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A B S T R A C T   

Carbon combustion synthesis of oxides was applied for quick and energy efficient production of multiferroic composite of cobalt ferrite and barium titanate to form 
Janus-like particles matrix structure. The exothermic oxidation of carbon nanoparticles with an average size of 5 nm and a specific surface area of 110 m2/g generates 
a self-propagating thermal wave with peak temperature of up to 1000 ◦C. The thermal front rapidly propagates through the mixture of solid reactants (magnetic- 
CoFe2O4 and ferroelectric-BaTiO3) and results in localized hot-spot sintering of magneto-electric phases to form a nanocomposite structure. Carbon is not incor
porated in the product and is emitted as a gaseous CO2. Existence of discrete CoFe2O4 and BaTiO3phases in the composites nanostructures was confirmed using X-ray 
powder diffraction along with SEM and TEM analysis. We estimated the activation energy for the combustion synthesis of Janus-like particles to be 112 ± 3.3 kJ/mol, 
indicating that the barium titanate and cobalt ferrite presence decrease the activation energy barrier of carbon oxidation and facilitate the ignition process of the 
combustion synthesis. We observe that the as-synthesized samples show magnetoelectric coupling on multiferroic cobalt ferrite–barium titanate ceramic composites.   

1. Introduction 

The BaTiO3–CoFe2O4 magnetoelectric composites are of great tech
nological interest for their potential applications in microwave devices, 
antennae, sensors, transducers, data storage, controlled release of anti- 
HIV drug delivery and Alzheimer’s, Parkinson’s disease treatment 
[1–3]. These composites are artificial multiferroics as they exhibit two 
distinct ferroic properties, ferromagnetism of CoFe2O4 and ferroelec
tricity of BaTiO3, which are coupled via physical interaction between the 
CoFe2O4 and BaTiO3 phases [4]. 

CoFe2O4 is a magnetostrictive material, in which magnetostriction 
strongly depends on its cation distribution [3], while BaTiO3 exhibits 
piezoelectric properties, in which spontaneous electric polarization 
arises from the displacement of Ti4+ along the crystallographic c-axis 
[5]. At room temperature, CoFe2O4 has a spinel crystal structure 
whereas BaTiO3 has perovskite structure. Physical-mechanical coupling 
between CoFe2O4 and BaTiO3 in a composite allows to modulate the 
magnetization via the application of external electric field and the 
electric polarization via the application of external magnetic field. An 
applied electrical field induces stress in BaTiO3, which in turn causes 
stress in CoFe2O4 that results in the change of cobalt ferrite magneti
zation. Similarly, the application of a magnetic field induces stress in 

CoFe2O4, which in turn causes stress in BaTiO3 that results in the change 
of BaTiO3 polarization. Since the magnetoelectric effect in a 
BaTiO3–CoFe2O4 composite results from cross-interaction between the 
two phases and the interfaces between these phases can be tailored using 
an array of materials engineering techniques, such composites can 
typically be designed to exhibit stronger magnetoelectric properties 
than what is achievable in a single-phase multiferroic material [5–7]. 

Various methods to synthesize BaTiO3–CoFe2O4 composites have 
been reported, including nanocasting [6], reductive sintering and 
reoxidation [7], electrospinning of nanofibers [8], embedding of 
CoFe2O4 nanopillars into BaTiO3 matrix [5], co-precipitation and sol-gel 
techniques to form core-shell nanoparticles, etc. [9–13]. Of these ma
terials, the core–shell structures typically exhibit the highest magneto
electric (ME) coefficients [10]. While these approaches have produced a 
variety of BaTiO3/CoFe2O4 composite structures, the formation of 
Janus-like particles, which have biphasic geometry of distinct compo
sitions and properties [14–16] has not been reported in the 
BaTiO3–CoFe2O4 system. In contrast to core-shell structures, Janus-like 
particles with their two chemically and structurally distinct surfaces 
could provide additional flexibility, for example, an option of distinct 
functionalizations of the two surfaces for applications in drug delivery. 

In this report, we utilized a highly exothermic method called Carbon 
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Combustion Synthesis of Oxides (CCSO) [17–22] to produce 
BaTiO3–CoFe2O4 matrix structure with Janus-like particles. In CCSO, 
carbon nano powder is used as a fuel and oxygen as an oxidizer pro
ducing heat by following reaction C + O2 = CO2 with ΔH298

CO2
= − 393.5 

kJ/mol. After igniting a powder mixture of initial mixture with carbon 
nano particles generates a thermal reaction front with temperatures at 
~1000 ◦C that propagates at a velocity of 0.1–4 mm/s through the solid 
reactant mixture. The heat of the carbon oxidation (-ΔH) is sufficient to 
sinter BaTiO3 and CoFe2O4 particles to produce Janus-like particles with 
matrix structures. In general, this method can also be applied for simple 
and energy efficient production of nanocomposite materials from a va
riety of complex oxides. It is significantly simpler, faster, and more en
ergy efficient as compared to calcination processes that require prolong 
annealing (hours) at high temperatures. 

1.1. Thermodynamic analysis 

Thermodynamic analysis of the CCSO system BaTiO3–CoFe2O4-n(C 
+ O2) is critical to evaluate the energetic capacity of the system, pre
diction of the adiabatic temperature, condensed and liquid phase con
centrations, which will determine the possibility of particle sintering 
and combustion front propagation. The thermodynamic estimation of 
the equilibrium composition of multicomponent multiphase systems 
requires minimization of the thermodynamic free energy (G) subject to 

mass and energy balances [23]. The thermodynamic calculations were 
made using “Thermo” software [24], which includes database with 
thermochemical properties of approximately 3000 compounds. 

The composition of the equilibrium products and adiabatic temper
ature can be determined by minimizing the thermodynamic potential. 
For a system with N(g) gas and N(s) solid number of components, at 
constant pressure, the concentrations of equilibrium phases can be 
expressed as: 

F({nk}, {ns}) =
∑N(g)

k=1
nk

(

ln
pk

p
+ Gk

)

+
∑N(s)

l=1
nlGl (1)  

where pk is the partial pressure of the k’th gas-phase component, while 
nl and Gl are the number of moles and molar Gibbs free energy of 
components. The adiabatic combustion temperature, Tc

ad, is determined 
by total energy balance: 
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where the enthalpy of each component is 

Hi(T) = δH0
f ,i +

∫T

T0

cp,idT +
∑

δHs,i (3)  

and δH0
f ,i is the heat of formation at 1 atm and reference temperature T0, 

cp,i is the heat capacity, and δHs,i is the heat of s’th phase transition for 
components [25]. 

The prediction of the adiabatic interaction temperature and equi
librium product composition for the BaTiO3–CoFe2O4-nC system com
bustion in oxygen, includes estimation of multiple phases at various 
temperatures. Fig. 1 shows the dependence of the adiabatic temperature 
and equilibrium concentration of condensed, liquid and gaseous phases 
during the exothermic reaction in system BaTiO3–CoFe2O4-n(C) in O2, 
where n is the molar concentration of carbon in the BaTiO3–CoFe2O4 
mixture. The liquid components have (L) next to the chemical compo
sition in the graph, otherwise the products are solid or gas (CO and CO2 
are the only gaseous components, the CO2 concentration is not shown). 
Initially, when the carbon molar concentration is 1.5 (corresponding to 
3.7 wt % carbon in the mixture), the combustion temperature is 1770 K, 
and the BaTiO3 and CoFe2O4 play the role of thermal absorbers. How
ever, when the molar concentration of carbon is increased to 1.7 mol (or 
4.2 wt %), the BaTiO3 starts to decompose into Ba2TiO4 and TiO2 at 
temperature ~1890 K. The decomposition of BaTiO3 into Ba2TiO4 and 
TiO2 is completed at n = 2 mol (or 4.9 wt %) carbon concentration. At 
this concentration, the temperature is ~1900 K and all combustion 
products are solid, in addition to gaseous CO2 (not shown). 

However, this is the starting point, when the CoFe2O4 also starts to 
decompose into solid CoO and liquid Fe3O4. Thus, this is the minimum 
concentration (4.9 wt %) of carbon that we might expect any liquid 
phase in the system. When the carbon concentration is increased, some 
part of liquid Fe3O4 reacts to TiO2 forming the second liquid phase 
FeTiO3 (L), until the TiO2 is completely consumed at around 3 mol (7.1 
wt %), of carbon, after which Ba2TiO4 starts to react with liquid Fe3O4, 
increasing the amount of liquid FeTiO3 in the products. In addition, at n 
= 3 mol (7.1 wt % carbon) the third liquid component (liquid CoO) starts 
to form, when the temperature reaches 2008 K and CoO melts. Finally, at 
n = 4 mol (9.3 wt % carbon concentration in the system), the temper
ature reaches to 2145 K, and BaO also starts to melt, generating the 
fourth and final liquid phase BaO (L). Thus, when the carbon concen
tration reaches 5 mol (11.4 wt % carbon), the temperature reaches 2353 
K and we have all products (CoO, FeTiO3, BaO, Fe3O4) melted, in 
addition to gaseous CO and CO2 (not shown). Thus, although already at 
4.9 wt % of carbon concentration, the adiabatic temperature reaches to 
~1900 K and liquid component (Fe3O4) starts to form, we have chosen 

Fig. 1. Adiabatic temperature of combustion and product composition depen
dence on the amount of carbon concentration in the system BaTiO3–CoFe2O4-n 
(C + O2) by CCSO. 

Fig. 2. Schematics of the experimental setup, for carbon combustion synthesis 
of BaTiO3–CoFe2O4-10 wt % C. 
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the system with 10 wt % carbon to allow more liquid components in the 
system (not all components will be melted due to thermal losses), and 
greater possibility of forming sintered particles to form Janus-like 

particle structures in the system BaTiO3–CoFe2O4. 
The reactants mixture of 200 nm BaTiO3 and 30 nm CoFe2O4 

nanoparticles with equal weight percentages was combined with 10 wt 
% carbon nanoparticles “Carbon Acetylene Black” with the average 
particle size of 5 nm. The reactants were mixed using roller ball milling 
for 3 h. 

The combustion synthesis was conducted by loading the mixture 
with a relative density of about 0.4 into a tempered glass cylinder with a 
diameter of 15 mm. A schematic of the experimental system is shown in 
Fig. 2. The powder was placed on a porous alumina substrate with ox
ygen being fed through at a flow rate of 3 L/min. Thermocouples were 
positioned at the center of the sample and close to the cylinder wall to 
record the temperature variation during the combustion. To initiate the 
propagating temperature front, the reactant mixture was ignited by a 
1.4 W blue laser. 

The as-synthesized product was characterized using X-ray diffraction 
(XRD) by using Bruker D2 Phaser diffractometer with Cu-Kα radiation (λ 
= 1.5406 Å, 20 < 2θ < 70◦) in step size of 0.02◦ with 0.2 s counting time 
per step. The average crystallite size was estimated using the Scherrer 
equation. 

Differential Scanning Calorimeter (DSC) with a sensitivity of 0.1 mg 
(Q-600, TA Instruments) was used for thermo-gravimetric analysis 
(TGA). The measurements were carried out in air by varying the tem
perature from room temperature to 800 ◦C at 20◦ min−1. Particle 
morphology, composition and size distribution analyses were performed 
using a JEOL 7800F field emission scanning electron microscope (SEM), 
equipped with an electron dispersive X-ray spectroscopy (EDX) system. 
Particle surface potential was measured using an atomic force micro
scope (AFM) equipped with conductive tips (NT-MDT SOLVER Nano). 

Transmission electron microscopy (TEM) samples were prepared by 
crushing the nanocomposite samples under isopropanol with a mortar 
and pestle, followed by sonication for about 3 min. The particle sus
pension was then drop-cast onto holey carbon TEM grids. TEM cross- 

Fig. 3. (a) - DSC of BaTiO3 - CoFe2O4 -10 wt % C mixture in oxygen; (b) - DSC of BaTiO3 -CoFe2O4-10 wt % C mixture in inert atmosphere; (c) - DSC of BaTiO3 
-CoFe2O4 mixture, BaTiO3-10 wt % C mixture, and CoFe2O4-10 wt % C mixture in inert atmosphere (Ar); (d) Arrhenius plot for the carbon nanoparticles combustion 
(square), and BaTiO3–CoFe2O4-10 wt % C system combustion (triangle) at heating rates at 10–25 ◦C/min. 

Fig. 4. XRD patterns of samples before and after combustion.  

Table 1 
Crystallite size calculation for the sample before and after reaction.   

Size (BaTiO3), nm Size (CoFe2O4), nm 

Before 41.6 32.5 
After 63 71.8  
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sectional lamellae were prepared using FEI Helios NanoLab G4 dual- 
beam focused ion beam (FIB). Annular dark-field (ADF) scanning 
transmission electron microscopy (STEM) imaging and STEM-EDX 
mapping were performed on an FEI Titan 60–300 STEM equipped 
with a Super-X EDX spectrometer operated at 60 kV with a probe 
convergence angle of 25 mrad and a beam current of 125 pA. 

Magnetic properties were characterized using Physical Property 
Measurement System (PPMS EverCool-II, Quantum Design, Inc.) 
equipped with the vibrating sample magnetometer (VSM) option. 
Saturation magnetization (M) and coercivity were obtained from the 
hysteresis loops at room temperature under a maximum applied field of 
±90 kOe. Zero-field-cooling (ZFC) and field-cooling (FC) magnetization 
curves were measured in the temperature range of 10 K–400 K under the 
field of 100 Oe. ZFC measurements were performed by cooling down the 
sample from room temperature to 10 K without applying external 
magnetic field. After reaching 10 K, a magnetic field of 100 Oe was 
applied and the sample was heated to 400 K while measuring the 
magnetization to obtain the ZFC curve. FC curve was obtained by 
cooling down the sample from 400 K to 10 K while the field of 100 Oe 
was applied. 

For ME measurements, the BaTiO3/CoFe2O4 composites were 
pressed into the pellets of 10 mm diameter and 2 mm thickness. The 
samples were heated to 150 ◦C (Curie temperature of BaTiO3 is ~120 ◦C) 
in a silicone oil bath followed by the application of a dc voltage of 340 V 
across the pellet for 15 min. The samples were removed from the oil bath 
and allowed to cool down to room temperature while maintaining the 
applied dc voltage for 15 min after removing from the oil bath. 
Magnetoelectric properties were measured using a custom-built 
magnetoelectric system similar to the one described in Refs. [26,27]. 
The samples were excited by an alternating magnetic field (~1 Oe, 1 
kHz) and the resulting induced ac voltage was measured using lock-in 
technique as a function of applied DC magnetic field. 

2. Results and discussion 

Based on thermocouple data as the combustion wave passed through 
the region where the thermocouple was embedded, the maximum 

combustion temperature reached approximately 980 ◦C. The combus
tion product was then used for further analysis without any 
modification. 

Thermo-gravimetric analysis and differential scanning calorimetry 
of the initial BaTiO3–CoFe2O4-10 wt % C mixture were used to estimate 
the amount of absorbed humidity and observe the decomposition 
characteristics of the product. In all DSC graphs the initial endotherm 
below 200 ◦C is due to the absorbed moisture in the mixtures. The TGA- 
DSC measurements show that the combustion of mixture in air is 
exothermic with ignition temperature of about 580 ◦C and heat release 
of 1430 J/g presented in Fig. 3, a. The maximum heat flow was recorded 
around 703 ◦C. The initial weight decrement of 1.5 wt% from room 
temperature to 580 ◦C is attributed to adsorbed moisture. The further 
weight decrement of 9.65 wt% is attributed to carbon oxidation (to CO2) 
as the temperature reaches 800 ◦C. Based on the initial carbon content in 
the mixture (10 wt%), it can be assumed that almost all carbon is burnt 
off when the temperature reaches 800 ◦C. 

If the oxygen flow is not sufficient during CCSO, carbon might react 
with some of the constituents in the mixture. To analyze the behavior of 
the system BaTiO3–CoFe2O4-10 wt % C in the absence of oxygen, the 
TGA-DSC was conducted in the inert atmosphere (argon, 100 mL/min 
flow rate with at 20◦ min−1 up to 1200 ◦C, Fig. 3, b). A well-formed 
endotherm was detected around 930 ◦C. The system BaTiO3–CoFe2O4 
without carbon (both in the air or argon) does not exhibit any endo
therms, and BaTiO3-10 wt % C system also does not have endotherm in 
argon (Fig. 3, c). However, the system CoFe2O4-10 wt % C has deep 
endotherm at around 700 ◦C in argon, as Fig. 3, c demonstrates. Thus, 
we conclude that the endotherm in the system BaTiO3–CoFe2O4-10 wt % 
C is due to the interaction between CoFe2O4 and carbon, where CoFe2O4 
decomposes into Co3O4 and Fe3O4 (endotherm process) and subse
quently Co3O4 decomposes into CoO and releases oxygen, which reacts 
with carbon and leaves the system, causing the weight decrease as can 
be seen in Fig. 3, b. The reaction sequence can be given as 

3CoFe2O4 → Co3O4 + 2Fe3O4 (4)  

Co3O4 → CoO +
1
2
O2 (5) 

Fig. 5. SEM images of (a) - BaTiO3; (b) - CoFe2O4; (c) - BaTiO3/CoFe2O4/C mixture before combustion; and (d) - after combustion showing formation of Janus- 
like particles. 
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C +
1
2
O2→ CO (6) 

The carbon facilitates the decomposition of CoFe2O4, as without 
carbon we did not see any decomposition of CoFe2O4 in argon up to 
1200 ◦C. The results suggest that the CCSO of the system 
BaTiO3–CoFe2O4-10 wt % C should be performed in sufficient supply of 
oxygen, otherwise unwanted reactions (4–6) occur. In the CCSO reaction 
products discussed later in this section, we did not detect any Fe3O4 or 
CoO, thus, the supply of oxygen during the synthesis of Janus-like par
ticles was sufficient to completely oxidize all the carbon in the system. 

For the CCSO synthesis, we estimated the activation energy from the 
DSC data by using the isoconversional method suggested by Starink 
[28], which was shown to provide a more accurate value than the Kis
singer and Ozawa methods [29,30]. The Starink method determines the 
activation energy from the equation: 

ln
{

T1.8

β

}

=
(
1.007 − 1.2 × 10−5Ea

) Ea

RT
+ const (7)  

where Ea is the apparent activation energy (in kJ/mol), β is the heating 
rate in thermal analysis (in K/min), T is the peak temperature of the 

exothermic curve (in K), and R the universal gas constant. Ea is estimated 
from the slope of the graph of ln(β/T1.8) vs. 104/T. We estimated the 
activation energy for the carbon nanoparticles oxidation from the slope 
of the graph (Fig. 3, d) as 131.1 ± 9.9 kJ/mol, while the activation 
energy for the system BaTiO3/CoFe2O4-10 wt % C was 112 ± 3.3 kJ/ 
mol, indicating that the BaTiO3/CoFe2O4 particles decrease the activa
tion energy barrier for carbon combustion and facilitate the ignition 
process of the combustion. 

The XRD analysis (Fig. 4) shows that both the initial and final 
products are comprised of tetragonal BaTiO3 and cubic CoFe2O4 phases 
without any trace of secondary and carbide phases in the composites. 
This indicates that formation of titanium carbide is not developed under 
oxygen environment and the reaction of formation of CO2 by combus
tion of carbon and oxygen is the main source of exothermic reaction. 
Close similarity between the XRD spectra of initial and final products 
suggests that BaTiO3 and CoFe2O4 phases are mostly preserved during 
combustion process and the carbon is not incorporated in the product 
and it is emitted as a gaseous CO2. 

However, after combustion, the peaks appear to be sharper and with 
higher intensity. It can be concluded that even without using any sub
sequent heat treatment to induce crystallinity, crystallite size and 

Fig. 6. Structure and composition of BaTiO3/CoFe2O4 agglomerates after combustion. (a) - SEM image of the surface of the agglomerate; (b) - HAADF-STEM image of 
a cross-sectional FIB lamella taken from a region near (a); (c) - HAADF-STEM image and complementary STEM-EDX elemental maps of the same region of the cross- 
sectional lamella. A Ba/Fe overlaid STEM-EDX map is also shown. A 3-pixel Gaussian blur was applied to the STEM-EDX maps to aid visualization. 
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crystallinity of the final product has been increased as compared to the 
initial powder mixture. Crystallite size (D) in the mixture (before and 
after combustion) was estimated by using Scherrer’s formula [31]: D =

kλ
βcosθ , where k is the constant (k = 0.94), λ is the wavelength of the 

X-ray, θ is Bragg’s diffraction angle and β is the corrected full width of 
half maximum (FWHM) in radian of the selected peak, which is defined 
byβ = β2

m − β2
s , where βm is the measured half-width of the sample and 

βs is half-with of the standard reference material measured at the same 
angle. 

To estimate the instrumental broadening( βs), standard corundum 

sample was used. Two peaks from each phase were selected for the 
calculation; (i) (110) peak at 31.6◦ for BaTiO3 (ii) (311) peak at 35.6◦ for 
CoFe2O4. The results are summarized in Table 1. Both crystallite size of 
BaTiO3 and CoFe2O4 were increased after the reaction. 

Fig. 5a and b show SEM images of BaTiO3 and CoFe2O4 nanoparticles 
that were used in this work. Based on SEM data, the average particle 
sizes were approximately 200 nm and 30 nm, respectively. During initial 
product mixing, the granules of reagents formed agglomerates with 
spherical shape of around 10 μm–60 μm. Fig. 5, c shows that these 
particles consist of closely packed BaTiO3 flakes and CoFe2O4 particles 

Fig. 7. HAADF-STEM image and complementary STEM-EDX elemental maps of a BaTiO3/CoFe2O4 agglomerate. A Ba/Fe overlaid STEM-EDX elemental map is also 
shown. A 3-pixel Gaussian blur was applied to the STEM-EDX maps to aid visualization. 

Fig. 8. (a) - AFM surface potential measurements without magnetic field; and (b) - under magnetic field of 150 G, for BaTiO3/CoFe2O4 nanoparticles dispersed in 
PVDF membrane. 
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randomly distributed throughout the mixture. Fig. 5, d shows the SEM 
images of sample after the reaction, showing sintering of nanoparticles 
to each other to form Janus-like particles. 

Although the combustion temperature during CCSO does not reach 
the adiabatic temperature values reported in Fig. 1, possible formation 

of hot-spots at the interfaces of particles create localized melting spots 
for formation of liquid phases described in the analysis of Fig. 1 and 
connecting the particles at these junction points. When the images are 
compared, it is evident that size of the flakes after the reaction were 
slightly increased as predicted by XRD calculations. 

The end product is a nanocomposite of interconnected BaTiO3 and 
CoFe2O4 particles (Fig. 6, a) sintered to each other. The SEM image of 
the FIB lamella (Fig. 6, b) shows the structure of the nanocomposite 
material. STEM-EDX mapping (Fig. 6, c) of the FIB lamella shows the 
distribution of elements throughout the sample. 

The overlaid Ba and Fe EDX maps show the interconnected structure 
of the BaTiO3 and CoFe2O4. STEM-EDX analysis of the sample (Fig. 7) 
shows that the BaTiO3 and CoFe2O4 crystals are well sintered, and form 
agglomerates also observed in SEM. 

Fig. 8 shows the surface potential for the BaTiO3/CoFe2O4 nano
particles dispersed in PVDF membrane and placed on gold plated silicon 
surface. Under the magnetic field, the surface potential decreases from 
about 140 mV (Fig. 8, b) to around 110 mV (Fig. 8, c). Thus, the mag
netic field rearranges the domains and causes the powder to become 
better electrical conductor than in the absence of magnetic field, with 
over 20% difference between the surface potential values. 

Fig. 9 shows initial and final magnetic hysteresis loops of the 
BaTiO3/CoFe2O4 composite measured with a vibrating sample magne
tometer with external magnetic field applied up to 9T. The hysteresis 
loops indicate the dependence of magnetization(M) on the applied 
magnetic field (H). Saturation magnetization was obtained from the 
relationship M(H) = MS(1-β/H), where β is a field independent param
eter, Ms is saturation magnetization and H is the external field applied. 
Ms was estimated by extrapolating to zero field of the experimental M 
(H) curve from the high magnetic field range. Magnetization values are 
normalized with respect to the overall sample weight (both BaTiO3 and 
CoFe2O4), rather than the amount of the CoFe2O4, where the major 
contributor for the hysteresis curve. 

The value of saturation magnetization increases from 26.8 emu/g to 
31.5 emu/g while coercivity decreases 2000 Oe to 250 Oe after the 
combustion. Since the coercivity depends on material microstructure, 
the observed decrease is both due to the grain growth and the grain 
morphology change resulting the change of magnetization switching 
dynamics. 

Furthermore, noncollinear magnetic structure and surface effects can 
contribute to the increase of saturation magnetization and coercitive 
force. Temperature dependence of magnetization curves (Fig. 10) sug
gest that particles are of typical ferromagnetic nature. Since there are no 
major difference of the shape of the both initial and final graphs except 
magnetization of final product shows higher values, it can be concluded 
that there were no composition or structural changes introduced during 
the combustion. Higher values of M for final product can be attributed to 
the increased particle size. Further investigation of ZFC and FC curves 
show that there is a small kink in FC curve at 395 K, which is likely due 
to ferroelectric phase transition (Curie temperature) of BaTiO3 where 
pyroelectric cubic phase transforms into tetragonal modification. 

The results of magnetoelectric coefficient measurements are shown 
in Fig. 11. The data further affirm that the prepared composites indeed 
exhibit magnetoelectric properties. The highest ME coefficient observed 
at DC magnetic field of 1580 Oe is 0.14 mV/Oe-cm. The ME curve 
manifests a hysteretic behavior which originates from the hysteretic 
behavior of CFO component. Strictly speaking, the strain curve with 
respect to the DC magnetic field indicates hysteresis which is conse
quently transferred to the piezo magnetic and magnetoelectric curves as 
well. As a result, two peaks at different dc magnetic fields are distinctly 
observed. As the field increases (both in negative and positive di
rections) the ME coefficient indicates higher value relative to the situ
ation where the field decreases. Moreover, the ME coupling coefficient 
demonstrates remanence which has roots in the remanence of polari
zation loop of BTO and charge accumulation in the grain boundaries 
[26]. A few articles have also reported the observation of hysteresis and 

Fig. 9. Magnetization curves of BaTiO3/CoFe2O4 initial and final composite, 
measured at T = 300 K (zoomed in). Insert is the full hysteresis loop at ± 9 T. 

Fig. 10. Temperature dependence of magnetization curves of BaTiO3/CoFe2O4 
initial (black squere) and final composite (red circles) at magnetic field of H =
100 Oe. 

Fig. 11. Magnetoelectric coefficient of BaTiO3/CoFe2O4 as a function of 
external DC magnetic field. 
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remanence in CFO/BTO magnetoelectric composites [27,32]. 

3. Conclusions 

The motivation of this study was to test a feasibility of synthesizing 
multiferroic BaTiO3–CoFe2O4 Janus-like particles matrix structure by 
using CCSO. The major parameters affecting the process and product 
properties are the carbon concentration in the reactant mixture and the 
oxygen flow rate. The thermodynamic calculations as well as experi
mental work suggest that the mixture containing 5–10 wt % carbon 
should generate liquid phases which can help sintering the particles to 
form Janus-like structures. The initial mixture containing 10 wt % car
bon is highly exothermic with 1430 J/g energy release and has activa
tion energy ~112 kJ/mol. After the combustion, the crystallinity of 
product increases and the SEM, TEM and EDX mapping shows that the 
nanoparticles are sintered to each other. The AFM measurements show 
that the particles under magnetic field become better electrical con
ductors. The saturation magnetization is increased, while the coercivity 
is decreased after sintering. ZFC and FC measurements shows that there 
is a magnetoelectric coupling, suggesting that multiferroic 
BaTiO3–CoFe2O4 composite can be synthesized by CCSO. Magneto
electric coupling is further confirmed by direct measurement of the 
magnetoelectric coefficient of pallets formed from the CCSO product 
under application of external magnetic field. The highest magnetoelec
tric coefficient observed was 0.14 mV/Oe-cm. 
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[32] T. Walther, U. Straube, R. Köferstein, S.G. Ebbinghaus, Hysteretic magnetoelectric 
behavior of CoFe2O4-BaTiO3 composites prepared by reductive sintering and 
reoxidation, J. Mater. Chem. C. (2016), https://doi.org/10.1039/c6tc00995f. 

C.T. De Leo et al.                                                                                                                                                                                                                               

https://doi.org/10.1038/ncomms2717
https://doi.org/10.1038/s41598-018-20191-w
https://doi.org/10.1038/s41598-018-20191-w
https://doi.org/10.1039/c4tc01415d
https://doi.org/10.1039/c4tc01415d
https://doi.org/10.1038/ncomms3051
https://doi.org/10.1038/ncomms3051
https://doi.org/10.1126/science.1094207
https://doi.org/10.1016/j.micromeso.2014.05.023
https://doi.org/10.1016/j.micromeso.2014.05.023
https://doi.org/10.1039/c6tc00995f
https://doi.org/10.1209/0295-5075/111/17007
https://doi.org/10.1209/0295-5075/111/17007
https://doi.org/10.1016/j.actamat.2009.09.054
https://doi.org/10.1016/j.jmmm.2006.10.338
https://doi.org/10.1016/j.jmmm.2007.03.142
https://doi.org/10.1016/j.jmmm.2014.10.142
https://doi.org/10.1016/j.jmmm.2014.10.142
https://doi.org/10.1016/j.jmmm.2014.06.039
https://doi.org/10.1002/adma.200502431
https://doi.org/10.1002/ppsc.201200057
https://doi.org/10.1021/cm200399t
http://refhub.elsevier.com/S0272-8842(20)33166-7/sref17
http://refhub.elsevier.com/S0272-8842(20)33166-7/sref17
https://doi.org/10.1002/aic.10528
https://doi.org/10.1021/ie060571l
https://doi.org/10.1021/ie060571l
https://doi.org/10.1109/TMAG.2007.893844
https://doi.org/10.1016/j.mseb.2010.08.005
https://doi.org/10.1016/j.mseb.2010.08.005
https://doi.org/10.1063/1.4711097
https://doi.org/10.1007/978-1-4612-0827-3
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1016/S0065-2377(08)60093-9
https://doi.org/10.1016/S0065-2377(08)60093-9
https://doi.org/10.1016/j.jmmm.2007.03.142
https://doi.org/10.1016/j.jmmm.2007.03.185
https://doi.org/10.1016/S0040-6031(03)00144-8
https://doi.org/10.1021/ac60131a045
https://doi.org/10.1007/BF01911411
https://doi.org/10.1107/s0021889878012844
https://doi.org/10.1107/s0021889878012844
https://doi.org/10.1039/c6tc00995f

	Carbon combustion synthesis of Janus-like particles of magnetoelectric cobalt ferrite and barium titanate
	1 Introduction
	1.1 Thermodynamic analysis

	2 Results and discussion
	3 Conclusions
	Declaration of competing interest
	Acknowledgement
	References


