decrease in density. Estimation
of the distribution of cations carried out on the basis of X-ray
diffraction (XRD), reveals that being inverse spinels both Cu
and Co occupy the octahedral sites in spinel lattice. The
proposed cation distribution is confirmed by the magnetic
measurements and the theoretically suggested magnetic
moment values are in good agreement with experimentally
calculated ones.
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