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a  b  s  t  r  a  c  t

The  effect  of  fuel  characteristics  on  the processing  of nano-sized  cobalt  ferrite fine  powders  by  the  com-
bustion  technique  is  reported.  By  using  different  combinations  of  glycine  fuel and  metal  nitrates,  the
adiabatic  flame  temperature  (Tad) of  the  process  as well  as  product  characteristics  could  be  controlled
easily.  Thermodynamic  modelling  of the combustion  reaction  shows  that  as  the  fuel-to-oxidant  ratio
increases,  the  amount  of  gases  produced  and  adiabatic  flame  temperatures  also  increases.  The  powders
eywords:
anostructured materials
hemical synthesis
hermodynamic properties
canning electron microscopy

obtained  by  combustion  were  characterized  by X-ray  diffraction  (XRD),  scanning  electron  microscopy
(SEM),  thermo  gravimetric  analysis  and  differential  thermal  analysis  (TG–DTA),  transmission  electron
microscope  (TEM)  and  vibrating  sample  magnetometer  (VSM)  measurements.  The  particle  size  of  phase
pure cobalt  ferrite nanoparticles  was  found  to be <40  nm  in  this  investigation.  The effects  of  glycine  addi-
tion  with  stoichiometric  (�  = 1),  fuel  lean (� < 1) and  fuel  rich  (�  >  1)  precursor  batches  were  investigated
separately.
. Introduction

Spinel ferrite nanoparticles are being intensively investigated
n recent years because of their remarkable electrical and magnetic
roperties having wide practical applications in information stor-
ge system, ferrofluid technology, magnetocaloric refrigeration and
edical diagnosis [1].  Among the spinels, cobalt ferrite (CoFe2O4) is

 candidate of particular interest due to its high saturation magne-
ization, high coercivity, strong anisotropy and excellent chemical
tability. It is well known that most of the physical and chemical
roperties of ferrites depend strongly on the size, shape, composi-
ion and microstructure of the particles which are sensitive to the
reparation methodology and preparative parameters used in their
ynthesis [2,3].

In recent years, synthesis of CoFe2O4 nanoparticles of desired
ize and magnetic properties has been the subject of investiga-
ion by many researchers. Several synthesis methods such as forced
ydrolysis [4],  co-precipitation [5],  polyol [6], combustion reaction
7] and sonochemical [8] have been suggested for nanocrystalline
oFe2O4 preparation.
Among various methods for synthesizing ferrites, the combus-
ion method stands out as an alternative and highly promising

ethod [9].  Though co-precipitation is known for synthesis of fine

∗ Corresponding author. Tel.: +91 231 2601202/35; fax: +91 231 2601595.
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© 2011 Elsevier B.V. All rights reserved.

cobalt ferrite nanoparticles, it does require careful control upon
pH of the solution, concentration and temperature like parameters.
On the other hand, in combustion method, it is easy to control the
stoichiometry and crystallite size, which has an important influ-
ence on the magnetic properties of the ferrite. Combustion method
is a low temperature synthesis technique that offers a unique
mechanism via a highly exothermic redox reaction to produce
oxides. The powder characteristics such as crystallite size, surface
area, size distribution and nature of agglomeration are primar-
ily governed by enthalpy or flame temperature generated during
combustion which itself dependent on the nature of the fuel and
fuel-to-oxidizer ratio. Among the various control parameters in a
combustion process, fuel plays an important role in determining the
morphology, phase, and particulate properties of the final product.
Many researchers have reported combustion synthesis of CoFe2O4
nanoparticles [7,10–14]. It reveal that only glycine as a fuel was
preferred to initiate the combustion reaction because of its high
negative combustion heat (−3.24 kcal g−1) as compared to urea
(−2.98 kcal g−1) and citric acid (−2.76 kcal g−1) [15]. Highly pure
and uniform particles are essential to get the good performance
of the materials with low preparation cost. With this aim, in the
present work, the simple auto-combustion technique with glycine
as a fuel is employed to synthesize CoFe2O4 nanoparticles, which
neither requires sophisticated instrument nor the high sintering

temperature.

Though nanosized CoFe2O4 were reported by combustion in
literature, there is hardly any information available on the effect
of reactant composition on the properties of final product. In this

dx.doi.org/10.1016/j.jallcom.2011.10.094
http://www.sciencedirect.com/science/journal/09258388
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ig. 1. Flow chart for synthesis of CoFe2O4 nanoparticles using proposed combus-
ion  method.

ork, the study of reaction composition, reaction phenomena, and
roduct characteristics are undertaken in terms of fuel to oxidizer
atio.

. Experimental

.1. Synthesis

The nanoparticles of cobalt ferrite were prepared by combustion method. Ana-
ytical grade cobalt nitrate [Co (NO3)2·6H2O] (99.8%), ferric nitrate [Fe(NO3)3·9H2O]
99%) were taken as oxidants while glycine [CH2NH2COOH] (98%) was  employed as
uel to drive the combustion reaction.

According to propellant chemistry, the oxidizing and reducing valences of dif-
erent elements are as follows: C = 4, H = 1, O = −2, N = 0, M = 2, 3, etc. Generally in
ase of ferrites, the oxidizing valence of a divalent metal nitrate M(NO3)2 becomes
10; and that for trivalent metal nitrate M(NO3)3 becomes −15, which should be
alanced by total reducing valences of fuel; glycine CH2NH2COOH, which adds up
o  +9. Hence in order to release maximum energy, the stoichiometric composition
f  redox mixture for the reaction requires −40 + 9m = 0 or m = 4.44 mol  of glycine
15,16].  Thus in order to prepare CoFe2O4, the reactants should be combined in

 molar proportion of 1:2:4.44 of Co (NO3)2·6H2O:Fe (NO3)3·9H2O:CH2NH2COOH,
espectively. Under equilibrium condition, combustion reaction can be expressed
s  follows:

Co(NO3)2·6H2O + 2Fe(NO3)3·9H2O + 4.44�NH2CH2COOH

+ (9.99� − 10)O2(g) → CoFe2O4+8.88�CO2(g) + (24 + 11.1�)H2O(g)

+ (4 + 2.22�)N2(g)(28 + 22.2�)moles of gas (1)

here � is the multiplication factor in order to get fuel lean (� < 1), fuel stoichio-
etric (� = 1), and fuel rich condition (� > 1). In above reaction � = 1 represents
/N  = 4.44/3 = 1.48 and it is the stoichiometric condition for present case (i.e. the

atio at which oxygen content of oxidizer can be reacted to consume fuel entirely
nd no heat exchange is required for the complete reaction).

In  typical procedure, the stoichiometric amounts (G/N = 1.48) of cobalt nitrate,
erric nitrate and glycine were taken in a glass beaker. The precursors resulted in
lurry after mixing for 15 min  due to hygroscopic nature of the metal nitrates. The
eaker was  then kept on hot plate preheated to 200 ◦C. The whole combustion reac-
ion  process was  complete in less than 15 min  whereas actual time of ignition was
ess than 5 s. During combustion, a great deal of foams produced and spark appeared
t  one corner which spread out through the mass, yielding a voluminous and fluffy
roduct in the beaker. The general flow chart of the synthesis process is shown in
ig.  1. In the present paper, glycine to nitrate (G/N) molar ratio has been varied
s  0.74, 1.48 and 2.22 to obtain fuel lean, stoichiometry and fuel rich conditions,
espectively. This synthesis route was without any subsequent heat step.

.2. Characterization

Thermo gravimetric analysis and differential thermal analysis of stoichiomet-
ic  precursors have been carried out with the help of transanalytical instrument
SDT 2960) operated in temperature range 35–1000 ◦C with heating rate of 10 ◦C

er minute in flowing air ambience. Crystallite phase identification and crystalline
ize determination of combusted nanoparticles were carried out by using Philips
W-3710 automated X-ray diffractometer equipped with a crystal monochromator
mploying Cr-K� radiation of wavelength 2.28970 Å. The crystallite size (D) was
d Compounds 514 (2012) 91– 96

calculated from X-ray line broadening of the (3 1 1) diffractions peak using Debye
Scherrer formula

D = 0.9�

 ̌ cos �
(2)

where  ̌ is the full-width at half maxima of the strongest intensity diffraction peak
(3  1 1), � is the wavelength of the radiation and � is the angle of the strongest char-
acteristic peak. Surface morphology of the synthesized nanoparticles was observed
with  JEOL JSM 6360 SEM with magnification of about 15,000×.  The particle size of
the  CoFe2O4 nanoparticles was measured with TEM (Philips CM 200 model, operat-
ing  voltage 20–200 kV, resolution 2.4 Å). The magnetic characterizations were done
by  VSM (Lake Shore 7307 model) under the applied field of ±9000 Oe at room
temperature.

3. Results and discussion

3.1. TG–DT analysis

The simultaneous TG–DTA curves of the stoichiometric metal
nitrates without glycine (fuel) and stoichiometric metal nitrates
with glycine were shown in Fig. 2A and C, respectively. From
Fig. 2A, it is observed that metal nitrates (i.e. Co(NO3)2·6H2O and
Fe(NO3)3·9H2O) can be completely decomposed into their respec-
tive oxides above 250 ◦C with weight loss of ∼75%. The TG–DTA
curve for pure glycine is shown in Fig. 2B. The DTA curve of pure
glycine contains sharp endothermic peak at about 280 ◦C with
weight loss of about 63% and three exothermic peaks in tem-
perature range of 300–600 ◦C accompanied with 37% weight loss
corresponding to complete decomposition of carbonaceous matter.

In TG–DTA curve of metal nitrates with glycine (Fig. 2C) it is
observed that, there is presence of small endothermic peak at
130 ◦C accompanied with ∼2% weight loss which was attributed
to vaporization of inner water. The exothermic peak with sharp
weight loss observed around 176 ◦C (Fig. 2C) indicates occur-
rence of combustion reaction during the decomposition of the
nitrate–glycine dried gel. The requirement of lower temperature for
the combustion reaction using glycine as a fuel may  be due to higher
value of heat of combustion of glycine [17]. The observed weight
loss associated with the exothermic reaction is approximately 56%.
No weight loss is observed after the combustion reaction giving a
product free of residual reactants and carbonaceous matter. The
total weight losses observed in TGA plot of precursors is ∼74%
whereas the expected weight loss corresponding to the complete
conversion of precursors to CoFe2O4 is ∼83% which is in good agree-
ment with the value calculated from Eq. (1) [14]. By accompanying
the TG–DTA curves of the metal precursors with and without fuel,
it can be suggested that acceleration of the reaction rate (i.e. slope
of weight loss curve is very steep) and lowering of the decomposi-
tion temperature may  be attributed to the presence of nitrate ions
in the precursor since NO3

− ions provide an in situ oxidizing envi-
ronment for the oxidation of the organic reaction temperature and
increase in reaction rate results in a combustion reaction of the
glycine–nitrate precursor.

3.2. Combustion mechanism and thermodynamic consideration

There would be different mechanism of combustion reaction
with different fuel-oxidizer combinations. When a mixture con-
taining oxidizer and fuel with required stoichiometry is heated
rapidly at or above the temperature of exothermic decomposition
of fuel, it undergoes melting and dehydration initially. Later on this
mixture foams due to the generation of gaseous decomposition
products as intermediates and leads to enormous swelling. The
gaseous decomposition products would be a mixture of nitrogen

oxides, NH3, and HNCO. These gases are known to be hypergolic in
contact with each other. The foam could be made up of polymers
like cyanuric acid, polymeric nitrate, etc. which are combustible.
Consequently, the foam breaks out with a flame because of the
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�H◦ = 459.93 + �(−1122.71) (5)

Using the thermodynamic data from Table 1, Eqs. (3) and (5),
adiabatic flame temperature (Tad) for various � values can be

Table 1
Thermodynamic data required for calculating adiabatic flame temperature.

Compound H◦
f (kcal mol−1) Cp (cal mol−1 K−1)

Co(NO3)2·6H2O −528.49 –
Fe(NO3)2·9H2O −785.2 –
H2O(g) −57.79 7.2 + 0.0036T
O2 (g) 0 5.92 + 0.00367T
Fig. 2. TG–DTA curves of the (A) precursors (mixture of metal nitrates without

ccumulation of the hypergolic mixture of gases. With an in situ
emperature build-up of >1000 ◦C the whole foam further swells
nd burns with flames. At such a high in situ temperature, the foam
ecomposes to maximum yield product. However, in cases where
he gases responsible for combustion are allowed to escape or when
heir densities are less or the required temperature is not met, the
ombustion does not occur with a flame. The foam only sustains
ombustion but itself does not initiate ignition. In addition, if the
ixture is heated at a slow rate the flame does not appear, since

he time required to reach the ignition temperature is longer and
ll the gases responsible for combustion escape the foam [18].

In order to study relative exothermicity of combustion reaction
nvolving different G/N ratio, a simplified thermodynamic approach
as been taken. The calculations based on thermodynamic con-
iderations have been carried out to predict the exact situations
nd ignition of reaction. Adiabatic flame temperature Tad is used
o define the temperature at which the enthalpies of the products
re equal to those of reactants. If all heat generated heats up the
roduct and no heat exchange take place with the surroundings,
hen Tad can be calculated using the following equations:

 = −�H◦ =
∫ Tad (∑

n.Cp

)
products

dT (3)

298

here Q is the heat absorbed by products under adiabatic condition,
nd Cp is the heat capacity of the products at constant pres-
ure. For adiabatic calculations, room temperature is considered as
e), (B) glycine and (C) precursors gel (mixture of metal nitrates with glycine).

reference, To = 298 K. The change in enthalpy of reaction (�H◦) can
be expressed as:

�H◦ =
∑

n (�H◦
f)

products
−

∑
n(�H◦

f)reactants (4)

where, n is the number of moles and �H◦
f is the enthalpy of for-

mation. Thermodynamic data of various reactants and products is
well available in literature [6,19,20]. For the present case it is listed
in Table 1. Substituting corresponding values from Table 1 in Eq.
(3),  the enthalpy of reaction as a function of the � can be obtained
as follows:
CoFe2O4 −252.0 10.34 + 0.00274T
CO2 (g) −94.05 35.36
N2 (g) 0 6.5 + 0.00100T

Where, T is the absolute temperature.
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Table 2
Effect of fuel-to-oxidizer ratio on moles of gases evolve, heat of formation of product and adiabatic temperature.

Multiplication
factor ‘�’

G/N ratio Heat of formation of product
�H◦

combustion Kcal/mol
Adiabatic flame
temperature Tad in K

Amount of gases produced
during combustion (moles)

0.5 0.74 (fuel lean) −101.425 576.5 39.1
1 1.48  (stoichiometry) −662.780 

1.5  2.22 (fuel rich) −1224.135 
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ig. 3. Typical X-ray diffraction pattern of CoFe2O4 with different G/N ratio (a) for
/N = 0.74, (b) for G/N = 1.48 and (c) for G/N = 2.22.

alculated. The variation of enthalpy and adiabatic flame temper-
ture with the glycine-to-nitrate molar ratio were presented in
able 2. As expected, these values increase substantially with the
mount of fuel used during combustion. The values indicate that
he heat of combustion is significant for all conditions such as fuel
ean, stoichiometry and fuel rich.

The amount of fuel is minimum in case of fuel lean system that
esult in small value of enthalpy as compared to the fuel rich and
uel stoichiometric systems. In fuel lean case there is more oxidants
han reductants, i.e. it sets the system as an over-oxidizing state
here, the excess oxygen must be heated to the product tempera-

ure. Thus the product temperature decreases from stoichiometric
alue indicating the systems departure from equilibrium state
21,22]. Therefore local temperature of the particles in fuel lean case
s minimum and it may  prevent the formation of dense structure.
owever, the associated evolution of gases during the combus-

ion reaction results in highly porous structure. Table 2 shows that,
s G/N molar ratio increases the adiabatic flame temperature and
nthalpy of reaction increases with an increment in the total num-
er of mole of gases evolved during the reaction. Our results tend
o indicate that glycine to nitrate molar ratio plays a predominant
ole for stoichiometric, fuel-lean and fuel-rich compositions.

.3. Structural analysis
The structural properties of CoFe2O4 samples prepared with fuel
ean, stoichiometric, fuel rich conditions were studied by X-ray
iffractometer and the patterns were shown in Fig. 3. In addition,

able 3
he effect of G/N ratio on structural properties of CoFe2O4 nanoparticles.

G/N ratio Crystallite size ‘D’ in nm Lattice constant ‘a’ in

0.74 (fuel lean) 33 0.8364 

1.48  (stoichiometry) 37 0.8376 

2.22  (fuel rich) 38 0.8377 
1717.1 50.2
2445.6 61.3

the selected area electron diffraction (SAED) pattern shown in the
upper right inset of Fig. 3 can be well indexed to (1 1 1), (2 2 0),
(3 1 1), (4 0 0), (4 2 2), (5 1 1) and (4 4 0) of cubic spinel structure,
which is consistent with the result of XRD. The obtained peaks
are well matched with standard JCPDS card no. 22-1086. From the
Debye Scherer formula, it was found that all the samples obtained
are nanocrystalline with the sizes ranging between 30 and 40 nm.
Weak diffraction peak corresponding to formation of Fe2O3 was
observed in case of sample prepared by fuel lean condition (Fig. 3a).
This was  due to the fact that inadequate fuel could not react com-
pletely with metal nitrates to release enough heat to form well
developed phase of CoFe2O4.

XRD data enables us to investigate the role of G/N ratio in mod-
ifying the structural parameters such as crystallite size (D), lattice
constant (a), X-ray density (Dx), unit cell volume (V) for combusted
cobalt ferrite. The estimated values of various structural parame-
ters are given in Table 3. It can be seen from table that the value of
D and V increases linearly with increase in G/N ratio. On the other
hand X-ray density is found to decreases with increase in amount of
glycine. However, there is no remarkable difference in value of lat-
tice constant thereby indicating efficiency of combustion method
for preparation of CoFe2O4 [13]. The observed increase in crystal-
lite size could be attributed to an increase in flame temperature
which assists crystal growth [10]. The observed decrease in den-
sity of resulting product due to increase in glycine content could be
attributed to reduction of oxygen vacancies which play a predom-
inant role in accelerating densification, i.e. the decrease in oxygen
ion diffusion would retard the densification [23].

3.4. Morphological analysis

The morphology of the prepared samples was determined by
SEM and is shown in Fig. 4. These images revealed remarkable
changes in microstructure, regarding grain size, porosity, and par-
ticle distribution by changing G/N ratio. However, the voids and
pores present in the samples are attributed to the release of large
amount of gases during the combustion process. For G/N = 0.74
(Fig. 4a), agglomerated oval shape morphology is observed, while
few semi-spherulitic are also visible. It is clear from Fig. 4b that at
stoichiometric ratio G/N = 1.48, the oval shape vanishes and crys-
tallites scatter in all direction may  be due to evolution of large
amount of heat and initiation of flame. For further increase in
G/N = 2.22, typical porous foam like network is formed probably
due to escaping gases during combustion reaction (Fig. 4c) [20]. It
can be concluded that the morphology of the CoFe2O4 nanopar-

ticles depends highly on amount of glycine added to initiate the
combustion process. When the flame temperature increased using
calculated amount of glycine, a radical change in the microstructure
was observed.

 nm Unit cell volume ‘V’ in nm−3 X-ray density ‘Dx ’ in g/cm3

0.5851 5.1459
0.5876 5.1231
0.5878 5.1213
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Fig. 4. SEM images of CoFe2O4 with different G/N rati

The TEM images of the combusted product (G/N = 1.48 and 2.22)
ere shown in Fig. 5a and b. It shows the typical nearly spheri-

al nanocrystalline CoFe2O4 with which to confirm lower particle
ize distribution in case of fuel rich ratio in comparison with stoi-
hiometric ratio. Furthermore the average particle sizes measured
y TEM for CoFe2O4 particles prepared through stoichiometric and

uel rich systems are ∼34 and 37 nm which is in good agreement
ith the particle sizes calculated by XRD analysis.

Fig. 5. TEM images of CoFe2O4 powder obtained through:
or G/N = 0.74, (b) for G/N = 1.48 and (c) for G/N = 2.22.

3.5. Magnetic properties

The CoFe2O4 with an inverse spinel structure shows ferromag-
netism that originates from magnetic moment of antiparallel spins
between Fe3+ ions at octahedral sites and Co2+ ions at tetrahe-
dral sites [18]. The dependence of the magnetization and magnetic

moment on the grain size is explained on the basis of changes in
exchange interaction between tetrahedral and octahedral lattices.

 (a) the stoichiometric and (b) the fuel rich samples.
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Table 4
The effect of G/N ratio on magnetic properties of CoFe2O4 nanoparticles.

G/N ratio Saturation magnetization
‘Ms’ in emu/g

Remanence magnetization
‘Mr’ in emu/g

Coercivity in ‘Oe’ Mr/Ms

0.74 (fuel lean) 33 17.07
1.48  (stoichiometry) 45 22.91
2.22  (fuel rich) 59 28.09
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ig. 6. Magnetic hysteresis curves measured at room temperature for (a) the stoi-
hiometric and (b) the fuel rich samples.

The hysteresis loops measured at room temperature for as syn-
hesized samples are shown in Fig. 6. These curves are typical
or hard magnetic materials with high saturation magnetization
nd remanence. The saturation magnetization increases from 33
o 59 emu/g and remanence magnetization increases from 17 to
8 emu/g systematically with increase in amount of glycine in
ombustion reaction. The saturation magnetization (Ms), rema-
ence magnetization (Mr), coercivity (Hc) and loop squareness ratio
r/Ms were summarized in Table 4. Clearly the magnetic properties

f CoFe2O4 nanoparticles show dependence upon adopted adia-
atic flame temperature during combustion reaction. From Table 4,
ne can conclude that, the evolution behaviour of Mr and Ms are
ighly depending upon the growth of CoFe2O4 nanoparticles. Both
s and Mr increases with the increase in amount of fuel used in

ombustion. Crystallinity of samples is also found to increase with
ncrease in amount of glycine used for the combustion. The increase
n crystallinity with higher glycine amount results in burst increase
n magnetization values. However, difference in crystallization pro-
ess could influence the distribution of Co2+ ions at octahedral Fe3+

etween tetrahedral and octahedral sites, and then further affect
he super-exchange interaction between two ions. The low magne-
ization value (33 emu/g) is observed for fuel lean condition. This
ould be the consequence of the wide particle size distribution,
here there is a small fraction of super-paramagnetic particles

ontributing to reducing magnetization. The presence of canted
nti-ferromagnetic �-Fe2O3, may  contribute to the reduction in
agnetization.

. Conclusion

A simple wet chemical process based on glycine–nitrate com-

ustion has been studied to demonstrate the effect of G/N molar
atio on the phase stability, microstructure and size of CoFe2O4
anoparticles. The size of the nanoparticles increases linearly with
ame temperature due to coalescence of these particles depending

[

[

[

 1168 0.502
 1051.3 0.509

 820.4 0.47

upon the released heat during combustion process. A thermody-
namic consideration of the combustion reaction shows that when
G/N molar ratio increases, the amount of gas produced and adi-
abatic flame temperature also increases. The much pronounced
effect was observed in case of morphology of the products. The
grain size was found to be increased with an increase in G/N molar
ratio. Increases in number of moles of gases escaped during the
combustion with increasing G/N molar ratios may be responsible
for the formation of fluffy or porous structure of the material. All
of the CoFe2O4 nanoparticles, having their hysteresis loop in the
range of −9000 < Hc < 9000 Oe, with the specific magnetizations 33,
45 and 59 emu/g of for the fuel lean, fuel sufficient and fuel rich
samples, respectively.
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