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Here, we reported the synthesis of bilayered BiFeO3/CoFe2O4 nano-hollow spheres (NHSs) by depositing a
BiFeO3 (BFO) layer of thickness �20 nm on CoFe2O4 (CFO) nano-hollow spheres surface of diameter
�250 nm and investigated their electric, magnetic and magnetoelectric properties in view of their appli-
cations in electronic and magnetic devices. The nano-composites exhibit better properties compared to
their individual counterpart. The maximum polarization in CFO/BFO NHSs is found to be 2.1 mC/cm2 at
a frequency 50 Hz. Magnetic measurements show the saturation magnetization to be 30.1 emu/g with
high value of remnant magnetization (17.9 emu/g), and coercivity (1320 Oe). Its magnetoelectric coeffi-
cient, aME at 1 kHz is estimated to be �8.6 mV/cm Oe.
1. Introduction

Multiferroic materials are attractive because they have two fer-
roic properties and the interactions between the magnetic and
electric polarization lead to additional functionalities. Because of
their fundamental physical properties, multiferroic materials hold
immense potential for multifunctional applications in data storage,
random access memory, spintronics, filters, attenuators, sensors,
and photovoltaic devices [1–5]. The rare coexistence of ferromag-
netic (FM) and ferroelectric (FE) ordering in a single phase and
their coupling interaction, known as magnetoelectric (ME) effect
provides wide opportunity for the mutual control and detection
of magnetization and electrical polarization in these materials
[6,7]. However, having multiferroic materials with ferroelectricity
and ferromagnetism in a single phase is difficult [6,8]. The single
phase magnetoelectric materials reported so far have either too
weak coupling at room temperature or coupling occurs at very
low temperature [3,9,10]. Among the very limited members of
the multiferroic family, rhombohedrally distorted perovskite
BiFeO3 has become one of the most exciting functional materials
because of its multiferroic properties at room temperature (RT),
having high ferroelectric Curie point (TC = 1103 K) and the G-type
antiferromagnetic Neel temperature (TN = 647 K) [11]. However,
many issues such as crystallinity, leakage property, and volatile
nature of bismuth are needed to be addressed to improve the per-
formance of BiFeO3 for commercial use. To overcome the scarcity
of the multiferroic materials, several strategy have been taken by
the researcher to improve the multifunctionality of BiFeO3 [12–
14]. The composite type artificial multiferroic materials or thin
films nanostructures have generated particular interest because
of their stronger magnetoelectric response [15,16].

Spinel CoFe2O4 is a well-known hard magnetic material, with
moderate saturation magnetization and high coercivity as well as
its chemical stability and mechanical hardness. Recently, Soneet.
al. reported an enhancement in magnetic behavior of BFO by dis-
tributing CFO nanoparticles in its matrix [17]. Wan et al. developed
a self-assembled composite thin film of CFO–PZT that exhibited
good magnetic properties [18]. Bismuth ferrite (BiFeO3), is consid-
ered as an attractive candidate for composite partner in a magne-
toelectric material, since it is ferroelectric and has a cycloidal spiral
magnetic ordering.

Herein, we prepared CFO nano-hollow spheres by solvothermal
method and then deposited a layer of BFO on the outer surface of
CFO nano-hollow spheres by wet chemical method. Both CFO NHSs
and CFO/BFO bilayered NHSs exhibit ferromagnetic behavior at
room temperature. In addition, ME effect of CFO/BFO NHSs is also
studied.
2. Experimental

The CoFe2O4 NHSs are synthesized by solvothermal method.
Firstly Iron (III) chloride hexahydrate and Cobalt (II) chloride hex-
ahydrate are dissolved in Ethylene Glycol. Then Urea, Ethanol and
Oleylamine are added drop by drop to the solution. The resultant
solution is stirred until a clear homogeneous solution is obtained
and poured into a Teflon liner in a stainless steel autoclave. The
autoclave is heated at 200 �C for 20 h in an oven. Then the
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as-prepared CoFe2O4 NHSs are washed by ethanol and collected
after centrifugation. The removal of the mother solution is done
by heating on a hot plate at a temperature of 80�–90 �C for 30 min.

The CoFe2O4/BiFeO3 bilayered NHSs are manufactured by a
facile wet chemical method. In this process, the as prepared of
CFO NHSs are dipped into a 0.3 M solution of bismuth(III) nitrate
pentahydrate with 0.3 M iron (III) nitrate nonahydrate in 2-
methoxyethanol at room temperature for 36 h. Afterward, the
dip-coated sample is dried under IR lamp and annealed for 2 h in
a tube furnace at 500 �C in air.

The crystal phase of the CoFe2O4/BiFeO3 bilayered NHSs are
studied by XRD using CuKa line (k = 1.54 Å). The morphology and
Fig. 1. (a) XRD pattern, (b) SEM image of CFO NHSs. (c) XRD pattern, (d) SEM image of C
CFO NHSs and CFO/BFO NHSs respectively, (h) TEM image of CFO/BFO NHSs.
crystal structure of the CoFe2O4/BiFeO3 NHSs are investigated by
FESEM operating at 5–10 kV. The ferroelectric measurements are
carried out using a high precession P-E system (Radiant Technolo-
gies). A dynamic lock-in technique is used to measure ME coupling
coefficient. Magnetic properties are investigated at room tempera-
ture using a vibrating sample magnetometer.
3. Results and discussion

Fig. 1(a) shows the XRD pattern of as-prepared CoFe2O4 NHSs
confirming face centred cubic inverse spinel structure of CoFe2O4.
FO/BFO NHSs. (e) TEM image of CFO NHSs, (f) and (g) EDX spectroscopic analysis of



The SEM image of CoFe2O4 NHSs is shown in Fig. 1(b) The XRD pat-
tern of CoFe2O4 /BiFeO3 bilayered NHSs is shown in Fig. 1(c) which
corresponds well with the JCPDS Card No. 03-0864 and 22-1086,
respectively, suggesting that the bilayered NHSs are largely con-
sists of two separate crystalline structures, spinel and perovskite,
without traces of any other impurity phase. The SEM image of
CoFe2O4 /BiFeO3 NHSs is shown in Fig. 1(d). From SEM images
the diameter of CoFe2O4 NHSs and CoFe2O4 /BiFeO3 NHSs are found
to be quite uniform with average sizes �250 ± 2 nm and
285 ± 0.5 nm respectively (Supporting documents S1, S2). Fig. 1
(e) shows the TEM image of a single CoFe2O4 hollow sphere. The
intensive contrast between the black margin and the bright centre
of Fig. 1(e) confirm the synthesis of NHS. EDS line scanning profile
(Supporting document S3) also confirm the synthesis of NHS. EDX
spectroscopic analysis (Fig. 1(f) and (g)) confirm the absence of ele-
mental composition of the capping agent, oleylamine, 2-
methoxyethanol which could affect the other properties. Fig. 1(h)
shows the TEM image of a single CoFe2O4 /BiFeO3 NHSs and the
diameter is �285 nm. EDS line scanning profile (Supporting docu-
ment S4) also confirm the deposition of BFO on the surface of CFO
NHSs.

Magnetic hysteresis loops of CoFe2O4 NHSs and CoFe2O4/BiFeO3

bilayered NHSs at room temperature are shown in Fig. 2(a) and (b)
respectively. Both the loops indicate the presence of ferromagnetic
ordering in the samples. The values of saturation magnetization
(Ms), remnant magnetization (Mr) and coercivity (Hc) of CFO/BFO
NHSs are �30.1 emu/g, 17.9 emu/g, and 1320 Oe, respectively
Fig. 2. (a) and (b) Variation of the room temperature M-H hysteresis loops for CoFe2O4 NH
loops for the CoFe2O4/BiFeO3 NHSs. Inset of (c) schematic of the experimental setup
magnetoelectric coefficients (aME) for CoFe2O4/BiFeO3 NHSs in ac magnetic field (5 Oe)
where as those of CFO NHSs are �59 emu/g, 34 emu/g, and
722 Oe, respectively. The coercivity (Hc) of CFO/BFO NHSs is found
to be higher than that of CFO NHSs due to the presence of foreign
atoms on the surface of CFO NHSs which develop steric hindrance
on the movement of magnetization. In the CFO/BFO NHSs, applied
magnetic field is used to change the magnetization of CFO and the
ferroelectric polarization of BFO through its inherent magnetoelec-
tric coupling as well as through the BFO/CFO magneto-elastic cou-
pling [19]. This may also be a reason for higher coercivity in CFO/
BFO NHSs. Reduced MS in CFO/BFO NHSs is mainly due to the inclu-
sion of BFO in the calculation of weight of the sample.

Fig. 2(c) shows the room temperature (RT) P-E hysteresis loops
of the BFO/CFO bilayered NHSs. Inset of Fig. 2(c) shows the sche-
matic of the experimental probe used for the ferroelectric hystere-
sis loop measurements where silver paste act as electrodes. Clear
evidence of ferroelectric polarization is found due to the BiFeO3

nanostructures. The maximum polarization, remnant polarization
and the ferroelectric coercivity of CFO/BFO NHSs are �2.1 mC/
cm2, 1 mC/cm2 and 10.7 kV/cm. The main instability that drives
the formation of the ferroelectric polarization is the ordering of
Bi lone pairs where the outer Bi 6 s electrons are highly polarizable
and orient along the direction of the rhombohedral distortion (the
[1 1 1] direction) below �1100 K [19].

The coexistence of the ferroelectric BiFeO3 and ferromagnetic
CoFe2O4 phases in the present composite gives rise to a ME effect.
The magnetoelectric effect is characterized by the magnetoelectric
voltage coefficient aME = dE/dH. Fig. 2(d) shows the variation of aME
Ss and CoFe2O4/BiFeO3 NHSs. (c) Variations of the room temperature P-E hysteresis
used for the P-E loop measurements. (d) DC bias magnetic field dependence of
of frequency f = 1 kHz.



as a function of applied DC magnetic field, HBias with an ac mag-
netic field of amplitude �5 Oe and frequency 1 kHz, at room tem-
perature. At HBias = 0, it exhibits an initial aME values of 8.5 mV/
cm Oe. aME does not change significantly with HBias and does not
retrace the same path during increasing and decreasing part of
the cycle due to hysteresis effect. aME also does not depend on
the sweep rate of the DC bias field.

In presence of a small ac magnetic field, with increasing Hbias

from zero, the mobility of the magnetic domain wall in the CoFe2-
O4 is enhanced and magnetically favored domains grow. At Hbias -
� 1.0 kOe, the motion of domains is the easiest which causes
maximum magnetostriction in CoFe2O4 which in turn develops
maximum ME coupling in the magnetostrictive (CoFe2O4)–ferro-
electric (BiFeO3) composite through stress-mediated magnetic–m
echanical–electric transformation at the interface [18].

4. Conclusions

In summary, we have successfully synthesized spinel phase of
pure CoFe2O4 nano-hollow spheres using solvothermal method
and spinel/perovskite of CFO/BFO bilayered nano-hollow spheres
by a facile wet chemical method. The study of electric and mag-
netic properties indicates excellent multiferroic behavior of CFO/
BFO NHSs. The coexistence of the ferroelectric BiFeO3 and ferro-
magnetic CoFe2O4 phases in the nano-composite gives rise to a sig-
nificant ME effect. The maximum magnetoelectric coefficient
estimated to be �aME = 8.6 mV/cm Oe at a frequency of 1.0 kHz.
These results might be useful to further understanding and design-
ing new multiferroic nano-composites.
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