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Structural and Magnetic Characterization of Ni-Co Mixed Ferrite Nanopowders 
Synthesized via Coprecipitation and Sol-Gel Methods
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Ni0.5Co0.5Fe2O4 nanoparticulate powders were synthesized using coprecipitation and sol-gel methods. 
The crystalline structure of the nanocompounds was determined through X-ray diffraction analysis. 
The chemical composition of the synthesized nanopowders was analyzed using infrared spectroscopy 
measurements. The size, morphology, and aggregation of the nanoparticles were determined from 
electron microscopy images. The magnetic properties of the nanocompounds were studied through 
magnetization measurements as a function of temperature and applied magnetic field. The synthesized 
powders consist of aggregates of nanoparticles with mean particle sizes of 24 nm and 43 nm, with 
those synthesized using the coprecipitation method being smaller. The compounds exhibited a single 
crystalline phase corresponding to the cubic spinel structure, with a unit cell parameter of approximately 
8.35 Å and an inversion parameter with values of 0.94 and 0.95. The synthesized Ni-Co mixed ferrites 
presented an ordered magnetic behavior below 320 K, with the nanoparticles being in the blocked 
magnetic regime.
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1. Introduction
Ferrites are magnetic materials that can be used in a wide 

variety of applications in various fields, such as medicine and 
electronics1,2. In medicine, they can be utilized as magnetic 
resonance contrast agents to obtain high-resolution medical 
images. Additionally, they can serve as heating agents to 
destroy cancerous tumors in magnetic hyperthermia therapy3,4. 
In electronics, they find application in the manufacturing of 
magnetic field sensors and data storage devices, such as hard 
drives and magnetic tapes. Moreover, they are utilized in the 
production of permanent magnets and electronic devices, 
including inductors, transformers, and signal filters5.

Reducing the size of materials to the nanoscale can 
endow them with novel and interesting physical and chemical 
properties that differ significantly from those they present 
as bulk materials. Unusual phenomena such as quantum 
confinement, or behaviors such as superparamagnetism, 
arise from the material’s nanoscale dimensions. The high 
surface-to-volume ratio inherent to nanoparticles makes 
them highly attractive for a variety of applications in 
biomedicine, catalysis, electronics, sensors, and other 
fields3,6. Ferrite nanoparticles are promising for applications 
in environmental catalysis due to their high specific surface 
area, chemical stability, and interesting and unique magnetic 
properties. Among the potential applications of nanoferrites 
in environmental catalysis is the removal of organic and 
inorganic contaminants in water and air. For example, they 
can be used in treating water contaminated with heavy metals 
or controlling polluting gas emissions like carbon monoxide 
and nitrogen oxides that are produced in industries or vehicle 

exhaust7-9. Additionally, research has been conducted where 
ferrite nanoparticles have been used to eliminate emerging 
contaminants such as drugs and personal hygiene products10.

Among the ferrites with the formula AFe2O4, nickel 
and cobalt ferrites are particularly interesting because they 
exhibit properties such as high magnetic permeability, high 
electrical resistivity, and low dielectric loss. Both ferrites 
crystallize in the spinel structure, which corresponds to a 
cubic arrangement where ions occupy sites with tetrahedral 
and octahedral coordination. Specifically, the crystal structure 
of nickel ferrite (NiFe2O4) is an inverse spinel, with all 
the Ni2+ cations located in octahedral sites, while the Fe3+ 
ions are positioned between the tetrahedral and octahedral 
sites11. In the case of cobalt ferrite (CoFe2O4), the structure 
is a partially inverse spinel, with 60 to 90% of Co2+ cations 
occupying the octahedral sites12.

As bulk materials, nickel and cobalt ferrites exhibit 
ferrimagnetic properties at room temperature, where the magnetic 
ordering is determined by superexchange interactions between 
metal cations, utilizing O2– anions as intermediates13. When 
considering magnetic properties, nickel and cobalt ferrites 
exhibit notable differences. CoFe2O4 stands out as having 
the highest values of coercivity, remanent magnetization, 
and saturation magnetization14. Additionally, cobalt ferrite 
is distinguished by its high magnetocrystalline anisotropy15.

At the nanoscale, nickel and cobalt ferrites can exhibit 
superparamagnetic behavior when the nanoparticle size is 
smaller than the superparamagnetic size (DSP), which is 28 nm 
for NiFe2O4 and 14 nm for CoFe2O4

16,17. Superparamagnetic 
materials are characterized by the absence of coercivity; 
however, they can exhibit large saturation magnetizations, *e-mail: gmarquez@utp.edu.pe
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which may be comparable to those of the bulk material. 
Superparamagnetism is a characteristic behavior of non-
interacting particle systems. Consequently, the aggregation 
and size dispersion of nanoparticles can impact the 
superparamagnetic response of the material, resulting in 
the observation of non-zero coercive fields18.

The combination of nickel and cobalt ferrites in equal 
proportions allows for the formation of Ni0.5Co0.5Fe2O4, 
which is expected to crystallize in the spinel structure with 
a high degree of inversion, closely resembling an inverse 
spinel. Changes in the crystalline structure, as well as the 
disparity in size and magnetic moment of the Ni2+ and Co2+ 
cations, influence the physical properties of the ferrite, such 
as saturation magnetization and coercivity. There are several 
methods to synthesize ferrite nanoparticulate powders, including 
chemical methods such as coprecipitation19,20, sol-gel21,22, 
and autocombustion23. These methods are relatively simple 
and low-cost, utilizing metal precursors such as nitrates and 
chlorides. While all three methods mentioned are effective 
for nanoparticle production, coprecipitation and sol-gel 
methods provide greater control over the composition and 
size of the nanoparticles.

Several investigations have studied the effect of the substitution 
of Co by Ni on the properties CoFe2O4 nanoparticles14,24,25, as 
well as the influence of replacing transition metal ions (Zn2+, 
Mn2+, Co3+, Cr3+) or rare earths ions (Tb3+, Tm3+, Ho3+, Nd3+) in 
mixed Ni-Co ferrites26-30. Various synthesis methods, including 
coprecipitation24,31, sol-gel27-29, ultrasonic technique26, and 
sol-gel auto-combustion30,32,33, have been employed to produce 
these Ni-Co mixed ferrite nanoparticles. However, there is 
a lack of research comparing the structural characteristics 
and magnetic properties of Ni0.5Co0.5Fe2O4 nanoparticles 
synthesized using coprecipitation and sol-gel methods. 
The cationic distribution of this mixed ferrite has been little 
studied, and no investigations have determined the distribution 
of Ni2+, Co2+, and Fe3+ cations from the material’s saturation 
magnetization at low temperatures, where collinear magnetic 
ordering can be assumed. Consequently, we consider it 
interesting to synthesize Ni-Co mixed ferrite nanoparticles 
using coprecipitation and sol-gel methods to study and 
compare the structural and magnetic properties of the 
compounds produced by both synthesis methods. Moreover, 
given the established correlation between magnetization 
and the structural inversion degree, we deem it essential 
to determine the cationic distribution in both synthesized 
nanoferrites from the saturation magnetization values, which 
represents a novelty with respect to the reviewed literature.

In this work, Ni0.5Co0.5Fe2O4 nanoparticulate powders 
were synthesized using coprecipitation and sol-gel methods. 
The crystalline structure, chemical composition, morphology, 
size, aggregation, cationic distribution, and magnetic properties 
of the synthesized nanoparticles were determined.

2. Experimental

2.1. Synthesis of nanoparticles
Ni0.5Co0.5Fe2O4 nanoparticles were synthesized using the 

coprecipitation and sol-gel methods, employing nickel(II) 
nitrate hexahydrate (Ni(NO3)2·6H2O), cobalt(II) nitrate 
hexahydrate (Co(NO3)2·6H2O), and iron(III) nitrate nonahydrate 

(Fe(NO3)3·9H2O) as metal precursors. These metal nitrates 
were dissolved in deionized water and mixed in appropriate 
proportions, according to the following chemical equation:
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In the coprecipitation method, ammonium hydroxide - 
NH4OH (29.66 wt%) was used as the precipitating agent, 
whereas in the sol-gel synthesis, citric acid (C6H8O7) and 
ethylene glycol (C2H6O2) were utilized to promote gel 
formation. The details of the procedure followed for the 
synthesis by the coprecipitation and sol-gel methods can 
be found in two previously published research papers34,35.

In the synthesis of Ni0.5Co0.5Fe2O4 nanoparticles, byproducts 
such as ammonium nitrate (NH4(NO3)) are generated, as 
observed in the chemical reaction involved in the synthesis 
by the coprecipitation method, which is represented in the 
following chemical equation:
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The byproducts generated in the synthesis processes can be 
eliminated by washing the synthesized powders or by thermal 
treatments or calcinations34. In several investigations that 
have studied the effect of heat treatment temperature on the 
crystal structure, size, and physical properties of nanoparticles, 
it has been reported that the crystallinity of nanometric 
particles synthesized using methods such as coprecipitation 
or sol-gel improves as the heat treatment temperature 
increases36,37. Generally, as-synthesized nanoparticles have 
been found to exhibit low crystallinity38,39. To obtain pure 
Ni-Co mixed ferrite nanocrystals, the powders synthesized 
using both methods were calcined at 600 °C for 2 hours in 
an air atmosphere. The thermal treatment involved heating 
the samples to the calcination temperature at a rate of 1°C/
min, followed by spontaneous cooling to room temperature.

2.2. Characterization techniques
The crystalline structure of the synthesized compounds 

was characterized by analyzing X-Ray Diffraction (XRD) data 
measured using an INEL CPS 120 powder diffractometer. 
CuKα radiation was employed in the 2θ range of 15 to 70° 
with steps of 0.03° and a measurement time of 0.5 s/step. 
The XRD data was analyzed and processed using the FullProf 
Suite software. The identification of crystalline phases was 
performed by comparing the observed diffraction peaks with 
the Powder Diffraction File (PDF) database. The crystal lattice 
parameters were determined using the Le Bail refinement 
method. The average particle sizes were estimated by 
calculating the crystallite sizes using the Scherrer equation40:

( ) 0.89· / ·XRDD cosλ β θ=  (3)

Where λ represents the X-ray wavelength, β represents the 
full width at half-maximum (FWHM), and θ represents the 
Bragg angle of the selected diffraction peak41.
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The chemical composition of the synthesized compounds 
was analyzed using Fourier-Transform Infrared Spectroscopy 
(FTIR) measurements conducted on a PerkinElmer 
spectrophotometer. The measurements were performed in 
the range of 4500 to 380 cm–1 with samples prepared by 
dispersing Ni-Co mixed ferrite powders at a concentration 
of 1.5% in potassium bromide (KBr).

The size, morphology, and aggregation of the nanoparticles 
were determined from Transmission Electron Microscopy 
(TEM) and Scanning Electron Microscopy (SEM) images for 
the Ni-Co mixed ferrites synthesized by the coprecipitation 
and sol-gel methods, respectively. TEM micrographs were 
captured using a JEOL JEM 1220 microscope operating at 
an accelerating voltage of 100 kV, enabling the acquisition 
of micrographs at a magnification of x40k. The sample 
was prepared by dispersing a small amount of powdered 
material in ethanol. Subsequently, a drop of the nanoparticle 
suspension was placed on a carbon-coated copper grid, 
allowing the ethanol to evaporate until the nanoparticles 
were immobilized on the grid. SEM images were captured 
using a JEOL 6400 microscope equipped with an Oxford 
Link Isis detector. The micrographs were processed using the 
DigitalMicrograph software, and more than 300 nanoparticles 
were measured to evaluate the particle size distribution.

The magnetic properties of the nanoparticles were 
studied through magnetization measurements performed 
on a Quantum Design MPMS XL-7 SQUID magnetometer. 
The magnetization (M) was measured as a function of 
temperature (T) in the range of 2 to 320 K, applying magnetic 
fields (H) of 10 and 50 Oe in the zero-field-cooled (ZFC) and 
field-cooled (FC) modes. The magnetization measurements 
as a function of the applied magnetic field were conducted 
at different temperatures by applying magnetic fields up to 
5.5 T. Parameters such as coercive field (HC), saturation 
magnetization (MS), and remanent magnetization (MR) were 
determined from the M vs. H curves.

3. Results and Discussion
In Figure 1, the X-ray diffractograms of the Ni-Co mixed 

ferrite samples synthesized using the coprecipitation and sol-gel 
methods are shown. Both diffraction patterns show peaks that 
can be identified as corresponding to the NiFe2O4 (JCPDS: 
86-2267) and CoFe2O4 (JCPDS: 22-1086) standards. This 
indicates that the two compounds crystallized in the cubic 
spinel structure, which is characteristic of ferrites with the 
formula AFe2O4. Furthermore, no additional peaks suggesting 
the formation of secondary crystalline phases are observed. 
The indexing of the observed diffraction peaks is presented 
in Figure 1, identifying the highest intensity peaks located 
around 35.4° as corresponding to the (3 1 1) crystallographic 
planes. When comparing the two diffractograms, it is observed 
that the diffraction peaks of pattern (a) are broader than those 
of pattern (b), suggesting that the particles of the sample 
synthesized by the coprecipitation method are smaller than 
those produced by the sol-gel method. This is confirmed 
by the results of the crystalline domain sizes obtained by 
applying the Scherrer equation and considering the Bragg 
angle and the FWHM of the (3 1 1) peaks. It was found that 
the crystallites have sizes of 16.5 nm and 29.5 nm for the 
Ni0.5Co0.5Fe2O4 ferrite synthesized by the coprecipitation 

and sol-gel methods, respectively. The difference in size 
of the crystallites reveals effects generated by the chemical 
processes involved in the two synthesis methods on the 
nanoparticle size. In the coprecipitation method, the formation 
of nanoparticles occurs rapidly due to the chemical reaction 
between the metal precursors and the precipitating agent in 
the solution. The rapid formation of particle nuclei can limit 
growth and lead to the formation of smaller particles42,43. 
On the other hand, in the sol-gel method, the particles 
form through hydrolysis and condensation reactions of the 
precursors, allowing for a longer growth time and, therefore, 
the possibility of obtaining larger particles44.

Through the Le Bail refinement, unit cell parameters (a) of 
8.353 and 8.359 Å were found for the Ni0.5Co0.5Fe2O4 synthesized 
by the coprecipitation and sol-gel methods, respectively. 
These values of a obtained are very close, indicating that the 
compounds produced by the two synthesis routes have similar 
structural characteristics. The obtained lattice parameters fall 
between the known values for NiFe2O4, 8.337 Å (JCPDS: 
86-2267), and CoFe2O4, 8.392 (JCPDS: 22-1086), confirming 
that it is indeed a Ni-Co mixed ferrite.

Figure 2 shows the FTIR spectra of the two samples 
of Ni0.5Co0.5Fe2O4 in KBr, where several absorption bands 
are observed and assigned as follows: the bands at 3424-
3440 cm–1 correspond to vibrations of O-H bonds34, 2831-
2837 cm–1 is due to C-H vibrations45, 2335-2368 cm–1 and 
1603-1612 cm–1 are associated with N-H vibrations46, and 
1361-1373 cm–1 is due to vibrations of N-O bonds34. These 
initial vibrational bands indicate that after the calcination of 
the two compounds, the presence of impurities is still found, 
such as adsorbed water, ammonium ions, and nitro compounds, 
which are derivatives of the chemical reagents used in the 
synthesis34. The band observed around 2831 cm–1 is mainly 
present in the FTIR spectra of the sample synthesized by 
the sol-gel method, suggesting that it may be attributed to 
traces of by-products from citric acid and ethylene glycol 
used in the synthesis. The last two absorption bands located 
around 585-589 cm–1 (υ1) and 406-408 cm–1 (υ2), arise from 
vibrations between the metal cations and oxygen anions 
of the Ni-Co mixed ferrites. The band υ1 corresponds to 
vibrations between the ions situated in the tetrahedral sites 
of the spinel structure, while υ2 arises from vibrations of ions 
with octahedral coordination47,48. Therefore, these bands, 

Figure 1. X-ray diffractograms of Ni0.5Co0.5Fe2O4 nanopowders 
synthesized by the (a) coprecipitation and (b) sol-gel methods.
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attributed to Ni-O, Co-O, and Fe-O vibrations, confirm 
that the synthesized compounds crystallized in the cubic 
spinel structure.

Figure 3 shows a TEM image of the Ni0.5Co0.5Fe2O4 synthesized 
through the coprecipitation method, while Figure 4 presents 
an SEM image of the Ni-Co mixed ferrite synthesized via the 

sol-gel method. The micrographs reveal that the synthesized 
compounds consist of irregularly shaped nanoparticles that 
are agglomerated. The insets in figures 3 and 4 show the 
particle size histograms of both compounds, demonstrating 
that the two ferrites exhibit broad particle size distributions 
that conform to a Log-normal function. Mean particle sizes 
of 24 nm and 43 nm were obtained for the compounds 
synthesized by the coprecipitation and sol-gel methods, 
respectively. The results indicate that the particles synthesized 
through the coprecipitation method are smaller than those 
obtained via the sol-gel method, confirming the findings of 
the XRD analysis, which were based on the width of the 
diffraction peaks in both synthesized compounds. When 
comparing the particle sizes (D) obtained from TEM or SEM 
with the crystallite sizes (DXRD) calculated using the Scherrer 
equation, it is observed that the DXRD values are smaller 
than those of D. This suggests that most of the synthesized 
nanoparticles consist of a crystalline multidomain structure. 
These results are consistent with findings in the literature, 
which generally indicate that particle sizes estimated using 
the Scherrer equation are smaller than the real sizes observed 
in TEM or SEM micrographs49,50. These discrepancies 
between DXRD and D values may be attributed to factors such 
as nanoparticle aggregation, the presence of large particles, 
and the polydispersity of particle sizes46,51.

Figure 5 shows the magnetization curves as a function of 
temperature in the ZFC and FC modes for the nanocompounds 
synthesized using the coprecipitation and sol-gel methods. 
The magnetization behavior in both Ni-Co mixed ferrites is 
similar, with the ZFC and FC curves exhibiting separation 
throughout the entire temperature range of the measurements, 
suggesting that the nanoparticles are in the blocked magnetic 
regime at temperatures below 320 K. The behavior of the 
FC magnetization indicates the existence of strong magnetic 
interactions between the nanoparticles in both compounds. 
This is evident from the decrease in magnetization data as 
the temperature decreases after cooling the sample under an 
external magnetic field. This behavior is contrary to what 

Figure 2. FTIR spectra of Ni0.5Co0.5Fe2O4 nanopowders synthesized 
by the (a) coprecipitation and (b) sol-gel methods.

Figure 3. TEM image and size histogram of Ni0.5Co0.5Fe2O4 
nanoparticles synthesized by the coprecipitation method. The scale 
bar corresponds to 200 nm.

Figure 4. SEM image and size histogram of Ni0.5Co0.5Fe2O4 
nanoparticles synthesized by the sol-gel method.
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occurs in a system of non-interacting particles, where the 
reduction in thermal energy promotes the alignment of magnetic 
moments in response to a magnetic field, resulting in an 
increase in FC magnetization as the temperature decreases52.

Figure 6 shows the magnetization curves as a function 
of the applied magnetic field, measured at 5 and 320 K, 
for the Ni0.5Co0.5Fe2O4 nanoparticles synthesized via the 
coprecipitation method. In Figure 7, the M(H) curves at 2 and 
300 K are presented for the Ni-Co mixed ferrite nanoparticles 
synthesized using the sol-gel method. In the curves measured 
at 2 and 5 K, hysteresis cycles with notable coercive fields 
are clearly observed, indicating that Ni0.5Co0.5Fe2O4 behaves 
as a hard magnetic material at low temperatures. The insets 
in the two figures reveal that even at 300 and 320 K, the 
Ni-Co mixed ferrite compounds still exhibit magnetic 
hysteresis, confirming that the nanoparticles maintain their 

blocked magnetic state up to 320 K and present a magnetic 
ordering at room temperature. The results suggest that at T 
≤ 320 K, the nanoparticles exhibit magnetic ordering, which 
is likely to correspond to the ferrimagnetic coupling between 
the magnetic moments of the metal cations constituting the 
interior of the particles53. In all four hysteresis curves, it is 
observed that the magnetic saturation state was not reached 
even with the application of magnetic fields of up to 55 kOe. 
Therefore, the MS values were estimated by extrapolating the 
magnetization data to an infinite field. This was achieved by 
plotting the magnetization as a function of 1/H and performing 
a linear fit of the magnetization data as 1/H tends to zero. 
The MS values were determined from the equation:

)1 –( /SM M Hβ=  (4)

Where β is a magnetic field-independent parameter34.
Table 1 presents the values for coercive field, remanent 

magnetization, and saturation magnetization of the 
Ni0.5Co0.5Fe2O4 nanoparticulate powders synthesized using 
the coprecipitation and sol-gel methods. The errors of the 
calculated MS values are also presented in the last column 
of Table 1. It can be observed that both samples exhibit 
similar magnetic properties, as the values of MS, MR, and 
HC obtained at low temperatures are comparable to each 
other, as are the values of these parameters determined at 
high temperatures. The MS and HC values are close to those 
reported in other investigations of the magnetic properties of 
Ni0.5Co0.5Fe2O4 nanoparticles54,55. The saturation magnetization 
values obtained are higher than those known for bulk Ni ferrite, 
which are 56 emu/g (at 0 K) and 50 emu/g (at 293 K)56, but 
lower than those of cobalt ferrite. This is consistent with the 
fact that the synthesized material is a mixed Ni-Co ferrite.

The inversion parameter (δ) of the spinel structure, 
in which the two Ni-Co mixed ferrite nanocompounds 
have crystallized, was calculated based on the saturation 
magnetization values determined at low temperatures. 
The distribution of divalent cations A (Ni2+ and Co2+) and 

Figure 5. Temperature dependence of the ZFC and FC magnetizations of 
the Ni0.5Co0.5Fe2O4 nanoparticles synthesized by the (a) coprecipitation 
and (b) sol-gel methods.

Figure 6. Magnetic field dependence of magnetization, measured 
at 5 and 320 K, of Ni0.5Co0.5Fe2O4 nanoparticles synthesized by the 
coprecipitation method. The inset shows the M(H) curve at 320 K 
in the region of a small applied field.

Figure 7. Magnetic field dependence of magnetization, measured 
at 2 and 300 K, of Ni0.5Co0.5Fe2O4 nanoparticles synthesized by the 
sol-gel method. The inset shows the M(H) curve at 300 K in the 
region of a small applied field.
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trivalent cations Fe3+ between the tetrahedral and octahedral 
sites of the spinel structure, which is determined by δ, can be 
represented by the formula [A1–δFeδ]

T [AδFe2–δ]
O O4, where the 

superscripts t and o indicate the tetrahedral and octahedral 
positions, respectively. At temperatures close to 0 K, it 
can be assumed that inside the nanoparticles, the magnetic 
moments are ordered, presenting a collinear ferrimagnetic 
arrangement composed of two magnetic sublattices formed 
by the cations located in the tetrahedral and octahedral sites 
of the spinel structure57. Considering the preference of Ni2+ 
cations to locate in the octahedral coordination sites of the 
spinel structure58, the magnetic moment per formula unit (μfu) 
of Ni0.5Co0.5Fe2O4 ferrite can be represented by the equation:

( ) ( )

( )

 0.5·  –  0.5 ·  2 – · –  

1 – · ·

o
fu Ni Co Fe

t
Co Fe

µ µ δ µ δ µ

δ µ δ µ



+

= + + 

  

 (5)

Where μNi, μCo, and μFe correspond to the spin-only magnetic 
moments of Ni2+, Co2+, and Fe3+ ions, which are 2 μB, 3 μB, 
and 5 μB, respectively56. The values of μfu corresponding to MS 
(at 2 and 5 K) are 2.69 μB and 2.72 μB for the Ni-Co mixed 
ferrite synthesized by the coprecipitation and sol-gel methods, 
respectively. The inversion parameter obtained is δ = 0.95 for 
the Ni0.5Co0.5Fe2O4 synthesized by the coprecipitation method, 
and δ = 0.94 for the mixed ferrite produced by the sol-gel 
method. Therefore, the synthesized nanocompounds present 
a spinel structure with a high degree of inversion, which falls 
intermediate to the known δ values for NiFe2O4 and CoFe2O4

59,60.
Table 2 compares the cationic distributions obtained in this 

work with those reported in previous investigations, which 
were determined through structural refinements from XRD 
data or Mössbauer spectra analysis. Almessiere et al.26 and 
Kadam et al.27 reported similar cationic distributions corresponding 
to a partially inverse spinel structure, with 80% of the Ni2+ 

and Co2+ cations located in the octahedral sites. Lee and Lee61, 
on the other hand, reported that 100% of the divalent cations 
are located in the octahedral sites, forming an inverse spinel 
structure identical to that of Ni ferrite. In this research, an 
intermediate result between those reported in the literature 
was obtained: 100% of the Ni2+ cations are located in the 
octahedral sites, while the proportion of Co2+ cations located 
in the octahedral positions corresponds to 90% and 88% 
for mixed Ni-Co ferrite synthesized by coprecipitation and 
sol-gel methods, respectively.

4. Conclusions
Ni0.5Co0.5Fe2O4 nanoparticulate powders were synthesized 

using the coprecipitation and sol-gel methods, and they 
exhibited similar structural and magnetic characteristics. 
The synthesized compounds presented a single crystalline 
phase corresponding to the cubic spinel structure, with 
a lattice parameter of approximately 8.35 Å, and a high 
degree of inversion (with δ ranging between 0.94 and 
0.95). In both compounds, the particles agglomerated 
to form nanoaggregates. However, the mean size of the 
particles synthesized by the coprecipitation method was 
smaller (24 nm) compared to those produced by the sol-gel 
method (43 nm). Both nanocompounds exhibited ordered 
magnetic behavior at temperatures below 320 K, indicating 
that the nanoparticles were in the blocked magnetic regime. 
Furthermore, the presence of strong magnetic interactions 
between the particles was evident, as they agglomerated to 
form nanoparticle aggregates.
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Table 1. Coercive Field (HC), Remanent Magnetization (MR), and Saturation Magnetization (MS), Measured at Different Temperatures 
(Tmeas), of the Ni-Co Mixed Ferrite Nanopowders Synthesized by Coprecipitation and Sol-Gel Methods.

Synthesis method Tmeas (K) HC (Oe) MR (emu/g) MS (emu/g)

Coprecipitation
5 9224 48.01 63.94 ± 0.43

320 365 10.98 57.81 ± 0.18

Sol-gel
2 8202 46.93 64.88 ± 0.47 

300 917 23.46 60.57 ± 0.22

Table 2. Comparison of Cationic Distribution of Ni0.5Co0.5Fe2O4 Nanoparticles Synthesized by Different Methods.

Synthesis method
Cation distribution

Reference
t-site o-site

Coprecipitation Co0.05Fe0.95 Ni0.5Co0.45Fe1.05 This work

Sol-gel Co0.06Fe0.94 Ni0.5Co0.44Fe1.06 This work

Ultrasonic technique Ni0.1Co0.1Fe0.8 Ni0.4Co0.4Fe1.2 Almessiere et al.26

Sol-gel auto-combustion Ni0.1Co0.1Fe0.8 Ni0.4Co0.4Fe1.2 Kadam et al.27

Grinding Fe Ni0.5Co0.5Fe Lee and Lee61
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