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T INTRODUCTION

Magnetic oxide systems, such as ferrites, have been of
considerable interest to many researchers in the past owing to
tunable properties. The main constituents of ferrite are iron
oxide (Fe2O3) and metal oxide (MO), which may be divalent
metal ions like Co, Ni, Zn, etc. or rare earth ions like Gd, Dy, Y,
etc. or large divalent ions like Ba, Ca, Sr, etc. [1-3]. The crystal
structure of ferrite emerges into three groups, namely spinel
ferrite, garnet and hexagonal ferrite.

Ferrite exhibits magnetic properties like saturation magne-
tization, coercivity and remanence magnetization [4]. On the
basis of coercivity values, ferrites are of two types viz. soft ferrite
and rigid ferrite [5]. Ferrites with coercivity less than 1000 Oe
are known as soft ferrites [6], while those with coercivity grea-
ter than 1000 Oe are known as hard ferrites [7]. Several resea-
rchers have extensively studied spinel ferrite, which belongs
to the soft ferrite category [8]. Rare earth garnet and hexagonal
ferrite belong to the hard ferrite [9]. The important features of
spinel ferrite include high electrical resistance, low energy loss
from eddy currents, strong magnetization, high permeability,
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In present study, we focus on the synthesis of cobalt ferrite (CoFe2O4) magnetic nanoparticles via wet chemical sol-gel self-ignition
method using black pepper (Piper nigrum) as a fuel. The X-ray diffraction (XRD) investigations verified the mono-phase evolution of the
simple cubic FCC type spinel structure. The crystal structure parameters, such as lattice constant (a = 8.386 Å), lattice strain, microstrain,
stacking fault, etc. are obtained from XRD data and making use of the Williamson-Hall (W-H) plot. The Debye-Scherrer’s formula
estimated crystallite size to be approximately 22.53 nm. The results of cation distribution suggest that cobalt ferrite have spinel structure
with inverse nature. FTIR spectrum shows the two prominent absorption bands within 400 to 600 cm–1 range. The morphological study
shows the spherical nature of the particle with a grain size of 14 ± 2.01 nm. Raman spectra reveal the Raman modes, viz. (A1g + Eg + 3T2g).
Enhancement in saturation magnetization and decrement in coercivity were observed through the M-H curve.
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strong magneto-crystalline anisotropy, low dielectric constant,
moderate band gap, ability to conduct electricity and compati-
bility with living tissues [10-13]. The mentioned features of
spinel ferrite are of interest from the point of view of their appli-
cations.

Spinel ferrites are used in transformer cores [14], antenna
rods [15], sensors [16], magnetic data storage [17], telecomm-
unications [18], etc., due of its better electrical, dielectric [19],
optical and magnetic properties [20]. Many researchers have
investigated the electrical resistivity dielectric constant, satura-
tion magnetization, coercivity of spinel ferrite for various appli-
cations [21]. The properties of spinel ferrites differ between
bulk and nano-sized forms. The nano-sized ferrite shows exce-
llent properties such as a smaller size of the order of 10–9 m,
chemical stability, greater reactivity at the atomic and molecular
level, a large surface-to-volume ratio, less toxicity, biocompa-
tibility, reusability, etc. Synthesis procedure, cations occupan-
cies, their nature, etc. affects the features of nanocrystalline
spinel ferrites [22-25].

In nanotechnology, the bottom-up approach and the top-
down approach are used to synthesize nanomaterials. Ball
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milling, thermal evaporation, laser ablation, sputtering, etc.
belong to the top-down approach [26]. The low temperature
solution-based techniques like chemical co-precipitation, sol-
gel synthesis, hydrothermal, microemulsion, etc. belong to the
bottom-up approach [27]. Among these methods, sol-gel auto-
combustion synthesis are of significant interest to several resea-
rchers. These method uses nitrates as a reagent and citric acid,
glycine, dextrose, etc. as a fuel/chelating agent. At the same
time, the method has some drawbacks, like the evolution of
toxic gases [28]. Hence, in recent years, the green synthesis
approach has been developed to reduce the evolution of toxic
gases. The green method mostly uses the extract of the plants,
fungi, algae, etc. as a source of fuel [29]. The use of biogenic
fuel not only helps in reducing the toxic gases but also influen-
ces the morphology of the nanoparticles [30].

In addition to the method of preparation, the cation distri-
bution is also important and strongly influences the crystal stru-
cture, microstructural and ferromagnetic properties of spinel
ferrite. X-ray diffraction and neutron diffraction are the most
powerful techniques to probe the cationic arrangement [31,32].
In light of above facts, it is decided to prepare CoFe2O4 ferrite
with nanosize by sol-gel self-ignition technique to study the
crystal structure, cation distribution, infrared, Raman, morpho-
logical and magnetic properties using standard techniques.

EXPERIMENTAL

AR grade hydrated cobalt nitrate and hydrated ferric nitrate
having the chemical formula (Co(NO3)2·6H2O) and (Fe(NO3)3·
9H2O), respectively were used as a raw material for the synth-
esis of cobalt ferrite nanoparticles. Ammonia was used to main-
tain the pH of the mixed nitrate solution and citric acid was
used as a fuel.

General procedure: In this work, the synthesis of cobalt
ferrite (CoFe2O4) magnetic nanoparticles was carried out by
using a green and eco-friendly route involving black pepper
extract instead of conventional citric acid. Initially, cobalt and
ferric salts dissolved in deionized water and were mixed together,
followed by the addition of black pepper extract, which acts
as a natural reducing and stabilizing agent. The resulting mixture
forms a clear solution and to maintain the neutral pH and facili-
tate further reactions, ammonia solution was added until the
pH reaches around 7. And then the solution was continuously
agitated at 80 ºC, which led to the formation of sol and later, a
viscous gel. The gel was further heated above 100 ºC for 0.5 h.
At this temperature, the gel self-ignited producing large heat
for few seconds and converting into ash. This resultant ash like
powder is a desired product.

Detection methods: The XRD method was employed to
examine the crystalline characteristics and phase pure forma-
tion. The crystallographic parameters were analyzed using an
Ultima IV X-ray diffractometer from Rigaku Ultima IV, Japan.
The X-ray diffraction patterns were measured over a 2θ range
from 10º to 80º, utilizing CuKα radiation. Fourier-transform
infrared (FTIR) spectrum was measured in the range from 400
to 4000 cm–1 at ambient temperature. The field emission scan-
ning electron microscopy (FESEM) technique was used to study
the surface morphology. The presence of the elements in sample

was evaluated through energy dispersive X-ray analysis (Carl
Zeiss Sigma field 300 microscope using an airlock chamber,
Cambridge, UK). An X-ray Omicron ESCA, produced by Oxford
Instrument Germany, was employed to record the data via photo-
electron spectroscopy (XPS). Raman spectra were taken with
an Invia Confocal Raman microscope (Renishaw Gloucester-
shire, GL12 8JR, UK) using a 785 nm light source with a power
of 1 mW and 10 measurements. The VSM technique was emp-
loyed to evaluate various magnetic parameters temperature
using PPMS system (quantum design) at room temperature.

RESULTS AND DISCUSSION

X-ray diffraction: The X-ray diffraction (XRD) pattern
was taken from 10º to 80º at 300 K. The XRD pattern (Fig. 1)
shows the diffraction peaks oriented at Bragg angles 30.10º,
35.47º, 37.07º, 43.12º, 53.53º, 57.05º and 62.65º, which are
related to (220), (311), (222), (400), (422), (511) and (440),
respectively. The intense and slightly broader diffraction peaks
correspond to a simple cubic structure. The XRD pattern reve-
aled no additional peaks beyond the cubic phase, thereby confir-
ming the single-phase crystal structure and also closely matches
JCPDS card no. 22-1086 [33]. The Scherrer equation was app-
lied to estimate the crystallite size, with the (311) peak display-
ing the maximum intensity [34].

K
t

cos

λ=
β θ (1)

where notations have their usual meaning.
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Fig. 1. XRD spectrum for CoFe2O4 nanoparticles

Based on the above equation, the crystallite size of approxi-
mately 22.528 nm.

Lattice constant (a): The crystal structure parameter lattice
constant (a) can be obtained using eqn. 2 [35]:

2 2 2d·α = + +h k l (2)

where d is used to represent the interplanar spacing and (h k l)
represents the Miller indices.
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The lattice constant calculated from the above relation is
found to be of the order of 8.386 Å, which is in close agreement
with the literature values [36]. Using the lattice constant values,
the unit cell volume V was also calculated and is obtained to
be 589.784 Å3.

The other crystal structure parameters, X-ray density was
also estimated by using eqn. 3 [35]:

x
A

Z M
d

V N

×=
× (3)

where notations have their usual meaning.
The X-ray density is inversely proportional to the lattice

constant. All the determined values of crystallite size, lattice
constant, etc. standard parameters are tabulated in Table-1.

TABLE-1 
VALUES OF CRYSTALLITE SIZE (t) (nm), LATTICE  

CONSTANT (a) (Å), X-RAY DENSITY (dX) (g/cc) AND UNIT  
CELL VOLUME (V) (Å3) FOR CoFe2O4 NANOPARTICLES 

Sample t (nm) a (Å) dx (g/cm3) V (Å3) 

CoFe2O4 22.53 8.386 5.285 589.784 
CoFe2O4 [37] 26 8.389 4.650 590.38 

 
Williamson-Hall (W-H) plot: The Williamson-Hall (W-

H) plot is dependent on the size and strain broadening. Fig. 2
depicts the W-H plot of the present cobalt ferrite nanoparticles.
The plot exhibits a straight line and follows the equation [38]:

W H

k
4sin

D −

λβ = θ +hkl (4)

where notations have their usual meaning.
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Fig. 2. W-H plot for CoFe2O4 nanoparticles

The slope of the plot gives the value of microstrain (ε)
and the extrapolated intercept on the y-axis gives the crystallite

size. The obtained value is similar to that reported in the liter-
ature [39].

Dislocation density: The dislocation density is the number
of dislocations per unit volume or per unit area in a material,
essentially measuring the concentration of these lattice defects.
The dislocation density is defined by using eqn. 5 [40]:

2

1

D
δ = (5)

Stacking fault: The other microstructural parameter stac-
king fault (SF) was also determined and is considered as a planar
defect in a crystal structure in which the regular stacking sequ-
ence of atomic layers is disturbed, resulting in a local error in
the crystal lattice [40].

22
SF

45 3tan

π=
θ

(6)

Lattice strain: Lattice strain (LS) refers to the deviation
of a crystal lattice from its ideal, unstrained state due to the imper-
fections like dislocations or variations in atomic spacing [40].

LS
4 tan

β=
θ

(7)

The obtained values of micro-strain, stacking fault, dislo-
cation density and lattice strain are given in Table-2 and are
agreed fairly well with the literature values [40].

Cation distribution: The crystal structure parameters and
various magnetic characteristics such as saturation magneti-
zation, coercivity, etc. are sensitive to the arrangement of cations
located at [A] site and [B] site. The X-ray diffraction method
is applied to study the cation distribution of cobalt ferrite nano-
particles. The method is based on the comparison of observed
X-ray intensity ratio and calculated intensity ratio for a given
(hkl). The Burger’s formula (eqn. 8) was used to estimate the
X-ray intensity (I) [43]:

2

pI P L= ∗hkl hkl (8)

where notations have their usual meaning [43]. The Lp is given
by eqn. 9:

2

P 2

1 cos 2
L

sin cos

+ θ=
θ θ

(9)

Intensity was calculated for various possible arrangements
of cations in [A] site and [B] site (Table-3). The calculated inten-
sity ratio is compared with the observed intensity ratio. The
close agreement between observed intensity ratio and calcu-
lated intensity ratio for a given distribution of cations is assumed
to be the possible cation distribution. The results of cation
distribution are mentioned  in Table-4.

FTIR: Fig. 3 illustrates the FTIR of prepared cobalt ferrite
nanoparticles measured in the 4000-400 cm–1 region. The two

TABLE-2 
VALUES FOR MICROSTRUCTURAL PARAMETERS LIKE DISLOCATION DENSITY (δ) (lines/m2), LATTICE STRAIN (LS),  

STACKING FAULT (SF), MICRO STRAIN (ε) AND CRYSTALLITE SIZE FROM W-H PLOT (tW-H) (nm) FOR CoFe2O4 NANOPARTICLES 

Sample δ (lines/m2) LS SF ε tW-H (nm) 

CoFe2O4 19.7 × 1014 4.98 × 10–3 0.4480 1.59 × 10–4 23.26 
CoFe2O4 [41,42] 7.82 × 1014 5.00 × 10–3 0.40 5.60 × 10–4 19 

 

[37]

[41,42]
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TABLE-3 
VALUES OF MILLER INDICES PLANE (hkl), OBSERVED AND 
CALCULATED INTENSITY, POLARIZATION (P), LORENTZ 
POLARIZATION FACTOR Lp FOR CoFe2O4 NANOPARTICLES 

2θ (º) Plane  
(h k l) 

I (Obs.) I (Calc.) P Lp 

43.12 (400) 2719.109 10394900 6 12.202 
53.53 (422) 1252.467 455625.85 24 7.474 

 
TABLE-4 

CATION DISTRIBUTION, INTENSITY RATIOS (OBSERVED  
AND CALCULATED) FOR CoFe2O4 NANOPARTICLES 

Site [A] Site [B] 
(422)

(400)

I (Obs.)

I (Obs.)
 (422)

(400)

I (Cal.)

I (Cal.)
 

(Fe) [CoFe] 0.2506 0.4606 
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Fig. 3. FTIR spectra for CoFe2O4 nanoparticles

absorption bands at 545 cm–1 and 395 cm–1 are observed, which
characterize the spinel structure. According to Waldrone’s
analysis, the high-frequency band ν1 is assigned to the intrinsic
vibrations of the tetrahedral [A] site and the low-frequency
band is attributed to the intrinsic vibration of octahedral [B]
site. Similar absorption bands are observed in other spinel
ferrites. The values of band frequencies ν1 and ν2 are given in
Table-5 and are used to calculate the force constants Kt and Ko

using the standard relation (eqn. 11):

TABLE-5 
VALUES OF INFRARED VIBRATIONAL MODES  

(ν1 AND ν2), FORCE CONSTANTS (Kt AND ko) 
FOR CoFe2O4 NANOPARTICLES 

Composition (x) ν1 (cm-1) ν2 (cm-1) kt (N/m) ko (N/m) 

CoFe2O4 545 395 217.94 129.26 
CoFe2O4 [44] 611 434 1.810*102 96.10 

 
2 2 2 2k 4 c v  N/m= π µ (11)

To calculate the force constant (k), the cation distribution
given in Table-4 is also used. The obtained values of the force
constants are given in Table-5 and are in good agreement with
the values reported in the literature.

Morphological studies: Fig. 4 illustrates the surface morp-
hology, particle size distribution, and elemental composition
of the synthesized cobalt ferrite (CoFe2O4) nanoparticles. The
FESEM micrograph shows that the CoFe2O4 nanoparticles
have a somewhat agglomerated, roughly spherical shape,
which is typical of ferrite nanoparticles because of their high
surface energy and magnetic interactions. With no notable
irregularities or sizable clusters, the particles seem to be evenly
dispersed, suggesting a rather regulated synthesis process.
Based on many measurements of the particles in the FESEM
picture, the particle size distribution histogram reveals that
the bulk of the particles lie within a small size window, having
average particle size of 15 nm. This indicates high homogeneity
and validates that the synthesized cobalt ferrite is nanoscale.
The EDX spectrum provides additional evidence of the
sample’s elemental content. Strong peaks that represent iron
(Fe), cobalt (Co) and oxygen (O) are seen, confirming that
CoFe2O4 was successfully formed. Other notable elemental
peaks are absent, indicating that the produced nanoparticles
are highly pure.

Raman spectroscopy: Synthesized CoFe2O4 spinel ferrite
nanoparticles have Raman modes at 297.33 cm–1, 468.19 cm–1,
560.37 cm–1, 610.75 cm–1 and 690.99 cm–1, as shown in Fig. 5.
According to group theory analysis, 5T1u + A1g + Eg + 3T2g

modes can be found [45], with the 5T1u modes being IR active
and the other five (A1g + Eg + 3T2g) modes being Raman active,
consisting of O ion mobility and both A-site and B-site ions in
the spinel structure. The A1g, Eg and T2g models correspond to
the symmetric stretching of O2– ions, symmetric bending of
O2– ion and asymmetric stretching of O2– ions, respectively.
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Fig. 4. FE-SEM image, histogram and EDX spectra of CoFe2O4 nanoparticles
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Furthermore, the symmetric stretching of the oxygen anion is
associated with the A1g mode, symmetric bending with the Eg

mode and asymmetric stretching with respect to the tetrahedral
and octahedral cations with the T2g mode [46].

Vibrating sample magnetometer: Fig. 6 depicts the plot
of saturation magnetization against applied magnetic field for
cobalt ferrite (CoFe2O4) nanoparticles at ambient temperature.
The observed magneton number was calculated using eqn. 12
[47]:
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Fig. 6. VSM plot for CoFe2O4 nanoparticles

The Neel’s magnetic moment was also calculated using
the relation given below [48]:

N
B B An M M= − (13)

To determine MB and MA, the distribution of cations and
the magnetic moments of Fe3+ and Co2+, which are 5 µB and 3
µB, respectively and the values are tabulated in Table-6.

In certain ferromagnetism materials, the magnetization
curve does not intersect the origin; rather, it generates a loop
representing magnetization in response to an applied magnetic
field (M-H). Since the M-H loops do not pass through the origin,
they maintain a magnetization value at zero applied magnetic
field, which is known as remnant magnetization (Mr). The aniso-
tropic constant K was determined by following the relation
and their values are given in Table-6. It is seen that the aniso-
tropic constant decreases with decrease in coercivity.

c sH M
K

0.98

∗= (14)

Conclusion

The sol-gel synthesis approach has been successfully emp-
loyed to prepare the cobalt ferrite nanoparticles in a single phase
using black pepper (Piper nigrum) extract as green fuel which
also acts as a cheleting agent.The crystal structure is FCC type
cubic structure.The lattice constant and several other structural
parameters are also evaluated to gain deeper insights into the
prepared material’s characteristics. FTIR analysis confirmed
the formation of spinel ferrite nanoparticles in pure form. Raman
spectrum with five active modes reveals the formation of cobalt
ferrite nanoparticles. Surface studies through FESEM reveal
a grain-like structure with a grain size of 14 ± 2.02 nm. EDX
analysis suggests the presence of all the ions in stoichiometric
proportion. The M-H plots exhibit enhancement in magnetiza-
tion and decrement in coercivity as compared to the bulk ferrite.
The inverse spinel structure was confirmed through cation
distribution studies.
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