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The existence of ferroelectricity and ferromagnetism in multiferroic materials and their coupling enables
the manipulation of the electric polarization with applied magnetic field and vice versa, opening many
doors for the practical applications. However, the preparation of polymeric multiferroic nanocomposites
is often accompanied with aggregation of magnetic particles inside the ferroelectric polymeric matrix.
To overcome this issue, we developed a simple and straightforward method to obtain multiferroic
nanocomposites with an exceptional and selective dispersion of magnetic nanoparticles, using self-
assembly of poly(vinylidene fluoride) (PVDF)-based block copolymers. Magnetic cobalt ferrite nanoparticles
modified with gallic acid are selectively incorporated within poly(2-vinylpyridine) (P2VP) domains of the
lamellar block copolymer due to strong hydrogen bond formation between the ligand and the P2VP
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block. Using this approach, phase separation between the blocks is improved, which leads to an increase
in the degree of crystallinity, whereas the selective dispersion of nanoparticles inside amorphous domains
prevents changes in the crystalline phase of the ferroelectric block. The obtained nanocomposites
demonstrate both ferroelectric and magnetic properties without large conductive losses at high electric
field, making them good candidates for improved multiferroic devices.
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Introduction

The concept of having at least two of the primary ferroic orders,
that is, ferromagnetism, ferroelectricity or ferroelasticity, inside
one material enables the use of multiferroics (MF) for numerous
applications, such as sensors, transducers, actuators, data
storage and energy harvesting devices."® In particular, the
coupling between ferroelectricity and ferromagnetism - the
magnetoelectric (ME) effect — grants novel properties absent in
each individual component, i.e. an electric polarization variation
upon applying a magnetic field or inducing a magnetic response
under an electric field.”® So far, two types of multiferroic
materials have been investigated: single-phase and multiferroic
nanocomposites.” "' Single-phase multiferroics are relatively
rare and exhibit weak ME responses at room temperature, which
limits their potential application. The magnetoelectric response
obtained in the MF composites is several orders of magnitude
higher than for single-phase materials, which opens a door to a
new generation of devices.'>"* Besides commonly used ceramic
composites, polymer-based multiferroic materials, which com-
bine piezoelectric poly(vinylidene fluoride) (PVDF) and inorganic
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magnetostrictive phases, have been attracting a growing research
interest since they can be readily fabricated by cheap low
temperature processing methods giving flexible materials with
lower leakage currents and dielectric losses.****®

It has been established, both theoretically and experi-
mentally, that the adhesion quality between the two phases and
uniform filler dispersion are the determining factors for the
creation of high quality multiferroic nanocomposites."*'> How-
ever, preparing nanocomposites based on fluorinated polymers
is a serious issue. The dense packing of fluorine atoms causes a
low surface energy of PVDF, which results in strong demixing of
this polymer with most inorganic fillers.'" The uneven distri-
bution of the nano-objects inside the polymer matrix, as well as
their aggregation, reduce the contact area between them and the
polymer, causing a reduced ME coupling. Additionally, the aggre-
gation of nano-objects is inevitably accompanied by increased
conduction losses that lead to electric failure at low fields.**!

Recently, many attempts have been made to produce PVDF-
based nanocomposites with good dispersion of nano-objects,
mostly focused on performing a surface modification on the
nano-objects using, among others, silanes, phosphonic acid
or PVDF polymer chains.”>* However, little attention has
been dedicated to the functionalization of the polymer matrix
instead. So far, the incorporation of functional groups in the
ferroelectric polymer that can strongly interact with the nano-
object interface is exclusively achieved by the copolymeriza-
tion of VDF with functional monomers or PVDF end group

This journal is © The Royal Society of Chemistry 2019
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functionalization.?®?®

Nevertheless, a small amount of como-
nomers can copolymerize with VDF, often yielding non-
ferroelectric polymers as a result of an impaired crystallization
or changed chain conformation."® In contrary, chain end
functionalization, even though without any significant impact
on the crystallization process, often does not provide enough
functionality to prevent nano-object aggregation.>

A very elegant method for introducing multiple function-
alities into the structure of the ferroelectric polymer without
impairing the crystallization is the preparation of PVDF-based
block copolymers.>®*% Even though the presence of the amor-
phous block causes the reduction in the number of ferroelectric
dipoles inside the material, the ability of block copolymers to
self-assemble into different morphologies on the nanometer
scale adds novel properties to the multiferroic nanocomposites.
The self-assembly of block copolymers allows exact control over
the nanocomposite morphology, local environment and poly-
mer-particle interaction, which is difficult to achieve using
pristine polymers.”*? In addition, the selective confinement of
nano-objects inside block copolymer nanodomains grants the
possibility to achieve anisotropic properties that depend on the
direction of the nanodomain alignment.**3*

The distribution of nano-objects inside block copolymers is
a result of thermodynamic equilibrium between enthalpic and
entropic contributions.*®*” Enthalpic contributions are related to
the interaction between nano-objects and the functional block,
whereas the selective incorporation of nano-objects inside block
copolymers causes the reduction in entropy due to chain stretch-
ing and the loss in the translational motion of nano-objects.***°
Therefore, attractive interactions, such as hydrogen bonding or
ionic interactions, are crucial to overcome the entropic penalty
and grant good and selective dispersion of nano-objects.*’™*
Indeed, it has been demonstrated recently that strong hydrogen
bonding between the surface of the nano-object and monomer
units of the functional block enables high loading up to 40 wt%
of nanoparticles without disrupting the phase separation of block
copolymers.?®**

+ self-assembly
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Herein, we report a straightforward route for the fabrication
of multiferroic nanocomposites based on block copolymer self-
assembly (Scheme 1). Selective dispersion of magnetic cobalt
ferrite nanoparticles is achieved by forming strong hydrogen
bonds between the ligands on the surface of the nanoparticles
and the functional P2VP block of self-assembled poly(2-vinyl-
pyridine)-b-poly(vinylidene fluoride-co-trifluorothylene)-b-poly(2-
vinylpyridine) (P2VP-b-P(VDF-TrFE)-b-P2VP) triblock copolymers.
The loading concentration of nanoparticles can reach 50 wt% in
the targeted P2VP domain without drastically disrupting the
self-assembled morphology. In this way, using block copolymer
self-assembly together with strong hydrogen bond formation
provides a new way to obtain multiferroic nanocomposites that
show both ferroelectric and magnetic behavior without signifi-
cant conduction losses at high electric fields.

Experimental

Materials

1-Octadecene (90%, technical), FeCl;-6H,0 (99+%, extra pure),
CoCl,-6H,0 (98-102%) and gallic acid (98%) were purchased
from Acros Organics. Oleic acid (90%, technical) was purchased
from Sigma Aldrich, whereas sodium oleate (97%, technical)
was obtained from TCI Europe. All chemicals were used as
received. The block copolymer was prepared following litera-
ture procedure.*® All solvents used for the film preparation and
ligand exchange were analytical grade and used without further
purification.

Synthesis of (Co>* Fe,**)-oleate precursor

In a mixture of 40 mL of water, 40 mL of ethanol and 80 mL of
hexane, FeCl;-6H,0 (4.32 mg, 16 mmol), CoCl,-6H,0 (1.90 g,
8 mmol) and sodium oleate (19.48 g, 64 mmol) were added
drop-wisely. The dark brow solution was stirred for 4 hours at
60 °C. The product was washed with water three times to remove
the unreacted salt. Subsequently, the majority of solvent was
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Scheme 1 Schematic representation of the block copolymer self-assembly method for the preparation of multiferroic nanocomposites. The prepared
nanocomposites possess both ferroelectric hysteresis of polarization (P) with changing the electric field (E) and superparamagnetic properties with

zero coercive field in the magnetization (M)-magnetic field (H) curve.
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removed using rotary evaporation, while the final traces were
removed by drying under high vacuum (10~ mbar) overnight.

Synthesis of cobalt ferrite (CoFe,0,) nanoparticles

Precursor (2.5 g), oleic acid (0.25 g) and 1-octadecene (10 mL)
were mixed in a triple neck flask equipped with a condenser. In
order to remove final traces of water, the mixture was stirred at
80 °C under vacuum (10 ® mbar) for 1 h. Afterwards, nitrogen
was slowly purged through the reaction mixture while it was
heated to 310 °C at rate 1 °C min~'. The reaction mixture was
maintained at 310 °C for 30 min and after cooling down to
room temperature and washing three times with acetone, cobalt
ferrite nanoparticles were obtained. The nanoparticles were
dispersed in tetrahydrofuran and stored in the fridge.

Ligand exchange and preparation of hydrophilic nanoparticles

A solution of gallic acid in tetrahydrofuran (500 mg in 10 mL)
was added drop-wisely inside 10 mL of the solution of nano-
particles in tetrahydrofuran (c = 5 mg mL™"). To promote the
ligand exchange, the obtained solution was kept in an ultra-
sonication bath overnight. The prepared nanoparticles were
purified by precipitation with hexane and collected using centrifuga-
tion. The following procedure is repeated three times. The purified
nanoparticles are readily dispersed in DMF at ¢ = 5 mg mL ' and
kept in the fridge until further use.

Preparation of polymer films

The block copolymer was dissolved in 4 mL DMF (10 mg mL ")
and the desired amount of nanoparticles was added. After
passing through the 0.45 pm PTFE filter, the solution was cast
in an aluminum pan (¢ 30 mm). The solvent was allowed to
evaporate at 45 °C over two days. Subsequently, the film was
heated to 170 °C during 5 min to induce the microphase sepa-
ration. After cooling down and water lift-off, ca. 20 pm thick
free-standing films were obtained. Any longer annealing of
nanocomposite films in the melt results in the strong adhesion
of films to the substrate and the pealing-off process is impos-
sible to perform.

Characterization

Small-angle X-ray scattering (SAXS) and wide-angle X-ray
scattering (WAXS) measurements were carried out at the
Dutch-Belgium Beamline (DUBBLE) station BM26B of the
European Synchrotron Radiation Facility (ESRF) in Grenoble,
France, particularly optimized for polymer investigation.*®
The sample-to-detector distance was ca. 3.5 m for SAXS, ca. 28
cm for WAXS and an X-ray wavelength 1 = 0.97 A was used. SAXS
images were recorded using a Pilatus 1 M detector while WAXS
images were recorded using a Pilatus 100 kW detector, both
with pixel size 172 x 172 pm. The scattering angle scale was
calibrated using the known peak position from a standard
silver behenate sample. The scattering intensity is reported as
a function of the scattering vector g = 4n/A(sin 0) with 20 being
the scattering angle and A the wavelength of the X-rays. Trans-
mission electron microscopy (TEM) was performed on a Philips
CM12 transmission electron microscope operating at an

970 | J. Mater. Chem. C, 2019, 7, 968-976

View Article Online

Paper

accelerating voltage of 120 kV. A piece of film was embedded
in epoxy resin (Epofix, Electron Microscopy Sciences) and
microtomed using a Leica Ultracut UCT-ultramicrotome in order
to prepare ultrathin sections (ca. 80 nm). Enhanced contrast for
nanocomposite samples was achieved using iodine staining of
thin sections for 40 minutes. Nanoparticle samples were pre-
pared by drop-casting diluted NP suspension onto carbon-
supported copper grids. Fourier transform infrared (FTIR) spec-
tra of cobalt ferrite nanoparticles and gallic acid were recorded
using a Bruker Vertex 70 spectrophotometer in ATR mode with
32 scans at a nominal resolution of 4 cm™'. The D-E hyste-
resis measurements were performed using a state-of-the-art
ferroelectric-piezoelectric tester aixACCT equipped with a Piezo
Sample Holder Unit with a high voltage amplifier (0-10 kV). The
AC electric field with a triangular wave form at frequency of
10 Hz was applied over polymer films immersed in silicon oil.
The 100 nm thick gold electrodes (ca. 12.5 mm?) with 5 nm
chromium adhesion layer were evaporated onto both sides.
Magnetic hysteresis measurements were performed using a
Quantum Design superconducting quantum interference device
(SQUID) magnetic property measurement system (MPMS) at
300 K with a magnetic field up to 30 kOe.

Results and discussion

The formation of the polar crystalline phase with all-trans
conformation of the P(VDF-TrFE) chains allows dipoles of the
C-F bonds to flip in the direction of the applied electric field,
while the high packing density prevents their misalignment
after field removal, which causes hysteretic ferroelectric behav-
ior of this material.*® The addition of insulating chains to the
ferroelectric polymer structure, in the form of graft or block
copolymers, has been proven to induce changes in the switching
nature and the shape of the hysteresis loops of P(VDF-TrFE).*°
Recently, we have demonstrated that the incorporation of the
polar P2VP at chain ends of P(VDF-TrFE) and the formation of the
lamellar morphology via the self-assembly of the block copolymer
governs the preservation of the ferroelectric hysteresis loop with
switching characteristics similar to the neat ferroelectric
polymer.*> The additional benefit of choosing P2VP as an
insulating block is related to P2VP’s affinity to form hydrogen
bonds, which is highly attractive for the inclusion of nano-
particles inside block copolymer matrices.*">'">> The P2VP-b-
P(VDF-TrFE)-b-P2VP block copolymer is synthesized following
our recent procedure using a copper catalyzed azide/alkyne
cycloaddition reaction of the alkyne terminated P2VP and the
azide terminated (PVDF-TrFE).*””> The low dispersity P2VP is
prepared using reversible addition-fragmentation chain trans-
fer (RAFT) polymerization, whereas free-radical copolymeriza-
tion of the VDF and TrFE with chlorine-functionalized benzoyl
peroxide initiators and the subsequent end group transfor-
mation are employed for the synthesis of the telechelic azide-
terminated P(VDE-TrFE).”* Several block copolymers with
different molecular weight and ratio between the blocks are
prepared. Throughout this study, we focused on one block

This journal is © The Royal Society of Chemistry 2019
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copolymer with M, = 32.8 kg mol ', dispersity index P = 1.80
and 30 wt% of P2VP inside the block copolymer. These molecular
characteristics drive the self-assembly of the block copolymer into
the lamellar morphology with P2VP domains slightly bigger in size
than the diameter of nanoparticles, necessary for their unhindered
selective dispersion inside P2VP domains.

Cobalt ferrite (CFO) nanoparticles are prepared by thermal
decomposition of an iron-cobalt oleate precursor in a high
boiling-point solvent according to literature procedure.’>® This
method leads to highly monodisperse nanoparticles with sizes
that are easily tuned by the adjustment of the inert gas flow
through the reaction mixture.’® These nanoparticles are mainly
chosen due to their magnetostriction value (1 = 220 ppm),*®
which is higher than for other ferrites. The average core diameter
of the prepared nanoparticles used for the nanocomposite
preparation is 6.6 £ 0.4 nm (Fig. 1a). The surface of the as-
synthesized nanoparticles is coated with a non-polar oleic acid
layer inadequate for forming strong interactions with the P2VP,
which is crucial to achieve high loading of the nanoparticles,
while avoiding their aggregation. To enable the formation of
the hydrogen bonds with the block copolymer, the long alkyl
chains on the surface of nanoparticles are replaced with gallic
acid.”” Gallic acid is particularly selected since it contains a
carboxylic group with an affinity towards the nanoparticle
surface, as well as three phenolic hydroxyl groups able to form
strong hydrogen bonds with the polymer matrix, specifically
with the P2VP side chains. The successful ligand exchange is
confirmed by FTIR spectra (Fig. 1b) in which the shift of the
C=0O0 stretching vibration signal is clearly observed, suggesting
that carboxylic groups are mainly employed in the bond for-
mation with the nanoparticle core. Additionally, after the ligand
exchange a wide peak at 3100-3400 cm ™~ characteristic for O-H
stretching from hydroxyl groups at the surface of nanoparticles
is clearly demonstrated. The nanoparticles modified by gallic
acid showed excellent dispersibility inside dimethylformamide
(DMF) during long-time observation (1 year), since DMF forms
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Fig. 1
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hydrogen bonds with ligand molecules on the surface. It is worth
noticing that the ligand exchange does not proceed quantitatively
and some oleic acid molecules are present on the surface after
ligand exchange. However, the presence of this non-polar ligands
demonstrated no negative effect on the stability of nanoparticles
and their dispersion in block copolymers.

Small-angle X-ray scattering (SAXS) and transmission elec-
tron microscopy (TEM) are used to characterize the morphology
and the location of nanoparticles inside the block copolymer
domains.*®*” The block copolymer film is prepared in an
aluminum petri dish by solvent casting 1 wt% polymer solution
from DMF at 45 °C during 2 days and its subsequent thermal
annealing at 170 °C above the melting point of P(VDF-TrFE) to
obtain the equilibrium structure. After this, the polymer film is
cooled down to induce crystallization of the ferroelectric block.
For the nanocomposite films, the DMF dispersion of nano-
particles is mixed with the block copolymer solution in the
desired ratio and the same processing conditions are applied;
the concentration of nanoparticles is given as the weight per-
centage of the P2VP block based on the mass of nanoparticles
with ligands. As depicted in Fig. 2a, the SAXS profile of the block
copolymer displays three scattering peaks in ratio 1g*:2q* : 3¢*,
revealing the lamellar morphology with the lamellar spacing
dy, = 2n/q* = 34 nm. The lamellar nanostructure is a result of the
P(VDF-TIFE) crystallization confinement inside lamellar domains
resulting from the block copolymer self-assembly, which is con-
firmed by the similarity in shape of the SAXS signal before and
after crystallization. The structure is furthermore proved by the
non-stained TEM image of the microtomed block copolymer
sample (Fig. 3a) that shows a well-ordered lamellar morphology
in which dark layers correspond to the P(VDF-TrFE) crystalline
phase, while the amorphous P2VP phase appears light. In
contrast to the block copolymer, the ordering of the nanocom-
posites into the lamellar structure has become worse, as can be
observed by broadening of the first order and disappearance of the
larger order scattering peaks after nanoparticle addition (Fig. 2b).
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(a) TEM micrograph of the oleic acid capped cobalt ferrite nanoparticles with size distribution. The average diameter is 6.6 + 0.4 nm, obtained

using Imaged image analysis. The selected area electron diffraction pattern corresponds to the spinel structure of cobalt ferrite. (b) FTIR spectra of gallic
acid, nanoparticles covered with oleic acid and nanoparticles covered with gallic acid showing successful ligand exchange and the bonding between the

surface of the nanoparticle and gallic acid.
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(a) SAXS profile for a block copolymer collected at 170 °C and at room temperature showing the formation of the lamellar structure in the melt

and its preservation after the crystallization of the P(VDF-TrFE). (b) SAXS profiles of block copolymer/CFO nanocomposites at different loading of

nanoparticles.

a) block copolymer b) 10 wt. % CFO

d) 30 wt. % CFO

e) 50 wt. % CFO

¢) 20 wt. % CFO

f) P(VDF-TrFE) + 10wt. % CFO

Fig. 3 TEM images of (a) pristine block copolymer and nanocomposites with (b) 10 wt%, (c) 20 wt%, (d) 30 wt%, (e) 50 wt% of nanoparticles compared to
the total weight of P2VP domains demonstrating significantly improved and selective dispersion of nanoparticles due to the hydrogen bond formation.
(f) Dispersion of gallic acid coated CFO nanoparticles inside the pure P(VDF-TrFE) showing the macrophase separation of nanoparticles from the polymer.

The incorporation of nanoparticles inside the block copolymer
system reduces the mobility of polymer chains in the melt.
Thus, short times necessary to obtain well-ordered lamellar
morphology inside pristine block copolymer are insufficient to
achieve high ordering of nanocomposites. However, still well-
ordered lamellar morphologies are observed with nanoparticle
arrays up to concentrations, ¢ = 30 wt% compared to the P2VP

972 | J Mater. Chem. C, 2019, 7, 968-976

block (Fig. 3b-d). At concentration ¢ = 50 wt% the block
copolymer nanocomposite still self-assembles into the lamellar
structure, although with a significantly decreased long-range
ordering. The addition of such a large number of nanoparticles
results in smaller isolated ordered lamellar domains with regions
in which the migration of nanoparticles inside P(VDF-TrFE)
domains can be observed.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3b-e demonstrate the distribution of gallic acid coated
CFO nanoparticles inside the block copolymer with increased
loading of nanoparticles. An exclusive arrangement of nano-
particles can be observed inside P2VP domains that appears
dark in TEM images due to iodine staining. Such a specific
control of nanoparticles distribution inside P2VP domains is
evidently the consequence of the strong hydrogen bond forma-
tion between the hydroxyl groups on the surface of nanoparticles
and the P2VP units. Another beneficial factor that affects the
good selective distribution of the nanoparticles inside this
specific block copolymer is related to the crystallization of the
P(VDF-TIFE), that can expel nanoparticles from the crystalline
domains.’® Note that the nanocomposite of pristine P(VDF-TrFE)
and gallic acid coated nanoparticles exhibits macrophase separa-
tion with micrometer sized aggregates of nanocrystals in the
polymer (Fig. 3f). Even though the hydrogen bond formation
between hydroxyl groups and VDF segments has been already
demonstrated in literature,®® the intensity of these bonds is
apparently too weak to induce satisfactory dispersion of cobalt
ferrite nanoparticles.

The mixing of the block copolymer and CFO nanoparticles
results in an increase of the lamellar domain spacing, as indi-
cated by a shift of the scattering maximum to lower g-values
(Fig. 2b). The size of the lamellar spacing increases from 34 nm
to 42 nm after the incorporation of 30 wt% of nanoparticles,
due to the selective swelling of the amorphous P2VP domains.
In order to further demonstrate the strength of this method for
the spatial distribution and dispersion of nanoparticles, bigger
nanoparticles with core diameter d = 12.5 nm and d/L = 0.85 are
mixed with the block copolymer at concentration ¢ = 30 wt%
(Fig. S3, ESIT). No significant difference in the dispersion and
location of nanoparticles is observed (Fig. S3, ESIT). Small regions
of the aggregated nanoparticles are mainly a consequence of
the insufficient stability of bigger nanoparticles in DMF. It can
be observed that the stability of these nanoparticles during film
casting is fairly reduced compared to the smaller nanoparticles.
The addition of a different ligand with a larger number of
functional groups or, alternatively, covering the surface with a
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functional polymer layer can be a potential way to prevent the
undesired particle aggregation and obtain high quality nano-
composites with even bigger nanoparticles.** However, this
specific block copolymer cannot be used for the dispersion
of nanoparticles bigger than its domain size, which can be
easily solved by using a block copolymer with a higher mole-
cular weight.

The crystallization behavior of nanocomposites and the
influence of the nanoparticle addition on the chain conforma-
tion of the ferroelectric block are investigated using differential
scanning calorimetry (DSC) and wide-angle X-ray scattering
(WAXS). Fig. 4a displays the crystallization exotherms of the
pristine block copolymer and the corresponding nanocompo-
site with 30 wt% of nanoparticles. No difference in shape of the
crystallization exotherms for nanocomposites with different
loading of nanoparticles is observed. Both DSC curves show
two exotherms, where the signal at higher temperature corre-
sponds to the crystallization into a paraelectric phase which is
followed by a paraelectric-to-ferroelectric Curie transition at
51 °C.*° Contrary to the neat block copolymer, for which a wide
crystallization peak is observed, a much sharper signal at a
slightly higher temperature is characteristic for the nanocom-
posites, mainly due to a stronger domain separation after the
addition of nanoparticles. An increase in the segregation strength
between the blocks or even the induction of the microphase
separation of otherwise disordered block copolymers has been
already demonstrated after the addition of nanoparticles or other
fillers that can form selective hydrogen bonds with one of the
blocks.*®®! The same effect can explain the rise in P(VDF-TrFE)
crystallinity after selective dispersion of nanoparticles up to
30 wt% loading, demonstrating a profound effect of nano-
particle addition on the crystallization of the crystalline block.
As observed in Fig. 3e, a slight aggregation of nanoparticles and
migration to the crystalline layers take place at loadings as high
as 50 wt%, which results in the reduction of the degree of
crystallinity (Table 1).

The addition of different nano-objects to the ferroelectric poly-
mer has been proven to generate changes in its crystalline phases.

block copolymer b
——10 wt. % CFO
20 wt. % CFO
30 wt. % CFO

I (um)

-10

T T T T
-100 0 100 200

Field (MV/m)

300  -200 300

(@) D—E loops and (b) I-E curves for a block copolymer and nanocomposites. No significant difference in the shape of the hysteresis is observed

for nanocomposites with loading up to 20 wt%. Drastic increase in the polarization for the nanocomposite with 30 wt% is a consequence of increased

conductive losses. However, nanocomposite still operates at high electric fie

lds. It is shown that the coercive field increases with the applied electric field.

Therefore, the reduced coercive field for nanocomposites with 30 wt% of CFO is a consequence of the lower electric field used for dipole switching.

This journal is © The Royal Society of Chemistry 2019
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Table 1 Crystalline properties of the block copolymer and nanocomposites

Sample name AH (Jg7") X (%) Crystalline phase®
Block copolymer (BCP)  11.5 39.1 LTFE

BCP/10 wt% CFO 12.5 44.4 LTFE

BCP/20 wt% CFO 11.9 44.2 LTFE

BCP/30 wt% CFO 11.1 43.1 LTFE

BCP/50 wt% CFO 7.7 33.3 LTFE + HTPE

“ Determined using DSC. ? Degree of crystallinity calculated using the
following equation: X¢ = (AHC)/(fervpr-rere)yAH100) X 100%. AHc was
determined based on DSC thermograms. AH,, = 42 ] g~ for crystalli-
zation in the paraelectric phase.®® ¢ Determined using WAXS.

Therefore, the crystalline nature of nanocomposites is also
examined using WAXS (Fig. 4b).*® The incorporation of nano-
particles inside P2VP layers has no effect on the crystalline
phase and chain conformation of the P(VDF-TrFE) up to 30 wt%
of nanoparticles, as expected for a system in which phase
separation between nanoparticles and crystalline layers occurs.
For a block copolymer and nanocomposites up to 30 wt% loading,
only one scattering peak at ¢ = 14.0 nm ' is observed, corres-
ponding to the low temperature ferroelectric phase (LTFE) with
all-trans conformation of polymer chains.®> A further increase in
the nanoparticle concentration leads to the formation of an
additional high temperature paraelectric phase with trans-gauche
conformation.® Since at high loadings aggregation and migration
of nanoparticles in crystalline domains occur, the functional
groups on the nanoparticles’ surface can induce defects and con-
formational changes of the ferroelectric polymer chains. Similar
conformational changes are noticed upon the addition of polar
fillers—zeolites, clays or polar miscible polymer chains.®* ®> There-
fore, selective dispersion of nanoparticles inside block copolymers
is a more appealing method to preserve the desired crystalline
phase necessary for ferroelectric dipole switching.

Multiferroic nanocomposites possess two ferroic orders
inside one material: ferroelectricity and ferromagnetism. Thus,
it is highly important to examine the ferroelectricity of nano-
composites and the effect of the nanoparticle incorporation on
the dipole switching behavior. The ferroelectric response is deter-
mined using displacement-electric field (D-E) and current-
electric field (I-E) loop measurements with the bipolar triangular
waveform applied at the frequency of 10 Hz, slightly below
breakdown electric fields. All samples show ferroelectric behav-
ior, demonstrated by a peak on the I-E curve and the rectangular
shape of the hysteresis loop. Note that the ferroelectric response
is not shown for the nanocomposite with 50 wt% of nano-
particles, since such a high loading of ferrite nanoparticles leads
to brittle films with a low breakdown strength caused by the
formation of a continuous conductive network inside material,
as demonstrated in Fig. 3e. Fig. 4a shows that no substantial
differences are detected in the shape of the hysteresis loop for
the neat block copolymer and nanocomposites with 10 and
20 wt% of nanoparticles. Only a slight increase of the maximum
polarization, Py, values is observed with the addition of nano-
particles, probably caused by the rise in the crystallinity and the
dielectric constant after the incorporation of cobalt ferrite
nanoparticles.>® An increase in the polarization is followed by
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the increase in the intensity of the current peak on the I-E curve
(Fig. 4b). In contrast to these samples, a strong increase of
the P« is demonstrated for the nanocomposite with 30 wt%
loading. Two effects can explain this difference in behavior. As
displayed in Fig. 3d, the concentration of nanoparticles tends to
a percolation threshold, which leads to increased conductive
losses and therefore higher values of polarization.>*®® Indeed,
higher values of current are observed at a high field for this
nanocomposite sample compared to the others (Fig. 4b). How-
ever, even with the increased losses, this sample reached similar
electric fields as the neat block copolymer. Additionally, the strong
jump of the dielectric constant near the percolation threshold,
previously demonstrated in various nanocomposites, can be a
probable cause for an increase in polarization values.®”%®
Despite different values of the P,,,,, no difference in coercive field
is observed between samples, which is of great significance, since
the application of nanocomposites is still related to the lower
electric fields that are easier to achieve and safer to operate at.

Fig. 5 shows the magnetization loops of all samples with a
different cobalt ferrite content. The hysteresis loop of the neat
block copolymer reveals the expected diamagnetic behavior,
while the incorporation of cobalt ferrite nanoparticles induces
changes in the magnetic response of the nanocomposites.
All samples show a strong interaction with the magnetic field,
in which saturation magnetization increases gradually on the
addition of more nanoparticles. However, no coercive field is
observed regardless of the concentration of nanoparticles,
because the size of cobalt ferrite nanoparticles is below the critical
size (d. = 10 nm), under which the superparamagnetic behavior is
expected.®® Each nanoparticle consists of a single magnetic
domain and when placed in the magnetic field, it develops a
strong interaction with the field. Since only one domain is con-
tained in one particle, no cooperative interaction between domains
characterizes the prepared nanocomposites. Accordingly, no
net magnetization is preserved after the removal of the magnetic
field.”® Employing a magnetic component with no hysteresis loop
into multiferroic composites attracts much research interest,
especially in the magnetic sensor application, since it generates
devices with low noise and high sensitivity.'® The hysteresis loop
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Fig. 5 Magnetization versus applied magnetic field for the block copolymer
and nanocomposites at 300 K with a maximum applied field of 30 kOe.
No hysteretic behavior is demonstrated for any sample.
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can be achieved undoubtedly on demand by changing the size,
aspect ratio or chemical structure of nanoparticles. However, this
is out of the scope of this paper.

Conclusions

The preparation of polymer multiferroic nanocomposites with
exceptional dispersion of magnetic nano-objects inside the
ferroelectric polymer matrix is highly desirable for various
high-performance applications, from sensors and transducers
to data storage and energy harvesting devices. However, this
has demonstrated to be a challenging task, mostly due to strong
immiscibility of PVDF with various inorganic materials. Here,
we present a direct and simple method for the fabrication of
multiferroic nanocomposites with homogeneous dispersion of
nanoparticles using a block copolymer self-assembly approach.
The strong hydrogen bond formation between gallic acid coated
cobalt ferrite nanoparticles and functional P2VP block of P2VP-p-
P(VDF-TtFE)-b-P2VP block copolymer grants selective dispersion
of magnetic nanoparticles inside P2VP layers of block copolymer
lamellar domains. The selective incorporation of nanoparticles
inside non-ferroelectric block is confirmed to be beneficial for
the preservation of the ferroelectric crystalline phase and a
higher degree of crystallinity of ferroelectric block. Using this
straightforward method, multiferroic nanocomposites, enjoying
both unaffected ferroelectric behavior and strong response to
magnetic field with zero coercive field, are easily accomplished.
They can be potentially employed in magnetic sensor devices
with improved sensitivity and signal-to-noise ratio after further
optimization (i.e., alignment of lamellar domains, other block
copolymer morphologies, content of the amorphous block, size
of the block copolymer).
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