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Abstract
Two series samples of Iron Oxide nanoparticles doped with nickel and cobalt with different doping values (x = 0.01; 0.03; 
0.05 and 0.07), were successfully synthesized by using sol–gel method, and then they were characterized by X-ray diffrac-
tion, scanning electron and vibrating sample magnetometer (VSM). X-ray diffraction analysis of two series samples showed 
the formation α-Fe2O3 nanoparticles, accompanied by two phases iron spinels, CoFe2O4 and NiFe2O4. In addition, the vari-
ations in grain size were observed for both two series. The observation by scanning electron microscopy reveals a change 
in the morphology of the grains of all the samples doped, which confirm the cobalt and nickel effect on the morphology of 
iron oxide nanoparticles. Magnetic measurements which were measured by VSM showed significant magnetic parameters 
such as coercivity and magnetization besides the ferromagnetic behavior of both two series doped with Cobalt and Nickel.

Keywords  α-Fe2O3 sol–gel · CoFe2O4 · NiFe2O4 · Nanoparticles · Ferromagnetism

1  Introduction

The synthesis of nonmaterial’s increases dramatically 
depending on different applications as catalysts, biologi-
cal and electrical components [1–4]. We mention among 
them; iron oxides, including hematite (α-Fe2O3), which have 
attracted a lot of attention due to their important properties 
such as the lower band gap than an n-type semiconductor, 
in addition to its variable color and its high resistance to 
corrosion. Iron oxides have been used in various fields, such 
as pigments [5], medicine and human cells [6], corrosion 
[7], photoelectric chemical applications [8], catalysis [9], 
lithium-ion sensors and batteries [10]. In addition to this, 
several studies have been carried out, such as spheres and 

nano-particle flowers have been successfully prepared [11] 
by various techniques such as the hydrothermal process [12], 
the chemical precipitation mode [13] and the sol–gel method 
[14, 15].

Moreover, iron oxides associate with other elements of 
the periodic table forming a structure of phases iron spinels 
nanoparticles presented by the common formula AFe2O4 
where (A = Mn, Fe, Co, Ni, Zn…) and are of great interest 
in magnetic materials, besides this, the interest of cobalt-iron 
applications are widening to biomedical applications [16] 
and hyperthermia [17], gas detection [18–20], lithium-ion 
batteries [21], catalytic studies [22], super capacitors [23] 
and solar cells [24]. Generally, the sol–gel method, to be a 
relatively a new industrial technology, due to its simplic-
ity compared to the equipment used in other methods [25] 
and there are two methods, the first is called the colloidal 
method and the second is the polymeric route. The differ-
ence between them comes from the types of precursors used 
[14, 26].

The aim of the present study is to see the effect of 
cobalt and nickel as ferromagnetic doping on the struc-
tural, morphological and magnetic properties of hematite 
nanoparticles.
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2 � Experimental

All samples of α-Fe2O3 nanoparticles, doped with Co and 
Ni in different concentrations, were prepared by the sol–gel 
method. To prepare the undoped and doped solutions, we 
have used the following chemicals: 2 M Iron (III) Nitrate 
Nonahydrate [Fe(NO3)3.9H2O], in addition to the Cobalt (II) 
Chloride Hexahydrate [CoCl2.6H2O] and Nickel (II) Acetate 
[Ni(CH3CO2)2.4H2O] as a precursor. All these preparations 
were dissolved in 8 ml of ethylene glycol (C2H6O2) with 
the mixture stirred at 80 °C for 2 h, and then we have added 
4.5 ml of NH4OH to the solution for to get a homogeneous 
solution. Moreover, the gel has been dried and calcined at 
150 °C during about 20 min. The resultant powders were 
then sintered at 800 °C for 2 h. After that, all samples are 
characterized by firstly X-ray diffraction patterns using 
BRUKER Discover D8 X-ray diffractometer with CoKα 
radiation (λCoKα = 1.7890 Å), where the identification of the 
existing phases were carried out using of HighScoreplus 
programme. Then Microphotographies observations were 
performed by a Zeiss Gemini SEM 300 Scanning Electron 
Microscope (SEM). Finally, magnetization measurements 
for all the samples, were performed using vibrating sample 
magnetometer Microsense VSM-09, where a magnetic field 
was applied from − 22 to 22 K Oe.

3 � Results and Discussion

3.1 � Structural Study

Figure 1 shows the XRD patterns of the undoped sample. 
The main reflections peaks observed at 2θ value of 28.09°, 
38.68°, 41.58°, 47.79º, 58.09°, 63.68º, 68.02º, 73.94º 
and 75.87º attributed to Miller indices corresponding the 

diffraction planes (012), (104), (110), (113), (024), (116), 
(018), (214) and (300) respectively,

Corresponding to the α-Fe2O3 rhombohedral cell with 
the space group R3c, similar to the same one reported in 
ICDD card No. 00-033-0664 [9]. The refined cell param-
eters are a = 5.0356 Å, b = 5.0356 Å, c = 13.7489 Å. It 
should be noted that the complete absence of the impurity 
phases was observed, which indicated that the α-Fe2O3 
phase are pure. The XRD patterns of the α-Fe2O3 sam-
ples doped with Co and Ni are shown in Figs. 2 and 3 
respectively. The main peaks of the α-Fe2O3 phase are 
associated with the CoFe2O4 and NiFe2O4 phases, and 
belong to a cubic cell with space group Fd-3m similar to 
those mentioned in ICDD Card No. 00-022-1086 [18] and 
ICDD Card No. 2081-074-01 [27] respectively. Besides, 

Fig. 1   XRD pattern of α-Fe2O3 undoped sample

Fig. 2   XRD patterns of Cobalt doped α-Fe2O3 nanoparticles

Fig. 3   XRD patterns of Nickel doped α-Fe2O3 nanoparticles
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the successive decrease in intensity of the doped samples 
confirms the introduction of Co and Ni, in the pure phase. 
For all samples, we have observed the displacement of the 
peaks to the left with rate 2θ = 0.03°, for the concentra-
tions of Co+2 and Ni+2 ions increased. This displacement 
is accompanied by a change of their intensity. As reported 
by Amit Kumar Rana et al. [28] and R. Krishnapriya [29], 
the doping by Co and Ni in the ZnO lattice induces a the 
displacement towards the higher 2θ angles. The authors 
attribute that to smaller ionic radius of the Co+2 (0.56 Å) 
and Ni+2 (0.55 Å) with respect to Zn+2 (0.60 Å), confirm-
ing that the Co+2 and Ni+2 ions are doped into the ZnO 
lattice. Our result seems then acceptable because the ionic 
radius of Fe+2 is (0.78 Å). In addition, these results are an 
indication of a change of the grain size.

The crystalline sizes of undoped and doped α-Fe2O3 
phase have been estimated from the Scherer formula (1) 
[30] and listed in Table1:

where D is the crystalline size, λ is the wavelength of X-ray 
where (λCoKα = 1.7890 Å), β is the full width at half maxi-
mum (FWHM) and θ is the diffraction angle. The estimated 
result showed that the average crystallite size is 58.75 nm 
for the undoped α-Fe2O3 sample. But, when we introduced 
the Co or Ni atoms into the undoped phase, we notice a 
slight decrease in the size of the crystallites compared to the 
undoped sample, and it seems that there are a variation in 
the crystallites sizes of samples doped with Co and Ni, that 
go through the minimum, then increased slightly, when the 
sample are doped with x = 0.07 cobalt and x = 0.05 nickel. 
According to these result's saturation are noticed, when the 
doped are nickel.

Figures 4, 5, 6 shows SEM micrographs of undoped 
sample (α-Fe2O3) and Cobalt and Nickel doped samples 
respectively, with magnification at 5.04 KX in the secondary 
electron mode. It is clearly shown that the microstructure of 
the undoped sample is very different from that of the doped 
samples, in which the grains in the form of bacilli irregular 
[26], randomly oriented with 3 μm size. The porosity of this 
sample is important. Figure 5b1 shows the microstructure 
of the sample doped with cobalt (x = 0.01). The evolution of 
the nanoparticle morphology was observed from irregular to 
more regular shape. The grains have a flat shape with differ-
ent size less than 2 μm and randomly oriented crystallites. In 
addition, the porosity of this sample has decreased compared 

(1)D =

0.9�

� cos �

Table 1   Crystallite size of different synthesized samples

x = 0 x = 0.01 x = 0.03 x = 0.05 x = 0.07

Crystallite size 
of dopant (nm)

 Co 58,75 55,14 46,84 44,16 55,17
 Ni 45,52 38,23 45,94 46,66

Fig. 4   SEM micrographs 
of sample undoped sample 
α-Fe2O3
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to the undoped sample. Then, for the doped samples with 
cobalt (x = 0.03; 0.05 and 0.07) respectively, the shape of 
the grains with different size less than 2 μm is changed com-
pared to the undoped sample due to the presence of magnetic 
interaction resulting from the cobalt affected α-Fe2O3 nano-
particles [31], where the particles tend to agglomerate when 
doping increases. It is clearly visible from Fig. 6c1, c3, c5, 
c7, where we can see considerable change in morphology 
of the nanoparticle.The grains have a flat shape with differ-
ent size less than 2 mm and randomly oriented crystallites. 
The pores which are visualized between these nanoparti-
cles reveal a porous structure, which are preferred for gas 
detection applications [19, 20]. In addition, when the doping 
increases; the particles tend to accumulate, where induced 
the ferromagnetic behavior [32].

3.2 � Magnetic Properties

Figures 7, 8 shows the plot of magnetization as a func-
tion of magnetic field (M–H curves) for different doped. 
The curves shows that both two series of samples have 
ferromagnetic behavior which attributed to doping effect 
[22, 28, 29, 33, 34]. However, as was evident from the 

hysteresis loop, the width of the loop increases when 
the nickel and cobalt doping concentration in the sample 
increases. The doping with cobalt considerably increases 
the coercive field and the magnets of saturation and resid-
ual, we also note an apparent saturation of saturation and 
residual magnets with the cobalt rate; with nickel the 
coercive field decreases considerably and the magnets of 
saturation and residual increases almost linearly with the 
nickel rate (Fig. 9). Table 2 summarizes the results of vari-
able values of the coercivity, saturation of the magnetiza-
tion and the residual magnetism who revel that for each 
sample, the values of the Ms and Mr depends on strongly 
the doping with Co and Ni, their increase was appearing 
considerably according to their increasing of each one of 
the doping elements. The coercive force decreases with 
increasing the nickel doping concentration, but in the case 
of the cobalt doping, reached a maximal value when the 
sample is doped with a rate x = 0.01. Beside, the Ms val-
ues increase significantly with increasing crystallite size, 
which has been confirmed by Jansi Rani et al. [33] and 
Srikrishna et al. [35]. Contrary to Srikrishna et al. [35] 
findings, Hc values decrease with increasing doping with 
cobalt. Doped With Co in the α-Fe2O3 structure causes the 

Fig. 5   SEM micrographs of samples doped with cobalt: b1 x = 0.01, b3 x = 0.03, b5 x = 0.05 and b7 x = 0.07
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occurrence of Co2+ in interstitial sites of oxygen, which 
leads to an increase in magnetic properties [36].

Figure 10 show the variation of the force field and the size 
of crystallite size. According to this representation, for the val-
ues between 0.01 and 0.07 of the samples doped with cobalt; 

the curve of the variation of the force field and the crystallites 
size, have the same change. The same change of the curve is 
seen when the doping with nickel, where the values between 
0.01 and 0.03. This variation is linked to changes in the micro-
structure of the nanoparticle [30, 32]. However the boundary 

Fig. 6   SEM micrographs of samples doped with Nickel: c1 x = 0.01, c3 x = 0.03, c5 x = 0.05 and c7 x = 0.07

Fig. 7   M–H curves for Co-doped α-Fe2O3 nanoparticle Fig. 8   M–H curves for Ni-doped α-Fe2O3 nanoparticles



1292	 Journal of Inorganic and Organometallic Polymers and Materials (2022) 32:1287–1294

1 3

of Hc is influenced by the particle sizes and the homogeneity 

of each material [22]. Table 3 shows a simple comparison 
between the values previously studied, and obtained in our 
study. For the undoped sample (α-Fe2O3) and doped sample 
with cobalt (CoFe2O4), the Hc values are bigger than those 
mentioned by Qasim et al. [16], and Srikrishna et al. [35]. For 
sample doped with nickel (NiFe2O4), were the Hc values are 
improved compared to the values reported in the literature [27, 
33, 34]. The magnetization can be influenced by the calcina-
tions temperature [37], and this by controlling the morphology 
of the nanoparticle [38], which was confirmed by Pottker et al. 
[34]. For doped samples with nickel, the Ms values, are close 
to the values reported in the literature [33, 34], and increase 
with increasing the doped.

4 � Conclusions

In this work, we are presented elaboration and characteri-
zations of two a series of the α-Fe2O3 nanoparticle doped 
with cobalt and nickel. At low concentration, Cobalt and 
Nickel doping in α-Fe2O3 nanoparticle phase does not 
change significantly the crystallographic structure of the 
samples. The grain of crystallites size decreases with 
increasing doping. The doping also affects the microstruc-
ture of the undoped sample α-Fe2O3 and doped (CoFe2O4 
and NiFe2O4). Magnetic measurements which were meas-
ured by the VSM showed important magnetic parameters 
such as coercivity and magnetization, as well as the mag-
netic behavior of both two series.

Fig. 9   The variation of saturation and residual magnetizations as a 
function of the doping rate

Table 2   Magnetic parameters of different synthesized samples

Dopant Magnetic parameters

Hc (Oe) Ms (emu/g) Mr (emu/g)

α-Fe2O3 x = 0 1087.12 805.737 E−3 232.421 E−3

Co x = 0.01 1741.64 3.527 1.692
x = 0.03 1652.90 12.545 6.270
x = 0.05 1337.22 23.566 11.539
x = 0.07 1455.24 25.684 12.139

Ni x = 0.01 265.92 2.927 967.093 E−3

x = 0.03 217.92 7.964 2.775
x = 0.05 192.24 10.855 3.899
x = 0.07 186.70 17.005 5.750

Fig. 10   Graphical representa-
tion of the dependence of coer-
cif field and crystallite size
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