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A B S T R A C T   

In this work, multiferroic composites were produced from CoFe2O4 and KNbO3 mixtures via control of the heat 
treatment temperature. For this, CoFe2O4 nanoparticles were produced by sol-gel method, while KNbO3 was 
synthesized by microwave-assisted hydrothermal synthesis. The powders were homogenized and subjected to 
heat treatment at 300, 400 and 500 ◦C for 5 h. The structural, electrical and magnetic properties were char-
acterized. The results of X-ray diffraction indicated that there was no formation of secondary phases with heat 
treatment. Raman vibrational modes confirmed the presence of KNbO3 and CoFe2O4 in the prepared composites. 
SEM analysis showed that the composite microstructure consists of smaller ferrite particles arranged on the 
surface of largest cubic KNbO3 particles. The improvement of coercivity (HC = 382.1Oe) and dielectric constant 
(ϵ’~7860) was observed for the composite thermally treated at 300 ◦C. The obtained results show the potential 
application of KN:CFO composites for multifunctional devices.   

1. Introduction 

The development of materials with specific properties that can be 
used to improve the performance of various devices has become 
necessary for technological progress. In this sense, multifunctional ma-
terials have emerged as potential candidates to meet these needs, 
because these materials have two or more properties that can be applied 
separately or simultaneously in the making of the same device, which 
should reduce their costs, improve their performance and miniaturize 
them. Among the class of multifunctional materials are those with two 
or more ferrous orders, the multiferroic ones. The ferrous orders that a 
multiferroic material can possess are: ferroelectricity, iron/antiferro-
magnetism and/or ferroelasticity [1,2]. A relationship between these 
parameters strengthens the applications of these materials in piezo-
electric sensors, ferroelectric transducers, ceramic capacitors, electronic 
filters and magnetic data storage [3–5]. Extensive research has been 
performed to obtain ferromagnetic and ferroelectric properties in a 

single phase material [6–9]. Nevertheless, few materials have both of us 
properties in a single phase. Therefore, alternative artificial multiferroic 
compounds that can be obtained by combining a ferroelectric phase and 
a ferromagnetic phase are being studied widely. 

Among the different material combinations, perovskite-spinel com-
posites have unique characteristics which is the magnetostriction coef-
ficient, usually higher than those of other similar compounds [10,11]. It 
is noteworthy that spinel-perovskite systems present strong coupling 
between magnetic and electric phases, and actively interact with one 
another [11]. This structure has mechanisms that induce electric po-
larization in magnetic states, which leads these materials to be used in 
many promising applications, such as controlling magnetic memories by 
an electric field [9,12,13]. 

Potassium niobate perovskite (KNbO3, KN) is a ferroelectric material 
[14–16] with high Curie temperature [17,18], which has been exten-
sively studied due to its particular features in relation to electrical and 
optical properties [8,13,19,20]. Therefore, it attracts considerable 
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interest in applications as sensors, transducers, and other technological 
fields. Ferromagnetism induction in this ferroelectric perovskite would 
result in a multiferroic behaviour, turning it into a potential material for 
application in piezoelectric transducer devices, data storage elements 
and magnetic resonance devices [16,20–22]. 

On the other side, cobalt spinel ferrite (CoFe2O4, CFO) is a hard 
magnetic material and has the characteristics of high anisotropy, mod-
erate magnetization and high coercivity [23–26]. These characteristics, 
associated with their high physical and chemical stability [27–29], make 
this material a candidate for application in ferrofluid technology, mag-
netic recording, biomedical drug supply, cancer treatment, and 
magnetic-optical devices [30–35]. The magnetic symmetry of cobalt 
ferrites plays an essential role in magnetoelectric coupling. For this 
reason, multiferroic materials with a spinel phase are promising candi-
dates for the technology of the next generation of spinel-based elec-
tronics, which overcomes several difficulties of modern spintronics. 

In this context, multiferroic materials using KN as a ferroelectric 
component and CFO as a magnetic component can be extremely inter-
esting for the aforementioned applications. It is worth mentioning that, 
to our knowledge, few studies have been carried out on KN-CFO com-
posites [9]. Furthermore, the temperature dependence of these materials 
properties has not yet been investigated. Adjusting the heat treatment 
temperature for the composites can increase the ferroelectric and ferri-
magnetic coupling. This strong coupling would allow the storage of 
ferroelectric data (FE) associated with magnetic reading and the ca-
pacity to tune the magnetic properties with an electric field and vice 
versa. 

This work evaluates the influence of heat treatment at moderate 
temperatures on KN:CFO composites in order to improve their magnetic 
and electrical properties. Detailed structural and morphological studies 
have been carried out to correlate magnetic hysteresis and dielectric 
measurements. 

2. Materials and methods 

Initially, KNbO3 and CoFe2O4 particles were separately prepared by 
microwave-assisted hydrothermal synthesis and a sol-gel method. A full 

description of the synthesis parameters can be found in previous works 
[20,21,36]. The powders obtained by the different synthesis methods 
were homogenized with the aid of a mortar and pestle in a composition 
containing 50 wt% KNbO3 and 50 wt% CoFe2O4. Subsequently, the 
mixtures were subjected to heat treatment at 300, 400 and 500 ◦C for 5 
h. Finally, the obtained powders were characterized. 

X-ray diffractometer (XRD, Philips, X’pert MPD, Cu–K source) was 
used to characterize the crystal structure of the thermally treated sam-
ples. The analysis was carried out in a range 2θ of 5–80◦ and step size of 
0.05◦. The lattice parameters were determined from the Rietveld 
refinement. The crystallite size was determined from Scherrer equation. 
The phase transition temperatures of the KN and KN:CFO powders 
during the heating and cooling cycle were determined by differential 
scanning calorimetry analysis (DSC, STA 449F3, Netzsch, nitrogen at-
mosphere; heating/cooling rate of 20 ◦C/min). Raman analyses were 
executed in a Raman spectrometer (inVia Renishaw; 785 nm laser). The 
morphology of the pure samples and KN:CFO composites was assess via 
scanning electron microscopy (SEM, EVO MA10, Carl Zeiss). The mag-
netic properties were characterized by a vibrating sample magnetometer 
(VSM, Model EZ9, Microsense). For the determination of the dielectric 
constant of the synthesized powders the tests were performed in a fre-
quency range of 20 Hz to 2 MHz at 25 ◦C. The Agilent E4980A equip-
ment was used by the direct contact method (500 mV voltage). 

3. Results and discussion 

Fig. 1 illustrates the X-ray diffractograms of KN and CFO powders, as 
well as the KN:CFO compounds. In the KN sample, only reflections 
associated with orthorhombic KNbO3 (JCPDS 01-071-0946, Amm2, n◦

38) can be observed. Also, no secondary phase can be seen in the dif-
fractograms. In the case of CFO, the analysis of XRD revealed reflections 
related to cubic CoFe2O4 (JCPDS 001–1121, Fd3m, n◦ 227) only. A high 
degree of crystallinity of this sample is observed in Fig. 1, although 
moderate heat treatment conditions have been applied to the xerogel 
(dried gel obtained after evaporation of the solvent). XRD results indi-
cate that both synthesis routes successfully yielded the phases needed 
for this study. For KN:CFO composite samples that subjected to heat- 

Fig. 1. X-ray diffractograms of KN and CFO synthesized particles, untreated mixture and KN:CFO composites heat-treated at 300, 400, and 500 ◦C.  
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treatment at 300, 400 and 500 ◦C, the XRD patterns clearly show a 
mixture of two phases, which include the KNbO3 perovskite and the 
CoFe2O4 spinel. The presence of KNbO3 and CoFe2O4 and the absence of 
impurities or secondary phases in the composites indicate that these two 
compounds did not react during the heat treatment. Thus, a better 
interaction between the ferroelectric and ferromagnetic phases can be 
obtained, since a structure with two phases was obtained. Consequently, 
greater magnetoelectric coupling in composite samples can be induced. 
In addition, the diffractograms of all the KN:CFO samples show good 
thermal stability of the multiferroic system since there was no phase 
change by increasing the annealing temperature. The increase in the 
heat-treatment temperature only resulted in a small displacement of the 
KN diffraction signals towards lower angles, likely due to small changes 
in the lattice parameters of the phases. The difference in the position of 
the reflections and subsequent modification in the lattice parameters 
may also be related to the distortion in the KNbO3 phase crystalline 
lattice caused by the appearance of a new guest phase (CoFe2O4), which 
exhibits a different crystalline structure [9,37]. 

KN with perovskite crystal structure exhibits phase transitions 

during heat treatment. While the as-synthesized KNbO3 - both pure and 
in the composite - was orthorhombic, the literature indicates that phase 
transitions occur at around 220 and 400 ◦C in heating and 190 and 
390 ◦C in cooling [38,39]. To analyse these transitions in our materials 
(KN and KN:CFO), differential scanning calorimetry analysis (DSC) was 
performed. The results are illustrated in Fig. 2. It is possible to observe 
different thermal events related to phase transitions in KN and the KN: 
CFO composite. For pure KN, two-phase transitions were observed 
during the heating process (Fig. 2(a)). The first event occurred at 217 ◦C 
(orthorhombic to tetragonal), and the second event was observed at a 
temperature of 360 ◦C (tetragonal to cubic). On the other side, during 
the cooling process (Fig. 2(b)) the first phase transition (cubic to 
tetragonal) was detected at 405 ◦C. The second observed event 
(tetragonal to orthorhombic) occurred at a temperature of 168 ◦C. For 
the KN:CFO composite, during the heating process (Fig. 2(c)), it was also 
possible to observe the two thermal events, the first occurring at 170 ◦C 
and the second at 385 ◦C. There were variations in the transition tem-
peratures during heating when the composite (KN:CFO) is compared 
with pure KN. Raja et al. (2018) report in their work that these changes 

Fig. 2. DSC curve (black line) and its first derivative (red line) for heating (a) and cooling KN (b) and heating (c) and cooling KN:CFO composite (d). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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in the transition temperatures during heating indicate that the ferrite 
phase may, in fact, influence in the KNbO3 phase transition, which can 
lead to changes in some system properties [40]. Moreover, during the 
cooling process, the observed phase transitions occurred at 400 ◦C and 
170 ◦C, similarly to pure KN. Changes in the heating and cooling tem-
peratures of the KN:CFO composite in comparison to KN can bring about 
small structural changes. 

In the heating curves (DSC, (Fig. 2 (a) and (c)) an endothermic event 
at approximately 150 ◦C related to the loss of water from the sample can 
be observed. 

As observed in the XRD analysis (Fig. 1), all diffractograms show a 
pronounced broadening (mainly the CFO signals), pointing to small 
crystalite sizes in the range of a few nanometers. For this reason, the 
lower limit of the average crystallite size was obtained through the 
application of the Scherrer equation; results are shown in Table 1. In 
both cases, pure KN and CFO powders present a slightly smaller crys-
tallite size when they are in composites, in addition to a slight reduction 
in cell volume. The lattice parameters and cell volumes were evaluated 
and calculated from the refined Rietveld standards; the results are also 
shown in Table 1. It is worth mentioning that the Rietveld refined XRD 
standards validate that the two phases have maintained their identity. In 
addition, there are no intermediate or impurity phases present in the 
thermally treated composite samples. It is also suggested that there is no 
diffusion between the two phases during heat treatments. The lattice 
parameters ‘a’, ‘b’ and ‘c’ and the cell volume of the perovskite decrease 
slightly when the composite on subjecting to the heat treatment, that is, 
300 ◦C, which can be attributed to the rearrangement of Nb, K, and O 
atoms in the KN lattice after the addition of CFO. This phenomenon 
might be related to the phase transition that occurs during the heating 
and cooling of the composites. According to the literature, KNbO3 has a 
perovskite type crystalline structure with crystalline phases that depend 
on temperature [41]. Phase transitions occur at around 217 and 360 ◦C 
in heating and 168 and 405 ◦C in cooling, as observed in DSC analysis 
(Fig. 2) and other works [38,39]. These transitions are linked to sig-
nificant changes in the volume of the unit cell. The synthesized KN in the 
orthorhombic phase was heated to 300 ◦C together with the spinel, 
passing through the tetragonal phase and returning to orthorhombic 
symmetry. Thus, these changes in the lattice parameters might be 
related to the formation of oxygen vacancies during a structural rear-
rangement that induces deformation, which can therefore affect the 
electrical and magnetic characteristics of the materials. 

In addition, when the heat treatment temperature is further 
increased to 400 or 500 ◦C, two events may have occurred. The first 
relates to symmetry changes with the increase and subsequent decrease 
in temperature, i.e., temperatures of thermal treatment modify the 
symmetry of KN to cubic and return to the orthorhombic symmetry 
under cooling, and therefore results in a slight contraction of the unit 
cell. This phenomenon could also be related to the structural rear-
rangement at higher temperatures, causing a reduction in oxygen va-
cancies and, as a result, increasing the distortion of the lattice, 
consequently causing a slight decrease in the volume of the unit cell. 

The second observation is the largest average crystallite size for these 

samples. Nanosized crystallites tend to increase their size with 
increasing temperature due to the reduction of surface energy [42,43]. 
The synergy between: (i) the symmetry changes and (ii) crystallite size 
with the variation in temperature can bring about changes in the mag-
netic and electrical properties of multiferroic composites. Finally, the 
properties of these composites could be tuned, an exciting aspect for 
future applications. 

To check the perovskite-spinel structure of the composites, the 
samples were studied by Raman spectroscopy. Thus, Fig. 3 illustrates the 
Raman spectra of the KN:CFO composites treated at different tempera-
tures. As clearly seen, the samples present the characteristic modes of 
KNbO3 and CoFe2O4. Raman modes observed at 191, 244, 280, 532, 590 
and 832 cm-1 confirm that the KNbO3 phase is orthorhombic. The mode 
located at 191 cm-1 corresponds to the internal vibration modes of the 
NbO6 octahedron. The band observed at 280 cm-1 is attributed to the 
O–Nb–O symmetric bending. The modes at 523 and 590 cm-1 are 
assigned to the Nb–O symmetric stretching. The band located at 828 cm- 

1 should correspond to the combination of the modes at 523 and 590 cm- 

1 or the Nb–O symmetric stretching of NbO4 tetrahedron [44]. 
Besides the KNbO3 characteristic signals, two modes (472 and 668 

cm-1) can be observed in the Raman spectra (Fig. 3). These modes 
correspond to T2g and A1g modes of cobalt ferrite, thus indicating its 
presence in the composite. The T2g modes located at 472 cm-1 corre-
spond to the symmetric and antisymmetric bending of the oxygen atom 
in an M − O bond at octahedral voids. In addition, the A1g mode at 668 
cm-1 corresponds to the symmetric stretching of oxygen atoms with re-
gard to the metal ion in the tetrahedral void [45,46]. The slight increase 

Table 1 
Structural parameters of KNbO3:CoFe2O4 composites.  

Composition Crystallite Size (nm) Lattice parameter 

CoFe2O4 (Å) Cell Volume (Å)3 KNbO3   

a b c Cell Volume (Å)3    

(Å)     

KN 33.8 – – – 3.9993 5.6869 5.7097 129.862 
CFO – 8.9 8.381 588.733 – – – – 
KN:CFO (300 ◦C) 32.2 7.0 8.341 580.302 3.9932 5.6865 5.7079 129.611 
KN:CFO (400 ◦C) 34.1 6.7 8.328 577.593 3.9896 5.6746 5.6952 128.936 
KN:CFO (500 ◦C) 37.3 7.2 8.336 579.259 3.9909 5.6722 5.6908 128.823  

Fig. 3. Raman spectra of the synthesized KN and CFO particles, untreated 
mixture and KN:CFO composites heat-treated at 300, 400 and 500 ◦C. 
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in the intensity of the T2g mode for the samples treated at 300 and 450 ◦C 
can be caused by the selection of the analysis region. Moreover, other 
Raman active modes of cobalt ferrite (200, 310 and 570 cm-1) are not 
observed due to their overlapping with the high and intense KNbO3 
modes in this region. The increase of treatment temperature did not 
significantly affect the vibrational modes of the KN:CFO composites, 
which demonstrates that the perovskite and spinel phases remained 
unchanged. 

Fig. 4 illustrates the surface morphologies of CFO (a) KN (b) and KN: 
CFO heat-treated at 300 (c) and 500 ◦C (d). The CFO obtained from the 
sol-gel method consists of large clusters of submicrometric secondary 
particles. In a previous paper [27], we have shown that secondary 
particles are formed by primary nanometric particles (crystallites), by 
results of the crystallite size calculated by the Scherrer equation. On the 
other side, the KN obtained by microwave-assisted hydrothermal syn-
thesis presented particles in the morphology of cubes in the order of 6 
μm. In this case, the process of nucleation and growth of particles with 
cubic geometry is associated with the maturation theory of Ostwald 
Ripening, where the chemical potential of nanoparticles (crystallites) 
must decrease in the process of dissolution and precipitation, resulting 
in precipitation and growth on the already existing (larger) particles 
until the state of thermodynamic equilibrium is reached [47]. Micro-
wave heating performed during KN synthesis promotes an increase in 
effective particle collisions, which accelerates the nucleation process. 
Consequently, it promotes a more effective maturation of the desired 
crystals. These crystallites have a nanometric size, as calculated by 
Scherrer equation and also demonstrated in a previous study [21]. 

Fig. 4(c–d), on the other hand, illustrates the morphology of the 
particles of KN:CFO composites thermally treated at 300 and 500 ◦C, 
respectively. The formation of a microstructure composed of sub-
micrometric ferrite particles arranged on the surface of larger KNbO3, 
cubic particles, is observed. The images illustrate that a clear contrast 
between the KN and CFO particles can be observed, which ensures a 
clear interface without interdiffusion, even after thermal treatment, that 
ensures a promising magnetoelastic coupling in composites. 

Elementary mapping by energy dispersive X-ray spectroscopy (EDS) 
consolidated the presence of both phases in the composites. Fig. 5 (a) 
shows the selected area of the KN:CFO (500 ◦C) composite where 
mapping was performed. Fig. 5(b–e) show the presence of K, Nb, Fe and 

Co in the composites. From this map, it is clear that the presence of both 
Fe and Co reaches a maximum where there are clusters of smaller par-
ticles, which indicates that these particles belong to the CFO phase. The 
counts for Fe and Co are lower around the cube-shaped particles, 
whereas counts for K and Nb are higher, which confirms that the cubes 
can be safely assigned to KN and finally confirming the presence of both 
phases in the composite. 

The resulting hysteresis curves are displayed in Fig. 6, and the ob-
tained magnetic parameters are detailed in Table 2. 

The effect of KNbO3 on the magnetic properties of CoFe2O4 can be 
seen through the behaviour of the hysteresis curves, illustrated in Fig. 6. 
In the presence of the perovskite, an increased tendency towards satu-
ration is seen, which is incomplete for CoFe2O4 samples under the 
conditions utilized in the experiment (Hmax of 20 kOe). Highly-saturated 
magnetic loops have already been reported in the literature for perov-
skite/ferrite composites [48]. Pure cobalt ferrite displays the largest 
remanence (Mr) and saturation magnetization (Ms), as expected, given it 
is the only analyzed sample composed primarily of magnetic particles. 
KNbO3 displays a paramagnetic character, with very low magnetization 
(8.3×10-4 emu/g). 

Interestingly, the prepared composites did not show magnetizations 
intermediate between those of their constituents. If the magnetization 
were independent of the presence of the perovskite, i.e., a simple mass 
dilution effect, the composites would display values of approximately 
1.87 and 16.2 emu. g-1 for the remnant and saturation magnetizations, 
respectively; in other words, half of the values presented by the pure 
ferrite sample. Indeed, these materials show larger saturation and 
remnant magnetization when in the presence of KNbO3. The untreated 
mixture already shows signals of this interaction, with a remanence of 
2.35 emu/g, 25% larger than would be expected for the mass of ferrite 
present in the system. This non-linearity in the magnetization behaviour 
is usually related to coupling between ferromagnetic and ferroelectric 
materials [9]. Heat-treated samples present similar values of remanence. 
The same can be said of the saturation magnetization, showing values 
around 18 emu. g-1 for the composites. A slight variation of these values 
can be observed for samples treated at 500 ◦C, which have slightly 
higher magnetization. This increase might be related to the effect of 
temperature, which could work towards decreasing the number of ox-
ygen defects. The oxygen atoms inserted in the structure mediate the AB 

Fig. 4. SEM images of (a) CFO (b) KN (c) KN:CFO (300 ◦C) (d) KN:CFO (500 ◦C).  
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interaction in ferrites. A facilitated exchange interaction between the 
cations would translate into increased magnetization. 

The effect of coupling on the coercivities of the samples is displayed 
in Table 2. Even without the application of any heat treatment, the 
presence of the perovskite causes an increase in the coercivity of the 
composite, from 349.1 to 373.8 Oe. The interaction between the ferrite 
and KNbO3 causes an increase in the energy associated to the movement 
of domain walls, which results in increased coercivity. The small 
decrease in crystallite size shown in Table 1 should have the opposite 

effect, leading the system towards a superparamagnetic state. An initial 
treatment at 300 ◦C leads to a slight increase in this property, while 
further increases in temperature reduce the magnetic hardness of the 
materials. Heat input usually results in grain growth, which should lead 
to the opposite effect from that observed in this study. Therefore, the 
diminishing coercivities associated to temperature are likely linked to 
the filling of oxygen defects, as was the case with the magnetization 
values. These defects usually hinder the motion of domain walls, 
increasing coercivity. The heat treatment to which the samples were 

Fig. 5. (a) SEM images of KN:CFO (500 ◦C) and compositional EDS mapping of (b) potassium, (c) niobium, (d) iron, and (e) cobalt.  
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subjected decreased the number of oxygen vacancies. Consequently, 
domain walls can move more freely, reducing the overall coercivity 
associated with samples that underwent more severe heat treatments. 

The values obtained of dielectric constant of the samples as a func-
tion of frequency are illustrated in Fig. 7. A significant oscillation is 
observed at low frequencies (f < 1 kHz) in the values of the dielectric 
constant of CFO, KN and the KN:CFO composites heat-treated at 300, 
400 and 500 ◦C. At 20 Hz, the 300 ◦C thermally treated composite 
showed the highest dielectric constant (ϵ’~7860). On the other hand, 
there is a reduction of this constant for the CFO samples (ϵ’~5420), KN 
(ϵ’~1930) and the heat-treated composites at 400 and 500 ◦C (ϵ’~2218 
and 2472), respectively. The values of the dielectric constant of KN and 
pure CFO are well established, and the values found in this work are 
comparable to the values reported in the literature [49,50]. On the other 
hand, few studies are found that establish the dielectric constant at room 
temperature for KN:CFO composites. Raja et al. (2018), when deter-
mining the dielectric constant at room temperature, obtained lower 
values for the dielectric constant (ϵ’<1000) for the KN:CFO composites 
[40]. Considering the values described in the literature, it is evident that 
our KN:CFO samples (mainly the sample heat-treated at 300 ◦C) showed 
over values of dielectric constant at low frequencies. With the increase in 
frequency to 1 kHz, a reduction in the values of the dielectric constant 
can be observed for all synthesized compositions, as shown in Fig. 6. 
Following the same trend found at low frequencies (<1 kHz), the ther-
mally treated composite at 300 ◦C showed higher values of dielectric 
constant. The found value was 1174, while for the CFO it was 990. KN 

presented a value of 534, while the values of dielectric constant found 
for the heat-treated composites at 400 and 500 ◦C were 420 and 317, 
respectively. For low frequencies the high dielectric constant values are 
associated with relaxation polarization. Consecutively, this effect is 
relevant for the interfaces, which are responsible for showing resistance 
to the charge carriers that lead to the polarization of the spatial charge in 
the material [51]. This phenomenon of relaxation in ferroelectric ma-
terials is related to the delay in the response of a group of dipoles when 
subjected to a periodic external electric field. On the other hand, ma-
terials with ferrimagnetic characteristics present a polarization where 
the exchange of electrons between the Fe2+and Fe3+ cations results in 
the local displacement of the electrons in the direction of the applied 
field; these electrons establish the polarization. Kumar et al. [7] describe 
in their study that this increase in absolute values (ε′) can be assigned to 
the presence of heterogeneity in the composites [52]. This heterogeneity 
is related to the interfaces between the ferrite and ferroelectric phase 
which produces a polarization of space charges. The space charges 
provided by the ferrite accumulate at the interfaces of both phases. This 
occur due to the difference in permittivity and conductivity of the in-
dividual phases, when an electric field is applied thus resulting in the 
polarization of the space charge [53]. 

It is also worth noting that in the thermally treated composite at 
300 ◦C, there was a transition from orthorhombic to tetragonal perov-
skite during heating, which reversed during cooling of the sample to 
room temperature. As already discussed earlier, this structural modifi-
cation of KN in the presence of the CFO causes distortions in the struc-
ture and contraction of the cell but preserves the ferroelectric 
characteristic of the sample, which explains the greater interfacial po-
larization. Possibly this is the key to obtain larger dielectric constants in 
these multiferroic composites. 

On the other hand, the thermal treatment of composites up to 400 
and 500 ◦C resulted in an equally interesting dielectric constant. Even 
transitioning to cubic and returning to an orthorhombic symmetry – 
heating and cooling, as discussed in Table 1 – the results demonstrate 
only a slight reduction in the dielectric constant for the composites heat- 
treated at 400 and 500 ◦C (electric Curie temperature range for KN). 
However, the composites still exhibit satisfactory electric behaviour. 

Fig. 6. Magnetic hysteresis curves of synthesized KN and CFO particles, untreated mixture and KN:CFO composites heat-treated at 300, 400 and 500 ◦C.  

Table 2 
Magnetic parameters of the synthesized KN and CFO particles, untreated 
mixture and KN:CFO composites heat-treated at 300, 400 and 500 ◦C.  

Composition T (◦C) Mr (emu.g-1) Ms (emu.g-1) Hc (Oe) 

CFO – 3.75 32.5 349.1 
Composite – 2.35 18.1 373.8 

300 2.38 18.1 382.1 
400 2.21 18.0 324.0 
500 2.45 20.2 294.8 

KN – 8.3 × 10-4 0.014 0.0  
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In order to assess the relaxation behaviour of dipoles, a detailed 
study of dielectric loss was performed. Fig. 8 illustrates the values of the 
loss tangent as a function of the heat treatment temperature employed. A 
larger dielectric loss, that is, a more extensive energy dissipation can be 
observed for pure CFO. This fact may be associated to a delay in po-
larization (increased relaxation) in relation to the applied electric field 
[54]. On the other side, all other samples showed lower values for the 
dielectric loss, which suggests that these samples have lower frequency 
dependence, that is, they have a greater ability to reorient the dipoles in 

face of the periodic excitation by an external field. 
A very interesting behaviour to regard to magnetic and electrical 

properties can be observed in thermally treated KN:CFO composites at 
300, 400 and 500 ◦C, respectively. Finding the best heat treatment 
condition proved to be an interesting way to improve the magnetic and 
electrical properties of KN:CFO composites. The results suggest that 
composites produced from a combination of materials with ferroelectric 
and ferromagnetic properties are good candidates for applications 
involving multiferroic materials. 

Fig. 7. Dielectric constant (ԑ’) of the CFO, KN and of the KN:CFO composites heat treated at different temperatures.  

Fig. 8. Loss tangent values (tan δ) of CFO, KN and KN:CFO composites heat treated at different temperatures.  
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4. Conclusions 

Multiferroic KN:CFO composites were successfully produced from 
mixtures of KNbO3 and CoFe2O4 synthesized by microwave-assisted 
hydrothermal method and sol-gel, respectively. The X-ray diffractions 
indicated that there was no reaction between these two materials during 
the thermal treatment and that the crystalline phases were maintained, 
which was also confirmed by Raman spectroscopy. There was no for-
mation of secondary phases with heat treatment, and SEM images show 
that the obtained microstructure is composed of submicrometric ferrite 
particles arranged on the face of larger cubic KNbO3 particles. With the 
aid of elemental dispersive analysis (EDS) it was possible to confirm the 
presence of ferrite (CFO) and potassium niobate (KN) in the composite. 
The effect of KNbO3 on the magnetism of CoFe2O4 can be observed by 
changes of the magnetic parameters as the temperature increases. From 
the VSM analysis, it can be seen that in the presence of a perovskite, the 
composites showed improved magnetism. This increase in magnetic 
behaviour may be due to the good coupling between ferroelectric and 
ferromagnetic materials. In the same way, the presence of ferrite 
improved the dielectric constant values, demonstrating the excellent 
coupling between the spinel-perovskite system. The composite treated at 
300 ◦C obtained the best combination of properties (Hc 382.1 Oe and 
ϵ’~7860). These results suggest that these composites may lead to ap-
plications as multiferroic materials for multifunctional devices. 
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[33] O. Karaagac, B.B. Yildiz, H. Köçkar, The influence of synthesis parameters on one- 
step synthesized superparamagnetic cobalt ferrite nanoparticles with high 
saturation magnetization, J. Magn. Magn Mater. 473 (2019) 262–267, https://doi. 
org/10.1016/j.jmmm.2018.10.063. 

T.B. Wermuth et al.                                                                                                                                                                                                                            

https://doi.org/10.1126/science.1080615
https://doi.org/10.1016/j.ceramint.2012.10.114
https://doi.org/10.1016/j.jre.2018.03.023
https://doi.org/10.1016/j.jallcom.2015.10.040
https://doi.org/10.1016/j.jallcom.2015.10.040
https://doi.org/10.1016/j.jallcom.2016.10.018
https://doi.org/10.1016/j.jmmm.2017.11.039
https://doi.org/10.1016/j.jmmm.2017.11.039
https://doi.org/10.1016/j.ceramint.2017.07.047
https://doi.org/10.1016/j.ceramint.2017.07.047
https://doi.org/10.1007/s10854-018-00615-z
https://doi.org/10.1016/j.solidstatesciences.2018.09.008
https://doi.org/10.1016/j.solidstatesciences.2018.09.008
https://doi.org/10.1088/0964-1726/24/4/045041
https://doi.org/10.1016/j.jallcom.2019.07.178
https://doi.org/10.1038/4611218a
https://doi.org/10.1038/nature14881
https://doi.org/10.1038/nature14881
https://doi.org/10.1016/j.jeurceramsoc.2004.11.022
https://doi.org/10.1016/j.jeurceramsoc.2004.11.022
https://doi.org/10.1111/j.1551-2916.2005.00347.x
https://doi.org/10.1111/j.1551-2916.2005.00347.x
https://doi.org/10.1007/978-3-030-26810-7_10
https://doi.org/10.1016/j.jeurceramsoc.2005.03.128
https://doi.org/10.1016/j.jeurceramsoc.2005.03.128
https://doi.org/10.1016/j.materresbull.2018.05.016
https://doi.org/10.1016/j.materresbull.2018.05.016
https://doi.org/10.1016/j.supflu.2005.02.005
https://doi.org/10.1016/j.ceramint.2019.08.122
https://doi.org/10.1016/j.ceramint.2017.12.060
https://doi.org/10.1016/j.jmmm.2014.02.071
https://doi.org/10.1016/J.CERAMINT.2018.04.026
https://doi.org/10.1016/j.jeurceramsoc.2019.01.030
https://doi.org/10.1016/j.jeurceramsoc.2019.01.030
https://doi.org/10.1016/j.materresbull.2017.08.006
https://doi.org/10.1016/j.materresbull.2016.12.048
https://doi.org/10.1016/j.materresbull.2016.12.048
https://doi.org/10.1039/c8tc00099a
https://doi.org/10.1016/j.jmmm.2006.06.003
http://refhub.elsevier.com/S0272-8842(20)33100-X/sref29
http://refhub.elsevier.com/S0272-8842(20)33100-X/sref29
https://doi.org/10.1016/j.actbio.2012.10.037
https://doi.org/10.2147/IJN.S82210
https://doi.org/10.1021/ja052337c
https://doi.org/10.1016/j.jmmm.2018.10.063
https://doi.org/10.1016/j.jmmm.2018.10.063


Ceramics International 47 (2021) 4874–4883

4883

[34] H. Kennaz, A. Harat, O. Guellati, D.Y. Momodu, F. Barzegar, J.K. Dangbegnon, 
N. Manyala, M. Guerioune, Synthesis and electrochemical investigation of spinel 
cobalt ferrite magnetic nanoparticles for supercapacitor application, J. Solid State 
Electrochem. 22 (2018) 835–847, https://doi.org/10.1007/s10008-017-3813-y. 

[35] J.P. Paraknowitsch, A. Thomas, Doping carbons beyond nitrogen: an overview of 
advanced heteroatom doped carbons with boron, sulphur and phosphorus for 
energy applications, Energy Environ. Sci. 6 (2013) 2839, https://doi.org/10.1039/ 
c3ee41444b. 

[36] J. Venturini, R.Y.S. Zampiva, D.H. Piva, R.H. Piva, J.B.M. da Cunha, C. 
P. Bergmann, Conductivity dynamics of metallic-to-insulator transition near room 
temperature in normal spinel CoFe2O4 nanoparticles, J. Mater. Chem. C. 6 (2018) 
4720–4726, https://doi.org/10.1039/C8TC00099A. 

[37] A. Manjeera, M. Vittal, V.R. Reddy, G. Prasad, G.S. Kumar, Synthesis and 
characterization of BaTiO3-CoFe2O4 composites, Ferroelectrics 519 (1) (2017), 
https://doi.org/10.1080/00150193.2017.1362279. The 10th Asian Meeting on 
Ferroelectrics (AMF-10), Part IV. 

[38] S.L. Skjærvø, K. Høydalsvik, A.B. Blichfeld, M.-A. Einarsrud, T. Grande, Thermal 
evolution of the crystal structure and phase transitions of KNbO3, R. Soc. Open Sci. 
5 (2018) 180368, https://doi.org/10.1098/rsos.180368. 

[39] G. Wang, S.M. Selbach, Y. Yu, X. Zhang, T. Grande, M.-A. Einarsrud, Hydrothermal 
synthesis and characterization of KNbO3 nanorods, CrystEngComm 11 (2009) 
1958, https://doi.org/10.1039/b907561p. 

[40] S. Raja, R. Ramesh Babu, K. Ramamurthi, S. Moorthy Babu, Room temperature 
ferromagnetic behavior, linear and nonlinear optical properties of KNbO3 
microrods, Ceram. Int. 44 (2018) 3297–3306, https://doi.org/10.1016/J. 
CERAMINT.2017.11.104. 

[41] G. Shirane, H. Danner, A. Pavlovic, R. Pepinsky, Phase transitions in ferroelectric 
KNbO3, Phys. Rev. 93 (4) (1954), https://doi.org/10.1103/PhysRev.93.672. 

[42] C. Suryanarayana, C.C. Koch, Nanocrystalline materials – current research and 
future directions, Hyperfine Interact. 130 (2000), 5, https://doi.org/10.1023/A: 
1011026900989. 

[43] N.T.K. Thanh, N. Maclean, S. Mahiddine, Mechanisms of nucleation and growth of 
nanoparticles in solution, Chem. Rev. 54 (1) (2014) 57–93, https://doi.org/ 
10.1021/cr400544s. 

[44] J.A. Baier-Saip, E. Ramos-Moor, A.L. Cabrera, Raman study of phase transitions in 
KNbO3, Solid State Commun. 135 (6) (2005) 367–372, https://doi.org/10.1016/j. 
ssc.2005.05.021. 

[45] Z. Wang, P. Lazor, S.K. Saxena, H.S.C. O’Neill, High pressure Raman spectroscopy 
of ferrite MgFe2O4, Mater. Res. Bull. 37 (9) (2002) 1589–1602, https://doi.org/ 
10.1016/S0025-5408(02)00819-X. 

[46] P. Chandramohan, M.P. Srinivasan, S. Velmurugan, S.V. Narasimhan, Cation 
distribution and particle size effect on Raman spectrum of CoFe2O4, J. Solid State 
Chem. 184 (1) (2011) 89–96, https://doi.org/10.1016/j.jssc.2010.10.019. 

[47] C.A. Zito, M.O. Orlandi, D.P. Volanti, Accelerated microwave-assisted 
hydrothermal/solvothermal processing: fundamentals, morphologies, and 
applications, J. Electroceram. 40 (2018) 271–292, https://doi.org/10.1007/ 
s10832-018-0128-z. 

[48] A. Jain, Y.G. Wang, N. Wang, Y. Li, F.L. Wang, Tuning the dielectric, ferroelectric 
and electromechanical properties of Ba0.83Ca0.10Sr0.07TiO3–MnFe2O4 multiferroic 
composites, Ceram. Int. 46 (6) (2019) 7576–7585, https://doi.org/10.1016/j. 
ceramint.2019.11.257. 

[49] I. Krad, O. Bidault, S. Said, M. EL Maaoui, Characterization of KNbO3 nanoplates 
synthesized by a stirred hydrothermal process, Mater. Lett. 159 (2015) 237–240, 
https://doi.org/10.1016/j.matlet.2015.06.121. 

[50] M. Manikandan, K. Saravana Kumar, C. Venkateswaran, Mn doping instigated 
multiferroicity and magneto-dielectric coupling in KNbO3, J. Appl. Phys. 118 
(2015) 234105, https://doi.org/10.1063/1.4938118. 
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