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ABSTRACT 

In this work, we report on the synthesis and characterization of BNT–BT0.08/CoFe2O4 

biphasic composite with core–shell structure. This artificial core (BNT–BT0.08)/shell 

(CoFe2O4) heterostructure was prepared by sol–gel method and the resulting composite was 

characterized in term of microstructure, dielectric, piezoelectric and magnetic properties. 

BNT–BT0.08/CoFe2O4 sintered ceramic shows high permittivity (ε′≥30) and high dielectric 

losses (tan δ≥10) in the low frequency range (ν ≤ 104 Hz), remnant polarization (Pr) of ~7.7 

μC/cm2 and, remanent magnetization (Mr) of 24 emu/g at 5 K and of 14 emu/g, at room 

temperature. The present study reveals that the ferroelectric, piezoelectric and magnetic 

properties of this new architectured composite depend on the amount of each component and, 

can be tailored by adjusting their synthesis conditions. BNT–BT0.08/CoFe2O4 core–shell 
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material investigated in this work provides a novel way to exploit new applications for the 

multifunctional composite, such as piezoelectric sensor, magnetoelectronic sensors and data 

storage devices.  
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1. Introduction  

 In the last years, the core-shell nanomaterials have become a research field of great 

interest due to their potential applications in various fields, like: catalysts, sensors, 

electronics, optoelectronics and biomedical applications [1,2]. The composite materials 

consisting of components with distinct properties have also attracted attention due of their 

potential multifunctional applications [3–5]. New architectures as core–shell composites are 

already used for some materials, as: bimetallic core–shell nanomaterials [6,7], triple–layered 

core–shell structure (Au/Co/Fe nanoparticles) [8], CoFe2O4/SiO2 nanocomposite core–shell 

[9], BNT–BTCe/SiO2 core–shell heterostructure [10], etc. The design of the new types of 

core–shell nanostructures is an important focus of research and technological development. 

Here, we report on the core–shell nanostructure of lead-free piezoelectric BNT–BT0.08 and 

ferromagnetic CoFe2O4 materials. BNT–BT0.08 and CoFe2O4 species can form composites 

mailto:mcernea@infim.ro
mailto:marincernea@yahoo.com
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which should combine their piezoelectric and magnetic properties. These composites belong 

to the family of magnetoelectric multiferroic materials that display both electric and magnetic 

order simultaneously [11-15]. The resulting combination of magnetostrictive CoFe2O4 with 

piezoelectric BNT–BT0.08 presents an artificial multiferroic composite whose electric 

polarization can be tuned by a magnetic field and whose magnetic properties can be altered 

by an electric field. An important frontier in nanomaterials synthesis is the growth of 

crystalline stacked layers on different nanostructures (as grains, layers, wires and tubes) for 

acquiring controlled chemical and physical properties and new functionalities [16]. 

 In the present study, we describe the processes for the synthesis of high–quality 

heterojunction BNT–BT0.08/CoFe2O4 core-shell and we investigate its dielectric, piezoelectric 

and magnetic properties. This new heterostructure was obtained using novel synthesis 

procedure based on sol–gel chemistry. Different preparation protocols are used here, in order 

to obtain nano–heterostructure containing BNT–BT0.08 and CoFe2O4 and to improve its 

structural, ferroelectric and magnetic properties. To the best of our knowledge, there are not 

reported studies on the composite core–shell BNT–BT0.08/CoFe2O4. There are several 

publications on each component (BNT–BT0.08 and CoFe2O4), with nanotube [17,18] and thin 

film [19,20] structure, part of core–shell composites [19] and thin films heterostructures [21]. 

There are also, few reports on hybrid piezoelectric/ferromagnetic structures, such as: 

CoFe2O4/BaTiO3 [22–26], Pb(Zr0.52Ti0.48)O3/NiFe2O4 [27] and NiFe2O4/BaTiO3 [28] core–

shell composites where, the authors studied the influence of ferrite fraction variation on the 

magnetic properties of the multiferroic core–shell–type nanostructures. Considering that the 

nanocomposite materials offer a vast design–space of potential material properties depending 

on the properties of the constituents, we synthesized and studied both electric and magnetic 

properties of the novel core–shell composite design BNT–BT0.08/CoFe2O4. We compare here 

our results with those presented in the previous studies [23–29].  
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2. Experimental 

2.1. Materials 

 Bismuth (III) acetate ((CH3COO)3Bi, 99.99%), sodium acetate (CH3COONa, 99.995%), 

barium acetate ((CH3COO)2Ba, 99%), titanium (IV) isopropoxide (Ti{OCH(CH₃)₂}₄) in 

isopropanol, acetic acid, acetylacetone and formamide were used in order to prepare BNT–

BT0.08 precursor sol and, cobalt acetate  (Co(CH3CO2)2·4H2O, 99.995%), iron nitrate 

(Fe(NO3)3·9H2O, 99.99%), citric acid (C6H8O7, 99%), ethanol, acetic acid and distilled water 

were used as starting materials to prepare CoFe2O4 sol precursor. All reagents are provided 

by Sigma–Aldrich. 

 

2.2. Preparation of BNT–BT0.08 and CoFe2O4 precursor sols  

 0.92Bi0.5Na0.5TiO3–0.08BaTiO3/CoFe2O4 (abbreviated as BNT–BT0.08/CoFe2O4) 

composite core-shell was prepared from BNT–BT0.08 and CoFe2O4 precursor sols. BNT–

BT0.08 precursor sol was prepared by sol–gel technique using as starting materials sodium 

acetate, barium acetate, bismuth (III) acetate and titanium (IV) isopropoxide. Acetic acid was 

used as solvent for the acetates. Sodium acetate and barium acetate are dissolved in acetic 

acid at 100 °C while bismuth (III) acetate is dissolved in acetic acid at 200 °C. BNT–BT0.08 

precursor sol was prepared from stoichiometric amount of BNT sol and BT sol. In order to 

prepare BT precursor sol, the acetic solution of Ba2+ was added to titanium (IV) isopropoxide 

dissolved in isopropanol, at 100 °C, and finally, acetylacetone was added as stabilizer of the 

resulted sol. The BNT precursor sol is obtained as follows: the Bi3+ acetic solution is added to 

Na+ solution, then titanium (IV) isopropoxide dissolved in isopropanol and stabilized with 

acetylacetone was added to the mixture of Bi3+ solution and Na+ solution, at 100 °C. By 
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adding the sol precursor of BNT to BT sol and stabilized with formamide, a BNT-BT 

precursor sol was prepared. The sol was further stirred at 80 C, 2h to homogenize. 

 CoFe2O4 sol was prepared from iron nitrate and cobalt acetate. Citric acid was used as 

chelating agent. Ethanol, acetic acid and water were used here as solvents. The iron nitrate 

and citric acid were dissolved in ethanol separately, at room temperature. The cobalt acetate 

was dissolved in ethanol, acetic acid and water. The solutions of iron nitrate and cobalt 

acetate were first mixed together, and then citric acid solution was added into above solution 

and stirred at 80 C to form a cobalt ferrite CoFe2O4 precursor sol. The molar ratio of 

Co2+:Fe3+:C6H8O7 is 1:2:3. 

 BNT–BT0.08 powder for the core of BNT–BT0.08/CoFe2O4 core–shell composite was 

prepared from BNT–BT0.08 precursor sol, prepared before. The sol was maintained under 

continuous gently stirring at 75 °C, for 4h, to obtain the gel. After drying the gel at ~100 °C, 

the resultant powder was calcined at 650 °C, 4 h in air, in order to obtain BNT–BT0.08 single–

phase powder, as we previously reported [30]. BNT–BT0.08 powder de–agglomeration was 

achieved by dispersion into 2–propanol and sonication for one hour. Then, the sol precursor 

of CoFe2O4 was added to the suspension, and kept one day under mechanical stirring in order 

to obtain a cobalt ferrite layer gel on the BNT–BT0.08 particle surface. The resulted coated 

particles were isolated by centrifugation at 4000 rpm, dried at 100 °C and calcined at 700 °C 

for 2h, in air. The pellets of BNT–BT0.08/CoFe2O4 obtained by uniaxial pressing were 

sintered at 1100 °C for 10 min, in air.  

  

2.3. Characterization of material 

 The crystallographic structure and the composition of the core-shell composites were 

examined by using a PANalytical Empyrean diffractometer. CuKα radiation (wavelength 

1.5418 Å), e two bounce Ge 220 monochromator and Bragg–Brentano diffraction geometry 
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were employed. XRD data were acquired at 25 °C with a step-scan interval of 0.02° and a 

step time of 10s, in the range of 20–80°. The phase content was estimated by Rietveld 

refinement using a polynomial function for the background fit with flat background, 

coefficient 1, coefficient 2, coefficient 3 and 1/x, a Pseudo-Voigt profile function and 

Caglioti function for FWHM approximation. The values of the R factors show a good fitting 

of the pattern: Rprofile = 4.6789, Rexpected = 6.2866, weighted R profile = 6.0263 and χ2 = 

1.9189. The microstructure of the core–shell heterostructures was assessed using a FEI 

QUANTA INSPECT F scanning electron microscope with field emission gun and a TecnaiTM 

G2 F30 S–TWIN transmission electron microscope with a line–resolution of 1 Å, in high 

resolution transmission electron microscopy (HRTEM) mode. The crystalline structure of the 

samples was investigated by selected area electron diffraction (SAED). The magnetic 

hysteresis loops of the core–shell heterostructures were investigated using a Quantum Design 

MPMS–5S SQUID magnetometer, in the temperature range of 5 K–355 K and an applied 

magnetic field of up to 70 kOe. The dielectric properties of the samples were studied at room 

temperature in 100 Hz–1 MHz range of frequency, in the metal–dielectric–metal (MFM) 

configuration, where the electrodes M consist of silver paste, using a 4194A 

Impedance/Gain–phase Analyzer. A nominal voltage equal to 0.5 mV was applied. Switching 

spectroscopy PFM (SS–PFM) measurement of local piezoresponse was performed using an 

AFM/PFM, Model 5400, from Agilent Technology with a NSC14Ti-Pt probe between -10 V 

to 10 V. 

 

3. Results and discussion 

3.1. Characterization of the structure and microstructure  
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 The result of structural characterization of BNT–BT0.08/CoFe2O4 heterostructured 

powder, calcined at 700 °C, 2h in air and sintered ceramic at 1100 °C, 10 min, in air, is 

presented in Fig. 1. 

  

 

  Fig. 1. XRD patterns (CuK radiation) of (a) core-shell composite BNT–BT0.08/CoFe2O4 

powder calcined at 700 °C, 2h in air and (b) sintered ceramic at 1100 °C, 10 min in air. 

  

 According to Fig. 1, the core–shell composite BNT–BT0.08/CoFe2O4 powder has a 

polycrystalline structure, without any preferred orientation. The X–ray diffraction pattern 

confirms the presence of structural phases of individual constituents in the composite. The 

composite, both calcined powder and sintered ceramic, shows only two crystallographic 

(a) 

(b) 
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phases (rhombohedral Bi0.5Na0.5TiO3, space group R–3m, Pattern: 04–015–0482 [31]) 

corresponding to the core and (cubic CoFe2O4, space group Fd–3m, Pattern: 04–005–7078 

[32]) corresponding to the shell layer. For BNT–BT0.08/CoFe2O4 core–shell powder, the 

phase content, estimated by Rietveld refinement, is 95.9 wt. % BNT–BT0.08 and 4.1 wt.% 

CoFe2O4. 

 BNT–BT0.08 powder used as core in BNT–BT0.08/CoFe2O4 composite core–shell shows a 

microstructure consisting of non–uniform (both in shape and size) grains with an average 

grain size of 75 nm (Fig. 2a). 

    

   Fig. 2. SEM image of core BNT–BT0.08 powder calcined at 650 °C, 4 h in air (a) and SEM 

image of BNT–BT0.08/CoFe2O4 core–shell powder dried at 100 °C (b). 

 

The core–shell composite BNT–BT0.08/CoFe2O4 powder, dried at 100 °C, presents 

grains of 90–95 nm average diameter and a nanoshell with an estimated thickness of 15–20 

nm (Fig. 2b and Fig. 3a). The phase contrast TEM image Fig. 3a and detail Fig. 3b provide 

views of nanoparticles of the calcined BNT–BT0.08/CoFe2O4 core/shell nanostructure. 

(a) (b) 
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Fig. 3. (a) BF–TEM and (b) detail images of the core-shell BNT–BT0.08/CoFe2O4 calcined 

powder at 700 °C for 2h, in air. (c)-(e) HR–TEM of Area 1, Area 2 and between the two 

Areas (phases), respectively. (f) Corresponding SAED pattern of the calcined powder. 

(b) 

(c) 
(d) 

(a) 

(e) (f) 
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Typical lattice resolved HRTEM images of BNT–BT0.08/CoFe2O4 core–shell powder 

(Area A1 for CoFe2O4 shell and Area A2 for BNT–BT0.08 core) indicate that the powder did 

not have an anisotropic growth. The BNT–BT0.08/CoFe2O4 nanocrystals have different 

orientations. Both HRTEM and circular distinct ring patterns corresponding to the different 

lattice planes observed in the SAED pattern confirm the core–shell heterostructure with 

rhombohedral BNT–BT0.08 and cubic CoFe2O4 phases. HRTEM micrograph of core - shell 

interface (Fig. 3e) shows clearly the existence of an interface between grain core and layer 

shell. 

The morphology of BNT–BT0.08/CoFe2O4 sintered ceramic and the elements 

distribution were investigated through SEM images and presented in Fig. 4. 

  

  

  Fig. 4. (a) SEM micrograph of fracture surface of sintered ceramic BNT–BT0.08/CoFe2O4 at 

1100 °C, 10 min in air and, (b–d) corresponding chemical compositional mapping.  

 

(a) 

(c) (d) 

(b) 
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 The SEM micrograph of the fresh fracture surface of sintered pellets indicated areas with 

grains of various sizes, having the composition of CoFe2O4, separated by areas with 

continuous morphology of BNT–BT0.08 phase. Backscattered electrons (BSE) are used to 

detect contrast between areas with different chemical compositions (Fig. 4a). The area-

mapping of EDX (Fig. 4b–d) indicates that the elements Na, Ba, Ti, Fe, Co and Bi are 

uniformly distributed on areas of fracture surface of ceramic, corresponding to the two phases 

CoFe2O4 and BNT–BT0.08. The separation of the two phases in different regions is evident in 

the SEM images of Fig. 4 a–d. BNT–BT0.08/CoFe2O4 sintered samples show an apparent 

density of 5.535 g/cm3. Apparent densities of the sintered pellets were measured by 

Archimedes method (in distilled water) using a density balance. Considering the phases 

composition data from XRD analysis, we calculated a theoretical density for BNT–

BT0.08/CoFe2O4 core–shell composite of 5.96 g/cm3. The relative density ρap/ρtheor = 93 % 

indicates close packed grain structure due to an advanced degree of sintering.  

 

 3.2. Dielectric characterization 

 The complex dielectric properties and conductivity behavior of the core-shell BNT–

BT0.08/CoFe2O4 sintered pellets at 1100 °C, 10 min, in air were investigated at room 

temperature and frequency between 1 Hz and 1 MHz. 

         

(b) 

(a) 
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Fig. 5. Frequency dependence of (a) real part of the permittivity, (b) loss tangent, and (c) of 

the AC conductivity for BNT–BT0.08/CoFe2O4 sintered composite core-shell. 

 

 Due to the coexistence of semi conductive CoFe2O4 [33] and resistive BNT–BT0.08 [34] 

phases in the studied pellets, the electrical properties of BNT–BT0.08/CoFe2O4 composite 

core–shell ceramic are complicated, depending on the physical microstructure (morphology) 

and the material properties of the two phases in a complex way [35]. The frequency 

dependence of the real part of dielectric constant (ε’), and loss tangent (tan δ) of BNT–

BT0.08/CoFe2O4 multiferroic composite ceramic, measured at room temperature, in the 

frequency range 100 Hz–1 MHz, are shown in Fig. 5a,b. It is clear from these figures that the 

dielectric constant and tan δ are strongly dependent on the frequency. The dielectric constant 

(ε’) and tan δ initially showed a sharp decrease with increase in frequency up to 1 kHz and 

then decreased slowly and become almost constant up to 1MHz, indicating a typical 

Maxwell–Wagner dielectric dispersion. This Maxwell–Wagner type relaxation may be 

associated with the existence of significant, but inhomogeneous electrical conduction in the 

material originated from CoFe2O4 phase [33]. Similar with other reports on different core-

shell ceramics composites [36,10], the high values of permittivity (ε′≥30)  together with high 

dielectric losses (tan δ≥10) for BNT–BT0.08/CoFe2O4 core–shell nanostructure in the low 

(c) 
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frequency range (ν ≤ 104 Hz) may be also related to interfacial polarization coming from 

grain boundaries and surface polarization. The dielectric losses are minimized in the highest 

frequency range (ν ≥10 kHz) showing tan δ≤3.3 for BNT–BT0.08/CoFe2O4 sample. In 

addition, following a similar approach as we did in a previous paper [33], we have 

investigated the variation of conductivity, complex dielectric modulus and complex 

impedance spectrum as a function of frequency. The results are shown in Fig. 5c and Fig. 6a-

c.  

   

 

Fig. 6. (a) Real (M) and (b) imaginary (M) parts of electric modulus as a function of 

frequency; (c) Nyquist plot obtained at room temperature for BNT–BT0.08/CoFe2O4 sintered 

composite core-shell. 

 

(a) (b) 

(c) 
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As suggested by the increase of conductivity and real part of dielectric modulus in the 

high frequency region, the presence of the maximum in the imaginary part of dielectric 

modulus, the asymmetric Nyquist plot, the sample shows ionic conduction. The maximum in 

the imaginary part of dielectric modulus was previously observed in CoFe2O4 at much higher 

frequency (i.e.: ν ≥7105 Hz) [33]. This maximum separates the frequency range in which 

charge carriers are mobile on long distances from frequency range on which those are mobile 

on short distances [37–39]. It is worth noting that, in respect to the cited article [40], in our 

samples it is shifted at lower frequency. In addition, the dielectric losses show values much 

lower respect to CoFe2O4 [33] phase which means that combining BNT–BT0.008 with 

CoFe2O3 in a core–shell structure improves the dielectric performance of CoFe2O3 phase.  

 

3.3. Ferroelectric properties 

For polarization measurements of BNT–BT0.08/CoFe2O4 sintered composite core–shell, the 

PUND (positive–up, negative–down) method has been used (Fig. 7). This procedure 

eliminates of all the losses except those proper to the remanent switch processes. 

 

Fig. 7. Polarization hysteresis loop obtained by PUND method at room temperature for 

BNT–BT0.08/CoFe2O4 sintered ceramic sample. 
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 PUND like measurement were performed over the whole range of voltages suitable for 

the sample, from –75.5 kV/cm to 75.5 kV/cm (Fig. 7). The polarization loop recorded for 

BNT–BT0.08/CoFe2O4 sample at room temperature, has a normal shape, indicating low 

remanent switch losses (Fig. 7). The remanent polarization loop of BNT–BT0.08/CoFe2O4 

sintered core–shell heterostructure is well saturated and the remanent polarization value is 

~7.7 µC/cm2 indicating that the sample show ferroelectric properties.  

  

3.4. Piezoelectric characterization 

 For the ceramics pellets samples of composite core–shell BNT–BT0.08/CoFe2O4 it not 

was possible to reach saturation during the electric poling process due to the ferrite phase 

with low resistivity and therefore, the piezoelectric coefficient measurement was not 

performed. In this case, the electromechanical properties of BNT–BT0.08/CoFe2O4 sintered 

ceramic composite were investigated by piezoelectric force microscopy, as shown in Fig. 8. 

The measurements of local hysteresis loops of material are quite rarely done on ceramics 

because of the unknown orientation of a particular grain and, the existence of the grain 

boundaries where mechanical stresses, uncompensated charges, and defects are concentrated. 

The phase signal can be linked to the spontaneous polarization orientation, while PFM 

amplitude is a function of local effective piezoelectric coefficient [36]. 

   

(b) (a) 
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Fig. 8. Piezoelectric characterization and polarization hysteresis measurements of the BNT–

BT0.08/CoFe2O4 core–shell sintered ceramic. AFM contact mode topography (a); 

simultaneously acquired maps of amplitude (b) and phase (c) of piezoresponse. 

 

 Ferroelectric domains with opposite piezoresponse, i.e., bright and dark colors in PFM, 

which correspond to ferroelectric domains, are evident in PFM phase mapping of BNT–

BT0.08/CoFe2O4 ceramic sample. In the phase images, a not uniform polarization could be 

observed for the composite core–shell and this result can be understood by the two–phase 

(here CoFe2O4 and BNT–BT0.08 phases) model, applicable to the multiferroic heterostructures 

[22,41–43]. After applying a reverse voltage, the polarization could be well switched into the 

reverse direction, as indicated by the change of phase contrast in the polarized area (Fig. 8c). 

Polarization switching was further confirmed by a piezoelectric hysteresis loop, which is 

rather square (Fig. 7). The coexistence of the regions demonstrating a distinct PFM contrast 

with the areas showing a zero piezoresponse corresponding to CoFe2O4 grains was also 

observed in this composite core–shell. The piezoresponse contrast distribution corresponding 

to the domain structure varies significantly among the grains, as expected for a non–oriented 

ceramics. In BNT–BT0.08/CoFe2O4 core–shell heterostructure, the ferroelectric domains form 

(c) 
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long chains (a labyrinth–shaped pattern) and their high amount is in good agreement with 

polarization hysteresis measurements (Fig. 7). So, the existence of ferroelectric domains 

confirms the local piezoelectricity of this core–shell composite.  

  

3.5. Magnetic characterization 

 Magnetic hysteresis loops for the core–shell powders coming from crushed sintered 

pellets, were performed at two different temperatures (5 K and 295 K). Figure 9a,b shows the 

magnetization versus magnetic field (M–H) loops of BNT–BT0.08/CoFe2O4 powder core-shell 

obtained by applying field up to 70 kOe at 5 K  and 295 K, respectively.  

 

       

(a) 
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Fig. 9. Magnetic hysteresis curves recorded at 5 K (a) and 295 K (inset of (b)) for the 

core/shell hetero–nanostructure BNT-BT0.08/CoFe2O4 powder; (b) shows the magnified part 

of the hysteresis loop in the low–field range, of the composite. 

 

 The core–shell composite BNT–BT0.08/CoFe2O4 exhibits at low temperature (5 K) and at 

room temperature (295 K), typical magnetic hysteresis loops, as well as remnant 

magnetization indicating the presence of an ordered magnetic structure. The values of 

magnetic parameters corresponding to the BNT–BT0.08/CoFe2O4 composite are listed in Table 

1. 

Table 1 

 Magnetic parameters of the core–shell BNT–BT0.08/CoFe2O4 powder measured at 5 K and 

295 K (results from the literature are reported as well, for comparison). 

Core-shell powders samples Temp.  

(K) 

Mr  

(emu/g) 

Hc  

(kOe) 

BNT–BT0.08/CoFe2O4; 

(95.4% BNT–BT0.08/4.6% CoFe2O4) 

5 24 11.9 

295 14 2.3 

CoFe2O4 powder [33] 5 - - 

300 27.2  6.84 

CoFe2O4 bulk [33] 5 74.2  20.09  

300 21.2  1.41  

CoFe2O4/BaTiO3 [26] RT 9.96 2.2 

CoFe2O4/BaTiO3 [27] RT 9.52 0.87 

Pb(Zr0.52Ti0.48)O3/NiFe2O4 [28] RT - 0.216 

NiFe2O4/BaTiO3 [29] RT - ∼0.050 
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where: RT is room temperature and, phases contents (wt.%) were obtained by Rietveld 

refinement.  

 The magnetization curves does not reach the saturation, therefore, just the value of 

remanent magnetization (Mr) and coercivity field (Hc) for the nanocomposite core-shell 

BNT–BT0.08/CoFe2O4 are discussed. The values of magnetic parameters of the core-shell 

BNT–BT0.08/CoFe2O4 powder are lower than those of the CoFe2O4 nanoparticles and bulk 

[33], as can be seen in Table 1. For CoFe2O4, a decrease in magnetization from bulk values to 

powder values is typical of magnetic nanoparticles and can result from several factors usually 

collectively referred to as size or surface effects [24]. The most important parameter that 

contributes to the ferromagnetic behavior of this composite is the amount of magnetic phase 

CoFe2O4. Thus, BNT–BT0.08/CoFe2O4 core–shell nanocomposite shows lower Hc and Mr 

values than CoFe2O4 powder and bulk due to lower content of CoFe2O4 in the shell with 

thickness of 15–20 nm. Small magnetic shell thickness will provide high resistivity in the 

sintered composite and reduce the additional misfit strain caused by different striction of the 

adjacent phases, as reported Islam et al. [28] for (1–x)Pb(Zr0.52Ti0.48)O3–xNi0.8Zn0.2Fe2O4. 

Also, there is the possibility to have a crystallographic distortion for the cobalt ferrite of the 

shell, leading to some inversions or cation redistributions in the spinel structure which could 

also contribute to the decrease of the magnetization in BNT–BT0.08/CoFe2O4 composite 

[44,45]. It is known that the changes in the magnetic properties can be related to different 

grain sizes, anti–phase boundaries, and interface hybridization effects [44,46,47]. No 

saturation is reached and, this behavior is related to the relative increase of the surface as 

particles size decreased and to the increases role of the disordered magnetic structure of the 

surface nanoparticle. The shape of the hysteresis obtained at 5 K for the core-shell composite 

confirms the existence of a pronounced anisotropy of the magnetic component which inhibits 
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the alignment of the magnetic moments in applied magnetic field and is due to surface 

effects.  

 Note that the form of the hysteresis recorded at 5 K suggests a superposition of two 

different hysteresis. These two hysteresis can be correlated with the existence of two distinct 

magnetic phases not coupled by exchange interactions. Given that (Hc)left = -12.04756 kOe 

and (Hc)right = 12.04815 kOe (Fig. 9a), result that there are no sub-lattices with non-

compensating spins. Furthermore, the shoulder on the hysteresis (at M = 18.56 emu/g) 

indicates distinct non-coupled magnetic phases. Theoretical calculation made for various 

perovskite materials, such as Bi0.5Na0.5TiO3, PbTiO3, BaTiO3, or SrTiO3 have predicted the 

ferromagnetism of these materials, derived from self–defects such as Ti or O vacancies [48–

50]. In addition, the experimental results also demonstrated that the magnetic nanosized 

oxides are ferromagnetic, due to the exchange interactions between localized electron spin 

moments and oxygen vacancies at the surface of the nanoparticles [51,52]. Therefore, the 

core BNT–BT0.08 is a material with diluted magnetic properties compared to the shell 

CoFe2O4 which is a hard magnetic material; so, the very large coercive field at low 

temperature (5 K) that indicates a high anisotropy is due to the cobalt ferrite. The anisotropy 

at high temperature (room temperature) is lower than that at 5 K, which is shown by the 

coercive field. 

 If we compare the magnetic properties of BNT–BT0.08/ CoFe2O4 multiferroic core–shell 

nanocomposite with reported values for CoFe2O4/BaTiO3 [26,27] and NiFe2O4/BaTiO3 [29], 

our composite shows higher Mr and Hc values than those reported [26-29] (Table 2). BNT–

BT0.08/CoFe2O4 core–shell composite shows higher Hc than Pb(Zr0.52Ti0.48)O3/NiFe2O4 [28]. 

Because the remanent magnetization is less than half of the maximum magnetization 

(70 kOe), it can be concluded that there are no inter–particle interactions [53]. Therefore, 

there are intra–particle and interfaces interactions which influence the overall magnetism of a 
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ferroelectric/ferromagnetic system [54,23–29]. According to these reports, our results suggest 

that in the composite core–shell BNT–BT0.08/CoFe2O4, the intra–particle magnetic 

interactions can influence the spin structure of nanoparticles and the magnetic properties of 

the core–shell composite. 

 

4. Conclusions 

 In summary, we have prepared core shell composite BNT–BT0.08/CoFe2O4 powder and 

ceramic, using the sol–gel chemistry. XRD, SEM, HRTEM and SAED investigation 

demonstrated the core–shell structure of this composite. The ordering of dopant and the 

formation of separate phases in these materials has been highlighted by scanning electron 

microscopy. This composite shown rhombohedral Bi0.5Na0.5TiO3 crystallographic phase (95.9 

wt. %) in the core and, cubic CoFe2O4 phase (4.1 wt.%) in the shell layer, as resulted from 

XRD investigations. High values of permittivity (ε′≥30) together with high dielectric losses 

(tan δ≥10) were obtained for BNT–BT0.08/CoFe2O4 core–shell nanostructure in the low 

frequency range (ν ≤ 104 Hz). The remanent polarization value of BNT–BT0.08/CoFe2O4 

sintered core–shell heterostructure is ~7.7 µC/cm2 indicating that the sample show 

ferroelectric properties. The values of magnetic parameters of the core–shell BNT–

BT0.08/CoFe2O4 powder are Mr = 14 emu/g and Hc = 2.3 kOe, at room temperature. This 

composite shows ferroelectric domains that confirm its local piezoelectricity. Our 

investigations showed that the core grain size and layer shell thickness influence the ratio of 

electric and ferromagnetic properties for this core–shell composite. These results on BNT–

BT0.08/CoFe2O4 core–shell nanostructures can stimulate the development of submicro- and 

nano-scale devices like nanoscale capacitors, piezoelectric nanosensor and magnetoelectronic 

devices. 
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Figure Captions 

Fig.1. XRD patterns (CuK radiation) of (a) core–shell composite BNT–BT0.08/CoFe2O4 

powder, calcined at 700 °C, 2h in air and (b) sintered ceramic at 1100 °C, 10 min in air. 

Fig.2. SEM image of core BNT–BT0.08 powder calcined at 650 °C, 4 h in air (a) and SEM 

image of BNT–BT0.08/CoFe2O4 core–shell powder dried at 100 °C (b). 

Fig. 3. (a) BF–TEM and (b) detail images of the core-shell BNT–BT0.08/CoFe2O4 calcined 

powder at 700 °C for 2h, in air. (c)-(e) HR–TEM of Area 1, Area 2 and between the two 

Areas (phases), respectively. (f) Corresponding SAED pattern of the calcined powder. 

Fig. 4. (a) SEM micrograph of fracture surface of sintered ceramic BNT–BT0.08/CoFe2O4 at 

1100 °C, 10 min in air and, (b–d) corresponding chemical compositional mapping. 

Fig.5. Frequency dependence of (a) real part of the permittivity, (b) loss tangent, and (c) of 

the AC conductivity for BNT–BT0.08/CoFe2O4 sintered composite core-shell. 

Fig.6. (a) Real (M) and (b) imaginary (M) parts of electric modulus as a function of 

frequency, (c) Nyquist plot obtained at room temperature for BNT–BT0.08/CoFe2O4 sintered 

composite core–shell. 

Fig.7. Polarization hysteresis loop obtained by PUND method at room temperature for BNT–

BT0.08/CoFe2O4 sintered ceramic sample. 

Fig. 8. Piezoelectric characterization and polarization hysteresis measurements of the BNT–

BT0.08/CoFe2O4 core–shell sintered ceramic. AFM contact mode topography (a); 

simultaneously acquired maps of amplitude (b) and phase (c) of piezoresponse. 

Fig.9. Magnetic hysteresis curves recorded at 5 K (a) and 295 K (inset of (b)) for the 

core/shell hetero–nanostructure BNT–BT0.08/CoFe2O4 powder; (b) shows the magnified part 

of the hysteresis loop in the low–field range, of the composite. 

 

 

(g) 
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Table Captions 

Table 1. Magnetic parameters of the core–shell BNT–BT0.08/CoFe2O4 powder measured at 5 

K and 295 K (results from the literature are reported as well, for comparison). 

 

 

 

 

 


