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Abstract– Ni1-xCoxFe2O4 (x = 1.0, 0.8, 0.6, and 0.5) nanoparti-
cles were synthesized using the coprecipitation method and subse-
quent thermal treatment at 800 °C. The structural characterization 
of the nanoparticles was carried out using X-ray Diffraction, find-
ing that all the compounds presented a single crystalline phase 
corresponding to the cubic spinel structure. As the concentration of 
Ni in the compounds increases, a decrease in the lattice parameter 
was obtained because of the fact that Ni2+ cations are smaller than 
Co2+. The size, morphology and dispersion of the nanoparticles 
were analyzed by Transmission Electron Microscopy, finding that 
the nanocompounds are formed by aggregates of nanoparticles 
with irregular shapes and mean particle sizes between 34 and 
42 nm. The magnetic properties of CoFe2O4 and Co0.5Ni0.5Fe2O4 
nanoparticles were studied from magnetization measurements as a 
function of temperature, in ZFC and FC modes, and magnetization 
measurements as a function of the applied magnetic field. It was 
obtained that the nanoparticles are in the blocked magnetic regime 
in the temperature range from 5 to 320 K. At 5 K, the compounds 
have large coercive fields of 10683 and 7518 Oe, for CoFe2O4 and 
Co0.5Ni0.5Fe2O4, respectively. It was found that the values of satura-
tion magnetization, remanent magnetization, and coercive field 
decrease when replacing Co2+ by Ni2+ in Co ferrite, because the 
magnetic moments of divalent nickel cations are smaller than those 
of Co2+ cations. 
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I.  INTRODUCTION 

Ferrites are magnetic oxides of iron and other chemical 
elements that have high magnetic permeability and low elec-
trical conductivity, making them useful materials for absorb-
ing high-frequency energy, which is why they are used as 
transformer cores, inductors, and filters to absorb and elimi-
nate unwanted signals or radio frequency interference in cir-
cuits [1]–[3]. Ferrites are materials with a great response and 
sensitivity in the presence of magnetic fields, which has al-
lowed them to be used to detect the intensity and direction of 
magnetic fields generated by electric motors and other devices 
[4]. As nanoparticles, ferrites can present unique and interest-
ing properties such as large surface area and superparamag-
netism at room temperature, so they can be used in a wide 
variety of applications such as ferrofluids and nanopowders 
for use in catalysis and environmental remediation, removing 
contaminants such as heavy metals in wastewater [5]–[7]. 
Furthermore, ferrite nanoparticles are used in biomedical ap-

plications such as the detection of biomolecules, cells, and 
viruses; as contrast agents for magnetic resonance imaging, 
and in magnetic therapy for cancer treatment, eliminating can-
cerous tumors taking advantage of the heating generated by 
the energy dissipated by the nanoparticles in the relaxation 
process that they experience under the application of alternat-
ing magnetic fields [8], [9]. 

Cubic ferrites have the formula MFe2O4, where M is a di-
valent cation, and they crystallize in the spinel structure, 
which has two types of interstitial sites in which the ions are 
located. These sites have tetrahedral and octahedral coordina-
tion, and the M2+ and Fe3+ cations can be distributed between 
both structural positions, giving the possibility to many con-
figurations between two extreme situations known as normal 
spinel and inverse spinel. In the normal spinel all the divalent 
cations are in the tetrahedral sites, while all the Fe3+ cations 
are in the octahedral positions. On the other hand, in the in-
verse spinel, half of the trivalent cations are in the tetrahedral 
sites and the other half, together with the M2+ cations, are in 
the octahedral positions [10]. Ferrites such as FeFe2O4 and 
NiFe2O4 crystallize in the inverse spinel structure, while cobalt 
ferrite (CoFe2O4) is partially inverse spinel with 60 - 90 % of 
the Co2+ cations located in the octahedral sites [11]. 

Cobalt ferrite is an interesting magnetic material that pre-
sents unusual properties such as: high magnetocrystalline ani-
sotropy, high coercive field, moderate saturation magnetiza-
tion, great chemical stability, and high mechanical hardness 
[10]. As a bulk material, cobalt and nickel ferrites are ferri-
magnetic, with Curie temperatures of approximately 790 and 
858 K, respectively; while, in the form of nanoparticles, both 
ferrites present superparamagnetism at room temperature, if 
the particles have sizes smaller than 14 nm, in CoFe2O4, and 
28 nm, in NiFe2O4 [12], [13]. 

The synthesis method used to produce the nanoparticles 
can significantly influence characteristics and properties such 
as the shape, size, dispersion, stability, purity, and crystalline 
structure of the nanoparticles. Therefore, it is important to 
make a good selection of the appropriate synthesis method 
according to the desired properties and applications. Various 
methods have been used for the synthesis of ferrite nanoparti-
cles, such as: coprecipitation [14], sol-gel [15], autocombus-
tion [16], hydrothermal synthesis [17], microemulsion [18], 
reverse micelles [19]. Chemical coprecipitation has proven to 
be a simple, fast, and low-cost synthesis method that allows 
obtaining nanoparticulate powders [20]. Digital Object Identifier: (only for full papers, inserted by LACCEI). 
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By replacing Co2+ cations with Ni2+ in cobalt ferrite, 
changes in the cation distribution occur at the tetrahedral and 
octahedral sites of the spinel structure, due to differences in 
the inversion degrees of CoFe2O4 and NiFe2O4. This, in addi-
tion to the difference between the cationic magnetic moments 
of Co2+ (3 μB) and Ni2+ (2 μB), should generate changes in the 
magnetic properties of the compounds. Therefore, we have 
considered it interesting to study the changes in the structural 
and magnetic properties, when Co2+ is replaced by Ni2+ in 
cobalt ferrite nanoparticles. 

In the present investigation, the coprecipitation method 
was used to synthesize CoFe2O4, Co0.8Ni0.2Fe2O4, 
Co0.6Ni0.4Fe2O4 and Co0.5Ni0.5Fe2O4 nanoparticles. We report 
the crystalline structure, size, dispersion, and magnetic proper-
ties of the synthesized nanoparticles. In addition, we analyze 
the effect of replacing Co2+ by Ni2+ on the structural and mag-
netic properties of Co ferrite nanoparticles. 

II. EXPERIMENT 

A. Synthesis of Nanoparticles 
Co1-xNixFe2O4 (x = 0.0, 0.2, 0.4, 0.5) nanoparticles were 

synthesized by the coprecipitation method, using cobalt(II) 
nitrate hexahydrate, nickel(II) nitrate hexahydrate, and 
iron(III) nitrate nonahydrate as metal precursors, and ammo-
nium hydroxide (29.66 wt% in water) as the precipitating 
agent. The synthesis procedure described in [20] was fol-
lowed. To improve the crystallinity of the nanoparticles, the 
obtained powders were heat treated at 800 °C, for 2 hours, in a 
tubular furnace with an air atmosphere. The thermal treatment 
was carried out by heating the samples up to the calcination 
temperature, with a heating rate of 1 °C/min, while the cooling 
was achieved spontaneously by letting the calcined powders 
cool down to room temperature. 

    
B. Characterization Techniques 

The structural characterization of the nanoparticles was 
performed from X-ray diffraction (XRD) data, measured in a 
Philips powder diffractometer, with CuKα radiation in the 
range 15 ≤ 2θ ≤ 80° range, with steps of 0.05° and measure-
ment time of 10 s/step. The analysis and processing of the 
XRD data was carried out using the FullProf Suite software, 
identifying the crystalline phases present after comparing the 
diffraction peaks observed with the Powder Diffraction File 
(PDF) database. The crystal lattice parameters were deter-
mined by the Le Bail refinement method. 

The size, morphology and aggregation of the nanoparti-
cles were determined from transmission electron microscopy 
(TEM) images taken using a JEOL JEM 1220 microscope, 
operating with an accelerating voltage of 100 kV, which al-
lowed obtaining micrographs with a magnification of x40k. 
Powder samples were prepared by wet method, dispersing a 
small amount of material in ethanol; then, a drop of the nano-
particle suspension was placed on a carbon-coated copper 
grid, allowing the ethanol to evaporate until the nanoparticles 
were fixed on the grid. The images were processed in the 
DigitalMicrograph software, measuring more than 200 nano-
particles to evaluate the particle size distribution. 

The magnetic properties of the nanoparticles were studied 
from magnetization measurements performed on a Quantum 
Design MPMS SQUID magnetometer. The magnetization (M) 
was measured as a function of the temperature (T), between 5 
and 320 K, applying a magnetic field (H) of 10 Oe, in the ze-
ro-field-cooled (ZFC) and field-cooled (FC) modes. The mag-
netization measurements as a function of the applied magnetic 
field were carried out at 5 and 320 K, by applying a magnetic 
field of up to 55 kOe. These two measurement temperatures 
were selected because they correspond to the extremes of the 
temperature range in which the magnetometer used operates. 
M vs. H measurements at other temperatures were not per-
formed because, after analyzing the temperature dependence 
of magnetization, no variations or points of interest were ob-
served on the curves. From the M vs. H curves, parameters 
such as the coercive field (HC), the saturation magnetization 
(MS) and the remanent magnetization (MR) were determined. 

III. RESULTS AND DISCUSSION 

In Fig. 1, the X-ray diffractograms of the synthesized 
Co1-xNixFe2O4 (x = 0.0, 0.2, 0.4, and 0.5) nanoparticles are 
shown, in addition to the XRD pattern of CoFe2O4 (JCPDS: 
22-1086). All the peaks observed in the diffractograms are 
identified in the standard XRD pattern of cobalt ferrite, indi-
cating that the four synthesized compounds present a single 
crystalline phase corresponding to the cubic spinel structure. 
 

 
Fig. 1 Standard XRD pattern of the cobalt ferrite and X-ray diffracto-

grams of the synthesized nanoparticles of (a) CoFe2O4, (b) Co0.8Ni0.2Fe2O4, 
(c) Co0.6Ni0.4Fe2O4, and (d) Co0.5Ni0.5Fe2O4. 
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The diffraction peaks of small intensities found in the 
XRD pattern of Co fe rrite could not be identified in the dif-
fractograms of the synthesized powder samples, because they 
are hidden in the background of the measurements, which can 
be attributed to the small size of the crystalline domains, the 
same reason that the broadening of the diffraction peaks is 
generated in nanoparticulate materials [21]. 

When reviewing in detail the diffractograms of Fig. 1, a 
slight shift of the diffraction peaks towards a greater 2θ angle 
is observed, as the Ni content in the ferrite increases. This shift 
is evident in the values of 2θobs that are tabulated in Table I, 
which is due to the fact that the Ni2+ cations are smaller than 
those of Co2+, with the radii of these ions being 0.72 and 
0.78 Å, respectively [22], [23]. Table I also shows the index-
ing of the seven diffraction peaks observed in the diffracto-
grams, identifying the peak with the highest intensity as the 
one corresponding to the (3 1 1) crystallographic planes. 
 

TABLE I 
INDEXING (H K L) OF THE MAXIMUM DIFFRACTION PEAKS OBSERVED IN 

THE DIFFRACTOGRAMS OF THE SYNTHESIZED FERRITE NANOPARTICLES 

Ferrite 
h k l - 2θobs (°) 

2 2 0 3 1 1 2 2 2 4 0 0 4 2 2 5 1 1 4 4 0 

CoFe2O4 30.25 35.60 37.20 43.25 53.55 57.15 62.70 

Co0.8Ni0.2Fe2O4 30.27 35.66 36.85 43.30 53.69 57.25 62.60 

Co0.6Ni0.4Fe2O4 30.52 35.90 37.45 43.53 53.95 57.47 63.12 

Co0.5Ni0.5Fe2O4 30.39 35.80 37.35 43.50 53.79 57.40 63.23 

 
Table II shows the values of the unit cell parameter calcu-

lated for the four ferrites under study. It is observed that as Co 
is replaced by Ni in the cobalt ferrite, a decrease in the lattice 
parameter is generated, which is due to the fact that Ni2+ cati-
ons are smaller than Co2+ cations. In the case of 
Co0.5Ni0.5Fe2O4, a difference was found in the trend of change 
of the unit cell parameter, since the value of a is slightly high-
er than that of Co0.6Ni0.4Fe2O4, which may be due to the redis-
tribution of cations between the tetrahedral and octahedral 
sites of the spinel structure, since half of the ions are Ni2+ and 
these have a preference for being located in the octahedral 
sites, while Co2+ is located in both tetrahedral and octahedral 
sites. The value of the unit cell parameter of the synthesized 
cobalt ferrite is lower than that of the CoFe2O4 standard 
(JCPDS: 22-1086), however, it is within the values reported in 
the literature that vary between 8.36 and 8.40 Å [24], [25]. 
 

TABLE II 
UNIT CELL PARAMETER AND MEAN PARTICLE SIZE OF THE 

SYNTHESIZED FERRITE NANOPARTICLES 
Ferrite Unit cell parameter, a (Å) Mean particle size, D (nm) 

CoFe2O4 8.362 (4) 42 

Co0.8Ni0.2Fe2O4 8.348 (3) 38 

Co0.6Ni0.4Fe2O4
 8.284 (4) 37 

Co0.5Ni0.5Fe2O4 8.321 (5) 34 
 

Fig. 2 shows the TEM images of the four synthesized fer-
rites, where it is observed that all the compounds are formed 
by irregularly shaped nanoparticles, which are agglomerated. 
In Fig. 3 the particle size histograms of the four synthesized 
compounds are shown, where it is evident that all the ferrites 
 

 
Fig. 2 TEM images of the synthesized nanoparticles of (a) CoFe2O4, 

(b) Co0.8Ni0.2Fe2O4, (c) Co0.6Ni0.4Fe2O4, and (d) Co0.5Ni0.5Fe2O4. The scale bar 
in all micrographs corresponds to 200 nm. 

 

 
Fig. 3 Size histograms of the synthesized nanoparticles of (a) CoFe2O4, 
(b) Co0.8Ni0.2Fe2O4, (c) Co0.6Ni0.4Fe2O4, and (d) Co0.5Ni0.5Fe2O4. 
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have wide size distributions with nanoparticles ranging from 
15 nm to 85 nm. The particle size distributions are of the Log-
normal type, with standard deviations between 0.35 and 0.47, 
and mean particle sizes between 34 and 42 nm. The mean par-
ticle sizes of each compound are tabulated in Table II, and are 
similar to those reported in other investigations where nano-
particulate powders have been produced by similar synthesis 
routes and where the powders have been calcined at tempera-
tures between 600 and 800°C [15], [20]. 

Fig. 4 shows the magnetization curves as a function of 
temperature, in ZFC and FC modes, for CoFe2O4 and 
Co0.5Ni0.5Fe2O4 ferrites, where it is observed that the magnetic 
response of materials depends on the previous cooling in the 
absence or in the presence of an applied magnetic field. The 
irreversibility of the magnetization observed over the entire 
measurement temperature range suggests that the nanoparti-
cles of both compounds are in the blocked regime between 5 
and 320 K, that is, at temperatures below 320 K both nano-
compounds present a collective magnetic response where the 
particle magnetic moments are blocked [26]. 

With the reduction of thermal energy, it is expected that 
the magnetic moments align in the direction of the applied 
magnetic field, generating the increase in magnetization as the 
temperature is reduced; however, in the FC curves it is ob-
served that the magnetization decreases with the reduction of 
the temperature, which is due to strong magnetic interactions 
between the nanoparticles, which oppose the ordering of mag-
netic moments as a result of the application of an external 
magnetic field. The existence of interparticle magnetic interac-
tions is consistent with what was observed in the TEM micro-
graphs, where it was evidenced that the nanoparticles are 
found together forming particle aggregates. When comparing 
the magnetization curves of the two materials, it is observed 
that CoFe2O4 presents a greater magnetic response than Co-Ni 
mixed ferrite, a result that is obvious because Co2+ ions have a 
greater magnetic moment than Ni2+ cations, being 3 and 2 μB, 
respectively [27]. 

 

 
Fig. 4 Temperature dependence of the ZFC and FC magnetizations, with 

H = 10 Oe, of CoFe2O4 and Co0.5Ni0.5Fe2O4 nanoparticles. 
 
Fig. 5 shows the magnetization curves as a function of the 

applied magnetic field, measured at 5 and 320 K, for CoFe2O4 

and Co0.5Ni0.5Fe2O4 ferrites, where it is observed that at both 
temperatures the two compounds exhibit magnetic hysteresis. 
In the inset of Fig. 5(b) it is evident that at 320 K the two 
nanoferrites present an irreversible magnetization process, 
with non-zero coercive fields. These results confirm that, in 
the temperature range between 5 and 320 K, the nanoparticles 
of both compounds are in the blocked magnetic regime. 

In all the hysteresis curves it is observed that the magnetic 
saturation state was not achieved with the maximum applied 
magnetic field applied, therefore the values of the saturation 
magnetization (MS) were estimated by means of the infinite 
field approximation; for this, an extrapolation to infinite field 
of the magnetization data plotted as a function of 1/H was 
carried out, in the high field range, and the equation 
M = MS (1 – β/H) was used, where β is a magnetic field-
independent parameter [20]. 

 

 
Fig. 5 Magnetic field dependence of magnetization, measured at (a) 5 K 

and (b) 320 K, of CoFe2O4 and Co0.5Ni0.5Fe2O4 nanoparticles. The inset in (b) 
shows the M(H) curves at 320 K in the region of a small applied field. 

 
Table III shows the values of the saturation magnetiza-

tion, the remanent magnetization, and the coercive field of the 
two nanocompounds, at both measurement temperatures. 
A decrease in the values of the three magnetic parameters with 
increasing temperature is evident, however, both MR and HC 
are still large at 320 K, which indicates that at this temperature 
the nanoparticles are blocked presenting an ordered magnetic 
behavior as a response to the application of an external mag-
netic field. The MS values are also large and result from the 
alignment of the magnetic moments of the particles (μp) in the 
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direction of H. These μp are the result of the internal ordering 
of the cationic magnetic moments that form the nanoparticles, 
which must be the characteristic ferrimagnetic ordering of 
spinel ferrites [10], [28]. 

When comparing the hysteresis curves of the two materi-
als, it is found that the values of MS, MR and HC decrease with 
the incorporation of Ni, which is due to the reduction in the 
amount of Co2+ cations, which have a greater magnetic mo-
ment than that of the divalent cations of Ni. The MS and HC 
values of cobalt ferrite are among the highest values reported 
in the literature for nanoparticles of this oxide synthesized by 
methods such as sol-gel or aerosol [24], [29]. The MS values 
obtained at 5 and 320 K, for Co0.5Ni0.5Fe2O4 nanoparticles, are 
higher than those reported in the literature for Ni ferrite, both 
in its nanoparticulate and bulk form, which vary between 54 
and 56 emu/g (at T ≤ 5 K), and between 47 and 50 emu/g (at 
T ⁓ 300 K) [27], [30]. In addition, the saturation magnetization 
and coercive field values of Co0.5Ni0.5Fe2O4 ferrite nanoparti-
cles, obtained at 320 K, are close to those reported in other 
investigations (63.35 ≤ MS ≤ 67.30 emu/g, 124 ≤ HC ≤ 565 Oe) 
where they have studied the magnetic properties, at room tem-
perature, of Co-Ni mixed ferrite nanoparticles synthesized by 
other methods such as sol-gel [31], [32]. 
 

TABLE III 
SATURATION MAGNETIZATION (MS), REMANENT MAGNETIZATION (MR), 

AND COERCIVE FIELD (HC), MEASURED AT 5 AND 320 K, OF THE 
SYNTHESIZED FERRITE NANOPARTICLES 

Ferrite Tmeas (K) MS (emu/g) MR (emu/g) HC (Oe) 

CoFe2O4 
5 87.33 73.29 10683 

320 79.79 24.95 720 

Co0.5Ni0.5Fe2O4 
5 68.99 54.56 7518 

320 61.47 18.96 555 
 

IV. CONCLUSION 

Using the coprecipitation method, it was possible to syn-
thesize nanoparticulate powders of CoFe2O4, Co0.8Ni0.2Fe2O4, 
Co0.6Ni0.4Fe2O4 and Co0.5Ni0.5Fe2O4 ferrites, which presented 
average particle sizes between 34 and 42 nm. The synthesized 
compounds have good crystallinity and only presented a crys-
talline phase corresponding to the cubic spinel structure. The 
substitution of Co by Ni in the cobalt ferrite generated a de-
crease in the lattice parameter that is associated with the fact 
that Ni2+ cations have a smaller size than Co2+ cations. The 
compounds are formed by aggregates of nanoparticles, which 
favors the existence of strong magnetic interactions between 
the particles, which are in the blocked magnetic regime in the 
temperature range between 5 and 320 K. As Co is replaced by 
Ni, it is found that the magnetic response is reduced and the 
values of the magnetic parameters decrease, because the mag-
netic moments of Ni2+ are smaller than those of Co2+. 
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