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Copper ferrite nano-crystals were synthesized by a combustion route depending upon the glycine-nitrate
process and also by ceramic method. In order to investigate the effect of degree of crystallinity and
crystallite size of copper ferrite system on its magnetic properties, a series of Cu-ferrite samples with
different degrees of crystallinity and crystallite size were produced by varying the preparation tempera-
tures via changing the ratio between the glycine and nitrates. The samples were characterized by infrared
radiation (IR), X-ray diffraction (XRD), scanning electron micrograph (SEM), transmission electron micro-

Ié?;ggcgrrite nano-particles graph (TEM) and vibrating sample magnetometer (VSM) techniques. The IR and XRD patterns confirm the
Crystallinity single-phase spinel structure for the synthesized materials. Transmission electron microscopy analysis

revealed needle-like tubular nanostructures containing polygon particles. VSM investigations showed
that the saturation magnetization of the Cu-ferrite possessed a linear relationship with both crystallinity

Crystallite and particle size
Saturation and remanence magnetization

Coercivity and crystallite size.
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1. Introduction

The preparation and functionalization of nano-structured mag-
netic materials has been an interesting area of study because of its
possible applications in a variety of widely diversified areas ranging
from information technology to nano-biotechnology [1]. Among
magnetic materials, spinel ferrites of the type M2*Fe,3*04 (M= Mn,
Mg, Zn, Ni, Co, Cd, etc.) attract the research interest because of
their versatile practical applications such as electric motors, electric
guitar pickups, loudspeakers, automotive and electronic sensors,
actuators, hall effect sensors, magnetron, reed switches, TWT
amplifiers, communication, vehicle signage, shelf and bin marking,
craft, hobby, toys, industrial automation equipment, transformers,
rotating transformers, pulse transformers, catalysts and adsorptive
materials [2-5].

The preparation method plays a very important role with regard
to the chemical and structural properties of the spinel ferrite
[6-11]. In fact, the diverse available methods or routes to prepare
nano-ferrites that have been published, such as ball-milling [9-13],
sol-gel and co-precipitation [10,14-16] and ceramic synthesis [17],
are interesting and attract much research attention.

However, these preparation methods are generally compli-
cated and expensive especially when organo-metallic precursors
and complex process controls are involved. Sol-gel techniques
involve the use of large amounts of organic solvents to the reac-
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tion medium. It is far from being environmentally friendly. In a
co-precipitation procedure, the pH of a metal salt solution is raised
by adding abase in order to precipitate the hydroxides; this requires
a strict control of the pH and the stirring rate. The ball-milling
method and ceramic synthesis are unfavourable to make ferrite at
low cost, because of the problems such as the complex process and
high-energy consumption.

Deraz reported that the Mn,03 or CuO interacted readily with
ferric oxide at temperatures starting from 700 or 800°C for 5h
yielding MnFe,04 or CuFe,;0y4, respectively. The degree of prop-
agation of MnFe,04 or CuFe,04 formation increased as a function
of calcination temperature of the mixed solids investigated [18,19].
Srivastava et al. reported that nano-composites containing spinel
and CuO phases have been synthesized by sol-gel method using
Cu(II), Ni(II) and Fe(III) in a basic medium [20]. Authors indicated
that the increase in the calcination temperature led to an increase
in the values of the saturation magnetization, remanent magneti-
zation and coercivity of the nano-composites depending upon the
particle size. The effect of preparation method on the surface prop-
erties and activity of Nig;Cug3Fe;04 nano-particles was studied
[11]. These nano-particles were synthesized via sol-gel combustion
technique, co-precipitation method and solid state milling method.
The investigators revealed that simultaneous thermo-gravimetric
and differential thermal analyses of the precursors show that the
crystallization temperature for spinel formation by sol-gel com-
bustion technique is lower than that by co-precipitation method
and solid state milling method. XRD analysis reveals that the pow-
ders obtained had a single phase with cubic spinel structure. The
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experimental study of these particles indicates that the copper in
the octahedral sites plays a crucial role in the direct oxidation of
benzene with hydrogen peroxide as oxidant to phenol [11].

A novel preparation technique of nano-materials, combustion
synthesis has been developed to prepare nano-sized compounds
[21-23]. Combustion synthesis (CS) or self-propagating high-
temperature synthesis (SHS) is an effective, low-cost method for
the production of various industrially useful materials. Today, CS
has become a very popular approach for the preparation of nano-
materials and it is practised in 65 countries. Recently, a number
of important breakthroughs in this field have been made, notably
for the development of new catalysts and nano-carriers with
properties better than those for similar traditional materials. The
extensive research carried out in the past 5 years emphasized the
SHS capabilities for material improvement, energy saving and envi-
ronmental protection [23]. The importance of industrialization of
the SHS process was also realized.

Deraz et al. had prepared various ferrites, MnFe,04, NiFe;04
and ZnFe, 04, using combustion method [24-26]. It was concluded
that the combustion route is simple, fast and inexpensive. It is easy
to control the stoichiometry and crystallite size, which have an
important influence on structural, morphology, magnetic and elec-
tric properties of ferrites. The effect of copper substitution on the
structural and magnetic properties in Nig7Zng 3Fe,04 synthesized
by a combustion method was determined [27]. The results revealed
that increasing amounts of copper brought about a decrease in
the saturation magnetization and the Curie temperature values.
This decrease was explained in terms of the magnetic moments
and magnetic exchange interactions existing between the anti-
parallel uncompensated electron spin of tetrahedral and octahedral
sub-lattices involved in the spinel structure. However, the nearly
constant lattice parameters obtained with Cu substitution were
attributed to the small difference in the ionic radius between Ni%*
and Cu?* ions.

Because copper ferrite (CuFe,04) is one of the important ferrites
[12], the magnetic behaviour of CuFe,04 has been the much inter-
esting subject of intensive studies [13,15]. In this context, CuFe;04
assumes great significance because of its high electronic conduc-
tivity, high aluminium stability and high catalytic activity of O,
evolution from alumina-cryolite system used for that it serves as a
non-consumable and green anode for aluminium electrolysis. The
significance is that at CuFe,04 anode, only oxygen gas is evolved
instead of CO,—a green house gas at the widely used carbon anode
[28].

The combustion technique brings a good chance to study
CuFe,04 nano-particle. In this paper, CuFe,0,4 nano-particles were
prepared by this simple low heating solid state reaction. One of our
aims was to develop a general synthetic method and explore the
magnetic properties of the CuFe,04 nano-particles. Furthermore,
investigation of the fuel-cation ratio effect on the crystallite size,
particle size, lattice constant, unit cell volume, X-ray density and
the saturation of magnetization of the as-prepared copper ferrite.
Finally, we compared the different properties of the as-prepared
Cu-ferrite to those of the bulk copper ferrite.

2. Experimental
2.1. Materials

Series of copper ferrite samples were prepared by mixing calculated proportions
of copper and iron nitrates with different amounts of glycine. The mixed precursors
were concentrated in a porcelain crucible on a hot plate at 300°C for 5 min. The
crystal water was gradually vaporized during heating and when a crucible temper-
ature was reached, a great deal of foams were produced and spark appeared at one
corner which spread through the mass, yielding a voluminous and fluffy product
in the container. In our experiments, the ratio of the glycine:copper nitrate:ferric
nitrate was (0, 2, 4, 6 and 8):1:2 for C1, C2, C3, C4 and C5 samples, respectively.

Additional sample (C6) for bulk copper ferrite was prepared by ceramic process
involving high-temperature (1000 °C for 5 h) solid state reaction between the react-
ing constituents as shown in our last work [18]. The chemicals employed in the
present work were of analytical grade supplied by Prolabo Company. It had been
reported that the ratio of glycine to nitrates (G/N) had a strong impact on the exper-
imental temperature and also a higher G/N ratio would lead to a higher temperature
[25].

2.2. Techniques

An X-ray measurement of various mixed solids was carried out using a BRUKER
D8 advance diffractometer (Germany). The patterns were run with Cu Ko radiation
at 40 kV and 40 mA with scanning speed in 26 of 2° min~1.

The crystallite size of Cu-ferrite present in the investigated solids was based
on X-ray diffraction line broadening and was calculated by using Scherrer equation
[29]:

BA

d:m (1)

where d is the average crystallite size of the phase under investigation, B is the
Scherrer constant (0.89), A is the wave length of X-ray beam used, f is the full-width
half maximum (FWHM) of diffraction and 6 is the Bragg’s angle.

Aninfrared absorbance spectrum of various solids was determined using Perkin-
Elmer Spectrophotometer (type 1430). The IR spectra were determined from 1000 to
300 cm~!. Two milligrams of each solid sample were mixed with 200 mg of vacuum-
dried IR-grade KBr. The mixture was dispersed by grinding for 3 min in a vibratory
ball mill and placed in a steel die 13 mm in diameter and subjected to a pressure
of 12 tonnes. The sample disks were placed in the holder of the double grating IR
spectrometer.

Scanning electron micrographs (SEMs) and transmission electron micrographs
(TEMs) were recorded on JEOL JAX-840A and JEOL JEM-1230 electron micro-
analyzers, respectively. The samples were dispersed in ethanol and then treated
ultrasonically in order to disperse individual particles over gold grids.

The magnetic properties of the investigated solids were measured at room
temperature using a vibrating sample magnetometer (VSM; 9600-1 LD], USA) in
a maximum applied field of 15 kOe. From the obtained hysteresis loops, the satu-
ration magnetization (M;), remanence magnetization (M;) and coercivity (H.) were
determined.

3. Results
3.1. FTIR analysis

The formation of the spinel CuFe,04 structure in the nano-
crystalline form was supported by infrared spectra. These spectra
were recorded in the range 300-1000cm™!, which is shown in
Fig. 1. The spectra show two main absorption bands <y; and
vz corresponding to the stretching vibration of the tetrahedral
and octahedral sites around 600 and 400 cm™!, respectively. The
observed values illustrate that the frequency bands appearing at
545-568 and at 410-467 cm~! are responsible for the formation of
CuFe;04 [18]. The bands «y; and 1y, are shifted from lower band val-
ues to higher band values due to the shifting of Fe>* and Cu?* ions
towards oxygen ion on occupation of tetrahedral and octahedral
sites by increasing the G/N ratio with subsequent increase on the
Fe3*-02- and Cu%*-02- distances[28]. However, the FTIR spectrum
shows a subsidiary band at 387-396 cm~! for all the investigated
solids. This may be due to Fe2* oxygen complexes in octahedral
site. The presence of Fe2* ion causes the splitting of absorption
bands due to local lattice deformation. It is seen from the spectra
of CuFe, 04 prepared using combustion route that there is shoulder
for the tetrahedral site band located at 688 cm~!. It is attributed to
the presence of lower ionic states in that site, i.e. diffusion of Cu%*
by the replacement of Fe3* in the A-site. In addition, a close scrutiny
of A-site frequency indicates that there is a progressive increase in
the value of frequency when compared to its bulk counterpart. It
explains the expansion of bond length for that site [28]. A possible
interpretation is that the larger Cu?* ions (0.069 nm) diffuse into
A-site replacing the native ions Fe3* (0.064 nm).

It can be seen that the Cu?* ions which otherwise have the ten-
dency to occupy octahedral site tend to occupy tetrahedral site
also. But the percentage of Cu2* jons occupying octahedral site is
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Fig. 1. FTIR spectra of the C1, C2, C3, C4 and C5 samples.

comparatively greater for the as-prepared samples. Therefore, any
distortion in the structure is caused by the migration of more num-
ber of Cu?* ions to the tetrahedral site during combustion process.
On the basis of the above data, the copper ferrite compound has a
partially inverse spinel structure and the cation distribution is as
follows:

(Cu®*Fe3 ) [Cuy_y*TFe3 T Fe?t 150,42~ (2)

This indicates that the presence of glycine as fuel enhances the
formation of copper ferrite. In other words, the increase of the G/N
ratio resulted in a progressive increase in the formation of copper
ferrite phase that was proportional to the amount of glycine added.
Since the weight of mixed solids was constant in each IR run, the
area of various peaks for the different solids could be looked as
a measure of the amount of solid undergoing a chemical change.
Inspection of the IR spectra of the different investigated solids
reported that addition of the increasing amount of glycine led to an
increase in the area of all investigated peaks to an extent propor-
tional to the amount of glycine added. This indicates an increase in
the amount of the as-prepared copper ferrite and stimulation of the
thermal decomposition of copper and iron nitrates in the presence
of glycine as fuel. This treatment brought about an increase in a solid
state reaction between Cu/Fe mixed oxides and/or phase transfor-
mation process of one of the resulted products. These findings will
be confirmed later by XRD measurements.

3.2. Structural characterization

The recorded XRD patterns of C1, C2, C3, C4 and C5 solid sam-
ples are shown in Fig. 2. Inspection of this figure revealed that: (i)
The C1 sample consisted of amorphous solid which has not been
detected by XRD technique. This may be indicating a possible for-
mation of copper, iron oxides and/or copper ferrite (CuFe,04) in
amorphous state. (ii)The C2 and C3 specimens consisted of well
crystalline CuFe, 04 phase (major phase) and trace amount of CuO,
indicating the promotion effect of glycine as fuel in the conversion
of most Cu and Fe oxides to produce copper ferrite crystallites. (iii)

I/I,, a.u.
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Fig. 2. X-ray diffraction patterns of the C1, C2, C3, C4 and C5 samples; lines (1) CuO,
(2) cubic CuFe;04 and (3) tetrahedral CuFe,04 phases.

Increasing amounts of glycine brought about complete conversion
of un-reacted oxides to well crystalline copper ferrite as the sin-
gle phase with cubic spinel structure as shown in the C4 and C5
samples. This means that the rise in the G/N ratio from 0.67 to 2
led to an important increase in both the amount of the librated
gases and the peaks height of cubic CuFe,;04 crystallite suggest-
ing an increase in the amount of this phase. Similar result was
observed in the case of the bulk sample (C6) related to the formation
of cubic CuFe,04 phase but with higher crystallite size of 125 nm
[18]. Moreover, the augmentation in the G/N ratio above this limit
resulted in partial conversion in the spinel structure from cubic
to tetrahedral form. In fact, when the G/N ratio is 2.67, there are
extra peaks which are identified as tetrahedral CuFe,04 peak with
subsequent decrease in the peak height of cubic Cu-ferrite phase
[26]. (iv) The rise in the G/N ratio brought about a progressive shift
of the diffraction peaks of CuFe,04 to higher Bragg’s angle indi-
cating the enhancement formation of copper ferrite. In addition,
the intensities of the (220) and (400) or (440) planes are more
sensitive to the cations on tetrahedral and octahedral sites, respec-
tively [28]. As reported earlier Cu2* ions have a strong preference
to occupy B sites [18]. Table 1 shows the observed intensities of the
above three planes. It can be observed that the intensities of the
(400)or (440) planes increase with the addition of glycine as fuel,
which infers that the Cu2* has preferentially occupied the B site,
i.e. the octahedral site on the (400) or (44 0) planes. However, the
intensity of (2 2 0) plane increases slightly by the continuous addi-
tion of glycine indicating the preferential occupation of A sites by
Fe3* ions.

Since the CuFe, 0y is established to be an inverse spinel struc-
ture. X-ray data enable us to investigate the role of the G/N ratio

Table 1
The effects of the G/N ratio on the intensity values of h kI planes of CuFe;04 phase.

Solids G/N ratio Peak height (a.u.)

I20 laoo laao
Cc2 0.67 11 7 17
c3 1.33 12 21 18
c4 2.00 13 22 22
(&) 2.67 12 10 20
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Table 2
Some structural parameters of copper ferrites.
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Solids G/N ratio Crystallinity (d252, a.u.) Crystallite size (nm) Lattice constant (nm) Volume (nm~3) Density (g/cm?)
Cc2 0.67 34 14 0.8374 0.5872 5.4127
c3 1.33 40 39 0.8388 0.5895 5.3911
Cc4 2.00 46 42 0.8396 0.5918 5.3701
C5 2.67 37 22 0.8375 0.5875 5.4094

in modifying the structural parameters such as the crystallite size
(D), lattice constant (a), unit cell volume (V) and X-ray density (Dx)
for the produced copper ferrite crystallites. The calculated values
of different structural parameters are given in Table 2. It can be
seen from this table that the rise in the G/N ratio brought about an
increase in the values of a, D and V. However, this treatment led to a
decrease in the density of copper ferrite compound. In addition, the
crystallinity and crystallite size of bulk copper ferrite sample (C6)
synthesized by ceramic method are greater than those of CuFe;04
crystallites prepared by combustion route [18].

3.3. Morphology and microstructure

The typical SEM of samples C1, C2, C3 and C5 are shown in
Fig. 3a-d. As can be seen, the powders basically consist of equiaxial
particles as shown in the sample C1. It shows that the samples C2,
C3 and C5 are spongy and porous agglomerates. Voids and holes
can be seen, which result from the escape of gases during combus-
tion. By SEM observations, it was found that as the G/N ratio was
increased, the porosity of the resultant powders also increased due
to the evolution of more produced amounts of gas. The pressure
exercised by gaseous species should be responsible for the break-
up of the porous structure and the coalescence between particles
leading to a surface homogeneity (Fig. 3d).

Our previous study on SEM analysis of bulk copper ferrite (C6)
sample reported that the C6 sample consists of agglomerated grains
with visible grain boundaries. The grain size distribution is very
heterogeneous with well-crystallized grains. Also, TEM image of
C6 specimen showed a relatively heterogeneous grain distribution
consisting of bamboo-like tubular nanostructures, with an average
grain size of 125 nm.

Transmission electron micrographs (TEMs) of the as-prepared
copper ferrite and the selected area electron diffraction (SAED)
pattern are shown in Figs. 4 and 5. It indicates that the copper
ferrite particles obtained by combustion method are uniform in
both morphology and crystallite size, but having agglomeration to
some extent, due to interaction between magnetic particles and
the enormous heat generated during the combustion process. The
TEM image of the C1 sample exhibits very dense agglomerates as
shown in Fig. 4a. When the G/N ratio is 1.33, Fig. 4b-e, the grain
size distribution is very homogeneous with well-crystallized grains
with visible grain boundaries. In other words, the C3 sample, with
different magnifications, shows needle-like tubular nanostructures
containing polygon particles. Increasing the G/N ratio above this
limit brought about slight agglomeration of the as-prepared parti-
cles with formation of the ellipsoid shapes (Fig. 4f). It seems that
the enormous heat liberated during the combustion process is suf-
ficient for the crystallization of the desired ferrite phase with a

Spm
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Fig. 3. SEM images of the samples: (a) C1, (b) C2, (c) C3 and (d) C5.
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subsequent significant modification in its particle size. From the
TEM images, the average grain sizes of obtained samples could
be estimated as 10-40 nm, which are consistent with the results
obtained from XRD patterns according to the Scherrer formula. By
adjusting the glycine to nitrite ratio, we can control the reaction
temperature, and thereby control both the crystallinity and crys-
tallite size of the resultant system. Our results indicate that the
lower G/N value leads to the smaller crystallite size with a subse-
quent decrease in the degree of crystallinity of the copper ferrite
produced. It is interesting to observe from these figures that the
average grain size is saturated as the G/N ratio increased in the
range of 0.67-2.67. The increase in grain sizes and the change in
grain boundary nature upon combustion process are likely to be
responsible for the observations of the XRD peaks in the final prod-
ucts.

The SAED of some samples reveals the ring patterns of polycrys-
talline cubic spinel ferrite phase and the uniformity of the spinel
ferrite in the samples as shown in Fig. 5a-c. The spotty nature of

(@

100 {183 200k
—

0.2 um Hag: 50k

(e)

the SAED pattern can be due to the fact that the finer crystallites
having related orientations are agglomerated together resulting in
a limited set of orientations. The diffraction rings correspond to
the d-spacing values of the spinel copper ferrite phase and the lat-
tice parameters are in agreement with the XRD patterns. Moreover,
Fig. 5a—c shows continuous rings with increasing spots which indi-
cate an increase in the amount of CuFe,;0,4 crystallites involved
in the as-prepared solids. It is interesting to observe the diffrac-
tion rings in the case of the sample C1, Fig. 5a, which did not
show any XRD peak. These rings show that this sample consists
of micro-crystalline copper ferrite which was not detected in the
X-ray diffraction study. The dj; values of the diffraction rings for
the as-prepared powders were calculated using the Bragg’s condi-
tion applicable to electron diffraction [30]. These values could be
indexed to a spinel copper ferrite phase. From the XRD and TEM
study, it has been observed that the degree of agglomeration is
low in the synthesized powders, which has strong technological
importance.
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Fig. 4. TEM images of the samples: (a) C1, (b-e) C3 with different magnifications and (f) C5.
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Fig. 5. SAED images of the samples: (a) C1, (b) C2 and (c) C5.

3.4. Magnetic properties

The magnetic properties measured by vibrating sample mag-
netometer at room temperature for Cu-ferrite samples are listed
in Table 3. Fig. 6a-f shows the magnetic hysteresis curves in
a magnetic field of 15k0e of the samples synthesized by the
glycine-nitrate process and also of bulk copper ferrite specimen.
For all prepared samples except the C1 specimen, the hysteresis
loops obtained show a normal S-shape type, the size and shape of
hysteresis curves for a magnetic material are of considerable prac-
tical importance. The ‘thickness’ of the middle bit of the S-shaped
loop describes the amount of hysteresis, related to the coercivity of
the material. The width and the degree of constriction of hystere-
sis loop systematically vary with the increase of the G/N ratio. The
C2 sample with lowest G/R ratio shows constricted loop with the
medium width (Fig. 6b); the loop is suggestive of a significant con-
tent of ferromagnetic materials. Constriction appears pronounced
for samples with intermediate values of G/N ratio (Fig. 6¢c and d).
This hysteresis loop is narrower especially at the middle of the loop
and results in constricted shape which is largely suppressed. The C5
sample with high G/R ratio shows slightly constricted loops with
the largest width (Fig. 6e). These distorted hysteresis loops orig-
inate from mixed assemblage of multiple magnetic components
with different grain sizes.

Table 3
The magnetic properties (Ms, M; and H. ) of the as-prepared Cu/Fe mixed oxide solids.
Solids  G/Nratio M (emu/g) M, (emu/g) M;/Ms(emu/g) H.(Oe)
C1 0.00 0.575 0.012 0.0212 132
c2 0.67 19.04 3.891 0.2044 131
C3 1.33 48.05 9.303 0.1936 76
Cc4 2.00 49.00 11.97 0.2440 97
c5 2.67 33.66 11.77 0.3476 28.5
C6 0.00 50.00 12.85 0.2570 95

It can be seen from Table 3 that the saturation magnetiza-
tion, Mg, and remnant magnetization, My, vary as a function of the
G/N ratio. It can be observed that the values of Ms and M; were
increased by increasing the G/N ratio from O to 2, and then were
decreased above this limit, whereas the coercivity decreases with
this ratio, then increases. The Ms and M; values show their max-
imum around the G/N ratio of 2. These values are near from that
of the bulk copper ferrite sample (C6) as shown in Table 3. On the
other hand, the coercivity shows rather complicated dependency
on the G/N ratio. The coercivity of the investigated solids displays
its maximum at a G/N ratio of 2.67. From the hysteresis loops, the
ratio R of the remnant to the saturation magnetization (M;/Ms) is
derived to determine whether the inter- and intra-grain exchange
interactions, sub-lattice magnetization, magnetic anisotropy and
morphology of the sample exist [31,32]. The augmentation in the
G/N ratio resulted in a significant increase in the value of R. The
changes in the magnetic properties of the samples can be attributed
to the crystallite size and crystallinity, depending on the G/N ratio
[25-28,33].

4. Discussion

Some of the physical and chemical methods widely used in
the synthesis of nano-ferrites are ceramic, ball-milling, sol-gel,
co-precipitation, spray pyrolysis and hydrothermal methods
[18,34-38]. As compared with the conventional synthesis meth-
ods, the combustion route is observed to be a high yielding and
low-cost route. The final nano-sized bulk product is thus obtained
without sophisticated equipment. Earlier works have reported the
need for calcination of Cu/Fe mixed oxides at higher tempera-
tures for yielding copper ferrite and improving the phase purity
and crystallinity [18,39]. Though the combustion route yields more
promising results in the synthesis of nano-ferrites [18,28,40], sev-
eral preparation conditions such as dilution, fuel/oxidant ratio, pH
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Fig. 6. Magnetic hysteresis curves measured at a room temperature for the samples: (a) C1, (b) C2, (c) C3, (d) C4, (e) C5 and (f) C6.

and temperature can have an impact on the formation of the ferrites
and their properties [41]. In the present work a sincere attempt is
made to change the fuel/oxidant ratio of the precursor solution used
in combustion route of synthesis to produce the single CuFe;04
particles and study the impact of nano-regime on the structural,
morphological and magnetic parameters.

Glycine is considered to serve as fuel for the combustion reac-
tion, being oxidized by nitrate ions. Stoichiometrically balanced
[42], the exothermic reaction can be expressed as:

18Fe(NO3 )3 + 9Cu(NO3 ) + 32NH,CH,COOH + 540,
— 9CuFe;04 + 16N, + 72NO, + 64C0, + 80H,0

It had been reported that the ratio of glycine to nitrates (G/N)
had a strong impact on the experimental temperature [43]. In other
words, a higher glycine to nitrate ratio would lead to a higher reac-
tion temperature [20]. It seems that the enormous heat liberated
during the combustion process is sufficient for the crystallization
of the desired ferrite phase. Moreover, the temperature reached
in the combustion reaction has an important effect on the crys-
tallinity and crystallite size of the powder resultants. By adjusting
the G/N ratio, we can control the reaction temperature, and thereby
control the degree of crystallinity and crystallite size of the resul-
tants. The XRD pattern of CuFe, 04 powder consists of well-resolved
peaks characteristic of polycrystalline spinel phase. The formation
of better crystalline and face centred cubic structure may be due
to the enormous heat generated during the combustion of large
amount of glycine present in the precursor. The propagation of the
solid state reaction between iron and copper oxides is controlled
by thermal diffusion of Cu and Fe cations through the ferrite film
which covers the surfaces of grains of reacting oxides and acts as
energy barrier. The fact is that the increase in the G/N ratio brought
about an increase in the extent of the produced CuFe,04 phase.
When the G/N ratio of the precursor solution is much lower than
the stoichiometrical ratio, the diffraction peaks of the samples are
broadened. In addition, the full-width at half-maxima (FWHM) of
the peaks decreases with an increase in the G/N ratio. The aver-
age size of the crystallites can be estimated from the FWHM of
the peaks using the Scherrer equation, and the results are listed in
Table 2. Our results in Table 2 indicate that the lower G/N value

leads to the smaller crystallite size and vice versa depending upon
the heat liberated during the combustion process [28]. Increasing
the crystallite size of the as-prepared solids could be attributed
to the slightly coalescence between the nano-particles as shown
in SEM and TEM investigations (Figs. 3d and 4f). This confirms by
increasing the volume of unit cell and lattice constant of the as
synthesized ferrite via increasing the G/N ratio. The resultant nano-
scaled crystallite size of samples is owing to two characteristics
of the reaction system. One is that the reactants have been uni-
formly dispersed at an atomic or molecular level before reaction,
sowhenignition occurred, the nucleation process can be completed
through only the rearrangement and short-distance diffusion of
nearby atoms. The other is that the rate of combustion reaction is
so high that enough time and energy are not provided for the long-
distance diffusion of atoms and obvious growth of the crystallites,
as a result of which, the initial nano-phase is retained.

As mentioned earlier, our TEM study showed that the increase in
grain sizes and the change in grain boundary nature upon changing
the G/N ratio are likely to be responsible for the observation of the
XRD peaks in the investigated samples. Also, the change in the G/N
ratio brought about a phase transition tetragonal-to-cubic struc-
ture of the as-prepared copper ferrite. A close scrutiny of the XRD
pattern of the different samples shows a slight distortion in the
cubic structure which is understood from the peaks observed at
(220)and (400)reflection planes. The intensities of the (2 2 0) and
(400) planes are more sensitive to the cations on tetrahedral and
octahedral, respectively [28,44-46].1t can be observed from Table 1
that the intensity of the (40 0) plane increases with the increase of
the G/N ratio up to 2, which implies that the Cu?* jons have pref-
erentially occupied the B site with a subsequent replacement of
Fe3* by Cu?* ions. The maximum increase in the intensity of the
(400) planes attained 214%. This observation confirms the signifi-
cant increase in both the crystallite size and lattice constant of the
copper ferrite due to the expansion of ferrite lattice depending upon
the ionic radii of Fe3* by Cu2* ions were 0.064 and 0.069 nm, respec-
tively. In fact, the Cu%* ions which otherwise have the tendency to
occupy octahedral site tend also to occupy tetrahedral site. The rise
in the G/N ratio up to 2.67 resulted in a decrease in both the crystal-
lite size and lattice constant of the copper ferrite from 42 and 0.8396
to 22 and 0.8375 nm, respectively. This is referred to migration of
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some Fe3* and CuZ* from A and B sites to B and A sites, respec-
tively, confirming a phase transition cubic to tetragonal structure
of the CuFe, 04 crystallites. Indeed, it is seen from Fig. 2 that the rise
in the G/N ratio led to a progressive increase in the peak height of
lines at d-spacing 0.25 nm relative to tetragonal copper ferrite form
and a decrease in that at d-spacing 0.252 nm characteristic of cubic
copper ferrite form (major phase). This might refer to the transfor-
mation of some cubic phase into tetragonal phase [12]. Moreover a
rapid cooling which may occur statistically at some regions of the
nano-particles might have caused an average and minor distortion
[47].

The changes in the structural and morphological properties of
the as synthesized ferrite resulted in some modifications in their
magnetic properties. The magnetic order of copper ferrite is related
to the inter-granular coupling due to a large fraction of grain bound-
ary volume present in the powders. The grain boundary regions
are an array of dislocations in the material [48]. Thus, the “effec-
tive” grain size could be much larger. The augmentation in the
preparation temperature leads to an increase in the grain size with
a subsequent decrease in the grain boundary volume depending
upon reduce the volume fraction of high angle grain boundary.
This can also be explained by the kinetics of the grain boundary
[48]. The low angle grain boundaries are less mobile compared with
high angle grain boundaries, and therefore, may not collapse even
at high preparation temperatures. Hence, it is expected that the
low angle grain boundaries would be present even when the pow-
ders are heated at high temperatures leading to an inhibition of
grain growth at a particular temperature. It is concluded that the
observed magnetic behaviour in the powders can be ascribed to
inter-granular coupling between grains via low angle grain bound-
aries.

The structural properties of copper ferrite affect their magnetic
properties depending on the sizes of crystallites. Our results show
that the saturation magnetization and remnant magnetization val-
ues of the samples increase with increasing particle sizes which
arise from spin non-colinearity at the surface of the crystals while
the coercivity field values have no similar orderliness. The energy
of a magnetic particle in the external field is proportional to its
particle sizes via the number of molecules in a single magnetic
domain. Therefore, the decrease in the values of Ms and M; with
the decrease of particle sizes can be attributed to surface effects
that are the result of finite-size scaling of nano-crystallites [49].
Indeed, the lower Ms and M; values for the sample C5 associated
with the particles with smaller size could be attributed to two fac-

Magnetic moment, N,

1 1
0.0 0 1 2
Ratio of G/N

Fig. 7. Variation of magnetic moments of the investigated solids with the G/N ratio.

tors. First, surface distortion due to the interaction of transition
metal ions with the oxygen atoms in the spinel lattice can reduce
the net magnetic moment in the particle. This effect is especially
prominent for the ultra-fine particles due to their large surface
to volume ratio [50]. Second, the magneto-crystalline anisotropy
of the particles is dependent on the degree of the crystallinity of
the nano-particles. A large proportion of crystal defects and dis-
locations can occur within the lattice of the sample C5. This will
cause a significant reduction of the magnetic moment within the
particles as a result of the magneto-crystalline anisotropy distor-
tion.

Indeed, the experimental values of the magnetic moment (Ng)
expressed in Bohr magnetron are determined and illustrated in
Fig. 7. This figure shows the relation between the magnetic moment
and the G/N ratio. It can be seen from this figure that the increase in
the G/Nratioup to 2 led to anincrease in the magnetic moment then
it decreased by increasing the G/N ratio above this limit. The change
in the magnetic moment could be attributed to A-B interaction and
migration of some copper ions in copper ferrite depending on the
presence of non-collinear arrangement on the B sub-lattice which
is reflected in magnetization measurements due to the randomly
canted structure present in ferrite system. However, increasing
the G/N ratio up to 2.67 resulted in the partial conversion of
cubic copper ferrite phase to its tetragonal form depending on
frozen of part of the Cu?* ions in tetrahedral sites. Close to ther-
modynamic equilibrium at room temperature, the copper ferrites
may be described by the structural formula Fe3*[Fe3*Cu2*]042-,
in which the octahedral cations are placed inside square brackets.
The spinel lattice is thus highly distorted because of a cooperative
Jahn-Teller effect arising from the octahedral cupric ions [51]. Part
of the Cu?* ions can be frozen in tetrahedral sites when the fer-
rites are quenched in air from temperatures higher than 400°C
[29]. The resulting ferrites show a smaller tetragonal distortion
since a great proportion of the cupric ions are located on tetra-
hedral sites. Finally, Cu-ferrite powders can be stabilized in either
tetragonal or cubic phase even at room temperature depending on
nature and conditions of preparation process [7,12,15,18,52-57].
This study revealed that the CuFe,04 crystallites can be stabilized
in cubic phase with the G/N ratio in the range of 0.67-2 and also
stabilized in mixture of cubic and tetrahedral phases above this
limit.

5. Conclusions

We have successfully prepared nano-crystalline Cu-ferrites with
tunable magnetic properties. The influence of the preparation tem-
perature, via changing the ratio between glycine and nitrates (G/N),
on the magnetic properties and crystallite size of the ferrite samples
synthesized by the combustion method was investigated with the
aim of tuning the magnetic properties and greatly expanding the
range of applications. Our results showed that this method facil-
itates the magnetic tunability of the Cu-ferrite nano-particles by
using the proper the G/N ratio. The Cu-ferrite samples obtained by
this method had the single-phase spinel structure and good mag-
netic properties. The magnetic properties of the ferrite samples
were strongly affected by the G/N ratio as a consequence of the
gradual increase in the crystallinity and particle size. Particle sizes
of the samples increased with the G/N ratio. The magnetization val-
ues of the samples increase with the increase of the particle sizes.
This observation is more pronounced for the sample containing a
single cubic copper ferrite when the G/N ratio has the value of 2. On
the other hand, the combustion method displays magnetic copper
ferrite in the range of nano-scale comparing of bulk ferrite prepared
by ceramic route.
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