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Abstract

The nanoparticles ferromagnetic materials CoFe2O4 have been synthesized by

the co-precipitation method and annealed at various temperatures from 773 to

1223 K. The influence of the heat treatment on the structural, morphological and

magnetic properties of CoFe2O4 nanoparticles was investigated. The structure,

morphology and magnetic properties of the annealing samples were reached by

mean of X-ray diffraction (XRD), scanning electron microscopy (SEM) tech-

niques and measurement of hysteresis loop. The average crystallite size, lattice

parameter and X-ray density were calculated from X-ray diffraction data. All

samples have the cubic spinel structure with average crystallite sizes increas-

ing from 30 to 178 nm with the temperature. The results show that CoFe2O4

nanoparticles prepared by this method have small and more uniform size. The

measurements of the hysteresis loop, performed at both 10 K and 300 K, indi-

cate a ferromagnetic behavior of nanoparticles. Also the measurement at 300

K shows that the sample annealed at 1023 K is magnetically harder than the

other samples. The coercive fields are 1.58 kOe against the values inferior at

0.61 kOe for the other samples. Indeed, the remanent magnetization is 31.85

emu.g−1 for the hard magnetic sample against 13.02 and 17.29 emu.g−1 for the

soft magnetic samples annealed at 773 and 1223 K, respectively. The origin of
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the hard-soft magnetic properties of nanoparticles CoFe2O4 is discussed in terms

of the co-existence of secondary phases β-Fe2O3, CoO2 and the distribution of

Fe2+ and Co2+ ions within the lattice.

Keywords: Nanoparticles; CoFe2O4; β-Fe2O3; Magnetic properties; Rietveld

refinement.

1. Introduction

Recently, the synthesis of magnetic nanoparticles of spinel ferrites has been a

field of intense study, owing to their optical, electronic and magnetic properties

with high chemical and thermal stabilities. These materials are technologi-

cally important and have been used in many applications, including magnetic5

recording media and magnetic fluids for the storage and retrieval of informa-

tion, magnetic resonance imaging (MRI) enhancement, catalysis, magnetically

guided drug delivery, sensors and pigments [1, 2, 3]. Moreover nanoparticles

spinel ferrites emerged as an important subclass of magnetic materials with

attractive features (magnetic and electrical proprieties) and an increasing syn-10

thetic accessibility.

These ferrites belonging to AB2O4 group (family) are mainly controlled by the

divalent cations, which occupy the tetrahedral A sites and the trivalent cation,

which has a high degree of affinity for octahedral B sites. Cobalt ferrite particle

material has an inverse spinel structure [4, 5]. The presence of the two transi-15

tion metal ions at one crystallographic site leads to a unique type of hopping

conductivity and magnetic coupling. Cobalt ferrite (CoFe2O4) is an interesting

material because of its high magnetocrystalline anisotropy and its high coer-

civity and moderate magnetization [6, 7, 8]. These properties, along with their

great physical and chemical stability, make CoFe2O4 nanoparticles suitable for20

magnetic recording applications such as audio and videotape and high-density

digital recording disks and recent investigations have shown that the cobalt fer-

rite nanoparticles have photomagnetic properties [9, 10].

On the other hand, the spinel ferrites are synthesized by various techniques such
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as sol-gel [11], hydrothermal [12], ultrasonically assisted hydrothermal processes25

[13], reverse mi-celle synthesis [14], citrate precursor techniques [15, 16], elec-

trochemical synthesis [17], combustion methods [18], solid-state reaction [19],

and mechanical alloying [20, 21, 22], among them the co-precipitation shows a

great promise as an effective synthetic approach. Widely used it allows a good

control of the shape and the grain size distribution during the synthesis and30

stoichiometric composition of nanoparticles, not only for these reasons but also

due to its economical perspectives. This work highlights the co-precipitation

route to synthesize CoFe2O4 nanoparticles. The nanoparticles spinel ferrites

were characterized by various analytical techniques to investigate the structural

and the morphological properties of the nanoparticles. A spinel emphasis is put35

on the magnetic properties of such particles which have not been widely studied.

2. Experimental

All the chemical precursors were purchased from Aldrich and used without

further purification. A series of nanoparticles ferrites with composition CoFe2O4

are synthesized by co-precipitation method using stoichiometric ratio of Co/Fe40

equal 1:2. The amount of salt solutions of 0.23M iron chloride (FeCl2.4H2O)

and 0.16M of cobalt chloride (CoCl2.4H2O) were prepared. The solutions of

appropriate concentrations are dissolved in de-ionized water and heated to 313

K under constant stirring for 180 min and in maintaining the pH = 9−11 by the

addition of ammonium hydroxide (28%) NH4OH solution. The co-precipitated45

products were then washed several times with de-ionized water. The precip-

itates were then filtered and dried overnight in the oven at 323 K to remove

the water content. Finally, the precipitates of the product were ground to fine

powder and then annealed at 773 , 973, 1023, 1073 and 1223 K in an electric

furnace in air atmosphere for 6 h to obtain the spinel phase. The sample was50

slowly cooled down at 38 K/h, 63K/h, 70 K/h, 80K/h and 105 K/h respectively

for 773 , 973, 1023, 1073 and 1223 K during 6 h and finally quenched to room

temperature.
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To investigate the structure of the synthesized nanoparticles, the structural char-

acterization was performed by the powder X-ray diffraction using the BRUKER55

diffractometer with Cu-Kα target (λ = 1.5406 Å) to determine the crystallo-

graphic structure and identify the present phases. Scans of 2 h between 20◦ and

70◦ with ∆θ = 0.02◦ steps and counting times of 22 s per point were measured

at room temperature. The XRD data were refined using Rietveld method as

implemented in the FullProf computer code [23, 24]. The magnetic measure-60

ments of the samples were carried out using a Physical Properties Measurement

System (PPMS9 Quantum Design) under an applied field up to 3 T.

3. Results and discussion

3.1. Mechanism of formation of cobalt ferrite.

In co-precipitation method the formation of CoFe2O4 nanoparticles is ob-65

served when the ionic product of anion and cation exceeds the solubility product

of metal oxide when the solution is saturated. The mechanism of reactions can

be represented by following equations:

CoCl2 + 2NH4OH −→ Co(OH)2 + 2NH4Cl70

(1)

8FeCl2 + 14NH4OH −→ 7Fe(OH)2 + 14NH4Cl + Fe2+ + 2Cl−

(2)

The mechanism for oxidation of ferrous hydroxide gives rise to the iron oxy-

hydroxide. This reaction can be explained by the next equation:75

7Fe(OH)2 + Fe2+ + 2Cl− + 1
2
O2 + (2n+ 1)H2O −→ 2[3Fe(OH)2.F e(OH)2Cl.nH2O]

(3)

The product of reaction (3) is appointed Green Rust 1 (GR1) [25]. This GR1 is

oxidized to form γ-FeOOH, which reacts with Co(OH)2 to form Co(OH)2.2FeOOH
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complex. This product was annealed to form cobalt ferrite with cubic spinel

phase by removing hydroxide content and complete crystallization:80

Co(OH)2.2FeOOH −→ CoFe2O4 + 2H2O

(4)

3.2. Structure analysis.

The powder XRD patterns of CoFe2O4 nanoparticles prepared at different

annealing temperature (Tan = 773 , 973, 1023, 1073 and 1223 K) are shown85

in Fig 1. The major peaks are well indexed to the crystallographic planes of

spinel ferrite the (220), (222), (400), (422), (511) and (440), with 100% intensity

at 2θ ≈ 35.5◦ attributed to (311) reflection plane. As examples the Rietveld
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Figure 1: XRD pattern of the CoFe2O4 annealed samples at 773 , 973, 1023, 1073 and 1223

K during 6 h.

refinement results of XRD pattern of CoFe2O4 samples annealed at 773 , 1023

and 1223 K are presented in Fig 2. This analysis allows us to identify the90

impurity and quantify the percentage of each phase. The RB and χ2 factors,

the lattice parameters, the density and the percentage of each phase are given in

Table 1. The refinement performed confirmed the presence of a main phase (∼
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85-100 wt%) corresponding to CoFe2O4 typical of the cubic spinel structure with

a Fd3̄m space group and the lattice parameter in the range from 8.3789(4) to95

8.3890(2)Å. Obtained values for lattice parameters a are in agreement with that

reported in literatures for cobalt ferrite (a = 8.93 Å) compounds [26]. However,

the rietveld refinement showed the coexistence of two secondary phases where

their percentage varies with the annealing temperature. These two phases are

β-Fe2O3 with space group R3̄c (∼ 1.5-6.3 wt%)and CoO2 with space group100

P3̄m1 (∼ 3.3-10.2 wt%).

The average crystallite size (D) of each sample was determined from the full

width at half maximum (FWHM) of most intense peaks of reflection (311)

using Debye Scherrer’s [27] formula:

D =
kλ

βcos(θ)
(5)

where λ is the wavelength of Cu(Kα), β is the full width at half maximum105

(FWHM), θ is the Braggs diffraction angle and k is the Scheerers constant

(0.90). Herein β = (β2
M - β2

S), βM is the full width at half maximum (FWHM)

of the most intense peak (311) and βS is the standard instrumental broadening

(0.0480◦) [28]. The lattice parameter a which defines the size of unit cell was

determined by Rietveld refinement. Fig 3 shows the dependence of crystallite110

size and lattice parameters as a function of the annealing temperature. The

increase of the annealing temperature of the samples is accompanied by an

increase in crystallite size. However, and as seen from Fig 3, the increase of the

annealing temperature does not affect the lattice parameters.

The crystallite sizes of CoFe2O4, β-Fe2O3 and CoO2 phases were deter-115

mined from CoFe2O4-(311), β-Fe2O3-(222) and CoO2-(001) peak widths, by

using Scherrer’s formula. This parameter varies from 30 to 178 nm when an-

nealing temperature increases from 773 to 1073 K during 6 h. Furthermore, the

Scherrer equation can only be applied for sizes smaller than 1000-2000 Å or 100-

200 nm [29]. So we can’t determine the crystallite size for the sample annealing120

at 1223 K. However, the increase of β-Fe2O3 and CoO2 content is accompanied

by an overall increase in their crystallite sizes and in CoFe2O4 one.
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Table 1: Structural results of CoFe2O4 samples, RB and χ2 factors from Rietveld fit, a is the

lattice parameter, D is the crystallite size and ρXRD is the density value. The sample relate

respectively to CoFe2O4 nanoparticles annealed at 773, 973, 1023, 1073 and 1223 K during 6

h.

Sample Phase % RB χ2 a(Å) D(nm) DSEM ρXRD (g.cm−3)

773 K CoFe2O4 100 2.03 1.22 8.3789(4) 30 35-40 5.29

973 K CoFe2O4 93.82 2.22 1.24 8.3890(2) 51 55-60 5.27

β-Fe2O3 2.85 9.62 1.24 5.0389(3) 59 10.51

CoO2 3.33 9.02 1.24 4.6889(5) 25 11.07

1023 K CoFe2O4 98.49 2.18 1.08 8.3841(5) 120 150-160 5.28

β-Fe2O3 1.51 11.5 1.08 5.0345(1) 27 10.54

1073 K CoFe2O4 85.79 1.86 1.35 8.3885(1) 178 185-190 5.28

β-Fe2O3 6.30 8.39 1.35 5.0388(2) 106 10.52

CoO2 7.91 9.16 1.35 4.6852(4) 57 10.96

1223 K CoFe2O4 89.77 9.79 1.57 8.3824(3) 240-250 5.29

CoO2 10.23 12.1 1.57 4.6944(4) 115 11.05
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Figure 2: Rietveld analysis for X-ray diffraction pattern of CoFe2O4 nanoparticles annealed

at 773 K, 1023 K and 1223 K (above), Vertical bars represent the positions of the Bragg

reflections; the row marks correspond to the CoFe2O4 and β-Fe2O3 type phase. The observed-

calculated difference is depicted at the bottom of the figure.
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Figure 3: The relationship between the crystallite sizes (D) and lattice parameters and the

annealing temperature.

3.3. Morphology structure.

The external morphology of the CoFe2O4 nanoparticles annealed at 773 K,

1023 K and 1223 K has been visualized by the scanning electron microscopy125

(SEM). SEM photographs of the growth of ferrite nanoparticles for different
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temperatures of annealing are shown in Fig 4. It is noted that the particles

are spherical in shape and slightly agglomerated. This agglomeration can be

attributed to magnetic interaction arising among ferrite nanoparticles. The

particle size (DT) calculated from SEM is less than the crystal size estimated130

from XRD. The SEM images indicate the increase in particle size with increase

of the annealing temperature. The cobalt ferrite nanoparticles annealed at a

lower annealing temperature were spherical and in the size range of 35-40 nm

at 773 K. Further, spherical and elongated big particles were observed at high

annealing temperatures. The cobalt ferrite nanoparticles annealed at high an-135

nealing temperatures were in the size range of 150-160 nm and 240-250 nm at

1023 K and 1223 K, respectively.

3.4. Magnetic properties.

In order to obtain good extrinsic properties, we present in the following

the magnetic measurements on samples annealed at different temperatures. At140

each annealing temperature, a measure M-H is performed. Fig 5 shows the

hysteresis loops at 10 K (bottom) and 300 K (top), for the samples annealed

at 773 , 973, 1023, 1073, and 1223 K. These figures confirm the ferrimagnetic

behavior at room temperature (300 K) and low temperature (10 K). At 300 K,

it is noted that the sample annealed at 1023 K is magnetically harder than the145

other four samples. Indeed, the coercive field is of 1.58 kOe for this sample

against the values of less than 0.61 kOe for the other annealed samples. The

high value of the coercive field is higher compared with in the literature of

the cobalt ferrites synthesized by Co-precipitation [26, 30] but remains close to

that obtained by the sol-gel [31]. The weak magnetic coercive field for these150

samples is explained by the low grain size as in literature [32], they showed

that Hc varies linearly with the inverse of the size until a critical size. Also

we note that the remanent magnetization increases up to the 1023 K annealed

sample and decreases beyond that. Indeed, the remanent magnetization is of

31.85 emu.g−1 for the hard magnetic sample against values below 23 emu.g−1
155

for the softest magnetic samples. The magnetization curves MH obtained at

9
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(a)

(b)

(c)

Figure 4: Scanning Electron Microscopy (SEM) images of cobalt ferrite nanoparticles annealed

at (a) 773 K, (b) 1023 K and (c) 1223 K.

10 K are represented in Fig 5 (bottom) for all samples. It shows that at 10 K

the coercive field is higher than its counterpart at ambient temperature. We

note higher values up to 16 kOe for samples annealed between 773 and 1023 K

and two to three times lower values for the other two samples. The remanent160

magnetization is higher for the two samples annealed at 1023 and 1223 K. They

are 66.7 and 64.6 emu.g−1 respectively. The double hysteresis observed, at 10

K, can be explained by the intrinsic coupling of two magnetic phases soft and

hard.

To get insight into the effect of annealing on the magnetic properties, we165
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Figure 5: Hysteresis loops of Co-ferrite annealed at 773, 973, 1023, 1073, and 1223 K for 6h

min, measured at 10K (bottom) and 300K (top).

have tried to evaluate the magnetic anisotropy MA constant. For that purpose,

we used Néels law of approach to saturation [33]:

M(H) = Ms

(
1 − b

H2

)
+ χ0H (6)

with

b =
8

105

(
KL

Ms

)2

(7)

where H is the applied magnetic field in (T), Ms is the saturation magnetization

in (emu.g−1), and b is a constant which is a function of KL the local anisotropy,170
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Figure 6: Magnetization curve at 300 K of the cobalt ferrite annealed at 773, 973, 1023, 1073,

and 1223 K for 6h min (top) and magnetization curve at 10 K (bottom).

Ms and the symmetry.

The magnetization curves for all samples are found to fit well equation (6), as

shown in Fig 6. The values of Ms, and b obtained from the fitting at 10 K

and 300 K were used to determine KL using (7). Values of the parameters

obtained this way are shown in Table 2. We find that the local anisotropy at175

room temperature is of 0.19 ×106 erg.cm−3 (close to the literature[6]) for all

annealed samples except for the hardest magnetic sample where the value is

equal to 0.35 ×106 erg.cm−3.
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Table 2: The magnetic data of CoFe2O4 nanoparticles annealed at 773 , 973, 1023, 1073 and

1223 K during 6 h.

300 K 10 K

Sample Hc(kOe) KL (erg.cm−3) Ms (emu.g−1) Mr/Ms Hc (kOe) KL (erg.cm−3) Ms (emu.g−1) Mr/Ms

773 K 0.41 2.09 × 105 51.19 0.25 15.94 0.77 × 105 47.95 0.89

973 K 0.55 2.08 × 105 56.39 0.33 12.30 0.90 × 105 51.55 0.89

1023 K 1.58 3.47 × 105 74.85 0.43 11.37 2.49 × 105 72.38 0.92

1073 K 0.61 1.87 × 105 59.32 0.25 6.58 1.38 × 105 71.69 0.90

1223 K 0.33 2.05 × 105 70.87 0.39 0.41 0.45 × 105 55.97 0.87

At room temperature, the saturation magnetization of the hard magnetic sample

is 74.85 emu.g−1 increasing by 46% compared to the soft magnetic sample180

annealed at 773 K, Ms = 51.19 emu.g−1. Moreover, we point out that the

ratio Mr/Ms is the highest for the sample annealed at 1023 K. The ratio is

0.43 against the values between 0.25 and 0.39 for the others samples. This may

be due to the presence of an antiferromagnetic second phase (β-Fe2O3) in the

sample annealed at 1023 K (see Table 2) [34]. At low temperature (10 K), the185

value of magnetization saturation is approximately equal to 71 emu.g−1 for both

samples which are annealed at 773 K and 1223 K and below 59 emu.g−1 for the

other samples. On the other hand, the ratio Mr/Ms is greater than 0.8 with

the highest value being 0.92 for the sample annealed at 1023 K. This confirms

the magnetic hardness of this sample.190

Fig 7 shows the B-BH at 10 K (bottom) and 300 K (top) for the samples

annealed at 773, 973, 1023, 1073, and 1223 K. The Maximum energy product

(BH)Max at room temperature is 0.5 MGOe for the hard magnetic sample

(annealed at 1023 K) against the values below at 0.1 MGOe for the softer

magnetic samples. This was confirmed by the low temperature measurement,195

at 10 K, since there is a square hysteresis loop for the sample annealed at 1023

and 1223 K with the ratio Mr/Ms being almost equal to 1 with a slight recess

showing the presence of the antiferromagnetic second phase. The coercive field

are 6.6 and 11.3 kOe for these samples respectively. This is confirmed by the

values of (BH)Max at 10 K wich are 3.9 and 4.1 MGOe for the hards magnetics200

samples annealed at 1023 and 1223 K respectively.

13
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Figure 7: Variation of B as a function (BH) for the annealing samples.

4. Conclusions

This study deals with the synthesis of Cobalt ferrite nanoparticles synthesis

by co-precipitation method and annealed at 773, 973, 1023, 1073 and 1223 K.

The Rietveld refinement of the structure confirms the presence of a main phase205

of CoFe2O4 as well as the secondary phases of β-Fe2O3 and CoO2 respectively.

SEM study show that the ferromagnetic nanoparticles are of high quality and

the grain sizes increase with increasing in annealing temperatures. The effect

of annealing temperature on the magnetic properties and crystallite size of the

samples is investigated in order to have suitable magnetic properties and greatly210
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expanding the range of applications. The magnetic results at room temperature

show that β-Fe2O3 phase allowed us to obtain high coercivity of 1.58 kOe and

note that the ratio Mr/Ms = 0.43 is the highest for the sample annealed at

1023 K. Regarding the measurements at 10 K, the samples annealed at 1023

and 1223 K manifest high saturation magnetization, a square hysteresis loop215

and high coercivity which is suitable for fabrication of permanent magnets with

(BH)Max equal to 4.1 MGOe. In conclusion, these nanoparticles can be used for

high density magnetic recording at room temperature or as permanent magnet

at low temperature.
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Highlights : 

 The nanoparticles cobalt ferrite was synthesized in co-precipitation process. 

 Subsequently, the cobalt ferrite is annealed under air at different temperature between 773 and 

1223 K. 

 Their Structural, morphological, and magnetic properties have been presented. 

 The samples annealed at 1023 K for 6h possess a coercive field of 1.5 and 11.4 kOe at room 

temperature and low temperature respectively.  

 The sample annealed at 1023 K for 6 h exhibits the best (BH)max (BHmax = 0.5 MGOe at 300 K 

and 3.9 MGOe at 10 K). 
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