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Abstract

The hybrid multifunctional magnetic organic/inorganic composite materials, with addition of optimal filler type and quantities
are attractive due to wide range of potential application, from various pressure sensors, through smart packaging, to tissue
engineering and medicine. The structural, morphological and magnetic properties of polyvinylidene fluoride/nanocellulose/
magnetite @BaTiO; hybrid films were investigated. The presented study revealed significant impact of nanocellulose (NC)
content on formation of the polymorphs of PVDF, responsible for ferro-, piezo- and pyroelectric properties. The structural
characterization, XRD and Raman measurements confirmed enhancement of the § and y phases when the loading of NC
higher then 4 wt% in multi-component hybrid films. The saturation magnetization value gradually raises with increasing
amount of NC and reaches its maximum value of 41.2 emu/g at content of 4 wt% NC. Further, addition of NC decreases
saturation magnetization value regardless of constant amount of magnetite, indicating optimal content of NC substrate for
co-precipitation of Fe;0, onto NC matrix.
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1 Introduction

The development of smart hybrid multifunctional mag-
netic organic/inorganic composite materials, with addition
of optimal filler type and quantities, attracts great atten-
tion in the scientific community. Studies of hybrid mate-
rials based on polymers and ceramics filler have given
interesting results in improvement of magnetic and elec-
trical properties through prevention of mutual inhibition
between different fillers and promotion of compatibility at
the matrix/added components interface [1, 2]. The inclu-
sion of the nanoparticles to the standard polymer matrix
significantly improves properties of composites [3]. This
way, materials of a wide range of applications could be
obtained, from various pressure sensors, self-powered
devices, through smart packaging, to tissue engineering
and medicine [4-9]. Composites whose structure is of
organic—inorganic origin are the most common, where the
properties of the organic and inorganic precursors differ
in the most aspects. Such a combination of the organic/
inorganic components creates a hybrid multifunctional
material. High toughness, transparency, low weight, poor
thermal conductivity, resistance to acids, alkalies, corro-
sion and water are the basic features of polymers [10, 11].
In combination with inorganic phases, mostly ceramic
components, the range of properties expands by improving
electrical and magnetic features [12, 13]. Special class of
composites are multifferoic materials where more then one
order states coexists, such as ferro-, magnetic and piezo. If
properly connected, these phases can generate magneto-
electric (ME) strain, by which the exposure of the com-
posite to the electric field can induce magnetic or piezo
respond, and vice versa [14]. Such materials are highly
usable as various sensors, actuators, transducers, etc.
Commonly used polymer is a polyvinylidene fluoride
(PVDF). PVDF belongs to the semi-crystalline group of
a non-toxic polymers. The strongly polar f-phase has the
best piezoelectric and ferroelectric properties, while the
most common and thermodynamically favorable a-phase is
non-polar. The phases y- and 6- appear to be weakly polar
[15, 16]. Quenching and co-polymerization can induce a
B- phase formation in the PVDF, but the most efficient
mechanism appears to be addition of ceramic fillers [17,
18]. Ceramic fillers combined with ferroelectric polymers
have a significant contribution in expansion of material
potential application. Researchers have shown that ceramic
fillers trigger crystallization of electro and magnetically
active phases in polymers that have multiple crystalline
phases. For piezoelectric polymer, ceramic fillers enhance
the effect of converting mechanical energy into electrical
(and vice versa) [19]. The successfully used ceramic fillers
for the modification of the PVDF are zinc oxide (ZnO) [20,
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21], graphen oxide/ZnO [22], lead zirconate titanate (PZT)
[23-25], zinc sulfate (ZnS) [26, 27] and BaTiO; (BT) [28,
29]. Among these, BT stands out for its low cost, high die-
lectric constant and small dielectric losses. Besides, itis a
lead-free and environmentally friendly material [30-32]. A
phenomenon that occurs in BT is spontaneous polarization
resulting in specific dielectric and ferroelectric properties
[33, 34]. On the other hand, its tendency to agglomerate
contributes to reducing the flexibility and increasing the
porosity of the hybrid material. As a result, its propor-
tion in the composite must be carefully considered [33,
34]. It is also important to note that the particles sizes of
the ceramic filler, as well as its morphology have a direct
influence on the crystalization behaviour and final proper-
ties of the resulting composite film [35, 36].

Nanocelullose (NC) has piezo- nature and as a filler
can give exceptional performance to the hybrid composite,
which is reflected in mechanical strength, flexibility and
dielectric properties [37-39]. Addition of the cellulose
nanofiber into PVA, PLGA or PLA, acts as reinforcing
agent which improves mechanical and barrier properties
of the polymer films [40]. The interactions of OH groups
(originated from NC) with fluorine in PVDF showed
increase of f-PVDF phase formation. Studies have also
shown that the size effects and the degree of crystallin-
ity affect alpha to beta phase transformation of the PVDF
[41, 42]. Several research groups determinate that expo-
sure of the NC to magnetic field causes orientation of cel-
lulose in a suspension [43]. Several routs were used to
tailor crystallization direction in PVDF, such as mechani-
cal activation or surface modification of filler particles
[33]. The fillers surface modification has been shown as
efficient way to improve interface compatibility between
inorganic particles and organic matrix [36, 44]. Cellulose
fibers modified by paramagnetic elements (deposition of
iron) enable further improvement in cellulose orientation
in a polymer matrix when exposed to lower strength of
electric and magnetic fields [45]. Mix of magnetic, ferro-
electric and piezo particles can give interesting results in
terms of magnetic and electrical properties of the formed
multiferroic hybrid composite materials if phases are well
connected.

In this study, polyvinylidene fluoride (PVDF) was used as
a matrix for synthesis of novel multi-component hybrid com-
posite materials with a NC and BT as fillers for the first time,
to the best of our knowledge. The effect of the NC content-
surface modified with Fe;0,, in presence of the ferroelectric
(BT) phases, on PVDF crystallization behavior and magnetic
properties was investigated. Barium titanate and nanocellu-
lose (NC) functionalized with nanosized Fe;O, were added
as fillers into PVDF polymer matrix. The samples were pre-
pared in the form of thick free-standing films, with thickness
of a few tens of micrometers and area of 1 cm?.



Journal of Inorganic and Organometallic Polymers and Materials

2 Experimental
2.1 Materials

The materials used in this paper were: commercially avail-
able cellulose, acetone (Sigma-Aldrich, p.a.), N,N-dimeth-
ylformamide (DMF) (Sigma-Aldrich, p.a.), FeSO,x 7H,0
(Merck, p.a.), FeCl; x 6H,0 (Merck, p.a.), PVDF (homopol-
ymer powder, SOLEF 1015/1001). NC washing, aqueous
solution preparation and dish washing were all done with
deionized water (DW) with a resistivity of 18 MQ cm. Con-
centration of PVDF solution and loading of Fe;O, (4 wt%)
and BaTiO; (4 wt%) were constant; only amount of NC was
varied (1 wt%, 2 wt%, 4 wt%, 8 wt%) in a final multi-com-
ponent composite materials.

2.2 Preparation of NC/Fe;0,

The preparation of the NC/Fe;O, composite was explained
in detail in previous work [46]. The acid hydrolysis (H,SO,)
of commercially available cellulose was applied to make
nanocellulose (NC) according to a standard technique [47].
Ferri- and ferro- ions were co-precipitated in aqueous solu-
tion containing NC by addition of the ammonia to produce
functionalized nanocellulose. Different concentrations of NC
were used. The weight ratio of NC in Fe;O,/NC composites
were 1:0.25; 1:0.5; 1:1; 1:2. The obtained slurry NC@Fe;0,
were washed with distilled water and ethanol, and eventu-
ally dried.

According to the NC weight ratio in Fe;O,@NC com-
posites the samples were labeled as: 1:0.25 (Fe;O,@NC1),
1:0.5 (Fe;0,@NC2), 1:1 (Fe;0,@NC4), 1:2 (Fe;0,@NCS8).

2.3 Preparation of Multi-component Composites
NC/Fe;0,/BaTiO;/PVDF

PVDF (homopolymer powder, SOLEF 1015/1001) was
firstly dissolved in a mixture of acetone/DMF (1:1) to
obtain 20 wt% solution of polymer. BaTiO; (Sigma-Aldrich)
was sonicated in DMF for 30 min and added to the dis-
solved polymer in an amount of 4 wt% with respect to the
PVDF content. This mixture was stirred for 6 h to obtain

homogeneous BaTiO; dispersion. NC@Fe;0, composites,
with different content of NC, were sonicated in DMF for
30 min and subsequently added to PVDF/BaTiO; mixture,
resulting in multi-component mixtures with four different
concentrations of NC. To ensure adequate filler distribu-
tion inside the polymer matrix, the composites were agitated
overnight at room temperature.

2.4 Film Preparation

The films were prepared by solution casting technique,
using copper mask placed in a mold. Aluminum foil was
first placed in a mold to provide an easy removal of the films
from a copper mask. The copper mask, thickness of 100 um,
was put over the aluminum foil and the mold system was
fixed to prevent solvent leakage. After solvent evaporation
the films were removed from the molds, separated from the
copper mask and aluminum foil, dried for 5 days at room
temperature and 8 h at 60 °C in a vacuum oven. The pro-
longed drying process was applied in order to completely
remove residue of the solvent, avoiding significant increase
of temperature. It was done to avoid phase transition of the
BaTiO; which can occur between 80 and 120 °C. The list of
the samples is presented in the Table 1.

2.5 Characterization Techniques

The all of the samples were characterize at room temperature
by X-ray diffraction (XRD) method using a BRUKER D8
ADVANCE with Vario 1 focusing primary monochromator
(Cu k,, radiation, A =1.54059 A). XRD patterns were col-
lected in the Bragg’s angle (26) range of 10-90°.

In addition, the samples were measured using a Kratos
Axis Ultra XPS system with Monochromated Aluminum
K-Alpha X-Rays. The vacuum chamber during measurement
was at 2.5x 107® torr. The X-Ray gun was operated at 15 kW
and 10 mA. A charge neutralizer was used to reduce charg-
ing effects from non-conducting surfaces. Electrons were
collected at 90 degrees from the sample surface. All survey
scans were collected with a Pass Energy of 160 eV and 1
sweep (or averaging). All Region scans were performed with
a Pass Energy of 20 eV, and the number of sweeps (averages)
performed was 5-6 sweeps, dependently on the region.

Table 1 The list of the film

Samples Polymer wt% of BT wt% of Fe;0, wt% of NC Mass fractions in hybrid
samples ‘ composite PVDF/BT/
Fe,0,@NC
PVDF/BT/Fe;O,@NC1 PVDF 4 4 1 91/4/5
PVDF/BT/Fe;0,@NC2 2 90/4/6
PVDF/BT/Fe;0,@NC4 4 88/4/8
PVDF/BT/Fe;0,@NC8 8 84/4/12
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SEM (JSM-6390 LV scanning electron microscope, cou-
pled with EDS Oxford Instruments X-MaxN) was used to
analyze the morphology of the final composite films. Prior
to measurements, the composite films were cryo-fractured
in liquid nitrogen. Samples were covered with gold. The
measurements were performed at room temperature.

Raman scattering was recorded using a Horiba Jobin
Yvon LabRam ARAMIS system in a backscattering geom-
etry. Unpolarized light scattering spectra of hybrid compos-
ite films were obtained at room temperature. As a source
of excitation He—Ne laser with the 632.8 nm line, with the
acquisition of 10s/5 cycles and with the power of 1 mW at
the sample was used. The measurements were performed in
range of 100-1600 cm™'.

Magnetic measurements were performed using super-
conducting quantum interference device (SQUID) with a
vibrating sample magnetometer (VSM) from Quantum
Design. The samples were measured at room temperature
with magnetic field up to +4.5 Tesla. Peak VSM amplitude
of 5 mm with 2 s averaging time was used to improve meas-
urement precision, especially around zero magnetization.
Before measuring, the magnet was oscillated from 7to O T
to minimize flux pining.

3 Results and Discusion

The phase composition of the PVDF based composite films
is investigated by XRD analysis. In X-ray diffractograms of
composite films, presented in Fig. 1, the most evident sig-
nals originate from PVDF matrix and BT. All XRD peaks,
characteristic for barium-titanate are present and clearly
expressed (JCPDS Card No. 5-626). The asymmetry of BT
peak at 20 of 45.5°, which occurs due to diffraction in planes
002 and 200, confirms the tetragonal structure of barium
titanate [48]. The peaks at higher Bragg’s angles (in the
region from 50° to 85°) also belong to the diffractions from
barium titanate planes. The strongest line of nanocellulose
emerges as a shoulder at 22.5° in diffraction pattern of the
composite PVDF/BT/Fe;0,@NC8. No signals originating
from Fe;O, were detected. The low content of the Fe;O,
phase along with nano sized dimensions and the most likely
amorphous structure cause failure to appear this phase in
XRD patterns. The additional increase in the crystallite size
would have beneficial effect on its appearance in the XRD
patterns, but then it would influence the magnetic proper-
ties of the hybrid film. The XRD patterns of the Fe;0,@
NC composites were previously shown [45], and the results
revile change in nanocellulose structure from cellulose II to
cellulose I after Fe;O, functionalization. The decrease in
peaks intensity of the magnetite phase is also detected due
to overall increase in the NC content within Fe;O,@NC1
to Fe;O,@NC8 samples. Some of the NC diffraction peaks
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Fig. 1 Diffractograms of hybrid composite films. Labels a, f and y
refer to PVDF crystal phases. Label BT stands for barium titanate

are also shifted due to interaction between the composite
constituents.

Among the PVDF peaks, those at 18.5° and 26.2° corre-
spond to overlapped diffractions of a and y crystalline phases
of PVDF (JCPDS Cards No. 42-1650 and 38-1638), while
the peak at ~ 39° includes an additional contribution of
barium titanate (111) diffraction line. Although the strong-
est lines of a, f and y crystalline phases of PVDF overlap
forming the broad peak in the range of 20.1-20.8°, it is pos-
sible to notice the contribution of # (110) line at 20.7°, in the
PVDF/BT/Fe;0,@NC1 sample (JCPDS Cards No.43-1650,
42-1649 and 38-1638). The peaks at ~ 26.5-27.3° and ~
35.7° originate dominantly from a phase [49-52], although
the y phase may give some contribution.

The phase composition of PVDF matrix was found to be
influenced by the presence of nanocellulose. Namely, it can
be noticed that the signals related dominantly to a phase,
as well as to mutual contribution of @ and y phases, are of
higher intensity in diffractogram of the sample containing
2 wt% of NC, comparing with those in composite sample
loaded with 1 wt% of NC, indicating that higher amount
of NC increases the content of o phase in PVDF matrix.
Furthermore, the peak in the range of 20.1-20.8° shifts
toward lower values of 26, which confirms the observation
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of increasing amount of a and/or y phase. According to dif-
fractogram of the PVDF/BT/Fe;0,@NCS8 sample, it seems
that the further increase of NC content may lead to opposite
effect, which results in lower amount of alpha phase in the
PVDF matrix of composite, even when compared to PVDF/
BT/Fe;0,@NC1 sample. However, the overlapping of the
main XRD lines of PVDF blurs the precise conclusion. For
that reason, Raman spectroscopy were performed in order
to provide further insight in structural properties of multi-
component PVDF based composite films.

Raman spectra of all prepared samples are presented
in Fig. 2. The broad Raman peaks in the regions around
270 and 520 cm™! are assigned to barium titanate A 1(2TO)
mode and E(4TO)+ A,(3TO) modes respectively [48, 53,
54], even though these signals are partially overlapped by
some of PVDF modes. The sharp peak at 306 cm™!, cor-
responding to the tetragonal phase of barium titanate, is
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Fig.2 Raman spectra of the multi-component composite films.
Labels vs., s and m correspond to very strong, strong and medium
intensity of the Raman lines in the pure spectrum of each of the
observed PVDF crystalline phases

observed in all four spectra and those results are in accord-
ance with results obtained from XRD analysis.

The composite sample loaded with 1 wt% of NC shows
the presence of three crystalline phases of PVDF: a, f and y,
but it can be concluded that the most prevalent is the alpha
form, considering that « line at 794 cm™! (the strongest
alpha line, a,,, in the pure alpha phase of PVDF) dominates
the spectrum [55-58]. Increase in amount of NC from 1 to
2 wt% leads to even higher intensity of « line at 794 cm™!,
comparing to characteristic y peak at 811 cm™", or to peak
which mostly originates from beta and gamma phases at
837 cm™! [57, 59, 60]. A rise in intensity of strong alpha
lines (a,) at 411 em™!, 608 cm™! and 284 cm™!, as well as
medium alpha lines (a,,) at 534, 1055 and 1195 cm™! is
also observed [56, 59, 59, 60]. These results indicate that
that mentioned increase of NC amount causes the increase
of a-phase of PVDF. The composite containing 4 wt% of
nanocellulose demonstrated similar intensity of alpha lines,
compared with the spectra of the composite having lower
loading of NC (2 wt%), but the slight increase in intensity of
the signal at 811 cm™ (contribution of y phase) and at 837
cm™! (dominant contribution of  and y phases) is noticed.
The addition of 8 wt% of NC led to substantial increase in
percentage of both f and y phase, relative to all other sam-
ples (with lower contents of NC), which is proven via the
changes in relative intensity of the lines in the region from
750 to 900 cm~!. Namely, the conversion of a phase to 4 and
y is confirmed by decrease in intensity of very strong « line
at 794 cm™! and by increase in the intensity of the lines at
811 and 837 cm™!. Attenuation of the intensity of all lines
attributed to the a phase, relative to the intensity of the peaks
at262 cm~!, 512-518 cm~! and 1073 cm™! which originated
from medium f and y lines (f,,, 7,,), also suggests transfor-
mation toward § and y phase [56], induced by the higher
amount of NC. The Raman signals at 1096 and 1120 cm™!,
characteristic for NC, become evident when the highest per-
centage of NC is added to PVDF based composite material.
Even then, the signals of NC are less pronounced, compar-
ing with dominant signals of the polymer matrix [56]. The
Raman signals at 1096 and 1120 cm™!, characteristic for NC,
become evident when the highest percentage of NC is added
to PVDF based composite material. Even then, the signals of
NC are less pronounced, comparing with dominant signals
of the polymer matrix [57]. Increase in NC content over 2
wt% triggers crystallization of the PVDF in the electrically
most favorable f phase, through increasing in interactions of
OH groups (originated from NC) with fluorine in PVDF [41,
42]. The increase in conversion from «a to  phase was also
noted when surface fluorinated nanocellulose was added to
the PVDF matrix due to better connectivity between phases
when the NC is surface modified [60]. These films showed
increased sensitivity comparing to pure PVDF. On the other
hand, some of the research have shown reduced effect of
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the different loading of the modified BT particles and/or
surface modified NC addition on crystal structure or lattice
vibrations, but significant increase in Young modulus [36].

Figure 3 presents XPS wide scan spectra of PVDF based
composite films with different loading of NC. C 1s signal,
originating from PVDF and NC, F 1s and F 2s signals from
PVDF matrix, as well as O 1s signal obtained from NC/
Fe;0, and BaTiO;, can be observed in the figure.

Figure 3 shows the C 1s core level scan spectra of the
multi component composite films. These spectra were
curve-fitted with five peak components, assigned to C—H
species, CH,, C-O and O-C-O/C=0 species, CF, and
—HC=CF- species. The peaks with binding energies (BEs)
at ~ 286.0 eV (CH,) and ~ 290.5 eV (CF,) are characteristic
for PVDF matrix [61]. The integrated area ratio of these
peaks was maintained close to 1 (between 1 and 1.1) during
the fitting, which is consistent with the chemical structure of
PVDF and the data reported in literature [62, 63]. Although
the peak attributed to C—H species, at BE of ~ 284.5 eV,
may occur in PVDF [62], its presence is more common in
cellulosic materials. The existence of these non-oxidized
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composite films
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alkane-type carbon atoms is usually associated with the pres-
ence of residual lignin, extractive substances and fatty acids
[64]. In the Fig. 4, the most pronounced effect of increased
loading of NC is the rise in intensity of the C—H peak.

The peak obtained at region 286.7-287.4 eV, after the
fitting of spectra, originates dominantly from contribution
of carbons bonded to one oxygen atom (C-0), and to a lower
degree from carbons attached to two oxygen atoms or a car-
bonyl group (O—C-0, C=0). In pure cellulose, the region of
286.7-287.4 eV is rather intensive and can be deconvoluted
in the C-0O and O—C-0O/C=0 signals, which has been usu-
ally detected at 286.7 and 288.3 eV respectively, where the
first signal is more pronounced [64]. In our spectra, it was
observed that peak area of C—O signal slightly increases with
growing content of NC.

It was reported that dehydrofluorination may happen in
PVDF under basic conditions, causing the occurrence of
unsaturated —HC=CF- bonds [65]. Thus, the peak obtained
in region 291-292 eV, after the deconvolution, can be attrib-
uted to —-HC=CF- group. As a result of the transformation
of the chemical environment of F atoms from CH,—CF, to
—HC=CF-, a certain shift of F 1s peak of PVDF matrix to
~ 687.7 eV, was noticed in our spectra (Fig. 5b), since the
PVDF generally has an Fl1s BE down to 686.4 eV. Accord-
ing to the intensity of F 1s peak, the fluorine content was

PVDF/BT/Fe,0,@NC2

Intensity (CPS)-C 1s

~HC=CF-

282 284 286 288 290 292 294 296 298
Binding Energy (eV)

Fig.4 XPS C Is core-level spectra of PVDF based composite films
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found to decrease until concentration of NC reached 4 wt%,
while a change in this trend was observed when NC loading
raised to 8 wt%. This conclusion was confirmed by The F
2s core-level spectra (Fig. 5c). It is also in accordance with
observation that the intensity of the —-HC=CF— peak slightly
increases with loading of NC up to 4% (Fig. 4).

Oxygen content from O 1s core-level spectra (Fig. 5a)
increased with increasing NC concentration, since NC con-
tains numerous C—O and C=0O functional groups.

Figure 6 shows the SEM micrographs of the cryo-frac-
tured surfaces of composite samples with four different
weight ratios of nanocellulose. The dispersed phase mor-
phology influences and determines properties of polymer
composites. The compatibility at the interface polymer
matrix/dispersed phase defines phase morphology of the
final products. The addition of several different fillers alerts
structural and dimensional stability of PVDF matrix and
is essential for enhancement of certain polymorph forms.
The appropriate functionalization, i.e. compatible functional
groups on the fillers surface can lead to a specific orientation
of PVDF chains and to induce formation of desired phase,
while at the same time stronger interface interaction between
added particles and PVDF matrix can be establish.

The film containing 1 wt% of NC showed non-uniform
structure with areas of agglomerated fillers on the surface of
polymer matrix (Fig. 6a). Increased amount of NC (2 wt%)
resulted in the more uniform morphology of the formed film,
although non-uniform distribution of added components can
be observed in the case of PVDF/BT/Fe;0,@NC2 compos-
ite, as well. The transformation in specific grain structure
occurs when content of NC reaches 4 wt% and can be clearly
seen in composite sample PVDF/BT/Fe;0,@NC4. The
obtained results indicate that higher concentration of NC
(4 wt%) contributes to formation of elongated micro fibrils
at the composite surface. The formation of filament/fibrous
structures, observed at fracture surface starts gradually in

the sample PVDF/BT/Fe;0,@NC4 and becomes the most
evident in composite whit a NC loading of 8 wt%. The
micro fibrils in the case of composite PVDF/BT/Fe;0,@
NC8 become smaller, thinner and the complete polymer
structure is more cohesive. The prevailing filament structure
is responsible for uniform and smooth surface of the final
composite sample when NC content reached its maximum.

A magnetic behavior of the hybrid composite PVDF-
based films was also investigated. Comparative M—H curves
recorded at room temperature for all four samples are pre-
sented in Fig. 7. Curvatures represent typical super-para-
magnetic behavior for all samples. This means existence of
very thin magnetic hysteresis loops, which can be detected
only under magnification, as well as clear magnetic satura-
tion under high magnetic field [66, 67].

Even though content of Fe;0, is kept constant in all pre-
pared composite films, the values of M, show the differences
and dependence on NC content. The value of saturation
magnetization (M,) was 35.9 emu/g in the sample PVDF/
BT/Fe;0,@NCl, then increased up to 39 emu/g for PVDF/
BT/Fe;0,@NC2, and finally reached its highest level of 41.2
emu/g for the composite film containing 4 wt% of NC. Satu-
ration magnetization of the magnetite depends on prepara-
tion method, particle size and distribution and morphology.
Within the agglomerated magnetic nanoprticles, such spatial
arrangement has significant influence on net magnetization
[66, 67]. Similar values of the saturation magnetization were
achieved when the commercial Fe;O, (5 nm) powder was
dispersed directly into the PVDF matrix [68]. Although,
the concentration of the magnetic phase was significantly
higher. Not only that M, has been improved by addition of
the Fe;O, phase to the PVDF matrix, the enhance in fer-
roelectric properties was also achieved through the interac-
tion between the nanoparticles and the CH, groups of the
polymer chains [68]. Less aggregation of the individual
magnetic particles, that is achieved in this paper by using
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Fig.6 SEM micrographs of the samples PVDF/BT/Fe;0,@NC with different loading of NC a 1 wt%, b 2 wt%, ¢ 4 wt% and d 8 wt%

PVDF/BT/Fe O @NC4
40
PVDFIBTIFQJO‘@NC1
a 20 i PVDF/BT/Fe. O @NC8
3 / 0@
£
L o
= s
20F
40}
1 " 1 " " 1 " 1
-40 -20 0 20 40

Magnetic field (kOe)

Fig.7 Comparative magnetization curves
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NC, proves to be beneficial to the improving M. As it has
been shown in SEM images for samples PVDF/BT/Fe;0,@
NC1-PVDF/BT/Fe;0,@NC4 (Fig. 6a—c), the agglomera-
tion of the magnetic particles on the surface of the poly-
mer matrix decreases with increase of the NC amount up
to 4 wt%. Thus, weaker interaction between Fe;O, particles
increases macroscopic magnetization, due to decrease in
inter-particle dipolar forces [69]. Further addition of nano-
cellulose significantly reduced value of M, at 18.9 emu/g.
The PVDF, NC and BaTiO; are nonmagnetic components
and the additional increase in the NC loading to 8 wt%
takes over the dominant influence on saturation magnetiza-
tion within sample PVDF/BT/Fe;0,@NC8. The decrease
in magnetization per mass unit compared to bulk magnetite
with the addition of a nonmagnetic component is in accord-
ance with theoretical prediction and literature [70, 71]. The
decrease in M, would be expected for all additions of the NC
higher then 1 wt%, due to rule of mixture, but as noted ear-
lier in text, the optimal addition of NC leads to enhancement
of the composite’s performance for those NC concentrations
due to better rearrangement and morphology of the films. It
is evident that optimal amount of NC contributes to a higher
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Table2 Values of the coercive field and remnant magnetization for
all hybrid composite films

Sample Hc [Oe] Mr [emu/g]
PVDEF/Fe;0,/NC1 28.5 2.72
PVDEF/Fe;0,/NC2 29 4.42
PVDEF/Fe;0,/NC4 28.3 4.24
PVDEF/Fe;0,/NC8 32 2.63

value of saturation magnetization, and magnetic properties
of composite film may be tailored indirectly through the con-
tent of one component in multi-component hybrid composite
material.

Although the values of the Hc and Mr, presented in
Table 2, slightly fluctuate with NC content, the variations are
not significant. The superparamagnetic behavior of the syn-
thesized composites disables more precise measurements.
The variation in amount of NC from 0.5 to 4 wt% for PDF-
based composites wasn’t give significant improvement in
crystallinity or f-PVDF content, notwithstanding the linear
trend was shown. The morphology of the obtained compos-
ite showed decrease in dimensions of the fibers up to 4 wt%
of added NC [72]. These observations were in accordance
with our results.

The final features of multi-component composite materi-
als greatly depend on the properties of the each individual
component, their mutual interaction and matrix-filler inter-
action. The addition of right type and amount of fillers in
chosen matrix can result in material tailored to overcome
some of the each components initial limitation. The obtained
results in analysis of PVDF based multi-component hybrid
material suggest different possibilities for film application by
changing one component loading. Enhancement in content
of the f-phase PVDF crystal structure and the most uniform
morphology of the film was achieved with the highest load-
ing of NC, while the best magnetic properties showed film
having 4 wt% NC. From this it is possible to obtain films
with precisely defined characteristics according to require-
ments by changing concentration of the one component in
the multi component system. Since these materials have
potential application as various sensors and actuators, due to
their fast electromagnetic response, the PVDF/BT/Fe;0,@
NC4 film would be promising candidate.

4 Conclusion

The presented study investigated influence of nanocellu-
lose amount on morphology development, crystallization
behaviour and magnetic feature of multi-component hybrid
composite materials based on PVDF polymer matrix. Fe;0,/
NC composites were integrated into a PVDF matrix with

BaTiO; to create multi-component hybrid materials with
different amounts of NC. The XRD, XPS and Raman analy-
sis have been employed in order to determine influence of
NC percentage on f-phase formation in PVDF matrix. NC
also had impact on morphology of hybrid films in terms of
transformation of prevailing grain structure with a small por-
tion of elongated micro fibrils (for films up to 4 wt% of NC)
to dominant filament/fibrous structure (8 wt% of NC). The
magnetic behavior of prepared hybrid films showed to be
strongly influenced by content of NC. Namely, by optimiz-
ing the substrate surface area for Fe;O, co-precipitation the
optimal morphology for reducing inter-particle interaction
was achieved. Among examined samples, the highest value
of saturation magnetization was obtained for composite film
containing 4 wt% of NC, due to favorably developed micro-
structure for this sample.
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