=~

Co = Vol. 28, No. 5, 270-276 (2015)
mposites DOI http://dx.doi.org/10.7234/composres.2015.28.5.270
Research ISSN' 2288-2103(Print), ISSN 2288-2111(Online)

Special Issue Paper

Polyvilylidenefluoride-based Nanocomposite Films Induced-by
Exfoliated Boron Nitride Nanosheets with Controlled Orientation

Hong-Baek Cho***, Tadachika Nakayama**', DaeYong Jeong***, Satoshi Tanaka**,

Hisayuki Suematsu**, Koichi Niihara**, Yong-Ho Choa*"

ABSTRACT: Polyvinylidene fluoride (PVDF)-based nanocomposites are fabricated by incorporation of boron nitride
(BN) nanosheets with anisotropic orientation for a potential high thermal conducting ferroelectric materials. The
PVDF is dissolved in dimethylformamide (DMF) and homogeneously mixed with exfoliated BN nanosheets, which is
then cast into a polyimide film under application of high magnetic fields (0.45~10 T), where the direction of the filler
alignment was controlled. The BN nanosheets are exfoliated by a mixed way of solvothermal method and
ultrasonication prior to incorporation into the PVDF-based polymer suspension. X-ray diffraction, scanning electron
microscope and thermal diffusivity are measured for the characterization of the polymer nanocomposites. Analysis
shows that BN nanosheets are exfoliated into the fewer layers, whose basal planes are oriented either perpendicular or
parallel to the composite surfaces without necessitating the surface modification induced by high magnetic fields.
Moreover, the nanocomposites show a dramatic thermal diffusivity enhancement of 1056% by BN nanosheets with
perpendicular orientation in comparison with the pristine PVDF at 10 vol % of BN, which relies on the degree of
filler orientation. The mechanism for the magnetic field-induced orientation of BN and enhancement of thermal

property of PVDF-based composites by the BN assembly are elucidated.
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1. INTRODUCTION

Ferroelectric polymer composites with high dielectric con-
stants and high thermal conductivity plays a critical role in
modern electronics and electric industry, and particularly, for
electric energy storage (EES) of electric power system and
thermal management application [1-3]. EES is the capability of
storing energy or electricity in order to produce electricity and
releasing it, which is also very promising for modern elec-
tronics and electric power systems [4]. Among the recent EES
devices, such as fuel cells, batteries, capacitors, and superca-
pacitors, capacitors possess the advantage of high power den-
sity due to their fast electrical energy charge-discharge

capability [5,6]. Comparing to recently introduced polymer
capacitors (~3 Jem™) [7,8], the energy densities of com-
mercial capacitors such as batteries and electric capacitors
are still high around 10 times [9], while polymer capacitors
are potential in view of the extended life span, easier pro-
cessing, operation under the higher voltages, reduction of the
volume, light in weights and lower cost of the electric power
systems for advanced electric [10-12].

The total energy density of capacitors of linear dielectric, U,
is calculated by:

1
U=| EKgOEZ (1)
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where E is the applied electric field, K is the dielectric constant
and &, is the vacuum permittivity [8,13]. Therefore, U relies on
both K and E, where E is limited by high electric breakdown
field (g,,). However, the dielectric polymer films utilized in
energy storage capacitors such as polypropylene, polyester,
polycarbonate and PVDF have low dielectric constant, K (<3)
which practically limits the total energy density of capacitors
(U) [14-17]. In order to overcome the limitation of the K, var-
ious ferroelectric oxides such as BaTiO,, (Pb, La) TiO, with
high dielectric constant ranging from hundreds to thousands
have been incorporated into the polymers [18-20] obtaining
the sharp increase of K, whereas suffer from significantly
decreased g,; which results in restricting the application in
higher power system as capacitors. Efforts have been focused
on resolving the issue of fabricating polymer nanocomposites
with high K while maintaining the high g, in dielectric
capacitors. The covalent incorporation of tantalum species
into ferroelectric polymers via in-situ sol-gel condensation,
incorporation of low dielectric boron nitride (BN) in PVDF
[21], SiO, coated reduced graphene oxide nanosheets in PVDF
[22] have showed elevated &,; of composites with K less than
or no higher than the pristine polymer matrix. Application of
hexagonal BN (h-BN) of graphite-like layered structure is
reported to be efficient for the decrease of g,; of composites
owing to its wide band gap (5.5~6.4 eV) insulating property
with a dielectric strength (~800 MV m™) [23].

In view of high thermal conducting property of dielectric
materials, the thermal management emerges as one of big
issue as the needs for cooling the electronic devices for higher
power systems are constantly increasing according to minia-
turization of devices [3]. Most of dielectric polymers that can
offer excellent dielectric property and superior processibility
have low thermal conductivity (<0.3 W/m-K) [24,25], which
cannot satisfy the currently required range of thermal con-
ductivity in industry 1~5 W/m-K [26] without incorporation
of fillers with high thermal conductivity.

In this work, we demonstrate a new design of ferroelectric
polymer nanocomposites as potential high thermal conductive
polymer capacitors through controlled orientation of insulat-
ing BN ceramics without giving variation of the filler contents.
Here, we apply hexagonal BN as a filler for controlling thermal
conducting route by modulating their orientation because h-
BN has intrinsic thermal anisotropy depending on its orien-
tation; in-plane thermal conductivity of h-BN (600 W/m-K)
is 20 times higher than out-of-plane thermal conductivity
(3 W/m-K) [27]. We carry out the exfoliation of layered hex-
agonal BN, incorporation of the exfoliated BN with anisotropic
orientation under application of magnetic fields, evaluation of
thermal property of composites and elucidation over mech-
anism of filler-orientation under given magnetic fields and
enhancement of thermal diffusivity as a function of aniso-
tropic orientation of BN nanosheets.

2. EXPERIMENTAL

2.1 Materials

As-received hexagonal boron nitride nanosheets (BN
nanosheets) (Dy,=17.1 um, aspect ratio = 228.0) of commer-
cial origin (Denka) is used as a dielectric filler. The morpho-
logical characteristics of these nanosheets are described
elsewhere [28]. A PVDF (molecular weight,, = ~534,000) from
Sigma-Aldrich Co. is used as a polymer matrix. N, N-dimeth-
ylformamide (DMF) from Kanto Chemical Co. INC. is used as
a polar solvent.

2.2 Exfoliation of BN nanosheets

Exfoliation of BN nanosheets by solvothermal method is
carried out by a modified way of solvothermal method [29]
followed by ultra-sonication for the enhancement of physical
detachment of layer-by-layer BN nanosheets. For exfoliation of
BN nanosheets by solvothermal method, 4 g of h-BN powder
is introduced into a solvent mixture of solvent H,O/DMF
(1:20 vol%) and reacted in an autoclave at 180°C for 24 h. The
product is underwent the physical exfoliation by sonication-
assisted method by tip-type sonication (500 W, duty cycle
30%, output control 2) for 10 h at 10°C. The resulting sus-
pension is centrifuged under 3000 rpm for 40 minutes and the
supernatant is recovered for the next step, which is further
centrifuged under 1000 rpm for precipitation of exfoliated BN
nanosheets and recovered followed by drying for overnight at
120°C.

2.3 Application of high magnetic fields

PVDEF/BN nanosheets composites with controlled orienta-
tion of BN nanosheets were prepared by the following method.
900 mg of PVDF powder is dissolved in 43 mL of DMF by tip-
type sonication for 30 minutes. 100 mg of the exfoliated BN
nanosheets is added to the suspension and sonicated for
30 minutes. The suspension was then cast on a glass spacer
(12mm x 12 mm x 100 pm), staged inside of a cylinder-like
magnet and subjected to a 0.45 and 10 T (see Fig. 1) magnetic
fields, superconducting type, for 8 h under 80°C to enhance
either the perpendicular or parallel alignment of the BN
nanosheets in the suspension of PVDF and DMF solution.
During application of a magnetic field (10 T), the stage of sam-
ples are rotated with 60 revolutions per minute (rpm) (a rota-
tion magnet) or fixed as static status (a static magnet) for the
comparison of rotation effects. Finally, the prepared composite
films were withdrawn from the magnetic field, peeled from
supporting glass plate and further dried for 24 h at 120°C
under vacuum for the complete removal of residual solvent.
The exfoliated BN nanosheets and resulting composites are
characterized by scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM) and X-ray diffraction
(XRD). The thermal properties of the prepared composites



272 Hong-Baek Cho, Tadachika Nakayama, DaeYong Jeong, Satoshi Tanaka, Hisayuki Suematsu, Koichi Niihara, Yong-Ho Choa
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Fig. 1. Experimental set-up for controlled orientation of BN
nanosheets in PVDF under magnetic field (*M.F.: magnetic
force)

were analyzed using a system for measuring the thermal dif-
fusivity that is based on temperature wave analysis (ai-Phase
Mobile 1, ai-Phase Co.). Each composite film was measured
five times, which guarantees +3% of standard deviation.

3. RESULTS AND DISCUSSION

3.1 Magnetic field-induced orientation of BN nanosheets

Fig. 2 shows SEM micrographs of BN nanosheets before and
after exfoliation. Through solvothermal reaction and ultra-
sonication, layered structures of BN nanosheets (Fig. 2-a) are
exfoliated and the surface morphology are varied as shown in
Figs. 2-b,-c and -d. There still remain BN nanosheets which
are not completely exfoliated, but shows exfoliated BN
nanosheets in many domains existing as rolled, folded and
bent status, where some others are located as debris on the sur-
face of the BN planes. For an effective exfoliation of h-BN by
chemical way, use of strong solvents was considered to be
appropriate [30] because a strong interaction occurs between

o
exfoliated & folded
ligle & IOIERS

exfollated & bent
S P
S e

Fig. 2. SEM images of BN nanosheets a) before and b) after
exfoliation resulting from solvothermal reaction and
ultra-sonication

the polar molecules of solvent and a h-BN surface, which facil-
itates overcoming the van der Walls force between lay-by-layer
of BN while pealing the BN nanosheets.

The application of ultrasolication for exfoliation of BN was
intended for facilitation of separation of exfoliated BN
nanosheets [31], which was influential to obtain the fewer-
layer h-BN. While the few-layered h-BN obtained in aqueous
dispersion by sonication-assisted hydrolysis promoted the cut-
ting of the h-BN resulting in the reduced lateral dimension as
observed debris on BN surface (see Fig. 2b).

The X-ray diffraction pattern of BN in Fig. 3 shows the
degree of anisotropic orientation of BN perpendicular to the
film surfaces. The thickness of the spacer during magnetic
field-induced preparation was 100 pum (see Experimental),
and the average thickness of the finally obtained composites
could be controlled to ,,15 pm depending on the volume ratio
of BN nanosheets to the solvent mixture. Under application of
magnetic field of 10 T, (002) plane of BN (26=26.76°) with
random distribution starts to decrease from 2.69 x 10° to
2.26 x 10° by static magnet, which was further decreases to
2.25 x 10° by rotation magnet. This denotes that the popula-
tion of BN nanosheets with parallel arrangement in the com-
posite film surface decreased influenced by the application of
magnetic fields. It is noticeable that the average length of BN is
longer than the film thickness, ,,15 pm, and no variation of
(100) plane intensity (at 26 = 41.60°), which is typically shown
in the other researches with incorporation of BN with vertical
orientation [32], is observed. This phenomenon can be
explained from that the lateral dimension of BN nanosheets,
17.1 um, is longer that the final thickness of composites, which
renders the cross-sectional status of the oriented BN nanosheets
slant-like structure as illustrated in Fig. 3. Furthermore, it is
meaningful that the orientation of BN nanosheets are con-
trolled without modifying the surface with magnetite such as
y-iron oxide [33].

The morphology of composite surfaces with perpendicular
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Fig. 3. X-ray diffraction pattern of composites according to BN
nanosheets with different degree of perpendicular orien-
tation
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Fig. 4. Surface SEM images of composites with embedded BN
nanosheets in composite films before (a) and after exfoli-
ation (b~d); a) PVDF/BN, Random, b) PVDF/BN, Random,
c) PVDF/BN (L), Static Mg (10T), and d) PVDF/BN (1),
Rotation Mg(10T). (* Rt Mg: rotation magnet, St. Mg:
static magnet, BN content: 10 vol %)

orientation of BN nanosheets are shown in Fig. 4. The com-
posite surfaces with random distribution of BN show very dif-
ferent morphology before (Fig. 4-a) and after (Fig. 4-b)
exfoliation of the BN nanosheets. Among composites with
incorporation of randomly distributed BN nanosheets (Figs. 4-
a & -b), a composite embedded with pristine BN shows rel-
atively smooth surface rather than with exfoliated BN that
shows rough surface due to the uneven surface induced-by
exfoliation and the fewer layered-BNs.

Under application of strong magnetic field, the surface of
the composites has many cracks which became severer as the
source of magnetic flux was changed from static magnet to
rotation magnet. The slant-like BN planes (Figs. 4-c¢ & -d) of
BN planes, viewed through the cracks of magnified SEM
micrographs shows that the BN nanosheets are not completely
oriented perpendicular to the composite surfaces, which is
coincidence to the upper description over XRD patterns in
Fig. 3.

It was considered that the film surfaces were automatically
severed by the BN nanosheets with perpendicular orientation
as the DMF solvents occupying 90 vol % of the polymer sus-
pension was disappeared by evaporation at temperature of
80°C and then at temperature of 120°C (see Experimental).

3.2 Physical properties

Thermal diffusivity is an important parameters for estimat-
ing the thermal conductivity of polymer-based composite
materials [34]. When randomly distributed BN nanosheets are
compared, a composite with exfoliated BN enhanced the ther-
mal diffusivity to 141% comparing to the one with untreated
BN. The thermal property increased as the degree of per-

a: PVDF
< 687 4 b: PVDF/BN (random), without exfoliation
o c: PVDF/BN (random), with exfoliation 6.87
,,E d: PVDF/BN(--), St Mg (10T)
© 585 e: PVDF/BN(--), Rt Mg (10T
3 (+) g (107) 585
2
S 136 136
3 o
£
T
= 0.958 | 0.96
E .
2
= 0.647
0.65
0 T T T T T
0 a b c d e

Composites with different orientation of BN

Fig. 5. Variation of thermal diffusivity of composites under
application of magnetic fields (perpendicular orientation)
(BN contents: 10 vol %)

pendicular orientation is enhanced by application of static
magnet and then by rotation magnet. Finally the composite
prepared under application of rotation magnet showed ther-
mal diffusivity to 6.87 x 17 m’S", which is increase of 715%
rather than composite with incorporation of untreated BN of
the same content and 1056% in comparison with the neat
PVDE Estimating from the surface morphology of the com-
posites, the composite prepared under application of rotation
magnet, Fig. 4-d), shows the highest domains of cracks on the
surface which is considered to hinder the thermal conduction.
Instead, the BN nanosheets with perpendicular orientation are
connecting from one side of the film to the opposite side. This
direct route of high thermal conductivity is regarded to
increase the resulting composite over 7 times rather than the
corresponding one with smooth surfaces (Fig. 4-a). It is more
understandable if the thermal conductivity of in-plane direc-
tion h-BN is 600 W/m-K [35] which is 700% higher than that
of PVDF (<0.3 W/m-K) [24,25] implying that the importance
of building high thermal conducting routes with high thermal-
conducting filler.

The surfaces of composite films with random distribution of
exfoliated BN nanosheets showed rough surface morphology
without cracks. And the magnetic field-induced orientation of
BN nanosheets implied that the direction of BN planes could
be well-controlled without necessitating the surface modifi-
cation, which attributed to the enhancement of thermal prop-
erty of the resulting composites. This technique is potential for
the development of high thermal conducting polymer mate-
rials in power electronic devices. Further researches should be
done for reducing domains of cracks generated through the
composite induced-by the exfoliated BN planes.

3.3 Discussion
The orientation of BN nanosheets without modification of
the surface by nanoparticles having paramagnetic property is
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Fig. 6. Mechanism over generation of high thermal conducting
routes by degree of perpendicular orientation of BN
planes

meaningful, since the surface of graphite nanosheets are typ-
ically modified by y-Fe,O, for the facilitation of its orientation
[36]. This phenomenon can be explained by the diamagnetic
field that c-axis of hexagonal-BN possess, -0.48 x 10 Am?*/kg
[13]. It is far lower than that of paramagnetic Fe,0,,58.6 x 10~
Am?®/kg [29] and couldn't activate the orientation of BN planes
under magnetic field such as 100 Oe [36], while the magnetic
field higher than 0.45 T was strong enough to activate the dia-
magnetic susceptibility of BN in PVDF matrix for orientation
control without necessitating the modification.

The thermal diffusivity of composites are enhanced as a
function of degree of perpendicular orientation of BN nanosheets,
whose enhancement using exfoliate BN were superior to cor-
responding composites without exfoliation of BN. It is explain-
able that the highest thermal diffusivity by Fig. a) is induced-
by the highest population of built-in thermal conduction routes
through in-plane of BN planes. It may wonder why the ther-
mal diffusivity of Fig. 6-b is higher than Fig. 6-c, even though
the number of thermal conduction spots is larger in the case of
Fig. 6-c. In order to explain this, at least four factors are related.
In spite of the larger generation of thermal conduction spots,
the Fig. 6-b has the longer thermal conducting routes owing to
the randomly connected BN, the thermal conduction is fre-
quently occurred through out-of-plane direction of BN (3 W/
m-K) [35] as well as in-plane direction (600 W/m-K), thickness
of thermal conduction is narrower because of thinner BN
nanosheets from exfoliation, possibility of thermal conduction
through the routes of polymer matrix is higher rather than Fig.
6b). It is difficult to say which factor is crucial, but the coor-
dination of these four factors seems not enough to exceed the
enhancement of thermal diffusivity by straightforward con-
nection of composite surfaces by unexfoliated BN nanosheets.

4. CONCLUSIONS

PVDF-based ferroelectric polymer nanocomposites were

fabricated and their thermal and electrical properties were
evaluated as a function of anisotropic orientation of insulating
BN nanosheets.

We demonstrated that layered structure of BN nanosheets
are exfoliated into thinner structure by mixed way of solvo-
thermal reaction and ultra-sonication. The anisotropic orien-
tation of BN fillers were controlled in PVDF-based nanocom-
posites with variation of the film thickness under application
of strong magnetic field. Diamagnetic susceptibility of c-axis of
BN attributed to the magnetic field-induced orientation BN,
whose direction could be activated by magnetic flux higher
than 0.45 T. Rotation of sample stage contributed to intensify
the effect of magnetic field-inducement rather than a static
magnetic field necessitating neither application of the higher
magnetic field nor modification of BN surface. The compos-
ites with high anisotropic orientation of BN planes perpen-
dicular to the composite plane increased thermal diffusivity
higher than 7 times comparing with composites (10 vol% BN)
with random distribution of BN and 10 times comparing with
the pristine polymer.

This work for the increase of thermal property of the present
nanocomposites as potential dielectric material may pave a
way for comprehensive applications in power electronic and
thermal management for energy systems, such as polymer
capacitors and light emitting diodes.
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