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Abstract
A systematic investigation has been carried out to achieve and characterize single-domain cobalt ferrite nanoparticles of 
high saturation magnetization with least particle size. The samples were obtained by adding different contents of chelat-
ing agent, viz., polyvinylpyrrolidone, to cobalt ferrite in the ratios 1:1–3:1 and with careful heat treatment using sol–gel 
technique. The ferrite samples were annealed in the temperature range 400–1100 °C in the intervals of 100 °C for achieving 
crystallization to the nanoscale. The prepared samples were characterized by XRD and TEM techniques to identify single-
phase spinel structure and the particle size. The magnetic properties, viz., saturation magnetization (Ms), coercivity (Hc) 
and single-domain nature of the samples, were measured using vibrating sample magnetometer. The obtained results have 
been discussed in detail as a function of the content of chelating agent. The analysis indicated the developed samples are 
of single-domain cobalt ferrite nanoparticles with a critical size of 12.8 nm, possess high saturation magnetization (71.9 
emu/g) and high coercivity (2744 Oe).

1  Introduction

The bulk cobalt ferrite, CoFe2O4, with cubic spinel structure 
possesses high coercivity, moderate saturation magnetiza-
tion and remarkable chemical stability with high mechani-
cal hardness [1]. In view of such characteristics, this ferrite 
finds potential applications, for example, they can be used as 
isotropic permanent magnets, magnetic fluids, as magnetic 
recording materials [2], in spintronic applications, etc. [3]. 
Trukhanov et al. have carried out extensive work on different 
ferrite materials that possess high saturation magnetization 
[3–6].

The bulk ferrites normally require high sintering tempera-
tures for their preparation and to achieve the particle size of 
the order of microns. With the advent of nanotechnology, it 
has become possible to produce smaller particles with supe-
rior electromagnetic properties. In various biomedical and 
magnetic recording applications, single-domain magnetic 

nanoparticles of least particle size (usually less than 10 nm 
[7]) are desirable for achieving the higher values of satura-
tion magnetization and coercivity. The small grain size of 
these magnetic nanoparticles inhibits the exchange interac-
tion between neighboring grains. The magnetic materials 
with such property are useful for the biomedical applications 
such as hyperthermia [7]. In fact, the particle size, shape and 
the purity of the nanoparticles decide the magnetic charac-
teristics of ferrite material such as cobalt ferrite. In view of 
this, a strict control over the reduction of the dimensions of 
nanoparticles down to the size of the single domain is essen-
tial [8]. Moreover, the particle size, in turn, is very sensitive 
to the method of preparation and subsequent heat treatment 
conditions of the material.

Several efforts have been made by different researchers 
to synthesize cobalt ferrite nanoparticles through various 
chemical methods, viz., co-precipitation [9, 10], the reverse 
micelle [10], sol–gel [11, 12], solution combustion [13], 
Sol–gel auto-combustion [14], organic acid precursor route 
[15], wet chemical route [16], hydrothermal [17], etc. Goh 
et al. [17] developed single-domain cobalt ferrite nanopar-
ticles of size 33 nm with high saturation magnetization and 
high coercive force. Similarly, Eshraghi et al. [19] have 
produced single-domain cobalt ferrite nanoparticles of size 
7 nm but with low-saturation magnetization and low coer-
civity. In Table 1, we have presented a brief summary on 
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the particle size, saturation magnetization and coercivity of 
cobalt ferrite nanoparticles reported by different researchers.

Thus, it is evident from the literature that particle size has 
a direct relation with saturation magnetization and coerciv-
ity. To be more specific, lower the particle size, the smaller 
is the magnetization and vice versa. Obtaining high mag-
netization with least particle size is a challenging task in the 
field of nanomagnetic materials. Among various methods 
reported, the sol–gel method seems to be more suitable to 
obtain smaller particle sizes. The content and the kind of 
chelating agent and also conditions of annealing are very 
important in controlling the particle size. Eshraghi et al. [19] 
have prepared cobalt ferrite using citrate precursor method 
and have observed a decrease in the particle size with 
increasing molar ratio of total metal acetates and the citric 
acid. In the present work, we have chosen sol–gel method for 
the synthesis of cobalt ferrite nanoparticles. The thorough 
literature survey indicates virtually no systematic studies are 
available on cobalt ferrite nanoparticles of size < 10 nm with 
high saturation magnetization. Motivated by these obser-
vations, the present work is aimed to develop single-phase 
cobalt ferrite with high magnetization and least particle 
size < 10 nm using sol–gel method.

2 � Experimental

Appropriate amounts of AR-grade reagents of ferric nitrate, 
Fe(NO3)3·9H2O, and cobalt nitrate, Co(NO3)2·6H2O, were 
used to prepare cobalt ferrite. Polyvinylpyrrolidone (PVP) 
was used as a chelating agent to control the particle size. 
Solutions of these materials were prepared by dissolving 
them separately in a minimum amount of de-ionized water at 
ambient temperature. Initially, PVP solution was subjected 
to continuous stirring using an overhead stirrer until a color-
less, transparent solution was obtained. The nitrate solutions 
were added together and the resultant mixture was added 
to the polymer solution and stirred for 6 h. The obtained 
admixture is called as precursor. Three combinations of 

precursor solutions were prepared by varying the amount 
of PVP with respect to cobalt ferrite in the weight ratio 1:1 
(CF-1), 2:1(CF-2), and 3:1(CF-3). The thoroughly mixed 
precursor was heated at 80 °C in air under continuous stir-
ring for 15 h till a dark brown gel was observed and further 
dried at 80 °C in air for nearly 10 h and finally orange color 
powders were obtained.

To understand the influence of the content of chelating 
agent on the purity of cobalt ferrite phase and particle size, 
the prepared powders were annealed at 300 °C, 400 °C, 
600 °C, 700 °C, and 800 °C with a typical heating rate of 
5 °C per minute using a programmable muffle furnace for 
1 h and cooled down to room temperature gradually.

The annealed samples were characterized by X-ray dif-
fraction (XRD), FTIR and transmission electron microscopy 
(TEM) techniques. X-ray diffraction patterns were recorded 
using CuKα (1.5406 Å) radiation in the range 2θ from 15° 
to 80°. Infrared spectra were recorded in the spectral region 
400–3000 cm− 1 using a Hyperion microscope with vertex 
80 FTIR spectrophotometer up to a resolution of 0.2 cm− 1.
Transmission electron microscopy studies were carried out 
using Tecnai G2 20 S-Twin transmission electron micro-
scope (TEM) with 200-kV electron beam. The particle size 
distribution was evaluated using the obtained TEM photo-
graphs. Magnetic characterization of the cobalt ferrite nano-
particles was performed using vibrating sample magnetom-
eter (Lakeshore 4700VSM) at ambient temperature.

3 � Results and discussion

Figure 1 shows X-ray diffraction patterns of CF-1 (a), CF-2 
(b), and CF-3 (c) samples, annealed at 300 °C. Diffraction 
peaks due to reflection from different planes of cobalt ferrite 
along with impurity phases were identified in the patterns of 
CF-1 and CF-2 samples. The peaks in the diffraction pattern 
of CF-2 are observed to be relatively broader with feeble 
intensity when compared with those of CF-1. However, in 
pattern of the sample CF-3 (annealed at same temperature) 

Table 1   The values of particle 
size, saturation magnetization 
(Ms) and coercivity (Hc) of 
single-domain cobalt ferrite 
nanoparticles reported by 
different researchers

Method of preparation Annealing 
temp. (°C)

Phase purity Particle 
size (nm)

Ms (emu/g) Hc (Oe) References

Sol–gel 350 Multi-phase 12 ~ 40 2020 [2]
Sol–gel 500 Single phase 29 50 650 [11]
Sol–gel 550 Multi-phase 29 18 1791 [12]
Hydrothermal 300 Single phase 33 73 2216 [17]
Organic acid precursor route 350 Single phase 7.2 30 152 [18]
Co-precipitation 600 Single phase 26 68 1250 [19]
Water-in-oil microemulsions 600 Single phase 50 65 1440 [20]
Modified oxidation – Single phase 36 64 2020 [21]
Co-precipitation 700 Single phase 35 72 1200 [22]
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well-resolved diffraction peaks could not be observed. It may 
be due to the presence of large amount of chelating agent in 
this sample which might have influenced the chemical reac-
tion between the ingredients of the sample.

To have a clear understanding over crystalline structure, 
the fresh samples were annealed at 400 °C and XRD patterns 
were recorded; the obtained diffractograms are presented in 
Fig. 2. The patterns of these samples exhibited sharper and 
intense peaks when compared to those of the samples heat 
treated at 300 °C. Some additional feeble peaks were also 
observed in the patterns of CF-1 and CF-2 samples due to 
annealing at 400 °C. Moreover, the diffractogram of CF-3 
sample annealed at this temperature exhibited well-resolved 

peaks due to the reflections from different planes of cobalt 
ferrite spinel structure.

Since the well-resolved diffraction peaks could not be 
detected in the diffractograms of the samples CF-1 and CF-2 
annealed up to 400 °C, these samples were annealed at still 
elevated temperatures, viz., 600 °C, 700 °C and 800 °C, 
under similar conditions. The obtained patterns of these 
samples are presented in Figs. 3 and 4, respectively. Even 
after annealing at 800 °C, the pattern still exhibited diffrac-
tion peaks due to impurity phases. These impurity peaks 
were identified as being due to reflections from different 
planes of α-Fe2O3 and Co3O4 phases [14]. The results of 
these studies indicate that if one wants to obtain single-phase 

Fig. 1   X-Ray diffraction patterns of (a) CF-1, (b) CF-2, and (c) CF-3 
annealed at 300 °C

Fig. 2   X-Ray diffraction patterns of (a) CF-1, (b) CF-2, and (c) CF-3 
annealed at 400°C

Fig. 3   X-Ray diffraction patterns of CF-1 annealed at (a) 600 °C, (b) 
700 °C and  (c) 800 °C

Fig. 4   X-Ray diffraction patterns of CF-2 annealed at (a) 600 °C, (b) 
700 °C and (c) 800 °C
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cobalt ferrite through sol–gel method with low content of 
chelating agent, the samples are needed to be annealed at 
higher temperatures, which is a hindrance for achieving par-
ticles with smaller dimensions. In view of this, we could 
come to the conclusion that CF-3 is an ideal combination 
for obtaining pure cobalt ferrite phase. With this expecta-
tion, further work, in the direction of producing cobalt ferrite 
particles that exhibit high saturation magnetization and with 
lower particle size (which are desirable for the use of these 
samples in biomedical and magnetic recording applications), 
has been carried out with CF-3 sample.

To obtain further support regarding the formation of 
cobalt ferrite phase as well as the presence of PVP matrix 
in the samples, we have recorded FTIR spectra for these 
samples. Figure 5 shows FTIR spectra of the sample CF-3 
recorded after annealing at 300 °C, 400 °C, and 600 °C. 
The spectra exhibited Fe–O vibrational band (octahedral 
band, Oh) [11, 12, 23] at about 590 cm− 1 in addition to mul-
tiple vibrational bands (stretching-modes) in the spectral 
region 1200‒3000 cm− 1 predicted due to O–H, C–O and 
C=H groups present in PVP source [24]. With increase of 
annealing temperature from 300 to 600 °C, the intensity of 
bands due to these hydroxyl and carbonate groups is gradu-
ally diminished and virtually disappeared in the spectrum 
of the sample annealed at 600 °C, whereas the presence of 
octahedral vibrational band of Fe ions as become more vis-
ible with increasing intensity.

For obtaining quantitative information on the size of the 
cobalt ferrite particles and its dependence with annealing 
temperature, we have recorded XRD patterns of the CF-3 
samples annealed at different temperatures (500–1100 °C) 
and presented in Fig. 6.The size of the crystallite has been 
estimated from Williamson–Hall (W–H) plots [25] using 
the equation: � cos � =

0.9 �

D
+ 4� sin � , where β is the cor-

rected peak broadening 
(

=

√

�
measured

2
− �

instrumental

2

)

 , λ 

(1.5406 Å) the wavelength of X-rays used and θ is the peak 
position and � represents internal strain. The average crystal-
lite sizes evaluated from the Williamson–Hall plots (Fig. 7) 
were found to be in the range 8.3–38.6 nm for the samples 
annealed at different temperatures (Table 2).The lattice con-
stant is estimated from the diffraction peak of each plane and 
its variation is plotted with Nelson–Riley function F(θ) = 
(Cos2θ/2Sinθ) + (Cos2θ/2θ) so as to obtain the accurate 
value of lattice constant for studied samples annealed at dif-
ferent temperatures (Fig.  8). The extrapolation of the 
obtained graphs to the Y-axis, is predicted to give precise 
value of lattice constant [10]. The value of lattice constant 
(of the cubic-structured cobalt ferrite samples) obtained 
from these plots is estimated to be ~ 8.38 Å; this value is 
observed to be near invariant with annealing temperature 
and further found to be in good agreement with that 
of reported value [11].

Figure 9 shows transmission electron micrographs and 
normal distribution of the particle size of CF-3 annealed 
at different temperatures. All the histograms obtained from 
TEM micrographs for evaluating the average particle diam-
eter can be well fitted by a Gaussian distribution by consid-
ering not less than 100 particles in each case. Nanoparti-
cles with an average particle diameter ranging from 7.8 to 
13.1 nm are evidenced from these photographs and the val-
ues are observed to be nearer to the crystallite sizes obtained 
from Williamson–Hall plots (Table 3).

4 � Magnetic properties

Table 2 shows the room temperature magnetic parameters of 
CF-1, CF-2 and CF-3 samples annealed at 400, 600, 700 and 
800 °C. It was observed that the magnetization is increasing 
with increasing annealing temperature and also with content 
of chelating agent. The lower values of the magnetization 
exhibited by the samples CF-1 and CF-2 may be ascribed 
to the presence of impure oxide phase [26, 27]. Figure 10 
shows the hysteresis curves (recorded at room temperature) 
of CF-3 sample annealed at different temperatures.

Normally, the magnitude of saturation magnetization of 
cobalt ferrite is dependent on various factors such as the 
method of preparation, the annealing temperature and the 
rate of heating. For example, Naseri et al. [12] have devel-
oped cobalt ferrite nanoparticles of least size (12.5–29 nm) 
through PVP-assisted thermal treatment method (also known 
as sol–gel method) and measured Ms; the obtained value Ms 
for these samples is found to be very low (1.15–18.02 emu/g) 
than the generally reported values [11]. These authors have 
attributed the observed low-value magnetization is mainly 
due to high heating rate (10 °C/min) of the samples during 
annealing process. Sangmanee et al. [28] showed that satura-
tion magnetization for this ferrite increases from 9.7 to 56.5 
emu/g with decreasing the heating rate from 20 °C/min to 
5 °C/min during annealing process. In the current study, 
we have adopted similar PVP-assisted sol–gel method to 
obtain cobalt ferrite nanoparticles by annealing at various 
temperatures with heating rate of 5 °C/min; these samples 
with the lowest particle size exhibited relatively high satura-
tion magnetization ~ 71.9 emu/g.

Figure 11 represents the variation of saturation mag-
netization (Μs) and coercivity (Hc) with crystallite size of 
the sample CF-3. The saturation magnetization exhibited 
increasing trend with the increase of annealing tempera-
ture. The coercivity is observed to increase from 1411 to 
2744 Oe with the increase of annealing temperature up 
to 700 °C and at still higher annealing temperatures, it is 
observed to decrease. This observation suggests that up to 
700 °C of annealing temperature, the material is in the sin-
gle-domain region and beyond this temperature the material 
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is transformed into multi-domain state [16]. On the other 
hand, for the samples CF-1 and CF-2 this critical tempera-
ture (at where single domain transforms into multi-domain) 
is observed to be shifted to lower temperature (Table 2). 

Overall, comparison of these results suggests that with low 
contents of chelating agents, there is only remote possibil-
ity for obtaining single phase with single domain. In other 
words, this observation clearly demonstrated that the content 

Fig. 5   FTIR spectra of sample 
CF-3 annealed at a 300 °C, b 
400 °C, c 600 °C
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of chelating is also one of the crucial parameters for obtain-
ing single-domain nanoparticles through sol–gel method. 
The size of the crystallite at this critical point (the transition 

point from single domain to multi-domain) is known as criti-
cal size and it is identified as 12 nm (Fig. 11) for the CF-3 
sample annealed at 700 °C. The corresponding saturation 
magnetization and the coercivity are found to be 71.9 emu/g 

Fig. 6   X-Ray diffraction patterns of CF-3 annealed at a 500  °C, b 
600 °C, c 700 °C, d 800 °C, e 1000 °C, and f 1100 °C

Fig. 7   Williamson–Hall plots of CF-3 annealed at a 400  °C, b 
500 °C, c 600 °C, d 700 °C, and e 800 °C, f 1000 °C, and g 1100 °C

Table 2   Magnetic properties of CF-1, CF-2 and CF-3 annealed at dif-
ferent temperatures

Sample Annealing 
tempera-
ture (°C)

Heating 
rate (°C 
per min)

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

CF-1 400 5 20.2 10.2 2818
600 27 12.5 2390
700 28.5 21.5 2278
800 44.5 22 1944

CF-2 400 5 24 4 761
600 41 19.2 2300
700 61.3 29.8 1943
800 66 30.9 1754

CF-3 400 5 27.7 9 1411
600 55 29.2 2496
700 71.9 40 2744
800 77.5 36 2060

Fig. 8   Nelson–Riley plots of CF-3 annealed at a 400 °C, b 500 °C, c 
600 °C, d 700 °C, and e 800 °C, f 1000 °C, and g 1100 °C
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and 2744 Oe, respectively. It may be worth mentioning here 
that even though the sample exhibited higher value of Μs 
(Table 3) beyond the critical size of the crystallite it is in 
the multi-domain state. This may be a hindrance for the 
practical utility of the sample for biomedical applications. 
Even though it is a general expectation that ferrite materi-
als with the particles with size less than 10 nm must be 
super-paramagnetic, in the present investigation, the super-
paramagnetic behavior could not be visualized. However, for 
the cobalt ferrite, the minimum size required for the particles 

to act as super-paramagnetic is reported to 2–4 nm [10, 29] 
at room temperature. We have also evaluated the magneto-
crystalline anisotropy constant, K, using coercivity, Hc, and 
magnetization, Ms, from Stoner–Wohlfarth relation, Hc = 
2K/Ms and it is presented in Table 3; the anisotropy constant, 
K, and coercivity, Hc, exhibited non-monotonic behavior 
with particle size.

Overall, in the present study we have been fairly success-
ful, in identifying the optimum content of chelating agent and 
annealing temperature in obtaining pure single-domain cobalt 

Fig. 9   Transmission electron microscope images of CF-3 annealed at (a) 400 °C, (b) 600 °C, (c) 700 °C and (d) 800 °C
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ferrite nanoparticles with high saturation magnetization with 
the lowest particle size.

5 � Conclusions

The cobalt ferrite with the lowest nanoparticle size with no 
impurity phases could be made possible by selecting the 
optimum values of content of chelating agent and annealing 
temperature. The present study also indicated that the use 
of smaller amounts of chelating agents creates larger pos-
sibility for the presence of undesired impurity oxide phases 
such as α-Fe2O3 and Co3O4 even at the elevated annealing 
temperatures.

The sample CF-3 (developed with optimum quantity of 
chelating agent) exhibited single phase with single domain 
at lower annealing temperature. The saturation magnetization 
and remnant magnetization have been observed to be depend-
ent on particle size. The single-domain cobalt ferrite annealed 
at 700 °C has shown saturation magnetization of 71.9 emu/g 
and high coercive field of 2744 Oe for the average particle 
size of 12 nm. The magnetic measurements suggested that the 
present adopted method is suitable for obtaining single-domain 
cobalt ferrites with high magnetization and smaller particle 
size which are desirable parameters for practical applications 
of these materials.

Further, this material possesses large spontaneous polariza-
tion even at room temperature and hence can be considered as 
suitable for the applications in spintronics.

Acknowledgements  We are thankful to Dept. of ACMS, IIT Kan-
pur, for providing magnetic measurements, SAIF, IIT Bombay, for 
providing the facility to record FTIR spectra, Dept. of Metallurgical 
and Materials Engineering, RGUKT, IIIT Nuzvid, for utilizing XRD 
facility and also thankful to the IIC, IIT Roorkee, for providing TEM 
images.

Table 3   Structural and magnetic parameters of CF-3 annealed at different temperatures

Annealing tem-
perature (°C)

Particle size (nm) Crystallite size 
(nm)

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

M
s

K (106 erg/cm3)

400 7.8 ± 0.9 8.3 27.7 9 1411 0.37 3.36
500 – 9.5 40.7 15.7 2430 0.39 6.47
600 9.6 ± 1.7 10.4 55 29.2 2496 0.53 9.00
700 11.6 ± 0.9 12.8 71.9 40 2744 0.56 12.90
800 13.1 ± 0.7 13.5 77.5 36 2060 0.54 9.00
1000 – 21.6 79.8 40 1458 0.50 7.61
1100 – 36.6 76 26.2 1148 0.34 5.71

Fig. 10   Room temperature hysteresis curves of CF-3 annealed at a 
400 °C, b 500 °C, c 600 °C, d 700 °C, e 800 °C, f 1000 °C, and g 
1100 °C

Fig. 11   Variation of saturation magnetization and coercivity of CF-3 
with crystallite size
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