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ites based on hexagonal boron
nitride and their application in thermally
conductive composites

Cuiping Yu,ab Jun Zhang,b Wei Tian,*a Xiaodong Fana and Yagang Yao *b

Hexagonal boron nitride (h-BN) is also referred to as “white graphite”. Owing to its two-dimensional planar

structure, its thermal conductivity along and perpendicular to a basal plane is anisotropic. However, h-BN

exhibits properties that are distinct from those of graphite, such as electric insulation, superior antioxidative

ability, and purely white appearance. These qualities render h-BN superior as a filler in composites that

require thermal conductivity while exhibiting electric insulation. Since the thermal performance of

composites is mainly affected by thermal pathways, this article begins with an overall introduction of the

preparation of boron nitride nanosheets, followed by a review of the fabrication of h-BN-filled

composites. Lastly, the construction of thermally conductive networks is discussed.
1. Introduction

With the miniaturization and high-degree integration of
modern electric devices, high performance packaging materials
are urgent in thermal management to guarantee the perfor-
mance and reliability of the devices.1–3 Two-dimensional (2D)
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materials were recently used as a new platform for thermal
management applications due to their fascinating thermal
properties, such as high in-plane thermal conductivity and the
relatively low out-of-plane values.4 This could be ascribed to the
covalent intra-layer bonds and van der Waals layer-to-layer
interactions in 2D materials. For example, since graphene
possesses high in-plane thermal conductivity (�5300 W m�1

K�1), the thermal conductivity of the target composites
increased signicantly with the addition of only a small amount
of graphene.5,6 Black phosphorus, as a new member of 2D
materials, exhibited an anisotropy thermal conductivity (�20
and�40Wm�1 K�1 for the armchair and zigzag congurations,
respectively).7 However, they unavoidably make the target
composites electrically conductive, which could not apply in
electric equipment that need thermally conductive and electric
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insulating. Hexagonal boron nitride (h-BN), also called as white
graphite, is an electrical insulator with a dielectric constant
3�4.8 This make it suitable for the applications in thermal
management of the electronics devices and displays that are not
possible for graphene and black phosphorus. Thus, inorganic
ceramic h-BN were designed to fabricate various insulating
composites with superior thermal conductivity.9–11

Boron nitride (BN) consists of boron (B) and nitrogen (N)
atoms in equal amounts and is arranged in a honeycomb
conguration. The materials are mainly prepared from B, boric
acid (H3BO3), or boron trioxide (B2O3). BN exhibit 3 crystalline
forms: h-BN (a layered structure like graphite), cubic BN (c-BN,
similar to diamond), and wurtzite BN (w-BN, analogous to lons-
daleite). Among the 3 BN phases, h-BN is the most stable under
standard conditions and is a sp2-hybridized 2D-layered insulator.
Within a 2D layer, the B and N atoms are alternatively bonded
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together by robust B–N covalent bonds, while the 2D layers are
stacked with each other via weak van der Waals forces. B–N
bonds are partially ionic owing to the higher electronegativity of
the N atom, which varies from the pure covalent C–C bonds in
a graphitic structure. The strong ionic bond of h-BN renders h-BN
more difficult to exfoliate and functionalize than graphite. The
crystallographic parameters of h-BN are a ¼ 0.250 nm and c ¼
0.666 nm, and the interlayer spacing is 0.333 nm. These char-
acteristics allow h-BN to interact with graphene, enabling
potential applications in many devices.

Owing to its distinct features, h-BN exhibits various proper-
ties, such as anisotropy parallel and perpendicular to a basal
plane,12–14 constant wide band gap (�5.97 eV),15 superior anti-
oxidative and structural stabilities (high thermal stability of up
to 1000 �C in air and 1400 �C in vacuum),16 high thermal
conductivity (600 W m�1 K�1 for the in-plane direction, 30 W
m�1 K�1 for the out-of-plane direction),12 and superior thermal
expansion coefficient (1-, 2-, and 9-layer boron nitride nano-
sheets (BNNSs) showed the thermal expansion coefficient of
about �3.41 � 10�2, �3.15 � 10�2, and �3.78 � 10�2 (cm K)�1,
respectively),17 as well as superior mechanical properties (elastic
constant of 220–510 N m�1 and Young's modulus �1 TPa).18,19

These characteristics render h-BN as an excellent ller in ther-
mally conductive while electric insulating composites.

In this review, we rst describe recent advances in the
preparation of boron nitride nanosheets (BNNSs) as well as the
fabrication of h-BN-based composites. The construction of
thermally conductive networks is then reviewed based on their
different thermally conductive pathways, followed by the
summary and outlook.
2. Preparation of BNNSs

BNNSs are prepared using numerous synthesis methods, most
of which are similar to well-established techniques in preparing
corresponding carbon materials, with minor modications.
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Among the preparation methods reported, mechanical exfolia-
tion, liquid exfoliation, chemical vapor deposition (CVD), and
epitaxy are the most widely studied. In this section, some of
these methods are briey reviewed.

Mechanical exfoliation consists of direct mechanical exfoli-
ation20–22 and other exfoliation methods by shear forces.23–25 Ball
milling is regarded as an excellent approach that uses shear
forces to exfoliate bulk h-BN material down to few-layered
sheets. In one study, high-yield and high-quality BNNSs were
obtained by low-energy ball milling23 and integration of low-
energy ball milling with sonication.26,27 Yao et al.26 exfoliated
h-BN in sodium dodecyl sulfate (SDS)–water solutions into
mono- and few-layered BNNSs with a concentration of about
1.2 mg mL�1 (Fig. 1). This dispersion exhibited excellent
stability (Fig. 1e). All of the aforementioned strategies were
performed in liquid media. Some solid media were also
reported.28

Liquid exfoliation of h-BN was successfully conducted in 1,2-
dichloroethane solution of poly(m-phenyl-enevinylene-co-2,5-
dictoxy-p-phenylenevinylene),29 water,30 SDS and water,31 N,N0-
dimethylformamide (DMF),32 sulfonic acid, and meth-
anesulfonic acid.33 To understand the functions of different
solvents used in h-BN exfoliation, the Hansen solubility
parameter (HSP) theory was proposed by Coleman et al.34 The
exfoliation effect of the solvents could be veried by polar,
hydrogen-bonding, cohesive energy density, which should
minimize the energy of exfoliation or with strong, sufficient
surface tension (e.g. g 40 mJ m�2). With this theory, isopropyl
alcohol (IPA) was a good exfoliation agent with a BNNS yield of
�50% (0.06 mg mL�1 BNNS concentration). On the basis of this
theory, analyzing the HSP distance and Ra value of diverse
solvent mixtures, 55% ethanol and water solvent were better
solvents than IPA that the dispersion concentration was 0.075�
Fig. 1 Exfoliation of 2D nanosheets via low-energy ball milling caused
by shear force (a) and compression force (b). Effects of sonication-
induced scission (c) and vibration-induced exfoliation (d) on 2D
nanosheets by sonication. (e) Dispersions of BNNSs in SDS–water. (f)
Transmission electron microscope (TEM) image of folded BNNSs. (g)
Selected area electron diffraction (SAED) observation of BNNSs from
the right bottom area of (f). Reproduced with permission from ref. 26.

21950 | RSC Adv., 2018, 8, 21948–21967
0.003 mg mL�1.35 The effect of dispersion is presented in Fig. 2.
Subsequently, ammonia solution and IPA were chosen as the
exfoliation agents; ammonia molecules could intercalate the h-
BN layers and thus beneted the exfoliation process.36 Given the
large surface tension (g¼ 33.3 mNm�1) and small HSP distance
(Ra ¼ 2.59�A) of thionyl chloride, it could be potentially used to
exfoliate and stabilize BNNS dispersions.37

Epitaxial growth of monolayer h-BN was achieved on Pt (111)
and Ru (001) substrates via adsorption and decomposition of
borazine.38 Single-crystalline monolayer h-BN on the Ni (111)
substrate with borazine as the precursor was prepared by Osh-
ima et al.39 The Ni foil was considered as a preferred substrate
because of the minor difference in the lattice constant between
the Ni (111) surface (2.49�A) and bulk h-BN (2.5�A). Alternatively,
B-trichloroborazine (ClBNH)3 was found to be a better precursor
for monolayer h-BN growth on Pt (111)40 and Ni (111).41 BNNSs
in the form of a so-called nanomesh were synthesized on a Rh
(111) substrate by Corso et al.42 The types of substrate inu-
enced the pore shapes and sizes of the nanomesh.43–48 A nano-
mesh could be grown on Ru (0001) and Rh (111). However, a at
monolayer h-BN could be grown on Pt (111), Cu (111), Fe (110),
Pd (111), Cr (110), Mo (110), and Ni (111). Monolayer and
nanomesh h-BN coexisted when Ir (111) was used as the
substrate. Monolayer h-BN was grown on a four-inch Rh (111)
substrate in a modied ultrahigh vacuum chamber.49 This h-BN
surface exhibited a corrugated morphology. Similar patterns
were observed on an epitaxial h-BN layer measuring 2 in. The
wrinkle-free h-BN could be grown on a c-plane sapphire
substrate measuring 2 in with the AA0 stacking order by modi-
ed low-pressure chemical vapor deposition (CVD).50

Cu and Ni foils were traditionally used as substrates for 2D h-
BN growth because of their low-cost and excellent catalytic
properties.51,52 Typical CVD processes for BNNS growth have
used borazine and ammonia borane with Pt,53–55 Ni,56,57 and
Cu58–63 as substrates. Wang et al.61 prepared a triangular
monolayer single crystal h-BN measuring 20 mm. This size
varied with the thermal annealing time of Cu foils (Fig. 3).
Several catalyst-based substrates, such as heteroepitaxial Cu–Ni
alloy,64 Co lm,65 and Si-doped Fe substrate,66 have been
explored. A study found that nanocrystalline graphene could be
used as a seed layer for synthesizing large-area h-BN.67 In
addition, h-BN could be grown on insulating substrates, such as
SiO2/Si without a catalyst, via microwave plasma CVD.68 Few-
layered BNNSs were grown by using a mixture of B, magne-
sium oxide (MgO), ferrous oxide (FeO) powders, and ammonia
on silica (SiO2)/Si.69 Wafer-scale multilayer BNNSs were
synthesized in vacuum with a subnanometer scale surface
roughness.70
3. Fabrication of h-BN-filled
composites

The processing step exerts signicant effects on the bulk
properties of composites. Thus, methods of fabricating h-BN-
lled composites are briey reviewed, including solution mix-
ing, melt blending, in situ polymerization, and ball milling.
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a) Photographs of BN dispersions in several ethanol/water mixtures stored under ambient conditions for 1 week. (b) BN suspensions in
various ethanol/water mixtures and calculated Ra values are denoted by dots and solid lines, respectively. Reproduced with permission from ref.
35.
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3.1 Solution mixing

Solution mixing is a facile-operated, commonly used technique
for fabricating h-BN-lled polymer composites. A suitable
solvent is crucial for the uniform dispersion of h-BN and the
polymer matrix, forming metastable suspensions of h-BN or h-
BN/polymer mixtures. The critical technique during this
process involves uniform stirring, which oen requires the use
of high-power ultrasonication.32 Some functionalized strategies,
such as heat treatment,71 acid treatment72 or h-BN functionali-
zation,73–75 were conducted to improve the dispersion of h-BN.
Many h-BN/polymer composites were successfully prepared by
Fig. 3 (a) Dissociation of ammonia borate and h-BN growth. SEM images
and 6 h (d). (e) Photograph showing variations in the domain size distribu
film formed by h-BN domains with growth times of about 65 min (f) and

This journal is © The Royal Society of Chemistry 2018
solution mixing, including BN/polymethyl methacrylate
(PMMA),32,76 BN/poly (vinyl alcohol) (PVA),74,77–79 BN/
polybutylene terephthalate (PBT),80 BN/epoxy,75,81–83 BN/
polyurethane acrylate (PUA),84 and BN/silicone rubber (SiR).14

Song et al.77 fabricated BNNS/PVA lms by stirring the mixture
of aqueous PVA solution and IPA suspension of BNNSs. The
solvent was removed with vigorous stirring and then subjected
to casting on an etched glass slide, resulting in a thin lm with
a thermal conductivity higher than 30 W m�1 K�1 (Fig. 4).
However, solution mixing is limited to polymers that can be
dissolved in solvents which are also suitable for the preparation
of a stable suspension of h-BN.
of h-BN grown without pre-annealing (b) and with annealing for 3 h (c)
tions of h-BN with the annealing time of Cu foils. SEM images of h-BN
70 min (g). Reproduced with permission from ref. 61.

RSC Adv., 2018, 8, 21948–21967 | 21951
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Fig. 4 (a and b) Cross-sectional TEM images of BNNSs/PVA (inset: photograph of a sample). (c) TEM image of BNNSs. (d) Thermal diffusivity of
BNNS/PVA films with different BNNS contents. (B) represents the fabricated film, and (�2: >; and �3: O) represents mechanically stretched
films. Inset: photographs of as-fabricated and stretched films with 10 vol% BNNS. Reproduced with permission from ref. 77.
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3.2 Melt blending

Melt blending is a solvent-free process suitable for industrial
processes. This technique is usually applied to disperse sheets
in a thermoplastic polymer matrix by using high-temperature
and high-shear forces. h-BN/bisphenol E cyanate ester (BECy)
nanocomposites were fabricated by preheating dopamine-
treated h-BN nanoparticles at 130 �C and then mixing with
a BECy resin, followed by curing at 180 �C and 250 �C (Fig. 5).73

However, melt blending was generally less effective in
dispersing sheets in polymers, compared with solution mixing.
This approach was limited to low ller loadings because of the
high viscosity of the composites at high sheet loadings. Xie
et al.85 subsequently prepared the mixture of BNNSs with
poly(ethylene terephthalate) by melt processing. However, the
BNNSs preferred to restack during the drying process. Thus,
Guo et al.86 developed a slurry compounding strategy to fabri-
cate BNNS/styrene–butadiene rubber (SBR) composites by using
a conventional two-roll mill. The BNNS slurry was prepared
using a solvent exchange route. Silane was added to strengthen
the interfaces of BNNSs and SBR matrix. Compared with the
21952 | RSC Adv., 2018, 8, 21948–21967
neat SBR composites, the composites for 10.5 vol% Si–BNNS
loading increased the thermal conductivity by 253%.
3.3 In situ polymerization

Usually, a high ller loading would sacrice the mechanical
property of the composites. This could be ascribed to the poor
stress transfer from matrix to ller caused by agglomeration of
llers. Thus, in situ polymerization was conducted to increase
the interface bonding or adhesion between the llers and
polymer matrix. In situ polymerization involves dispersing the
reactive monomer into sheet layers, followed by polymeriza-
tion.87–90 This technique allows covalent bonding between
functionalized sheets and the polymer matrix via chemical
reaction. Distinct composites were prepared using this tech-
nique. Styrene was initiated on modied BNNSs by reversible
addition–fragmentation chain transfer polymerization to
prepare BNNS/polystyrene (PS) composites.87 Composites of h-
BN/PMMA were fabricated by dispersing h-BN particles into
methyl methacrylate monomers by bulk polymerization88 and
atom transfer radical polymerization.89 A typical example was
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (a) Illustration of polydopamine functionalized h-BN. SEM observations of h-BN (b) and dopamine-treated h-BN (c). (d) TEM image of h-
BN/BECy composite with 15 vol% dopamine-treated h-BN. (e) Variations in the thermal conductivity of h-BN/BECy composite with nanoparticle
loadings. Reproduced with permission from ref. 73.
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reported by Lee et al.90 in which poly(caprolactone) (PCL) was
chemically graed onto BNNSs by oxidized BNNSs (oxi-BNNSs)
and subsequent ring-opening polymerization of PCL (Fig. 6).
The resulting composites exhibited a thermal conductivity of
1.96 W m�1 K�1 with the incorporation of 20 wt% BNNSs.
3.4 Ball milling

Ball milling is a method of grinding materials into extremely
ne powders or dispersions for practical application. The
milling balls used are made of different materials, including
stainless steel, ceramic, int pebbles, and so on. High pressure
is generated during milling because of the collision of tiny rigid
balls in a concealed container. The behavior of powder particles
upon milling is generally distinguished into mechanical
milling, mechanical alloying, and mechanochemical synthesis.
High-energy ball milling presents inherent advantages, such as
low cost, versatility, and scalability. Therefore, high-energy ball
milling is considered an industrialized technique for
manufacturing materials in large quantities. Ball milling on
layered materials generates strong shear and compression
forces, which can peel off and cleave the materials (Fig. 1).26

Thus, ball milling is an excellent approach to reducing the
thickness of h-BN. Lee et al.91 recently fabricated high-quality
and high yield hydroxide BNNSs (OH–BNNSs) with high effi-
ciency by hydroxide-assisted ball milling. The resulting OH–

BNNSs showed little damage, relatively large sheets with an
average size of 1.5 mm, and a high yield of 18%. Functionalized
BNNSs (f-BNNSs) were used to fabricate polyethylene compos-
ites. Oxygen permeability was reduced by 46%, and water vapor
permeability decreased by 34% with 5 wt% f-BNNS loading
(Fig. 7). Various parameters, such as ball-to-powder ratios,
This journal is © The Royal Society of Chemistry 2018
milling speed, milling ball sizes, andmilling agents, considered
in the preparation of BNNSs in benzyl benzoate were system-
atically investigated by Chen et al.24 The obtained sample had
a diameter ranging from 0.5 mm to 1.5 mm and a yield of 13.8%.
4. Conducting thermally conductive
networks

The effective routes to assemble llers in the polymer in order to
construct well-organized and interconnected thermally
conductive networks are critical for heat transfer. The usual
strategies conducted for the construction of thermally conduc-
tive networks exhibit alignment, a three-dimensional (3D)
network, an interface effect, a hybrid effect, and so on.
4.1 Alignment

h-BN is a platelet-shaped particle with a high aspect ratio. In
one study, the thermal conductivity of h-BN reached 600 Wm�1

K�1 in the in-plane direction and 30 W m�1 K�1 in the out-of-
plane direction.12 Owing to the anisotropic shape and thermal
conductivity of h-BN, the arrangement of h-BN in the polymer
matrix considerably affected the thermal property of the h-BN-
lled composites. Numerous reports recently evaluated the
inuence of orientation on thermal conductivity enhancement
in a preferential direction. The methods used to orient h-BN
included processing and external forces.

4.1.1 Alignment during processing. As shear force is
introduced by processingmethods, such as oscillatory shearing,
tape casting, and injection molding, h-BN typically tends to
align parallel to the planer direction, as in the case of h-BN
oriented in PVA composite lms by tape-casting.74 The
RSC Adv., 2018, 8, 21948–21967 | 21953
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Fig. 6 (a) Fabrication of PCL–g-BNNSs. (b) IR spectra of PCL, PCL–g-BNNSs, oxi-BNNSs, and h-BN. (c) Thermal conductivity of oxi-BNNSs/PCL
and PCL–g-BNNSs/PCL composites with BNNS contents. SEM observations of the cross-sectional images of PCL–g-BNNS/PCL (d) and oxi-
BNNS/PCL (e) composites. Reproduced with permission from ref. 90.
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thermal conductivity reached 5.4 W m�1 K�1 for 10 vol% ller
contents. Ceramic particles were oriented in polyvinyl butyral
and PVA matrices prepared using a similar method.92,93 Kuang
et al.14 fabricated BNNS/SiR and BNNS/natural rubber (NR)
21954 | RSC Adv., 2018, 8, 21948–21967
composites with ultrahigh degree of orientation because of
strong shear forces introduced by a two-roll mill (Fig. 8). The
thermal conductivity of the composites was �4 Wm�1 K�1 with
23 vol% BNNSs in SiR composites. h-BN/Polypropylene
This journal is © The Royal Society of Chemistry 2018
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Fig. 7 (a) Schematic and corresponding SEM images of the exfoliation mechanism of h-BN. (b) Photographs of OH–BNNS suspensions in
different solvents after sonication for 1 week. (c) TEM image of OH–BNNSs and corresponding SAED patterns. (d) Thickness of 60 platelets. (e)
Permeabilities of oxygen and water vapor in composites with varying f-BNNS contents relative to that of the pristine polyethylene film, as well as
the values calculated using the modified Nielsen theory. Reproduced with permission from ref. 91.
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composites with a high degree of orientation were obtained by
injection molding.94 The corresponding thermal conductivity
showed a large increase, which reached 2.1 W m�1 K�1 with the
incorporation of 40 vol% h-BN.

4.1.2 Alignment by external elds. Alignment of h-BN in
composites can be achieved by applying a suitable external eld,
such as magnetic, electric, and gravitational force elds.

4.1.2.1 Magnetic eld alignment. Studart et al.95 proposed in
2012 an approach to align anisotropic reinforcing microparti-
cles in the composite matrix by applying external magnetic
elds. This proposal prompted a discussion among numerous
researchers on thermal conductivity enhancement of h-BN-
based composites by magnetic eld-induced alignment. Rein-
forcing particles are oen diamagnetic; as such, they were rst
coated with superparamagnetic nanoparticles. The ller
arrangement in low-viscosity suspending uids was controlled
using a low external magnetic eld. h-BN complex sheets
modied with iron oxide nanoparticles were successfully rear-
ranged in the direction vertical to the lm plane in the study by
Cho et al.,96 as shown in Fig. 9. Thus, iron oxide-coated h-BN
lled epoxy composites exhibited excellent thermal proper-
ties.12,13,97 The highest thermal conductivity obtained was 4.7 W
m�1 K�1 at 20 vol% iron oxide-coated h-BN for an epoxy resin
This journal is © The Royal Society of Chemistry 2018
system.13 Luo et al.98 used a similar method to fabricate iron
oxide-coated h-BN/SiR composites. The thermal conductivity of
the composites was 44.5% higher than that of the unaligned
composites with 9.14 vol% ller loading. A theoretical model
was used to analyze the results, suggesting that the orientation
of the BNNSs mainly led to the improvement of thermal
conductivity. CVD was also conducted to deposit iron oxide onto
BNNSs. The obtained modied BNNSs were successfully
oriented in the polysiloxane matrix with a magnetic eld
(Fig. 9).96

4.1.2.2 Electric eld alignment. BNNSs can be oriented by an
extra electric eld. BNNSs/polysiloxane composites were fabri-
cated under a dc electric eld (Fig. 10).99 BNNSs in the matrix
are reoriented in the electric eld direction. This direction can
be controlled to be perpendicular to the lm plane. Field-
induced orientation of BNNSs in the polysiloxane matrix was
successfully accomplished.100

4.1.2.3 Gravitational force-induced alignment. Gravitational
force is preferred to align BNNSs in the in-plane direction. This
strategy was facile, simple, and resulted in a high degree of
orientation. The highest thermal conductivity reported in h-BN-
lled composites was 145.7 Wm�1 K�1 at 50 wt% h-BN content,
which was ascribed to the constitution of hierarchically
RSC Adv., 2018, 8, 21948–21967 | 21955
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Fig. 8 (a) Preparation of BNNS/SiR and BNNS/NR composites. High-resolution TEM images of BNNS/SiR (b) and BNNS/NR (c) composites with
4 vol% BNNS loadings. Thermal conductivities of BNNS/SiR (d) and BNNS/NR (e) composites with different BNNS contents. Reproduced with
permission from ref. 14.
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arranged 2D BNNSs and 1-dimensional (1D) cellulose formed
during vacuum-assisted ltration.101 A large contact area was
formed between BNNSs in this structure, thereby minimizing
the inuence of interface thermal resistance along the ther-
mally conductive direction. An orderly oriented structure based
on cellulose nanobers (CNFs) and f-BNNSs was prepared by
simple vacuum-assisted ltration with superior thermal
conductivity of up to 30.25 Wm�1 K�1 with the incorporation of
70 wt% f-BNNS (Fig. 11).102 In addition, pure laminates of h-BN
could be prepared by vacuum ltration of the h-BN dispersion
prepared via liquid exfoliation in IPA.103 The thermal conduc-
tivity of such insulating laminates reached 20 W m�1 K�1. By
21956 | RSC Adv., 2018, 8, 21948–21967
improving the quality of the ake-to-ake interface, the inter-
face thermal resistance decreased and thus enhanced thermal
conductivity. OH–BNNSs could be obtained by molten alkali-
assisted exfoliation of h-BN, which improved the interfacial
bonding strength between BNNS layers.104 Subsequent ltration
resulted in OH–BNNS papers with superior thermal conduc-
tivity of 58 W m�1 K�1. The traditional platelet ller contents in
the polymer composites were lower than 40 wt%. However,
a high ller loading can be achieved by vacuum-assisted ltra-
tion. Composite paper analogous to articial nacre consisting of
noncovalent functionalized BNNSs (NF-BNNSs) and PVA with
ultrahigh ller loading of 94 wt% was fabricated by vacuum-
This journal is © The Royal Society of Chemistry 2018
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Fig. 9 (a) Illustration of experimental setups. (b) Fracture images of polysiloxane composites at 5 vol% BN loading with horizontal alignment. (c)
Variations in the thermal conductivity of BNNS/polysiloxane composite films with BNNS loadings (inset: variations in the thermal conductivity of
composites with 5 vol% BN content as a function of intensity ratio). Reproduced with permission from ref. 96.
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induced ltration.78 A framework constructed by hierarchically
arranged BNNSs and PVA was formed by gravitational force.
This paper exhibited high thermal conductivity of 6.9 W m�1

K�1.
4.2 3D networks

Isotropic thermally conductive bulk composites are favorable to
a certain extent in some applications. Thus, forming three-
dimensional (3D) networks with high quality and low thermal
resistance for heat conduction present a signicant challenge.
Up to now, the commonly strategy used to construct 3D
networks was to form thermally conductive networks rstly and
then inltrating with polymer. Thus, the thermal performance
of the composites improved a lot at only a low ller loading. The
thermal conductivity enhancement efficiency of 3D network
composites to pure polymer matrix was expressed by thermal
conductivity enhancement per 1 vol% loading (h),105 which was
dened as h ¼ (K � Km) � 100%/(100 � VKm), where K and Km

represented the thermal conductivity of the composites and
polymer matrix, respectively. And V represented the volume
contents of h-BN in composites. As shown in Fig. 12, CNF-
supported 3D-interconnected BNNS (3D-C-BNNS) aerogels
This journal is © The Royal Society of Chemistry 2018
were fabricated by self-assembly of BNNSs on a 3D cellulose
skeleton via sol–gel and freeze-drying.106 Composites exhibiting
high thermal conductivity were then prepared by impregnating
epoxy resin into the 3D BNNS aerogel. Ultrahigh thermal
conductivity of 3.13 W m�1 K�1 was achieved at a low BNNS
loading level of 9.6 vol%, which corresponded to a thermal
conductivity enhancement of about 1400%. In addition, the
thermal conductivity enhancement could be easily adjusted by
tailoring the BNNS loadings in the interconnected 3D network.

An ice-templated approach was reported to construct 3D
BNNS networks (Fig. 13).105 This strategy obtained epoxy
composites with high thermal conductivity (2.85 W m�1 K�1) at
a relatively low ller content (9.29 vol%). Yang et al.107 subse-
quently used a similar method to fabricate graphene oxide (GO)/
h-BN hybrid porous scaffolds by introducing polyethylene glycol
and obtained thermal conductivity of 1.84 W m�1 K�1 at
19.2 wt% h-BN.
4.3 Interface effect

A large body of evidence supports the nding that surface
modication can reduce interface thermal resistance. For
chemical surface modication, covalent bonding or
RSC Adv., 2018, 8, 21948–21967 | 21957
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Fig. 10 (a) Illustration of the experimental setup for the fabrication of aligned BN/polymer films. Cross-sectional SEMmicrographs of an oriented
BN/polysiloxane composite at 10 vol% BN content without (b) and with (c) the application of electric fields. Reproducedwith permission from ref.
99.

Fig. 11 (a) Demonstration of BNNSs or f-BNNSs in CNF aqueous solution during vacuum-assisted filtration. (b) Thermal conductivity of CNF
composite films. (c) Photographs of CNF/BNNS and CNF/f-BNNS films with 70 wt% BNNS loadings and the corresponding SEM images. (d) In-
plane thermal conductivity of CNF/f-BNNS films at 70 wt% filler contents with different thicknesses. Reproduced with permission from ref. 102.

21958 | RSC Adv., 2018, 8, 21948–21967 This journal is © The Royal Society of Chemistry 2018
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Fig. 12 (a) Preparation of epoxy/3D-C-BNNS composites. SEM views
of 3D-C-BNNS aerogel with 5 vol% (b) and 9.6 vol% (c) BNNSs. (d) SEM
image of the cross-sectional structure of epoxy/3D-C-BNNS
composites with 9.6 vol% BNNS loading. (e) Thermal conductivity of
composite variations with BNNS loadings. Reproduced with permis-
sion from ref. 106.
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noncovalent bonding are the commonly used methods to
connect the polymer matrix and llers.

4.3.1 Covalent modication. Covalent functionalization of
BNNSs requires the formation of covalent bonds on the basal
plane of the BNNS lattice. Attributed to the partial ionic char-
acteristic of B–N bonds in an h-BN structure, its B atom bore
a partially positive charge, whereas the N atom bore a negative
charge. This characteristic exposed B and N sites to attacks by
nucleophilic and electrophilic groups, respectively.

Several studies have thus far been reported on the produc-
tion of OH–BNNSs and subsequent OH–BNNSs/polymer
composites with enhanced thermal performance. In 2013,
30% hydrogen peroxide was used to treat h-BN powders in an
autoclave at 100 �C.108 The functionalization of h-BN was found
This journal is © The Royal Society of Chemistry 2018
to have improved the compatibility among llers and the
matrix, resulting in a high thermal conductivity of 3.92 W m�1

K�1 at 10 wt% h-BN loadings in the PVA matrix. Tang et al.109

employed a mixed solution of concentrated sulfuric acid
(H2SO4) and nitric acid (HNO3) to synthesize acid-treated
BNNSs to enhance the thermal performance of epoxy compos-
ites. Thus, the thermal conductivity channel of the obtained
composites was rst constructed at 5.05 wt%, which was higher
than that of pure BNNS-epoxy composites at 6.10 wt%. These
methods were based on a liquid medium, which was difficult to
remove completely because of their high boiling points.
Therefore, a 1-step route in the preparation of OH–BNNS was
developed by Huang et al.71 by which h-BN could be directly
exfoliated at a high temperature of 850 �C (Fig. 14). The
resulting OH–BNNSs exhibited excellent dispersibility in water
(concentration of 0.3 mg mL�1) and ethanol (concentration of
0.06 mgmL�1), rendering the OH–BNNSs effective as a hydrogel
additive. The OH–BNNS/poly(N-isopropylacrylamide) (PNIPAM)
hydrogel composite showed a 41% increase in thermal
conductivity at 0.07 wt% OH–BNNS. In addition, Xu et al.72

treated h-BN with acetone, HNO3, H2SO4, and silane, showing
varying levels of effectiveness in enhancing thermal conduc-
tivity. The results exhibited that surface treatment using silane
Z-6040 (2.4%) was most effective for h-BN. The thermal
conductivity reached 10.3 W m�1 K�1 at 57 vol% h-BN loading.
The introduced –OH groups improved the interface compati-
bility; thus, the diffuse path of phonon was opened between
BNNSs and the polymer matrix, leading to increased thermal
conductivity.

The OH–BN or NH2–BN typically served as the initiators in
the design of many complex h-BN derivatives. The obtained h-
BN derivatives were used as llers to enhance the interface
adhesion between h-BN and the polymer matrix, leading to
a higher dispersion of platelets in polymers and enhancing the
thermal performance. To enhance the affinity of the BNNS/
polymer interface, a hyperbranched polyamide (HBP) was
attached to the modied BNNSs. The HBP was formed by
introducing amino groups to the surface of BNNSs and then
initiating HBP growth (Fig. 15).75,82 The obtained epoxy
composites exhibited a thermal conductivity of 9.81 W m�1 K�1

with 50 vol% BNNSs. Kim et al.81,84,110 conducted studies on
graing silane coupling agents onto the h-BN surface for a high
thermal performance. The common strategy was to attach
a hydroxyl group onto the h-BN surface by using sodium
hydroxide at a high temperature, followed by graing silane
coupling agents, such as 3-(glycidoxypropyl)trimethoxysilane, 3-
chloropropyltrimethoxysilane,81,110 and 3-aminopropyltriethoxy
silane,84 to modify the surfaces, which was a smart route to
reduce interface thermal resistance. The chemical reagents
used in these strategies were not environmentally friendly, and
solvent removal entailed difficulty. Consequently, a solvent-free
method was developed by Zhi et al.111 to fabricate epoxy
composites. The h-BN powder was treated with KH550, a silane
coupling agent, followed by mixing with a solid-state epoxy
resin. This strategy was suitable for nearly any ller fraction.
The maximum thermal conductivity reached 5.24 W m�1 K�1.
RSC Adv., 2018, 8, 21948–21967 | 21959
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Fig. 13 (a) Preparation of 3D-BNNS/epoxy composites. (b) SEM image of 3D-BNNS aerogel with a density of 195.2 mg cm�3 in the vertical
direction to ice growth. (c) Thermal conductivity of composite variations with BNNS loadings. Reproduced with permission from ref. 105.
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4.3.2 Noncovalent modication. Noncovalent bonding is
a facile method to modify the surface without introducing
defects on the surface of BNNSs. Noncovalent modication was
the technique employed to physically adsorb polymer on the
surface of BNNSs. Thus, the crystallinity of noncovalent func-
tionalized BNNSs was perfectly maintained even aer treatment
while interfacial adhesion between BNNSs and the matrix
increased. Therefore, the thermal conductivity of the compos-
ites was enhanced.

Owing to its superior adhesive ability, polydopamine (PDA)
was typically applied to modify the surface of h-BN. Xu et al.74

adopted dopamine chemistry to coat a thickness of about 4 nm
PDA on the h-BN surface (Fig. 16). The thermal conductivity of
h-BN@PDA/PVA composites was about 5.4 Wm�1 K�1 with the
addition of 10 vol% h-BN@PDA. Meanwhile, Kessler et al.73

used a similar method to prepare h-BN@PDA/BECy compos-
ites and achieved a lower thermal performance of 0.5 W m�1

K�1 for a 15 vol% ller loading. In addition, chlorosulfonic
acid (CSA) exhibited strong physical adsorption on h-BN
surfaces.80 The physical adsorption of CSA provided high
solubility for BNNSs in various organic solvents and thermo-
plastic polymers, yielding NF-BNNS/PBT composite lms with
enhanced through-plane thermal conductivity of up to 11.0 W
m�1 K�1.
21960 | RSC Adv., 2018, 8, 21948–21967
4.4 Hybrid effect

The simultaneous use of llers with different shapes and types
was an alternative strategy to enhance the thermal performance
of composites.

4.4.1 Morphology and size effect. The effects of 11 articially
designed ller shapes on the thermal conductivity of the
composite materials were evaluated.112 The results indicated that
the best llers have long heat transfer distances and continuously
large contact areas. Double Y-shaped llers were considered pref-
erable to other llers, whereas spherical llers were considered the
worst. In addition to shape, hybrid sizes can inuence thermal
performance because large h-BN has a longer heat transfer
distance than that of small h-BN. The large h-BN contributedmore
to the thermal conductivity of the material. The small h-BN could
bridge the distances between h-BN crystals to increase
contact.113,114 Hybrid h-BN with M0.3 mm : M6 mm : M20 mm at a mass
ratio of 1 : 1 : 2 in a total of 40 vol% leads to a higher thermal
conductivity of 1.482 W m�1 K�1 in SiR composites than that of
50 vol% BN6 mm with a thermal conductivity of 1 W m�1 K�1.115

Subsequently, microsized and nanosized BN were combined to
prepare polyimide (PI) lms.116 The obtained sample lled with
30 wt% h-BN (microsize : nanosized ¼ 7 : 3 wt%) obtained
a thermal conductivity of up to 1.2 W m�1 K�1. This value was
higher than that obtained using pure microsized BN. These
enhancements in thermal property were attributed to the high
This journal is © The Royal Society of Chemistry 2018
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Fig. 14 (a) Exfoliation and hydroxylation of h-BN. (b) TEM image showing a Moiré patterns. (c) AFM observation showing OH–BNNSs and
corresponding height profiles. (d) TEM image showing few-layered OH–BNNSs and the corresponding SAED. (e) Heat transfer in OH–BNNS/
PNIPAM hydrogel. (f) Thermal conductivity variations of hydrogels with OH–BNNS (inset: percentages of thermal enhancement). Reproduced
with permission from ref. 71.
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packing density and ease of formation of heat transfer pathways.
The studiesmainly discussed the effects exerted bymicrosized BN,
whereas those by nanosized BN were rarely reported. Thus,
Kemaloglu et al.117 used 3 micro-size and 2 nanosized h-BN with
different particle sizes and shapes in SiR composites. The results
This journal is © The Royal Society of Chemistry 2018
showed that nanosized BN could not promote the thermal
conductivity as much as the microsize BN. A plate-like particle
with an aspect ratio of 20 was believed to exhibit the highest
thermal performance.
RSC Adv., 2018, 8, 21948–21967 | 21961
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Fig. 15 (a) Preparation of the epoxy composites. (b) Cross-sectional SEM image of the epoxy/BN-HBP composite surface. (c) Thermal
conductivity and the corresponding enhancements of the composites at 100 �C. Reproduced with permission from ref. 75.
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4.4.2 h-BN/nanoparticle-lled composites. Interfacial
thermal resistance is regarded as the main factor inuencing
the thermal performance of composites, which arises from poor
mechanical or chemical adherence at interfaces. The afore-
mentioned strategies were related to the reduction in ller/
matrix resistance. However, studies on the ller/ller interface
have rarely been reported. Jiang et al.118 used a-alumina (a-
Al2O3) to bridge BNNSs to construct more compactible 3D
thermally conductive networks, resulting in more heat transfer
pathways in the composites. The obtained sample exhibited
a thermal conductivity of 0.808 W m�1 K�1 at 26.5 vol% ller
loading. Permal et al.119 recently combined polygonal Al2O3 and
BN to improve the thermal performance of epoxy composites,
which reached 0.57 W m�1 K�1 with the addition of a 30 wt%
ller (Al2O3 : BN1 mm ¼ 5 : 5). Layer-shaped llers were more
favorable than the ball-shaped or sharp-corner-shaped llers in
21962 | RSC Adv., 2018, 8, 21948–21967
improving the thermal performance of epoxy resins.120

However, the thermal conductivity remained low because of the
absence of contact between Al2O3 and BNNSs. Silver nano-
particles (AgNPs) could be sintered together during epoxy
curing and acted as “solders” to link BNNSs. AgNP-deposited
BNNSs (BNNSs/AgNPs) were used as llers for the epoxy
matrix and provided a higher thermal conductivity of 3.06 W
m�1 K�1 with 25.1 vol% BNNS loading.121However, the obtained
thermal conductivity remained lower than 5 W m�1 K�1. Thus,
silicon carbide nanowires (SiCNWs) were introduced to
enhance the thermal performance of PVA composites.122 Bio-
inspired BNNS–AgNP/SiCNW–AgNP/PVA composite papers
were fabricated and exhibited a superior thermal conductivity of
about 21.7 W m�1 K�1. The preparation process is illustrated in
Fig. 17.
This journal is © The Royal Society of Chemistry 2018
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Fig. 16 (a) Process of dopamine chemistry. (b) TEM image of h-
BN@PDA microplatelets. (c) Fracture SEM image of the h-BN@PDA
composite film with 20 vol% h-BN contents prepared by doctor
blading. (d) Thermal conductivity of the fabricated composite films.
Reproduced with permission from ref. 74.

Fig. 17 (a) Fabrication of BNNS–Ag/SiCNW–Ag/PVA paper. TEM
images of BNNS–Ag (b) and SiCNW–Ag (c). (d) Fracture SEM obser-
vation of BNNS–Ag/SiCNW–Ag/PVA paper. (e) Thermal conductivity of
BNNS/PVA and BNNS–Ag/SiCNW–Ag/PVA papers. Reproduced with
permission from ref. 122.
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4.4.3 h-BN/carbon material-lled composite. To enhance
the affinity between llers and the polymer matrix, the common
route was to modify the surface of the llers. Carbon materials,
such as graphene and carbon nanotubes (CNTs), and h-BN were
combined as a mixed ller to improve the thermal performance
of the polymer matrix. The mixed llers were found to exert
a synergistic effect on the thermal enhancement of the
composites. When coupling agent-functionalized BN (f-BN) was
combined with glycidyl methacrylate-graed graphene (g-TrG)
and then added into the PI matrix, the voids between BN and
the PI matrix were lled by the graphene nanolayers.123 The
process is illustrated in Fig. 18. The resulting composites con-
taining additional 1 wt% g-TrG exhibited a thermal conductivity
of 2.11 W m�1 K�1, which was at least doubled to the value of f-
BN/PI. The graphene content in the mixed llers was smaller.
Meanwhile, when the BN content was smaller, the nanosized
This journal is © The Royal Society of Chemistry 2018
BN was lled into the graphene interspaces and thus formed
a BN/graphene stacked structure, markedly enhancing the
thermal conductivity.124 Additional 1.5 wt% h-BN could increase
the thermal conductivity to 38% and 34% in PS and polyamide 6
(PA 6) matrix, respectively. The previously described llers were
based on 2D platelets. Once the 1D and 2D llers were mixed,
a hybrid 3D ller network structure could be formed. Thus,
a small amount of CNTs (2 wt%) was introduced into the BN-
lled poly(vinylidene uoride) (PVDF) composites.125 The
results showed that the addition of CNTs to the BN/PVDF
composites facilitated the formation of a denser 3D BN/CNT
network structure. The thermal conductivity of 1.3 W m�1 K�1

at 22 wt% ller loading (2 wt% CNTs and 20 wt% BN) was thus
enhanced. This thermal conductivity was higher than that of
PVDF/20 wt% BN (0.97 W m�1 K�1) and PVDF/2 wt% CNTs
(0.28 W m�1 K�1).
RSC Adv., 2018, 8, 21948–21967 | 21963
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Fig. 18 (a) Preparation of fillers (f-BN and g-TrG) and composite films
(PI/f-BN-x/g-TrG-1). (b) SEM observation of the fractured surface of
PI/f-BN-30/g-TrG-1. (c) Variations in thermal conductivity with BN or
f-BN contents. Reproduced with permission from ref. 123.
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5. Summary and outlook

In the current study, the fabrication methods of BNNSs and h-
BN-lled composites, as well as the construction of thermally
conductive networks, were summarized based on the most
updated research. Studies on BNNS-lled thermally conductive
polymer composites remained at their early stage for several
reasons. First, the preparation of BNNSs on a large scale was
difficult for a strong “lip–lip” interaction between B–N bonds on
the BNNS plane that was difficult to exfoliate. Several tech-
niques, such as mechanical and liquid exfoliation, CVD, and
epitaxy, were conducted to fabricate 2D h-BN with congura-
tions and variations in quality. Liquid exfoliation by sonicating
bulk h-BN in suitable solvents would lead to a high yield.
However, the lateral size of BNNS obtained by this method was
usually smaller than other methods, such as CVD. Thus, it was
desirable to develop effective strategies to prepare BNNS with
large lateral size. The sample obtained by CVD growth could
provide a high quality. However, the high temperature
21964 | RSC Adv., 2018, 8, 21948–21967
requirement and the transfer process, as well as the use of
catalytic substrates, could be the main restrictions for the
production of highly crystalline h-BN and construction of high-
performance devices. Second, the properties of the interface
and dispersion exerted important effects on the composite
materials. The BN nanostructure was difficult to disperse
uniformly in the polymer matrix due to its inert surface.
Generally, the universal method used to improve the interface
between BNNSs and the polymer matrix was surface modica-
tion. The common groups were identied as the hydroxyl group
and the amino group. The hydroxyl group was connected to the
B site, whereas the amino group was hydrogenated at the N site.
Surface modication of h-BN was an optimal method to
decrease the interface thermal resistance among the llers and
the matrix, as well as to promote good dispersion. In addition,
since ball milling was based on mechanochemistry, it was
found to be a good protocol to improve the interface and
dispersion between llers and matrix. However, this inevitably
sacriced the crystallinity of the llers due to the intense shear
force introduced by the ball milling process. Thus, it was
desirable to develop an effective method to promote the
dispersion of llers in the matrix as well as maintain the quality
of the llers. Third, the strategies for constructing thermally
conductive pathways have rarely been reported. Owing to the
anisotropic thermal performance of 2D h-BN, the orientation
preferred to prepare a composite with a high thermal conduc-
tivity in a special direction. 3D networks in perpendicular and
parallel directions could lead to a high thermal conductivity.
However, the strategies for constructing orientation or 3D
networks remained limited. In addition, mixing hybrid llers
was a signicant method used to form and improve heat
conduction. However, the interface between nanoparticles and
BNNS has great inuence on the heat transfer in the hybrids.
Therefore, the synergistic effect between BNNS and other
functional materials, especially different polymers and various
nanoparticles, remained to be exploited in the near future.
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