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Hexagonal boron nitride (h-BN) is a layered material with planer networks of BN hexagons,
which is flexible to form various nanostructures. This feature article begins with an overall
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introduction of BN nanostructures and their novel properties, such as electrical insulating
properties, high thermal conductivity, great mechanical strength, optical properties and so
on. Then a comprehensive review of polymer composites of BN nanostructures with

distinguished properties for different applications is presented. Finally, the problems of
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1. Introduction

As an analogue of carbon, boron nitride (BN) is a traditional material
which is attracting more and more attentions in the nano-era. The
layered structure of hexagonal BN makes it flexible to form various
nanostructures, such as BN nanotubes (BNNTS),I'6 BN nanosheets
(BNNSs),”"" BN nanohorns'> " and BN spherical nanoparticles
(BNNPs)'* 15 etc. After the first discovery of BNNTSs by Zettl ef al.,'
many efforts have been made to improve the synthesis of BN
nanostructures. Recent progress on mass production of these BN
nanomaterials has paved a way to their applications, especially to the
composite material studies.* '* 7

The common novel properties of BN nanostructures, such as
constant wide band gap,'® superb anti-oxidation ability and structural
stability,'” * high thermal conductivity>"® and great mechanical
properties,”*?’ make BN nanostructures suitable as fillers for
polymer composites to achieve higher thermal conductivity and
mechanical strength. Although these applications seem quite similar
to their corresponding carbon materials, BN nanostructures possess
their uniqueness. For example, different from the black color of
carbon-polymer composites, BN nanostructures-polymer composites
can be white or even transparent,”® which makes it feasible to dye
the composites into different colors. Moreover, addition of carbon
nanostructures ruins the electrical insulation of polymers, while BN
nanostructure can keep their good dielectric properties or even
improve their break over voltages.

Compared with traditional micro-size BN particle fillers, the
nanostructured BN developed in recent years brings new attractive
points due to their high aspect ratio, very high thermal conductivity
and mechanical strength etc. The advantages of nano-sized BN
compared with traditional BN are originated from their maximally
exposed (002) atomic lattice plane with high performance, as shown
in Figure 1. An example is that even though the (002) lattice plane of
BN may possess high thermal conductivity up to thousands of
W/mK, an average thermal conductivity of only tens of W/mK can
be utilized when traditional BN micro-size particles are used as
fillers. However, when the BNNTs, BNNSs and BNNPs are used,
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using BN nanostructures for the fabrication of polymer composites are discussed.

the exposure of (002) lattice planes are maximized, which enables
the utilization of the in-plane high thermal conductivity. In case of
mechanical properties, the morphology of BN nanostructures avoids
exfoliation of BN particles, which guarantees a fantastic tensile
strength along axis of BNNTs or plane of BNNSs. Moreover, as
fillers for polymer composites, the BN nanostructures also keep
merits of traditional BN micro-sized particles, such as white color,
superb anti-oxidation ability etc.

Poor thermal conductivity &
mechanical properties

(b)

(©)

High thermal conductivity & Good mechanical properties

Fig. 1 High performance of nano-sized BN compared to traditional BN due to
their maximally exposed (002) atomic lattice plane. (a) BN particles, (b)
BNNTSs and (c) BNNSs.
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In this feature article, we will first introduce novel properties of
BN nanostructure, as well as their advantage as fillers for polymer
composites compared with traditional BN micro-size particles. Then
a variety of polymer composites of BN nanostructures will be
reviewed based on their different applications, followed by
conclusions and perspectives.

2. Properties of BN nanostructures

Novel properties and their unique combinations are essentially
fundamental to enable BN nanostructures as fillers for polymers and
consequently achieve improvements of their performance. For
example, the high thermal conductivity and electrical resistivity
make BN nanostructures promising fillers for highly thermally
conductive and electrically insulating polymer composites with
excellent overall performance. The very high Young's modulus of
BN nanostructures are often used for mechanical reinforcement of
polymers. Therefore, here we briefly describe physical properties of
BN nanostructures as follows from the point view of using them as
fillers for polymer composites, a related summary is present in
Table 1.

2.1 Electrical properties of BN nanostructures

It is well know that BN materials possess a constant wide band gap
of 5.8 eV (in some reports, it can be larger than 6.0 eV even),”
which induces an intrinsic electrically insulating property. Although
some researchers observed conductive BNNTSs, it is suggested this is
caused by not-well-controlled doping during synthesis.** ** Direct
experimental evidence for electrically insulation was demonstrated
for BNNTSs and BNNSs.” %

Bai er al. firstly experimentally demonstrated a piezoelectric
behavior in BNNTs through investigating deformation driven
electrical transport in such nanotubes.”’ However, it should not be a
problem for fabricating electrically insulating polymer composites
because even if the nanotubes are dramatically deformed, the current
keeps at nA level with tens of volts applied. On the contrary, a very
recent molecular dynamics simulation revealed that the polarization
effects of BNNTs may induce a much stronger adhesion of polymers
to BNNTs than to carbon nanotubes (CNTs).*® The authors claimed
that the composite materials of BNNTs and conjugated polymers
have a potential application in the preparation of fibers with
mechanical strength much higher than that of composite materials of
CNTs and conjugated polymers due to much better interfacial
strength than that in CNT-polymer composites.

Although few reports revealed that BNNSs can be electrically
conductive due to defects and edge effects,® * *° BNNSs are
considered as the best dielectric material in most cases for graphene
based electronic devices. Therefore, it is believed that the intrinsic
electrically insulating characteristic of BN can be well kept in
BNNSs as long as there are no high concentration defects, doping or
very strong edge effects due to very narrow ribbon morphology.
Therefore, BN nanostructures are suitable for polymer composites
with tunable dielectric properties.

2.2 Thermal properties of BN nanostructures

Superb anti-oxidation ability and structural stability are the
prominent merits of BN nanostructures compared with other
nanostructures, especially carbon nanostructures. As shown in
Figure 2, the BNNTSs can stand up to 800 °C in air, while the stability
of CNTs in air is much worse.”* *"" *> Moreover, AFM and Raman
spectroscopy analyses reveal that monolayer BNNSs can sustain up
to 850 °C, and the starting temperature of oxidation of BNNSs only
slightly increases with the increase of nanosheet layer.*® This
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characteristic makes BN nanostructures much more suitable to work
under oxidation environments and be used as high-performance
oxidation-resistant coatings.** Tt was also reported that under
vacuum conditions, the BN nanostructures can be structurally stable
up to 3000 °C.*° It should be noted that a strong electric field can
remarkably decrease the breakdown temperature of individual
BNNTSs, that is, BNNTSs can be decomposed at 1000-1700°C due to
partially ionic nature of the B-N bonds.*® However, it is suggested
that this unfavorable point may not induce negative effects on any
polymer composite application of BN nanostructures.
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Fig. 2 Thermogravimetry (TGA) results of (a) BNNTs and (b) CNTs in air
indicating much higher anti-oxidation ability of BNNTSs (adapted from ref.
41).

The most unique property of electrically insulating BN
nanostructures is their high thermal conductivity due to intensive
phonon conductivity. It was theoretically predicted that BNNTs
might possess a thermal conductivity up to 6000 W/mK,**° while
actually no serious calculations were done to support this prediction.
Zettl et al. carried out the first experimental study on thermal
conductivity of BNNTs.?"* As shown in Figure 3, multi-walled
BNNTs with a diameter of around 40 nm have a thermal
conductivity of ~200W/mK at room temperature. Moreover, the
diameter dependence of thermal conductivity of BNNTs is
qualitatively similar to CNTs, with a higher thermal conductivity at a
decreased diameter.”> *° Isotopically pure ''B BNNTs may have a
50% increase in thermal conductivity, which is very close to CNTs.
However, it should be noted that the thermal conductivity of
nanotubes depends on their diameter: smaller diameter, higher
thermal conductivity. Therefore, it is believed that single-walled
BNNTSs with diameter of several nanometers may reach a thermal
conductivity of thousands of W/mK, which is verified in Zettl's work
by comparing diameter dependence of thermal conductivity of CNTs
and BNNTs.”> A mat of BNNTs exhibits a very low thermal
conductivity of 1.5 W/mK, which is suggested to be induced by
extremely high interfacial thermal resistance. To avoid the negative
effect, a model was established to roughly estimate thermal
conductivity of individual BNNTs and a range of 120-960 W/mK
was found °"2,
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Fig. 3 Thermal conductivity vs outer diameter of various BNNTs (solid
triangles) and CNTs (solid stars). Data shown by open circles are from ref.
48. It should be noted that the data for BNNTs and CNTs by this work maybe
comparable because the experimental conditions are same (adapted from ref.
22).

Nanosheet structures have received extensive attentions after the
discovery of graphene. Currently all investigations on thermal
conductivity of BNNSs are theoretical works. Sevik et al.
investigated the thermal transport properties of BN nanoribbons
using equilibrium molecular dynamics.™ It was revealed that BN
nanostructures have considerably high thermal conductivities. Even
though, it is still much lower than the carbon-based counterparts. For
example, the room temperature lattice thermal conductivity of
BNNSs are only around 400 W/mK, which is close to the value
observed in metals, but much lower than graphene’s 2500 W/mK.
However, in some other theoretical studies using the nonequilibrium
Green’s functions method, *° a thermal conductivity of 1700-
3000W/mK for BNNSs were demonstrated. The much lower thermal
conductivity of BNNSs compared with that of carbon-based
counterparts predicted by molecular dynamics might be caused by
the strong phonon scattering restricts in classical molecular
dynamics method. In the other theoretical studies, a reduction in
such scattering in the single layer BNNSs arising mainly from a
symmetry-based selection rule leads to a substantial increase in
thermal conductivity compared with h-BN crystal, with calculated
room temperature values of more than 600 W/mK. Isotopic
enrichment can further increase thermal conductivity of BNNSs.*® >’

Although the reported results for thermal conductivity of BN
nanostructures are rather scattered, it is no doubt that BN
nanostructures are very attractive for improving thermal conductivity
of polymers. Combined with their intrinsic electrically insulating
characteristics, BN nanostructures, especially single-walled BNNTSs
or single-layered BNNSs are considered to be the best fillers for
highly thermally conductive and electrically insulating polymer
composites.

2.3 Mechanical properties of BN nanostructures

BNNTs possess very high Young's modulus although it is slightly
smaller than that of CNTs. A Young's modulus of 0.837 to 0.912
TPa was revealed in many theoretical works.?* %! Moreover, it was
predicted that at high temperatures or extremely long deformation
times, BNNTs become more thermomechanically stable than CNTs
due to higher formation energies in BNNTs than CNTs. There is a
large scatter in the reported experimental data of elastic modulus of
BNNTs. For example, Zettl et al. reported an axial Young's modulus
of 1.22 TPa for BNNTs synthesized by arc-discharge method®,
which is even higher than theoretical data. For the BNNTSs fabricated
by chemical vapor deposition method using boron and metal oxide
as reactants, the elastic modulus is around 722 GPa?’ (electric-field-
induced resonance method) or 0.5-0.6 TPa*® (TEM-atomic force
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microscope method). The discrepancy is thought to be induced by
different methods adopted.

A couple of theoretical models were proposed to investigate
mechanical properties of BNNSs. However, the results were
dependent very much on the models proposed.®*®* Li e al. presented
a systematic experimental study on bending modulus of BNNSs
produced by exfoliation method.®> As shown in Figure 4, the
bending moduli were found to increase with a decrease in sheet
thickness and approach the theoretical C33 value (31.2 GPa) of a
bulk hexagonal BN for sheet thicknesses below 50 nm. The strongly
thickness-dependent bending modulus was attributed to the layer
distribution of stacking faults. These studies indicate BN
nanostructures are suitable for mechanical reinforcement of
polymers. Thin BNNTs and BNNSs with low defects concentration
and stacking faults are thought to be the best candidates for the

fabrication of polymer composites to obtain mechanical
reinforcement.
(a) Ti/Au
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Fig. 4 (a) Schematic diagram of an AFM bending test of a clamped BNNSs.
(b) Bending modulus vs BNNSs thickness. The theoretical C33 literature
value reported for a bulk h-BN (dashed line) is also shown for comparison
(adapted from ref. 65).

2.4 Optical properties of BN nanostructures

Due to the well-investigated constant wide band gap, BN
nanostructures usually possess a pure white appearance as long as
there are not too many impurities, such as boron powder etc.,
included in the product. For the multi-walled BNNTSs, a single
absorption peak centered at 5.8 eV was observed,*® while for single-
walled BNNTs, two optical transitions at 4.45 and 5.5 eV were
observed.”’ BNNTs may emit effective violet and ultra-violet light
under excitation of light (photoluminescence) or electron beams
(cathodoluminescence). The detailed wavelengths of light emission
depend largely on the fabrication and purification method of
BNNTs. Usually, the broad emission peak at around 320 nm can be
easily observed,*® 3 72 which can be attributed to impurity and
defect centers or to radiative excitonic dark states. The peak at
around 225 nm induced by near band-gap excitonic recombination
can also be observed sometimes in samples with high quality.*> 77
Other emissions, such as emission at a wavelength of 460 nm,
sometimes appear in the doped or surface oxidized samples.”

The BNNSs possess very similar optical properties, including Uv-
vis absorption and luminescence properties with BNNTs.> 767
Actually most BNNSs reported were fabricated by exfoliating h-BN
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micro-sized particles and most BNNSs powder used for optical
investigations are not thin enough to observe the quantum effects,
the optical properties of BNNSs are also very close to micro-sized
BN particles.

The optical properties of BNNTs and BNNSs make them a unique
choice for fabrication of visible light transparent polymer film
blocking ultra-violet light. Moreover, an embedment of BNNTs or
BNNSs in the polymer matrix may give rise to ultra-violet light
emission composite materials.

2.5 Other properties

Wetting is the ability of a liquid to maintain contact with a solid
surface, resulting from intermolecular interactions at the interface.
Although bulk BN surfaces can be relatively wetted by water, BN
nanostructures have very poor wetting properties. Yum and Yu
evaluated the static contact angle of water on BNNTSs to be 85° by
adopting the Wilhelmy method,*® which is similar to that of water on
graphite. In the case of other BN nanostructures, such as BNNSs,
micromikes, submicrofunnels, etc., morphology and surface
roughness play an important role in tuning the wetting properties.”®
81-83 The BNNS coatings with controllable levels of water repellency
could be obtained from partial hydrophilicity with contact angles of
50° to superhydrophobicity with contact angles exceeding 150°5+ 83
BN nanostructure films are highly potential materials to find
industrial applications in water-repelling, anti-corrosion and self-
cleaning systems.

BNNSs that possess quite high specific surface area exhibit good
performance in adsorbing oils, organic solvents and dyes from water
while repelling water, which is of great importance in wastewater
treatment process. Zhang et al. prepared ultrathin BNNSs via a
variable-pressure one-step chemical synthesis route, displaying a
maximum adsorption capacity of 436 mg/g for the organic dye
methylene blue (MB) with the high surface area of 182 m%g.’¢
Furthermore, Lei et al. increased the specific surface area of BN
nanostructures to 1427 m*g by introducing pores in BNNSs.*” The
synthesis process relied on a dynamic templating approach, during
which the pores were created by gas bubbles released from the
decomposition of the solid framework (hydrochloride guanidine). As
shown in Figure 5, the resultant porous BNNSs show excellent
adsorption performances with mass uptakes reaching 3300%, due to
a combination of superhydrophobicity, porosity and swelling ability.
Li et al. also prepared porous BN nanostructures with a ribbon-like
structure and a super high surface area of 2078 m*/g and a large pore
volume of 1.66 cm*/g, by introducing structure-directed agent (P123)
in a thermal decomposition of the BN precursor.®® The obtained
material was named as “activated BN”, exhibiting a maximum
adsorption capacity of 305 mg/g. Moreover, the saturated materials
can be cleaned for reuse by simply washing, burning or heating in air
thanks to their strong resistance to oxidation, rendering them
promising materials for a wide range of applications in water
purification and treatment .
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Fig. 5 (a) Low-magnification SEM image of the porous BNNSs (scale bar, 2
um). Inset: photograph of the as-prepared porous BNNSs (scale bar, 1 cm).
(b) High-magnification SEM image showing the porous structure of the as-
prepared BNNSs (scale bar, 200 nm). (c) Comparison of the adsorption
capacities of the porous BNNSs with non-porous BNNSs, commercial bulk
BN particles and activated carbon. (d) Photograph of burning saturated
porous BNNSs in air to remove the adsorbed oil, inset showing the color
change after burning (adapted from ref. 87).

BNNTs could also be applied in hydrogen storage process by
either physical or chemical adsorption mechanisms. The pioneering
work of BNNTs for hydrogen uptake was reported by Ma er al.¥,
which demonstrated a 1.8-2.6 wt.% hydrogen uptake by multi-
walled BNNTSs under ~10 MPa at room temperature. Subsequently,
Tang et al. synthesized BNNTs with collapsed structures, which
possess a higher hydrogen adsorption capacity of 4.2 wt.%.%
However, in the case of Tang’s experiment, platinum nanoparticles
found in the collapsed BNNTs product, which resulted from the
synthetic procedure, may be a reason for the increase of the
hydrogen uptake ability. Later on, it was indeed demonstrated that
modifications of the BNNTs surface with some metals and/or
intermetallic compounds have prominent hydrogen affinity, for
instance, LaNis may significantly improve electrochemical hydrogen
storage of BNNTs.”!

Studies on the biocompatibility of BN nanostructures are still at a
very early stage.””** The pioneering work on biocompatibility of BN
nanostructures were carried out by Ciofani et al. for in vitro tests of
BNNTs on a human neruoblastoma cell line > % In their
experiments, they wrapped BNNTs with polyethylenimine (PEI) to
make them disperse well in the cell culture medium. The cells
maintain a good viability after treatment with 5.0 pg/mL of PEI-
BNNTSs, indicating good biocompatibility of PEI-BNNTs which
renders them suitable for biological applications. Moreover, the
shortened BNNTs, which were obtained by breaking the sturdy
structures of the BNNTSs through a slow oxidation process, were
found to possess good solubility in water and demonstrate
remarkable improved DNA loading capacity.”® Furthermore, Ciofani
et al. performed the first preliminary in vivo toxicity evaluation of
BNNTs following intravenous injection of glycol chitosan (GC)-
coated BNNTs (1 mg/kg BNNTS) in five rabbits.”” Although the
number of animals tested in their study is small, the absence of
negative effects on blood parameters as well as liver and kidney
functions imply that BNNTs may be promising for biomedical and
clinical applications.

3. Fabrication of BN nanostructures

A variety of synthesis methods have been utilized for the
fabrication of BN nanostructures, most of which are similar to the
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well-established techniques for the preparation of the corresponding
carbon nanostructures, with slight modifications. In this section,
some of the most important methods developed for the growth of BN
nanostructures, especially BNNTs and BNNSs, are briefly reviewed.

The first successful fabrication of BNNTSs was reported by Zettl et
al. via an arc-discharge between a BN-packed tungsten rod and a
cooled copper electrode. ' In the following attempts for the growth
of BNNTSs, various fabrication methods, such as modified arc-
discharge,> 1% autoclave, 1% template synthesis,'*'% plasma-jet
method,lm’ 108 Jaser ablation,ﬁ’ 17, 109-111 ball—milling”z’115 and
chemical vapor deposition,''*'"® were utilized. Herein, we will
specially describe a so-called BOCVD method developed by Bando
and his colleagues,'® """ due to its feasibility of a routine gram-
quantity BNNTs production. In a typical BOCVD process, a mixture
of B and MgO was loaded into a BN crucible at the bottom of the
reaction chamber in a vertical induction furnace. The mixture was
used as reactant and heated to approximately 1300 °C to form a
highly reactive B203 and Mg vapors, which were subsequently
argon-transported into a reaction chamber and reacted with
supplying ammonia in the lower temperature furnace zone. This
method separates a boron precursor (boron powder plus metal oxide)
from the as-grown BNNTSs during the growth, which could protect
BNNTs from contamination by the precursors and guarantee their
ultimate purity. Various metal oxides were found to be effective for
the BNNTSs’ growth in the BOCVD process. A mixture of MgO and
FeO or MgO and SnO was found to be the best.'®

BNNSs were first prepared by decomposition of borazine in the
form of so-called nanomeshes on metallic substrates in the case of
lattice mismatch.'® Since the similar lattice structure of BNNSs and
graphene, the well-known mechanical and/or chemical exfoliation
techniques utilized for the growth of graphene were also used for the
preparation of mono- and few-layered BNNSs. Two major methods
were utilized for the mechanical exfoliation process. One is to peel
off layers of BN with an adhesive tape;'*'"'* the other is to exfoliate
BN by ultrasonication.'” ' In a typical chemical exfoliation
process, molten hydroxides have been used to obtain few-layered
BNNSs.'?® The exfoliation process involves the following sequence:
(1) self-curling of the sheets at the edges due to the adsorption of
cations (Na* or K*) on the outmost BN surface; (2) anions and
cations entering the interlayer space and the adsorption of anions
(OH) on the positively curved surface which drives continuous
curling of the BN layer; (3) direct peeling away from the parent
materials, or cutting by the reaction of BN surface with hydroxides.
Moreover, other techniques such as chemical blowing'?’ and
substitution reactions'*® were also reported to be effective in the
production of BNNSs.

4. Polymer composites of BN nanostructures

4.1 Polymer functionalized BN nanostructures

BNNTSs are hardly dispersed in water and most organic solvents.
First exploration on fabrication of soluble BNNTs were realized by
wrapping BNNTs with amineterminatedoligomeric
poly(ethyleneglycol) (PEG1500N)'* or poly[m-phenylenevinylene-
co-(2,5-dioctoxyp-phenylenevinylene)]  (PmPV).*® The weak
interaction utilized is electrostatistic interaction between B sites on
BNNTs and amino groups on backbone of PEG1500N or = stacking
interaction between surfaces of BNNTs with PmPV. Soon
afterwards, different polymers were found to be effective for
functionalization of BNNTs for different purposes, including
proteins, "3 deoxyribonucleic acid (DNA),' 3% peptide,'® gum
arabic,'*? polyvinylpyrrolidone (PVP),? 3% 137 polyethyleneimine,
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polyaniline, poly(p-phenyleneethynylene)s (PPEs) and
polythiophene'*® etc. The purposes of functionalizing BNNTs
include better dispersibility in solvents, better interfacial interaction
in composites materials,”® ** better molecule loading ability,'*
biological application explorations” '*' and so on. It should be
specially mentioned that a molecular dynamics (MD) simulation
approach was used to investigate the interfacial binding of BNNTSs
with PmPV, polystyrene (PS), and polythiophene (PT).*®
Interestingly enough, the comparison of results for BNNT-polymer
composites with those of the similar carbon nanotube (CNT)-
polymer composites reveals that the BNNT-polymer interactions are
much stronger. This finding is also in good agreement with recent
experimental observations.'**'*° The stronger interfacial binding of
polymers to BNNTSs is suggested to be caused by the surface
polarization of BNNTSs, which directly gives rise to the strong
electrostatic interactions between them, while only van der Waals
interactions govern the interface of CNT-polymers.

Studies on polymer functionalized BNNSs are very few so far,
since there is no need to modify the BNNSs by polymers before their
applications. The BNNSs fabricated by a sonication method usually
have functional groups attached, which results in the decent
dispersibility of BNNSs in the solvent. In a pioneering work of
BNNSs synthesis done by Han ef al,* PmPV was used as surfactant
to make the liquid exfoliation more effective. It is believed that the
stacking interaction between aromatic structures in PmPV and #-BN
surface plays an important role during the exfoliation.

4.2 Mechanical reinforcement by BN nanostructures

Excellent mechanical properties of h-BN along (002) lattice plane
make BNNTs and BNNSs suitable for mechanical reinforcement of
polymers. The present author firstly used BNNTs synthesized by a
chemical vapor deposition method at high temperature to improve
mechanical properties of polystyrene.” It was found with 1 wt%
pristine BNNTSs, the elastic modulus of polystyrene can be 7%
improved, while with assistant of PmPV as surfactant, a more
effective improvement was achieved. This work demonstrated
BNNTSs can be an enhancer for polymers, while many critical issues
were revealed. For example, without adding PmPV, the mechanical
properties of polystyrene, either elastic modulus or strength became
even worse when chloroform was used as solvents, which indicates a
very poor dispersibility and interfacial interaction between polymer
and pristine BNNTs. The best datum achieved in this work is 21%
improvement of elastic modulus with 1 wt% BNNTSs. Moreover, it
was revealed that at low fraction of BNNTs embedment, the
transparency of polymer films can be well kept. Instead of
functionalization through weak = stacking interaction between
PmPV and BNNTs, utilizing covalent modified BNNTs is obviously
a better choice. We developed an effective facile method to fabricate
a chemically activated BNNTSs, which are hydroxylated and suitable
for further modification through chemical reactions based on
hydroxyl groups.'*® The hydroxylated BNNTs were found to be
much more effective for polymers’ mechanical reinforcement
compared to pristine BNNTs (Figure 6). For both polycarbonate
(PC) and polyvinyl butyral (PVB), with a 1 wt% fraction of pristine
BNNTSs, the elastic modulus can be improved up to around 20%
(e.g., PC, 13.6%; PVB, 25.0%). However, with hydroxylated
BNNTs, the elastic modulus of PC is improved up to 31.8%, and for
PVB, it is 36.5%. The yield strength of the polymers was also
improved effectively. Hydroxylated BNNTs again show better
results. The results when hydroxylated BNNTs were used were close
to theoretical results, which verified that the hydroxylated BNNTSs
can effectively interact with a polymer. In the other works, modified
BNNTs were also found to be much more effective for mechanical
reinforcement of polymers."*" '3 For example, Young’s modulus of
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polyvinyl alcohol (PVA) increased up to 42% with 1 wt%
isophoronediisocyanate-modified BNNTSs, while in case of pristine
BNNTSs used, the PVA became even weaker.

POBNNTOH PVBBNNTOH

PC PGBANT
POBNNTOH

P8 pvaBNT
PVBENNTOH

Fig. 6 (a) Photograph of an aqueous dispersion of hydroxylated BNNTs (left)
and pristine BNNTSs in water (right). (b) Comparative tensile tests performed
on PC-BNNT and PVB-BNNT composites. Elastic modulus (upper). Yield
strength (below). In each histogram, the bars from left to right represent a
pure polymer, a pristine BNNT-polymer composite, and a hydroxylated
BNNT-polymer composite, respectively (adapted from ref. 142).

The mechanical properties of BNNSs were investigated by
nanoindentation measurements'** and three-point bending tests®
using AFM , showing an elastic modulus in the range of 200-500
N/m and a thickness dependence of bending modulus. The
pioneering work of exfoliating BN powder for the large-scale
fabrication of 2D BNNSs was carried out in our previous group by a
sonication-centrifugation technique'?*. The as-prepared BNNS was
applied to fabricate PMMA/BNNSs transparent composites, in
which a 22% improvement in the elastic modulus of PMMA and an
11% increase in its strength were obtained with only 0.3 wt%
BNNSs fraction utilized (Figure 7). Later on, Coleman’s group also
exfoliated BN by ultrasonication in various solvents to give
dispersions of BNNSs.'” They prepared composites of liquid
exfoliated BNNSs in a PVA matrix with a considerable mechanical
reinforcement of 40% increase in modulus and strength relative to
the pure polymer at volume fraction of only 0.12 vol%.'* Moreover,
the mechanical properties of BNNS-polymer composites could be
further enhanced by uniaxial drawing, which might be attributed to
strain-induced exfoliation or de-aggregation as well as alignment of
BNNSs.'*® In addition, BNNSs prepared via chemical blowing'?’ or
substitution reaction of graphite powders'*® are also reported to be
utilized to prepare BNNSs-polymer composites for the application of
mechanical reinforcement of polymers.
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Fig. 7 (a) Low-magnification SEM image of BNNSs. (b) High-magnification
TEM image of BNNSs with the incident electron beam is perpendicular to
the (002) plane, inset showing structure model of BNNSs with a fringe
separation of ~0.25 nm. (c) Elastic modulus and (d) strength of blank PMMA
and its BNNSs composites (adapted from ref. 124).

4.3 Thermally conductive electrically
composites

insulating polymer

The most amazing characteristic of BN materials is that they are
electrically insulating while thermally conductive, especially inside
the (002) lattice plane. Electrons of BN are localized due to ionic
properties of B-N bonds, while heat can be easily transferred through
phonons. Actually, although no comprehensive practical applications
due to relatively higher prices compared with other ceramic
particles, such as alumina, SiC etc, the h-BN powder (usually micro-
sized) has been widely investigated for fabrication of thermally
conductive insulating polymer composites and proved to be one of
the best filler for this application. Only in recent years, nano-sized
BN, such as BNNTs and BNNSs were applied in the studies of
highly thermally conductive insulating polymer composites and
demonstrated to be very attractive.

Compared to micro-sized BN powder, BNNTs and BNNSs have
their unique advantages to be used as fillers for highly thermally
conductive insulating polymer composites. Inside (002) lattice plane,
BN has a high thermal conductivity up to thousands of W/mK, while
in the other lattice plane, it is low to several W/mK. Therefore,
micro-sized BN powder provide an average effects on thermal
transfer, while BNNTs and BNNSs can maximize the effects of
(002) lattice plane by crimping or minimizing thickness of other
lattice planes. Thus, it is believed that BNNTs and BNNSs are more
effective for thermal conductivity improvement of polymer
composites. Moreover, it is predicted that nano-sized fillers can form
thermal conductive pathways more easily by connections between
each other and thus are more effective in enhancing the thermal
transfer in the polymer matrix.

Terao et al. fabricated BNNTSs/polyvinyl formal (PVF) composite
films containing high BNNT fraction of up to 10 wt% and improved
the thermal conductivity of the polymer by ~250%."" Utilizing an
absorption process, BNNTs/polymer composites with high BNNT
fractions were fabricated, showing a thermal conductivity of up to
3.61 W/mK and CTE value down to 16x10° K from BNNTs-
loaded PS and poly(ethylene vinyl alcohol) (PEVA) composites,
respectively.'®® The present author applied sonication-exfoliated

This journal is © The Royal Society of Chemistry 2012
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BNNSs to fabricate PMMA/BNNSs transparent composites, in
which a striking reduction of the coefficients of thermal expansion
(CTE) was obtained, compared to the blank PMMA.'** Later on,
Song et al. exfoliated hexagonal BN to give sheets of nanoscale
thickness and dispersed the resultant BNNSs in PVA and epoxy
matrices to get cast thin film with a considerably higher in-plane
thermal conductivity, 30 W/mK with the volume loading of 50%
BNNSs.'* Recently, a dielectric nanocomposite paper with 2D
layered BNNSs wired by 1D nanofibrillated cellulose (NFC) was
reported to have a superior thermal conductivity of up to 145.7
W/mK for 50 wt % of BN along the BN paper surface due to the
formation of BN percolating network.'” As shown in Figure 8, 2D
BNNSs form a thermally conductive network along the surface of
the composites, while 1D NFC used as a stabilizer provides
mechanical strength. Moreover, hybrid fillers formed by combining
2D BNNSs and 1D BNNTs could also improve the thermal
conductivity of epoxy composites, due to the synergetic effect
resulted from the generation of 3D thermal networks between
BNNTs and BNNSs. !

(c)
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Fig. 8 (a) Images of the stable mixture with 5 wt% (left) and 50 wt% (right)
BN. (b) An image of transparent and thermal conductive film with 5 wt%
BN. (c) An image of white film with 50 wt% BN. (d)Schematic to show the
structure of cellulose nanofiber with layered BN to transfer heat flux in the
horizontal plane direction between BN layers. (e) Thermal conductivity of
BN/NFC composites vs BN content (adapted from ref. 150).

At a given filler loading, the thermal conductivity of composites
are not fully determined by the size and shape of the particles.
Evidence has shown that surface modification of the particles, which
tunes the interface interactions between the filler and the polymer
matrix, is essential for high thermally conductive polymer
composites.'*” 1> For instance, Xu and Chung showed that the
thermal conductivity of BN particle epoxy-matrix composites was
increased by surface treatment of BN particles using acetone, HNO;,
H,SO, and silane, in which silane treatment gave the best thermal
conductivity of up to 10.3 W/mK at 57 vol% BN loading.'* Other
than silane, PS and PMMA were coated on the BN surface via
admicellar polymerization to increase the thermal conductivity of
BN-filled epoxy composites.'*® In addition, other BN nanostructures,
such as BN nanoplatelets non-covalent functionalization by
octadecylamine (ODA) and covalent functionalization by
hyperbranched aromatic polyamide (HBP)'**, and BNNTs modified
with catechin'®’ and polyhedral oligosilsesquioxane (POSS) ,'> are
applied as fillers for the fabrication of high thermally conductive
polymer composites. After these treatments, the dispersibility of the
fillers as well as the interface between filler and polymer matrix are

This journal is © The Royal Society of Chemistry 2012
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improved, resulting in an improvement in the thermal conductivity
of the polymer composites.

Filler orientation and alignment in composites, which is of
particular importance for the development of thermally anisotropic
materials to improve the directional thermal properties of the
composites, can be induced by selecting various processing method.
By using an electric field, BNNSs were aligned perpendicular to the
surface of the epoxy'>® and polysiloxane®’ nanocomposite films
plane. The resulting composite films with oriented BNNSs
manifested improved thermal diffusivity compared to the composites
prepared without orientation. In addition, magnetic BN hybrid
nanostructures decorated with iron oxide (y-Fe,O3 or Fe;O4) could
be used for manipulating the anisotropic properties of direction-
dependent materials under a magnetic field."”®*'® As shown in
Figure 9, Fe;0,-coated magnetic h-BN particles randomly dispersed
in an epoxy matrix are reoriented in a direction perpendicular to the
substrate under a magnetic field. Due to the diamagnetic
susceptibility along the c-axis, BNNSs could also be aligned with
high anisotropy either parallel or perpendicular to the polysiloxane
composite film plane without surface modification by applying a
high magnetic field.'"®" Furthermore, BNNTSs in polymer composite
fibers could be spontaneously aligned in the fiber casting direction
during the fabrication process of the fibers by an electro-spinning
method.'®
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Fig. 9 Cross-sectional SEM images of Fe;O4-coated h-BN/epoxy composites
aligned (a) randomly and (b) vertically to the film plane (adapted from ref.
160).

4.4 Other applications of BN nanostructure polymer composites

BN nanostructures are generally recognized as wide band gap (5.5-
6.0 eV) semiconductors. Our previous research on dielectric and
thermal properties of BNNTs/epoxy composites was the first report
to use BNNTs to adjust dielectric properties of a polymer.'® A
significantly decreased dielectric constant and a 69% improvement
of thermal conductivity were observed in the as-prepared
BNNTSs/epoxy composites. Recently, Huang et al. used POSS-
modified BNNTs as nanofillers to fabricate dielectric epoxy
composites with high thermal conductivity.'>® Thanks to the intrinsic
low dielectric constant of embedded BNNTs and well-designed
surface modifications, the obtained BNNTs epoxy composites
exhibited a remarkably decreased dielectric constant and dielectric
loss tangent (Figure 10). The achievements of the simultaneous
properties of low dielectric constant, low dielectric loss, and high
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thermal conductivity in BNNTs polymer composites may pave a
way for comprehensive applications in electronic packaging and
thermal management for energy systems.
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Fig. 10 (a) Schematic diagram illustrating a process of POSS modification on
the surface of as-grown BNNTSs. (b) Frequency-dependent dielectric constant
of the epoxy/BNNTs-POSS composites. (c) Dielectric loss tangent of the
epoxy/BNNTs-POSS composites (adapted from ref. 155).

Ravichandran ef al. reported a Saran (a co-polymer of vinylidene
chloride and acrylonitrile) based polymer BNNTSs composites
suitable for photovoltaic packaging application.'® The obtained
composites exhibited high transparency in the visible region, good
barrier properties and thermal stability. In addition, chitosan/BN
composites were prepared by solution technique using
CuSO4/glycine chelate complex as the catalyst.'® A substantial
reduction in oxygen permeability was observed with the increase of
boron nitride concentrations, which might be promising in the
packaging industry.

5. Conclusions and perspectives

The investigations on polymer composites of BN nanostructures
are still at their very early stage. The limitation is mostly caused by
the difficulties of large scale synthesis of BN nanostructures.
Currently grams level BN nanotubes are available, while it is still
difficult to carry out serious polymer composite studies. Most
polymer composite samples of BNNTSs are designed to be films or
small size mat to control the dosage of the BNNTs. For BN
nanosheets, although it seems liquid exfoliation is an effective
method to produce large amount of samples, while the contradiction
between yield and thickness was not solved perfectly so far. Most
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BNNSs utilized for polymer composite fabrication possess
graphene-like morphology but are much thicker than graphene.

As far as the fabrication process is concerned, the interface and
dispersion, which are two major problems for composite materials,
extensively exist in polymer composites of BN nanostructures. One
reason is that, with one-dimensional or two-dimensional structures,
the uniform dispersion of BN nanostructures gets more difficult than
particles. The other reason is that, in comparison with carbon
nanostructures which can utilize many well-established chemical
reactions to realize effective surface modifications, the chemical
reactions for B and N elements are much more limited. A universal
method developed for modification to BN nanostructures is to
oxidize B sites to get hydroxyl groups connected, followed by
chemical reactions based on the hydroxyl groups. The other method
is to hydrogenate the N sites and utilize the chemical reactions based
on amino groups to modify the BN nanostructures.

The above mentioned problems make the performance achieved in
the polymer composites of BN nanostructures are far behind of what
are expected. Mechanical reinforcement can only be achieved at low
fraction of BN nanostructures. At slightly high fraction, for example,
higher than 5wt.%, the mechanical properties of polymers will be
even ruined induced by poor dispersibility and poor interfacial
interactions. On the other hand, effective thermal conductivity
enhancement can only be achieved at high filler fraction. Recently
BNNSs/polymer composites with a very high in-plane thermal
conductivity were fabricated. This is a remarkable progress.
However, the thermal conductivity of the composites is very
anisotropic, which means that the thermal conductivity along the
direction perpendicular to the composites sheets is very low.
Therefore, how to form highly thermal conductive 3D paths in the
composite material is a very important topic deserving more efforts.
Polymer composite materials utilizing other properties of BN
nanostructures, such as optical properties, irradiation properties and
biocompatibilities are still very rare in literatures. It is not because
the related research is not important or interesting, most likely, it is
because the fabrication of BN nanostructures are still not easy,
which hinders the progresses on their composite studies.
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Table I Comparison between properties of CNTs, graphene, BNNTs and BNNSs.

Materials CNTs Graphene BNNTs BNNSs
Color Black Black White White
Covalent bonds with
Bonding Covalent bonds; bonding length: Covalent bonds; bonding ionic component; Covalent bonds with ionic
1.400-1.463 A length:1.4 A bonding length: component
1.437-1.454 A
zero-gap semimetal with a
Electronic Metallic or semiconducting, tiny overlap 5'0_.6'0 VY eetel (0, 5.0-6.0 eV band gap,
s independent of . S
structure dependent on chiralities between valence and chiralities independent of chiralities

G band: 1580 cm'l; D band: 1350

conductance bands
G band: 1583 cm-1; 2D band:

2680 cm™; Al tangential mode:

1370 cm";

similar to h-BN,

Raman active cm’; the 2D band in single-layer . L )
modes RBM model: (10, 10) CNT, 171.0 graphene is much more RBM model: (10, characterlstlc_%)eak. 1365
1 . 10) BNNT, 153.0 cm
cm intense and sharper than the om’!
one in multi-layer graphene
Young's modulus:
0.784-0.912 TPa; . .
. Young’s Modulus :1.09-1.25 TPa; s 0.71-0.83 A ellsine st lzes 220~
Mechanical . Young’s Modulus: 1.0 Tpa . 510 N/m
roperties gl W P thoeineal) (single-layer, experimental) Urahesrsic) (BNNSs with thicknesses
prop 0.27-0.95 TPa(experimental) gle-layer, exp 0.5-0.7 TPa; 1.22 +
024 of 1-2 nm)
TPa(experimental)
~6000 (theoretical, SWCNT); ~180-300
Coﬂgﬁgﬁiﬁty 7000 (exportmenel MWENT 3000-5000 (single-tayer (theoretical,
(W/mK) ~1000 (experimental, MWCNT, suspended graphene) SWBNNT); 300-2000 (theoretlcal)
’ ~600 (graphene supported on ~180-300 ~40 (experimental)
at room D~10 nm); amorphous silica) (experimental
temperature ~300 (experimental, MWCNT, rphod xp 7
MWBNNT);
D~35 nm)
Thermal Depends on sample, roughly Depends on synthetic High, up to 800-900 superior to eraphene
stability between 500-700 °C methods, 500-600 °C °C in air P grap
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