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ABSTRACT

Magnetoelectric (ME) materials are capable of use in multifunctional devices

due to their eccentric properties. Flexibility is a beneficial trait for enabling ME

materials to be utilized in advanced device fabrication. We introduced varying

weight percentages (4, 8, 16 wt%) of magnetostrictive SrFe12O19 (SFO)

nanoparticles into a piezoelectric PVDF-HFP to fabricate flexible magnetoelec-

tric nanocomposite fibers. Structural and morphological modifications of the

composite fiber mats were investigated using X-ray diffraction (XRD), Fourier-

Transform Infrared Spectroscopy (FTIR), Field Emission Scanning Electron

Microscopy (FESEM), and Transmission Electron Microscopy (TEM) analysis.

Dielectric and Ferroelectric studies were conducted and an exceptional

enhancement in the dielectric constant and ferroelectric parameters was

observed for 16% of SFO loaded sample. The magnetoelectric coupling coeffi-

cient (MECC) improved to 19.9 mV/cm. Oe for the higher filler-loaded com-

posite sample. Additionally, mechanical studies were also done to ensure the

flexibility of the composite fiber mats.
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GRAPHICAL ABSTRACT

Introduction

Developing composite multiferroic materials,

exhibiting multifunctional properties and magneto-

electric properties, gained much attention in the last

decades. The phenomenon of coupling between the

magnetic and ferroelectric orderings and the possi-

bility of tuning the polarization by an external mag-

netic field and vice versa opened new possibilities

and compatibility in various applications [1–5].

Composite multiferroic materials exhibit better elec-

trical, thermal, and magnetoelectrical properties than

many of the single-phase multiferroic materials [3, 6].

The organic–inorganic multiferroic composite struc-

tures help achieve higher flexibility along with

remarkable multiferroic nature, which is a necessary

factor in the fabrication of next-generation electronic

devices [7]. The outcome of the composite is a com-

bination of the properties of the individual compo-

nents. Therefore, the selection of the polymer, which

contributes to the ferroelectric characteristics, and the

filler, which contributes to the magnetic/magne-

tostrictive nature plays a crucial role in defining the

outcome of the composite.

PVDF and its copolymers are widely used elec-

troactive polymers in the fabrication of polymer-

based multiferroic materials due to their superior

piezoelectric response, dielectric constant higher

hydrophobicity, mechanical strength, chemical and

thermal stability, etc. [7–9] PVDF is also explored as a

promising candidate of polymer electrolytes [10].

PVDF and its copolymers exist in five different phase

forms a; b; c; d; ande. [9, 11] a is the commonly

occurring form that can be converted into polar forms

by suitable fabrication methods. Polar-b and semi-

polar c phases contribute higher electroactive nature

to the PVDF matrix. The extent of the ferroelectric

nature in the polymer is determined by the fraction of

polar phases present in it. [9, 11]

Among the various fabrication methods used to

process enhanced electroactive phase in PVDF, elec-

trospinning is a single-step method and is most

effective to induce polar phases. [12] Therefore, the

electrospinning method is adopted for the fabrication

of composite material. Simultaneous use of high field

and stretching used in the electrospinning technique

induce and enhance the polar phases in PVDF

[9, 13, 14]. Furthermore, the electrospun fibers pro-

vide a better surface-to-volume ratio, higher
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flexibility, and encapsulation property. This makes

electrospun fibers useful in a broad range of appli-

cations, including catalysis, energy harvesting, tissue

engineering, wound healing, filtration membranes,

etc. They can be easily engineered upon target

applications, which makes them more acceptable.

[15, 16]

Composites formed by combining organic and

inorganic materials can exhibit the advantages of

both constituents and exhibit superior functionalities

compared to individuals. PVDF and its copolymers

are widely used as the ferroelectric organic counter-

parts in flexible magnetoelectric multiferroic com-

posites [17–19]. Magnetostrictive particles can be

introduced to the polymer to induce magnetoelectric

coupling [20, 21]. Dielectric, piezoelectric and

mechanical properties can be modified by adding

various metal oxides [22–24]. Magnetoelectric mate-

rials formed by combining ferroelectric polymers and

highly magnetostrictive nanoparticles are gaining

considerable attention nowadays. They are potential

candidates for flexible electronic device fabrication

including sensors, energy harvesters, memory devi-

ces recording media, etc. [25–27]

Strontium ferrite SrFe12O19 (SFO) is a synthetic

magnetic material, similar to the magneto-plumbite

structure, also known as M-type hexagonal ferrite

with space group (P63/mmc) in which spinel

(S = Fe6O8
2?) and hexagonal (R = MFe6O11

2-) layers

are stacked alternatively [28, 29]. The M-type hexag-

onal ferrites have emerged as a suitable substitute for

rare-earth-based permanent magnets [30]. SFO pos-

sess good chemical and thermal stability, high curie

temperature, and magnetization [28, 29, 31]. Obrados

et al. reported the detailed crystal structure of

SrFe12O19 [32]. The magnetic and structural proper-

ties of the SFO nanoparticles derived by the co-pre-

cipitation method were reported by Z.F Zi et al. [29]

Single-phase SFO shows regular hexagonal platelets

structure, the cell parameters are found to be,

a = 5.8751 Å and c = 23.0395 Å and the magnetic

saturation marked 55.73 emu/g at room temperature

[29]. Reports on the SFO-incorporated PVDF com-

posite structures and its effects on electroactive pha-

ses of PVDF are very few. The effectiveness of PVDF-

SFO composite films on the reduction of electro-

magnetic waves has been reported by S Sutradhar

et al. [33], It shows an excellent microwave absorp-

tion around - 109.9 dB at 8.5 GHz. The efficiency of

SFO fiber-loaded composite films of PVDF-HFP in

the energy storage application has been studied by S.

Prathipkumar et al. [34] SFO nanofibers calcined at

800 �C possessed a magnetic saturation above

65 emu/g. The average crystallite size and magnetic

saturation are increased with an increase in calcina-

tion temperature. The energy storage capacity of the

composite films has been improved after the addition

of SFO and energy storage of 1750 mJ/cm3 at

444 kV/cm [34]. SFO holds high coercivity, higher

curie temperature (& 463 �C), and higher dielectric

properties, which is also a non-toxic material that

finds applications in various fields, including

recording media, catalysis, microwave devices, EMI

shielding, biosensor, and in applications which

makes use of permanent magnets [28, 33, 35–38].

In this work, highly magnetostrictive SFO

nanoparticles with different weight percentages (4, 8,

16 wt %) were embedded into the PVDF-HFP fiber-

s to fabricate 0–1 connectivity multiferroic

heterostructure. The structural, morphological,

dielectric, ferroelectric, and magnetoelectric proper-

ties of the composite fiber mats have been

investigated.

Experimental

Synthesis of SFO nanoparticles

The sol–gel method was used to synthesize SFO

nanoparticles. Strontium nitrate and ferric nitrate

were used as the precursors. Precursor solutions

were taken individually in deionized water and

subjected to ultrasonication for 30 min. When the

precursors were dissolved entirely, the solutions

were mixed, and polyvinyl alcohol (PVA), which acts

as a chelating agent, was added to the mixture. The

amount of PVA is fixed as the amount of metal ions

in the precursor solution. Then, the mixed solution is

kept under stirring at a temperature of 60 �C until it

forms a brownish gel. The obtained gel is transferred

and kept in an oven for 12 h at 120 �C to complete the

drying process. Then the dried gel was calcined at

800 �C for 3 h to obtain SFO nanoparticles.

Preparation of electrospun fibers of PVDF-
HFP/SFO

Composite fiber mats were prepared in the following

manner. Initially, 15 wt% of PVDF-HFP (Sigma-
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Aldrich, average molecular weight (Mw) & 455,000)

was dissolved in a mixture of solvents, dimethylfor-

mamide (DMF), and acetone has taken in the ratio

1:1. When the pellets are completely dissolved SFO

nanoparticles were added to the polymer solution.

SFO weight percentages (wt%) varied as 4, 8, 16 of

the polymer. Then, the composite solution was kept

under stirring for 12 h at 60 �C followed by sonica-

tion for 2 h. Composite polymer solutions were

transferred into a 10 ml syringe. A 15 kV high voltage

and 1 ml/hr flow rate were used for the electro-

spinning technique. More details regarding the

spinning parameters used for fabricating PVDF-

based composite fiber mats find elsewhere [17]. The

prepared samples were labeled PS-4, PS-8, and PS-16

according to their loading content. A schematical

diagram of the preparation of SFO nanoparticles and

composite electrospun fiber is shown in Fig. 1a, b.

Characterization

X-Ray diffraction (XRD) patterns of the synthesized

nanoparticles, PVDF-HFP pellet, and the composite

electrospun samples were made by Rigaku mini flex

diffractometer operated at 40 kV and 15 mA

with Cu-Ka line (wavelength 1.54 Å). XRD data were

recorded over a range of 2h from 10� to 80�. Charac-
teristics vibrational modes present in the polymer

samples were detected by PerkinElmer Spectrum 400

spectrometer. TEM images of the samples were

obtained using JEOL JEM 2100 transmission electron

microscope operated at 200 kV equipped with a

Lanthanum Hexa boride (LaB6) lamp for bright field

Figure 1 a Graphical representation of the preparation of SFO nanoparticles and b PVDF-HFP/SFO composite fiber mat.
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imaging. Elemental analysis has been carried out by

an Oxford EDAX system attached to the TEM

instrument. FESEM images were also taken using

NOVA Nano SEM 450 to characterize the morphol-

ogy of the electrospun samples fabricated. Secondary

electron (SE) mode with a high voltage of 10 kV is

used to obtain high-resolution images. Dielectric

properties were measured by an Agilent E4980A

precision LCR meter in a range of 500 Hz–2 MHz at

room temperature. The P-E loop tracer purchased

from Marine India was used to perform the P-E loop

measurements at room temperature. Magnetoelectric

coupling voltage was measured using a lock-in

amplifier ME setup. Mechanical properties of the

pure and composite fiber mats were done using

Universal Testing Machine (UTM) Tinius Oslen

H25KL (ASTM D 882-12). Gauge separation of

40 mm, a speed of 5.00 mm/min, and 100 Newton

load cells were used to study the mechanical prop-

erties of the fiber mats.

Result and discussion

Structural characterizations

The X-ray diffraction technique (XRD) investigates

the crystallinity of the prepared inorganic filler and

filler-loaded PVDF-HFP electrospun nanocomposite

fibers. Figure 2a represents the X-ray diffraction

pattern of the PVDF-HFP pellet. Peaks corresponding

to the non-polar a phase are detected along with the

polar b phase and marked in Fig. 2a. Peaks observed

at 18.8, 27.2, and 39.5� are attributed to the non-polar

crystalline phase a in the polymer PVDF-HFP [39–41].

The peak detected at 20.6� (110/200) is a character-

istic peak of the ferroelectric b phase [39, 40]. Char-

acteristic reflection planes, the structure purity, and

the average particle size of the prepared SFO

nanoparticles have been analyzed from the XRD

pattern of SFO, shown in Fig. 2b and the respective

planes of SFO are indexed according to JCPDS card

No: 79–1412. The average crystallite size of the SFO

nanoparticles has been calculated from the Scherrer

equation and found to be 53 nm. XRD patterns of

nanocomposite electrospun fibers are shown in

Fig. 2c. It is observed that the peaks representing the

non-polar a are reduced, and some peaks are com-

pletely disappeared. The peak at 2h = 20.2�

Figure 2 XRD spectrum of

a PVDF-HFP pellet b SFO

nanoparticles c PS-4, PS-8 and

PS-16 composite electrospun

samples. d FTIR spectrum of

PVDF-HFP pellet, PS-4, PS-8

and PS-16 composite

electrospun samples.
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representing the plane (110/200) which corresponds

to the b phase, is the only peak that arises from the

polymer fibers in the composite structure [39]. The

vanishing of peaks related to the a phase in the

composite validates the influence of SFO and the

electrospinning technique in promoting the elec-

troactive b phase in PVDF-HFP. It has been noted

that the characteristic peaks of hexagonal SFO are

visible in the XRD patterns of composite fiber mats

and marked as * in Fig. 2c. Thus, the successful

loading of SFO nanoparticles in the polymer fiber mat

is confirmed and the peaks resulting from the SFO

are indexed in the XRD pattern of the composite. The

resultant peak intensifies with the increasing filler

loading.

The Crystallite size of the b phase observed in the

composite fiber samples and the PVDF-HFP pellet

was calculated using the Scherrer equation

D ¼ Kk
b cos hð Þ ð1Þ

where K is the constant & 0.9, k is the wavelength

used which is &1.54 Å, b is the Full width half

maximum (FWHM), and h is the diffraction angle.

The crystallite size of the ferroelectric b phase in the

Pellet structure is found to be = 15 nm. However, the

crystallite size of the b phase in the composite fiber

samples is found to be = 5 nm and 6 nm. A detailed

study on the crystallite size and its effect on dipole

orientation in PVDF and its copolymers are reported

by F. Guan et al [42].

In order to get a better understanding of the

structural transformation that occurred in the various

crystalline phases, FTIR analysis has also been done.

FTIR spectra of the PVDF-HFP pellet and PVDF-

HFP/SFO with various filler loadings are given in

Fig. 2d. As shown in Fig. 2d the PVDF-HFP pellet

sample is in the heterophase; the characteristic

absorption bands of both non-polar a and polar b
phases are detected in the PVDF-HFP pellet sample.

The peaks indexed in the range of 610 (CF2 wagging),

760 (CF2 bending), 795 (CH2 rocking) and 976 (CH2

out of plane deformation) cm-1 are attributed to the

non-polar a phase. Meanwhile, the bands observed at

839 (CH2 rocking, CF2 stretching), 878 (combined CF2
and C–C stretching), 1176 (symmetrical stretching

mode CF2), and 1400 (bending or scissoring of CH2)

cm-1 are the characteristic vibrational bands of b
phase [17, 43, 44]. FTIR spectra showed that the non-

polar a phase has diminished, and the intensity of the

peaks attributed to the polar b phase is noticeably

enhanced.

Both the XRD and FTIR result confirms the polar b
phase-chain confirmation in all-trans configuration as

the significant phase present in the prepared elec-

trospun fiber mat systems. During the electrospin-

ning process, axial stretching and high voltage act

together to achieve the maximum polar phase [45].

Coulombic interaction originated due to the high

field results in the thinning and bending of the jet

formed during the spinning process [16]. The

stretching process causes the orientation of the

dipoles in the same direction, transformation to the

most ferroelectric -b phase, which is a result of the all-

trans chain configuration [45].

Morphological characterizations

To study morphology and the effect of the inorganic

filler in the nanofiber structure, FESEM images have

been taken. Figure 3a, b shows the FESEM images of

PVDF-HFP pure mat and PS-8 samples. The images

clearly show the beadles-defect-free fibers. In the

FESEM images of the PS-8 samples, the added SFO

nanoparticles are visible and are attached to the

surface of the polymer fiber. Hence, the FESEM

images show the distribution of SFO nanoparticles on

the polymer fibers.

TEM images of the composite fiber sample PS-16

are shown in Fig. 4a, b. The successful loading of the

SFO nanoparticles in the polymer system is observed

from the TEM images. SAED pattern of the same

shown in Fig. 4c confirms the crystalline nature of the

sample. Energy dispersive elemental spectroscopy

(EDAX) determines the elemental composition and

confirms the presence of required elements in the

sample. EDAX spectrum shown in Fig. 5 validates

the presence of Strontium, Iron, Fluorine, Oxygen in

the prepared sample.

Dielectric and Ferroelectric properties

Dielectric properties of the PVDF-HFP mat and

PVDF-HFP/SFO nanocomposite mats were investi-

gated in terms of their frequency dependence

(500 Hz–2 MHz) at room temperature. Figure 6a–c

illustrates the Frequency-dependent dielectric prop-

erties such as the dielectric constant e0ð Þ, and dielec-

tric loss e00ð Þ. The results showed that the dielectric

constant significantly increased with the increase in
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inorganic filler concentration. Similar reports have

been obtained in various ferrite-loaded PVDF com-

posites [17, 18, 46, 47]. However, the dielectric con-

stant remains almost in a steady state in a wide range

of frequencies and shows a tendency to decrease after

1 MHz. Figure 6b shows the dielectric constant value

of the PVDF-HFP fiber mat (abbreviated as HFP),

PVDF-HFP/SFO with various filler loadings at

1 kHz. To better explain the process of higher

dielectric constant in the low-frequency region, and

the reduction in the high-frequency region, the

Maxwell–Wagner–Sillars polarization effect can be

used. When the frequency increases, the dipoles were

unable to follow the rapid frequency variation hap-

pening in the AC field, so the resultant polarization

becomes small in higher frequencies [48–50]. Notably,

the dielectric constant of 16 wt% SFO loaded com-

posite sample is increased by about 25 at 1 kHz,

which is remarkably higher than that of the pure HFP

system. As the filler concentration increases, the

Figure 3 FESEM images of a pure PVDF-HFP and b PS-8 composite electrospun samples.

Figure 4 a, b TEM images

and c SAED pattern of PS-16

composite electrospun

samples.

Figure 5 EDAX spectrum of PS-16 composite sample.
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interfacial area between the organic and inorganic

components increases, and it will improve the inter-

facial polarizations and the dielectric constant

[17, 24].

Variations in dielectric loss e00ð Þ with Log F are

illustrated in Fig. 6c. From Fig. 6c, it is clear that the

loss values are increased with an increase in inor-

ganic filler loading. The dielectric loss was marked

very small for the prepared nanocomposite samples

at lower frequencies. Though it is small for lower

frequency regions a sharp increase is observed at

higher frequencies. A similar trend in dielectric loss/

tangent loss factor was reported in PVDF-based

nanocomposites [24, 51].

Polarization-Electric field (P-E) hysteresis loops are

used to study the ferroelectric properties of the

prepared electrospun fiber mats. We have performed

the room temperature P-E hysteresis loop measure-

ments of the PVDF-HFP mat and the PVDF-SFO-

loaded composite fiber mats, which were taken at

50 Hz. Figure 7a illustrates the P-E loops of the

PVDF-HFP mat and PVDF-HFP/SFO mat with a

varying load of SFO (4, 8, 16 wt%). The P-E loops

associated with all the samples are analyzed and the

changes observed in the maximum polarization

(Pmax) and remnant polarization (PR) values with the

filler loading are plotted in Fig. 7b. It is noted that the

ferroelectric parameters such as Pmax and PR of the

composites are improved with an increase in the

inorganic filler loading, which supports the facts that

Hexa ferrite-SFO acts as a nucleating agent in

enhancing electroactivity in the PVDF-HFP [34]. As a

Figure 6 a Frequency

dependence of dielectric

constant of PVDF-HFP PS-4,

PS-8 and PS-16 samples at

room temperature. b Dielectric

constant at 1 kHz with filler

loading c Dielectric loss e00ð Þ
of PVDF-HFP, PS-4, PS-8 and

PS-16 samples.

Figure 7 a P-E loops were

obtained for PVDF-HFP, PS-4,

PS-8 and PS-16 samples

b changes in the ferroelectric

parameters with filler loading.
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result, higher filler loading results in higher Pmax and

PR. This may be due to the increase in interfacial area

between the nanoparticles and the polymer [52].

Magnetoelectric studies

Magnetoelectric coupling in composite multiferroic

materials is a product tensor property. It evolves

indirectly through the spin exchange, or stress/

strain-mediated mechanism [6]. Among the various

mechanisms, stress- or strain-mediated interactions

have been explored intensively. There must be at

least two phases (magnetostrictive and piezoelectric)

in the hybrid system to exhibit magnetoelectric

properties [2, 6, 53]. In most polymer-based magne-

toelectric materials, the magnetostrictive phase is

provided by ferrites and, PVDF and its copolymers

give the ferroelectric phase. Magnetostrictive inor-

ganic nanoparticles SFO, in the piezoelectric PVDF-

HFP-fibers result in a cross-coupling between mag-

netic and electric orderings in the resultant polymer

nanocomposite system. An ME voltage is induced in

the composite samples by applying a DC bias field of

1kOe. Magnetoelectric coupling voltage, originated in

the organic–inorganic composite fiber structure is

measured using an ME lock-in amplifier setup. The

ME-induced voltage plotted against AC magnetic

field is shown in Fig. 8a and the induced ME voltage

shows a linear dependence on the applied field. An

increase in the magnetostrictive filler concentration,

increased the induced ME voltage.

The magnetoelectric coupling coefficient (MECC),

the figure of merit of the magnetoelectric property,

can be calculated from equation, [54]

aME ¼ V

H � t

� �
ð2Þ

where V is the induced ME voltage, t is the thickness

of the sample, and H is the AC field. MECC values of

the prepared nanocomposite samples are shown in

Fig. 8b. Following the same trend of the ME voltage,

MECC also increases with filler loading. For an

amount of 4 wt% of inorganic SFO-filler loading,

MECC marked a significant value of 14.7 mV/cm.

Oe, which is quite remarkable for such a lower filler

content. Additional filler content increased the MECC

and reached a maximum of 19.9 mV/cm. Oe for

16 wt% of SFO. It has been reported that in stress- or

strain-mediated composite ME materials, the ME

property originates in the interfaces, and the suc-

cessful loading of the inorganic magnetostrictive filler

increases the resultant interfacial area [55]. This will

allow more effective strain transfer through the

polymer matrix.

Mechanical characterization

Mechanical characterizations were also done to study

the tensile properties of the polymer multiferroic

fibers. ASTM D 882-12 with the conditions; of gauge

separation of 40 mm and a test speed of 5.00 mm/

min were used to study the mechanical properties of

the fiber mats. Stress-Strain graphs obtained for

PVDF-HFP pure sample mat, PS-4 and PS-16 samples

are plotted in Fig. 9a. The observed Young’s modulus

and Tensile strength values are shown in Fig. 9b.

From Fig. 9b, it can be seen that the addition of

inorganic filler modified the tensile properties of the

polymer slightly. For lower filler content the tensile

parameters declined a little and the further increase

in the filler content slightly improved the mechanical

properties of the composite.

Figure 8 a Magnetoelectric

Voltage with applied AC field

b MECC achieved for

different filler loading.
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Conclusion

SrFe12O19 (SFO)-loaded PVDF-HFP multiferroic

nanocomposite fibers were successfully fabricated by

an electrospinning technique. Enhancement in the

electroactive phase of the PVDF-HFP has been con-

firmed using XRD and FTIR techniques. The pre-

pared PVDF-HFP/SFO systems exhibited remarkable

multiferroic traits. The dielectric constant value of the

highest filler-loaded system reached 25 at 1 kHz.

Ferroelectric properties of the hybrid system have

been studied using a P-E loop measurement system

and the values of Pmax and PR were enhanced with

SFO loading. To confirm the existence of magneto-

electric coupling in the fabricated system, the MECC

value of the magnetoelectric fibers has also been

calculated and marked 19.9 mV/cm. Oe for 16 wt %

filler loading. The remarkable MECC, dielectric

properties, and flexibility make it a potential candi-

date in flexible device fabrication including energy

storage, and data storage devices.
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