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ABSTRACT: With the development of microelectronic technology, the demand
of insulating electronic encapsulation materials with high thermal conductivity is
ever growing and much attractive. Surface modification of chemical inert h-BN is
yet a distressing issue which hinders its applications in thermal conductive
composites. Here, dopamine chemistry has been used to achieve the facile surface
modification of h-BN microplatelets by forming a polydopamine (PDA) shell on
its surface. The successful and effective preparation of h-BN@PDA microplatelets
has been confirmed by SEM, EDS, TEM, Raman spectroscopy, and TGA
investigations. The PDA coating increases the dispersibility of the filler and
enhances its interaction with PVA matrix as well. Based on the combination of
surface modification and doctor blading, composite films with aligned h-BN@
PDA are fabricated. The oriented fillers result in much higher in-plane thermal
conductivities than the films with disordered structures produced by casting or using the pristine h-BN. The thermal conductivity
is as high as 5.4 W m−1 K−1 at 10 vol % h-BN@PDA loading. The procedure is eco-friendly, easy handling, and suitable for the
practical application in large scale.
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1. INTRODUCTION

Heat accumulation produced by the increasing power of
electronics and industrial equipment may cause efficiency
reduction and even equipment damage. To improve the heat
dissipation, thermal interface materials have drawn increasing
attention in recent years. Polymer composites consisting of a
polymer matrix and heat conductive fillers with high thermal
conductivity are usually the prior selection because of their easy
process ability and low cost. Various low-cost ceramic fillers,
including Al2O3,

1−3 Si3N4,
4,5 AlN,6−9 SiC,10,11 and so on, have

been used as the heat conductive fillers. With the development
of new carbon materials, carbon nanotubes12−15 and
graphene16−22 have also been applied in fabricating high
thermal conductive composites due to their super high thermal
conductivity. However, the high cost and electrical conductivity
of these carbon materials limit their applications, especially in
electronic packaging where electrical insulation is required.
Among different heat conductive fillers, hexagonal boron
nitride (h-BN), also called white graphite due to a similar
hexagonal structure to graphite, has received far more attention
because of its unique advantages.23−25 Different from graphite,
h-BN is a semiconductor with a wide band gap making it
electrical insulating, and compared to traditional ceramic fillers
mentioned above, h-BN has a lower density and a higher
thermal conductivity. Therefore, h-BN has great potential
application in thermal conductive composites.

The interface thermal resistance between fillers and matrixes
will hinder the enhancement of thermal conductivity. Surface
modification of inorganic fillers has been demonstrated to be an
efficient way to improve the miscibility and affinity with organic
polymers, which is of benefit to increase the thermal
conductivity of the composites.8,26,27 However, due to the
chemical inertness, surface modification of h-BN is trouble-
some. Functional molecules with conjugate structures are
applied in modifying h-BN nanosheets though π−π interaction.
Lewis acid−base complexation is used to modify h-BN as well.
Lin et al.28 mixed h-BN powder with either octadecylamine
(ODA) or an amine-terminated oligomeric polyethylene glycol
(PEG) to obtain ODA- or PEG-functionalized h-BN though
the interaction between the B atoms and the amino groups. Yu
et al.27 functionalized h-BN nanoplatelets with γ-aminopropyl-
triethoxysilane and then linked a hyperbranched aromatic
polyamide to improve the interaction between h-BN and epoxy
matrix. Hydroxyl groups can be introduced on the surface of h-
BN by treatment with hydrogen peroxide at high temper-
ature.29 Nevertheless, long time and high energy cost make
these methods low efficiency, and the reagents used may harm
the environment. Therefore, it is desirable to develop a
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convenient and eco-friendly strategy to functionalize the boron
nitride.
Besides the surface modification of the fillers, the orientation

of the anisotropic fillers is another important issue to reach a
high thermal conductivity. In general, utilizing the anisotropic
materials to obtain aligned structure can lead to superior
properties in mechanical property,30,31 electrical conductiv-
ity,32−36 thermal conductivity,15,29,37−46 and so on. Efforts have
been contributed to fabricate aligned structure in composites
with anisotropic thermal conductive fillers such as carbon
nanotubes,15,43 graphene,45,46 carbon fibers,44 BN nanotubes,37

and h-BN platelets29,38−42 via different strategies including
electrospinning,37 chemical vapor deposition,15 electrostatic
flocking,44 stretching,39 induction by magnetic field,38,40,41,46

and doctor blading.29,42 Among these methods, doctor blading
is a promising way to be applied in practical production due to
its easy operation, no need for special equipment, and large
scale production.
In our research, dopamine chemistry was applied to

functionalize the commercial h-BN powder. Due to the similar
chemical structure with 3,4-dihydroxy-L-phenylalanine which is
responsible for the strong and universal adhesion of mussel,
dopamine is widely used in surface functionalization
recently.47−50 It is easily oxidized to self-polymerize into
polydopamine (PDA) coating on almost all kinds of substrates
in alkaline aqueous solution.51 Carbon nanotubes,52−55

graphene,56−61 fibers,62,63 clay,64 and other particles65,66 have
been modified via dopamine chemistry and applied in
fabricating high performance composites. This bioinspired
method is regarded as an easy and green surface modification
method owing to its room temperature reaction and no harmful
solvents involved. Herein, h-BN microplatelets were modified
by PDA, and the resultant powder could be easily dispersed in
water and in PVA matrix as well. Doctor blading was carried
out to fabricate h-BN/PVA composite films with an aligned
structure, which was identified to have a higher in-plane
thermal conductivity. The result indicates the promising
prospect in industry production.

2. EXPERIMENTAL SECTION
2.1. Materials. The h-BN powder (∼10 μm, purity >99.5%) was

provided by Dandong Rijin Science and Technology Co., Ltd.
Dopamine hydrochloride was purchased from Alfa. PVA-124,
tris(hydroxymethyl) aminomethane (Tris), hydrochloric acid (∼38
wt % aqueous solution), and absolute ethanol (AR) were purchased
from Beijing Chemical Reagent Company. For all experiments,
deionized water was used.
2.2. Surface Modification of h-BN. The h-BN powder of 2 g was

dispersed in the mixed solution of 300 mL of Tris-buffer solution (10
mM, pH 8.5) and 100 mL of ethanol, and then 800 mg of dopamine
hydrochloride was added, and the mixture was stirred for 6 h at room
temperature. After the reaction, the modified h-BN powder, denoted
as h-BN@PDA, was centrifuged and washed by deionized water and
ethanol for several times before being dried at 60 °C.
2.3. Preparation of Composite Films. A certain amount of h-

BN@PDA powder was dispersed in 18 g of deionized water by
ultrasonication for 30 min. Then 2 g of PVA was added, and the
mixture was stirred at 90 °C for 3 h to form a 10 wt % PVA aqueous
solution containing different contents of h-BN@PDA. Composite
films with orientated structure were prepared by using a doctor blade
with a height of 1 mm at a speed of 5 cm/s. In the control experiment,
composite films were fabricated by casting the solution into a Teflon
mold. Films were left to dry at 40 °C for 24 h and then further dried in
a vacuum oven at 60 °C for another 24 h under reduced pressure.

2.4. Characterization. Scanning electron microscope (SEM)
studies were performed on a JSM-7500F (JEOL, Japan) at an
accelerating voltage of 5 kV. The SEM-EDS test was carried out at 15
kV. Transmission electron microscope (TEM) studies were conducted
on a JEM-2100F (JEOL, Japan) at an accelerating voltage of 200 kV.
Thermogravimetric analysis was performed on Pyris 1 TGA
(PerkinElmer, America) at a heating rate of 10 °C/min from 50 to
700 °C in an air stream with a flow rate of 20 mL/min. The Raman
spectra were obtained on a Fourier transform Raman spectrometer
RFS 100/S (Bruker, Germany) with an excitation wavelength at 1064
nm. Water contact angles were characterized using a KRÜSS DSA 100
by a sessile drop method. Water droplets of 5 μL were used, and the
data were the average of five measurements at different places on the
surface. Powder X-ray diffraction (XRD) patterns were taken on a
Empyrean X-ray diffractometer (PANalytical, Netherlands) using Cu
Kα radiation. The in-plane thermal diffusivity (α) of the composite
film was detected by using a laser-flash diffusivity instrument LFA 447
(NETZSCH, Germany). The specimens were 25 mm in diameter and
around 100 μm in thickness, spray-coated with a thin layer of fine
graphite powder at both sides. The specific heat (c) was investigated
by differential scanning calorimetry (DSC) Q2000 (TA Instruments,
America) at a heating rate of 10 °C/min. The densities (ρ) of PVA, h-
BN, and h-BN@PDA were measured by using an automatic density
analyzer ULTRAPYC 1200e (Quantachrome Instruments, America).
The densities and specific heats of the composite films were estimated
according to the simple mixing role: composite = νPVA × PVA + νfiller ×
filler, where ν denotes volume fractions. The thermal diffusivities,
densities and specific heats were all characterized at 30 °C.

The in-plane thermal conductivities were calculated from the
equation: λ(T) = α(T) ρ(T) c(T). The densities of h-BN and h-BN@
PDA were 2.11 and 2.18 g cm−3, and the specific heats were 0.95 and
0.91 J g−1 K−1, respectively. The densities and specific heats of pristine
h-BN and h-BN@PDA did not show obvious change because only a
very thin PDA layer formed after the surface modification. The density
and specific heat of the PVA matrix were 1.31 g cm−3 and 1.60 J g−1

K−1.

3. RESULTS AND DISCUSSION
3.1. Surface Modification of h-BN. The procedure for

fabrication of h-BN@PDA is shown in Scheme 1. Because of

the hydrophobicity of h-BN powder, ethanol was added into
Tris-buffer solution to improve the dispersibility of h-BN. On
the other hand, ethanol can slow down the polymerization rate
of dopamine in Tris-buffer solution,67 preventing the
aggregation of h-BN microplatelets with each other.
Due to the formation of a thin layer of PDA on the h-BN

surface, the color of the powder turned from white to gray after

Scheme 1. Schematic Illustration of the Surface Modification
of h-BN Microplatelets by Dopamine Chemistry
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modification. The surface topography and the element
composition of h-BN platelets before and after modification
were investigated by SEM and EDS, as shown in Figure 1. The
h-BN microplatelets show a well flaked structure and smooth
surface (Figure 1a) and have an average lateral size of about
10.4 ± 5.0 μm (Supporting Information (SI), Figure S1). After
modification, aggregation of the microplatelets cannot be
observed, and from a higher magnification it can be seen that
the surface of the platelets became rougher and small particles
appeared on the surface of h-BN@PDA (Figure 1b). This is
because PDA particles are inevitably formed during the
modification.68 The EDS result shows that pristine h-BN is
composed of B, N, C, and O elements. The small amount of C
and O elements may be introduced by impurities from
synthetic process. In comparison, the noteworthy increase of
the C and O after modification demonstrates the deposition of
PDA on the h-BN surface. TEM images in Figure 2 clearly
reveal a thin layer of PDA with a thickness of about 4 nm
deposited on h-BN.
The surface chemical compositions were further confirmed

by Raman spectra (Figure 3). Raman shift at 1364 cm−1 was the
characteristic peak of hexagonal BN ascribed to the high
frequency intra layer E2g vibration mode. A new peak at 1530

cm−1 appeared after modification, which was ascribed to the
deformation of catechol moiety of PDA.69 The thermogravi-
metric analyses disclosed that the content of PDA deposited on
the h-BN surface was about 3.5% (Figure 4). This content
could be adjusted by tuning the initial dosage of dopamine and
reaction time.70

Figure 1. SEM images of (a) pristine h-BN and (b) h-BN@PDA, and EDS results of (c) pristine h-BN and (d) h-BN@PDA. Insets in (a) and (b)
are the enlarged view.

Figure 2. TEM images of (a) pristine h-BN and (b) h-BN@PDA
microplatelets.

Figure 3. Raman spectra of h-BN and h-BN@PDA.

Figure 4. TGA curves of h-BN, h-BN@PDA, and PDA.
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It is believed that substrates having conjugate structure such
as graphene, carbon nanotubes, and BN nanotubes show strong
π−π interaction with PDA55,60,69 Therefore, the similar
hexagonal conjugate structure of h-BN microplatelets can be
easily and efficiently modified by means of dopamine chemistry.
The phenolic hydroxyl and amine groups of PDA made h-BN@
PDA more hydrophilic and apt to be dispersible in water.
Figure 5 shows the dispersibility of the microplatelets in water.
Due to the hydrophobicity of h-BN,71 the pristine platelets
floated on the water surface when they were added into water.
Conversely, the h-BN@PDA platelets sank to the bottom
quickly (Figure 5a). After ultrasonication (300W, 40 Hz) for 10
min, the h-BN@PDA dispersed in water completely while most
of the h-BN remained floating on the water surface (Figure 5b),
and these h-BN aggregations could still be observed on the
water surface after further intensely shaking and another 10 min
of ultrasonication (Figure 5c). The conspicuous differences in
dispersibility in water between pristine and modified h-BN
evidenced the efficiency of PDA coating. The characterization
above suggested the successful deposition of PDA on the h-BN
surface.
3.2. Composite Film with Aligned Structure. Compo-

site film of h-BN@PDA in PVA with an aligned structure has
been obtained by doctor blading. As revealed by the cross
section SEM images of the composite films with 20 vol % fillers,
h-BN@PDA dispersed well in the PVA matrix (Figure 6a). The
shear force introduced by doctor blading resulted in good

orientation of h-BN@PDA along the force direction (arrows in
Figure 6a). Different from the doctor blading, the casting
method only lead to a more irregular arrangement of h-BN@
PDA (Figure 6c) because of the lack of extra orienting force. It
is worth noting that h-BN@PDA fillers were still well dispersed
in PVA without obvious aggregation, implying the importance
of surface modification. The hydroxyl as well as amino groups
of PDA increased the affinity between h-BN@PDA fillers and
the PVA matrix through hydrogen bond.72 In contrast, the
pristine h-BN fillers aggregated in PVA and arranged disorderly,
no matter the film was obtained by casting or doctor blading.
This can be attributed to the hydrophobic nature of h-BN
making the fillers easier to aggregate in hydrophilic PVA matrix
(Figure 6b,d). The aggregation was so strong that the shear
force of doctor blading could not lead to a well aligned
structure (Figure 6b). In addition, the wettability of the
composite films changed. A typical photograph of the h-BN/
PVA and h-BN@PDA/PVA composite films was shown in
Figure S2 in the SI. Compared to the h-BN@PDA/PVA film
with a smooth surface, small protuberances were observed on
the h-BN/PVA film. The protuberances could be ascribed to
the aggregations of h-BN platelets. Because of the increased
hydrophilicity of the fillers after PDA modification and the
enhanced dispersibility in PVA as a result, the water contact
angle of h-BN@PDA/PVA was only 54 ± 4°, compared to the
71 ± 5° for the h-BN/PVA film.
The XRD detection of the composite films provides

additional support for the formation of the alignment structure.
The ratio of the intensity of the peaks at approximately 26.9°
and 41.6°, which are assigned to the (002) and (100)
crystallographic planes of hexagonal BN, respectively, repre-
sents the orientation degree of h-BN platelets.29,42 Figure 7
gives the XRD patterns of the different composite films

Figure 5. Photographs showing the difference of the dispersibility of the microplatelets in water. (a) h-BN (left) and h-BN@PDA (right) platelets
were just added into water, (b) after 10 min of ultrasonication, and (C) after intensely shaking and another 10 min of ultrasonication.

Figure 6. Cross-section SEM images of the composite films fabricated
by doctor blading with 20 vol % of (a) h-BN@PDA and (b) h-BN;
and prepared by casting with 20 vol % of (c) h-BN@PDA and (d) h-
BN.

Figure 7. XRD patterns of different composite films containing 20 vol
% fillers.
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containing 20 vol % fillers. It reveals that, although the
composite film was prepared by simple casting with pristine h-
BN fillers, the intensity of (002) was much larger than that of
(100), since the large ratio of the lateral size to thickness of the
microplatelets preferred the fillers to arrange along the
horizontal direction spontaneously. Doctor blading only
promoted the alignment of h-BN platelets a little due to the
intensive aggregation of h-BN. After the PDA modification,
however, the orientation degree of h-BN@PDA/PVA by doctor
blading obviously increased over that of the film prepared by
casting.
Similar variation tendency for the orientation degree of the

composite films with 10 and 30 vol % fillers were shown in
Figure S3 to S6 in the SI. These results further confirm that the
modification by means of dopamine chemistry greatly improves
the dispersibility of the fillers in the PVA matrix, and a well
aligned structure can be obtained in the composite films by the
combination with doctor blading method. The XRD results are
in agreement with SEM investigation, and can be also used to
explain the difference in the thermal conductivity of the various
composite films mentioned in the following section.
3.3. Thermal Conductivities of Composite Films.

Figure 8 shows the in-plane thermal conductivities of the

composite films prepared. The results demonstrate that thermal
conductivity increased with the fraction of the fillers. Moreover,
for the same filler concentration it can be seen: (1) using h-
BN@PDA always lead to a higher thermal conductivity than
pristine h-BN; (2) doctor blading resulted in a higher thermal
conductivity than casting. The differences can be ascribed to
the improved dispersibility of the filler after surface
modification and the orientation effect of doctor blading as
well. The results are in agreement with the SEM and XRD
investigations, suggesting that the aligned structure could
efficiently form thermal conductive pathways along the oriented
direction. In addition, the increased affinity between h-BN@
PDA fillers and PVA matrix through hydrogen bond also
decreased the interfacial thermal resistance, which is another
contribution for the high thermal conductivity. From Figure 8
we can see the conductivity of the composite films containing
h-BN@PDA from casting is always higher than that of the film
containing pristine h-BN prepared from doctor blading. The
XRD results also reveal that the former has a good
dispersibility. This may be because a uniform dispersion of
the fillers rooted from PDA modification is more effective to
get a higher conductivity than the blading method.

Table 1 summarizes the physical properties of h-BN@PDA/
PVA composite films fabricated by doctor blading. The aligned

structure of h-BN@PDA remarkably enhanced the in-plane
thermal conductivity, which reached 5.4, 7.6, and 8.8 W m−1

K−1 for 10, 20, and 30 vol % fillers, respectively. It is seen that
the thermal conductivity was approximately 63%, 44%, and 21%
higher than that of h-BN/PVA fabricated by doctor blading
method. In the case of cast composites, however, the
corresponding increase of thermal conductivity was only 20%,
25%, and 25%. It can be explained according to the orientation
degree given by XRD investigation. For the casting method, the
orientation degree of h-BN@PDA/PVA films enhanced closely
at each content of fillers compared to h-BN/PVA films.
Therefore, the thermal conductivities increased similarly.
However, for the doctor blading method, the I002/I100 of h-
BN@PDA/PVA films increased from 85.8 to 1526.7 and 88.3
to 1464.2 for 10 and 20 vol % fillers, while for the 30 vol %
composite film, the I002/I100 just increased from 66.9 to 527.4.
Therefore, the thermal conductivity of the 30 vol % composite
film enhanced less. The SEM and XRD investigations both
show that the arrangement of the microplatelets of 30 vol %
was less well orientated. It is speculated that, with the increase
of the filler contents, the viscosity increased correspondingly,
which hindered the alignment of the microplatelets.41 The
relative disordered structure of h-BN@PDA fillers decreased
the efficiency of heat transmission along the in-plane direction,
thus a small increase in thermal conductivity resulted. Although
doctor blading is not as excellent as other methods such as LbL
to produce perfectly aligned structures, it is still efficient to
enhance the in-plane thermal conductivities of composite films.
Compared to the previously reported results with the similar

aligned structure, our method is preferable owing to the larger
microplatelets used and the effective surface modification of h-
BN. For example, Xie et al.29 fabricated the composite films
with the thermal conductivity of about 4.5 W m−1 K−1 at 30 wt
% h-BN. Ahn et al.42 obtained the composite films with the
thermal diffusivities of 0.90, 1.35, and 2.48 mm2 s−1 at 10, 20,
and 30 vol % h-BN, respectively. Because the thermal
conductivity of h-BN increases with the decreasing of its
thickness, the thermal diffusivity reached 9 mm2 s−1 at only 15
vol % h-BN nanosheets obtained by Song and co-workers.39

However, the exfoliation of h-BN nanosheets from micro-
platelets required huge energy and time. This work provided an
optimized alternative of thermal conductivity and the
fabrication process.

4. CONCLUSIONS
Bioinspired dopamine chemistry was applied to modify the
chemically inert h-BN microplatelets. Compared with other
reported methods which usually require strong base, oxidant,

Figure 8. In-plane thermal conductivities of composite films prepared.

Table 1. Physical Properties of Composite Films Fabricated
by Doctor Blading with Different Volume Fractions of h-
BN@PDA Fillers

vol.
fraction
(vol %)

density
(g cm−3)

specific heat
(J g−1 K−1)

thermal
diffusivity
(mm2 s−1)

thermal
conductivity
(W m−1 K−1)

0 1.31 1.60 0.13 0.3
10 1.40 1.53 2.50 5.4
20 1.48 1.46 3.54 7.6
30 1.57 1.39 4.05 8.8
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special organic solvents, and other harsh experimental
conditions, this facile and green approach at room temperature
performs as a preferential alternative. After modification, the
dispersibility of h-BN microplatelets in the PVA matrix was
prominently improved. Composite films with an aligned
structure of the fillers, which formed efficient thermal pathways
to get a higher thermal conductivity at the same filler content,
could be easily obtained by doctor blading method. This is
beneficial to reduce the amount of fillers for fabricating
lightweight and high thermal conductive composites. The
modification and fabrication methods are facile handling, eco-
friendly, and suitable for large scale production. Furthermore,
postmodification can be carried out easily taking advantage of
the reactivity of PDA,73,74 which may adjust the surface
condition of h-BN further and broaden its applications thereby.
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