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Abstract

An ever first attempt to synthesize nanocomposites of SnO, coated CuFe,O, has been made using urea—nitrate combustion method. Effect of
various concentrations of SnO, (1, 5, 10 and 20 wt.%) at three different sintering temperatures viz., 800, 1000 and 1100 °C for optimizing the
compound formation has been studied individually. The synthesized materials were characterized by XRD, TEM, HRTEM, SAED, SEM, FT-IR,
UV-vis, electrical conductivity and impedance spectra measurements. The XRD spectra reveal that 1100 °C-sintered sample is of ultra pure and
well-defined crystalline nature irrespective of the concentration of SnO,. The grain size of the materials has been found to get increased as a function
of sintering temperature and the extent of SnO, substitution. The TEM and HRTEM figures evidence the nanocrystalline nature of the product.
SAED pattern confirms the presence of single phase and polycrystalline of the final product. The band gap values were calculated from UV-vis
spectra, which confirm the lowest band gap value for the 5 wt.% SnO, added sample. The solid-state impedance and the electrical properties of the

materials are in favour of the grain and grain boundary effect and the normal behavior of spinel compounds, respectively.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Nanomaterials are a privileged class of new materials most
sought after in recent times, networking with all domain of
hi-tech areas. By definition, size of new materials should be
less than 100 nm, which are grouped into two following cat-
egories: (i) nanocrystals or clusters (quantum dots (1-10 nm))
and (ii) nanowires and tubes (1-100nm). The nanomaterials
are very attractive because of their shape and size dependent
properties, which make them superior in various applications
compared to the bulk ones. These materials possess high specific
surface area, diffusion properties, high density, enhanced electri-
cal, electronic, magnetic, optical, thermal, catalytic, fluorescent,
electrochemical and biological properties. Hence nanomaterials
of different origins are considered as smart materials useful for
fabrication of various devices in all sensitive areas. The use of
these compounds will lead to miniaturization and exploitation
of their unique properties. The compounds in the realm of active
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research based on the end uses are spinels, perovskites, garnets,
semiconductors, polymers, organometallics and intermetallics.

Basically, nanoferrites with spinel structure are sub-
jected to exhaustive studies owing to their unusual advan-
tageous properties. The general formula of spinel ferrite is
(M _sFes)[MsFex_s] O4, where, the parenthesis () and []
denotes cations sites of tetrahedral and octahedral, respectively,
where § is the inversion parameter. Here 6 =0, it gives normal
spinel, § =1, gives inverse spinel. The atomic as well as the
molecular interactions among the atoms occupying at different
crystallographic sites makes the study of such materials impor-
tant as well as interesting.

Various studies on pure nanoferrite such as Fe3O4 [1],
NiFe;O4 [2], CoFey04 [3], ZnFe>O4 [4] and MnFe,O4 [5]
have shown the supremacy of nanosize in view of their prop-
erties and applications. Owing to its superior properties they
are used in diverse applications such as anodes for oxidation of
organic compounds [6], humidity [7] and gas sensors [8], cor-
rosion resistant materials [9], dyes [10], anticorrosion pigments
[11], electrodes for energy devices [12], isolation and purifica-
tion of genomic DNAs [13], liquefied petroleum gas sensors [14]
and green anodes for metallurgical applications [15].
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Recently, a new class of nanocomposites prepared from pure
ferrites with the incorporation of different oxide matrix attracts
the attention of material science researchers, because of their
tailor made properties compared to the individual counter parts.
Different ferrite based nanocomposites viz., CoFe;04/Si0;
[16], NiFepO4/TiO, [17], NiFe;04/SnO; [18], ZnFe;04/S10,
[19] and CdFe;04/SiO, [20] have been reported by various
authors. Similarly literature is replete with methods such as
combustion [21], citrate-gel [22], co-precipitation [23], sono-
chemical [24], microwave [25], hydrothermal [26], sol-gel [27],
mechanochemical [28] and electrochemical methods [29] for
preparing nanocomposites of various ferrites.

The present study aims at the synthesis of nanocomposites
with a general formula CuFe;04/x SnO; (x=0, 1, 5, 10 and
20 wt.%) by novel urea—nitrate combustion method and the eval-
uation of structural, morphological, electrical features of the
synthesized composites using TEM, HRTEM, X-ray diffrac-
tion, Fourier transform infra-red spectroscopy, UV-vis, scan-
ning electron microscope, A.C. conductivity and impedance
spectra. The study provides an explorative idea of deploying
such green electrodes for possible electrochemical applications
in the place of carbon.

2. Experimental
2.1. Synthesis

The nanocrystalline CuFe;O4 and CuFe;O4/x wt.% SnO, (x=0, 1, 5, 10
and 20) nanocomposite powders were prepared by urea—nitrate combustion
method. The synthesis procedure and the thermodynamical calculations of
parent CuFe;O4 are reported by the same authors elsewhere [30]. The syn-
thetic procedure of composite ferrite (CuFe;04/SnO;) powder is furnished in
the flowchart (Fig. 1). The stoichiometric quantities of starting materials viz.,
Cu(NO3)2‘6H20, Fe(NO3)3-9H20, SnCl4, HN03 and CO(NHz)z were dis-
solved in 100 ml distilled water. The mixed nitrate—urea solution was heated
at 110 °C, with continuous stirring. After the evaporation of excess of water, a
highly viscous gel, known as precursor has been obtained. Subsequently, the gel
was ignited at 300 °C to evolve the undesirable gaseous products, resulting in
the formation of desired product in the form of foamy powder. Ultimately, the

Cu(NO3),.6H,0 | \ Fe(NO4)3.9H,0 \

| CONH,): | SnCl, +HNO;

v

Homogeneous mixing with heating at 110°C

Urea-Nitrate
sol.

Continuous heating at 300°C

3
Viscous gel

Self-ignition

Sintered to 1100°C

‘ CuFe;04/5n0; nanocomposites |

Fig. 1. Flow chart of synthetic method.

powder was sintered at different temperatures like 800, 1000 and 1100 °C for
5h to obtain ultrafine powders of CuFe;04/SnO, nanocomposites.

2.2. Characterization

The compound formation, phase purity and crystallinity of the ferrite mate-
rials were identified by powder X-ray diffraction technique using an X-ray
diffractometer (Rigaku Dmax/2C, Japan with Cu Ko radiation; o =1.5405 A).
The nanometric particle size was analyzed through TEM (JEOL-JEM 100SX
microscope at an accelerating voltage of 200 kV) respectively. The TEM speci-
mens were prepared by dissolving a small quantity of the sample in ethanol and
sonicating the solution for 10 min in a vial placed in a sonication bath. One or
two drops of the sample suspension were deposited on a carbon-coated copper
grid (400 mesh, Spi suppliers, West Chester, PA, USA) coated with carbon film
and allowing them to dry in air, at ambient conditions. The atomic ratios of Cu
and Fe were determined by means of EDX analysis using a JEOL-JSM 840 scan-
ning electron microscope. A carbon layer was vacuum vapor-deposited onto the
samples to provide a conducting surface. The morphological features have been
analyzed through SEM using model JEOL S-3000 Model. The FTIR spectra of
samples were recorded using KBr discs in the range of 400-1000cm™'. Dif-
fuse reflectance spectroscopy measurement was carried out on a Cary Varian 1E
spectrometer in the range 200-800 nm. The A.C. impedance measurements are
made at room temperature using impedance analyzer HIOKI 3532 controlled
by a computer in the frequency range of 42 Hz—5 MHz.

3. Results and discussion
3.1. X-ray diffraction

The diffraction patterns of synthesized nanocrystalline
CuFe,0,4 synthesized at various sintering temperatures are
shown in Fig. 2. Fig. 2a shows the incomplete formation of
poorly crystalline CuFe;Oy4, as indicated by the absence of
(111), (400) etc. peaks and the reduced intensity of (311)
peak, respectively. When the sintering temperature is increased
from 300 to 800°C and 1000 °C, the intensity of CuFe;O4
peak is increased along with the presence of required newer
peaks. In order to enhance the phase purity and crystallinity
of the particles has further been sintered at 1100 °C. Inter-
estingly, well-defined sharp peaks with high crystallinity and
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Fig.2. XRD patterns of CuFe; Oy of (a) green, (b) sintered at 800 °C, (c) 1000 °C
and (d) 1100°C.
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Table 1

XRD parameters

Sample Green Sintered at (°C)

800 1000 1100

CuFe;04 a(A) 8.3737 82946  8.2736  8.2740
c(A) 8.4256  8.4228  8.4814
D (nm) 10 13 14 15

CuFe;04/1 wt.% SnO, a(A) 8.3546  8.2718  8.3510  8.3904
c(A) 8.4290 8.4665 8.4189
D (nm) 15 17 23 25

CuFe;04/5 wt.% SnO, a(A) 8.3726  8.2939  8.2893  8.4125
c(A) 8.4256  8.0515  8.3876
D (nm) 23 26 28 33

CuFe;04/10wt.% SnO>  a (A) 8.3986  8.3366  8.2661  8.4082
c(A) 8.3964  8.4378  8.3744
D (nm) 37 41 47 51

CuFe;04/20 wt.% SnO>  a (A) 8.3657 83610  8.2708  8.3965
c(A) 8.0968  8.5556  8.3860
D (nm) 39 45 53 58

a,c, lattice constants; D, grain size.

perfect matching with the standard (PDF no. 6-545) have been
obtained for the 1100 °C-calcined product. The presence of
peaks corresponding to the planes of (111), (202), (220),
(113), 311), (222), (004), (400), (024), (422), (115),
(333), (511) confirm the well defined spinel structure with-
out any impurity, thus indicates that 1100 °C sintering is the
optimum sintering temperature to obtain single phase tetrago-
nal CuFe;O4 formation [31]. The lattice parameter values are
given in Table 1 which shows that the as synthesized sample
may assume a cubic structure, which will be transformed into
a tetragonal phase due to the effect of higher sintering and the
Jahn—Teller nature of Cu®* ion. Despite the phase pure forma-
tion of CuFe;04 at 1000 °C [30] it is further understood from
the present study that the 1100 °C-sintered material possesses
more cohesive and well-defined peaks of CuFe,O4. The grain
size calculation using Debye—Scherror formula indicates an
increase of grain size with increasing temperature due to particle
agglomeration.

Fig. 3 shows the XRD patterns for 1100 °C-sintered CuFe;O4
with the addition of SnO; (1, 5, 10 and 20 wt.%). It can be
seen that the XRD patterns are well defined with definite ‘d’
and ‘hk[’ values invariably. The assigned ‘h k[’ values infer
a marked structural change due to SnO, addition. It is further
observed that at room temperature both CuFe;O4 and the SnO,
added composites are cubic in nature. Moreover no change is
observed in the lattice parameter value on SnO, addition up to
20%, because of the closer proximity of ionic radii of Cu** and
Sn**. Unlike the native CuFe;O4 synthesized at 300°C (not
shown), the SnO, added CuFe;O4 has shown the presence of
requisite Bragg peaks even at the lower sintering temperature.
This is an indication that SnO, addition has aided the process
of sintering towards the formation of CuFe,04 composites in
a better manner. Thus, the added SnO; is found to play a role
of flux towards the synthesis of nanocrystalline copper ferrite
composites and the said effect is clearly evident. For the 1100 °C-
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Fig. 3. XRD patterns of 1100 °C-sintered CuFe;O4/x SnO, composites. (a)
x=1, (b)x=5, (c) x=10 and (d) x=20. (*) SnO;.

sintered samples, the XRD pattern is found to be sharp and highly
intense.

Concerning the SnO, addition, 5% SnO, added compos-
ites exhibit prominent (31 1) peak of CuFe,O4 compared to
10 and 20% samples. Further, intensities of (1 10) and (10 1)
peaks assigned for SnO» are found to increase with the increas-
ingly added SnO,. An interesting observation made for the
20% SnO; composition is the suppression of the (3 1 1) promi-
nent CuFe,O4 peak in contrast to (110) and (101) peaks.
This can be attributed to the solubility limit of SnO; in
CuFe,04 as it can remain well within 20 wt.% only. Hence
it is concluded from XRD studies that a sintering temper-
ature of 1100°C is the optimum temperature to synthesize
phase pure and better crystalline SnO, coated CuFe,O4 com-
posites. Therefore the study has further been oriented towards
the optical, vibrational, morphological and electrical charac-
teristics of nanocomposites synthesized solely at 1100 °C for
better understanding of the potential candidate towards practical
applications.

3.2. TEM, HRTEM and SEM analysis

Fig. 4a and b shows the TEM and HRTEM images of
nanocrystalline CuFe,O4 obtained by urea—nitrate combustion
method. It is obvious from Fig. 4a that the particles are uni-
formly dispersed with an average particle size of 10-20 nm. The
HRTEM (Fig. 4b) images show the well-defined lattice fringes
that may be attributed to nanocrystallinity of the as synthesized
product and superiority of the combustion synthesis. The cal-
culated interlayer spacing of 2.51 A is equal to the “d” value of
(3 11) plane for the tetragonal phase of CuFe;O4. The selected
area electron diffraction (SAED) (Fig. 4c) pattern shows the
formation of ring patterns, which also indicates the nanocrys-
talline nature as well as the best match of XRD ‘d’ spacing. The
energy dispersive X-ray analysis (EDX) (Fig. 4d) reveals the
elemental analysis of CuFe,Oy4, which is more or less equal to
the molecular weight ratio. Trace amount of carbon residue has
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Fig. 4. (a) TEM images of CuFe;04, (b) HRTEM images of CuFe; 04, (c) SAED patterns of CuFe,O and (d) EDX analysis of CuFe;04.

been identified along with the elements, which might have come
from the urea.

The TEM and HRTEM images of SnO; coated CuFe;O4
nanocomposite is shown in Fig. 5a and b. The TEM (Fig. 5a)
picture visualizes the non-magnetic SnO; coated on single
crystalline CuFe;O4 particles. The individual grains are uni-
formly distributed with an average particle size of 20-30 nm.
The HRTEM (Fig. 5b) images show the well-defined lattice
fringes, which in turn confirm the crystalline nature of the ferrite
seed particles. The SnO» layer that has been coated on the fer-
rite particles are also clearly seen in HRTEM recorded for 5%
SnO; added CuFe; 04 nanocomposites. The SAED (Fig. 5c) pat-
tern indicates the spot patterns, which shows the polycrystalline
structure of the particles, which is also reflected in XRD.

The SEM images (Fig. 6a and b) show the morphological fea-
tures of 1100 °C-sintered CuFe;O4/x SnO; (x=0 and 5 wt.%)
nanocomposites. The individual grains are well separated by
the grain boundaries and the grain size is much larger com-
pared with TEM results due to the high temperature sintering.
One advantage is that the particles are uniformly grown and not
agglomerated which may be due to the particle size confinement

effect. The 5% SnO, added particle gives the smaller grain size
than other composites, thereby favours the 5 wt.% SnO, addition
as the optimum one as indicated by XRD results.

3.3. FTIR and UV-vis spectra

Fig. 7 shows the FTIR spectra of combustion synthesized
CuFe;04/SnO, nanocomposites recorded between 400 and
1400 cm™!. The spectra elucidate the position of cations in the
crystal structure with oxygen ions and their vibrational modes,
which represents the various ordering positions of the struc-
tural properties of the compositions. In ferrite the metal cations
are situated in two different sub-lattices namely tetrahedral (A-
sites) and octahedral (B-sites) according to the geometric con-
figuration of the oxygen ion nearest neighbors. The band v
around 600 cm ™! is attributed to stretching vibration of tetrahe-
dral complexes and v, around 400 cm™! to that of octahedral
complexes. Due to the stretching vibration of Fe3*—0?~ for
tetrahedral sites [30], all the systems show only one-absorption
band at 577.36, 578.50, 574.28, 577.65 and 574.46cm™!
for CuFe;04, CuFey04/1 wt.% SnO,, CuFe>04/5 wt.% SnO»,
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Fig. 5. (a) TEM images of CuFe;04/5 wt.% SnO; nanocomposites, (b) HRTEM images of CuFe;04/5 wt.% SnO, nanocomposites and (c) SAED patterns of
CuFe;04/5 wt.% SnO; nanocomposites.
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Fig. 6. SEM micrographs of (a) 1100 °C-sintered CuFe;0O4 and (b) CuFe;04/5 wt.% SnO».



114 R.K. Selvan et al. / Materials Chemistry and Physics 99 (2006) 109-116

%T

I
D 57428

|
577.65
574.46

1381 89 . 102%.63 . . i ] \
1400.0 1300 1200 1100 1000 900 800 700 600
cm-1

500 400.0

Fig. 7. FT-IR spectra of CuFe;O04/x wt.% SnO; sintered at 1100 °C, (A) x=0,
B)x=1,(C)x=5, (D) x=10 and (E) x=20.

CuFe;04/10 wt.% SnO; and CuFe;04/20 wt.% SnO;, respec-
tively. The octahedral complexes may not present within
the experimental range, because the band position is nearly
400cm™".

The UV-vis spectra of 1100 °C-sintered CuFe;O4/x SnO,
(x=0,1,5, 10 and 20 wt.%) nanocomposites are shown in Fig. 8.
From the spectra, the optical band gap values are calculated
using fundamental absorption edge. The absorption edge was
defined as the wavelength at intersection that was obtained by
extrapolating the horizontal and sharply rising portion of UV—vis
absorption curve [32]. The calculated band gap values are 2.63,
2.55,2.50,2.91 and 3.07 eV for the above nanocomposites. The
observed band gap values reflect the vicinity of semiconducting
nature.

3.4. A.C. electrical conductivity
Fig. 9 shows the A.C. electrical conductivity of

CuFey04/Sn0Oy (x=0, 1, 5, 10 and 20wt.%) measured at
room temperature from 42Hz to 5SMHz. It can be seen that
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Fig. 8. UV-vis spectra of CuFe;O4/x wt.% SnO; sintered at 1100 °C, (a) x=0,
(b)x=1,(c)x=5, (d) x=10 and (e) x=20.
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Fig. 9. A.C. conductivity vs. frequency for CuFe;O4/x wt.% SnO, sintered at
1100°C, (W) x=0, (A )x=1, (#)x=5, (% ) x=10 and (¥ ) x=20.

all the samples show frequency dependent behavior, typical of
semiconducting materials. The conduction in ferrite has been
explained by using hopping mechanism of charge carriers at
B-sites. The applied frequency enhances the hopping frequency
as well as the mobility of charge carriers resulting an increase
in the conductivity. The rate of increase in conductivity of
CuFe, 0y is observed to be very low when compared with other
samples. The following redox reactions may be suggested for
the competing conduction mechanism of CuFe;Oy4.

Fe’t & Fe3t e~ (for electronic conduction),

Cu’t & Cut+et (for hole conduction).

As expected the 5% SnO; added sample gives the maximum
conductivity of 1.669 Scm™!. The maximum concentration of
SnOy (=10wt.%) gives lower conduction due to larger grain
growth. Similarly Sn** has strong preference to occupy octahe-
dral sites and has a tendency to shift some Fe>* ions from B-sites
to A-sites [33]. Hence the active charge carrier concentration of
Fe3* for conduction in octahedral site is reduced, decreasing
the electronic transitions between Fe?* and Fe>* ions ultimately
resulting a decrease in conductivity.

3.5. Dielectric constant

The dielectric property of semiconductor materials mainly
depends upon the method of preparation, chemical composi-
tion, grain size, calcination temperature and applied frequency.
Fig. 10 shows the variation of dielectric constant with frequency
for CuFe,O4/x SnOy (x=0, 1, 5, 10 and 20 wt.%) nanocom-
posites measured at room temperature from 42 Hz to 5 MHz.
It shows a normal dielectric behavior of typical semiconduct-
ing materials, which is due to Maxwell interfacial polarization.
According to Maxwell-Wagner model, the dielectric structure of
spinel ferrite is mainly due to inhomogeneous nature of materials
[34] arising from high temperature sintering. The individual high
conducting grains are separated by low conducting grain bound-
aries due to calcinations. The polarization results in an electronic
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Fig. 10. Dielectric constant vs. frequency for CuFe;O4/x wt.% SnO; sintered at
1100°C, () x=0, (A) x=1, (&) x=35, (3¢) x=10 and (V) x=20.

exchange between the ferrous and ferric ions, which produce
local displacements in the direction of applied external field.
Similarly the Cu** < Cu* +¢* gives the hole concentration in
the octahedral sites, which produce the local displacements in
the opposite direction of the applied field. These displacements
determine the polarization as well as the dielectric properties.
The decrease in dielectric constant with increasing frequency is
due to the fact that the electronic exchange between the Fe3*
and Fe™ ions cannot follow the external applied frequency.
Fig. 10 also explains the compositional dependence of dielec-
tric constant with frequency. The dielectric constant values of
composites are high compared with parent ferrite, which may
be explained in line with the conducting mechanisms.

3.6. Impedance spectra

The impedance spectrum is an important tool to understand
the origin of conducting mechanism such as whether it is due
to grain effect or grain boundary effect. Fig. 11 shows that
the CuFe;O4 has two semicircular arcs, due to grain bound-
ary effect and an arc in high frequency side due to grain interior
effect. When the concentration of SnO; increases, surprisingly
it gives only one arc due to grain effect. According to Brick layer
model, the equivalent circuit based on the impedance spectra of
CuFe;04 is shown in Fig. 12, where Ry, Rgp and Cy, Cgp, are the
grain and grain boundary resistance and grain and grain bound-
ary capacitance, respectively. When the SnO; addition increases,
5% sample gives lower resistance due to higher conductivity. The
equivalent circuit of composite materials is the parallel combi-
nation of Cy and R,. This is the intra grain phenomenon [35].
Fig. 13 shows the variation of real part (Z') of impedance with
frequency. It can be seen that the impedance values are monoton-
ically decreased with increasing frequency except for CuFe;O4.
High impedance value is observed at low frequency side due
to the space charge polarization. The decreasing impedance
with increasing frequency enumerates the increasing conduc-
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Fig. 11. Solid-state impedance spectra of CuFe;O4/x wt.% SnO, sintered at
1100°C, (() x=0, (O) x=1, (A) x=5, (V) x=10 and (i) x=20.
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Fig. 12. Equivalent circuit of CuFe;Oy4.

tivity of all the samples. At high frequency side the impedance
value is merged due to the release of space charge carriers as a
result of lowering the barrier properties [36]. Fig. 14 shows the
variation of imaginary part of the impedance spectra (Z”) with
frequency for various concentration of SnO, measured at room
temperature. The impedance loss spectra of CuFe;O4 show two
peaks and other samples show only one peak. Compared with
CuFe, 04, the peak height, i.e. the magnitude of impedance is
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Fig. 13. Real part of impedance spectra of CuFe;O4/x wt.% SnO; sintered at
1100°C, () x=0, (D) x=1, (&) x=35, (V) x=10 and (3¥) x=20.
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Fig. 14. Imaginary part of impedance spectra of CuFe;O4/x wt.% SnO sintered
at 1100°C, ) x=0, (O) x=1, (&) x=5, (V) x=10 and (3¥) x=20.

increased with increasing addition of SnO;. The spectra of all
the SnO; added samples merge at high frequency side due to the
electrical relaxation phenomena of charge carriers of electrons
and excess added SnO».

4. Conclusions

In the present investigation, a new class of nanocomposites
of CuFe;O4 with SnO; additives has been prepared by adopting
urea—nitrate combustion method. The XRD pattern confirms the
possibility of synthesizing single-phase copper ferrite with poly
crystalline composite at 1100 °C. The TEM studies show that
the synthesized copper ferrite and its composites are nanocrys-
talline with an average particle size of 10-30 nm. The HRTEM
images confirmed the coating of SnO; layer upon copper fer-
rite. The presence of well-defined grains with definite size has
been confirmed from SEM features. The FTIR spectra revealed
characteristic stretching and bending vibrations of ferrites. The
semiconductor range of the synthesized materials was confirmed
from the optical band gap values derived from UV-vis spectra.
The A.C. electrical conductivity and dielectric constant infers
frequency dependent behavior and the impedance spectra con-
firm the grain and grain boundary effect for conduction.
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