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Development of magnetoelectric CoFe204 /poly(vinylidene fluoride)
microspheres

Abstract

Magnetoelectric microspheres based on piezoelectric poly(vinylidene fluoride) (PVDF) and
magnetostrictive CoFe204 (CFO), a novel morphology for polymer-based ME materials, have been
developed by an electrospray process. The CFO nanoparticle content in the (3-7 mm diameter)
microspheres reaches values up to 27 wt%, despite their concentration in the starting solution reaching
values up to 70 wt%. Additionally, the inclusion of magnetostrictive nanoparticles into the polymer
spheres has no relevant effect on the piezoelectric b-phase content (z60%), crystallinity (40%) and the
onset degradation temperature (460-465 C) of the polymer matrix. The multiferroic microspheres show a
maximum piezoelectric response |d33| z 30 pC N1, leading to a magnetoelectric response of D|d33| z 5
pC N1 obtained when a 220 mT DC magnetic field was applied. It is also shown that the interface
between CFO nanoparticles and PVDF (from 0 to 55%) has a strong influence on the ME response of the
microspheres. The simplicity and the scalability of the processing method suggest a large application
potential of this novel magnetoelectric geometry in areas such as tissue engineering, sensors and
actuators.
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Development of novel magnetoelectric CoFe204
/poly(vinylidene fluoride) microspheres

R. Gongalves®®, P. Martins®", D. M. Correi*aa'b, V. Sencadas®?, J. L.Vilas®, L. M.
Leén®? G. Botelho®, S. Lanceros-Méndez?

Magnetoelectric microspheres based on piezoelectric poly(vinylidene fluoride) (PVDF) and
magnetrostrictive CoFe,04 (CFO), a novel morphology for polymer-based ME material,
have been developed by an electrospray process. The CFO nanoparticles content in the (3-7
pm diameter) microspheres reaches values up to 27 wt.%, despite their concentration in the
starting solution reaching values up to 70 wt.%. Additionally, the inclusion of
magnetostrictive nanoparticles into the polymer spheres has no relevant effect on the
piezoelectric PB-phase content (=60%), crystallinity (40%) and the onset degradation
temperature (460°-465°C) of the polymer matrix. The multiferroic microspeheres show a
maximum piezoelectric reponse |d33|=30 pC.N™, leading to a magnetoelectric response of
A|d33|~5 pC.N! obtained when a 220 mT DC magnetic field was applied. It is also shown
that the interface between CFO nanoparticles and PVDF (from 0 to 55%) has a strong
influence on the ME response of the microspheres. The simplicity and the scalability of the
processing method suggest a large application potential of this novel magnetoelectric

geometry in areas such as tissue engineering, sensors and actuators.

Introduction

The magnetoelectric (ME) effect, defined as the variation of the
electric polarization in response to an applied magnetic field or the
variation of the magnetization under an applied electrical field is a
scientifically interesting and technological useful phenomenon with
an increasing range of applications in areas such as computer
memories, smart sensors, actuators, high frequency microelectronic
devices and biomedical materials 1. The ME effect can occur on
single-phase materials or in composites due to the combination of
magnetostrictive and piezoelectric responses®®. Single-phase ME
materials, typically show very low ME coupling exhibited at low
temperatures, hindering their implementation into technological
applications™ " °. Multiferroic composites emerged as an interesting
possibility for device applications as in those composites, consisting
on the combination of magnetostrictive and piezoelectric phases, the
ME effect is the result of a product property, i.e., the mechanical
deformation induced by a magnetic field due to the magnetostriction
of one of the phases, results in a dielectric polarization variation due
to the piezoelectric effect of the other phase, allowing large ME
effects at room temperature? " °,

ME composite materials can be ceramic or polymer based. Ceramic-
based ME materials exhibit ME coefficients three orders of
magnitude higher than polymer-based ME materials, but they are
limited by reactions at the interface regions which lead to high
dielectric losses, hindering sustainable device applications®.

Thus, polymer-based ME materials have attracted increasing interest
from the industry since they solve the abovementioned application
problems® . Further, in polymer-based ME materials strain
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coupling does not deteriorate with operation, as the magnetostrictive
material is in direct contact with and completely surrounded by the
piezoelectric polymer matrix, they show simple and scalable
production methods, a flexible structure without large leakage
currents, can be fabricated by conventional low-temperature polymer
processing into a variety of forms, such as thin sheets or molded
shapes, can exhibit tailored mechanical properties, flexibility,
lightweight, versatility, low cost and in biocompatibility® 2.

In  particular, polymer-based ME spheres composed by
magnetostrictive nanoparticles within a piezoelectric polymer
matrix, can open new applications areas and solve some drawbacks
of the traditional polymer-based structures (nanocomposites,
polymer as a binder and laminates) such as agglomeration, irregular
distributions and the difficulty to shape in a miniaturized form %2,
Polymer-based micro and nanospheres undergo an increasing
demand and applicability as biomaterials for cell culture, drug
delivery  systems, electro-optic and luminescent devices,
heterogeneous catalysis and polymer powder impregnation of
inorganic fibers in composites™®,

Particularly, low-scale piezoelectric materials such as spheres show
strong potentials for improved energy harvesters with higher volume
efficiency, nano-sensors and nano-actuators and nano-mats guiding
cell distribution™ 8, The addition of magnetostrictive materials into
the piezoelectric spheres allows the use of the resulting composite
also as magnetic nano-sensors and actuators, as well as to take
advantage of the induced the ME phenomenon’.

To our knowledge there are no previous reports on polymer-based
ME spheres, that can be an innovative and desired solution for
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applications in which multifunctional active response is needed
(either magnetic to electrical or mechanical to electrical responses,
due to the ME and piezoelectric effects) such as in non-invasive
control of cell growth and differentiation, active drug release and
tissue stimulation * 6,

For the formation of polymer microspheres several methods have
been used such as gas atomization, microdroplet, dispersion
polymerization,  evaporation and  precipitation,  emulsion
polymerization **, oil in water (O/W) or water in oil (W/O)
emulsions, coacervation and spray drying, among others *°. Unlike
previous methods that require high-energy input devices like
sonicators and/or high-cost devices such as high-pressure
homogenisers, electrospray technique is a straightforward and
versatile technique featuring advantages like ambient condition and

single-step processing, high reproducibility, high vyield and
economical set-up %202,
In this work the development of novel CoFe,0,

(CFO)/polyvinylidene fluoride (PVDF) multiferroic spheres is
reported, with large potential applications in the biomedical, sensing,
actuation, catalysis and energy fields™>™.

PVDF, a piezoelectric polymer with five possible distinct crystalline
phases named as a, B-phase, y, & and &, was selected as the
piezoelectric component due to its biocompatibility, high
piezoelectric response, large chemical and radiation resistance, easy
shaping and low cost'" ?*%*, CFO nanoparticles were selected as the
magnetostrictive phase due to their chemical stability, mechanical
hardness, wear resistance, ease of synthesis, large magnetostriction,
high Curie temperature, low cost and simple processability %> .
Additionally, the high magneto-crystalline anisotropy of the CFO
nanoparticles is very interesting and useful for their use in medical
applications %7.

Experimental
Materials and methods

Poly(vinylidene fluoride), PVDF, reference Solef 1010, was
acquired from Solvay. Analytical grade tetrahydrofuran (THF) and
N,N-dimethyl formamide (DMF) were purchased from Panreac
and Merck, respectively. CoFe,0,4, CFO, nanoparticles with 35-55
nm particle size, was purchased from Nanoamor. Laboratory grade
Triton X-100 was purchased from Sigma-Aldrich.

Composite preparation

The CFO nanoparticles were dispersed in DMF solvent and Triton
X-100 in an ultrasound bath during 4 h to ensure good dispersion
and avoid nanoparticle agglomeration. Then, PVDF and THF were
added and placed in a Teflon mechanical stirrer and an ultrasound
bath until complete dissolution of the polymer. Composite solutions
with CFO contents between 10 weight percentage (wt.%) and 70
wt.% were produced.

Electrospray processing

The composite solution was placed in a commercial plastic syringe
fitted with a steel needle with inner diameter of 0.5 mm.
Electrospray was conducted by applying 20 kV with a PS/FC30P04
power source from Glassman. A syringe pump (Syringepump) feed
the polymer solution into the tip at a 1 mL/h rate. The electrosprayed
samples were collected on a grounded collecting plate placed at 20
cm from the needle tip.

Sample characterization
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The morphology of the CFO/PVDF spheres was evaluated by
Scanning Electron Microscopy (SEM) (Quanta 650, from FEI) with
an accelerating voltage of 5 kV. Sphere average diameter and
distribution was calculated over approximately 30 microspheres
using SEM images (5000 X magnification) and the Image J
software.

The magnetic properties of the multiferroic spheres were evaluated
by measuring the magnetization loops M(H) up to 10 kOe using an
Oxford Instruments vibrating sample magnetometer. Fourier
Transform Infrared Spectroscopy (FTIR) technique was carried out
at room temperature in a Bruker alpha apparatus in ATR mode from
4000 to 400 cm® using 24 scans at a resolution of 4 cm™. Specific
bands such as the ones at 766 and 840 cm™ have been identified to
correspond to the a and [B-phase, respectively, allowing the
calculation of the polymer phase content after the procedure
described in ?2. The p-phase fraction (F(8)) can thus be determined
by applying equation 1:

F(ﬁ) = KAiB
(K—i> Ag +Ag @)

where F(f) represents the B-phase content; A; and A, the absorbance
at 840 and 766 cm’, respectively and Kj (7.7 x 10 cm“mol™ ) and
K, (6.1 x 10* cm®mol™ ) are the absorption coefficients at the
respective wavenumber for both phases %,

The thermal behaviour of the samples was determined by
Differential Scanning Calorimetry (DSC), measurements in a Mettler
Toledo 822e apparatus with sample robot and STAR software, using
a heating rate of 10 °C.min under nitrogen purge (50 mL.min™);
and by ThermoGravimetric Analysis (TGA). For the TGA
measurements, samples were transferred to open ceramic crucibles
with capacity of 60 pL and analysed using a METTLER
TGA/SDTA 851 thermobalance operating between 200°C and
700°C. A heating rate of 10 + 0.2 °Cmin™ and nitrogen flow rate of
50 mL/min were used.

The crystallinity content (Xc) of the PVDF samples was calculated
applying equation 22%:

A

Xo=r——
¢ xAHq + yAHg )

where AH is the melting enthalpy of the sample; AH, and AH, are
the melting enthalpies of a 100 % crystalline sample in the o and 3
phase and x and y indicate the amount of a and B phase present in the
sample, respectively. AH, and AH, were considered as 93.07 and
103.4 J.g*%,

Form the TGA results, the nanofiller/polymer interface region of the
CFO/PVDF spheres was obtained, applying equation 3 %

_ m(x);0 — Mo

=—— %100
m mjo (3)

where myq is the mass of the pristine polymer at the temperature at
which the mass loss rate is maximum and m(x),, is the mass of the
composite containing a given wt.% of nanoparticles that has not
degraded at the temperature at which the mass loss rate of the
pristine polymer is maximum.

After poling conditions optimization, 30 min of corona poling at 10
kV and 120 °C were applied in a home-made chamber in order to
optimize the piezoelectric response of the samples. Then, the
piezoelectric response (d33) of the samples was analysed with a
wide range d33-meter (model 8000, APC Int Ltd).

The ME character of the CFO/PVDF spheres was evaluated by the
difference in the piezoelectric response obtained with and without
the application of a 220 Oe DC magnetic field (Adss).

This journal is © The Royal Society of Chemistry 2012



Results and discussion

VSM technique has proved to be a precise technique able to
accurately determine the magnetic nanoparticle content on
composites?=L. Thus, the hysteresis curves shown in Figure 1 were
first used to evaluate the efficiency of the particle loading process,
i.e. the relation between the content of the CFO nanoparticles within
the solution and the concentration in the obtained spheres (Figure 1).
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Figure 1. (a) Room temperature hysteresis loops for the multiferroic
CFO/PVDF spheres. (b) Relation between the wt.% of CFO
nanoparticles within the solution and the wt.% of CFO nanoparticles
within the multiferroic spheres, obtained from the hysteresis loops.

Figure la reveals the typical ferromagnetic behavior of the
CFO/PVDF spheres. For all compositions, the magnetization
saturates at ~2kOe. As expected, the magnetization saturation
increases with increasing nanoparticle filler content. By comparing
the saturation magnetization value of the pure CFO nanoparticles
with the ones from Figure 1la it is possible to determine, trough
equation 4, the precise amount of CFO nanoparticles within the
multiferroic sphere (Table 1).

CFOwtg, | SPheres Spheres Calculated

- Saturation Saturation

in the N N CFO wt.%

solution Magnetization Magnetization in spheres
(expected) (measured)

10 6 3.0 5

40 24 12.8 21

70 42 16.4 27

100* 60 60.0 100

*pure powder

CFO wt. Yospneres
Saturation Magnetizationgpperes X 100 (4)

- 60

Figure 1b and Table 1 show that with 10 wt.%, 40 wt.% and 70
wt.% CFO content within the solution leads to spheres with 5 wt.%,
21 wt% and 27 wt% CFO contents, respectively. Thus, the
maximum CFO content allowed in the spheres starts to saturate at
~20 wt.%, since an increase of 30wt.% in the solution wt% content
of CFO (from 40% to 70%) leads to just an increase of just 6% of
CFO nanoparticles inside the multiferroic sphere (from 21% to
27%).

In this way, the concentrations of CFO nanoparticles in the
electrosprayed spheres is lower than the ones on the composite
solutions, in agreement to previous reports 2 and can be attributed
to the higher density of the CFO nanoparticles (when compared to
the polymer matrix) that causes the settling of some nanoparticles on
the bottom of the syringe during the electrospinning process.
Further, some contributions can also come from a partial blockage of

This journal is © The Royal Society of Chemistry 2012

the needle hole by agglomeration of nanoparticles, due to the flow
funnelling towards the needle. Figure 2 a-e shows representative
SEM images of ME CFO/PVDF spheres with 5-27 wt.% ferrite
content.

5 10 15 20 25
CFO wt.%

100 um
Figure 2. Morphology of PVDF polymer (a and b) and the
multiferroic CFO/PVDF microparticles with CFO wt.% 5 (c), 21 (d)
and 27 (e) CFO nanoparticle content.

The low magnification image (Figure 2a) shows a homogeneous
production of multiferroic spheres, with good dispersion and
spherical shape. Spheres diameters were between 3 and 7 um, nearly
independently of the CFO filler content. The insertion of the CFO
magnetic fillers within the PVDF polymer sphere originates just a
slight decrease of the average sphere diameter

Backscattering images (figures 2c-e) reveal that the CFO
nanoparticles are effectively inside (white zones of figures 2c-e) the
polymer spheres, wrapped by the polymer matrix (spherical structure
of figure 2b), giving rise to the desired multiferroic polymer
composite structure.

Since the presence of the piezoelectric § crystalline phase of PVDF
is an essential requirement to obtain ME response on PVDF based
ME materials®, FTIR was used to identify and quantify the B-phase
content of PVDF.

For the pure polymer and the CFO/PVDF microspheres, typical
FTIR spectra are presented in Figure 3a and the calculated F(B),
equation 1, is represented in Figure 3b.

80

27wt cFo ¥
h

'i\-/j_-l

[92]
o

y
21wt.% CFO ¥
|

F(B) (%)
&

N
o

5 10 15 20 25 30
CFO wt.%

Transmittance (a. u.)

: ol
900 ... 1000 0

700 800

Wavenumber (cm™)

(@) (b)
Figure 3. FTIR spectra of (a) pure PVDF microspheres and
CFO/PVDF composites microspheres with 5, 21 and 27 wt% filler
content and (b) variation of B-phase content as a function of CFO
content.

Figure 3a shows that the crystalline phase of the polymer matrix in
the microspheres are mainly in the B-phase and no significant
differences between the spectra of the different composite
microsphere are detected. All microspheres, pure PVDF and
CFO/PVDF composites, show -phase contents between 65 and 75%
and that this value is independent of the CFO content. It is to notice
that those PB-phase contents are compatible with the maximum
piezoelectric response of the polymer, as it has been verified in® . In
this way, the B-phase formation is mainly attributed to the low
solvent evaporation temperature (< 60 °C), which mainly leads to the
crystallization of the polymer in this phase® *. Further, electrostatic
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interaction of the filler nanoparticles with the highly polar polymer
chains certainly reinforce this effect, as it has been verified in
samples prepared after melting, that are nucleated in the p-phase,
whereas the polymer without fillers remain in the o-phase®®.

Figure 4a shows the DSC thermograph of the microspheres of PVDF
and CFO/PVDF composites. From the melting endotherm and
applying equation 2, the degree of crystallinity (Xc) was obtained, as
represented in Figure 4b.

(@) (b)
g 5mwW 45
c e 27 wt.% CFO +\+/+
~ Jlendo M— ;\a 30 \+
% 21wt cro| (7]
[ _/\__ <
= -/_,\— 5wt.% CFO 15/
3]
I PVDF

o

125_150 175 200,225 250 0 5 10 15 20 25 30
Temperature ("C) CFO wt.%

Figure 4. (a) DSC thermographs and (b) degree of crystallinity of

the pristine PVDF and the CFO/PVDF composite microspheres.

The DSC thermographs of all samples are characterized by a double
endothermic peak, related both to the existence of polymer
crystallization in both o and B crystalline structures as confirmed by
FTIR (Figure 3) results * and the presence of the nanofillers. In both
cases ill-crystallized region arises with lower melting temperature
due to the larger energy of the imperfect structures. The degree of
crystallinity values (Figure 4b) are in good agreement with the ones
obtained in PVDF processed by similar procedures®. Additionally,
the overall lower degree of crystallinity is slightly lower when the
fillers are present in the polymer matrix, which is attributed to
hindered crystallization due to the presence of the fillers, which can
act as nucleation centers for crystallization, but also hinder spherulite
growth 3%,

The interface between magnetostrictive materials and piezoelectric
polymers is one of the most sensitive parameters influencing the ME
response of the composites. This interface can be determined by the

TGA results presented in (Figure 5)% %.
@ ©

$100; - — PVDF _ 6o
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Figure 5. (a) TGA thermographs for the different samples and (b)
interface volume between nanoparticles and polymer as a function of
CFO nanoparticle concentration.

In all composite spheres samples, with and without CFO
nanoparticles, the typical two step thermal degradation,
characteristic of PVDF, was observed®’. The onset temperature,
defined as the temperature at which the polymer lost 1% of its
weight, was found to be =460 °C for the pure PVDF microspheres,
slightly lower than the ones obtained on CFO/PVDF microspheres
that was around ~465 °C. This results shows that the addition of the
CFO nanoparticles into the PVDF spheres slightly improves the
thermal stability of the microspheres. Such effect has already been
reported in previous studies® and can be attributed to two factors: (i)
the CFO filler in the composite can hinder the formation and escape
of volatile by-products during heating and (ii) the thermal motion of

4| J. Name., 2012, 00, 1-3

PVDF segments near the CFO surfaces may be restricted because of
the physical interlock and electrostatic interaction .

The first degradation step occurs between =400 and =500 °C(ii),
being the polymer maximum degradation temperature not influenced
by the CFO content. In this initial degradation step the
decomposition mechanism is chain-stripping where carbon-hydrogen
and carbon-fluorine scission occurs, the presence of both hydrogen
g\gd fluorine radicals leading to the formation of hydrogen fluoride *"

The second degradation step occurs between =500 and =850 °C(iii),
and the differences observed in the plots relatively to the pure PVDF
spheres sample are to be ascribed to the presence of CFO
nanoparticles, as the different phases of PVDF show similar thermal
degradation behavior *°. This second step is a complex degradation
process resulting in poly(aromatization). The polyenic sequence
formed previously on the first degradation step is unstable and, as a
consequence, the macromolecules formed undergo further reactions
leading to scission followed by the formation of new aromatic
molecules 23741,

Previously to these typical two thermal degradation steps , an
additionally degradation was observed between ~290 and~ 400 °C
(i)resultant from the degradation of the Triton X-100 2.

Figure 5b shows the mass fraction of the polymer located at the
interface as a function of the CFO content, calculated after equation
3. The interface value increases with increasing ferrite loading as a
result of the increased number of particles interacting with the
polymer matrix up to a filler content of ~ 20 wt.%, after this value,
increasing CFO content has a result a small decrease in the
CFO/PVDF interface, explained by the fact that a larger filler
content can lead to the formation of clusters and agglomerations and
therefore a decrease of the overall surface contact area. The highest
interface value (55%) was obtained for the CFO/PVDF spheres with
21 wt.% ferrite content. This interface value is *40% higher than the
one reported to CFO/PVDF multiferroic composite films*® and will
lead to an increased ME coupling due to the larger contact area
between the magnetostrictive and piezoelectric phases.

The ME coupling was measured ** “® by evaluating the piezoelectric
response of the composites without and with an applied magnetic
field of 220 mT (Figure 6).

w
o

- ~5] $
5 4
% 25 /+ Z 4 \
S 20 ¥ O 3]
gn / 2 L]
= 82
Em 12 ./' % 14 n
0 of «”
——— 0 5 10 15 20 25 30
° % Pows ® ¥ CROwt%
@) (b)

Figure 6. (a) Modulus of the piezoelectric coefficient |ds3| as a
function of CFO wt.% and (b) Aldas| as a function of CFO wt.%.

Figure 6a represents the variation of the piezoelectric response of the
samples (polymer films made out of spheres-Figure 2) as a function
of filler content. The presence of the CFO nanoparticles improves
the piezoelectric response of composite spheres due to the
electrostatic interactions between particles and polymer®® 3,

Once a 220 mT DC magnetic field was applied with two permanent
magnets, at the same time that the piezoelectric response is being
measured, an increase in the |ds3| value is observed in the composite
samples but no variation is detected in the pristine polymer samples
revealing the ME character of the multiferroic spheres (Figure 2b).
Since magnetostrictive CFO induces displacements at the interface
between nanoparticles and polymer*, with increasing interface

This journal is © The Royal Society of Chemistry 2012



value, the interaction between the piezoelectric PVDF and the
magnetostrictive CFO ferrites will be promoted, explaining the
larger increase of the A|das| with increasing nanoparticle content until
~20 wt.%. Such interaction will be hindered for higher CFO
concentrations, due to the decrease of the previously shown interface
area (Figure 5b), leading to a lower ME coupling and a decrease in
the |da3| variation value.

Conclusions

Magnetoelectric CFO/PVDF microspheres have been prepared
by an electrospray process. The concentrations of CFO
nanoparticles in the microspheres reaches values up to 0-27
wt.%, though their concentration in solution reaches values up
to 70 wt.%. Spheres diameters were found to be between 3 and
7 pm, being the size nearly independent of the CFO filler
content.

The addition of CFO nanoparticles into the polymeric spheres
has almost no effect on the f-phase content (=60%),
crystallinity (40%) and the onset degradation temperature
(460°-465°C) of the polymer matrix.

The interface between CFO nanoparticles and PVDF was found
to have a strong influence on the ME response of the
CFO/PVDF spheres. Increased interface values (from 0 to 55%)
had as result and optimized ME response (A|d33| from O to 5
pC.NY) when a 220 mT DC magnetic field was applied to the
CFO/PVDF spheres with 21 wt.% of ferrite. Thus, the overall
properties of the ME microspheres and the simplicity and
scalability of the processing method indicates a large potential
of the CFO/PVDF multifunctional microspheres for developing
advanced applications.
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